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The thickening and classifying characteristics of
small size hydrocyclones wefe investigated. Test slurries,
consisting of mixed cultures of microorqanisms.in water,
were partitioned into two fractioné by hydrocyclones
ranging in size from 2 mm to 10 mm body diameter
which operated at inlet pressures rangihg from 80 to 200 pnst
and volume splits ranging from 1.0 to 3.0. |

The classifyina response was defined in terms of
the relative magnitudes of the specific growth rate of
the two fractions as determined by coincident observation
of dupiicate batch biological reactors, each seeded with
one portion of the partitioned slurry.

The thickening réSpénse was defined by the Rietema-
Tenbergen separation efficieﬁqy;

The biokinetic aspects of this investigation are

emphasized in this manuscript.
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CHAPTER 1

INTRODUCT TON

Since the work of Arden and Lockett (1914), the activated sludge
biological treatment process has gained wide acceptance as a suitable
vehicle for treating organic waste flows. This process, represented
schematically in Figure No. 1, is comprised of an aeration tank, in which
organic material is removed from the waste flow by a resident population
of micro~organisms, followed by a thickener, in which the microbial
mass is separated from the aeration tank exit stream to provide a
purified process effluent,

The aeration tank can be considered to be a well-mixed reaction vessel
in which the reactants (organic material and micro-organisms) are contacted
in an environment promoting a complex system of biochemical reactions which
reduce the soluble organic content of the waste.

To operate this reactor most efficiently it is necessary to maximize
the reduction of the organic content of the raw waste by the micro-organisms,

Previous studies have been directed to optimizing the rate at which
micro-organisms can remove organic material with respect to such process
parameters as residence time, rate of air addition, degree of mixing and
reactant concentrations. Little consideration has been afforded the effect
of optimizing the rate of substrate removal by improving the kinetic quality
of the micro-organism population. This would afford a reduction in required
reactor residence time and represent an increase in capacity for existing
systems and a decrease in reactor volumes for new systems at a given

effluent quality.
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It has been well established that the rate of removal of soluble
organic material by mic;o-organisms is proportional to the microbial
concentration. This suggests that increasing the solids concentration |
to a characteristic space limiting value would increase the velocity of
érganic disappearance to some maximum }evel. Thus, concentrated solids
collected in the thickener are recycléd to the entrance of the aeration
tank to increase the velocity of substrate disappearance.

Helmers et al. (1951) and Heukelekian et al. (1951) have demonstrated
that a section of the soluble organic fraction of the waste flow is
converted to cellular protoplasm and is manifest as an increase in the
mass and the number of micro-organisms. Since there exists an upper
limit to the concentration of micro-organisms for which adequate gravity
phase separation can be accomplished in_the thickener, a portion of the
microbial mass must be removed from the process as waste sludgg to prevent
microbial contamination of the process effluent, It is evident that pro-
cess efficiency is optimized whe; the concentration of micro-organisms is
maintained in a steady state éonﬂition at a level repraesenting the capacity
of the thickéner. |

The rate of increase of cell mass for the process is a function
of type and relative numbers of micro-organism species present in the
system, the characteristics of the raw waste stream, and the chemical and
physical environment of the reaction vessel. Fluctuations in any of these
entities can cause the process to drift from the optimum operating level by
either overloading the thickener anﬁ4contamina£ing the process effluent or
by decreasing the concentration of micro-organisms in the reaction vessel

and decreasing the overall rate of substrate removal.



By monitoring the effect of fhese flugguatigng on microbial growth
in the aeration tank and by providing a positive control on the amount
of sludge wasted from the process it would be possibie to maintain an
activated sludge process at optimum operating conditions.

Activated sludge ﬁlants'are designed so that it is virtually
'impossible to exefcise.positivefcontroi of the system reiacLV@ to the
concentration of the micrb-organisms uﬁgn fluctvations occur. In
addition, the separation of micro-organisms from the carrier fluid of
the aeration ﬁank exit stream is usually accomplished by gravity thickening.
Thickener performance is dependent om the type of micro-organisms preseﬁt,
micr@-organisﬁ concentration and thickener residence time and, as a
result, the phase separéfion efficiency is sensitive to variations in
hydraulic and crganie.loading, (Busch, (19862)). Since these variations
are common in fiéid installations, the concentration of the thickener
bottoms cannot be controlled and thus the quantity ofvsiudge wasted
from the system cannot be @oﬁﬁfolled. As a résult, activated sludge
plants are op@raﬁed with no provision for maintaining_optimum effluvent
purity in the event of variaﬁioné in hydrauliéAaud organic loading.

By replacing the grgQity thickener with a phase separatof
capable of effecting positive control on the remavai.of suspended solids
from the carrier medium, it would be possible to maintain effluent
gquality independent of hydraulic and @rgadic variations in the raw
waste flow, It would also be possible to increase the suspended solids
concentration of the aefatorkand, thereby increase rate of disappearance of
organics. ’

A study was therefore initiated to design and evaluate a phase



separator which would:

1

(2

(3)

provide é preferential separation in a biokinetic sense, of a
mixed culture of micro-organisms to‘reducé the aeration tank
capacity required for a given raw waste organic coancentration.
provide a positive control on the system concentration of micro-
organisms whereby the rate of degradation of organics could be
maintained at near maximum levels.

prévide a positive control on the separation of micro-organisus
from the carrier medium independent ofvthe hydraulic and organic

loading to the process.



CHAPTER 2

PROBLEM DEFINITIO

2.1 REACTOR GROWTH RATE CONTROL
Consider the schematic of the activated sludge process presented

in Figure No. 1.

By assuming that solids ne%ther?enter the process in the raw
waste flow (stream 1) nor leave theprocess in the effluent (stream 7)
the volumetric flow rate and conéentrations of micro-organisms and

soluble organics in the various streams can be‘calculated:

Stream Volumetric Soluble , Micro-organism
No Flow Rate g;ga%ig Concentration Concentration
] q c 0
0
A C + C aB
C o
0 ' 8l
2 (] + GB)Q 1+ a B B
4 aq CC (1 + agla™
' Cg
5 aBq , Cc (1 + us)€~
6 (1 - 8)ag C, (1 +ap)?
7 (1 - a + aB)g - C. 0

where , . i
a = the fraction of the total system~f10w which exits

. as thickener bottoms
g = the fraction of the thickener bottoms recycled

C = influent organic concentration of the waste flow

c
0
Cc = effluent organic carbon concentration
cB = micro-organism concentration in the aeration tank
q = volumetric flow rate to the process
Performing a reactor mass balance on the micro-organisms:
ch A
Var = (1 +as)asCy - (1 + aglaCy + rfB v (1)



where V

Te

B
Assuming

g
g

B

=3
-
[ve]

m‘“’i'

where

r
fe

volume of the aeratiom tank

rate of production of the micro-organisms per unit reactor volume

d
steady state conditions: -EEE =0

= % [(1T + aB) = (1 + aB)8] (2}
= % [1 -8+ aB -.0523 (3)

= specific growth rate

A reactor mass balance om organic substrate gives

dC o ’ . .
c ,
Vﬁ-’ =z Y rfc + qLCC@ + @8%1* (?:T‘T’ aB)ch (4)
e .
Assuming steady state conditions ?;E. = 0 and
: t
-%(c_ -c) (5)
r = ]
fc v o c A ‘

By assuming that some relationship exists between the rate of disappearance

of organic substrate and the rate ofvincrease of cell mass, the organic

concentration of the reactor effluent can be expressed as a function of

the specific growth rate.

By defining

T
fy

= -Yrg (6)

where Y is an unknown function called yield, equation No.{5) can be

expressed:



r

f N
B
CpY ‘Eg*?_‘ 3 (cco -¢) (7)
Cc -_(:c
[1-8+as - ap2] = —Ly— (8)

For a given value of CCO characteristic of the raw waste flow and for
variations of Y characteristic of the resident microbial population,
the optimum level of micro-organism concentration required to optimize
the organic concentration of the process effluent must be maintained
by carefully manipulating the 1eyels of the volumetric flow rates of
thickener bottoms and waste sludge.
Garrett(1958)\PaS'commented that:
"The difficulty of thié procedure is apparent from the reputation
the activated sludge process has acquired of ﬁeing easily upset
and reqdiring highly skilled operacors”.
By using a scheme of solids control reported by Setter et al. (1945)
and Wirts et al. (1951) in which solids are genoved from the process
by wasting all sludge settled in one or more settling tanks and returning
all sludge from the rest of the settling tanks (Figure No.2 ), Garrettpresents
a method of operation which provides a p&Sitive control on effluent purity.
Assuming steady state conditions, the mass balances around the

designated facilities of Figure No. 2 can be expressed:

dc
v 3;5 = (1 - alqCy + V e, " 0 . (9)
r

£
_B_a (1 - a) (10)

B v
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assuming that no organisms enter the reactor in the raw waste flow,

and
dCC '
VET— = q Cco - [{(1 - a)q Cc + uqcc].* v rfc =0 (11)
= -3 (c -C) ) (12)
r :
fc v o c .

Invoking the yield concept, equations No.10- and No.l12 can be combined:

C. -¢
Cc ¢
[V - al = 'J_"'""CBY (13)

The optimum level of micro-organism concentration in the reactor
can be maintained for fluctuafions in the soluble organic concentration
of the influent and in the yield value of the resideﬁc microbial
population by controlling the flow split from the reactor oﬁ a
volumetric basis. Thus, the specificvgrawth rate &nd,hence ihe effluent
purity can be controlled by the variation of a single operational
parameter, ‘ |

In order to maintain the pui:ity of the process effluent independent
of variations in the hydraﬁlic and organic propertiés of the raw waste
flow, it would be beneficial to be able to exercise the type of positive
control inherent in the Garrettsystem. To optimize the rate of disappearance
of the soluble organics, it would be beneficial to be able to increase the
concentration of micro-organisms in the reactor to some level greater than
that which represénts thickener capacity.

Thus, this study will deal.with an.evaluation of a phase separator
which would afford positive effluent quality control and which would be
less sensitive to variations in micro-organism properties and concentration

and hydraulic loading than gravity clarification.



1

2.2 PHY CHARACTERISTICS OF MI R

When micro-organisms are inoculated into a suitable medium and
incubated under appropriate conditions, an increase in numbers occursv
to define a growth process. Nutrients from the medium are selectively
taken into the cells and assimilated into protoplasmic material character-
istic of the cell species. An increased aM@ﬁnt of nuclear substance ié
produced and is manifest as an increase in eéll volume., At a criiical :
volume, defined as adult size, binary fission occurs resulting in daughter
cells of approximately the sameisizeJan@ chemieal consistehcy (Pelczar and'
Reid (1965)). Lamanna and Mallette (1965) indicate that the increass in
size of micro-organisms is influenced by hereditary sharacteristics as
well as enﬁi:ohmental factors. This suggests &hat-sp@cies subjected
to the same environment may’exhibig different growth characteristics.,

The differences in the growth of micro-organisms have been postulated to

be indicative of a difference in thg number bf nuclei present per microbe:
sigmoidal growth curves have been found to be characteriétic of uninucleated
organisms; exponential grbwth curves seem to Sg indicétive‘gf multinucieated
organisms. (Lammana and‘Mallette (1965)) .

The increase in bﬁlk,pf an oxganiém is accompanied by an increased
uptake of water as well as synthesis of organic matter, Lammana and
Mallette (1965) weport that "in actively growing gggzggg_yggggggg, a
fivefold increase in volume is accompanied by only a twofold increase im
dry weight'. The rate of water uptaké relative to dry weight increase
is thought to be species-dgpendente Therefore, for a defined envivomment,

the rate of increase in dry weight and the rate of increase in volume



12

(and therefore density) of a single micro-organism is a function of the species.

The importance of the physical dimensions of a cell relative to its
rate of substrate uptake has.been hypothesized in the Leuchart-Spencer
principle. As the volume -of a micro-orgaﬁism increaseg, its surface
area proportionately decreases such that the transport of toxic metabolic
products out of the internal cell regions proceed at rates which are too
slow to sustain maximum growth. This postulate indicates that for a given
environment, the rate of utilization of substrate per organism would be
proportional to the surface to volume ratio of the cell.

For the mixed cultures (i.e. several co-existing species) prevalent in
waste treatment plants, it is evident.ﬁhat.there exists a range'oflmicro-
organism sizes and densities due to interspecies and_intraspecies.gfowth.
Thus, a range of surface to §;1ume ratios‘éxists and suggeéts that for a
given time interval a spectrum of kinetic ability is present for the culture.
Thus, if a mixed culture of micro-organisms cbuld be preferentially parti~
tioned on the basis of their relative sizes, it may be possible to obtain
a micro-organism population possessing faster overall kinetic reaction rates
than those of the original culture.

2,3 CRITERTA FOR SOLID-LIQUID E_SEP, R

From these consideratigns,gthe criteria established for the specifi-
cation of a liquid-solid sepaéatpr amenable to this investigation were
that the device be capable of: )

(1) performing the function of ; selective classifier for a slurry

containing a distribution of partial shapes, sizes and densities.
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(2) affording positive control for the extent of slurry partitioning
on a volumetric bgsis

(3) providing a high degreé of s§}id-liqpid phase separation.

Separation of the solid biological phase from the liquid carrier
medium was expected to be dependent on the slurry characteristics and since
no appreciable laboratory-prototype‘scaling was expected for slurry
properties, the separafor would have to be effective over a wide range of
volumetric flowrétes. These principles eliminated the amenability of the
gravity or pressure filter separating methods prevalent iu»the waste-water
industry as well as the techniques of centrifuging common to microbiology.
The hydrocyclone appeared to be the only device to s;tisfy the established

criteria.

2.4 DESCRIPTION OF THE HYDROCYCLONE

The hydrocyclone is a piece of equipment which utilizes fluid
pressure energy to create rotational fluid‘motion. This rotational
motion cause§ relative movement of materials suspended in the fluid,
thus permitting separation of these material, one from another (classifying)
or from the fluid (thickening). The rOtétion is produced by tangentiél
injection of the fluid into a vessel. The outlet for the bulk of the
fluid is usually located near to or on the axis of the vessel such that
the rotating fluid is forced to spiral towgrds the center to escape.

A rotational motion has thus built into it an inward radial motion.
Particles of a suspended matérial consequently have two opposing forces
acting on them, one 'in an outward radial direction due to the centrifugal
acceleration, and one in an inward radial direction due to the drag force

of the inward moving fluid.
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The magnitude of these forces is dependent on the physical propefties
of both the fluid and the suspended material (particle size, particle shape,
particle density, fluid density, fluid viscosity), and use of these properties
. can be made to effect separetion of one material from.another or of a single
material from the fluid.

One product moves radially outwards while the other moves radially
inwards. It is, therefore, necessary to provide two outlets. The
usual design is shown in Figure No. 3 illustrating the tangential feed
inlet, the main fluid outlet (overflow) and the ﬁeripheral fluid outlet
(underflow). The overflow is taken out axially through a pipe (vortex-
finder) which protrudes from the roof of the conical base. The underflow
is taken out through an opening in the apex of ehe conieal section.

2.5 ACCEPTABLIITY OF HYDROCYCLONES FOR THIS STUDY

The use of the hy&rocyclone as a tool for classifying and thickening
solid~liquid streams has been well documented.

Fontein et al. (1962) reports that the size, shape and specific
gravity of slurry particles influence éhevclassification performance of
hydrocyclones. A mixture of sterch particles consisting of two equal
density size fractioms (50 - 751 DIA and 15 - 35 p DIA) were partitioned
into two exit streams representing a classification effectiveness of
greater than 99%. Further testing with polystyrene spheres and discs
having the same settling velocities indicated that similar classification
efficiencies could be obtained based on particle shape differences.

Bradley and Pulling (1959) investigated flow patterns in hydraulic

cyclones by dye injection to validate theoretical predictions for the
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mantle of zero vertical velocity and the classification surface. Using
a particle size distribution of perspex spherés, they found that a well
defined classification could be ébtained based on particle diameter.
These studies further indicated that almost 100% thickening efficiency
could be obtained for particle diameters approximately four times |
larger than the cut size diameter.

Daﬁlstrom (1954) reports that particle size distribution, particle
shape and feed concentration are the most important solid properties
affecting the performance of the hydrocyclone, High feed-solid concentrations
can exhibit significant particle-particle interaction and result in an ine
crease in the particle cut size diameter.

Fitch and Johnsoﬁ (1953) and Dahlstrom (1949) have indicated that
*hindered settling" effects must be considered at solid feed concentration
at approximately 117% by volume, Dahlstrom (1954) reports an increase in
cut size diameter of 657 and a decrease in the sharpness of classification
for 2.70 specific gravity silica sand operating at a volumetric solid
feed concentration of 20%. The influence of particle size distribution
on the sharpness of classification was investigated by Fitch and Johnson
(1953). They observed a general increase in the cut size diameter as
the coarseness of the feed solids was increased. In addition to particle
size they found that pa:ﬁicle density and particle shape had a significant
effect on the size separation efficiencies. Particles with diameter less
than cut size, but with high specific gravities were observed to migrate
to the underflow exit rathér than report to the overflow exit as expected.
The shape of solids below the cut size diameter were observed to influence
the amount of theoretical overflow solids which in fact become entrained in

the voids of the underflow slurry and reported to that exit. These phenomena
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decreased the sharpness of classification to the extent that the cut
size particle had to be expressed as a range of diameters. hb
Moder and Dahlstrom (1952) studied the effect of particle size,
particle specific gravity and volume split (the volumetric ratio of overflow
diséharge to underflow discharge) on the solid separation characteristics
of a hydrocy_clone° Using a test slprry gonsisting of SPhgrical plastic
beads with & size distribution in the range =25 to +100 ASTM mesh and
with a specific gravity distribution bracketing that of the carrier medium,
.they performed a statistically designed experimental‘studyo All main
variables, plus the volume split4particle size and the volume split-specific
gravity interaction were observed to be significant for both overflow
(float solids) and underfldw (sink solids) exit streamsa- The relativé
importance of the statistical variables were not the same for both
exit slurries andeere found to be a function of the weight ratio of sink
and float solids present in the feed. Empirical performance characteristics
were developed and tested against experimental data obtained on an industrial
slurry. Good agreement was obtained between the caigulaﬁed»and expérimental
float solids separation, but appreciable deviations were exhibited for the
sink SOIid separation. The ia;ter was ascribed to hindered‘disgharge at the
underflow exit and to the extrémely lgé sphericicy-of the sink materia;.
Bergman et al. (1956) discuss the use of the hydroeycloﬁe in the
separation of barite from clay in drilling fluid slurries. They report
that 80 t§ 90 percent barite recovery with clay contamination ranging
from 2 to 15 percent could be obtained under proper operating conditions.
Although no data are presented, the influence of particle size, shape

and density was felt to account for the range of classification effieiency.
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Since the relative motion betweén particles and the carrier med ium
under the influence of the force fields gemerated by the hydrocyclone
determine the separation or classification efficiency, the particle-medium
density difference exerts an influence on hydrocyclone performance.
Bradley (1965) indicates that for hydrocyclones of diameter greater than
10 mm, the cut size particle diameter (DPSO ) is related to the solid-

liquid density difference by the relationship:

D alp . - Pyss )'0‘5
P50 particle liquid

For smaller hydrocyclones, the author found the relationship

D «(p . - oas . )-0.62
P50 particle “liquid

to give a better correlation.

Therefore, for a given distribution of particle sizes, a
hydrocyclone can be designed and operated to proyidé a sharp two-stream
slurry partitioning based on particle diameter. The cuf size particle
diameter is expected to be dependent on particle density and the
sharpness of the classificatioﬁ is expected to be a function of particle
shapes. By defining the cut size diametex to be that of the smallesﬁ
particle in the slurry, it would be poSsiBle to dsign and operate a
hydrocyclone as a solid-liquid phase separator. The performance of the
hydrocyclone can be made relatively independent of volumetric flowrate
by using several units in parallel, each accepting a controlled fraction
of the total flow.

Further, by valving the underflow exit, it would be possible to provide

a positive control on the volumetric splitting of the influent. Although
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much work has been done in evaluating the relationship between volume
split and classification efficiency, this effect, being an operating variasble,
is germain to specific slurry properties and hydrocyclone geometries and must
be evaluated for each application.

From these considerations, it is evidant_that the hydrocyclone
satisfies the criteria established for & thickener-classifier amenable

to this investigation.



CHAPTER 3

BIOCHEMICAL KINETICS

3.1 THE TMPORTANCE OF BIOCHEMICAT, KINETICS TO THIS STUDY

In order to maintain a desired concentration of soluble organics
in the aeration tank effluent for variations in the quantity of
organic material entering the process, it is necessary to control the
concentration of micro-organisms in the reactor. Thus, the velocity at
which the resident microbial population utilizes the organic material and
the rate at which the disappeérance of organics is manifest as an increase
in micro-organism concentration must be determined to afford a positive
"growth rate controi" on the quality of the exit stream.

To investigate the feasibility of optimizing reactor residence
time by partitioning a mixed culture of micro-organisms, it is necessary
to compare the rates of substrate utilization by the micro-organisms of the
effected separation.

Therefore, this evaluation of the hydroqyclong will necessarily
involve a study of the biochemical kinetics of the effected slurry
separation, |

Engineers have traditionally suﬁmarized the biochemical reactions
occurring when soluble organic waste is contacted with acclimated

micro-organisms as:

oxygen
organic - nutrients
carbon + micro-organisms buffer

(Synthesis)  Micro-organisms

A portion of the organic waste reactant is converted into cellular
protoplasm; the remainder is oxidized to provide energy (Heukelekian et

al. (1951) and Helmers et al. (1951)).
90
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Several "reaction kinetic mechanisms" have been proposed in an effort

to model the activated sludge process.

3.2 FIRST ORDER KINETIC MODEL

Streeter and Phelps (1925) iﬁﬁerpreted the Biochemical Oxygen Demand
(BOD) test to be a batch Bioassay technique measuring the érogression.of
organic waste degradation. They found that the BOD data of Theriault

could be represented by the first order reaction équation:

- %% = ky
where y = substrate concentration as BOD
k = rate constant ‘
t = time

| Wilsén (1967)
.Subsequent investigation of‘many treatment plant data substantiated
Streeter and Phelps findings and first order kinetics became widely
accepted as a suitable model for the activated sludge process.

The fi:st order kinetic model of Streeter aud Phelps became suspect
when it was discovered that’speciii@ organic wastes could not be charactex-
ized by unique levels of the rate comstant "k". This led several workers
to conclude that the rate of substrate removal was coupled to the rate

of growth of the microbial population.

3.3 SECOND ORDER KINETIC MODELS

Keshavan et al, (1964) assumed gh@ rate of change of volatile
suspended solids to be proportional to the concentrations of suspended
solids and organic substrate: |

| ds .

dt
where''s' is the concentration of volatile suspended solids.

ksy
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By furthex as@uming that a constamt fractlon of the substrate removed

MW@Q eonverted to volatile suspended solzds (i e; constant yleld), these
authors describe& the progression of substrate removal by:
c-gfs kfsy where k-'es - %‘ékv

Using an acclimated mixed culture of activated sludge and a complex
synthetic waste, the authors obtalned a good empirical fit for the second
A order kinetic model for batch operation in which substrate concentratlons
were expressed as BQD5.‘

Y@ung and Clark (1965) proposed a second 6rder'kinetic equation to

model the progression of BOD exertion:

- Qiiaiégl = k (L - 2)2 where L =y and z = BOD exerted

. The authors advocaied acceptance of the second order kinétic model based on
the mathematical similarity to the’M@nod‘(1949)‘developm@nt, and'the ease with
which model constantscould be evaluated,v. The first order model of Streeter
and Phélps was;ﬁot fﬁndam@ntally rejected,; but its uée was discouraged due
to the laborious calculations reéuired for matheﬁatical analysis.

‘Revelle et él (1965) used the sécond order autocatalytic kinetic
expression: |
dz . (z+b) (L - =)

dt
where b = empirical constant related to the concentration of micro-organisms

to fite data for the exertion of the BOD of a synthetic waste. They
proposed that the empirical fit of the proposed model during the lag and
exponential growth phases constituted proof of the kinetic mechanism.
Wilson (1967) points out that the second order reaction equation has the
well-knuwn-prcperty that when the concentrations of the two reéctiéns are

very dissimilar, control is exercised by the one of lower concentration.
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Thus, the autocatalytic model could be éxpected to fit data reasonably

well only for low values of organism or substrate concentration.

3.4 TWO-PHASE MODEL

Eckenfelderb(l959) proposed a tﬁree-phase-mechanistic intexrpretation
of batéh bio-oxidation kinetics which coupled the various phases of
sludge growth and BOD removal by a dynamic relationship between the mass
transfer of nutrients into the cell and the use of these nutrienfs in the
function of cell metabolism. Mathematically, Eckenfelder expressed the
reaction model by a discontinuous function consisting of two intersecting
linear curves. At high concentrations of organic substrate, the procass
was described as reaction limiting; for which»ﬁhe”rate of disappearance
of substrate was independent'of substrate'céncéntration but was a direct
function of the generation time of sludge cells. By assuming this
phenomenon to be indicative of logarithmic batch growth (cénstant
generation time) and by invoking the concept of constant yield, the specific
growth rate (rate of utilization of substrate pex unit mass of micro-organisms)

was a constant

=k1

o b
%IS'

At some level of substrate concentra;ion, the rate of mass transfer of
limiting nutrient into the cell and the rate of growth of the sludge
cells were considered to be identical. At concentrations below this
"equilibrium" value, the growth rate, and hence the BOD removal, was
thought to be limited by the diffusive nutrient flux. By assuming

a constant surface area per organism, a constant mass per organism,
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and a constant yield coefficient, Eckenfelder suggested that the specific

growth rate was a linear function of the 1imiting nutrient concentracion:

-1 dy -
s dt kZY

Eckenfelder found the above equation adequately described the course'of
oxidation of most organic compounds in heterogeneous waste mixtures.
This second order kinetic model was later modified (McCabe and Eckenfelder

(1961)), to the first order kinetic expression:

2

to describe the utilization of single organic compounds. The apparent

-8y =k
at y

first order kimetic response of the system was ascribed to the use of
non-specific measurements of substrate concentrations as BOD and COD,

For heterogeneous waste mixtures, the authars cbsexrved a progressive
decrease in the ""reaction rate constant” k,, indieating.that the proposed
kinetic models were not £undam§nta11y_correct in the regions of low
substrate concentrations. The authors éuggesﬁ that this phenomenon may
be ascribed to auto-oxidation in which the.auto-oxidation rate dgviaces
from first order kinetics with time aé the remaining cgllulér constitutents
become more-difficult'to.oxidize. The amount of oxidation is felt to be a
function of the degree of initial BOD removal by adsorption, however, ﬁo
attempt was made to correlate the dependence, In ordér-ea obtain a reasonable
empirical correlation, the authoxs a&vocaée the use of either a retardant-
type reaction or & composite exponential. for the substrate limiting reglon,

Adequate mathematical fits were obtained using the retardant formula of
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Fair et al (1941):

-4y o
dt (l+mt)

and of Fair and Geyer (1954):

-9 = ky@—)0
dat y(Ymax)

where "m" is an empirical coefficient of retardation and "n'"' is an

empirical non-uniformity coefficient. A more fundémental postulate

for the observed phenomena involved the concept of sequential removal

o} several organic compounds, each with a characteristic kinetic mode.

The latter approach admitted the impossibility of representing the progréssion
of organic substrate disappearance, measured as BOD, by a single overall
kinetic expression.

Deviations of the mathematical fits employed from empirical data
are ascribed by McCabe and Eckenfelder (1961) to the release of cell
components by lysing and the use of oxygen for "endogenous respiration',
both of which may effect non-representative measurements of sﬁbstrate

concentration as BOD.

3.5 ENZYME KINETIC MODELS

Since the utilization of soluble organic substrate by micro-orggniSms
is viewed as an enzyme cafalyst process, many microbiologists have accepted
the concept of the Michaelis-Menton (1913) kinetic model. These workers

represented the reaction of enzyme with substrate as follows:
E S';El" E
+ == .8
2

k3
E.S ~=3 E+ P °
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where E = enzyme concentration
S = substrate concentration
E.S = enzyme-substrate complex
P = product

By defining a system in terms of a single enzjme, a single substrate,
a single product and no inhibitors, and applying the Stationary'State
hypothesis to the enzyme substrate complex for a batch system with no
substrate or nutrient limitation, they obtained the following expression

for the proposed kinétic ‘model:

v = Y8
Ky + S

the rate of product formation

in which v

V = maximum model velocity

K, = Michaelis-Menton constant = 0.5V
This expression indicates that the rate of product'form#tion is graduglly
reduced from the maximum rate as substrate becomes limiting.,

The Michaelis-Menton model was verified as a suitable mathematical
representation of the batch growth rate of pure bacterial cultures by
Monod (1949). In his studies of bacterial growth, Mbuo&‘empirically
obtained constant yield values and app;ied-them to the observed exponential
and declining growth characteristics to obtain a mathmetical model for the

rate of batch substrate disappearance:

Ce
K= Pogy [RF T

dcC A
€ = gpecific rowth rate

where 1
Cg dr
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Poax maximum value of specific grcwth rate

Ky = Michaelis-Menton constant = 0.5 i,

The Monod expression was verified for batch and continuous puré
cultures systems by Novick (1955) and Herberf et al, (1956) and for mixed_
cultufe-cogcinuous systems by Grie%es et al, (1963), with theArésul;
that it has been widely applied to the activated sludge process.

Rather than recognizing Monod’s model as a curve fitting techmique,
sevﬁfal workers have interpreted it as a kinegic mechanism and have ascribed
deviations of experimental data from the expomential equation to the biochemical
characteristics of the biologiéal population undexr test expressed by a kinetic
rate expressign.i

Reynolds and yang (1966), working with mixed microbial populations
and complex synthetic wastes, obtained good empi?ical fits by augmenting
the Monod expression with a kinetic éxpxesgion, first oxder relatiﬁe to
micro-oxrganism concentration, accounting for endogéﬁous respifatioh under
both batch and steady-state continuous opexation. Middlebrooks and Garland
(1968) developed a similar kinetic expression based on the assumption that
contimuous‘activated-sludge systems incorporating solids separation and
xecyél@ are susceptible to -the effects of oigaﬁism decay, thereby neces-
sitating a decay rate in any kinetic model for the process. Similayx kinetic
models have been reported by Gram (1955), Stewart (1958), Andrews et al (1964)
and Agardy et al (1963).

Other relationships between the rate of micro-organism growth and
the substrate concentration have been proposed by microbiologists. The

relationship -
»= Ky (1 - e
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where z and K are empirical constants, was proposed by Tessier (1936)

and used by Spicer (1955)'and Lipe (1961)., Schulze (1964) studied

the continuous growth of E. COLI, on an organic substrate of glucose and
urea. His data on the removal of glucose was adequately fit by the

- Tessier expression and he suggested that this equation would also apply

to activiated sludge cultures. Contois (1959) suggested that the parameter
by which growth should be measured is not cell mass, but population density.
He studied the specific growth raﬁe of pure bacterial cultures in stead-

state chemosats, and fit his data by the relationship

R = }Jmaxcfmc-c_"’_cc)

where F = -%;- = V%:
This equation expresses é dependence of specific growth rate on the ratio
of cell mass to culture volume,
3.6 ADSORPTION MODELS

Dean and Hinshelwdod (1966) consider the reactions of the microbial
metabolic pathways to be mathematically analogous to the Langmuir Adsorption
Isotherm. They mechanistically define biochemical reactions in terms of
chemical reactons occurring on porous catalysts. By considering a matrix
of high molecular weight enzymes to be representative of catalyst surfaces
in which suitable reaction sites are determined by atomic spacing; they
mathematically describe dynamic equilibrium between the rates of depogition
and removal of substrate molecules in an adsorption context.

By assuming that the rate of deposition of free substrate molecules on

to the enzyme "surface" is proportional to the amount of free surface (1 - o),
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and to the concentration of substrate molecules in the enviroument (Cc) :he
rate of deposition is

K'Cc 1 -0
In further assuming that the inverse process is proportional to the
density of adsorbed substrate moleules on the surface, the rate of
removal is

Ko~
By defining the adsorption phenomenon to be in a state of dynamic

equilibrium:
X' C. (1l = o) = K'o
therefore

= bc,c
T T3,  where b= K'/K"

The authors stipulate that the adsorbed molecules enter biochemical

reactions at a rate proportional to their surface density:

KC, ;
1+ b, where K is a constant
: XC,
By assuming + bC to be specific growth rate, the authors justify
C

the adsorption isotherm by noting that it is mathematically similaz to
the Monod expression. It should be noted that the shape of the "rate
equation' can be'altered to fit virtvally any specific growth rate data
by ascribing empirical deviations to adsorption inhibiting effects caused
by (a) catalyst poisoning (b) electrostatic repulsion and attraction
forces on moleules and (c) decreased substrate diffusion due to
product.formation af reaction sites.

Katz and Rohlich (1956) develop an adsorption mechanism to represent

the removal of soluble organics by activated sludge. They consider a model



in which the diffusive flux of substrate through a water film surrounding

a microbial floc is the rate controlling step for substrate removal.

30

Thus the diffusive flux is defined as the rate of adsorption per unit

floc area and an empirical multiple of the coefficient of diffusivity is
interpreted as the "kinetic reaction rate constant" characterizing the
disappearance of substrate. Empirical justification for the adsorptioﬁ

mechanism is professed by the constancy of measured "rate constant" for a

series of chemostats operating over a range of steady-state substrate con-

centrations. The data presented indicate that the value of the rate
constant was not independent of steady«state substrate concentration
refuting the use of the adsorption mechanism as a kinetic model as
advocated by the authors.

Katz and Rohlich mathematically fit their data by the adsorption

isotherm
! = ge®
M e

mass of adsorbate (as BOD) originally present in solution

where x'

mass of activated sludge

=
L]

Ce = equilibrium concentration

K',n, = empirical constants

3.7 ZERO ORDER KINETIC MODELS

Using the Jenkins modification of the Warburg apparatus, Wilson
(1967) studied the oxygen uptake curves exerted by mixed cultures of
micro-organisms on simple substrates. He found that uptake vs time
curves for phthalic acid, glutamic acid, tyrosine and leuciné
were independent of organic substrate concentration and dependent only

on micro~organism concentration to a sharp break-point. The break-point
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in every case coincided with tle @ﬁhaustion of extracellular substr&té
measured as BOD5 and COD. Further gtudies with binary and ternaxy
Substrate mixtures indicated that the break-point ceinciding with the
elimination of each substrate consticuent remained cleaxly defined.

Mixtures of amino acids c@mprised of more than tﬁree constituents
resulted in compound uptake charactéristics which approximated a‘first
.oxder kinetic response. The author conciu&e& that the apparent first
order rate plots widely reported for waste liquors are in fact summations
of a number of‘curves of zero order with respect te substrate concentration.

The switch rate of micro-organisms from one food source to another
was observed to have a significant effect on the shape of the oxygen
uptake vs time curve for complex substrates. For a mixed microbial population
- in which each species wasvacclimateé Eo a siﬁgle constituent o£ a complex
substrate, a net uﬁtéke curve resembling a second order autocatalytic kinetic
mechanism was observed.

While thé reported '"zero order" pheﬂomencﬁ explains‘the variety of
kinetic mechanisms prevalent in the literature, the use of oxygen uptake
to predict kinetic response must bé questioned. |

FTishler and Eckenfelder (1968) observed zero order kinetic responses
with respect to substrate as COD for mixed cultures utilizing synthetic
feed mixtures of glucose, aniline and phenol. They found that the linear
 substrate removal rates characteristic of each compound remained unchanged when
binary and ternary mixtures were tested, each being.a function of solids
concentration.

The overall organic removal rate for substrate mixtures was a
summation of the linear removal rates of the constituent compounds producing

a resultant removal characteristic similar to a2 first order kinetic response.
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The authors postulate that the two-phase kinetic model reported by
Garrett and Sawyer (1952) and McCabe and Eckenfelder (1960) "is probably
the result of zero order removal of readily assimilable compounds, followed
by a slower zero order removal of other compounds, the latter being
mathematically apprbximated by a first order type equation",

Monod (1949) was the first‘fesearcher to observe linear substréte
removal. Using purecultures of E.COLI growing on a glucose substrate,

he observed a value of the Michaelis-Menton constant of 4 mg/l. Thus,

. the Michaelis-Menton kinetic model

Puax e

}1:
K, + Cg

reduced to u =y .. for C, >> K,. Wubrmann (1956) was the first to
suggest that the non-linear removal mechanism commonly associated with
complex wastes are actually a sumation of a number of zero order removals

of the sample compounds which make up the complex substances,

3.8 MATHEMATICAL MODEL
Martin and Washington (1963 ) developed a mathematical model for

the continﬁousAflow, steady-state bacterial culture. In applying a mass
balance to the microbial culture, the rate of change of solids in the
reactor was ascribed to two contributing phenomena. The mass of micro-
organisms increased due to substrate utilization according to a “true"
specific growth rate function and decreased due to microbial death. Both
contributions were assumed to be linear functions of the steady state micro-
bial mass and combined to define an "effective" specific growth rate, which

could be measured experimentally. Pure cultures of PSEUDOMONAS FLORESCENS

and ESCHERISHA COLI B. were studied on substrates of glucose, acetate and
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glutamic acid in chemostat reéctors. Steady~-state concentrations of

reactor substrates as COD were observed as a function of the reciprocal

of reactor residence time (i.e. specific growth rate). Hetling and
Washington (1964) found that these data were adequately fit by a rectangular

hyperbola of the type:

Sc - A
c
"“=)'m'§;'¢-s

where S, 1s a gross measure of organic concentration as COD

A and B are constants characteristic of the system under study.
This formulation is equivalent to the Momod model if "A" is interpreted
as the concentration of soluble organics due to metabolic end products
and autolysis. The authors do not ascribe reaction kinetic validity to
the empirical model but indicate that other parabolic or exponential

functions could be derived with equal reliability.

3.9 EVALUATION OF REPORTED MODELS

Since most of the "kinetic mechanisms" advocated in the literature
‘incorporate organic substrate concentration indexed as oxygen equivalents
and since oxygen is postulated to participate in several of the unknown
elementary reactions comprising métabolic pathways, the validity of an
overall kinetic rate expression defined relative to oxygen has little
meaning.

By defining a kinetic model in terms of the mass concentration of
organic substrate, one makes the assumption that organic carbon participates

in only one elementary reaction.,
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Since it is presently impossible to define the elementary reactions
involving intracellular and extracellular organic carbon, it is not
possible to define a kinetic mechanism representing substrate degradation.
Therefore, the "kinetic" models reported in the literature have little
reaction kinetic significance and represent, at best, curve fitting
techniques.

The practice of ascribing empirical deviations from a proposed
model to the "kinetic" characteristics of the system quantitized by‘the
‘addition ofAterms in a kinetic mechanism has no fundamental justification.
These techniques merely add flexibility to an empirical correlation such
that a broad spectrum of experimental data tends to ''validate" postulated

models in a mathematical sense.

3,10 GLUCOSE METABROLISM BY MIXED MICROBIAL CULTURES

The biological process in which glucose is metabolized by micro-
organisms in an aerobic environment may be considered as a two-stage series
process (Murphy(1966)). The first pﬁase, glycolysis, is a fermentative
process in which glucose is degraded to several products, notably pyruvate,
with the liberation of energy usually stored in high-energy phosphate bonds.
Traditionally, the carbohydrate anerobic metabolism of all organisms has been
represented by the Embden-Meyerhof mechanism, with species differences in the
ability to utilize substrate appearing in steps beyond the formation of
pyruvate. Lamanna.and Mallette (1965) report that although many bacteria
ferment carbohydrates to pyruvates by the Embden-Meyerhof scheme, others

possess alternative pathways and may utilize ome or several, Pelczar and
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Reid (1965) support this contention and ascribe interspecies variations
in the glycolysis metabolic pathway t§ differences in the enzymatic
composition of different bacterial species.

Differences in the metabolic abilities of micro-organisms are also
manifested by the manmer in which they further utilize the pyruvate in the
second phase of glucose degradation. Several possible pathways exist
leading to a number of end products. (Pelczar and Reid (1965)). In the
pPresence of oxygen, tbe most likely schéme is the cyclic terminal oxidation
of pyruvic acid to CO, by the Krebs tricarboxylic acid cycle.

| From these considerations it is evident that not 2ll micro-organisms
metabolize the same substrate in exactly the same manner. The component
sﬁecies of a mixed microbial population may degrade glucose by ome or

several pathways effecting an unknown network of possible series and parallel
reactions. The impossibility of predicting ox meésuring the rate controlling
step precludes the formulétion of a realistic kinetic model for substrate
degradation.

Because of the relationship between utilization of soluble organics
and cell growth established by Garrett and Sawyer (1952), attempis have
been made to model the growth phenomenon for bioiogical waste treatment
systems. Weston and Eckenfelder (1955) and Eckenfelder and O'Conmor (1961)
have proposed the use of the sigmoidal batch grow characteristic reported
for purecultures, (Pelczar and Reid (1965)). This approach takes no account
of the competitive interaction effects prevalent in mixed cultures and further
presupposes the absence of non-active biomass formed by imperfect cell

reproduction, The data of Lamanna and Mallette (1965), reported for
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gtudies on the @xponencial growth of SAIMONELLA PULLORUM in a nonsynthetic
nutrient broth, indicate that nom-viable cells may comprise from approximately
8 to 25 per cent of the total microbial population. Kountz et al. (1959)

and McKinney (1963) concluded that‘ﬁp to 25% of the volatile solids forméd in
the extended aeration process may be imert n@n-biologically oxidizable solids.
These considerations, coupled with the presence of a dynamic environment, pre-
cluded the‘seleetion of a microbiological response model for the mixed culture
‘.used in this investigacion., With no,fundamentél basis for rés?gnse modelling,
interpretation of the biological raw data was, therefore, bésed on a mathe-

matical response giving equal weight to all data.



CHAPIER 4
EXEERIMENTATION

4,1 SYSTEM OPERATION

The micro~organic siurry under test, cultivated in a biological
reaction vessel, was pumped through the hydrocyclome in which the
generated force fields separated the influent into overflow and under-
flow exit sfreams. Representative grab éamples were collected from
both discharge streams and used to inoculate "identicalﬁ batch reactors
for an evgluation of the biological characteristics of the separation.
The operational characteristics of the system were observed by means
of pressure gauges mounted in the entrance and exit streams of the
hydrocyclone to determine the energy dissiba&i@n across the unit, and
rot ameters iﬁserted in the influent an&’the overflow lines to quanti=-
tize the operating and separatiom level of the slurry flow.

Swagelock valves on the hydrocyclone exit ports provided positive
control over both discharge pressures and volume split. The infinite
speed control for the DC pump drive afforded positive comtrol for varia-
tion of flow rate to the hydrocyclone or inlet pressure. The experi-

menical apparatus is illustrated schematically in Figure No. 4,

4,2 BIOLOGICAT, REACTOR OPERATION

In order to evaluate differences in metabolic activityvof the
separated exit fractionms, random variation of environmental influences,
both physical and chemical, were minimized by coincident evaluation of
"identical" biological reactiomns with "identically” controlled chemical
environments, To ensure that the biological responses would be repre-~

- sentative of the characteristics of the micro-organism populations under
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study, the level of enviroumen;al contamination was reduced by

employing batch rather than continuous operation. This provided the

added benefit of a rapid system response, not possible with a continuous
biological process with its rather.slow approach to a "unique" steady-state
level of operation.

4,3 SYS DE IO

4,3.1 Hydrocyclone Design
The lack of theoretically sound criteria for the design of hydro-

cyclones has been ascribed by Bradley (1965) to the unresolved performance
contributions effected by: liquid velocity profiles, non-ideal particle
behaviour (short-circuiting, recirculation), non-ideal fluid behaviour

. (eddy propagation due to wall friction), air core formation, and location
of the mantle of zero vertical velocity. Present design concepts have
their genesis in empirical considerations which correlate hydrocyclone
behaviour in terms of an efficiency of separation and in terms of a
;article size (diaﬁeter) which has equal probability of migrating to
either exit.

The problems of hydrocyclone design have been further compounded by
the wide variety_of definitions and interpretations applied to both separation
efficiency and critical particle diameter. The efficiencies reported in the
literature have, for most cases, been selected to most accurately describe
the specific purpose of the unit under investigation. The cumulative
efficiency suggested by Kelsall (1953), the clarification number used by
Fontein et al. (1962) and the weight or gross efficiency used by several

workers, all defy fundamental considerations by yielding 100% efficiency when

~ the total feed flow exits through the underflow with no separation having
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taken place at all. Tengbergen and Rietema (1961) discuss the
impossibility of defining a single number to correctly relate how two
exit streams can each take some fraction of two components. They attempt
to define an efficiency that considers both streams, dependent only on the
physical shape of the cyclone and independent of the fluid, the con-

centration, and the temperature:

EFFICIENCY = [

£393 _ 023% - O30,
G 7 el - 00

whexe
A <p> = mixture density 1 = inlet
C = mass concentration 2 = overflow
0 = volumetric flowrate 3 = underflow

All of the correlations presently available for predicting the
separation particle size require prior knowledge of either specific
hy&rocyclone performance or the range of operating levels available
for a unit of unspecified design. The equilibriqm approach suggested
by several workers, (Lilgé, (1962); Bradley, (1965);de Gelder, (1957))
considers a particle whose locus of zero radial velocity coincides with
the mantel of zero vertical velocity for the fluid. The wide disagreement
as to the form of the correlations far theequilibrium consideration arise
from the uncertainty as to the shape of the locus of zero axial velocity.
Acceptance or rejection of these theories must be made émpirically and
the use of these formulations for hydrocyclones beyond the spectrum of
-unit size and slurry characteristics reported by the investigators is
questionable. Empirical correlations reported by such workers as Haas et al

(1957), Yoshioka and Hotta (1955) and Matschke and Dahlstrom (1959)
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have exhibited wide discrepencies one to another, and application beyond
the region of slurry characteristics reported is considered dangerous.

The residence time approach advocated by Rietema (1961) assumes
prior knowledge of the available energy, the total flow rate, the desired
50 per cent separation diameter and the physical properties of the slurry
to be separated. Because this method formulates hydrocyclone design on
slurry characteristics and operational flexibility with no restriction on
unit size, it was felt to be the most fundamentally acceptable and was
used in this investigation. A detailgd design analysis is presented in
Appendix No. I.

Preliminary hydrocyclone design resulted in unit dimensions too
small to be practicable for fabrication or operation. The specific
gravity differential between the biological solid phase and the liquid
carrier medium, and the average microbial particle size were selected
from the data of Lamanna and Mallette (1965); these were fixed physical
properties of the test slurry. Further, the input energy level was
restricted by the equipment available. Since these considerations had a
significant influence on hydrocyclone size requirements, and could not
be altered, it was decided to select the smallest hydrocyclone which
could be made and operated for this investigation. Since no precedent
was available to uniquely establish this lower size limit, a group of
hydrocyclones were fabricated ranging in size from 10 mm to 2 mm body
&iameter, the latter representing the size minimum for construction.

The hydrocyclones were fabricated from materials capable of
withstanding the high pressures expected and amenable to machine finishes
with low surface roughness (to impede eddy formation and particle recirculdtion).

Cyclones larger than 5 mm D, were made of plexiglass, those less than
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5 mm Dc of brass.,

To facilitate comstruction, the hydrocyclones were constructed in
three sections as illustfated in Figure No. 5. The upper and lower sectioms,
containing the exit ports,were machined and bolted to the central body section
section to.provide a sealed unit, The stainless-steel imlet and exit poris
were threaded into the unit to provide convenient connection’to system
piping. .
4.3.7 Biological Reactor Design

The biologisal reactors were fabricated byvglass-welding 350 ml

Buchner funnels with fritted glass discs tﬁ the apex of 4-litre pyrex

percolators. Compressed air, supplied ét 20 psi to the stem of a Buchmer
funnel escaped from the fritted diégs as finely dispersedvbubbles satisfying
the design criteria of providing a c@mp1ete1y'mixed, hydraulic regime for
the reactor conteﬁts and of providing sufficient gas-liquid surface area
per unit reactor volume to maintain near saturation levels of dissolved
oxygen for the spectrum of biological soli&s levels carried during the
invéstigation. Preliminary testing indicated that the level of mixing
provided by air addition sufficiéntly approached complete mixing to
elimimate the need for additional méchanical agitation.

To minimize thé loss of reactor contents by evaporation, a water-
cooled condensor maé mounted above each feactor and secured by means of
an inverted fummel adaptor sealed with air-tight, plastic membrane
connections to both the reactor and the condensor. This effected the
condensation and return of most of the water vapour being stripped from

the reactor via exit gases.
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A one inch diameter hole was cut in each funmel adaptor to accomodate a
large volume pipette during sample collections and an airtight, rubber stopper
between sample collections to facilitate testing and to minimize the possibility

of external contamination,

‘ 4.3.3 Organic Carbon Source

The reported work on biological grcwth»kinetics have assumed growth
limitation by a single organic or inorganic nutrient so that the raté of
degradation of the subject nutrient cam be related to the rate of growth
of biological solidé. The growth process can be defined as a biochemical.
mechanism in whiéh micro-organisms chaﬁge_soluble orgaﬁic substrate into
final products alomng a network of possible reaction paths all of which
may consist of several combinations of consecutive and parallel weactions.

.The'unique path is probably most dependent om process reéqtants (the species
of bacteria, the composition of organic substrate) and the system envirom-
ment (pH, c@ncentration‘of trace elements, temperature, pressure). Sinece
the component reactions of any conversion pathway may be highly sensitive

' to emvirommental factors beyond experimental eontrol, and since the reaction

characteristics of the micro-ofganisms was of prime importance in this
investigation, it was decided to employ am organic substraté with a relatively
short reaction path. Thus, the use of complex wastes prevalent in field
installations was considered undesirable and a simple dextrose solﬁtion was
employed as the organic reactané.

Traditionally, the strength of organic wastes has been measured in
terms of the five-day Biochemical Oxygen Demand., Schroepfer et al (1960) has
indicated that this is not a conserved parameter, but one which will

differ for similar abolute concentrations of substrate. Murphy (1966)
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recommends the use of conserved parameter such as organic carbon or
chemical oxygen demand to measure biological substrate utilization.
For this investigation, organic carbon was uséd as the limiting nutrient
to observe the growth phenomenon. |
4,3.4 Mixed Microbial Cultures
Helmers et al. (1951) and Heukelekian et al. (1951) have reported
that the products of tﬁe biochemical‘reactions (when acclimated micro-organisms
and a soluble organic waste aré contacted in the presence of oxygen and
nutrients) are cellular protoplasm and energy. These observations led
‘Garrettand Sawyer (1952) to conclude that organism growth, indicated by
an increase in microbe weight, is evidence of the utilization of food
and thus, micro~organism growth must be considered in the investigation
of the kinetics of the substrate degradation,
Several workers have invéstigated the growth phenomenon using
pure cultures where only one micro-organic species is permitied., This
’technique has the advantagé of simplifying the kinetic interpretation of
data but is based on the erroneous assumption that the culture unler study
typifies the mixed cultures prevalent in prototype waste treatment facilities.
“The competitive and mutuallistic interactions among the various species
in a mixed culture which preclude the formulation of a kinetic model were
tolerated in order that this laboratory investigation would have some
relevance for field application. The use of mixed cultures provided
the added benefit that the effects of interspeciés as well as intraspecies

size and shape distributions on slurry classification could be studied.
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4.4 EXPERIMENTAL TECHNIQUES

Initial Mi

Two continuous reactors were seeded with the fiitergd effluent
(Whatman No.l) of a bench scale continuous reactor which had operéte&*
for several months in 2 chemical environment similar to that sglectedAfor
this investigation. |

One reactor was operated im a substrate adequately rich in nutrients
to encourage growth of predominately rod-shaped bacteria; The other
reactor was operated in anvidentidal nutrient enviromment save for a
1ack of buffering capacity which promoted 1§w pH levels favouring the‘
growth of yeast. After a period ofllﬁ days, the contents of the two
reactors were mixed to provide approximately equal numbers of bacteria
and yéast and experimentationvcommgnced. The two diétinct micro-organism
shapes were maintained throughout the experimental period in approximately
the same proportion by numbers in an effort to qualitatively evaluate
the contribution of particle shape to the classification performance of
the hydrocyclones. |

4.4.2 System Preparvation

Prior to each run, the biological reactors were washed with soap
and tap water, purged with fifty ml of concentrated sulphurie acid and
rinsed with distilled water to reduce thé.level of.micro-organic contamination
both in the porous diffASer and on the walls of thezeactor.v To rempve any
biological solids. build-up in the hyd:ocycIOﬁé piping network, ten litres
of tap water were pumped thxopgh the system at maximum flow rate before
and after every run., The test slurry was allowed to recycle through the
apparatus for approximately ten minutes prior to sample collection to

promote steady-state system operation.
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A one litre aliquot of prep;red nutrient solution was added to
each reactor from a common batch supply prepared prior to each run and
seeded with a two litre grab sample from the appropriate hydrocyclone aexit
stream at which time the experimental run commenced.
4.4,3 Sampling

Three replicate grab samples from the centroid of the.reactor
contents were pipetted through the sampling port of the funnel adaptor
at regular time intervals. Prior to each run the filtering properties
of the test biological floc were observed to determine optimum sample
volumes which were selected on the basis of a maximum allowable filtration
time of fifteen minutes. This precaution was necessary to reduce the
possibility of non-representative measurements of biological solids and sube
stfate levels as a function of time. Preliminary expefimentation>indicated
that refrigerated sample storage at 4°C did nmot preserve the biological and
chemical characteristicé of thé slurry. These observations are in accord
with those of Ellison (1932) who found evidence of psychrophilic bacteria
metabolism at temperatures as low as 5°c. Agardy and Kiado (1§66) report
similar findings and conclude that biological activity can change the
biological, physical and chemical characteristics of the waste when stored
at low temperatures (0 - 10°c). It has been fairly well established that
freezing will curtail biological activity (Agardy and Kiado, (1966)).
However, experiments performed by Morgan and Clarke (1964) and Fogarty and
Reeder (1964) indicate that significant errors will occur in certain
analyses performed on the thawed samples. The colloidal character of a
sample will be éltered by the freezing and thawing process promoting
coagulation, which phenomenon will affect the dissolved and suspended

solids content of the waste. (Agardy and Kiado (1966)). Having eliminated
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the possibility of sample storage, it became essential that filtration
time not exceed sampling intervals. Triplicate ten or twenty ml samples |
were used throughout this inﬁestigatgon. In all cases, the filtrate of
the first replicate collected was used for an organic carbon analysis.
4.4.4 Air Supply

A constant and equal supply of air was supplied to both.reactors
to provide an adequate dissolved oxygen level (approximately six mg/l) and
a high dégree of mixing. A cylinder of glass wool inserted in the air line
prevented air contamination of the porous diffusers which could result
in non-uniform air flow rates and reactor coﬁtamination. Throughout the
investigation, individually calibratgd rotameters were valved to maintain

a constant air flow rate of 6 -lfminat one atm pressure and 75 °F.

4.5 ANALYTIC TECHNIQUES

Duriﬁg the course of an experimental run, theconcentration of
§oluble organic carbon and non-filterable suspended solids were monitored
as a function of time for both biblogicai reactors, Microscopic examin-
ations of the test slurry, and overflow and underflow exit streams were
performed to provide am indication of the relative distribution of micro-
organism shape, size and type effected by the hydrocyclone.

4.5.1 Determination of Susggndgd Solids Concentration

The suspended soldis concentration was determined gravimetrically
using Sartorius weightconstént membrane filters (47 mm DIA; 0.45 pn pore
DIA) in conjunciton with a six stall millipore vacuum filtration apparatus.
Preparatory to each run, the membrane filters were individually washed with

one hundred ml of distilled water to ensure the absence of weight contributing
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- and carbgn contribucing soluble contaminants. Each filter paper was then
plagéd in 2 tagged aluminum foil diSh, placed in a mechanical convection
oven at 103°C for 0.5 hours (Standard Methods (1965)) and dessicated to room
tempefature. As they were required during a rum, the filter papers were
individually removed from the desicecator, Weigheﬁ to the nearest 10™4 gms
on a Méttler type No. 15 balance and mounted on the filtration apparatus to
accept a kanown volume of feactor contents., After filtration, each membrane
filter was returned to its aluminum foil dish, redried and reweighed as per
above, The sample VOléme and the weight of non-filterable suspended solids
}wé:e combined to define the suspended solids c0ncentratioﬁ and expressed as
- mags per unit volume, Three replicate measurements were made for every
‘suspemded solids determination. |

5.2 Determination of Soluble Organic Carbon Concentration

The filtrate from one of the repiigate determinations of suspended
solids concentration wasAi@mediately cdilected, treated and analyzed fox
soluble organic carbon content using a Beckman model IR 315 infrared
carbonaceous analyzer, |

Inorganic garbon present in the samples was converted to €0, by
titration with two drops of concentrated hydrochloric acid and liberated
_by means of a five minute helium purge, (Schaffer et al. (1965)). Twenty
microlitﬁe aliquots wére then syringe-collected and injected into the

‘anéiyzef,until thzee-successive determinations produced output signals
vhich differed by less tham 17 of full scale output. The total organic
carbon concentration as mg/l was determined by linear interpolation from

five point analyzer calibration curves made for each run using solutionms
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of a stable organic compound (sodium oxaiate in distilled water) of known
carbon concentration. These standaﬁd solutions were capped and stored at

49¢ between runs. All glassware used for the collection and storage of the
test samples was washed and dried in an automatic laboratory washer employing
a &istilled water rinse cycle.

4,5,3 Microscopic Examination

An approximate‘quantitatiﬁe measure ofAﬁhe nature of pepulation
separation relative to size, shape and typé of organisms present in the
test slurry and the overflow and undgrflow exit streams was made using
an Olympus microscope with a phase conﬁraSt aftachmente
4e5.4 Additional Testingvt

Periodic pH determinations were made duiing.the course of éach
run using a Beckman expanded‘scale model 76, pH meter.

One hundred ml samples collected fxom overflow and underflow streams
wére allowed to quies for'approximately one hour to determine the settling

characteristics of each exit.
£,5.3 Run'Duration

Testing continued until the substrate carbon concentration reached

a level which remaﬁﬁdebnstant for at least 0.5 hours (i.e. steady-state).

Based on an evaluation of the literature (Hsiang (1967)), the
operational variates exerting the most significant influence on hydrocyclone

classification‘and thickening performance were selected to be:



51

(1) volumetric flow rate
(2) volume split

(3) slurry characteristics (particle size distribution and
concentration)

(4) 1inlet pressure

(5) pressure drop

Preliminary testing revealed several predictor variates to be
mutually dependent for the systeﬁ operational levels of greatest interest,

negating the use of all operational variables as system parameters:

" Independent of
| Volumetric Slurry
- |_Split |Charac

Volumetric _
Flowrate - No Yes No No
Volume ]
Split No - Yes No No
Slurry
ICharacteristic Yes Yes - Yes Yes
Inlet
Pressure , No No Yes - No
Pressure
Drop No No Yes No - -

Since the test slurry consisted of a dynamic, non-equilibrating,
living biomass, no positive control could be exercised on its properties,
thereby precluding its status of a predictor variate. Preliminary
evaluation of the test system, therefore, indicated no experimental variables
of interest which could be selectgd as‘hutually independent test parameters,
The operational characteristics of the apparatus were.such, however, that
inlet pressure and volumetric split were relatively mutually independent

and controllable over the range of interest for this investigation; the

former being a function of the level of influent volumetric flow rate



and the latter being a function of the level of underflow-exit valve
throttle.

Inlet pressure and volume split, being mutually independent in an
operational sense and controllable over a discrete range of interest for
hydrocyclone geometry were selected as predictor variates and were
investigated with hydrocyclone size in a three variable experimental

analysis,

4.7 EXPERIMENTAL DESIGN

Investigation of the thickening and classification responses for
a meaningful number of‘predictor variate levels suggested the use of
'statistically designed experimentation_in the interest of research
efficiency. Hunter aﬁd Wu (1967) have noted that this experimen£a1
philosphyvprovides a meésure %f the interactions between variables, the
simultaneous action Qf yariables on the response variates and the most
promising direction of change fof predictor variates to maximize the
response.,

The implementation of this approach presupposes the existence of a
“smooth, functionalrelétion correlating méaéured response to various levels
‘of the predictor vériates which can be represented to any required
degree of approximétibn by’employing a sufficient number of terms in its
polynomial repreSentation (Box, (1967)). Since the upper and lower bounds
of predictor variate levels were fixed by the operational characteristics
‘'of the test system, the steepest ascent approach to response méximization
could be empleyed; but, system responses could only be measured over a
well=defined spectrum of variable levels. Since the experimental region

‘under investigation may have represented a near stationary section of the
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response surface, in which case a first ordexr polynomial wbuld»not
adequately define the surface, provision was made for inclusion of seeond
order effects by employing a second order cenfral composite design. The
five level, three variabie, statistical design illustrated geometrically
in Figure No. 6 was employed for the predictor variates of hydrocyclone
diameter (xl), inlet pressure (x,_) and volume split (x3) at the following.

factor levels (Hunter, (1960))..

Coded ~ Levels

Run
No. x1 22 2!3
e e e
1 1 -1 1
2 1 -1 =1
3 1 1 T-1
& 1 1 1
5 =1 1 =l
6 -1 1 1
7 =1 =1 1
8 -1 ~1 =1
9 -2 0 0
10 2 & 0 0
11 0 2 0
12 0 =2 0
13 0 0 2
14 0 0 =2
15 0 0 0
16 0 0 0
17 0 0 Y
18 0 0 0
Code __Key
vel
ariab +2 +1 0 =1 ] ~2
S e =S wﬁm
x; = D, 10 8 6 ’ 4 -2
mmm )
*2= P11 200 170 | 140 110 80
(PSi)
;2 V8 | 3/1 2.5/1 | 2/1 1.5/1 1/1
(OF/UF) - B
m‘
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5.1 TREATMENT OF RAW DATA

Due to the limitations imposed on sampiing frequency by the
analytic techniques employed and on run dgxagion by the use of a
monasaccharide carbohydrate source, few data wexe available farthe deter-
mination ofunit rate information, Interpolatiom techniques‘were investi-
gated in an effort to find a sultable method for generating more data, Since
only éﬂdiscrete set of approximate values of empirical data was gengratedv'

in the laboratory, and the degree of reiiabllity of these data was_not

——— e e e e

well established (Appendix No. II), it was not feasible to define an

interpolatlon polynamial to fit the data exactlyo Hildebrand (1956) h&s

[ ——

e e

mted that such a polynomia,l sould b@ represe‘nted by a cuxve which
oscillates violently about the curve representing the true functzon. In
addition, since the organic carbon concentration data were to be used for
numerical differentiating, the effects of th@Adeviacion of the generated
function from the true function would be magnified and result in unreliable
data intgrpretatione It was, therefore, evident that raw data smobthing

must precede an interpolation process. ‘ )

5,1,1 Data Smoothing

In place of détermining a polynomial approximation to a certain
function by requiring that values:of’&he approximation agtee with the
known approximate values to the.txue function, Hildebrand (1956) and
Nielsen (1965) suggesﬁ that it is pfeferable to require that the
approximation and the true functiom agfee.as well as possible over the
domain specified by the raw data. Td this end, the Gram modification

of Legendre's Principle of Least-Squares was used to develop smoothing

55
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formulae which put full and equal weight on primary data. In place qi
approximating the true function by a single, least-squares polynomial of
specified degree over the entire range of data set, Hildebrand(1956) réports
the desirabiity of replacing each datum by the value taken on by a ieastc
squares polynomial oﬁia degtee relevant to & subrange of raw data centered
at the point for which the entry'is to be modified. This technique assumes
that the true function'can be approximated by somé-polynoﬁial of specified
degreé over each subrange of data points but it also admits the possibility
that a polynomial of fixed order may not be satisfactory over the entire ,
domain,

Rather than artifichlly forcing the raw data to conform to an
approximating polynomial of arbitrary 6rde:» & mathematical criterion was
established for evaluating the ﬁest order of mathematical response based
on the raw data. Using thé,propoSition that “for equally spaced imtervals
of the independent variable, the nth differences of a polynomial of the
nth dggree are constant” (Nieléen (1965)) a forward difference table of
the 5th rank was established for each set of primary data, The difference
column exhibiting the smallest mean square based on the residual sum
of squares ab@ut tﬁe‘cglumﬁ mean détermined the mathematical degree of

smoothing to be employed for each data set.

The Lagrangian technique of expressing an interpolation formula
explicitly in terms of smo@chgd data was inveseigateq to deterﬁiﬁe the
 amenability of the daﬁa to this type of analysis. _Violenc oscillations

were observed in the generated functions for both smoothed and raw data,

indicating the data to be ill-conditioned. This was ascribed in part to
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the low degree of reiiability of the raw data in an analytic sense and
in part to the existence of a point of inflection in the estimated true
function, both of which seriously reduce the power of Lagrangian analysis.
In general, the degree of the generated Lagrangian Polynomial is one less
than the number of data points and hence, this method artificially forces
an order on an experimental curve, the mathematical accuracy of which is
a function of the number of data ﬁoints. Furthermore, the Lagranian method
does not allow easy determination of the truncation error relevant'tp the
result offered by interpolation based on a given number of ordiﬁates, or
easy determination of the number of ordinates needed to reduce the truncation
error below prescribed'limits. For these reasons,_Lagr#nge Polynomial
interpolation was not considered acceptable for this investigation.

Preliminary studies indicated Bessel's finite difference interpolation
used in conjunction with a central difference table to be a realistic method
of interpolation. Equally acceptable and more readily adaptable to this
study was the use of the smoothed, least-squares apprﬁximation polynomial
generated in the smoothing process. By selecting an nth degree polynomial
of the form

F(x) = a  + &, (x = X5) + ap(x = x,) (x - X1)  eeees
+a,(X - Xg)eerau(x - xn-l)

the unknown coefficients could be obtained from a forward difference table
of the smoothed data. Interpolated data could then be obtained from the
defining polynomial without distorting the polynomial of best fit.

The smoothing formulae used in this investigation are presented in

Appendix No. III.
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5,2 REVISED RAW DATA TREATMENT

It was found that this method of data treatment selected "best
orders of fit" which did not result in a minimum residul sum of squares
at the appropriate degrees of freedom for an assumed difference table variance
distribution of‘f_zn (where n = the difference rank)..This suggested thaf anb
unknown source of variance was present. Rather than devising a search
technique to provide a "best fit" for the variance, it was decided to
treat the data by least-squares polynomials of increasing arithmetic order
until the polynomial exhibiting the minimum residual mean square was
determined. Terms in the generated expression accounting for sums of :
squares significant at the 957 level relative to the residual sum of squares
for the appropriate degrees.of freedom were retained to define the approxi-

mation to the '"true" function.



6,1 _PRIMARY DATA

6.1.1 Specific Growth Rate
Since specific growth rate is defined to be the velocity of organic

carbon removal per unit mass of'micreoérganisms @%B ggg)s it is evident
that the magnitude of this quantity will be & funetion of the type and extent
of data treatment used for the raw data mass concentrations of organic carbom
and suspended solids,

With the exception of Tun No. 9, the raw data for the concentration
of organic carbon indicated an arithmetic linear decrease with time tg
steady state levels, Within the limitation imposed by the frequency éf
sampling, these curves indiegted a point of diseontinuity between a coustant
velocity and a "quii" velocity of carbon decvrease, thereby suggesting a
plecewise épproaéh to datas fitting. Intersecting arithmetic linear least-
squares-gurves pxovided highly significant fits at the 957 confidence level
and these smoothed data were used to calculate ggﬁ s (Figures No. 7 .ﬁhrough
No. 24).

The raw carbon and solids data wezre also regressed.in a non~piecewise fashe
ion over the entire domain of each run, Least squares polynomials of im-
creasing arithmetic order were fit to the data until the polynomial exhibiting
the lowest residual mean.square was determined, These fits were also highly |
significant at the 957 confidence level and were used to calculate a different'
st of specific growth rate values, |

Since the tegressed carbon data were differentiated for the evaluation
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of unit rates, it is obvious that treatment of these data will be highly
significant in defining any functional response of %T-EEQ . Because
carbon data has been traditionally expressed by a kinztic mechanism containing
carbon concentration to some power, and because the rate of incfease of
suspended solids has been demonstrated to be a function of the velocity
of carbon uptake, specific growth rate is usually plotted as a function
of organic carbon concentration,

Figures No., 25 through No. 42 illustrate the dependence of E;,ggg on
C. for which raw carbon data were fit 'in a piecewise fashion over the domain
of each run. The slight dependence of unit rate bn,carbon is an expression
of the variation in suspended solids levels over tﬁe course of each run. The
constant velocity of carbon decrease to steady-state levels, coupled with
the small increments in suspended solids relative to the initial levels,
result In specific growth rates which are almost independent of the con-
centration of organic carbon above steady-state carbon values and which are
zero below those levels. These curves resemble the two-phase kinetic
mass transfer model proposed by Eckenfelder (1959).

Flgures No.25 through No.42 illustrate the functional relatlonshlp
of specific growth rate on organic carbon for raw data regressed into
polynomials of best fit over the total domain of each run. These curves
exhibit a strong dependence of specific growth rate on the concentration
of organic carbon over the entire range of carbon levels prevalent throughout
each test. Neglecting the drop?off in unit rate at thé upper levels of
organic carbon (which signify a slight lag in the initiation of carbon
removal with time), these plots resemble the enzyme kinetic mﬁdels of
Michaelis-Menton, Monod (1949), Tessier (1936) and Schulze (1964) as well

as the first and second order and second order autocatalytic kinetic models,
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prevalent in the literature. The matheﬁaticai medei’of Martin and
Wéshington (1964) could also be easily fit to these curveso-

Since both families of specific grewth rate curves are derived from
data ﬁhich ére significant at the 95% 1@9@1» then specific growth rate may
bevargued to be both highlj dependent'@a the mass concentration of organic
carbon and wvirtually iudependent of the maés'eOﬁcénﬁration of organié
ca?bono | |

It may be concluded that s'pecifvic growth rate,within our ability to
measure it,is a meaning1esé quantity for a batch proéessbamd its us@ as &
justification for kinetic models or QS-a'quan&itj ior‘désign rust be
questioned. It is evident thak tha‘ﬁuasci@ngl form of specific growth rate
is highly dependent on:

(1) the type of data fitting empioye& for carbon,

(2) the number of data entries in the “steady-state" region of

carbon ievelso

Since significantiy different :eigt;@nships betﬁeen specific grbwth
| rate and organic carbgm'éousgnc:agiaﬂ wege oﬁtained wﬁem the range of data
entries for each rum was c@ﬂsidefed té consist of one and - two domains, the
question arises as to which methed of ereatmeﬁe is “most justifiable"o‘

When each data set was considered as a gingle domain, high oxder
polynomiais were observed to fit the raw data gxtxemgly‘wall, several times
resﬁlting in residual ﬁéan squares not 31ghificénﬁ at the 99,9% leiel.v it
was_felt, however, that only those coefficients accounting fqr a reduction
in the total sum oi squares significant at the 957 level (relative to the
residual sum of squares) should be tetginéé in the regression eqpat;onsa This

variation in treatment resulted in several regression lines whose residual
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mean squares were significant at the 95% level. Relative to the method
of piecewise fitting, this regression technique in general, represented
a decrease in the goodness of fit,

Therefore, piecewise smoothing of the raw organic carbon data as a
function of time was considered to be the most acceptable method of daté

treatment.

6.1.2 Organic Carbon
The change in mass concentration of organic carbon with time is
presented in Figures 7-24  for the overflow and underflow reactors of

each run.

For all but one of the experimental funs, the mass concentration
of extracellular soluble organic carbon (hereafter defined as carbon)
decreased at uniform rates to steady-state levels. Arithmetic linear
removal characteristics with respect to time have been reported for several
single aliphatic and aromatic organic compounﬂs in mixed culture studies
for which the extent of reaction has beén indexed as COD or compound mass
‘concentration: (Wilson (1967), Tischler and Eckenfelder (1968), Rao and

Gaudy (1966), Krishnan and Gaudy (1966) and Banerji et al. (1968)).
| This phenomenon, 1nter§reted in 3 kinetic sense, indicates that
the rate of carbon removal is independent of both the carbon concentration
and the micro-organism concentration, since both of these quantities change

With time,
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The fact that the biological reaction system is independent of carbon
concentration further suggests that mass transfer does not define rate limit-
ation. The reaction constraint would appear to be exercised by the matabolic

pathways of the micro~organisms,

The velocity of carbon removal is plotted against the initial mass
concentration of micro-organisms for the overflow and underflow reactors
of each run in Figure No. 43, Statistical Analysis (Appendix No. IV )

indicated a linear correlation to be significant at the 99.9% level., A

correlation coefficient "R" of 0.58126 was obtained for all the data con-

sidered as one set, indicating that the correlation line removed only
33.79% of the total sum of squares. Therefore a term of at least second
order would be statistically significant at the 957% level in a regression
equation.

The velocity of carbon disappearance appears to become less dependent
on the mass concentration of micro-organisms above a suspended solids level
of approximately 900 mg/l. Neglecting data entries above this value, a
correlation significant at the'99.9% level was obtained, which removed
approximately 73.1% of the total sum of squares. Although this represeﬁts
an improvement in the fit, second order effects are still significant at

the 957% level.
Crouping the data according to overflow and underflow fractions resulted

in correlation lines which were significant at the 99.97% level and which de-
fined residual sums of squares from the vegression lime which were not sighi-
ficant at the 95% level. (Figures No. 4 and No. 45 ). 'Linear‘ regression on
the grouped data including all entries indicated second order effects to be
significant at the 957 level. Therefore it may be concludeﬂ that the velocities
of carbon removal for the overflow and underflow fractions of this test were
both linear functions of the initial mass concentration of ﬁicro-organiéms to

a suspended solids level of approximately 900 mg/l, and that above this level,

the carbon removal rates exhibit only slight dependence on the solids value.
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Linear relationships between these variables have been reported by

Wilson (1967) for studies on batch oxygen uptake by mixed cultures gxoﬁiug
on single substrates; by Tischler and Eckenfelder (1968) for studies on
the batch removal rates of glucose, phenol and aniline as COD using mixed

cultures; and by Banerji et al. (1968) for studies on the batch degradation

rate of potato starch as total COD by acclimated mixed cultures of micro-

organisms. The factAthat‘the dependence of ac. on_CBo decreases signific-
dt ' :
antly at Cp, levels greater than 900 mg/l suggests that a process constrain

limited the uptake of organic carbon. Since oxygen and nuﬁrient 1eve1§ were
maintained at values greater than those defining growth limitation and since
limitation due to biological space would not be eipressed at such a low
suspended solids concentfation, no fundamental explanation can be offered
for this phenomenon. Four of the data entries at suspended solids levels
greater than 900 mg/l (*) accrue from rums during which the frequency of
sampling did not allow for the de;ermination of sufficient information to
accurately determine the rate of disapﬁearance of carbon. Therefore, the
critical value of 900 mg/l is most probably an expression of experimental

error for the subject data entries. The same characteristic for glucose

metabolism by acclimated mixed cultures has been reported at critical sus-
pended solids levels of 1200 mg/l by Banerji et al. (1968) and 3500 mg/l by
Wuhrmann (1956). ‘ '

‘Below suspended solids mass concentration levels of 900 mg/l, the

relationships between 3S¢ and Cp_ are:

dt o
(1) for the overflow population
~dcg ;
= 0,21810 -~ 5.2364
a==0 ‘6 CBo 23643

(2) for the underflowlpopulation

4% - o.17462 cp + 3.98624
dt . (+)
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Further analysis indicated that both siopes are significantly different
from zero at the 95% level and that both slopes éx@ not significantly
different from each other at the 95% level, Therefore the two slopes were
pooled to provide a better overall estimate, The resulting ekpressions
are: | |

(1) for the overflow population
dCe
dt

0.1897361 Cy_ - 5.23643

(2) for the underflow population

dC¢ = 0.1897361 cy + 3.98624
dt o

Microscopic examinations of the underflow and @verf10w fractions of the
seed populations were performed cg‘prévide an approximate quantitative
indication of the predominant species for each wun, Filaﬁentous bacteria,
-rod=-ghaped bacteria and sphérical yeast celiskggre observed to vary in
pred@minance throughout the duration of experimentation; Groupihg ché.
overflow and underflow data iﬁdependénEI} according to dominant microbial.
shape (Figures No.46 and No.47 and ﬁo°;8 ) vesulted in linear correiatioas
between .%g& and CBo which were significant at the 95% level for the

rod shaped overfléw and underflow and for the spherical shaped overflow
treatments., A lineax correlétion; significant at ﬁhe 907 level, was
obtained for the spherical éhaped underflow treatment, These groupings
exhibited no significant second order @ffegcs at the 957 level whea data
entries at solids levels greater than 900 mg/l were discarded; significant
correlations could not be obtaim@d when these d#ta were retained. The

filamentous shaped groupings did not exhibit significant correlation, probably
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due to the low number of initial degrees of freedom. All correlatioms
exhibited slopes significantly different from zero.

Further testing based on the six groupings (Appendix No.IV ) indicated
that; |

(1) the slopes of the six groupings were not significantly

different, one from the otﬁer, therefore a pooled slope
was determined,
(2) the vertical displacemen; between the 6 data sets was
not significant,
(3) at the 95% significance level, a single line through all
the data considered as 1 set gave as good a fit as individual
lines through each data set.,

Therefore, it is concluded that the rate of removal of carbon(is a
linear function of the inmtial concentration of micro-brganisms below
suspended solids levels ofiéoo'mgll. In this regidn; the best correlation
is obtained if individual lines are drawn through the data grouped into
overflow and underflow fractions: .

dc,

rra = 0,1897361 CBo ' - 5.,23643 (overflow)

ac. - 0.1897361 Cy + 3.,98624 . (underflow)
dt o

Both lines have the same slope at the 957 confidence level, and there is

no significant vertical displacement between the curves at the 95% confidence
level. Thus the overilow and underflow fractions of the seed population
exhibited the same carbon removal characteristics. Ihe rate of increase of

the carbon removal velocity with suspended solids was 0.1897361 t 0.03904
mg/l carbon/hr/mg/l solids. Rao and Gaudy (1966) reported a rénge of
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values from 0,286 to 0.698 mg/l gluéose/hx/mg/l solids at ,23“5% and
Banerji et al. (1968) report a value of 0.296 mg/l glucose/hr/mg/1 solids.
Above a mass concentration of micro-organisms of appfeximtely 900 mé/ 1 .
the velociﬁy of carbon removal appears iﬁo be independent of the suspended
solids level. WNe fundkamem:al significance is ascribed to this phenomenocn.
From the data of mess concentration of carbon as a function of time,
it is evident that steadyn-state carbon levels of approximately 20 mg/l
(rather» than zero) were observed for almost every rum. This would suggest
that the micro-drganisms require a threshold level of carbon before it
caﬁ be txanéported into the ceils (mass transfer ‘inhibition) or that
residual organic ca,rbon; pzfobébly tied up in compounds secreted by the
micro~organisms during active metabolism, was present in the reactor im
a fo:m‘not readily availabl.e as an en.ergy source to the cells. The 1attér
explanation would seem to be more feasible and has been repoted by Rao
and Gaudy (1966% Tischler and Eckenfelder (1968) ‘and Gaudy, Komolrit
and Bhatla (1963). For runs No. 1 and »No. S , the _ca_rbon exhibited respective
steady~-state levels of ',appro:;im‘ateiy 80 mg/1 and..lrS mg/l. Since it was
expected that dextrose would be readily used by the micro-organisms even at
low concentrations, no fundamental expl&nési@n can be offered for these
Phenomena other than tﬁe poséiblé ivhibition éf dextrose et@bgliém by
some unexpectéd mechanism. S:"milar observations were reported by Rickard et
(1965) but no explanation was offered.
The data of run Nos. 2 , 6, .7, indicate a significant increase

in the carbon mass concentration at approkﬁnately one hour after the
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initiation of "steady-state" conditions, This suggests that an organic
substance(s), derived from dextrose metabolism was excreted into the

medium (Gaudy, Komolrit and Bhatla (1963)).

6.1.3 _Suspended Solids

The change in the mass concentration of suspended solids with time
is presented in Figuyres 7-24. for the ove;flow and underflow reactors of
each run.
Since the media compositions used in this‘ipvestigation provided

nutrient levels in excess of those defining growth limitation (Benmett

{1967); Mclean (1968)),_che shape of the grqwth curve was assumed to be

a function of the misrqbiai population. Several investigations have
'_defineﬂ the growth characteristic to be an expression of the physiological
condition of the micro-organism population. The change in suspended sqlids'
with time has been ascribed to be a functiom of: the number of nucleii.
present per bacterium for the dominant species 6f a mixed culture by

Lamanne and Mallette (1965); the degree of starvation of the accliméted éulture
inoculum by Clifton (1957) and Rao and Gaﬁdy (1966) ; the duration of the phase
of adjustment to a new environment by Lamanna and Mallette (1965); and the size
- of the seed inoculum by Rao and Gaudy (1966). The shapes of the growth
. characteristics observed in fhis study are ascribed in part to the large

degree of scatter prevalent in the suspended solids data due to inherent

etroxs in the membrane filter technique (Appendix No. II ) and in part to

the smallvincr@ment in mass relative to the total population observed in

most zTuns., |

| As noted previously, Kountz et al. (1959) and Mcxinnéy (1963) concluded

that up to 25% of the suspended solids formed in the extended aeration process
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may be inexk, The data of Laménna and Mallette (1965) feported for studies
on the exponential growth of SALMONELLA PUELbRUM in a mon-éynthefic nugrient
broth, indicate that non-viable cells may comprise from approximately 8 to
25% of the total microbial population, Washington, Hetling aﬁd»Rao_(lQﬁ&@
studied the Iong term growth of mixed microbiél cultures using a glucose
carbon feed in semi-batch operationgv They found that during the first eight
months of operatioﬁ, viéble céils.cbmpfise& from 45 to 60 percent by mass of
the total population. Thereafter this Ievé1 decreased té the range bf.25 to 29
ﬁercent‘by mass. Martin eﬁ al. (1965) observed the gruﬁth of PSEUDOMONAS
FLUORESCENS oﬁ glutamic acid in a continuous reacto#° They‘observed a
constant value of 56 percent Qiability;as measured by organism reporduction,

Although a definitive determination of the true fraction of the bio-
chemically active portion of a cultﬁre is questionable, the above findings
indicate that a significant fraction of a micro-organism popﬁlation‘may be
vinert relative to organic subst;ate; Therefore, it could be expected that
the growth'characteriscic& of the microforganisms of this study were signific-
antly damped by the presenée of a large massAéf‘inert solids rglativé to the
total mass of solids.

| The shaﬁes of the smoothed growth curves were influenced to a large

exteht by the data entries after the occurrence of stead?state levels for
soluble organic carbon. Lamanng and Mallette (1965) have noted that the
so called "phase of micrébial decline" is often so irregular as not to be
fitted easily to some mathematical function. Thus, the smoothed growth
curves may not be good approximations to the true growth curves.

From Figures No. 7 through No. 24 it can be seen that the increase

in suspended solids to the point of substrate "exhaustion" (i €. steadyo

state) was approximately the same for both overflow and undexflow reactors.
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This suggests that both the overflow and underflow fractiomsof the

test slurry were the same. Microscopic examinations of the overflow
and underflow populations for each run revealed no noticeable difference
in the type or relative numbers of species present, suggesting that a
preferential separation was not effected by the hydrocyclones used in,
this investigation.

Since the reciprocal of the suspended solids concentration Qas used
to determine specific growth rate, and since the magnitudes of solids
were large relative to the magnitudes of organic carbon velocities, the
growth characteristic did not exercise a significant infiuence on the
shape of the specific growth rate vs carbon response. The presence
of a large number of inert solids could, however, significantly affect

the magnitude of unit rate as a function of carbon.

6.2 DESIGN IMPLICATIONS

Within the écope of this experimental study, it has been concluded
that the rate of decrease of soluble extracellular organic carbon appears
to be independent of the organic carbon and a linear funétion of the
concentration of micro-organisms. Since the concentration of suspended
solids does not decrease as the reaction proceeds, then the velocity of
carbon disappearance, interpreted in a kinetic sense, does not allow
for discrimination between reactor sizes dictated by CSTR or PFTR designs
limits (Levenspiel (1967)). |

Since the rate of carbon decrease varies linearly witﬁ*fhe con=-
centration of suspenéed solids, then an optimum (i,e. miﬁimum) reactor
size would be defined when the concentration of micro-organisms is

maximized.
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This maximum level may be determined by:

(1) the increasing difficul;y of transferring sufficient quantities

| of oxygen to the reactor (so th@tonygen tension does not defihe

rate limitation) as the concentration of suspendéd solids increases,

2) the increasing difficulty of providing adequate solid-liquid phasze

separation in subsequent stages of the process as the concentratiom
of suspended solids.increaseso
These factors should be balanced against the increased benefits that accrue
from minimizing reactor volume.

Since the dependence of specific gfowtﬁ rate bn organic carbon cannot
be determined at the 95% éonfidence-level,‘it is not feasible to use this
quantity as a basis for reactor design.

This investigation‘has indicated that the velocity of substrate dis-
appearance is independent of the suspended solids11eve1 as well as the organic
carbon value for a single batch test. Therefore, it is advocated that a
number of batch laboratéryveiperiments be performed using aéclimgceé mixgd
microbial cultures and the subject organi¢ waste to define.a relationship
between the velocity of organic decreasenaﬁd the @0ﬁeentrétion of suspendad
solids over a raﬁge for the latter which,brackets.the practical maximum
level. Micro-organisms would then be removed from the process so that the
practical maximum levei is not exceded, With this information it would be
possible to deterﬁine an'optimum reactor residence time’kﬁowing tﬁe influent
and desired effluent organic concentration.

This procedure assumes that organic wastes Met in practice will

exhibit similar removal characteristics to the dextrose carbon source used
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iﬁ this investigation. Recent studies omn more complex wastes (Wilson (1967),
Tischler and Ekenfelder (1968)) suggest that this is a reasonable assumption.
For waste steams cqnsisting of'a variety of organic wastes; it would be
necessary to determine if any mutual inhibition effects are present, in
which case it may be feasible to investigate separate treatment fécilicies
for these compounds ifvthey originate from different‘sources orAsepar@tion'

: *
techniques if they originate from a common source.

Laboratory - Prototype Scale Up

By wasting a fraction of the testvmiéf6-0fganism population at frequent
levelés and maintaining adeqﬁate quantitiés»of trace nutrients, them & pro-
cess of natural selection will determine the predominant,ﬁicrobial species
iﬁ a batch study, thereby apéggximating prototype continuous operation.

No laboratory-prototype écaling would be expected for the characteristics
bf the microbial population or the oxganic waste, AStudigs-may be required

to determine differences in laboratory-prototype mixing characteristics.,



115

The central composite statistical design employed in this investi-
gation was analyzed (Appendix No. V ) to determine the effects of the.
system variates (Hydrocyclone size; inlet pressure; volume split) omn

the biokinetic and separation response variates.

6.,3.1 Biological Response

The facts that specific gfowth rate appears to be a meaningless

quantity in an absolute sense and that ofganicvcarbon removal velocity
appears to be & linear function of the'concentration‘ofvsuspen&ed solids,
suggestthaté.meaningfﬁl measure of the xela#iﬁe aﬁiiities of the overflow
and underflow micro-organism fractions CQVEQMDV@ organic carbon is
not available. If the assumption is made that the specific growth taté
responses of the overflow and underflow fractions are independentvof the
techniques of daﬁa treatment in a relative sense, then these quaﬁtities
ma& be usé& in the sﬁatistical analysis. Since a singlé'ﬁumber representa-
tive of the difference betweéﬁ the two fractions was requ;red at each
treatment for the analysis, it ﬁas'decided that:
(1) since thé specific gfowth rate was'almost independent of otgénic
carbon concentration for prim#ry data fitted in a piecewise
~ fashion (Figures No.25 through No.42 )'éhen the difference
between the mean values (overflow - undexficw) of specific
growth rate over the domanin of testing would p:bvide the
best estimate, | |
(2) since the specific growth rate was highly dependent on the

organic carbon concentration for primary data fitted by the

best possible pdlynomial for a single domain defined by each
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run, then the ratio of areas (overflow/underflow) defined

by the ‘%B %gﬁ vs G, plot from the lower limit of C_ to the
1

maximum value of r .ggs would provide the best estimate.
B

Difference in Means

The experimental design matrix is illustrated in Table No. 1 . To
estimate the first order effects in the experimental region, a 23 facterial
experiment comprising 12 tests including 4 replications at the centre point
(to estimate the error) was performed. Applying the methbd illustrated in
Appendix No. V the estimates of the coefficients of the response surface

n i | g

y = zbix
i=0

were obtained.

An analysis of variance (Table No.2 ) indicated that the lack of
fit was not significant at the 957 1eve1_re1ative to experimental»érror;
Since, however, none of the first order terms were significant at the 957
level relative to the residuval mean square, it would appear that either the
response was independent of the test variables or only second order terms
(incorporated in the estimate b,) were significant. Analysis of the first
order model with interaction effects included (Taﬁle No. 3 ) indicated
only the constant term of the 'response equation to be significant at the
95% level. The residual sum of squares cbtained including interaction
terms represented an improvement over that obtained for first order effacts

only (11.0% of total vs 28.7%). The lack of fit estimate againm was not

significant relative to the error estimate at the 95% level.
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ANATYSTS OF VARTANCE

FIRST ORDER MODEL

BIOLOGICAL -MEANS

F Test
Source SS DF MS Error Residual
B, 01390 | 1 ,01390 | 17.51693* | 17.85820%
By 00100 | 1 .00100 1.26296 | 1.28757
By 00013 | 1 .00013 .17010 17341
Bq .00042 | 1 .00042 .53175 .54211
ERROR .00238 | 3 .00079 1.00000 1.01948
LACK
OF FIT| .00385 | 5 .00077 7 .96942 .88831
RESTIDUAL 00623 | 8 .00078 .98089 1.00000
e e e e S

TOTAL SUM OF SQUARES = 0.02169

SUM OF SQUARES REMOVED BY MODEL =

71.3% OF TOTAL

Estimated Coefficients Variance
= EESS : e
B, .03403 6.6 x 107
By - .01119 9.9 x 10-3
By .00411 9.9 x 10-3
B3 - .00726 9.9 x 107




TABLE NO. 3

ANALYSTS OF VARIANCE

FIRST ORDER MODEL,_AND TNTERACTTON

BIOLOGICAL - MEANS

F Test

Source SS DF MS Error Residual
8, .01390 1| .01390 17.51693% | 23.16077%
B1 .00100 | 1 .00100 1.26296 1.66988
B, .00013 1 .00013 .17010 . 22490
Bq 00042 |1 00042 .53175 .70308
By2 ©-.00027 | 1] .00027 .33740 J4h611
B13 00150 | 1 .00150 1.88948 2.49826
B, .00027 1 .00027 0.34091 45675
B123 00179 | 1 | .00179 2.25405 2.98029
ERROR .00238 3 .00079 1.00000 1.32219
LACK OF |  o0go2_ | 1| .00002 02528 ,03342
RESIDUAL| .00240 | 4 .00060 .75632 1.00000
TOTAL SS = .02169
SS REMOVED BY MODEL = 897% OF TOTAL

Estimated Coefficients Variance

Bo .03403 6.6 x 10-3

By - .01119 9.9 x 1072

By .00411 9.9 x 107

Ba - 00726 9.9 x 10~°

B1o - .00578 9.9 x 10~

Big - .01369 9.9 x 1077

Bog .00581 9.9 x 10-2

Bya3 ,01495 9.9 x 10-5

119
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Second order effects were estimated by augmenting the 23 factoriai'
design with 6 more tréa;m@nts with coded levels of %2 for each of.the
’3 primary variates. The analysis of variénce for this model (Tablé No. & )

~again indicated an adequate fit but resulted in a response equation with
only the constant tefm significant at the 95% level. The residual‘sum of
squares represented approximateiy 18% of the total..

It is concluded that for the region of ekperimentation:defined by
the range in the predictor variates, the response was constant and in-

} dependént of the predictor variates at the 95% confidence level; no
_information was generated as to the direction or the'magnitude of changes
in the predictor variates which would improve the responsé.

Theref@re; for the ﬁaterials and methods of this studﬁ, the overflow
fraction 6f_the test slurxry removeé orgaﬁic carbon at a faster rate per
mass. of micro-organisms than did the underflow fraction. ‘With 95% com-
fidence, this difference in thé SPecific growth rate was detefminedAto be
0.03403 (Hrs)~l+ 0.01768 at tie 95% level. |

.It is concluded that the hydrocyclones used iﬁ this investigation
provided a ?referential classification, in a biokiﬁétic sense, of a mixed

population of micro-organisms.

Ratio of Areas
The experimental design matrix is defined in Table No.1 . Following
the same proéedufe as before, an analysis of variance fox thé first order
model indicated the lack of fit>to be significaﬁt at the 957 level,
vsuggesting that higher ofder termskare‘significant. vConsidering the first
order model with interaction effeéts included (Table No.6 ) showed the_
mathematical fit to be significant at thé 95% level, ihe'@nly coefficients

to be significant at the 95% level are:



TABLE NO, 4

ANALYSIS OF VARTANCE
SECOND ORDER MODEL

BIOLOGICAL - MEANS

F Test

Source SS DF MS Exrror Residual
Bo .01340 1 01942 24,47387% | 28,47085*
B .00082 | 1 .00082 1.03009 | 1.19832

B, .00019 1 .00019 . 206244 .28203
By .00008 | 1 .00008 .10390 .12087
B12 .00027 1 .00027 .33740 .39250

By 00150 | 1 .00150 1.88948 | 2.19807

523 00027 | 1 .00027 .34091 .39658

Bya23 .00179 | 1 00179 2.25405 2.62218

Bi1 ‘

By 00211 | 3 .00070 +8860 1,0294 "

B33 ) A '

ERROR 00238 | 3 ,00079 1.00000 1.16332

FAEX O 00239 | 4 .00060 75432 .87751
IRESIDUAL 00477 | 7 .00068 . 85961 1.00000
TOTAL SS = 0.02520

SS REMOVED BY MODEL =  82% OF TOTAL

Est;mated Coefficients Variance

B ' .03955 1.85 x 107%

B1 -.00715 5.00 x 10-3

By -.00347 5.00 x 10~

B3 -.00227 5.00 x 1072

Bi2 -.00578 9.9 x 103

B3 -.01369 9.9 x 10-9

B3 .00581 9.9 x 1077

Biag -.01495 9.9 x 10-°

By -.00960 3.6 x 10-2

B2 -.00105 3.6 x 105

B3j -.00316 3.6 X 10-5
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ANATYSIS OF VARIANCE
FIRST ORDER MODEL

BIOLOGICAL - AREAS

F Test
Source S8 DF MS Exror Residual
B, 13.49764 | 1 | 13.49764  |1335.88391% | 114,20248%
B1 L04105 |1 .04105 4,06318 .34735
B2 .05214 {1 .05214 5.16073 44118
B3 .02555 | 1 .02555 2.52877 ..21618
ERROR .03031 | 3. .01010 1.00000 08549
LACK | .
OF FIT .91521L | 5 .18304 |- 18.11601*} 1.54871
RESIDUAL .94552 | 8 .11819 11.69750 . 1.00000
TOTAL  SS = 14.56191
SS REMQVED BY MODEL = 93.5% OF TOTAL
Tstimated Coefficients 4 Variance
Bo 1.0605675 8.43 x 10-4
B, .0716363 T 1.263 x 1073
By - .0807338 1.263 x 1073
B3 .0565138 . 1.263 x 10-3




FIRST ORDER MODEL AND INTERACTION

TABLE NO. 6

ANALYSIS OF VARIANCE

BIOLOGICAL - AREAS

¥ Test

Source Ss DF MS Error Residual
Bo 13.49764 | 1 | 13,49764 |1335.88391%( 808.70314%
By .04105 | 1 .04105 4.06318 2.45973
By 05214 | 1 .05214 5.16073 3.12415
By .02555 | 1 .02555 2.52877 1.53084
By 51234 | 1 .51234 50.70716%| 30.69656
B13 00444 | 1 .00444 43898 26574
B23 .26237 | 1 .26237 25.96760%] 15,71999%
B123 .09961 | 1 .09961 9.85876 5.96819
ERROR .03031 | 3 .01010 1.00000 .60537
LACK OF] 03645 | 1| .03645 3.60754 |  2.18389
RESIDUAL|  .06676 { & .01669 1.65188 1.00000
TOTAL SS = 14,56191

SS REMOVED BY MODEL =  99.5% OF TOTAL

Estimated Coefficicnts Variance

B 1.06057 8.4100 x 104
B, .071636 1.263 x 1073

B - .080734 "

Bs .056514 "

B12 - ,25307 "

B13 .023546 "

Byq - .181099 i

Bi23 - .111586 "
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(1) the constant term

(2) the interaction Between Xy and x,

(3) the interaction between x, and X4

Therefore, all of the predictor variates must be retained in the
analysis.

Proceding on to a second ordexr model, the fit was found to be highly
significant at the 957 level, the model accounting for 99.42 % of the total
sum of squares. The lack of fit sum of squares and the error sum of squares
" were pooled to define a residqal mean square with which to estimate the
significance of the various coefficilents.
| The response surface was defined to be,

y = 0.9933 -0.2531 x3x9

-0.1811 Xy¥q
-0.1226 x;2

+0.06276 x22

+0.03426 x52

at the 95% confidehce level.
Canonical transformation of the fitted equation (Appendix No. V)
was performed to simplify the interpretation of the response surface. The

canonical form of the second.order model is:

Y - 0.9933 = 1.83398 X - 1.861915 X,2 4 0.027934 X

where X; are the cw-ordinate transformations of Xje

It is noted that the coefficient of X32 is small relative to the other
coefficieﬁts, and is probably not significantly different from zero. The
canonical response surface, neglecting X3 dependence is mapped in

Figure No.49 .



0.4 ol

X9

FIGURE 49

CANONICAL, RESPONSE SURFACE

: Y= 0,99
: ¥ = 0,95

Y = 0.90

: ¥Y=0.85

1.00

o]
L]

: Y= 1,10
: ¥ = 1.19

g



TABIE NO, 7

ANALYSTIS OF VARIANCE

SECOND _ORDER MODEL

BIOLOGICAL - AREAS

+F Test
Source SS DF MS " Error | Residual

Bo 20.55762 | 1| 19.10829  [1B91.17927 | 1069.61626
B1 .00063 | 1 .00063 .06217 .03516
B2 03644 | 1 .03644 3.60671 2.03989
By .03271 | 1 .03271 3.23713 1.83086
B1g 51234 | 1 .51234 '50.70716 | 28.67904
B3 00444 | 1 .00444 .43898 - ,24828
B23 .26337 | 1 .26237 25.96760 | 14,68680
B1213 .09961 | 1 .09961 9.85876 5.57593
511 ‘

Bo2 1.65378 | 3 0.51793 51.2800 28.,99900
Eq3 '

{ERROR .03031 | 3 .01010 1.00000 . 56558
LACK OF | o9474 | 4] .02369 2.34416 |  1.32581
RESIDUAL _ .12505 | 7| _ .01786 _ ! 1.76809 1.00000

TOTAL SS = 21.83599
SS REMOVED BY MODEL = 99.9947 OF TOTAL

E stirla__t:_g_d_ Coeffic ieni_:‘s . L Variance

"o | .99334 2.3576 x 10~3
By .006265 6.315 x 1074
B, 047724 "

B4 .045213 "

Bio .253066 1.26299 x 10~
By 4 023546 "

B3 .181099 "

Bl23 1111586 "

B11 .012259° 4.631 x 10~4
B2 .06276 "

Bq3 .03426 "
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The region of experimentation has a large degree of curvature as
indicated by the significant second order terms. The centre of the contours
defining the response surface was found to coincide with the centre point
of the experimental design due to the absence of first order effeéts signi-
facant at the 95% level. The centre of the design is a saddle point which
indicates that either increasing the absolute value of Xj for a given value
of X2 or decreasing the absolute value of Xy for a given value of X1 would

improve the response, The response at the centre of the design was 0.9933

T 0.1020 at the 95% confidence level.
The relative evaluation of the biological characteristics of the
partitioned slurry is subject to question due to the poor estimators used

to define the response.

6.4 HYDROCYCLONE EVALUATION - THICKENING | .

The Rietema - Tenbergen thickening efficiency for each run was used
to define the response variate tested in the statistical design (Table No. 1);

the experimental design natrix is illustrated in Table No. 1.

An analysis of variance on the first order model (Table No. 8 )

indicated that the fitted equation was significant at the 95% level and



TABLE NO.

8

ANALYSIS OF VARTIANCE
FIRST ORDER MODEL

TOTAL SS = 649,16585

- 8S REMOVED BY MODEL =

99.278%

OF TOTAL

'THICKENING
F = Test

Source 58 ==L2§ | MS Exrror Residual

Bo 603.01870 | 1 | 603.01870 2121.68474] 1029.35475

B1 30.64271 | 1 | 30.64271 107.81450|  52.30719

B2 ‘.4.84072 1 . 4.84072 17.03177|  8.26312

B3 5.97715 | 1 | s.97715 21.03025]  10.20302

ERROR .85265 | 3 | = .28422 . 1.00000 48516
LACK ' ~

oF rrp| 3.83393 | 5 76679 2.69789 1.30890

ual 4.68658 | 8 58582 2.06118]  1.00000

RESTDUAT 8

Estimated Coefficients Variance
Bo 7.08883 ".023685
By 1.95712 .035527
By 0.77787 .035527
B3 - 0.86437 035527
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accounted for 929.2787% of the total sum of squarés. The lack of fit sum

of squares and the error sum of squares were pooled to definme a residual

mean square with which to estimate the significance of the fitted coefficients.
All terms in the first order model were found to be significant at the 957%
level,

A check of the interaction effects (Table No.9) showed them to be
not significant at 95%. A’secoﬁd order model exhibited a significant lack
of fit.ét the 957 level. Tﬁerefore, the response surface was defined to be
a plangJCi.e. no_curvaturé evident at the 95% confidence level).

The fitted coefficients: indicate that separation efficiency is more
dependent on hydrocyclone size than on inlet pressure or volume split. The
response surface suggests that increasing hydrocyclone size and inlet pres-
sure and decreasing volume split would increase thickening efficiency. The
most promising magnitude and direction of change in the various predictor

variates to increase the response can be estimated, (Table No. 11 ).

It is recommended théf the first order experimental design be
performed at successive points along this path, with each new experimental
region being defined by the previous one.

When higher order terms become significant & second order design
should be performed to describe what would hopefully be a response

maxima,



TABLE NO.

9

ANALYSTS OF VARIANCE
FIRST ORDER MODEL AND INTERACTION

JIHICKENING
F Test
Source ss DF MS Error Residual
Bo 603.01870| 1| 603.01870 -| 2121.68474 | 2666.89149
By 30.64271| "1| 30.64271 107.81450 | 135.51947
By 4,84072] 1| 4.84072 17.03177| 21.40840
B3 5.97715| 1| 5.97715 21,03025 | 26.43437
Bys 1.46976 - 1 1.46976 5.17124 6.50009
B3 1.21914} 1 1.21914 4.28947 5.39174
By3 0.92820| 1| 0.92820 3.26583. 4.10504
Byog 0.16503| 1| 0.16503 0.58063 0.72983
ERROR 0.85265| 3| 0.28422 1.00000 1.25697
BT 0.05180| 1] 0.05180 0.18226 |  0.22909
RESIDUAI, 0.90445| 4| 0.22611 0.79556 1.00000
— -
TOTAL SS = 649.16583 ,
SS REMOVED BY MODEL £ 99.9997 OF TOTAL
Estimated Coefficients Variance
B;- 7.08883 0.023685
By 1.95712 0.035527
B, 0.77787 0.035527
By -0.86437 0.035527
By, 0.42862 0.035527
B4 0.39037 0.035527
Byg 0.34062 . 0.035527
B1o3 ~0.14363 : 0.035527
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- TABIE NO.

10

THICKENING
: F  Test
Source SS DF MS Error | Residual
e ; P
B, 1038.74 11 [937.73927 . PB299,37879 | 605.39705
B1 52.55163 |1 | 52.55163 184,89971 | 33.92691
By 2.77472 |1 |- 2.77472 9.76269 | 1.79134
B3 5.28525 | 1 5.28425 | 18.59232 | 3.41147
Bygy 1.46976 | 1 1.46976 5.17124 | 0,94886
By 1.21914 | 1 1.21914 4.28947 | 0.78707
B3 .92820 | 1 0,92820 . 3.26583 | 0.59924
Bj23 .16503 |1 | 0.,16503 '0.58063 0.10654
B11 ' |
B2 91.659 |3 | 30,553 - 107,4977 | 19.724 -
333 : - |
_§5§2§' .85265 28422 1.00000 0.18349
b8%1r | 9.99011] 4 2.49753 8.78740% 1,61238
RESIDUAL] 10.84276 |7 | 1,54897 5.44994 | - 1.00000 |

TOTAL SS = 1205.634
SS REMOVED BY MODEL = 99.983% (oF TOTAL

Estiﬁated Coefficients Vafiahce
Bg 6.84973 0.066317
B1 1.81231 0.017764
By 0.41644 "
B3 - 0.57469 "
B12 0.42862 0.035527
B13 0.39037 L
By 0.34862 "
{B123 - 0.14363 "
Bi1 - 0.93894 "
| B2z 1.41856_ 0.013027
By3 0.34706 "
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TABLE NO.

N

CALCULATTION OF PATH OF STEEPEST ASCENT

THICKENING
X1 X2 %3
(Hggggt):ycloﬁ %gi:: re) (Volume split)
ure
(m) (;Efi) (over/under)

Base Level 6 140 2.5

Unit 2 30 0.5

Estimated Slope 1.95712 lo.77787 -0.86437

[Unit x Slope 3.91424 23.3361 -0.43219

Change in level for _

H-5mm Change in x} 5 25.8093 ~-0.55208
Series of 1. 6 140 2.5
possible Trials 2. 11 169.8093 1.94792

3. 16 199.6186 1.39584
4, 21 229,4279 0.84376
5. 26 259.2372 0.29168
—— — |
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS:

It is conc]udéd“that, for the materials and methods
of this investigation:

{1) Reaction Kinetic validity cannot be claimed
for a proposed mechanism of organic carbon removal by
mixed cultures of microorganisms. The shaoe of the
organic carbon vs. time characteristic is defined
by curve fitting techniques. |

(2) At the 95% confidence level, the velocity’
of organic carbon removal appeared to be independent
of the mass concentrations of organic carbon and
suspended solids for single batch tests.

(3) At the 95% confidence level, the velocity of
organic carbon removal appeared to be a linear function
of the initial mass concentration of suspended solids for
the series of batch runs comprising this investigation.

(4) For the individual batch tests of this investipation,
microbial "growth" was not evident frém thre organi¢ carbon removal
velocity. This phenomenon may be related:to the absolute ‘quantity

of organic carbd relative to the nitial microorganism ‘Eoncentration.

(5) The degree of dependence of specific growth
rate on organic carbon is highly sensitive to the type of

data tréatment used for the organic carbon vs. time plot.
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The use of specific growth rate to characterise a batch
biological reactor §ystem must be auestioned.

(6) At the 95% confidence level, differences in
the rate of removal of organic carbon could not be
detected between the overflow and underflow fractions
of the seed ponulation, or between the nredominant
microbial shanes nrevalent throughout the COursg of
the investiqation.

(7) Based on the Rietema-Tenqbefqen efficiency
response, itxa%nears that the thickeninqur separation
efficiency would be imnroved by increasiﬁq hvdrocvclone

size and inlet pressure and decreasina volume split,

7.2. RECOMMENDATIOHNS

It is recommended that:

(1) -Bioloaical reactor desion he based on a
series of batch tests over a range of suspended solids
levels bracketinn the nractical maximum level.

(2) The use of small size hvdrocvclones be
further investigated to define maxima for thickening
efficiency. This would be esnecially useful for bench-scale,
continuous reactor studies incorporating suspended solids
recycling and wastina.

(3) A more accurate technique for determining the

level of viable microorganisms be developed.
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APPENDIX I
DESIGH OF HYDROCYCLONES

Theory
Theories on the separation in hydrocyc¢lones have been

developed based on the concebt of the stability radius, at
‘which centrifugal forces acting on'the,partic]e are balanced
bv the draq fokces exerted by the %adia] flow. According to
these theoriesa particies possessing stability radii smaller
than the radius ofAthe.overfiow exit migfate to the overflow,
all other partié]es are discharged through the underflow.
. Rietema (1961) auestions the validity of the stability
radius concept, since it assumes that all particles attain
their stability radius before being discharged. He preéents
an alternate theory which indicates that separation is a
function of particle residence timé and which admits that
equilibrium conditions may.not occur in the hydrocycione. _
The residence time approach is based on a particle diameter,
Doggs which has an eoﬁaﬂAbrobability of migrating to either
'e¥itvwhen injected along the center line of the inlet nozzle.
Referring to the foiigwing Figure and considering a '
pa?tic1e wihich discharges through the underflow port, the
radial distance cevered by the particie'reiative to the carrier
fluid (in residence time T) is R where R = 5 - g— = ;e,

T - .
therefore R = (v - ¥ )dt

where VF = radial velocity component of the carrier fluid
r
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IMLET

GAS CORE

Diameter Gas Core

Diameter of Hvdrocyclone at its base
Inlet Diameter

Overflow (Vortex Finder) Diameter
UInderflow Diameter

Lenath of Hvdrocvclone

Length of Vortex Finder

DEFIRITION OF THE HYDROCYCLONE
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s

radial veloéity»componept of the particle

v =
Pp
D‘ = diameter of inlet nozzle |
D = diameterzof‘hydrocyelobe‘at its base
DA = diameter of gas core
T T
therefore VW, dt = \V.dt <R
P F
r r
o 0

By assuming that the axial and radial velocity components of the

carrier fluid are constant

T T . y
' dL A
Vedt = | Vo 57— _. _ T
F Fe Ve v ¢
< z F
0 o z

vhere VF = axial velocity comnonent of the carrier fluid
2. , e '
L = length of cvclone

3y assuming that the radial veiocity.ccmponen; of the particle can

he reasonably approximated by Stoke's law :

(0507 ta0) oY

-

r 1wy (r )

Yp

density“difference betﬁeen'partiele and earrier fluid

where Ap

VP = tangential component of the sartiele velecity

M = dynamic liquid viscosity
r = radial distance ..
I
2 n
(Ppse)” 40 | (v)” 'R,
therefore . - dt = T L«P
WBu o T Fz
T :
2 2 v
Opsp) 20 [ pg)” ge . F
LT r Y V;'
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By assuning that the axial velocity of the particle is equal to that of
the fluic mediunzand is constant, then for separation the radial velocitv

of the particle is constant ,

~ Therefore dt . L
[l A
2

For a liouid cyclone oprerating with a aas core, the static pressure drop

is equal to the ceﬁtﬂf al boad
anat ? RN

A
(aP), ® Ve ) "
&Py rV)"  ar
JR T
Therefore, the separation formula becomes
2 v
(nngq) e Apel AP)s F

T s Vpok g Vg
By assuming some relationship between the axial and inlet velocities of the

carrier fluid:

Vo =0V, =€ -3
G L S B

, there (‘.1

- some upiefined function
0 = total volumetric flowrate
Therefors @ 2 Y
(0 ) Ap. 7ec n F
’ -—-ﬁ—-—-—— -.(-A...J-P‘s = - ] L r: ’ - P
R~ EE I A~
z

he rianthand side of the above enuation contains only cyclone dinensicns
and velocity ratios. Therefore, it is concluded that for a cyclone of

specified shane the dimensionless groun

v
72y Fe R
1 F,

will be constant.
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Thus, the dimensioniess group

2
(D cn)
ps0’ _ap ‘AP;S
H : 43

is a meaningful characteristic of a given hydrocyclone.

By aésuming that the static pressure drop can be approximated by
the preééure drop across the;cyclone.'the cyclone correlation nunber cy50
¢an be defined

(Dpgg!” o0 (8P);
so*—F — b =@

This development has assumed that

(1) turbulence effects can be neglected

(2} qas éore develops |

(3) the cyclone has the shane of a cone

(4) there is no short circuiting, hindered discharge or

recirculation. -

For optimua hydrocyclione design, the cyclone correlation number should
be minimized since this

(1) minimizes the total pressure drop required

(2) maximizes the capacity of the cyclone

(3) maximizes tﬁe smallness of the particle which can be separated
Using a suspedsion of quartz fines in water, Rietema (1961) investigated
‘the effects of hydrocyclone geometry on Cysn. He observed an optimum
valug of 3.50 for CySO corresponding to hydrocyclone shapes defined by

D D
L = . ﬂl E ] * 2 s l =
E’ 5, D , 0028; ﬁ" = 0.34, D . 0-4

vhere D, = overflow:diawéter

1= vortex finder length.
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Knowing the available pressure drop, the 50 per cent separation diameter
and the physical properties of the solid and liquid phases, it is
possible to design a hydrocyclone in accordance with the 6pt1mum shape
defi'ned by Rietema.

The inlet Reynolds number can be deteﬁnined‘ for optimum cyclone

geometry
4¢)F
Reintet * S5
From C ¥50 it follows that
(DDSO) a0 L{ P)T

0‘
F ncy,)

for C¥50'= 3.50 4
(D go) ap (AP)T ‘

Re, = 6.5
iniet- F]
-
Reyntet
Rietema (1961) has correlated =% and the dimensionless groups .
PF (AP)T 2 AP)T
PP 1/ o and 0( Fy2 o

from which the hydrocyc"lone' diameter D and thé hydrocyclione capacity 0 can
be determined. o |
, For optimuﬁ separation, the hydrocyclone dimenéions,he‘ing fixed
ratios of 7, can B eslculaten.
Design

Using the data of Lamanna and Mallette (1965) the physical design
properties of the microbial slurry were selected to he:

Poso = 1M

op ° 1.10 gms/cc
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Fron the performnance charactaristics of the rump, the available pressure
dron vas selected to he 14C nsi.

Therefor 2 :
¢ (Prcg)” Ao 4Py

ﬂ§
vhere Dogn = Tu = 3,281 x ln'ﬁ Ft.

>

g 10

ap = (10 = 1) = 0.1 mafer = £.234 Th/ft”

aPr = 140 TF/EL = 2,018 x 107 1bF/ft?

5.72 % 1977 18f/(ft.-sac.) at 2%

¢

Therefore

0D é 1 mm.



APPENDIX 1II
SAZA_RELIARILITY

' BIOCHEMICAL TECHNIGUES

The determinatien of suspended solids concentration by the membrane
filter techniqué has several inherent ertozé which sguldAseriously influence
data intarprgﬁa&iono |

Buseh eg-&i-GiQ‘i) nétuﬁ tha&-ftésh meﬁbfane filters contain soluble
materials uhich may be Temoved when acceptimg a sample, and result in |
‘non-fepfeseﬁtagive_sate ualugssv Tests by the Millipore Fllter Corporation
(1961) ia@ieate‘that aé mch as 2.5% gf the membrang welght may be
. lost by boiling'iﬁ distilled i@tef. Qiﬁﬁgbgrgex«et al (1963) report similar
findiﬁgs an& ﬁdvo¢§€e ﬁiniﬁizing &his‘soufee of ezror by pre-soaking
' fresh filters in distilled v#terifor 1 hour agitated at .5 minute intervals.
| ?xgliminéry testing in the course of this investigation indicated
thaé distilled wa;gt filter vaéhes of.100 ml aliquots, passed under vacuum,
resulted in steédyasgac@ tare val@es¢ .Thgzefores & 100 ml distilled water
charge was apélied to each fresh filter prior to use during this study,

ﬁinnebergét et al (1963)‘sﬁudied the significance of filter cake
hydrbscopicity on suspended sclids deteimiﬁatiOnsoi Aftex desicaﬁién
foxr 24 hours spent filcers vere placed on an anaiytical balance and
' changes in weighg uaxe ebsetved as a fungtion of time, Their results
shaw that a‘?apid iﬂ@?dase in weight occurred during the period from
0.5 to &.@_ﬁiﬁuﬁea. In this investigation, this error was minimized by
'hsing a standardization time between removal from the desicator and

- weighing less than 0.5 minutes. Since a desicated atmosphere was
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maintained in the dbalance, filter cake hydroscopicity was not considered
a major source of error.

It has been reported that after rapid drying over a 4 hour interval,
spent filters lose weight at a slow uniform rate over a 4 day dessication
period (Winneberger et al (1963)). This error, minimized by using a
desiccation ttéatment of 25 heurs, was considered iﬁsigniﬁicamt in this
study. | |

Hinﬁeberger et §1 (1963)'g159 studie&lthe effect of oven drying
on solids determinétieﬂs;.'reﬁ &esiceateé spent filters,.egch with a
residue of.appfcxiﬁateiy 8.so’mg. were weighed, then_pladed igside a
forced air oven at 103°C. At Tegular iﬁtetéals the fiitexs were removed,
cooled in desicéato:sg reweighed and returned to the oven.

The authors observed a péﬁm&n@m& mean weight loss of 1.01
mg, aftex one hour of oven drying. This was ascribed to'volatizétion of
the suspended sqli&s cake at>£heioven temperatf:u:en 'Mglgan (1968) using
1 hour oven arying at 103°C observed a weight decrease of 0.81 per cent,
plus or minus 0.63 per’cent at a 99 pef cent confidence level for residue
weights of from O.S to 0.30 mg., {after accounting for a weight decrease in
the filtermper)., No provision was made for measuring or minimizing this
source of error in this investigation.

. A significant source of érrof was expected to be induced by the
exposure of each filter paper and its foil dish to the laboratory:
‘environment for approximately 15 minutes during testing. Contamination
by particulate ﬁattet settling from the air onto‘the media and adhering
to the foil dish from comtact with unclean surfaces could not be
controlied. To minimize these phenomena, a control filter was assigned'

'~t@ cach group of six filters and its change in weight was used to correct



for environmental contamination.
Organic Carbon-Determinations

Schaffer et al (1963) reported thaﬁ organic carbon measurements can
be effected by the Beckman IR 315 infrared analyzer with a sensitivity
of 0,21 mg/l for a standard solution of 1 mg/l organic carbon, if
4 determinations are made a;d averaged. These results were obtained
using high gain vaiues indicating that the instrument noise to signal ratio
did not decrease sensitivity, or accuracy. Since lower gain values were
used throughout this investigation, decreases in accuracy were ascribed
to operator(techniques. Since calibration curves were made for
each test run using standardized operator techniques, significant errors
were not expected fér organic carbon determinations. Sampie contaminatién
through contact with glasswaie remained a #ossibility buﬁ its effects
were presumed to.be insignificant.

Organic determination by the combustion infrared method are repétted
to be singularly free of interférences (Richard et al (1965)). This technique,
however, exhibits a positive reséonse to dissolved carbon dioxide, carbonates
-and bicarbonates. The sample preparation empioyed in this study, (pH adjustment
followed by a helium surge) has'béen shown to be completely effective in
removing inorganic forms éf carbon and representative organic carbon

determinations were assumed (Richard et al (1965); Schaffer et al (1963)).
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AppERRIY 111
SI00THING

In olace of apwrox1nat1nn the data ky a simle 1east~squares
ﬂoijwaq1al of snocifieﬂ deqree over the entire ranve of values, each data
antry was replaced hy a least-squares polynomial of "best order" relevant
to a suhrdnﬁelef naints.centered at the point for which the entry was to
ha modified,

In qeneral, the_éata ot eac% subranae wefe,fit kv a nalynaonial of
tha fom _ | :
o 'y(x} =t P; + bIP](x) + hﬁﬁq(x) + oo+ hP(x)

n

vhera P (x) is an it dooree no?vrnwma! in x%. 2y the rrincirle of leasi-

ynarrs,thﬂsquares of the residua1s were to be minimized.
' o
< = (’
iEﬂ (bOPO + ByPy *+ eenes +_LnPn Y5 ) (t )
I'F ‘:'Pi P'i “"0 fOT i # 1 [ t".p noriaa 1 {Sﬂljd%]cr\s Pe"!ro tr' +l|p SCf'

e TR Y . =
.Z (‘n Pat = 2 (Pnyj)

L]

and thus the confficients of the fitted nolvnanial can be exnressed:

I'piyi
by = = ﬁ.a_. | A {(Miclsen (1964))

A oset of nolynonials meetinn this criterion are the orthagonal
Nobmoniale,  The followinn set of orthononal nelynemials was selected

Gﬁelyaa(YQGQ))

Po(x) =
P](x) =.x - X
Pisp () = PePy =, Pyt

where m = the number of given data for the subtrange (odd)

and x= 014y
) 4-



The data entries can he replaced hv “smoothed” walue‘s defined bv:

m
yx) = 483 Cy¥y

C m=1
vhere €, g’iz'; '}J- :(i)p (x)

o= gt & - .
‘ and SJ -jJ_Zl ?i (KJ) ('ﬁ = M,1,7, .o.ﬂm._x) :
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In this fashion, the following Jeast-squares approxiriation rolynomials

were developed to smooth the raw data. Superscript 1 denotes the

latest datun modifi cation.

First drder 3 Poi ht Loas¢-Sauares Approximation

Y

=73;E5:f1; * 295 = ¥4l
E viop ¥ 95 * Vi
mgT['y et Wyl

.yg

First Order 5 Poi nt Least-Squares Annroximation

K ,
| J"‘l T 533-’1 + _21/2 + .‘1’3 - Ysj

yé s %« f&\,‘,‘ 4 ‘;v? + ‘?vg L y‘]

8

Yy ["1?+yi]+y‘§*v+i+v+’]
"Ol-sﬁ 177 fy‘,,_ Y Wt W t Aym]
'S' [=Ypea * Yoz ¥ Wy + 371
‘S‘econd Order 5 Paint Least-Sauares Approxination
vi= g D3y ¢ Syp - Iy = Byg t )

A Y = ] -
.Ié ki f_9y]] + 33.Y2 + iz’3 + 6’4 5y5]

e \ _ .

Vi =3 [y + M2y W ¢ 12540 - W]
= ] ' .

Yot = 95 [-0g * Oz ¢ Wp + Vi g + Wyl

|
It mrq«-@ Svm 3 3~Vm 2 * V- 1 * 313'}
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Thi rd Order 5 Point Least-Squares Approximation

¥y = [qu, tAyp - byt Ay - ¥sd

y5 = 3? [2y; + 27y, + 1274 = By, + zvs]

] |
£ T=3viop * M40y * 1704+ 144 “3449]

Yi
]

i1 = '3'5 (2Yg "oz * 12900 “‘7"m-l,+; 21

Yo = '7'1’)' [-Ypea * ez ~Opop Wy * 691

Fourth Order 5 Point Least-Souares Approximation

yi - 7 [ﬂl?y'? + S”y,, = 70\»'3 + gn’ﬂ + any-s - 3By, + 'myﬂ
m [50yq + 712y, + 310y, = 120y, - 130y5 + 10y, - 3ey,]
-,7!_- [-70/1 + 310y, + 824y4 + 300y, + S0y; - 130\/( + M)y7]
7 I'lei 3" lZOy,‘ g * Saﬂyi p * 528y, + 300y, .,
‘ S 120¥44p * 20044a)
Va2 = '%7? (205 - ]3ﬂyn 5+ S0pog * 3093'&;-3 + A2y, o ¥ 310,y - 70y,
v'ym._ ﬂ [ By 5t an -5 " -1‘30:.' - ’1293(m_3 + 31Oym_2- + 712ym_] + Snym]
0w (W - g M0y, + 2 - TOy o ¥ SOy 0T2y ]

Fifth Order 7 Poirt Least-Squares Approxination

= % [223y, + €y, - 15) 3% 20y, - Voyg + byg - vy

¥ ”‘5’4‘ Lyy + My, + 16y; - 207, + 187 - €7 + ¥y

yh = ;r [-5y, + 30y, + 233y, + 100y, - 75y + 30y, ~ 6y,]

v = -5.1- (5y;_ 3= lei o % 75509 * Mv + 75549 - ?f‘yﬂ_,, 5Y3431
V-2 ° ‘37!)' [~8yg * Mo @ 759, * 100y, 4 + G 30%,_q ~5,]
Yhoy ® ‘1‘;’5 Wit = e * 19¥p_g =200, g ¥15, 5 +148y, ; + ¥ ]

Y = ?52_4' =Yg * Vg V5% *+ 20, 5 =15y, 5 +hy, 3 +923y,]
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ANALYSIS OF SATCH DATA-
ToEePCLLOCK | .

PRUGRA DETLRKMINES BEST MATHOWATICAL CORRELATION ORDER (5TH ORDER
GAX) FROM DIFFERENCE TABLE OF RAW UATAs SMOOTHS DATA LSING LEAST—
SQUARES OF APPRCOPRIATE ORLERe DETERMINES COSFFICIENMTS OF POLYNOA—
1AL OF BEST FIT FRGHM DIFFCERENCE TARBLE CF SMOOTHED CATA » AKD INT-
ERPCLATES AT MID IRTERVALS OF INDEPENDENT VARIAGLE ‘

PROGKAN REWLIRES DATA wITa EWuAL SPACING UF IRUEPENUERT VAklAoLE
WITH ONLY ONE DEPENDENT VARIAGLE =

DEFINITIONS
DIA=HYDRGCYCLONE D!AMtTtP
V5=VOLUME SPLIT
PI=INLET PR ESSU!E(P;I) ; , - :
PO=0VERFLOW PnEJSUh&(P&!l . : ‘ .
PU=URNDERFLOW PREobURC(PbID :
QI=INFLULCNT FLOWRATE
. @O=0OVERFLCW FLCWRATE
QU=UNDERFLGW FLCWRATE
T=TIL4E.
TT=INTERPOLATED ANDC SHMUGTHED TIME
CO=0VERFLOW REACTOR CARBJNﬁCOHC
CU=UNDERFLOW REACTOR CARBON CONC
ZM0=0VERFLCW REACTOR SOLIDS CONC:
ZU=UNDERFLOW REACTCR 50L1IDS CORC .
XX IRTERPULATICN ABSCISSA
= INTERPOLATIOGN CRDINATE
NDATA-NOo DATA SETS
NPTS=NO PPIQTS it EACH DATA SET
FMINTRP=RG  INTERPGLATICN POINTS DESIRED.
Z=INTERPOLATED AND S5MOUTHED VALUE OF TNDEPENDENT VARTABLE
. LL IRTERFOLATED ANG SaU0OTHED VALbE OF DEPENDERT VARKIAHLE
= INDEPENCENT VARIABLE
Y OEPENUENT VARIAULE
L=COURTER
SGR=SPECIFIC GRO«TH RATE
FOIF1Y=FIRST FORWARD DIFFEREMNCE
 FOIF2Y=SECCND FORWARD DIFFERENCE
FDIF3Y THIRD FCRwWARD DIFFER&MCE
S=S5MOOTHEL VALUE OF DLERERDENT VARITABLE

DIMENSIQN 7(99)-Co(?@),CU(99)vam0(99)9ZmU(90)gXX(O?)9Y(99)sh(09)s
120991 322199)+50LID5(59 19 LARBONI G sUCLUT(99) s SGRIGY)sFUIFLIY(G9) s
1FDIF2Y(99)sFDIF3Y(99)+FD(991s50(99)9TDI99)95(99)sTT(G9)sYY (99}

DIMENSION FOIF4Y (991 »FLIFSYLI99)sQDI99)sCD(99)sDIFF(99)

COMMON TsTTyCOsCUsZ.-ﬁOQZv‘UQXXvN.J.’\TAu PTSoNMINTRP Yo XeZZsZ oNT

L=

CQNTINUE ,

WRITE(6916)

SYSTEM DEFINITION

"DATA INPUT

. READ(5 344 INRUN



(o X oA

aNaNS]

e NaXa]

(2N oK a!

100

1vl

102

103

1v4
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REALTSs44) NRTS
NINTRP=NPTS~1

- NDATA=18

WRITE{63BINRUN ,

READ(S 921 LTI 2 K=1sNPTST -
READ{S s 3V (CO R I1K=19iPPTS)
READIS o4 {CUEL) s F =22 IPTOY
REAUES 95 {ZADIK) sK=2 o NPT S}
READ(S a6 (LK) 2 K=Y oNPTS)
READ(S o TI(XXK (K)o X=1 o RINTRP}
MERV=2%NDATA .

OVERFLOW CARBON VS TIME DATA

WRITE (698}

DO 10Y I=1sNPTS
Y{1)=CO(I)

X(11=T¢1y =

CALL 5MOOTH

DO 1ul I=1sNT. o .
COt11=2Z(1) s
TT(ly=201) e
CONTINUE

UNDERFLOW CARBCK V5 TIIE DATA

WRITE(699)

DO 102 I=1sNPTS
Y(I)=CU(T)
X(11=T¢1)

CALL SMCOTH
DO 103 I=1sMT
CULT)=Z22L1)

CTT Ly =2U0)

CONTINUE -
OVERFLOW SOLIDS VS TIME DATA

RITEC6s10) »
DO 1u4 I=19NPTS

Y(I)=zMOLT B
X(11=T11) .
CALL SMOOTH

DO 1G5 I=1sNT
ZMot1)=2241)
TTU1)=2(1}
CONTINUE

UNDERFLOW SOLIDS VS TIME UATA

COWRITE(6911)

EIUG

DO 1U6 I=1,NPTS
Y(I)=ZMU(I})
X(1)=T(1)

. CALL SMCOTH

DO 1UT7 I=1sNT

ZMUlry=2211)
TTCIy=201)

-



aN.a X2

ANN

107

CON?iNUE
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| QALCULATI“W oF 3PECIFIC LG T H dATn USING A LINEAR APPROXTHATTON

NR!TE(G:IZ)

CWRITE(6513)

110

108

169

111

W0~ WN

FORMAT(1HU»23H OYERFLOW BATCH REACTOR
FORMAT(1HUs1UH TIME(HRS)»10Xs28H SPECIFIC GROWTH RATE(HRS 1}

WRITE(G14)

NS=NT-1"

CONTINUE

DO 108 1=1sNS S
SOLIDS(I¥={ZMO{]I+ZMO(I+1)i/2 n
CARBON(1)=(CO(I)}+COtLI+1}32/72 5
DCDTLIN={COU1I~COt 11/ LTV (I4]3~ TT(I)B
SGRIII=(1e/50LIDSTIVI=DCDY(LY -
WRZTE(6936)TT(I)oSGR(I)thPBON(!)
CONTINUE

IF(L.GT.U}) GO TO 111'”

DO 1u9 I=1sNT

ZMO( ) =ZMUt )

CO(1)=Cull}
CONT I NUE
WRITE(6215)

L=L+1

GO TO 110 .
IF(LL«GToMERV) STOP
LL=Lb+1

Go To 99

FORMAT STATEMENTS

FORMAT (313}
FORMAT(6F1Ue5)
FORMAT(6F1US) .
FORMAT(6F10e5) .

- FORMAT(6F1Ue5)

FORMAT (6F1Ue5)
FORMAT(5F1Ge5)

FORMAT ({1H1,29H OVERFLOW CARBON VS TIME DATA
FORMAT(1H193vH UNDERFLOW CARBON VS TIME DATA
FORMAT (1H1+29H CVERFLOW SCLIDS VS TIME DATA
FORMAT(1H193uH UNDERFLOW SOLIDS ¥S TIHME DATA

}

)

)

’,

FORMAT(1H195vH SPECIFIC GROWTH RATE USING A LINEAR APPRQXI1A1ION

FORMAT {1Hus24H UNDERFLOW BATCH REACTOR

FORMAT (1H1s42H HYDROCYCLONE BATCH BIOLOGICAL PERFORMANCE

FORMAT (8Flue5)

}

)]

)

FORMAT ( 1HL s 5H DIA--FiO.S’QH VS°’F100514H PI—vFlO-SvQH PO=2F1l0e5+4

1 PUSsF10e594H Ql=sF1Ue544it QO=+F10e5s4H QU=9F10e5)

19 FORMATUI3H ibis33Xe4H. P5IOIUK04H PolnlOXo#H PSIsBX:éH L/MIN98X96H'L

- 36

38
44

IMINSBXs6H L/MIN ). .70

FORMAT(1HUsF 10, 5915X9FIU. 924X9F10033
FORMAT (1Hus7H SET. NO s13) ‘
FORNAT(IB)

END

$IBFTC SMOOTH

- SUBROUT INE SWOO?H
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DIMENSION T<99)-co€99x-cu(99)’ZM0(99y,2mu€99$sxX(99),Yt99)aXK99?s
1&(99)921(99)950LIDS(99)1LAR&ON(99)9DCDT<99}9SGR(99)1FUIF1Y(99}’
.-1FDIF2Y(99)’FchaY(99!,Fu¢993950199)9Tu(99),5199)sTT(99);YY(99)
DIMENSION FDIFAY(Q9I0F0IF57€99!9@96993960(99)001FF(99)
COMION TsTIsCOaQUoZMQ:ZMUvXXaNDﬁTAQNPTSoNINTRP’Y:X»ZZQZ;NT

ESTABLISH DIFFERENCE TABLE OF RAW DATA
WRITE (6320)
WRITE (6321) |

. WRITE(622) o

DO 200 I=1sNPTS
FDIF1Y(1)=0s
FDIF2Y(1)=Ce
CEDIF3YLI)=Us
FOIFaY(1)=Ue
FOIFSY(1)=Ve
200 CONTINUE
FDSUM=Ue
SDSUM=Coe
TDSUM=0.
ELHSUM= Qo
CDSUM=Ue
NN=NPTS-1
NNN=NN=1
NNNN=NRNN=1
NS=NNNN=1
N6=N5~1
DO 201 I=1shN o
EDIFIY(I)=Y(I+13=YLI) .
FDIFIY(I)=FDIFIY(I)/SGRT(Z.)
FDSUM=FDSUMH+FDIFLY LT}
201 CONTINUVE & .
i IFINPTS.LEe6) GO -TO 700
DO 202 1=1sNaN
FDLFzYl11=Y<1+2)~2.*Yt1+1)+Yti)
EDIF2Y (1) =FDIF2Y(1)/2e.
_ SDSUM=SDSUM+FDIF2Y (1)
202 CONTINUE :
Do 2u3 I=1sNNNN C
FDIF3Y(I)=Y(1+3)*3.%71l+2)+35%Y(l+1}-Y(I)
FDIF3Y(1)=FDIF37¢1)/(2.*5uRTcz.)w
TpSUM=TDSUM+FDIF3Y LT
203 CONTINUE
: DO 303 1=1sN5. - e -
FDIFQY(I):Y(1+4)—ao*Y!1+37+6.*Y€l+2)~#.*¥(!+1)+¥€I%
FDIF4Y(11=FDIF&4Y (11740 ‘
QDSUM=QDSUM+FDIF&YLL]

303 CONTINUE

DO 34 I=19iN6 o - R

.FDIFSY(I):Y(i+53-5o*Y(l*4)+10-*¥(i+3%r10.*Y(I+2)+5.%Y(I+12=Y(l)
FDlFsv(I)=FD1F5Y¢13/(4.*5uRth.)3

© CDSUM=CDSUM+FDIFSYLL) o

304 CONTINUE o
DO 204 I=1sNPTS '
WRITE(6923)X(I)iY(Il;FDIFiY(!}aFDIFZY!I).FBIFEY(X)oFDIFaY(I)aFDIFB

1Y) : ' A

204 CONTINUE



[aEAXA]

ESTIMATION UF ORDER EROM wIFFERENCE TABLE

CFTOTAL=Ce

205

;&_T.OTALzUo
TTOTAL=0.
QTQOTAL=UV.

' CTOTAL Ve

FDAVG= FJQUM/$LOAT(NN) -
SDAVG=SDSUM/FLOAT (NN}
TOAVG=TOSUM/FLOAT INNKRN)
QDAVG=QDSUN/FLOATING) - -
CDAVG= CDJUM/FLOAT(Nb!

DO 20% I=1NN
FO(I}=(FDAVG- FDiFlYﬁiﬁi**Z
FTOTAL=FTOTAL+FDI{1}

CONT I'NUE o S
DIFF(L)=FTUTAL/FLGAT (NN~Y)
DO 206 I=1oNNM . '
SDIT ) =(SDAVG=FDIF2Y{1) ) %n2

.’STOTAL-uTOTAL+SD(l§

2067

- 305

, ﬁf$ﬂ"

306

CONTINUE
DIFF(2)«:TOTAL/FLCAT(NNN°11
DO 2uT [=1shNNN
TO(I)={TDAVG-FDIF3Y(})I=ng
TTOTAL=TTOTAL+SD(])
COMTINUE '

DIFF(3)=T7TD TAL/FLOAT(NNN“ 1)

DO 3U5 I=1aNS

QD{1)={QDAVG- FDIPQY‘I))**Z
QTOTAL GTOTAL+QD(I)
DIFFfQ) QTOTﬂL/FL““TtMﬁ“I)
DO 3ub I=1sNb6 .
CD(')-(CDAVG-FDIFSY(&)!**z
CTOTAL= CIOTAL+CD‘I)
CONTINUE ’

DIFF(5)= CtOTnL/FLOAT(NG 1)

IFINPTSeLEe3) NORD=]
1F (NPT.:QL(“JL}) NORD=2

CIF (NP TSeEGed) NORD=3

AU

307

309

IF(NPTS.EQe6) NORD=4
IF(NPTSeGTe6) NORD=Y
DO 307 I=1sNORD

=0

DO 3vB J=1sNORD ’
IF(DIFF(I)oe L_.UIFF(J)3 Keik+]
CONTINUE

IF(KsEQeNCRL) GQ TO 309
CONTINUE :

WRITE(6:2391)

ORDER= FLOAT(I? . L
SMOOTHING OF RAW‘DATH ANO INTERPOLATION

NP=NPTS

- NPP=NPT5-2
~ NTT=NPTS

160



HaXaXa!

762

703

701

210

f»ﬁfﬁ

_ 161
NNT=MNPTS-3 . o
IF(ORDERGEGe 201 €O .TO 210
IF(ORDEReLGs 36} 60,70,211. A
IF{ORUEREGe&e) GO TO 21 S
IF ({CRUEREGaSe) GO TO 311
WRITE(6924) l :
0RDER=1.
MARY=NPT5—1

LEAST SQUARES 3~ POINT LINEAR OOTH345

DO Tul f=isluoun

St1)=(1. /6.}*lp.wY(1)02.*7(23*1.§Y(J))

DO T2 K= lsMARY

IF(KeEQel) K=2

S(k)—(]oIB.)*tY(K-l)+YG )+Y€K+13§

CONTINUE : o
SINPTS)I=(1e /6.)*( Y(«P?S*?)+2.~Y(NPTJ-1%+5.*Y(NPTS))
DO 7u3 J=1lsikpPTS - g i v
Y(JI=5(J)

CORTINUE _ ST

ZF(NPTSCLEy6) GO -TO 8ulL-

GO TO 218 ’ ]

CONTINUE

WRITE(6025)

LEAST SQUARES 5~POIMT GUALRATIC SMOOTHING

DO 250 lI=1slulu

-5{1)=(1./35 ')’(BXO*Y{1)+90“Y(2)”3 #Y(31=5 *Y(ﬁ)+3-*Y(J))

251

252

250

‘ 211

AWl e

217

5(2)~(1./35.)%(o.nY(1)+13.*Y(¢i+17wafl3!46-*¥(4)» e¥Y (%))

DO 251 K=3sKPP

StK)= (1e/a5.)*(-3.¥Y(k ?5+1?.*Y(L 1§+17o%Y(K)+1?.VY{<+1)éBo*Y(k+2)
1)

SINP~11=(1e7350 lw( 5.*Y(NP~4l+u.*YimP~31+12.*Y{NP 2)+13.«Y(w°—1)+9
le®Y(NP))

SINPI=(1, /35.)*&3 *chpnai sf*Y(uP 3y~ 3.wY{NP 2)k9.*Y(HP 1)+’1.‘Y!
INPY) ,

DO 252 J=1sNP

Y(JY=S5(J)

CONTIRUE

GO TO 215

CONT I NUE

WRITE(6,26)

LEAQT SUUARES 5”POXNT CUU!C SMDDTHimQ

DO 216 I=lsluvuy

5(1)“(1./{vni”(69.*7(1)4&.*Y(2)—60*Y131*40*Y(4) =Y{5)):

S{2)={1e/3250¢ )*(2.*?11)+27.*Y(2)+12.*Y(3l-s.uY(4)+? #Y(5))

DO 217 K=3siPP
a(&z-(l.lslu)*tn%.*Y(k~2)+12.*Y(unl)*17.¥Y(<)+1?o*Yc&+1)«3.*Y(y+2)
1)

SIKP-1)=(1s/3%. 3*82.*Y(NP-4} B.*Y(NP 32*1&.*Y(NP 2)+270*Y(NP 11+2.

1%Y(MP)Y

S(NP)m(1@/7u.)%(-YINP~AJ+&.ﬁY(tP~33 6.*Y(hp-2x+a,*Y(kP 11+69e #Y (NP

1))

DO 218 J= 1sNP



a¥aXa

a¥alal

NnNN

162

218 Y(J)=5(H

216 CONTINUE
Ge TO 215

310~COWTINUL
WRITE(6s4v)

LCAoT quARES 7'POINT FOURTH U.DER SHOUDTHING

. Do 312 I=1s100
S(11=(1e/792601%(0124%Y(114504%Y(2)270e2Y(3)4204#Y(A)+404%Y(5) 3847
1Y(6)+1Ge%Y(T))
S(2)= (10/9240)*(500*Y(17*f12.**‘7)+3100”Y(3’ 1200‘Y(4)“13C-*Y(5)*1
140.*Y(6)-38.hY(711 ,
S{3)1=(1. /ﬂzq.’*t-vu.*ftx)+33 .*Ytg§+qza.*vt3:+300.*Y(4)+50.*Y(5)~1
130%Y{6)+4ue#Y(T)} : . '
DO 313 K=&4oiNT
213 S(K)I=(1e/924e 1802068V {K=2)=120e%YIK=2)4300.#Y{K=11+5244#Y(K)+300%
1Y (K1) =120 %Y {KE2V 420 #T(K+3)) :
SINTT=2)1=014/920e 1% 0ale#VINTT=6)1 =130 #YINTT=5) 4504 %Y {NT1=4)+300%Y
JINTT=3)14426 %Y (NTTa2 )13 eV HTT~1)2T0,%Y{NTT))
SINTT=1)=(1a/9264e )15 { =3B %Y {NTT=5) 41406 %Y (NTT=5]=~130s#Y(NTT=4)~12C.
1#YINTT=2) 43 ve#Y (NTT®2) 47126 %Y INTT~1)450.%Y(NTT))
SINTT)=(1e/926e )% (10 #Y(NTT=6)=38e%Y(NTT=5)440e%Y{NTT-4)42Ce*Y(NTT
1=3)=TUa#*Y{NTT=2) 450 Y (NTT=114212%Y(NTT))
DO GuUU J=likP
400 Y =504
312 CONTINUE
GO TO 215
311 CONTINUE |
‘ WRITE(6541)

LEAST SQUARLS 7= poxnt FIFIn cwuLR shoarnrne

DO 314 I=leluvy 'g
S(1)=(1, /974.)w(nz3.¥f{1)*o.*Ytz)~1;.*Y(3)+70.%Y14)-1ﬁ¢”Y(5)+6.*\(
16)=1e#YLT)).
5(2)1={1e/1%4. )f(lo*Y(l)+148.nf(2)+15.*Y(3J-ZU-*Y(4)+1 o E#Y (5 )=6a*Y(
161+ e%Y(T))
j5(3)=t1./3oa.)*t-s.*vt1;+3o.*vtz:+233.*vt3)+1oo.*vta)~75.*Y(5>+39.
1#Y(6)~5e3%Y(7))
DO 315 K=&4sNNT
315 S{KI=(1e/231e}#{5e%*Y(K=3)=30 *V‘k~2)+?5.*Y(k-1)+131 *Y(h)+7,.nv(\a
11)-3Le#Y{K+2)+542Y(K+3))
SINTT=2)=2(1e/308e )8 { =6 #Y(NTT=61430e#Y(NTT=5)=75e%¥Y{NTT=4)+100e%Y
TINTT=3)+233e#Y(NTT=2)+30e#YINTT~1)=5%Y{NTT))
SINTT=1)2(1e/ 15061t P (iiTTo) =B et Y INTT=5) 415 %Y (NTT-4)~20e*Y(NTT
1=3)+15e#Y(NTT=2)+148 e *YINTT=1)+#1 e ¥Y(NTT))
SINTT)=(1e79240 )% (=1 e XYANTT=g)46e#YINTT-5)=15%Y{NTT~ 43+20.*Y(NTT~
13115 #Y(NTT=2) 48 %Y (NTTo1)4923 %Y (NTT))
. DO 4ul J=lsiNP
401 Y(J)=S(N
314 COMTINUE

ESTABLISH LITFERENCE TASLE OF SHOOTHED DATA
215 CONTINUE

8GC CONTINUE
DO 219 K=1sNN
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219

221
316 C

317

aui

300

222

aXaka'

s . 163
FDIF1Y({K}= Y(K*limY(K) .
CONT I NUE
IFINPTSLEaB) GO TO 900

DO 22U K=1sihn
FDIF2Y (KI=Y{K$2) =20 %Y (K+1D4VEK)

CONTINUE
DO 221 K=1oMNNNN . '
FDIF“Y‘&)~Y‘k+3)“39*Y(&+23+3s3Y‘&+‘) Y!a)
CONTINUE
DO 316 K=19hS% ' ‘
FD!F“Y(K)-Y‘K*Q}“4.*Y(K+3)*6"Y"*2)”QQ*Y<\+1)+Y{KD
ONTIRUE
DO 317 K=1sN6
FDIF5Y(K)= Y(&+s)-g.*vin+a)+1u.*Y(&+53 lu-*Y(k+2)+5.*Y(k+1)”Y(\)
CONTINUE . .

xwimeoLAtxu' Usl nb P“LYNUNiﬁL OF  BEST PZT

IF (ORDER«EQe 2} GO TO 222

IF(ORDEREWe 3} GO TG. 223
IF(ORDEREGeha) GO TO 318
IF (ORCEReEWeSe ) GO TO 319
CONT 1iWJE ' e

LINEAR INTERPOLATION

1=2
AH=X{1}- X(I -1}
AO=Y(I-1)

Al=FDIF1Y(I-1)/AH

CBOLIN=AO=ALXX(I=1)"
"BILIN=AL .

DO 300 L=1sNINTRP. B . v-, : : '
YY(L)=BOLIMN+B1ILIN® xx(L)_ ‘ ' L

CONTIMNUE

WRITE (6234 0CLINsBILIN
GO TO 226

CONTINJUL
QUADRATIC:INTERPOLATION

I=2

CAH=X{1)- X(I 13
“AO=Y(1-1)

AL=FDIF1Y(1=1)7AH
A2=FDIFZY{1=1)/12 % AH##2)
BOGUAD=AO-AL¥X(1=1)+A2X(1~1)#X(])
BIOUAD=A1-AZ#(X{I=11+X(1)}

B2QUAD=AZ2
DO 3U1 L=1sNINTRP

»'YY(L)-dOQUMU+XK(Ll*(bthAu+32uuhU*XX(L))

 CONTINUE

WRITE(6sBﬁ)oOQUAutolubAD'UZQUAu
GO TO 226

 CONTINUE,

‘CUBIC INTERPOLATICH



C
C
C

302

318

320

:319

ib4

I=2
AH=X{1)-X{I-1)
AO=Y(1-1)

AL=FDIFLY(I=~1)/AH

AZ=FDIF2Y(I-1)1/7(2#AM#%2)

AZ=FDIF3Y{I=11/03e 2 ®AH®%3)
BOCUBE=AC=A1#X{i=1)4A2#X 0 =11 %X LT )=A3%XLT-1)#X(])%X{]+])
B1CURE= Al=A2#{X{]1~ 1)+X(3))*»2*(X(!"1!*X11}+X(1 IRE PSR ESRESIROES R LS
11))

B2CUBE=A2-A28(X(1~ 1s+x<x»+x(x+1s)

H3CUBE=A3 .

GO 302 L=lsNINTRP
YY(L)-BUCUDE+KX(L)*IBICJBE+XX(L!w{CZCUBF+BBCJbE*XX(L)))
CONT INUE

wRITE(éaB?)dOCUdE;ﬁlC b:.bchba,63Cbac

GO TO 226 e

CONT1NUE

FOURTH URD&& lNTfhPQLATlGN

=2

AH=X{I)-X({]1- 1)

AO=Y({I-1} ‘

Al=FDIF1Y{1-11/7AH

A2=FDIF2Y(I=1)/(2e%AHX%2)

AZ=FDIE3YL{I=1)/(3a%2¢%AH%3)

AGeFDIFGY{I=1)/(he%3a5 2 e ¥AH®NYL)

BOFRTH=AQ-A1#X{ ]~ 1) EA2FXCT =11 EXE D) =ASRX I =) %X ) # XU+ ) +AL%X(T-1)
1#¥X 1) %R+ 5#X(142)

BIFRTH=A1=AZ2#(X{ i1} 4X{ T} )}+A3R{N{ ]~ 1)%X(I)+X(l PIEXCIHTI+XCT+1) %X
]1))-AQ%(X(:—I)*X(I)*X€;+1)+X(§~?’*X(I)*X(1+7)+K(1~1)”X(I*1)*?(14’)
1+X (11X (411X 142))

B2FRTH=AZ~ Aa*&X(I~1)+X(i)+x11+1))+54*ix{1 11EXCTI)+X( T~ 1)*xtl+1)+xt
PI=1)#X 0142 40 0D %A T+ bR 0T YRRXTE+2 D+ X I+ #XK(I+2 1)) 13

B3FRTH=A3-A4# (X (]~ 1l+x(Il+X(I+1)+htl+2)) v

B4FRTH=A4
DO 32y L=1sNINTRP

YY(L)=BUFRTH+XK(L)*(BlFRTH+XX(L!*(dZFRTH+83FRTH*XX(L)+64FRTH*xX(L)
1#XX{LIY)

CONTINUE

WRITE(6942) BOFRTH,BlFRTHsBanTH,HBFRTHvbhrRTH

GO TO 226

CONTINUE

FIFTH ORDER INTERPOLATION

1=2
AH=X({I}=X{]-1)
AQ=Y(I-1)

Al=FOIF1Y([-11/AH
AZ=FDIF2Y(I~1)/(2.#AH¥%2)

A3=FDIF3Y(1=1)7{3.#2,#AH##3)

AG=FDIF4Y (I=1)/(hek3e%2a®AHRRG)

AS=FDIFSY(I=1)/(5e#b #3582, FAHKSE)
BOFITH=AO-A1*X(1=1)+A2#X (im1)#X0 [I=AT%X (1=~ 1¥XCT ) #XCI+] I +AGHX(I=1)

CIRXCI)EX (T4 X(T42) =X (=13 &X U)X O1+ ) #X U1 +2) %X [+3)%A5

BIFITH=AT=A2# (XUI=1)+X {1 )+ABH (X (I~ ) # XTI +X =1 )#X{1+1)+X(I+])
11y )~ hq*(x{x-z)nxtx)*X(:+1)+Xix 11X eX142)+X( ]~ 1)*th+])mx(l

&
w
-

X (
2}



e Yala)

165

1J+A5#txt:-1)*x51)*X(I+1)*X(l+2)+xc1 PIEXCTI+ )2 XCI42# X0 [43)+X (1) X
1(1+))*X(1+2)KX!1+3)»X(i-1)§X('!AX(141)*X(14%)+X(x~1l*X(;)%h(I+?)fX
101431 —ALxX (1) #X(1+13%X{1+2)

BoFITH=A2=A3# (X(Im) JoXCII+X T+ ) +AGR X (T =X (] 14X U= ) %X {410 4+X
11 11%X(I+9)+A(l)*x11r1)+atl)*th+4$+X(I+1)%x(1+zl)»as*(X(l ~1¥X({I+
11!*X(I+2)+XI1)*XSI+11*X(i ?)+X{[~1)”X(l)wl(I+1)+X(I~ll*x(l)*X(I+2)
14X LI+ X (42 X CL43 ) AR U Ia I8 X{E+1 ) =X I+3 )+ XU~ 1)#X1+2) 2 X{I+3)+X(
PIEEXCT 411X 014330011 eX U423 X 0143+ XU~ %X (1) %X (]43))

B3F I TH= AB“AQ*(X(I"1)+K‘1!*X‘l*1]+x‘l+’)}+A§*(X(I+1)* (142)+X(1=-1)%
1X(14) )44~ 11EX(142)+X 1) #X {141 )+ X DX {42 )X~ )X )+ X0+ ) %X
11+3)+X{ ]~ —1)EXEI4a X aX(143)4X(142)8X143))

B4F1TH= A4~A5%QX(!+1)+x!l+2)*xtl 1)+X(I’+xtl+3))

B5FI1TH=AS

DO 323 L=1+NINTRP. ’

YY(L) =t OFITH+xX(L3th1PITn+xxtL)»(nzrle4XX(L)a(uBFITH+XX(L)*(n4FI
ITH+BQFIIH*XX(L))11)

323 COMTINUE
WRITE(5943) aOFITHQBIF!TH.U2TITHid3PITH’L#FIThsbﬁFITH
226 CONTINUE .

NT=NPTS+NINTRP

DO 233 K=1sNPT1S

J=2%K-1 _ .

ZZ(1)=Y(R) _ _ : -

233 Z(1)=T(K) ‘ :

DO 231 k—lsnINTRP

I=2%K .

ZZ201)=YY(K)

231 Z(1)=XX(K)

WRITE(5+27)
WRITE(6+28)
WRITE(6929)
DO 232 I=1.NPTS
WRITE(e,au)rtxw.v(rasroxt1?(1).+ulevc1:,roiFjv(rx,Furraﬁtz),rpxrr
1Y (1) . A
232 CONTINUE
WRITE(6:31)
WRITE(6532)
DO 234 I=1siiT
waxrste,,aszcx),zz¢x:

" 234 COMTINUE

FOPMAT'STATEMENTS
120 FORW AT(IH»:13H PRIMARY DATA) .
. 21 FORMAT C1HuslTH DIFFERENCE Talt )y
22 FORMAT(1HwelUH - TIME(HRS)Q!XIIIH CONC(MG/L!!]X-IIH FIRQT DIFFs2Xel2
1H SECOND DIFF92X¢11H THIRU DIFroE(;th FOURTH DIFFs2Xe21lri FIFTH OI
1FF) .
23 FORI'ATL1HusF 9 363Xor1J 59:X9FIU.393XsrIu.JoBA’Flb.BsJXsFlb 393XsF1
1Ve3) -
24 FORMAT (1Hws24H FIRaT ORDER CORK:LATIOW }
25 FORMAT(1HUs25H SECOND CRDER CORRELATION 3
26 FORMAT(1Hve24H THIRD . ORDtK LOQkiLAT!O H
27 FORMAT(IHYs14H SMOUTHED DATA )
.28 FCREATUIHUITH DIFFERENCE TAuLE )
29 FORGATI1IHUsYUH TIME(HRS).e3Xs11H COhC(thL)9]X911H FIRST DIFFa2Xsl2
34t SECUOND ulrrgzx’llﬂ TetdRy LIFFs2X912it FOURTH UGIFFe2Xs11H FIFTH ol
1FF} . '
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. 30 FORIMAT(IHULIFY.393XsF10, 39.‘)XsFlJ.J53X9FlU 393XsF10e333XsF10e3s3XsF1
10e3)

31 FORMAT (1Hus31H SKCOUTHED AID INTERPOLATED DATA )

- 32 FORMAT(IHus1UH TIME(HRS)s3Xs11ltt CONCIHG/LY) )

33 FORMAT(IHvUsF1Ue3204X2F10e3)

34 FORMAT(1Hws7H BOLIN=3F10e393XsTH BILIN=9F10,3)

35 FORMAT(1HuUs8H BOQUAD=sF1ue393Xs8H blauAu 9F10e¢393X98H L2WUAL=9F1U
13)

37 FORZAT (1Hu»8H BOCUBE=sF1ue3s8H 81CUBE—,F10 338H B2CUBE=sF103+8H B
13CUBE=3F1Ua3) }

39 FORMAT(1H1s21H ORDER NOT DETERMINED )

40 FORMAT(1Hus23H FOURTH ORDER CORRELATION )

41 FORMAT(1Hus24H FIFTH ORutic CORRLLATION )

42 FORMAT(1HUs8H BCFRTH=sF1lie398H BLIFRTH=3F10e3s8H 02FRTH=sF10e3,8H U
13FRTH=3F10e398H B4FRTH=sF10.3) _

43 FORAAT(1Hue8H BOFITh=sF15e398H B1FITH=9F10e3+8H B2FITH=9F10+3.8H B
13FITH=9F10e358H quITH-sFIO 328H F5FITH=5F1043)
RETURN . )
END

Cb TOT 0600



APPENDIX IV

CORRELATION - REGRESSION ANALYSIS OF HE£=VS GB

DEFINITIONS

R correlation coefficient
D.F. degfee of freedom

b - slope

s?(c) variance of ¢

S(z) standard deviation of ¢
Y .dependent'Variable

X independent variéb1e

y mean of y

X mean of X

y ‘estimate of y (least-squareé)
FORMULAE

Least-Squares Fitting

t'y? o oty - )% = 5y - § oy
£1x? = r(x - i)z = 1x% - % Ix
Xlxy = IXy = X Ly

y = %L where N = # Data

R = [= T 7 ]
L'y

(volk (1958))
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(1 - R7)
- R“ N - 2
/1 - R

Confidence Limits of Slope and Least Squares Line

s2(9) - K= 9)°
s2(5) = éfﬁil
$2(b) = ST

I X
s2(x) = Szﬁx

‘Comparison of Two S10pes
_ (N] = Z)S ( ") + (N2 = 2)5 (yz)
pooied - (Nf = 2) + (N2 = 2)

by - b,

S($)pooted | 2 * 2 |"?
pooied [} Xy  IXp

B 1

pooled -~ T _T1.2 T2
ZX"“'EXZ

S (y)

t:’.-.

Comparison_ of Several Lines

gz ()t (mep)? . , 150? (mep)?
E g = — . ceo= 4 =
L ny n, | n, N
k .
for k data sets and N = iz] ny
Tk
2 f %y

ale
o=

168
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2;1831 2;2282 . 2Ck2 Bk LICIp

z-- - - - -
e ny + n, + N N
z 1
b - sets(z xy)
| pooled 3 (z‘xzb

- sets



Mean of endent
Variagﬁgg

vSlope ggekegression

Correlation Coefficient

€900 Solids

: ; + + RrR2 R
Correlation - 95% - 95% (Fraction Significant
~ Level D.F. Limits Level D.,F.| Limits R 'SS Removed) |at 95%

.‘All Data 109.438 32 13.8229 07401 32 .03740 58125 33786 , Yes
A1l Data ' |

<900 Solids 105.868 | 26| 10.1567 .15952 26_| .03904 | .85487 .73080 Yes
All Overflow Data 102.274 15 18.729 . 10262 15 06514 65498 .42899 Yes
All Underflow Dataf 116,602 15 22,5230 .06123 15 .05539 .51968 .27007 Yes
Overflow Data

£ 900 Solids 92,7315 11 11.417 .21810 11 062147 .91887 84437 Yes
Underflow Data _

4900 Solids 111.908 11 17.5797 .17462 11 .06985 .85644 » 73350 Yes
A1l Spherical S’:ape# :
[Overflow Data 82,0809 5 41,0581 07005 5 10796 .59798 .35790 No
A1l Spherical Shapail
jUnderflow Data 97.1100 5 49,9154 .04660 5 .09453 49307 .24312 No
All Rod Shaped o -
lOverflow Data 107.100 4 18,087 17710 4 07314 95847 .91866 Yes

11 Rod Shaped ‘

nderflow Data 111.214 4 26.7654 .09632 4 07257 87890 « 77239 Yes
All Filamentous :
[overflow Data 130.371 2 34,5247 +24384 2 44643 85685 - 73418 No
All Filamentous

Undexrflow Data 158.793 2 48.0723 . «14041 2 «45923 .68113 46394 No
Spherical Shaped
{overflow Data

<900 Solids 71.8846 | 3 |32.3208 | .20009 3 | .15755 | .91914 .84481 Yes
Spterical Shaped

nderflow Data 91.6682 | 3 |49.952 .15512 3 | .16157 | .86991 . 70477 No

Ip
dp

O,
9 A

SNOLLVIAuu00

=LS

‘ON TIdVYL

4

/1



Mean of

i Independent’ F t Variance ' Variance Variance

Correlation Variable Intercept] Ratio | Statistic| of Mean of Slope of Estimate
All Data _j[ 688,252 58.4979 | 16.3281 | 4.04080 | 45.8234 | 33.55x10=° |15.58x102
All Data £ 900 Solids 567,218 15,3805 | 70.5837 | 8.40141 | 24.4038 36.056x10"3 |68.331x101
All Overflow Data 576,298 43,1285 | 11.2696 | 3.35702 | 77.2545 93,463x10™° |13,133x102
All Underflow Data 820,205 | 67.6011 | 5.55005{ 2.35585 | 111.777 67.562x10-5 |19,002x102
. Overflow Data .
£ 900 Solids 449.175 - 5.236431 59,6664 | 7.7244 26,9084 79.7272x10~5134.,981x101
Underflow Data 4 1
£ 900 Solids 618,034 3.98624 [30.2752 | 5.50229 | 63.7947 | 10,072x10™% |82.9331x10
All Spherical Shaped : : ' 4
Overflow Data 563,244 42,6223 12.78317 | 1.66828 | 255.032 17.634x10"% {17.8523x102%
All Spherical Shaped : ' ’ 9
Underflow Data 804,819 59.6051 [1.60607 | 1.26731 | 376.936 13.521x10°% ]26.3855x10
All Rod Shaped B » , , Lo . '
Overflow Data | 589,755 2.65104 145.1775 | 6.72142 | 42,4191 69.4293%10°7 |25.4514x10"
All Rod Shaped . .
Underflow Data 805.370 33,6365 [13.5742 | 3.68432 | 92,9631 68.344x10~5 |55.7778x10}
All Filamentous 3 1
Overflow Data 578.958 - |-13.815 |5.52399 | 2.35032 | 64,3752 10,7638x1077 |25, 7501x10
All Filamentous : o
Underflow Data | 784.384 48,6574 {1.73089 | 1,31563 | 124,809 11.3901x10"349.9237x101
Spherical Shaped Overflow || _ _
Data < 900 Solids 353,856 1.08170 }16.3310 | 4,04117 | 103,173 24,5153x10-4151.5863x101
Spherical Shaped Underflo
Data £ 900 Solids 520,741 10.8870 {9.33328 | 3.05504 | 246,438 | 25,7836x10412.3219x10%
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TABLE NO. 14

SLOPES SIGNIFICANTLY DIFFERENT FROM

ZERO
CORRELATION||  (b) s(b) i ope STGNIFICANT
. Slope STD. Dev. e t = 376)
: Slope at

Al1 Data 0.07401 .0183165 32 4.0406, 99.9%
A1l Data ' g 26
o P 0.15952 .0189883 | 8.401, 99.9%
A1l Overflow 0.102629 .0305716 15 3.352, 99%
A1l Underflow || 0.0612349 | 0259926 15 2.3559, 95%
Overflow ‘ _
<'300 So11ds 0.231819§ .0282360 1 7.72439, 99.9%
Underflow : | | |
2900 Solids 0.174620 .0317359 1 5.50228, 99.9%
A‘gvgghericaj 0.0700560 | .0419928 5 1.668286, 80%
A11 Sphevrical ' : | '

ndon 0.0466004 | .0367712 5 1.26731, 70%
A1l Rod Over 0.177106 .0263494 ! 6.7214, 99%
A1l Rod Under 0.0963256 | .0261447 4 3.6843, 95%
A1l Fil, Over 0.243842 .103749 2 2.35031, 80%
A1l Fil, Under 0.140416 .106724 2 1.31564, 60%
Spherical | ‘ o
“Bver < 500 o.zooogo 0495129 3 4.04117, 95%
Spherical ' |

Tl 8 0.155127 0507775 3 3.05503, 90%




TABLE NO. 15

SIGNIFICANT DIFFERENCE BETWEEN TWO SLOPES

CORRELATIONS 52(9,) , s ! 2 SIGN:;ICANT
UNDER | A X
TEST AU R 2" I TP B L 72 t | DF 959%
S (yz) .

(1) Al

Overflow 3213.55 |1606.775) .04139410| 1.40519 | 2.81256 | 1.03265| 30 | NO
(2) A1 x 10° x 10°

Underflow .
(‘) Overflow 4589 570.
(2) Undersioy | 1179.140 . .0434860 | 4.38757 | 8.23428 | 0.95811) 26 | NO
(<900 solids)- | x 10° | x 10°
Spherical
(1) Over 4423.78 |2211.890 | .0234556 | 1.01238 | 1.95142 | 0.40718 |10 | NO
(2) Undef_» « 105 | x 10
Rod
(1) over 812.292 | 406.146 | .080780 | 3.66581 | 8.16005 |1.81380| 8 | NO
(2) Under X ]05 X ]05
Fil. |
(1) Over 756.738 | 378.369 |.1034320 | 2.39229 | 4.38310 |.066489 | 4 | NO
(2) Under X ]04 X ]04
Spherical
< 900 solids
(1) over 1748.053 | 874.027 |.044963 | 2.10425 | 4.77897 |.58309 | 6 | wo
(2).Under % ]05 % ]05

™11



TABLE NO. 16

POOLED SLOPE CALCULATIONS

Corre]atiod

t test on slopes

1 .
Under L XqV I X,y b s(b) DF b, ¥ Ditf,

Test 1¥1 272 p p t from At

;;% zero

A1l Data 4

(1) over 1.44214 | 1.72227| 7.502602 | 4.00852 |30 | 8.18539 |} 1.87166 90%
(2) Under Hi \ 905 | x 105 | x107% | x10°2| | x10°2

<900 solids | . “. , "

§1} Over 9.56956 | 1.43787 | 1.807361 | 4.53875 |26 |{ 9.33167 || 4.18036 99.9%
2) Under J x q0t | x10° | x 107! | xw07?) | x 1072
Spherical | i R
(1) Over 7.09232 | 9.09368 | 5.461232 | 5.76055 |10 | 1.28345 || 0.94804 60%
(2) Under x 10% x 104 | x 1072 x 1072 x 107V

Rod

(1) Over 6.49235 | 7.86022 | 1.213658 | 4.45365 | 8 |1.027012|] 2.72509 95%
(2) under M R : ] T o T )

x 10 x 10 x‘10' x 10 x 10

Fil. _

(1) Over 5.83342 | 6.15431 | 1.769300 | 1.563623| 4 |4.34061 .1131541] no -
(2) under 3 3 1

x 10 x 10 x 10 ’

Spherical

< 900 solids :

(1) over 4.21039 |7.41350 [1.68873 | 7.71118 | 6 |1.88693 || 2.189976 90%
(2) Under x 10% x 10 | x 107! x 1072 x 107"

1781



TABLE NO. 17 175
ANALYSIS OF SIX CURVES' COLLECTIVELY
AND INDIVIDUALLY
(Data > 900 solids discarded)
SUM OF SQUARES
. [}
Corre]atioJ' Z]xz tlya E]xy Z]cz Elyz . Slope :
Total 1.89515 | 6.59964 | 3.02330| 4.82304| 1.77660] 1.59529
x 10° x 108 1 x10° ] x10*| x10* | x 107!
Means 5.07724 | 2.09225 | 8.60358| 1.45791| 6.34346| 1.69454
[ x 10° x 104 x10° | x10* | x 10 | x 107}
pifference | 1.38742 | 4.50739 | '2.16295| 3.37196| 1.13542 | 1.55897
x10% | x10% | x10%} x10® | x10* | x 07!
Iset No. ) |
1 2.10425 | 9.97215 | 4.21039| 8.42456| 1.54759 | 2.00090
x 10° x 103 x 104 | x103 ] x10% | x107]
2 4.77897 | 1.51969 | 7.41350| 1.15004 | 3.69657 | 1.55127
X 105 X 104 X 104 X 104 X 103 X 10']
3 " ||2.39640 | 9.15829 | 4.42770| 8.18083 | 9.77463 | 1.84765
x 10° x 103 x 108 | x 103 | x10¢ | x 107}
4 3.91704 | 6.94647 | 4.37910 | 4.89565 | 2.05082 | 1.111796
x 10° x 103 x']'O4 x 10° x 103 x 1071
5 2.39229 | 1.93743 | 5.83342 | 1.42243 | 5.15001 | 2.43842
x 104 x 103 x 103 | x 10 | x10% | x 107!
6 1la.38310 | 1.86260 .|'6.15431 | 8.64126 | 9.98474 | 1.40410
x 104 x 103 x 105 | x 102 | x10% | x 107}
Sum 1.38742 | 4.50739 | 2.16295 | 3.52880 | 9.78592
x 10° x 104 x 10° | x10% | x 103

* Pooled Slope
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~ANALYSIS OF VARIANCE

Test the relative significance of using least-squares lines
through each data set and of using a correlation line through
each data set with a pooled slope.

Sum of Squares witﬁ Pooled Slope = 1.13542 x 104

D.F. = 21

Sum of Squares with Least Squares Slope = 9.78592 X ﬂ03

D.F. = 16

4 _ g.78592 x 103775

g [1.13542 x 10" -
9.78592/16

= 0.512835 at 5, 16 D.F.

Fo.05,5,16 = 2:85 = % WS at 952

Je (1) use pooled slope (0,.155897)
(2) use 1.13452 x 10% as error estimate
~Determine if there is a significant vertical displacement

between the curves.
4

8

Sum of Squares due to Error Estimate 1.13542 x 10

D.F. = 21
Sum of Squares due to Vertical Displacement = (total SS
- mean SS - error SS)
at 1 D.F.
= 6.83141 x 10

¢ - 6.83141 x 10

% = 0.126349 at 1, 21 D.F.
1.13542 x 107 /21

Fo.05,1,21:T 4-32
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Therefore, at 95% there is no significant vertisai'dispiacement
between the cufvesé | |

Test the relative significance of using a single
| least-squares line through alil the-data considered as one

set and of uéinq individual 1ihes?with a common (pooled)
rrslope through each of the seﬁs. |

Sum of Squares for One Line Through A1l Data As One Set

- 1.7766 x 10°
D.F. = 26
Sum of Squares for Pooled Slope Line Through Each Set
(5 error) = 1.13582 x 10%
D.F. = 21
e [1.7766 x 10% - 1. 13542 x 10 *1s5

1. 13542 X ]ﬂ /21

it

2.37177 at 5, 21 D.F.

- Fo.05,5,27 = %68

Therefore, at 95% level can use a single correlation line.
Test to see iflthe overall slope is significaﬂtly different
from zevo |

b - . ’
t = METE% = 2.056, sig,at 95%

Therefore, slope is different from zero at the 95% level.
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Tet o PULLOCK A JUNE 1969
REGRESSION-CURKELATION ARALYSIS
PROGRAM ACCEPTS N SETS OF DATA FOR «HICH LINEAR LEAST SQUARES LINE
~S ARE TO BE FIT TO EACH SET AND CALCS FOR EACH SET=
: 1 LEAST SGUARES LINE
2 SIGNIFICANCE OF LINEAR COthLATIO
3 F RATIO ARD T STATISTIC
4 CONFIDERCE LIMITS OF 5LCPE :
5 CONFIDENCE LIMITS OF LEAST SQUARES LINE
CONSIUERING THE N SETS OF DATA TG BL ONE SETsPROGRAM DETERAINES
RELATIVE SIGNIFICANCE OF= _
' 1 SINGLE CORRELATIOM LINE V5 INDIVIDUAL CORRELATIUN LINE
- FOR EACH OF THE N SETS ' '
2 PUOLEDL SLOPE FOx EALH OF THE K SETS VS INDIVIDUAL SLOPES
FOR EACH OF THE N SETS
3 DISPLACEMENT OF THE INDtPchuENT VARIABLE OVER THE N SETS
DEFINITIOND
=INDEPENDENT VARIABLE r
Y DERPENDENT VARIABLE
SUMY=3UM OF Y
- SUMX=5UM OF X
YS$=SQUARE OF Y
- XS=SQUARE OF X
SUMYS=SUM OF Y&
SUMXS=SUM OF XS
YMEAN=MEAN OF Y VALUES 4
XMEAN=MEAN OF X VALUES o R
R=CORRELATION COEFFICIENT o
SLOPE=SLOPE OF LEAST SWUARES LINE
TRCPT=INTERCEPT OF LEAST SQUARES LINE
F=FRATIO STATISTIC : ’
T=T STATISTIC -
YLS=LEAST SQUARE VALUE OF Y :
SSY=5U¥, OF SQUARES OF Y RELATIVE TO YHtAN
VARYN=VARIANCE OF YMEAN
VARSLP=VARIANCE OF SLOPE
VARYLS=VARIANCE OF FITTED LINE
M=NDe OF CATA PTS IN EACH SET
N=NO«OF CATA SETS
"DSY=SQUARED DEVIATION UF Y FROM YLS
SDYLS=5TDe DEVIATION OF Y RELATIVE TU YLS
SDSLP=5STU« DEVIATION OF SLOPE
5u11ca—qu1 OF SQUARES UF DEVIATIUN REMOVED BY THE CORKELATIGH
' M1L5=5U OF SQUARES OF DEVIATION OF Y FROM YLS
DIN&NSION Y(10Us150)9X(10815C)sSUMY{10)sSUMXILIU)sYS5(109150)9X3(10s1
156G ) sSUMYS (1w ) sSUMXS(10) s YMEANT1G) s AMEAN(10) s XY (1051501 s SUMXY (] Q)5S
TUMIYS(10U)3SUMIXS(20) »SUMIXY (10)sR(10)sSLOPE(10)»TRCPT(10)sF (101}
1 SSY(19)255X(10)sT(6)sDSY(1U9150) sVARYM(10) sVARSLP(10)sVARLS(1C

.1):5Utho(1u)95UM1LS(IC)5M(IUIQJDYI(10)QODSLP(IU),YLS(lUQISU)sVARXH

1(10)

DATA INPUT

N=2

NSETS=2

DO 1001 KKK=1sNSETS

IF(KKKeGE.9) N=6

READ(5s1) (M(1)sI=1sN} |
DO 1000 I=1sN . o N




nnn

1u0

101

102

" 1u3

MO=(1)

DO 1V0 J=1sM0

READ(592) X(IeJ)sY(1sJ)
CONTINUE |

LEAST SQUARES ANALYSIS

SUMY (1)
SUMX (]
SUMYS(I)=ue

SUMXS({I)=u.

SUMXY (1)=U,

DO 101 JU=1sMO

SUMY (T )=SUMY(T)}+Y({IsJ)
SUMX(Ty=SUMX({TI)I+X{1sJ)

YS{IoJ)=Y({1aJ)#¥%2

XS{IsJ)=X(1eJ)¥%2

SUMYS(1)=5UMYS(T)1+YS(I+J)
SUMXS(1)=SUMXS(T1+XS{IsJ)
XY(ToJ)=X{TsJ)%Y(TsJ) .

SUMXY (1 )=SUMXY (1)+XY(1sJ) .

CONTINUE

YMEAN(I)-SUWY(I)/FLOAT(M(I))

XMEAN( 1 1=SUMX (1Y /FLOAT(M{T )

SUMLYSIIY= ouﬁYS(l)-YMEAN(I)“Squ(I)
SUMIASITI)=S5UMXS(TI=XMEAN{T ) ®5UMX{T)

SUMIXY (1) =SUMXY (I 1=-XMEAN(] }#3UsY(])
SLOPE(I)=58UM1XY (T )/SUMIXS(T)

TRCPT{T 1 =YMEAN(I)-SLOPE () #XIGEAN(T)
ROI)=SUMIXY(1)/SGRT{SUMIXS(T)*SUMLIYS(T))
SUMICS(I)={SUMIXY(T))%%2/SUMIXS(])

FID =UIRII)*%x2)%FLOAT(M{I)=2)) /701, -R(])%%2)
T(I)“(R(I)*QGRT(FLOAT(M(I)-2)))/SQRTII.-R{I)*“2)
WRITE(6:3)

WRITE(6T)

WRITE(694)1

WRITE(635)

DO 1U2 J=1sM0O

WRITE(6s6) X{TeJ)aY(1IsJ)

CONTIMNUE

WRITE(6+8)

DO 1U3 J=1sMO
WRITE(699)Y(I9J)9X(I’J)9Ya(19J39Xb(I;J)9XY(19J)
CONTINUE

WRITE(6s1V)
WRITE(699)ISUMY (T sSUMX{T)aSUMYSII) sSUMXSII) ¢SUMXYL(T)
WRITE(6+11) YMEANI(I)

WRITE(6+12)XMEANI(])

WRITE(6913) SLOPE(])

WRITE(6514)YTRCPT(])

WRITE(H69+15)R(1)

WRITE(6916)F(])

WRITE(6s17T)T(I)

WRITE(64+18)

WRITE(&s3T)

DC lu4 J=1+MO
YLS{19J)=TRCPT(I)+SLOPE(I)%#X(1sJ)
WRITE(6919)X{IsJ)sYLS(IsJ)

ll n

0
¢



1u4

NnNAN

s ¥aNaliNaXaXata

[aXaka!

105

1000

180

CONTINUE |
SUMILS(1)=5UM1YS(T)-SUMICS(T)

CONFIDENCE LIMITS OF SLCOPE + LEAST SQUARES LINE

SSY(1)=U,
DO 105 J=1sMO
DSY(IsJ)=(YEIsJ)=YLS(IsJ)) %2
SSY(1)=5SY{1)+DSY (1)
CONTINUE ~ o
VARLS(I)=S5Y(1)/FLOATI{M(I)~2)
VARYM( I )=VARLS (1) /FLOAT(M(I))
VARSLP (1) =VARLS(1)/5UM1XS( 1)
SDYM{I)=SQRT(VARYM(I)) .
SDSLP(1)=5QRT(VARSLP (1))
WRITE(6320)

WRITE(6521) VARLS(I)
WRITE(6322)VARYM(T)+SDYM( )
WRITE(6923)VARSLP(I)»SDSLPLI)
CONTINUE

ESTIMATE OF RELATIVE SIGNIFICANCE GOF LINEAR CURRELATIUNS BETWEEN
SETS OF DATA TAKEN INDIVIDUALLY AND COLLECTIVELY

WRITE(6224)

1U6

107

SUM OF SWJARES FOR COMPARISON OF SEVERAL.LINEAR CORRELATIUNS

XSUM=U . ' .
YSUM=U,
XKYSUM=U e

CSUM=U .,

YLSUM=0‘

DO 1U6 I=1sN
XSUM=XSUM+5UMLIXS(T) .
YSUsM=YSUM+SUMLIYS(T)
XYSUM=XYSUM+5UMIXY ()
CSUM=CSUM+5UMICS ()
YLSUM=YLSUM+SUMILS(1)
CONTINUE '

SUM OF SQUARES FOR TOTAL

MM=0
DO 107 I=1sN

MM=MM+M( 1)

CONTINUE

TSUMX=0.

TSUMY=0.

TSUMYS=uU.

TSUMXS=0Ue

TSUMXY=U.

DO 108 I=1sN

MU=M(T)

DO 1u8 J=1lsMuU
TSUMX=TSUMX+X(1sJ)
TSUMY=TSUMY+Y(IsJ)
TOSUMYS=TSUMYSH+(Y (I »J) )22
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108

109

TSUMXS=TSUMXS+(X{T2J) ) %#¥2
TSUMXY=TSUNMAY+X {1 sJ)*Y (IsJ)
CONTINUE

TYMEAN= TbUmY/FLOAT(VH)
TTXMEAN=TSUMX/FLOAT (#4i4)

TSUML X= TSJVquTXHEAN*TSU%x
TSUMIY=TSUMYS-TYMEAN®TSUMY
TSUM1IB=TSUMXY-TXMEAN®T SUMY
TSUMIC=(TSUMIB)#%2/TSUM1X
TSUMIL=TSUML1Y-TSUMIC
TSLOPE=TSUM1B/TSUMLIX
TTRCPT=TYMEAN-TSLOPE*TXMEAN
TR=TSUM1B/SQRT (TSUM1X*TSUMLY)
TE=(TR%%2 ) *FLOAT(MM=2)/(1e—TR#*%2)
TT=TR*¥SQURT{FLOAT(MM~2))/SURT(1,~TR¥%2)

‘SUMS OF SQUARES FOR MEANS

ZSUMXS5=04"

ZSUMYS=U,

ZSUMXY =0, .

DO 1U9 I=1sN

ZSUWMXS= ZSumxb+(oqu(1))**ZIFLOAT(M(I))
ZSUMYS=Z25UMYS+SUMY LT ) ##2/FLOAT (A1)

2SUMXY= ZSUNAY+0UMX(IJ*QUMY(I)/FLOAT(M(I))

CONTINUE

25UMXS=25UMXS~TSUMX#%2 /FLOAT (1414}
ZSUMYS=2SUMY S=TSUMY %2 /FLOAT (M)
ZSUMXY=ZSUMXY—TSUHX*TSUMY/FLOAT(Mm)
ZSUCS=25Ui XY %% 2/Z5UKXS

ZSUMLS=ZSUMY 5-25UMCS

ZSLOPE=ZSUMXY/ZSUNMXS

DIFFXW=TSUMLX=ZSUMXS

DIFFYW=TSUM1Y-ZSUMY5 .

DIFFBwW=TSUMLB~ZSUMXY

DIFFCW=DIFFBwW*%2/DIFFXW .

DIFFLW=DIFFYW=DIFFCW

PSLOPE=XYSUM/XSUM

WRITE(6s25)

WRITE(6s27)
WR}TE(6926)TSUMIXsTSdMlY’ToUMlBsTSUMICsTSbH]L9TSLOPE
WRITE(Es28)Z5UMXSsZSUMY S s ZSUMXY 9 ZSUMCS s LSUMLS s ZSLCPE
WRITt(észg)DIFFXW,DIFFonoIFFb.9DIFFCM90iFFLw’PSLOPC
DO 11U I=1sN

WRITE(6a3u)IQbUMIXS(I)aSUnlYS(I)sSUMlXY(II’SUM1CS(I)55UM1LS(I)’SLC

1PE(I)

110 CONTINUE

WRITE(6a31)XaUMaYSUMsXYSUanSUM;YLSUM
ANALYSIS OF VARIANCE

WRITE(6332)
WRITE(6+33)

A=ZSUMLS |
B=TSUMIL-ZSUMLS~DIFFLW
C=DIFFLW~YLSUM

D=YLSUM
WRITE(6534)AsBsCsD

181
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WRITE(6935)
AA=ZSUMLS
BB=TSUMLL~ZSUMLS-DIFFLW
CC=DIFFLW
WRITE(6936)AAsBBsCC

1001 CONTINUE

»FORIAT STATEMENTS

FORMAT (614)

FORMAT (2F10Ue5)

FORAAT ( 1HUs&44H LEAST SQUARES ANALYSIS OF INDIVIDUAL CURVES )
FORMAT (1HUs12H DATA SET NO  +2Xs13)

FORMAT ( 1HUs5H BUGS "~ »15Xs7H CARBON )

FORMAT(1H sF1lUs4s5XsF10e4)

FORMAT (1HU911H ECHC CHECK )

FORMAT (1Hus15X92H YsOX22H Xs9Xs3H YS9B8Xs3H XS528X»s3H XY )
FORMATIIH 91UX91PE11e495X91PE11le4s5Xs1PE11a495Xs1PE1Le4s5X91PELLSG
1)

10 FORMAT (1Hus4H SUM ) '

VOB~ WP N

11 FORMAT(1HUs17H MEAN VALUE OF Y= ,1PE1l.4)
12 FORMAT({1HUs17H MEAM VALUE OF X= 91PElle4)

13 FORMAT(1HUGs21H LEAST SQUARES SLOPE= 91PEl1l.4) -
14 FORMAT(1HUs25H LEAST SQUARES INTERCEPT= +1PElle4)

' 15 FORMAT(1HUs19H CORRELATION COEFF= #1PEll.4)

16 FORMAT(1HUs9H F RATIO= #1PE1ll.4) .

17 FORMAT(1HU»13K T STATISTIC= »1PElle4)

18 FORMAT(1HUs12H FITTED LINE )

19 FORMAT(1H #91PE114435X91PE1le4) .

206 FOPMAT(lHu,SUH CONFIDENCE LIMITS OF SLOFE AND LEAST SGUARES LIRE
1) . .

21 FORMAT(lHu’ZZH VARIANCE OF E&TIMATE- s5X31PELlle4)

22 FORMAT (1Hus18H VARIANCE OF MEAN=  95X91PE11.495Xs9H STD DEV= »5Xs

11PE1le4) ;

23 FORMAT (1HU»19H VARIANCE OF SLOPE~ 95Xs1PE110495Xs9H STD DEV= o5X
121PE11.4)

24 FORMAT(1HUs116H ESTIMATE OF RELATIVE SIGNIFICANCE. OF LINEAR CORREL
1ATIONS BETWEEN N SETS OF DATA TAKEN IKDIVIDUALLY AND COLLECTIVELY
1 ) , ~

25 FORMAT(1Husl6H SUMS OF SGUARES )

26 FORMAT(1HUs6H TOTAL  94Xs1PElletslXs1PElle4s1Xs1PELL, 4,1As1PE11 by
11Xs1PE11le4s1Xs1PE1Ls4)

27 FORMAT(12Xs7H SIGXSQe3XsTH SIGYSQs3Xs6H SIGXYs4Xe7H SIGCSQe3XsTH S
11GYLSs4Xs6H SLOPE )

28 FORMAT (1Hus6H MEANS .4x,1P511.4,1x’1P511 4,1x,1P513 49lXs1PElLlst s
11Xs1PE11lo&*1X91PE1344)

29 FORMAT(1HUs7H DIFFCS 94X21PElle4s 1x,1PE11.4,1x,1P511 L4s1Xs1PEL1lel s
11Xs1PE1lo4s1Xs1PElle4)

30 FORMAT(1H »s4H SET»1X»1352Xs1PE11e451X51PELL.491Xs1PELL, 431Xs1PELL,
1491Xe1PElLlofs1Xs1PELLe4) - B

3] FORMAT(1H 94H SUMs6X31PE1Lelts1Xs1PEL1lets1Xs1PE1lcss1Xs1PELlebs1Xs 1

" 1PElle4s1Xs1PEllet) .

32 FORMAT(1HUs21H ANALYSIS OF VARIANCE }

33 FORMAT(1HUs18H INDIVIDUAL SLOPES )] .

34 FORMAT(1H s7H MEANS= 91Xs1PElles4/ 26H MEANS SLOPE-POCLED SLUPE 1l
1Xs1PE1lle&/ 16+ BETWEEN SLUPES=  s1Xs1PElle&s/ TH ERROR=  o1Xe1PELLls
14)

35 FORMAT(1HUs13H POOLED SLGPE y



36 FCRHAT({IH s 7TH MEANS=91X91FFlle&4/ 6H DIFF=
1 s1Xs1PE1lls4)

37 FORMAT(IHUe5Xe2H Xe9Xe4H YLS)
STOP . »
END

o ToT G296

Lk

oy

103
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APPENDIX V
ANALYSIS OF CENTRAL COMPOSITE STATISTICAL DESIGN
(Johnson & Leone (1967)

Davies (1967)
Wu (1963))

DEFINITIONS
[x] matrix of coefficient factors
[yl response matrix
(8] matrix of fitted coefficfghts
Sz(y) : e#iimated variance of centre point
SZ(B) estimated variance of fitted coefficients
[?] ‘ matrix of estimated response from model
{sS] matrix of sum of squares accounted for by

fitted coefficients
 FORMULAE

3 - [0t |7 ot
(s2(e)] = E;le[x]j"‘j s4(7)
[¥] = [x] [8] |

[ssl = [8] [x3' [¥]

CANONICAL TRAMSFORMATION
(Davies (1967))

Fitted equation:

2
2

2

+ 0.06276 x.° + 0.03426 x.° (v-1)

3
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Determination of Centre of System
The position of the centre of the system of contours
represented by equation (V-1) is found by solving the

following set of equations in Xys Xos xé:

2.\’__ = = - - 4
_a.L = “ = - “ i 8 X + “ “ 852 X

| yielding centre co-ordinates Xis ofL(O,O,O).

| Therefore, the céntre 6f the sysfém coincided with

~ the centre of the experimental design at the 95% level

where first order effects are not significant.
Therefore, Ys= 0.9933

where YS= v{(0,0,0)

Canonical Form of Second Degree Equation

} 2 2 N

“where Xi are the'transformed X and Bii are the solutions

to
.~ 1 |
byy = By 7 by2 7 b3
LI b., - B 1y =0 (V-3)
7 byp 22 = By 7 by3
1 ] |
7 by3 7 ba3 by - Byy
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= 1.83398
By, = -1.861915
Bz = 0.02793406

Determination of Axes of Canenical Equation

The orthogonal trahsformation which changes equation

(v-1) to its canonical form is

myg g xgy)

Gyt Mg =01 for i =1,2,3
where Tyy are the elements of the determinant (V-3) with
the values Bi.i included yielding:

0.33143 - 5.12626 99.865182
m] = 0.596953 4.718997 99,880
| - 4.13068 x 1672 4.91835 x 10°%  7.66577 x 10

Canonicai Form

Y - 0.9933 = 1.83398 xl2 - 1.861915 xzz + 0.027934 x32
where X = 0.33143 x, - 5.12626 xé + 99.86518 x,
X, = 0.59695 x, + 4.71900 x, + 99.880 xg
X3 = - 4.13068 x 10'2x] + 4.91535 x 10'2x2

+ 7.66577 x 10'2x3
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PROGRAWM DFTLRMINFS FIRST AND SECOND ORDER RESPOHbE SURFACE TC
A CENTRAL COMPOSITE STATISTICAL DESIGN

PROGRAM EVALUATES COEFFICIENTS OF FITTED MODELs THEIR VARIANCEs "™
AND PERFOR#S AN ANALYSIS UF VARIANCE ON THE RESPONSE SURFACE

VARIANCE OF

DEFINITIONS
NSETS=NO
NTEST=NO
NCOEF=NO
MCOEF=NO
NREPS=NO

AK=MATRIX

COEFFICIENTS IS ESTIMATED FROM REPLICATES AT CENTRE PT

CF SETS OF MEASURED RESPONSE >
CF EXPERIMENTS PERFORMED

OF COEFFICIENTS TO BE ESTIMATED

OF COEFFICIENTS IN 2ND ORDER MODEL

OF REPLICATES AT CENTRE PUINT :

OF CODED VARIATE LEVELS OF SIZE NCOtF*JTEST

Y=MEASURED RESPONSE
XTRANS=TRANSPOSE OF X MATRIX

C=MATRIX
CY= C*Y

DEFINING COEFFICIENTS OF ESTIMATED PARAMETERS

C1=INVERSE OF C MATRIX

B=MATRIX

OF ESTIMATED COEFFICIENTS _ ' ~

YMEAN=MEAN OF REPLICATE RESPONSES
YVAR=ESTIMATED VARIANCE OF MEASUREMENT ,
BVAR=MATRIX OF VARIANCE OF FITTED COEFFICIENTS
YEST=EXPECTED RESPONSE FROM FITTED SURFACE
SSYDIF=SUM (Y=YEST)#%2

SS=ESTIMATED SUM OF SQUARES

DF=DEGREES OF FREEDOM

YTOT=5S DUE TC ERRCR

SSYDIF=SS DUE TO RESIDUAL

ZMS=MEAN

SQUARE

F=F RATIO RELATIVE TO ERRCR MEAN SUUARE

FF=F RAT

10 RELATIVE 710 RESIDUAL MEAN SGUARE -

INPUT AND OUTPUT CRDER OF COEFFICIENTS (B) 1S
Bl=(X1%X2%X3)%x%U

B2=X1
B3=X2
B4=X3

B5=X1%#X2

B6=X1%X3
B7=X2%X3

B8=X1%X2#X3

B9=X1xX1

B10=X2%X2
B11=X3#X3 o _
SUBSCRIPTS 13253 REFER TO INDEPZNDENT VARIARLES

DIMEMSION X
IN1(25)8B(25

(?5925)9Y(25)sXTPANS(?5925)9C(30,“0)9CY(25!9C1(30$30)$
) sBVAR(25925) s TERM(25) s YEST(25) s YDIFF(25) s YDIFFS{25)»

135(25)9DF(25)9YY(25):ZMS(25)9F(25)sFF(Z))

NSETS=2

" MCOEF=11.

DO 1ul0 KKK
WRITE(6+21)
DO 1U00 KK=

=1sNSETS

13
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DEFINE ARRAYS TO BE ZERO

DO 10U 1= 192)
Y(1)=0,
CY(1)=0,
N1(I1)=0
B(I)=0.
TERM(I1)=0
YEST(1)=0,.
YDIFF({I)=Ce
YDIFFS({I)=Ue
SS{i)1=0.
DF(1)=0%
YY(I)=0.

ZMS(] I=Ue
F{I)=U.
FF(1)1=04 .
DO 10U J=1s25
X(I1sJ)=0,
XTRANS(IsJ)=ue
Cl1sJ)=0,
CilIsJ)=0U,
BVAR(I s J)=Ue
CONTINUE
WRITE(6:22)
WRITE(6.23).
WRITE(6924)
WRITE(6s25)
READ(591) NTESTasNCOEFsHREPS

DEFINE CODED EXPERIMENTIAL LEVELS

READ{5s2} ((X{I9J)sJ=1sMCOEFYs[= lsNTEST)

DO 1uUl I=1sNTEST .
READ(5s3) Y(1)

WRITE(652v) To(X{Iad)sd= ]9MCOEF)9Y(I)

CONTINUE

-TRANSPOSE X MATRIX

DO 1u2 I=1»NTEST
DO 102 JU=1»NCOEF
XTRANS(J,I)—X(laJ)

CONTINUE

DEFINE MATRIX OF COEFFICIENTS FOR ESTIMATES OF PARAMETERS OF

FITTED RESPONSE

WRITE(6526)

- DO 1U3 I=1sNCOEF

103

DO 1U3 JU=1sNCOEF
DO 1U3 L=1sNTEST

C(IsJ}-C(IaJ)+XTRANSfI’L)*X(L’J)

CONTINUE

hRITE(és??J!(C(I;J)9J I’NCOEF)oI 1sNCOEF)
DO 104 I=1sNCOEF

DO 104 J=1sNTEST

188



a3 aKa

a¥a¥a'

[sEaka!

laNaka

aNaKa!

106

105

189

CY(IBaCY(1)+XTRANb(igJ)*Y(J3

-CONTINUE

WRITE(628)

INVERT € MATRIX

DO 1G5 1=1sNCOEF

DO 1U5 J=1+NCOEF

S CL{IsU=Clls )

CONTINUL
N=3u
NN=NGCEF
ZERO=14E-10 - y
CALL INVMAT(ClahaNNaZEROaIERRsnl)

%

a1 15 NON THE IhVERSE CF ¢
wRITE(6s27)((c1t1,J),J .1 sNCOEF) s 1= lsNCOEF)

WRITE(6;29)

EVALUATION OF COEFFICIENTS OF FITTED MODEL

DO 1U6 1=1sNCOEF

106

107

1001

DO 1U6 J=1sNCOEF -

BlI1)=C1{IsJ)%CY(JI+B(1)
CONTINUE S

EVALUATION OF VARIANCE OF FITTED COEFFICIENTS

NERROR=NTEST-NREPS+1 e
IF(KK«GE+2) GO TO.10U1 i
SUMY=U, ST

SUMYS=0,

DO 1v7 I=NERRORsNTEST

CSUMY=5UMY+Y (T)

SUMYS=SUMYS+Y (T ¥Y (1)
CONTINUE

 YMEAN=SUMY/FLOAT (KREPS)

YVAR= {SUMY S~ YfEAN*oU|Y)/FLOAT(NREPS"I)

CONTINUE
DO 1v8 I1=1+NCOEF

. DO 108 J=1sNCOEF

108

209

BVAR(1sJ)= Cl(IoJ)*YVAR

CONTINUE

DO 200 1=1sNCOEF

WRITE(6:30) IsB(I)’BVAR(I’II

CONTINUE

WRITE(6238)

WRITE(6527)((BVAR(IQJ)9J 1$NCQEF)9I I’NCOtF)

ANALYSIS OF VARIANCE 43

WRITE{(63531) i
WRITE(6:32)

TWRITE(6s4U) - ; s
. SSYDIF=Ua
- DO 1U9 I=1sNTEST

" DO 201 J=1sNCOEF
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109

110

111

112

113

114

TERMIJ)I=X(TU) =B LY

YEST(I)= YEST(I)+TERN(J>

CONTINUE

YDIFF{1)=Y(I)=YEST(])
YDIFFS(IY=YUIFF(I)1%x2

SSYDIF= SQYDIF+YDIFFS(I) v
CONTINUE - T
DO 110 I=1sNCOEF ~
SS(I)=B(1)1=CY(1) '

DF(I)=1.

CONTINUE K

YTOT=u,

DO 111 I=NERRORsNTEST
YY(I)=Y{I)-YMEAN
YTOT=YTOT+YY(I)#%2

CONTINUE

NT=NCOEF+3

SSINT-2)=YTOT
DF({NT-2)=FLOAT(NREPS~-1)
SS{NT)=55YDIF
DFINT)=FLOAT(NTEST~NCOEF) -
SSINT-1)=SS{(NT)I-SS(NT-2)
DF{NT-1)=DF INT)=DF (NT=2YV

DO 112 I=1sNT

ZM5(1)=5S{1Y/DF (1) .
CONTINUE o
DO 113 I=1sNT i
FUI)=ZMSIT)/ZMSINT-2) i
FF(I)}=ZMS{1)/ZMSINT)

CONTINUE

DO 114 I=1sNT

wRITE(693J) I9SS(I);DF(I);ZMS(I);F(I}sFF(I)
CONT I HUE
Z-_—Ol

- DO 115 I=1sNTEST

115

2=Z+Y (] )y%%2
CONTINUE

ZZ=U-

DO 116 I=1+NCOEF

P ZL=27+455(1)

116

CONTINUE
Z2=2Z+SS(NT)
WRITE(64+34)
WRITE(64+35)

Moy
Fa

"WRITE(6+37) £

WRITE(6539) Z2 IS
WRITE(6536)

IF(KKGE.2) GO TO 1000

 WRITE(69+41)

1000

(aFaXal

CWN =

CONTINUE

- STOP

FORMAT STATEMENTS

FORMAT (314)
FORMAT({11F541)
FORMAT (F2047)

FORMAT{1IH 91392XsF54131XsF5e191XsF5s 191X9F5 1’1X9F5 1’1X:F5 1e1XsF

190
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e | | 191

15e191XsF5e191XsF5.191X0F54191K3F5.192XsF10e5)
21 FORMAT(1H1519H SECOND ORDER MOBEL )
22 FORMAT(1H 9114 ECHO CHECK ) h :
23 FORMAT(1Hu»36H COGED LEVELS OF EXPERIFENTAL DESIGN )
24 FORMAT(1HUs6H TRIAL 915Xs25iH FACTORS AND COEFFICIENTS +30Xs9H RESP
J1IONSE - ) . . o
25 FORMAT(IH s6X93H X193Xs3H X293X93H X393Xs3H Xb»2Xs4H X1292Xs4H X173
192X04H X231 Xs5H X123:2Xs4H X11le2Xsh4H X2292Xs4H X33 )
26 FORMAT(IH1s9H C MATRIX ) R
27 FORMAT{11F11.5) :
28 FORMAT(1Hvs18H INVERTED € MATRIX )
29 FORMAT(1H1s2vH FITTED COEFFICIENTS /)
30 FORYMAT(5Xs21f BsI232H =sF20,995%s10H VARIAMCE=9F20414)
31 FORMAT(1H1s21H AMALYSIS OF VARIANCE )
32 FORMAT{1Hvs7H SOURCEs 5X915H SUid OF SQUARESs 5Xs5H DeFes 5X212H HE
1AN SGQUAREs15X»7i4 F TEST Y . ' 1
33 FORMAT(1IHU32H BsI393XsF156525X5F106595X9F10,595X9F10a4595X2F10.45)
34 FORMAT(1Hvs15H ERROR FOR I=12 . ) .
35 FORMAT(1HVs)8H RESIDUAL FOR I=14 )
36 FORMAT(1H1s18H FIRST ORDER MODEL )
37 FORMAT{1HJs22H TOTAL SUiW UF SGUARES= F18.5 )
38 FORMAT (1HU16H VARIANCE MATRIX ) ,
39 FORMAT(1HU»26H ESTIMATED SUM OF SQUARES=  sF15.5 )
40 FORMAT(1H 961Xs6H ERRCR #7Xs9H RESIDUAL )
41 FORMAT (1HUs29H INTERACTION EFFECTS INCLUDED )
END

CD TOT ~ v259
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APPENDIX VI

'PRELIMINARY TESTING, TEMPERATURE AND PRESSURE EFFECTS

TEMPERATURE EFFECTS

Thermal Death

Extended recyciing oélthé test slurry fhroﬁgh the apparatus in an
effort to obtain steady-state operati;n preparatory to sample collection
- resulted in an increase in slurry temperatﬁre. Pfeliminary testing
with a hydrocyclbne‘of Dc= 0.5 inches accepting a volumétric flowrate of
leﬁﬁninmmased.the temperature of the test slurry from an initial value
of 23°C to approximately 459C for an operating period of 0.5 hours. Such
a change in the physica} environment was expécted to have a significant
effect on the number of viable micro—orggnisﬁs in the mixed culture and

K s

' the rates of their metabolic processes.

The resistance of protoplasm ;o éémpegaturg increases is dependent
on the strength of the weakest chemiééi;bbnds. Lamanna and Mallette (1965)
report values of from 1.3 to 8.3 Kmllmolé, depending on atomic configuration,
for the lowest bonding energies in bacterial protoplasm. Since proteins
are thought to be formed by hydrogen bonding, their rupture is probably
responsiblé for thermal death. Lamanna and Mallette (1965) conclude that
| hydrogen bonds are broken during the hea# denaturation of proteins and that
~ losses in biological ac;ivity are assogiatéd with this procesé; Thermal
death has also bgen ascribeq to the mgigiﬁg of deoxyribonucleic acid, a
nucleic acid essential for thqiprocesséngf reproduction. The minimum

4

temperature reported for this phenomenon is 70°C and hence "thermal death"

X

effects in this study are related to an inability to metabolize substratg

rather than an inability to reproduce.
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=
Each micro-organic spécies hasa gﬁézac;giistie tempefature fér

which meﬁaboiic aefivity?is,é6ssib1@, >Sin¢e fhé test slurry consisted

of a mixed microbial population incubated at approximately 23°C, it was

expected that some fraction of the culture would experience a significant

decrease in the rate of metabolic activity for a temperature increase of

.aboﬁt 20°C. Studies by'Lamgnna and Mallette (1965) indicate that

psychrophilic bacteria m@tabolize suﬁstxéce ﬁell at temperatures not aich

higher than 20°C but exhibit essentially no gfowth above 30°C.' Further,

 the desaturation of protenacequs material igéan irreversible process for

SOme vegeﬁative ceils.‘ (Dean .and Hinéﬁélwooﬂ (1966)). Therefore,

exposure to an environmé@t with a temperature far removed (say 15°¢)

from the incubation temperatuﬁe could result in the permanent sterilization

of some speéies. To minimize the possibility of thermal death in this

stqdy, thevtest slurry was cycled through the apparatus for a period

sufficient to obtain a steady-state particie size distribution

(i.e. eliminate the presence of microbial flocs) but short enough to

result in temperature increases in the teét slurry of less than 5°C.

Thus, the possibility of thezmal death was minimized.

S

. ¥ '
EFFECT OF TEMPERATURE ON SPECIFIC GROWIH RATE

'2.
Each species of micro-organisms is characterized by an optimum

temperature defined relative to the velocity of substrate disappearance
(Pelczar ahﬂ Reid (1965)).» ThiS’temperatﬁfe is a funétion of the chemical
‘and physical properties of the environment as well as the relative
tates of protoplasm synthesis and protein or enzyme denaturation.

Dean and HincheIW@Qd.(1956) report that below the optimum temperature

the multiplication ratevof.baeteria follows approximetely the Arrhenius-
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‘Van't Hoff relationship.

a :
1ok = —EE + C
RT

ﬁhere éHﬁIz heat of activation
R = gas constant
T = temperature (°K)
G = constant.
k = reaction rate.constant

>

Since, however, growth depepds upon a comgléx system of reactiomns,

each of which‘have their iﬁdividual temperature coefficients, the
dependence of reaction rate constant on temperature must be determined
empirically. Above:&he optimum temperature the rate falls very rapidly

as a result of the inactivation of enzymes ﬁhich increase in entropy due to
& breakdown of low energy hydrbgen bonds. This pheﬁomdgbis also comflex
and must be evaluated empirically, Lamanna and Mallette (1965) define

a temperature coefficient ~ |
_ KTZ ; L
AT KTf ¥

which expfesses the effect af'temperature;?n the velocity of biological
reactions by a ratio of the overall reaction rate constants for substrate
disappearance at the extremes of a temperature raunge. By differentiating
the Arrhenius-Van't Hoff relationship with respect to temperature:

R TyT,1nQ,,
' T

Hy

The heat of activation is characteristic of a given reaction and for
most biological reactioﬁs, is independent of tempefature (Lamanna and

<,
Mallette (1965)). Therefofg,*the change in reactiom rate constant for

small changes in temperature would bévexpedééd to be small. Data
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presented by Lamanna and Mallette (1965) indicate values of Qqr for aT = 109¢
to be less than 2 for a spectrum of temperatures ranging from 0 to 120°C and
values of heatsvof'agtivatiOﬁ less than those represehting normal enzyme
inactivation, Soﬁietimes9 biolqgical brocesseé exhibit.a considerable
change in Qéw g'leoc With temperature;“(Deaﬁ and Hinchelwood (1966)}.
This has been ascribed by lLamanna and Mgllecte (1965) to a strong dependence
of temperature coefficient on thé se#sitivitf of the intermal and external
environments to tempezétuxa changes. Sincé protoplasm is a heterogeneous
system the state of partieular phases, the viscosity and the pH or
oxidatioﬁ-rgduetion‘potenﬁial may be affected differently by a temperature
change. Therefore,Ain a biological systém témperature variation may lead
to,uncontfollable and unknoWg changes in numerous variables which afe
reflected in the temperature @oefiiéiegt. . | |

Lamanna and Mallette*(1§55) questi;p thevvalidity of applying
traditional chemical théories to define?the effects of temperature on
rates of biological processeé. These theories #re based on the éssumpti@m
that a chemical event can bebhalted only at gbsolute zero, Since vital
biologicalvactivities cease at temperatures far removed from absolute
zero, the Arrhenius Van't Hoff relationship may not be valid. Lamanna
and Mallette (1965) propose a theory of molecular resisﬁance to define
biochemical reactions based on the fact that the free diffusion of
teagtants in protoplaém determines the rate of a biological event.
Based on ﬁhe hypothesis that_yhe h;&ration of ions and'molecules in the
aqueous‘environment provide the reSistaﬁ;e to free diffusion they found

that the relationship.

V2. &2 mx,y
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¥
described the dependence of reaction rate on temperature, where

V2 and V1 = the rate of biological Processes at temperature
Tz and Ty respectively

x = the minimum temperature at which the event‘takes place

b = the temperature coefficient
Wuhrmanm (1954) studied the effect of temperature on the unit rate of oxygen
uptake for mi#ed cultures of bacteria growing on a sugar. He found the fol-

lowing expression to fit his data:

r
log L = 0.0315 (7, -
r2 » (]_ Tz) ‘
_ when r; = unit oxygen uptake rate at temperature T;-

Ty = unit oxygen uptake rate at temperature T,

Y

For a 5°C temperature increase from an initial value of 23°C,

‘the increase in the velocity substrate disappearance would appear to be
significant. To reduce the influence of temperature on the evaluation of
the relative specific growth rates of the effected slurry separation,
samplesewere allowed to'cool slowly to approximately 23°C before inoculation
into the nutrient envirorment.

| Therefore, the possibility of thermal death was minimized by
permitting a maximum slurry temperature increase of 5°C and the possibility
of measuring non-representative specific growth rates was mlnimized by
evaluating the velocity of substrate disappearance at the initial

temperature of the test elurry.

PRESSURE EFFECTS

Since the test slurry was subjected to static pressures of up to

200 psig in the inlet port of the hydrocyclone separators, preliminary
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testing was initiated to determine the éffects of pressure on the
metabolic activities of the micro-organism population. Pressure

could modify the viscosity and elasticity of protoplasm and result

in changes in the rates of metabolic processes. Lamanna and Mallette
(1965) studied the effects of hydrostatic pressure on E.COLI and found
that enzymes were not damaged at pressures below 2000 atmospheres.
Further studies made on the‘intensi;y of light energy emitted as a
function of temperature and p:éssure for ; luminescent bacterial culture
indicated that for temperatufes close to that of incubation the rate of
metabolic activity, measured as luminescent enzyme production, was
relatively independent of pressure to approximately 100 atmospheres.
Stanier et al (1963) have noted that bacterial cells are comprised of
approximately 75 pef cent water and since water is relatively incom-
pressible pressures of a few atmospheres would not have a significant
effect on the metabolism of the microbes.

Since the levels of pressure exgrted in this investigation were
much lower than those reported to be.;armful to bacteria, the influence
of pressure on.metabolié rates was considered negligible.

Lamanna and Mallette (1965) suggest that a sudden release of
pressure may be harmful to bacferia, which phenomena may be prevalent
in the rapid discharge of the partitioned slurries from the hydrocyclone.

Initial studies in which a culture of micro-organisms was partitioned
intoacycloned fraction and an "undisturbed" fraction which were inoculated

into "identical" physical and chemical environments indicated that
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differences in the metabolic activities of the two portions, measured
as specific growth rate, could not be ascribed to pressure effects.
Therefore, the influence of gystem pressure on the specific growth

rates of the separated microbial slurries was considered negligible.

TEST SIURRY PREPARATION

| At thevcumpletion of éach experimental run, the contents of the
overflow and qnderflgw test reactors were mixed to define the seed
population for the nexﬁ-run.' Preliminary inﬁestigation indicated‘that
immediate inoculation of tﬁe.see& population into a fresh enviﬁgnment
: resulted in a considerable delay -in the iniﬁiation of substrate
dis&ppearance measuréd as organie carbon. Since the physical and
chemical nature of the new environment was identical to the seed
.environment, it was not @xpacted that the micro;organisms Wnuld‘require
é’per;od of adaﬁtaﬁion before being capable of utiliziﬁg substrate

(Dean énd Hinchelwood-(1966)). Since the inoculation of the test
- reactors :epresente& a dilution of aﬁ already small concentration of
micro-organisms (1éss than 800 mg/l)iit was concluded that the retardation
of substrate uptake was an éxpression of the low init;al concentrétion of
viable micro-organisms. Lﬂmannanand Mallette {1965) réport gimilar fin&ings.
and repoxt thaﬁ the length of the lag phase decfeases with iﬁcreasing
iﬁoculum and quantitatively tends to be a 1inear>function of the logariéhm
of ﬁhe number of organisms in the inoculum. Dean and Hinchelwood (1966)
.report similar results for studies of AEROBACTER AEROGENES. In oxrder to
miniﬁizé the lag period, the concentration of the seed population was

increased by a 24 hour batch growth between adjacent runs. Further,



see& volumes representing 677 of the test reactor volumeﬁﬁke used. Dean
and Hinchelﬁood (1966) provide data to indicate that the duration of the
lag phase is a function of the age of the microbial cells, Studies in
which AEROBACTER AEROGENES were transferre& from a growing culture to a
fresh suppiy of the same medium defined by a Carbbn source of glucose
éuggested that the lag was a function of the age of the parent celis and
the source of nitrogen. .Using ammonivm phosphate as a nitrogen source
(as per this inveétigation) tesulted in a lag duration which varied
inversely with cell agé to some minimum value after which it varied
directly with cell age. This phenomenon is ascribed to a lack of
diffusible co=enzym§ intermgdiatgs required}for therutilization of the
nitrogen source in younger cells and chemical decay or loss'of inter-
mediates by diffusionifrom the cell for old cultures. These results
 a:e'substantiated"by Stanier et al (1963) who noted a dependence on
inoculum &olumeskAFor this investigation,lso'pef cent of the éulture

by volume was wasted per day.and replaced with tép water in order to
minimize ﬁhe accumu1ation of toxic metaboliec products in the batch
 seed popula;ion. This procedure‘providgd the benefits ofvreducing

the lag period upon inoculation into a fresh mediﬁm; permitting a
natural selection of microbial species based on characteristic rates

6fkmu1tipligation; and providing a nutrient environment adequately rich

199

in trace elements. Further, the time between feeding the seed population

and effecting a slurry separation was standardized to afford some basis

for relative evaluation of the test runs.
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APPENDIX VIl -

NUTRIENT MEDIA

Eckenfelder and O'Connor (1961) report that a carbon:nigtogen:
phosphorous ratio of at least 49;5:1 is required for bacterial metabolism.

In this investigation, nitrogen and phosphorous were ﬁupplied by
dibasic ammonium phosphate; (NHA)ZHPO4’GF§§nic carbon was supplied
by dextrose C6H1296' Organic carbon was}definedito be the rrowth
limiting nutrient by maintaining nitrogen and phosphorous
in quantities exceeding those of the critical ratio.

The trace elements necessary to sustain bacterial growth were
provided at Tevel greatér than those defining growth limitation by using
tap wqter, augmented bv the addition of iron, potassium and magnesium
compohnds to complete the nutrient medium..

The nutrient envfromngni employed in this study is

K
v.

defined by the‘f61lbwing ﬁésé“ggatioS'per unit reactbr volume:
Cefty0

€ . 3 000

C6t12% -1l
FeCl4+ 6H,

: C6H1206

ko,

1

CeHo0g

- —  _ 14)
MgSO4- 7H20w

10

plus trace elements (tap water).





