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ABSTRACT (

This work preseﬁts the results of a pilot plant
study where a completel§ submerged rotating biological
contactor was used for denitrification of domestic waste=-
water.- ' .

The literature review emphasizes the existing
knowledge on RBC operation and design fundamentals. A‘
brief summary of. the theory of denitrification has been’
presented as this subﬁect alréadyﬁhas been presented in
detail by various authors.

Dye studies were performed for 4 stage se;iés

operdtion and single stage operation. A two CSTR with

interchange flow model seemed to fit the hydraulic model

for single stage operation. The dye requnéé was observed

(L)
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to be function of biological growth which in turn varied
with temperature. )

"Zero orderxr" kinetiés were shown to represent tﬂe
data obtained for denitrification rates at hydraulic
loadings of 2.5 1/min and 4.0 1/min best for the range
of NO;+NO,-N conceﬂtrations studied.

An ene:g§ of activation of 16,506 kcal/mole was

.

calculated for hydraulic loading range of 2.5-4.0 1l/min.
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1.. INTRODUCTION N

The Rotating Biological Contactor (RBC) has in the
past been used for removal of carbonaceous BOD extensively.
In addition, some investiéators have proposed its use for
nitri{ication and algae mdtrient removal. .Only one reported
attempt, Pretorious (1971) has been/ﬁocated that uses the
Rotating Biological Contactor (RBC) system for denitrification.

Although the Rotating Biological Contactqr treatment
system is basically a biological treatment system and éhe
basic principles of biological treatment have been thorougﬁly
studied, the exact mechanisms of removal by the REC is not
known. Different design techniques have been proposed by
different authors.

The aim of this study is to review‘existing
knowledqé about RBC opération and design formulation, and
to Stud§ Fhe effects of various operating variableé

(temperature, hydraulic loading, and mode of operation)

on denitrification by the completely submerged RBC.
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2. REVIEW OF EXISTING LITERATURE

Since basic principles of biological treatment for

-

carbonaceous BOD removal and nitrification have been well
documented by various investigators and authors, they will
not be repeated.” Rather emphasis will be placed on the

Rotating Biological Contactor.

2.1 Rotating Biological Contactors

2.1.1 The Definition and Physical Description of RBC

-

Partially Submerged RBC Systems

The RBC unit is a series of discs closely spaced on
a shaft which is rotated just ébove the surface of waste
ligquid to be treated. The discs are believed to perform ;

five specific functions’CAntonie, 1974) : K

© e

]

a) provide a large amount of available surface
area for the development of a fixed biological

growth,

b) provide contact of this growth with the .
§
wastewater, ' ¢

c) efficiently aerate. the wastewater by carrying
a thin film of liquid from the tank,
i

. . ,
~d) provide a controlled, mechanical means of

;
stripping excess biomass from the surfaces, and

. . :
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e) provide.thoaéugh mixing of each stage of
treatment.

Various disc diameters are being used in practice;
Antonie (1974) employed a_unit of 3.7 m, Steels (}974) /
used diameter of 3.0 m, while Bruce (1973) described a
package‘plant developed for smali communities with 1.0 m
disc diameter. McAliley (1974) used a diameter of 3.7 m
while Summer (1973) and Antonie (1970) indicated that discs

up to 3.0 m diameter are available. Chittenden (1971)

‘descdribed his system consisting of 3.3 m discs. It is

apparent that the diameter varies with the company producing

the RBC although 3.0 m diameter.is normal except for specific
i

I
J

package plants.

The'typical disc spacingé used in practice have been
reportéa by Chittenden (1971) who indicated that typical
cgntei to cente; distance of discs to be 2.5 to 3.8 cnm.
Bruce (1973)_ingicated that a 10.0 mm gap between adjacent
surfaces for a package plant was used while Antonie (1970)
employed 2.5' cm center to center spacing for a package
plant of 1.8 m diameter discs. Normaliyathe disc spacings
are fixed by the manufacturers of the'ﬁBC.

The third property fixed by th? manu%acturer‘is the

{
rotational speed; Beak (1973) gave 1 rpm as ﬁypical for a

3.0 m diameter disc. One rpm for a 3,0 m didmeter disc was

also gquoted by Steels (1974), and quLe (1973) for a package
&
f
f
|

planﬁ.



It must be concluded that various combinations of
different disc diameters, speeds (rpm's) and disc spacings
are possible depending upon the specific¢ field of applica-

tions.

Totally Submerged RBC Systems

This type of system is employed when aeration is
not essential and/orx desirable. The current literature

- Al
does not give any application of this type of RBC.

N «
e

2.1.2 -Historical Development and Various Applications
a

A rotating disc was first used by Doman (1929).

- Maximum BOD5 removal achieved was 27%. The apparatus that
he used was a series of partially submerged discs rotated
at 0.5 rpm. ‘The detention time was 2.4 hrs and/maximum.
'microbial £ilm thickness wasﬁless than 0.8 ﬁm.’

Thirty years passed before the RBC wasfagain used

4

to treat wastewater. Grleves (1972) in his llterature
survey stated that Hartmann had experimented ‘gaxtens:.vely
with a rotating disc plant in 1958. The following con-

clusions were reported:

a) the optimal xrpm was 5 to 7 for a 1.0 m diameter
]

dlSC,
b) the opftimun dlSC spacing was at 15.0 mm,
c) the discs should be submerged as deeply as ¢

possible,



d) best performance occurred when the disc rotation
was in the direction of the wastewater flow,

e) staging was advisable from a "construction view .
point”, but did not affect efficiency,

f) the system was especially suited to small plants,
because of its low maintenance cost§-and
'insensitivity to fluctuations in logd, and

g) the operational cost was "considerably le§s“
than those for activated sludge or trickling
filter proceéses.

Grieves'(l972) cited further. contributions by

Hartmann and Popel in Europe around the mid-sixties. Most

of the existing;literature in the English language appeared

after 1968.

"2.1.3 Mechanism of Removal by RBC

After commencement of operation with any substrate,
a layer of microbial film develops on the surfaces of the
discs. The film is submerged in the substrate to absorb
food and émerges into the air to absorb oxygen. During
submersion of the disc, oxygen is transferred from the liquid
film to substrate and subétréte removal by the film continues.
Hartmann (Steel, 1974) believed that the organisms which

are suspended in the‘liquid also aid in* substrate removal.
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2.1.4 Factors Affecting the Performance of RBC

P MU F SN

To describe mechanistically the performance of any
RBC system would be cumbersome. The success of any such
description is doubtful, since there are many independent
and interdependent operational variables which affect the
ultimate performance of system. ’

The main factors that effect the performance of

an RBC system under steady state conditions are:

1) PHYSICAL FACTORS:

a) the temperature,

b) the physical dimensions of discs (disc dlameter,
dlSC spacings), _ '

c) the rotational speed of dlSCS,

d) the physical dimensions of the tafdk,

e) the physical ébnfiguration of the tank,

f) the inlet and outlet arrangements,

g) the oxygen content of surrounding atmosphere, etc.,
h) the hydraulic loading

i) the existence of staging, and

j) the temperature of substrate.

II) CHEMICAL AND BIOLOGICAL FACTORS:

a) the type of substrate, and

b) the concentration of substrate.



a@

The following variables should be added to the above

list when non-steady state performance is being evaluated:

a) the pattern of change in the hydraulic loading
with time, .

b).

the pattern of change of the organic loading
to the system, and
c) the change of temperature of air and

temperaturxe of- incoming waste.

As one can visualize, there are many factors affect-
ing the performance of any RBC system. That is why many
authors resort to an experimental evaluation by changing
some of the important operating variables and observing
the response in the RBC'performaﬁce. Few authogs have
attempted to develop an overall formula for RBC systems

under steady or non-steady operation.

PHYSICAL FACTORS

Temperature

Since the RBC treatment system is basiéally a
biological treatment sy;tam, it is not surprising that it
is temperature dependent.

Many investigators have studied the effects of
temperature on the performance of the RBC. Antonie (1970)
as a result of his pilot plant stgdy, reported that for any

specified operating conditions, as the wastewater temperature
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was reduced, the performance also was reduced. This
reduction was not signfficant between 10° and Zloq but was
drastic below 10°C. Similar trends have been observed for
Kjeldahl and NH3rN removal and the author suggest the use
of higher‘residence times“to achieve the desired performarce
levels.

Antonie (1974) in his introduction of the "Bio-Surf"
process as an NH3—N removal device reported that the process
efficiency was reduced drastically below.55°F. For 95%
rgmoval, Qlo_(between 55-459F) is given as 1.70.

Pretorius (1974) reported that the energy of
activation was eguivalent to 3658 cal/mole giving Q;q
(between 10°C-20°C) equal to 1.25. This was based upon a
laboratory study of nitrification by RBC system.

Davies and Pretorius (1975) studied denitrification
by RBC systems. Their anaerobic unit was only partially
submerged. They reported 3 different temperature sensiti-

vity Zones for denitrification:

QlO = 13.06 for T<1l0 C
Q) = 1.38 for 10°c-30°c
Q;q = ~2.65 for 7>30°C

In another pilot plant nitrification study, Wilson
(1974) reported a Q;, of 2.36 between 10°C and 20°C, and

an energy of activation equal to 14,200 kcal/mole.



Oxygen Availability f:\ii
tel
Authors have different thoughts as to whether or ¢

not oxygen enrichment of the atmosphere surrounding the
discs helps the performance of the RBC.

The first attempt to enrich the atmosphere to
which the discs are exposed, was made by Torpey and his
co-workers (1972). Using a 10 stage laboratory unit, they
obsexrved the detention time needed for 90% removal of BOD5 was
reduced to 18 minutes, when oxygen enrichment was applied
to the first stage of their system. " When the first and
third stages of the 3 operating stages were enriched, they
observed that substantial reduction in NOD was achieved.

No .attempts have been made in practice to enrich
the atmosPhere.afound the discs to increase the performance.
Hartmann (Beak, 1973) believed that oxygen transfer to the
biomass is ﬂot a limiting factor, and claimed that oxygen
enrichment would not be advantageous.

A second study was made by Pretorius (1974) with
an enriched surrounding atmosphere to observe its effects
on nitrification.m For fixed operational conditions, the
following results we}e obtained:

a) enrichment to 40% oxygen increased the reaction
rate 1.75 times, '

b) at 60% oxygen, the reaction rate was 2 times
higher, and

' S
c) at higher values, increcases in the reaction rate
levelled off.

~F
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There does not appear to be sufficient evidence

concerning the relative effiect of oxygen enrichment in
{

. * s
comparison to the other factors affecting the RBC's perfor-

mance to justify a conclusion. In addition, no attempts have

been reported .. whether or not it is feasible to enrich’

the atmosphere.

Rotational Speed

The important effects of rotational speed will be

on:

a)

b)

c)

a)

e)

the
the

the
the

the
ligq

the

oxygen'?fansfer from the atmosphere to
disc,

oxygen transfer from the atmosphere to
liquid, '

oxygen transfer from the disc to the
uid,

substrate transfer from and to the disc,

from and to the bulk liquid, and

the

organisms. ‘

Many authors have investigated the effects of

rotational velocity for their RBC systems performance.

Antonie (1970) as a result of a prototype application

showed that,

an

increase in rpm from 2 to 3.2 increased the

percentage of BOD, and NH3-N removal. A change from 3.2 to

4.6 rpm did not increase the removal efficiency for either

Ni{, -N or BOD.

3

The COD and S5 removal percentages did not

show any particular change with increased rpm but increases

in rpm resulted in a drastic power consumption increase.



Antonie's observation indicated that there is a
certain optimum level of rpm as far as BODg and NH3-N removal
rates concern. &is data indicated that it is approximately
3 rpm. This would be specific for only the particular system
employed and could ?? different for other systems or opher
operating conditions.

In the liéerature, another optimum value of 5;7 rpm
was given by Hartmann (Grieves, 1972) for his 0.90 m diameter
disc.

Weng fand Molof (1974) studied the effects of rpm

values on nitrification with a laboratory scale disc unit.

They obtained no nitrification at 10 and 20.5 xpm but at

30 rpm, the NH3—N concentration was reduced from 26.6 to
22.7 mg/l. When the rpm was increased from 30 to 42,NH3—N
decreased to 17.1 mg/l in the last stage. The authors
attributed the cause for the lack of ﬁitrification at 10
and 20 rpm to the preéence of excess COD which they claimed
had a toxic effect on nitrification.

Another study on the effect of rpm on performance
was presented by Welch (1968). The author employed a pilot
scale RBC unit on a synthetic sewage. He claimed there
was a definite improvement if the rpm were increased for a
given fixed hydraulic and organic loading. The author
failed to explain whether this increase was due to an

increase in D.0. level or due to increased mass transfer.
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These studies indicate that there is a.de€finite
relationship between rpm and performance values. Any
laboratory or pilot plant procedure which is to be used

for generation of information' for actual full size plant

should be operated at optimum rpm values.

Hydraulic Loading

The hydraulic loading is one of the variables
which has been most thoroughly studied and is one of the

most important design parameters for RBC systems.

Welch™ (1968) i? his pilot-scale study of a syﬂthetic
sewage prepa;edy%rém égiry waste, found that the hydraulic
loadiné affécted the plant performance under fixed rpm and
influent CSB concentrations. Antonie (1970)‘observed a
similar trend for BOD removal, Kjeldahl and NH3—N removal,
aﬁd COD removal for domestic sewage. The data examined‘
from both of these references indicated that, to increase
the detention time above a gertain value does not lead to
further improvement.

Similar observations were made by Summer and Bennett
(1973) as a resul£ of theirxr pilot plaﬂt study on pulp, paper
and fireboard eﬁ%iuents, Gillespie et al (1974) from a
plilot-scale RBC study on pulp and paper wastes, and
McAliley (1974) from a pilot study on unbleached kraft mill

waste.
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Staging of RBC Units

Oné of the first comments on the effects of staging
was by Hartmann (Grieves, 1972). It was indicated that
staging‘was ad?isable from "a construction viewpgint?, but
did not affect efficiency.

in’a translation of Hartmann's paper 5y Steels
(1976) , the author explaineﬁ how ts design a two stage
treatment plant for domestit sewage and pointed oﬁt that
if the stage number is more than 2, a correction factor
should be applied to reduce the required area needed.

Antonie (1970) in his description of the "Bio-Disc"
process, claiméd that increasing the number of stages,
increased the efficiepcy. Since, in his be%ﬂef, BOD
reduction by the RBC process is concentration dependent,
staging should help the system to operate as plué £flow
reactor. |

A

Joost (1969) claimed that biochemical. reaction is
concentr;£ion dependent following a "first orderx” equatioq,
therefore, staging would lead to increased economy. |

NCASI (1974) reported, thét for certain types of
w%stes at fixed hydraulic loadings, as thé number of stages
was increased, the cﬁmulétive removal increased. Beyond a
certain number of stages, it was observed that the removal
curve leve&s off. An.interesting observation is that 6

stages at 2 gpd/ft2 and 4 stages at 3 gpd/ft2 gave the same

performance. - Therefore a reduction in the hydraulic loading



to a fixed numbexr of stages may_do the same job, as increasing
number of stages at a fixed hydraulic loading.

Aacken and Antonie (;971) claimed that the most<
effective use of disc surface area was achieved in successive
rows or stages of discs. They stated that this kind of
operation resulted in an improved residence time distribution
which yielded a greater BOD removal rate. Further it allowed
the development of a mixed culture ip each stage that is
especially suited to treating the wastewater present in that
stage.

Torpey et al (lé?;) claimed that apoﬁher advantage
of staging was that it separated the carbon oxidation phase
and nitrification phase thus giving the most efficient

results.

Hydraulic Surging and Oxganic Shock Loading

This is another parameter which has been
examined by different authors for their particular systems.

Antonie (1970) simulated the flow pattern of thv
influent to a pilot plant, from an industrial plant
éperating 8 hrs and giving an intermittent flow, with
constant concentratioﬁ. During the early hours of the
operating period, the quality of the pilot plént effluent
was poor. It took several hours to reach a steady per-

formance level. When a small recycle was maintained

during the 24 hour period, the removal results were
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improved.

Popel according to Steels (1974) réported that for
a peak load which was 4 times the average load and with a
continued duration of 2.5 hrs,the BOD removal rate was
higher than it would have«been for an'uniform ioad, and
that if the loading was extended to 5 hrs instead of 2.5 hrs,
the resq%ts were worse but still better thaﬁ‘the unifong

load efficiency.

?opel's observations can be explained if at uniform
conditions, the bacteria were not working at their maximum
capacity, so it would be possible to remove more substrqte
in the same system when the peak loading was applied. It |
would be useful if a parameter which could show the optimumr
substrate removal capacities of the RBC system could be
developed. \\ 5

A hydraulic surge study conducted by Marki and
Antoniev(1970) indicated that a RBC system subjected to a
ten-fold increase in hydraulic loading for 8 hrs each week
still gave significant BOD removals during the shock'
loading periods. A rapid recovery to steady state condition
was observad.

In another study reported bytNCAS% (1974) on pulp
and paper wastes, it was observed that whén a hydraulic
loading which was\4ntimes the original loading and of 4

hrs duration was applied, the effect was much less than

when influent BOD concentration was raised 4 times the

|
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original. Recovery occurred over a shorter period and there

-

was continuing BOD removal activity. Again, the total BOD

removal rates were higher than the steady state removal

rates.

This last observation by NCASI (1974) and Popel’'s

obsexrvation are in agreement.

2.1.5

Substrate Removal Kinetics

is applicable and thus staging should prove beﬂ?ficial and

Joost (1969) claimed that "a first order" reaction

econonical. He gave the following general formula for the

RBC system performance:

% BOD. Reduction/Stage = K x c® x R? x ¢ x s¢ (1)

where: K is the treatabiT®™y constant,
C is the concentration of waste material,
R is the physical configuration of system

is the temperature of waste,

2

S 1is the reactor residence time, and

a, b, ¢, and 4 are exponents.

The practical range of aéplicability was not discussed

!

in detail:

sewage,

A design method, applicable to a particular domestic

has been developed by Hartmann (Steels 1974). The

author has preb5ented design graphs. By knowing only the

inlet BOD and using these graphs, the disc area/flow rate

required for desired BOD removal efficiencies can be found.

The above solution is applicable only for RBCs with two

stages.

The author also gives factors if more than 2 stages



are to be used, and if variations in either hydraulic or
organic‘loadings are anticipated.

It should be emphasized that this method is applicable
only, to Germany conditionsi Simglar methods or charts could
be developed for any local conditions.

é Another attempt to developwa design method based on

pilot-plant data was made by McAliley(1974) . He presented

the following formula for the specific removal rate:

F(Si—So) . So 2)
A K + So

where: F is the flow rate,
 Siis the influent substrate concentration,
Sois the effluent substrate concentrat}oh;‘
A is the rarea respectively, and

P and K are the constants to be developed
from pilot-plant work.

The above equation indicates the existence of two
differeﬁt rate dependency regions where K>>Sothe exp}ession
is first oxrder and where So>ﬂiit is zero ordexr. The above
method seems to be applicable for design of RBC systenms,
but more work in this direction is needed to show its
validity. Further, one can anticipate scale up problems
resultiﬂg from the applicability of P obtaineé from pilot

plant work to predict the actual full scale removal rate.




McAliley introduced another useful concept in RBC

design, that is the oxygen limiting point of operation where
oxygen transfer rate is less than the reaction rate.

Grieves (1972) attempted to develop a steady state
and dynamic model to represent the RBC performance. He
tried to demonstrate the validity of his model by‘concurrent
laboratory studies. He found that the experimental results
and results predicted by the modél gave good conformance.
NCASI used Grieves' model without suc¢cess but they indicated
that the failure could have been caused by scale up

difficulties.
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3. A SHORT REVIEW OF ESSENTIALS OF DENITRIFICATION

Biological denitrification is the last step of
biological nitrogen removal from wastewaters following the
nitrification step.

Biological denitrification is basically an anaexrobic
process employing heterotrophic micro-organisms. These
organisms utilize thé NO3 as a hydrogen acceptor to derive
energy for their actiivities, in the presence of an acceptable
organic energy source.

The wvarious mechanisms involved in the biological
denitrification brocess has been reviewed by--various authors
and these reviews'will not be repeated as excellent literature
reviews are already available. Rather the theory
and the important results of the Jasic denitrification

processes will be presented.

3.1 Basic Reactions Involved in Denitrification

"3.1.1 Reactions: &%?

Denitrification can be defined as a two step process.
Methanol is generally used as a carbon or energy source.
The denitrification reactions can be written in the

following mannex:

~19-



-~20-

—

Step l: NO2 formation:

Nog + 1/3 CH,OH +\NO£ + 1/3 CO, + 2/3 Hzé - (3)
Step 2: N, gas formation:

No; 5 CH,0H » %N, + %CO, + MH, .+ OH (4)

\

The above equations represent only the nitrate
dissimilation part of denitrification. McCarty (1973)
presented the following resultant equation for both nitrate

dissimilation and bacterial production:

+ -
CHBOH + 0.92 NO3 + 0.92 H - 0.0§ C5H702N

+ 0.43 M, + 0.7 CO, + 2.25 H,0 (5)

fherefore theoretically it is natural to expect,
0.95 g’ Cﬁ3OH—C (methanol carbon) utilization for denitrifi-
cation of each g’ of NG,-N, with the production,of 0.53 g
of micro-organism.

McCarty, Bech, and St. Amant (1969) gave the
following formulas for calculating actual micro;organism
production and methanol requirement based upon their
denitrification studies.

For biomass production:

C, = 0.53 N0 + 0.32 N

b + 0.19‘DO (6)

1



where: Cb is the biomass produced in mg/1l,

N _ is the initial NO3—N concentration in
mg/1,

N, is the initial NO,-N concentration in
1 ‘ 2
mg/1, a#d

Do is the dissolved oxygen concentration
of influents in mg/l.

Dissolved oxygen is another consumer of CH.,-OH,

3

as in the presence of oxygen and.a carbon source growth of

aerobic bacteria will occur.

For methanol consumption:

Cm = 0.53 NO + 0.32 Nl + 0.19 Do

where: C is thé required methanol (mg/l)

-

-21~

The experimental results obtained by Sutton, Murphy

and Dawson (1974) confirmed the estimates from the above

formulas.

a

3.1.2 Kinetics of Denitrification

Various authors have indicated the denitrification

~
-

rate to be zero order with respect to NO3—N concentration
for suspended growth systems if CHB—OH is supplied in
sufficient quantities and the NO;-N concentration is abowve

1.0 mg/l.

N
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These authors include Moore and Schroeder (1970),
and Murphy and Sutton (1974).

In addition, Sutton, Murphy and Dawson (1975)
and éequa and Schroeder (£973) in@}cate@ the denitrification
rate to be zero order with réspect to NO5-N concentration
for supported growth systems. Harremoes (1975) reported
that the denitrific;;ion rate was half order with respect
to N03—N, owing to diffusion limitations in supported growth

N

systems.

3.1.3 Temperature Dependency

The temperature dependency of denitrification
processes is one of the most thoroughly studied aspect of
denitrification since it is essential factor for process
design and volumetric determination.

Table 1 gives the type of processes and the cor-
responding temperature dependency relationship presented
by various authors. The authors listed in Table 1.
preéented the temperature dependency of denitrification as

N

an empirical expression

K = A, ¢ “E/RT (8)

where: is the zero order reaction rate,

ﬁ,

° is the constant

X

A

E is the activation energy,
R is the gas réaction constant, and
T

O..

is the temperature in K.

&
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Pretorious and Davies (1974) define 3 different

temperature dependency regions for denitrification rates

achieved by RBCs namely:

13.06 for T<10°C

Qg =

Qo = 1.38 for 30°c>T>10°
) o

QlO = -2.65 for T>20°C

.

where: Qlo is the rate increase for 10°C temperature
increase, and

T is the temperature in °c.

One of the main purposes of thnis study is to determine
the temperature dependency relationships for denitrification

‘by the RBC under different hydraulic loadings.



4. EQUIPMENT AND PROCEDURES

4.1 Pilot Plant and Reactor Descriptions

4
The RBC unit used in this study comprises part of a

pilot plant facility loca&sd at the Vastewater Technology
Centre at CCIW, Burlington, Ontario. The pilat plant was
installed expressly for nitrification and denitrification
research. Figure 1 indicates a simplified flow diagram of

the pilot plant. The screened raw sewage is obtained
continuously from Burlington Skyway Sewage  Treatment Plant. The

nitrified effluent passes through a temperature control

-

unit. A NO,-N spike is applied when necessary. The nitrified

effluent then enters the denitrification units.
The RBC used for denitrification in this study

was an Autotrol Bio-Surf, Serial No. 7415. The unit was

LI

originally manufactured as a 4 stage reactor (Figure 2).

There are a total of 44 discs (11 in each stage) with a total
surface area of 306 ft2 (28.4 m2). Rotation was at 13 rpm.
The diamgﬁer of discs was 47.3 cm (18-5/8 inch). The total
volume of the total unit was 408 ¢ for 4 stage operation.
This measurement was done when biologicél growth existed on

the discs. The volume for single stage operation was

(measured as 100¢.
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v

Variable speed positive displacement pumps delivered

nitrified secondary effluent to the submerged RBC unit.

4.2 Start Up

The RBC had been ogerated two months before the
initiation of the expefimegtal program. No attempt was made
to evaluate the minimum start up time required. The originai
unit provided by Autot#oi'was covered with one half inch
(1. 3 cm) styrofoam on the sides to reduce the heat transfer
and to obtain a relatively constant temperature in all stages

of R3C.

4.3 Experimental Program and Work

Since the purpose was mainly to investigate the basic

design criteria of R3C as a denitrification unit, the
effects of the following design variébles or controlled
factors were investigated - temperature, hydraulic loading
and mode of operation (singié stage or 4 stage in series).

It was planned to run the RBC under temperature

o

levels of SOC, lOOC, lSOC, 207C, and 25°¢ (two runs for each

temperature level) for 4 stage in series operation. This

»

-

or¥ginal program was altered later, since unreasonable and

impractical amounts of NOB—N spike were needed to have

measurable guantities of NO;-N in the effluent to determine
removal rates. Oﬁly single runs were employed with the 4
stage in series operation.

Similarly, two runs werea planned faor

o

temperature levels of So, 107, lSO, 20°

, and 25°%c, at

hydraulic loadings of 2.5 l/ﬁin and 4.0 1/min of single

«
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stage operation.
As it was expected that the dye response would be a

function of the biological growth which existed on the discs,
- /’

{ .

dye studies at 4 different temperature levels with biological
growths. specific to that temperature level were car;%gd out.
A separate dye study was made after all growth on the discs
was stripped off. ,

Dgtailed expefimental designs for single stage
operation énd 4 stage series operation are included in the
appendix. The plant was operéfed at least 5 days before
taking samples for the determination of denitrification

rates at any specified operating condition.

4.4 Feed Characteristics

The NO3-N concentration of the feed fluctuated and
was dependent upon the efficiency of the nitrification skep,
the strength of raw sewage and the spike addition if any.

NOB—N spikes in éhe form of KNO3 were necessary
especially at high temperature levels tq obtain NO3—N
resiaual in the effluent in order to measure the
denitrification rate. |

Carbon was added in the form of methanol. The C:N
ratié in the feed was kept about 1.5:1.0 so that micro-
biological activity was not limited by carbon limitations.

Figure 3 shows the probability distributions of

NO3+N02—N concentration in the feed throughout-the study.

The ‘resulting carbon nitrogen ratio from the addition of
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methanol is given in Figure 4.

4.5 RBC Operation and Sampling

The operation of the RBC was coatrolled closely.
The operation of the unit was easy and generially trouble

free. . ¥he following operating problems were noted.

a) Continuous running of the disc shaft was
essential as a considerable amount of bio-mass
_was lost after each power failure which
effected the performancé—capacity of the

unit. .

b) The biomass‘activity stopped when raw water
which contained chlorine was used as make up
water due to possible chlorine toxicity.
After@}his fact was observed, dechlorinated

water was used as make up water.

c) Occasional bubbling within the reactor due to
alr entrainment was observed. This caused
some of the biliomass on the rotating discs to

be stripped off.

d) With the hydraulic loading employed, and with
the reduced microbial activity at low temperature,
a measurable coricentration of DO was monitored
in the first compartment of four stage in series
operation. This reduced the rate of denitrifi-

cation in this cbmpartment.

Sampling was done after 5 days of continuous
operation for each run. The total duration of sampling for

each run was 2 hours, with one sample .-for every half an hour.
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The sampleg Qege analyzed directly or kept refrigerated
and analyzed ilater.

| The dye samples were collected with 1 min and 2 min
intervals for hydraulic loadings of 4.0 l/min and 2.5 1/min

respectively, after pulse dye injection.
"=



5. RESULTS AND DISCUSSION

5.1 Hydraulic Characterization

Three separate dye studies were conducted to simulate
the flow through a single stage RBC. Dye studies vere made on a
single stage with the unit operating at 15°Cc and hydraulic
loadings of 4 l/ﬁin, 2.5 1/min with biomass specific to the ™
operating conditions. An adéitional dye{study was pegformeé
at 15°¢ with q}l the biomass remo&ed from the discs.
| Rhodamine WT dye was '‘injected as a pulse input and
the effluent response was measured. The measured dye
concentration for the above operéﬁing conditions are listed-
in Appendi; 2.

The dye concentrations obtained from all tracer
response studies (Figures 5,6, and 7) indicate that the
resanses for the single stage operation is intermediate to
that of a single CSTR with 40 2 volume, i.e., the volume
not occupied by rotating discs and that of a single CSTR
with 100 & volume, i.e., the total volume of the single
stage.

A computer program (Appendix 2) calculated the dye
reco&ery, mean dye residence time, residence time distribution
(E),‘dimensionless residence time distribution (Et), and F

- curves.

-34-~
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The effecct of the accumulated biomass in modifying
the tracer response curve is illustrated by dimensionless
residence time distribution curves (Et) (Figure 8) for the
single stage tracer studies.

Both RTD (residence time distribution) and concen-
tration curves implied that the actual flow pattern diﬁfered
from that of a single CSTR. A model eméioying two CSTRS
with interchaége flow was proposed (Fig. 9). The volume not
occupied by disc drum was considered to be 100% active and
basically a CSTR of 40 ¢ volume, and the ligquid volﬁme within
the aisc drum was considered to be a CSTR of 60 & volume with
no dead space. An interchange flow between the two CSTR's

(v was postulated. 1MNo shortcircutating-was considered to

s’
,exist.
The methqd uses a material balance of the dye to

determine the flow rate between 2 CSTR's.

" At any time t, after a pulse dye injection: ///“

t t t

CAt VA = CAO VA - Jr Ccavdt - Jf CA Vg dt + Jf CBVBdt
t=0 t=0 t=0

(9)
and t ot
= - 1
CB, VB ‘j' CA vp at ‘// CB Ve dt (10)

t=0 =0
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FIGURE NO. 9 PROPOSED FLOW PATTERN

;o : FOR SINGLE STAGE OPE-
' » TION

o




p¥i
where: ‘
CA_ = concentration of dye at time't = 0 in outer
CSTR, ppb )
cA, = céncent;ation of dye at time t after pulse
' injection in outer CSTR, in ppb
CA = concentration of dye in outexr CSTR, pph .
CB, = concentration of dye at time t after pulse
injection in inner €STR, in ppb o
. ’ r ..
CB = concentration of dye in innér CSTR, ppb
b, .
v = hydraulic flow rate, l/miﬁﬂ.
v = thé flow exchange rate between inner and
B outer CSTR, 1/min .
VA = volume of outer CSTR, £ ' 3
- "r
VB = volume of innex CSTR, 2 -
From equations 9 and 10: N
t
CA_ VA = CA_ VA - /czwdt ~ CB_ VB (11)
' t=0
and ‘ t . B
CBt'VB ;.'CAO V?\ - f Ccavdt - CAt VA (?.2)

LY
t=0 :
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The only unknown of equation (12) is CBt, since CA
and CAt are known as a résdlt of the dye study. VA is known
due to the geometry of unit, and v, the hydraulic load is
selectgé. Therefore, CB,_, the dye'concentration in‘the
disc drum, can be calculated using equation (12).
Once CBt’ at any‘Eime, is calculated, the determination

of flow exchange rate between inner and outer CSTR'S is pos-~

sible by using the modified form of equation (10):

CBt VB

= (13)
:c[ t
CA dt - fCB dt

Vg

‘This method w slapplied to the data obtained froAﬂ
the pulse éye study oi the single stage mode using the computer
program presented in Appendix 2. The results are presented
in Figure 10. FigurelQ indicates that there is relati%ely

a constant flow exchange raté between-the inner aﬁd outer
CSTR's for 2 detention times of the outer CSTR at a hydraulic
loading of 2.5 l/min. Figure 10 indicates that the flow
exchange rate between inner and outer CSTR's is relatively
constant except in the early period at a hydrauiic loading

of 4.0 1/min. If the proposed mgdel of 2 CSTR's with
interchange flow fitted perfectly, the vy v;lues calculated
would be cﬁnstant over the entire duration. Figure 10 :
'inaieates that there are only slight deviations frqﬂ}%g

proposed model. |,



FIGURE NO.10 INTERCHANCE FLOW RATES(CALCULATED
_ USING MATERIAL BALANCE ON PULSE DYE INJECTION)

1
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Figures 1l and 12 give the dye concentrations of both
inner and outer CSTR's. CB values are calculated by using
the abpve numerical method and flow exchange rate as

presented in Figure 10.

While this method is a powerful tool to determine
if there is a relatively constant interflow rate between
the inner and outer CSTR, its sensitivity depeﬁds upon the
consistency of pumping rate and apcufacy of concentration
measurement. It is natural to expect}high propogatién of
errors after a prolonged integration périod.

The validity and degree of ‘deviation of the proposed.
model can be checked.by‘comparing.thé actual data to
calculated éurveS'uéing the formula given by Dedrick and
Bischoff (1968). 'Their formula calculates the dye con-
centrati;h in the outer CSTR for pulsefinput for the pos-.
tulated fiow model. ‘

Dedrich and_Biséhoff's Formula for the concentration

in the outer CSTR of a compartment model is:

. r.t r.-t
A (xr,+ Ble 2 - (r)+ VBle ! Lo
ca_ = VB - VB (14)
o - - 2R

Pler, = % [+ B (1 + %%)] ¥R ' (15)
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‘operating conditions, namely, rate of 4 l/min and at

~47-

and

v .2 : )
R = ‘/;[%-Z + (’% ( 1 + %%)] - v VB - (16)
VAVB

Figures 13 and 14 give the comparison of the curves
for the predicted responsés using Equations 14, 15, and 16
(Appendix 2, Program DEDBIS), and the measured dye concen-

trations, for Rydraulic loadings of 2.5 1/min and 4.0 i/min.

5,1.2 Simulation of 4 Stage Operation

Pulse dye injection was applied at a flow different
temperatures of 10, 15, 20, and 2S°C. For a;l the above
pperéting conditions, there was biological growth on the
discs. ‘ ‘ '

A'cbrrespogging dye injection at 4 1/min flow rate
and temperature of lSOC_was made and All the bioﬁass stripped
from the discs. '

The tracer concentrations are gi&gk\in Appendix 2..,
AlsHo E,_ versus 6 curves were calcdlated for diffe?ent

t

operating conditions, using the computer program of

Y

[
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Appendix 2. . These curves are plotted on Figure 15 (see Table 2).
Figure 15 shows that the tracer response curve is
a function of the biomass that exists at a given operating

tewperature. This conclusion is supported by comparison of

. Figures 4, 5, and 6.

5.2 EVALUATION OF A TOTALLY SUBMERGED RBC FOR DENITRIFICATION

It has been demonstrated that each compartment of an

RBC can be simulated as two CSTR's with interchange flow.
&

§eometric>prop§fties of reactors dictates that the outer

4

surface area (1.40 m2) of a total Surface area of discs
(7.10 mz) wouldwbe available to the outer CSTR, while the
remainder 570 m2 is availlable to the inner CSTR. The
reactor walls which are equivalent to 0.5 n? should also be
included as an active area as they attached heavy biomass-

throughout the study. Therefore, the effective surface area

of_the outer CSTR would be 1.90 m2.

'Using a model similar to Figure 9, a material

balance for the substrate in the outer CSTR gives;:

- no_ ‘ - -
VS, T K By Sy = vp Sy + vy SpT v Sy =0 (17)

where: So = the substrate concentration in influent,
mg/1
\

V. = hydraulic loading, 1l/min

K = substrate removal rate, mg/mz.min
A, = available area of outer CSTR, m2
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TABLE 2
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THE OBSERVED BIOMASS UNDER DIFFERENT OPERATING TéEEERATURE
FOR 4 STAGE IN SERIES MODEL OF OPERATION

~
—
,

Temperature under which
dve studyﬁperfo;med

Stages containing
heavy biomass

25°¢C
20°%
15°¢
10°¢

15°¢ (stripped)

Only first stage
First two stages
First three stages
A}l stages

None
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v, = flow exchange rates between inner and outer
CSTR, l/min

'S, = substrate concentration in outer CSTR, mg/1l

A
SB = substrate concentration in inner CSTR, mg/l, and
n = order of denitrification rate, dimensionless.

A material balance on the inner CSTR gives:

v — n _ vy =
s SA K A, SB B SB 0 (18)
where:
AB = the area available iﬂ inner CSTR,
m

For a -zero order reaction rate, n=0, was inserted
and SB and K values were calculated.using egquations 17, and

ey

18. Table 3 gives the calculated K, S and S, values

A B

for different operating temperatures and hydraulic loadings,
using the data tabulated in Appendix 1. These calculations
are summarized'in Appendix 3.

;\\::gig;Larly for the first order reaction rate, n=1 was
inserted, and Syr Sgr and K values were calculated usinéy
equatiéns 17 and 18 (Table 4 and Appendix 3).

The empirical Arrhenius temperature dependency

describing the denitrification for the totally submerged

RBC may be calculated using the K values from Tables 3 and 4.
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The Arrhenius temperature dependency was calculated
N
“by using reparamcterized equatltion, Sutton (1971):

’ f L T K = k*(e /R Al) (19)
| : .
where: .
RS 3 1
-_R_(r]l?_ - , (20)

2 ’ . - ¢
’ A computer progrqh (Appendix 2)- calculates K* and
JE valgos:'oqoé K values ‘and’' corresponding temperatures arol
-; 'insefkodv,'vhis program utilizes a lecast square fitting '
* T At . )
oy techqiqué us%nq linear regression. \

S & s

oot Ahother program (Appendix 2), calculates the 95%
, ;. . Wt . *

,Confédeﬁoe 1imi£s for predicting of actual reaction rate
! L valdeé,cotfiiziqg the ouépuh of pfevious program, Com-—

pqtétiona} egg;ples\are éllustrated‘inﬁAppendix 4 and the
r fesﬁlts afe givon in Tablé:S‘. i /

As there,did not . appcar~to be much difference in

F o -
Lhe modols ior 2.5 1/min’ dnd 2.0 1/min hydraullc loadings,

quanq Zero, order rcactlon ratea, the. results for both

- iﬁ ,flowerates were comblned and analyzed together. The ANOVA
o ¢ Q_ results Table 5)'iﬁdfcatéd_no lack of fit for the combined
. . ° .
fﬁ .bf’ﬂ .;daté at thé 9"%°significancc level. The i}ttcd curve for
’ " the comblned data is presentqd in Flgure 20, Sumllar data
. _ for ; "flrst order rate is also prcsonted gp Table 5.

) b
051ng a flrst order model thf analy51s of varﬁance indicated

4 ~

\

the Lwo flow rates could not bc pooled as with the zero order

- e -
- .t

0. K] . .
. . MGdel.

x

. . 3 . %

. . ¥
. ' *

*,

. - 1,
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5.3 Discussion of Concentration Dependency of Denitrification
)I’X‘ RBC . ’ :

‘E Figures 16, 17, 18, and 19 show that denitrification

rates achieved for hydraulic loadings of 2.5 1/min and 4.0
l/min can be represented by nar;bwer 95% confidence levels
for zero order kinetics.

In order to statistically evaluate the models’, the
ratios of residuéi mean squares to variances of obsefvationé

'wére calculated.

y = £s%/n
2
o
where:
2 . ) . ‘
© g = variance of observations,
ZS2 = sum of squares of xesiduals,’
A = ratio, and )
n. = degrees of freedom.

While there is no rigorous statist;cal test for the null
hypothesis, larger, deviations from unity indicate a real
lack of fit for the model. On~this basis, the smaller
values @f A.with zeroq order model for 2.5 1/min hfdraulic
loadiﬁg aﬁd combined data tend to indicate superiority for

the zero order model (Table 6).
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. ( TABLE 6
EVALUAYTION OF MODELS FOR ZERO ORRER AND
FIRST QORDER ASSUMPTLTIONS
[ Zero Order First Order T
Hydraulic TLoading _ ‘ £ g2 o ‘
o imstml e T 1 e® oy ] e ]
2.5 1/min 0.16 |'0.16 [1.00 |[|0.37 [0.27 |1:331| 4.09
4.0 1/min 0.27 [0.31]0.87 [0.90 |0.99 40.90 | 3.34
Combined '0.20 [0.13]1.54 §0.82 [0.37 |2.17 | 2.34
Data o g
!
.
j
i
1 -
]
&
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FIGURE NO 17 TEMPERATURE DEPENDENCY OF
- DENITRIFICATION . .RATE
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FIGURE NGO 18 TEMPERATURE DEPENDENCY OF

DENITRIFICATION RATE
Zero order kinetics
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FIGURE NO 19 TEMPERATURE DEPENDENCY OF
: DENITRIFICATION RATE

,, Zero order kinetics
T - Hydraulic loading.=4.0 \/min®
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DENITRIFICATION BY RBC
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5.4 Comparison of Temperature Dependency Curve with Other
Literature Values

It is not surprising that, the energy of activation
for denitrification by the RBC which is 16,606 cal/mole is not
fér different from the laboratory results of Dawson and
Murphy (1971), energy of activation of 16,800 cal/mole,
agd Sutton's (l§76),hydraulically well defined CSTR and
Ba%ch,enérgy of activation values of 15,300 and 15,900‘ca1/
mole for different SRT values. Since the reactions are
basically the same for different syStems; only the constant AO

should differ (Figure 20).

5.5 Comparison of Temverature Dependency of Various
Denitrification Units

Figure 21 gives the Arxrhenius temperature dependency
of various denitrification units which were run undexr similar
operating conditions. Details concerning the.CSTR and
Intalox packed column denitrification results are available

from Sutton (l1976) and the Pall Ring packed column results

are from Wilsoﬁ (1975). Figure 21 shows that the denitri-
fication depgndency of RBC system is greater than either
the CSTR or packed columns.

An advaptage of the RBC over other denitrification
units arises from a volumetric comparison. The greater
volumetric efficiency of the RBC over the packed columns is
indicated in Figure 22 and over suspended growth systems
in Figure 23. This coupled with the ease of operation

©

makes the RBC one of the most competitive type of processes

v

for denitrification.

\\ .
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6.

CONCLUSIONS .

(1)

@

.with an apbékent energy of activation of 16500 cal/g-

Yot

A generah design method, based on hydraulic simulation

I ‘ o
can be derived, as a result of this study. Hydraulically,
each compartment of completely submerged RBC can be

modelled as 2 CSTR's with interchange flow. If £he flow

- between the CSTR's can be determined, it is possible to

»

predict whether the entire disc volume will be effective
for denitrification.

N

The denitrification reaction rates can be ‘expressed as

zero order reactions, rather than first order reactions,
. . ‘ .
for: the NO,+NO,-N. concentration ranges studied for 'RBC.’

The temperature dependency of denitrificatioﬁ obtained
with "an RBC is independent of the hydrauiic loading for
the range studied '(2.5.to 4.0 1/mih). It can be

émpirically described using an Arrhenius relationship

mole. : . S L }



(4)

~

3,

7

. i .
The - denltrlflcptlon rates of the RBC are ‘more sensitive

'to temperature changes than the corresponding rates for

-

CSTR or packed columns under similar operating conditions.

|

+

The RBé has higher denitrification rates on a volumetric

basis compared w;th elther suspended growth systems

(for MLSS range of 1500 to 2500 mg/b or packed columns.
» ) » .

A N R

.
® ~



- LT

P L )

R P L e A Y -

N

.

(1)

(2)

(3)

RECOMMENDATIONS |

'
4 -

’

i
Further research is required to optimize the disc

‘ spacing to provide a sufficient area for growth and

sufficient interflow transfer

at the same time provide
. b

iﬁ;o the volume océupied(by the discs.
. ) | :
,quther'experiments shouhd be carried out to assess
the effect pf DO on de%itrification rates,‘under.
actual pilot plant cqhdi%ioné. Nitrification and
denitrification units might be operated more.efficiently
geping the oxygen 1 vel of the nitriﬁicatioﬁ Step at
minimum so that ﬁhe influent level of diésolvéd oxygen

in the denitrification. unit is-minimized.

. Further experiments shguld be done to study the

denitrification rates at othkr hydraulic loadings.

70~
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TABLE 1-1

EXPERIMENTAL PROGRAM FOR 4 STAGES IN SERIES

(Altered experimental program due to
unreasonable amount of NO

3

~N needed as spike)

Hydraulic

Date of

Temperature Loading Run Run No.
5 4 10/7. R-5
10 4 17/7 R-6
15 4 3/7 - R-4
20 4 23/7 " R-7
20 4 24/7 R-8"
20 4 30/7 R~9
25 4 17/%6 R-1
25 4 19/6 R—2

25 4 16/8 R-11#%*

25 4 17/8 R-12%*
25 5 4 . 21-22/8 R-12-13%*
25 "2 ' 26/6 R-3

* %k

3

Tnese runs weére for rate comoarlsons undexr natural
pu and controlled pi condltlons
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TABLE 1-2

EXPERIMENTAL PROGRAM FOR SINGLE STAGE OPERATION

Temperature Hig;g\l}iéc Date Run No.
2.5 1/min 17/9/75 R-19'
. 18/9/15 R-20
10 " 22/10/75 R~31
10 " 23/10/75 R-32
15 " -11/9/175 " R-17
15 " 12/9/75 R-18
20 " 10/10/75 R-27
" 20 ’ " 11/10/75 R-28
25 " 25/9/75 R~22
25 " 26/9/75 R-23
25 " 28/9/75 ‘R-24

PG
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TABLE 1-3

EXPERIMENTAL PROGRAIM FOR SINGLE STAGE OPERATION

Temperature Eig;ggiic Date’ * { Run No.
5 4.0 1l/min 17/9 R-19
5 T 19/9 R-20
5 " 21/9 R-21
5 " 22/10 . R-31
10 " 22/19 . R-31
10 ) " 1 23/10 R-32
20 "o 10/190 R-27
25 ‘ " : 3/10 « R-25

.k .
Due to operational difficulties double run for each

temperature level was not obtained.
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APPENDIX 2
R4
The followirig are included in this appendix:

g

Computer Program DYEL: \;///\N '

Calculates dye recovery, mean dye residence time,

residence time distribution, and adlso lists the

dye stuay results,

¢

~

Program FLBTCS:

Calculates the average flow rates between inner

gpd outef CSTR'S of a single stage RBC. ,(Also it

. gives the dye concentration of inner CSTR at any

. 1
time after pulse de‘injection.////// .

Program DEDBIS:.

~\ 7

Calculates ideal response of two CSTR with
interchange flow fqr pulse dye injectibn usind

Dedrick's\ané Bischoff's formula.

Program LINRG

Program CONF95
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INPUT DATA

3.00

2.90 2.75

FQUR _STAGE IN SERIES CPERATION
TEMPERATLRE=19 DEG. C
CLOW RATES 4.30LIT /MIN. .

OLUME OF THE REACTOR=" 408.9LIT. .
THEORETLCAL DEFENTION TIME= 102.d0MIN
pT= 4.00N*N . )
THE AMCUN] OF CYE IQQE TEDO= _«0220LIT
CONCENTRATION CF_ TKE CYE ADDED=23390Y

DYE'MEASURENEATS

0.00 6,50 26,00 42,00

73.00 85,00 $5,00% 103,00
108.00 108,00 107.00 104,50

' 97.00 93,59 50,00 86,00
79.00 75,50 72,00 63,50
61.00 58,00 54,50 51.59
46,50 44,00 42,00 40.50
37,00 35,00 33,50 32.00
29.00 28.00 26.5n 25,50
23.50 22,50 21.75 21,00
19.50 18,50 ‘18,00 17.50
16,00 15.25 14,50 14,00
12.75 12,00 11,50 11,00

* ©10.00 9,50 . %.00 8.50

8.00 7.50 T7.25° = 7400
6,50 ‘6,40 6,25 | b.1v

5.76 5,50 5.40 '5.25.

5.05 . 5.00 4.90 4,89

4,50 4,25 4,00 3.90

3.50 3,50 3,40 3.25

2,60

60.00
108.00
~N101.900
82.00
65.00

49.00

38.50
30.50
24.50

) 20000

16 .50
13.25
10.50¢
8.2%
6.75
6.00
. 5.20
4,50
3.75
3.00

2.50"
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INPUT DATA
1
OMbeRa Tehe g BEAES CPERATION
FLGW RATE=_ 4.00LIT,/¥IN.
VOGLUNE OF THE REACTCR=" 408.9LIT.
THEORETICAL DETEA$IGR TIREE 1vZ.0GMIN
?LE 2588K}N0F CYE INJECTED= .0197L1IT
CORCENTRATION-CF TEEGYE ADDED=238)9V
_ DYE MEASUREMENTS
.50 750 15.00 26.90
57.00 69,00 17,00 83,00
88.50 89,50 96200 90.00
88.50 87,00 5,00 83.00
76.50° 73,60 €5,00 66,00
59,00" 56.00 53,00 50400
46,00 43,50 41.50 39,50
36.00 34,50 32.50 30.50
27.50 26,50 25,00 24,00
21.75 21400 19.90 18,50
17.00 16,50 15.75 14,75
13.00 12.50 11.50 11,00
10.00. 9,7% 9.50 9.00
8.25 8,00 7.50 ° 746
6.90 6450 6.30 ( " 6400
5.5 5.20. "4.90 4450
4.40 4,38 4,25 4410
3.90 3475 3.69 3,50
3445 3,30 3.20 3.10
2.60 2.50 2.25 2410

42.00
86.50
89.50
80.00
62450
38400
37.50

29‘00.

22315
18.00
14.00
10.50
8.50
T.00
S.60

4:.50 .

4.00
3.50
= 3.00
2.00
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: e e
| sl il
LR T TR TR e
DT= 4.006IK - ok T
THE AMQUAT “OF GYE IEJECTED
CONCENTRATION CF ThE DY
- DYE MEASURENENTS.
o ;
' .10 - 6,00 17,50
52,50 61,00 70,00
| 89.50 92,50 5400
92,00 90.50 8,50,
. , .. 81,00 17,50 75,00
' ! 65450 62,50  €0.00 -
. 52.00 49,00 47,00
: - - 40,50 39,00 37.00
: y 32.50 31,00 29.50
% 26,00 24,50 23.50
P 20.50 20,00 © 19,00
v i 16,00 15,50 14,50
g ‘ 12,75 12,00 11,50
& 10.00 9,50. 9,00
8,00 T7.50 7.25
) 6,50 " 6440, 6.25
5,75 5,50 5,49
5,05 5,00 4,90
. 4,50 =™ 4,25 4,00
3,50 3,50 3.40
3.00 2,90 2.75

v,
LYY

.40.00
. 85,00
93,50
84.00
68.50
55,00
42 .00
34.00
27.00
J21,50
17.00
13.00
10,50
.8,25
6.75
6,00
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INFUT  DATA
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G5CuMEAoE rrd B8R L6t ™ 0sL oLt
THEORETICAL DETENTION 11u2= 102500vIN
DT= 4,00VIN )
Eggtémggﬁ}lgﬁ‘8EETﬁ§JE$EERSDE52§§

DYE MEASURENENTS '
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26.90 25,50 24,00 22,75

o 20,25 _—T9,00 17.75 16,50
' 14,50 13.50 12,75 12,00 !
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4,10 .7 3.90 3.70 3.5%/
¢ 3,10 . 3.00 2.90 2.6
S 2.49 2,48 2.45 2,100
1.75 1460 1,40 1.25

- ar—

28.09

77.50

103409
104.59
93.50
77.50
"62.50
48,590
37.50
28.59
21.50
15450

+11.00

. 8.00

5.75

4440
3.35

2050

2,00

1.00
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INPUT DATA

O—~HO~H<T~T

0U® STAGE IM SE2TES OPERATION AMD ALL BIOMAS WAS
EMPERATUPE=15 DEG. C :

LoW RATE=  L.0QLIT./HIN,

GLUME OF THE REACTOR= - 408.0LIT. .

HEORETIGAL "DETENTION TINES 102.20HIN

HE AMOUNT OF OYE INJECTED= 4 0200LIT. '
ONCENTFATION OF THE OVE ADRE0=23830008.00PPB

DYE MEASUPEMENTS

.00 . 0% 2.00 7400 12.50
22,50 28.0F 35,00 ©  41.5¢0 17.50
54.00 ~ 60.0C  BL.SO: 70.00  75.00 °
77.00 77.5C 78,00  78.00 77.50
76.50 75.00  72.00 69.00 - 67.09
HL.00 614 5C 59.00 56.00 53.59
51.00 ¢8.0¢C 46400 43.00  L0.00°
37.50 35.00 - 32.50 » 30.0C 28.00
26.00 . 26.0C - 22,50 20450 19.00
1750 16,08 14,50 13.50 12.59
11.50  10.50 9.50 B.50 7.50
7.00 6.5C 6.00 5.00 4,50
4.00 3.5 3.50° © 356 - 3450
3.10 3.00 . 2.50 2.50 2.00
2.00 2.00 + 2.00 . 2.00 1.50
1.50 . 1.5C. 1.50 . 1.50 1.50
1.50 t.00 | 1.00 1.00 1.00

1.00
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540,00
158,00
105,00
8¢,00
64.00
46,50

3a.se.

31.50
24,50
19,50
16,00
13.40
11.70

10,C0

8.7Q
7.60
6,20
5.00
4400
4,00
4.00

3,60
3.30
260
1.75
1.75

INPUT

ZTe MMIDITM
—_QOo -t D
TCTr— O~ —n
BZTOMMN
——— > I xXx
—~ 2=~ D
[ole] I mm
>m OMmn-—
m o NO
OO0 TN Ry}
T Mmoo Com

1O O>
Tt e
MZ OO =
"(

m Z>»rmp
om

-

DaTA

ZONOO0O
=< 2

<) =

OYE MEZASURENMEANTS

235,00
la2,00
98,00
76 .00
62,00
44,50

30,00
23,50
18,75
15,30
13,00
11.20
9,80
8.40
7.30
5,90
4,8¢
4400
4,00
Y~
4,50

3.+60
3.20
2445
1.6G
1;60

f

37,00

225.09
120.00

$4.,00
73,00

- €0,090

43,00
35.50
28,59
22.390
18,00
14,90
12,80
10,90
9,60
8,20
7.00
5.69
4,60
4,00
4,00
4,00

3.60
3.10
2.30
1,50
1,50

155,00
120.00
88,00
€9,00
€v.00C
ﬁl}ou
34.00
27.00
21.50
17.36
14.15
12.30
10.6q
9.30
8400
6,85
540
4440
4400
4400
4400

- 3.60
2.90

2’10 "
1-35'
1.35°

175,00
112.00
84,00
66.00
58,00
39,50
32.590
26,00
20,50
16.70
14.00
12,00
10.20
9.00
7.80
6,40
.20
4.20
4,00
4,00
4,00

. 3.60
2.7¢Q
«1.99
:1.25
v1 .25
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TEST RESLLTS AND CaLCLLATED VALUES
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DYE REcCOVERY

MEAN DYE RESIDENCE BASED OM €= 43.75MIN
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“y t ) .
. T "INPUT  DATA
- . SINGLja;TAGE £RATICA
l TENPERATLRE =q§'05e. C
8 FLOW RATE=_ 4.00LIT+/VNIN.
: TEQRET e Al "Be T SR Ton 11rEL" O5d Ta o rn
?Lé-kﬁggk}NﬂF CYE IEVECTED= «0190L 1T
e ] CONCENTRATION CF TH CYE -ADDEV=23800Y
) m_wwl DYE MEASURENENTS '
| . 570,00 376.00 256.00 254.00
* 195,00 175,00 160,00 1Su.00
| 130.00 122,00 112.00 105.00
; . 967,00 92,00 88.00  84.00
74.00 73.00 71,00 68,00
- o . 63,00 61.00° §9.00 58,00
53.00 52,00 51,00 48,09
45,00 44,00 43,00 41,00
39.00 37.00 36,00 35.00
- 32.00 31.00 30,00 29000
27,00 26.00 25,00 24,00
22.50 21,80 '21.00 20.30
19.00 18,60 18,00 17.60
—— 16.70 16,00 _  15,9p 15.30
14,70 14.50 14,00 13,80
13.30 12,90 12.60. 12,30
j 11.80 11.60 11.20 11.00
| . 10.50 10.30 10,00 9.80
b 9.40 9.20 8.50 8.30
3 . 7.50 7.40 7.20 7.20
! T ¢ 80 6.60 6.40 6.20
o 6.00 5490 5.0 5.0
‘ 5,49 5,20 5. 30 5.30
o 5.00 4,50 3.90 - 3.90
1 3.90 3.90 3.80 3.70
! 3.50 3.50 3.5¢ - 3.50
| 3.00 3,00 2.50- 2.50
/ ‘ 2.00 2,00 2.00 2.00 °

0.00PPd

198. 00
142.00
100.00
79.00

65400

54.00
41,00
40.00
33.00

28,00 -

23.00
20.00
17.00
15.00
13.50
12.00
10.70

9.60

.60

T.290
6.3
D450
5.10
3.990

‘3.60-

.3.40
2.60
2.00
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TEST RESLLTS AND CALCLIL'ATED VALUES
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INOUT, ogra'
SINGLE STAGS OPERATION AND ALL BIOMASS STRIPPED
"TEMPEPATURE=15 DSG. 6 :
‘ FLOW.PATE=  L.OQLIT./MIN..
[ i T T
OT= 1.0AHMIN )
CONCENTRATION gggTﬁgfggésggdaégégghggﬁ.nbﬁpa
/ DYE MEASUREMENTS
598,00 264.00 262.00 21t.00 200. 00
| 190.00 180.00  170.00 162.00 155,00
1L6.00 150.0¢ - 132.070 125.00  120.00
114,00 103, 0C 102.00 99.01 95..00 )
88.0¢C 84.06 ° 80.00 76.73 74 . 00
70.00 . 67.0C 65.00 63,00 61.00
58.09 57.0C 85,00 53,00 51,00 i /
49.00 . 538.0C 47.00 45,06 Lk, 00
T L3.00 L2.0¢ 10,00 - 39.00 .38.00
-~ 37.00. 35.700 34,00 33.00 32.00
32.0C . 31.00 30 .80 " 29.99 28.00
28 .0¢C < 27,00 26.00 26, 0C I 25.00
24 .00 24,00  23.00 22.00 22.00
22.00 21.0¢C 20.00 ©20.00 19.00
19.00 18.90 18,00 17.00 16.00
16.91 16,00 - 15.00 14,00 14..00
16,08 © 15.08 - 13.00 12.08 12.00
12.00 11,00 11.00 10.00 10.00
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FINAL FUNCTION VALUES

INDIVIDUAL CONFIDENCE

1
4
ST T34 D RPN

-t w W ma t

-~ -1000E+01 .765ge¢n6 .2276F +00
3783 S5S8E+n0  ,2404E+00
’ 180E 0% 123325800 :5ni2El00
- 9F+n0  <167T9E+nD «1621E+00
‘ .1511E+oo
' RESIDUALS .
3I -71n'F-1A - 46746 .01 .. AG80FE-02
- .3047E-01 e2418E~01 _.2261F-01l
.99715 02 ,4843E-g2 =,5154€~0¢
M =.1293€E~-01 ~.1389E~ -0l ~.1508g-01
., meZ2YlUL~UIT -
XPRIVE=X MATRIX
P 1 2
1 .1954E-01 |
.2 ,2113g-03  ,8293g-03 J
. \
| CORRELATION MATRIX
; i ' 2
"! 1 1l.0000
Y/ 2 =-.0525 10000
./ . ) )
, VARTANCE OF RESIDUALS =  ,47€0g-03,

-4181r¢‘3
e 22B2E+0
c1565E+00
~2669E-01
«2080E~01
~e7IDCE~-(C
-.1849E-01

JRUSEIVE

19 DEGREES OF

LIMITS FCR EACH PARAMETER

(ON

'03500E4-00
«1868E+00

~.2962E-02
"’ullalE"Ol

FREEDOM

+3060E+00
.1802E+00

«3603E-01
-.1222E~01

ya

LINEAR HYPOTHESIS)
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LI N .
b
i
~ 3
$J03,650y03LLINRy351000,3007,, OCUG SEECRBFT" T T
$SCHED,SGR=53CORE=52 -~ o o o
T IFTHULS, X ,L,P) ’ ] - T T o
_ PROGRAM LINRG o o Lxg

c ‘ B B &

c DOUG B‘EEgROFT,ﬂ ENVIRCNMENTAL PROTECTION SERVICE, SEPTEMBER 1972L1)
c , : LI*
C THIS PROGRAM USES LEAST SQUARES TO ESTIMATE THE REGRESSION LI‘{
C~" 77 COEFFICIENTS FOR ANY LINTAR FUNCTION INVOLVING LESS THAN TEN “C’Il
c INDEPENDENT VARIABLES. CUTPUT INCLUDES MEANS AND STANDARD LTH
C DEVIATIONS FOR ALL VARIAELES, THE CORRELATION MATRIX; T Lﬁ
c REGRESSICN GCOEFFICIENTS, AN ANALYSIS OF VARIANCE TABLE, THE LI
c " SQUARETOF THE "MULTIPLE CCRREULATION COEFFICIENTYT 'AND A TABLE OF u%

P Y N
PR AR Az ot gL 5,

"X‘ g
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QESIQUALS. THE REQUIRED DATA CARDS ARE LISTCD BELGOH. 148 1
-A.  COL. .1-.8 PROBLM, AN EIGHT CHARACTER ALPHANUMERIC '

. CCOE TO BE USEZD IN IDENTIFYING THE 1

- FROBLEMN. ' - N '

v COL., 9-11 AFTS, THE NUMBER QF OBSERVATIdNS. NPTS
MUST BE LESS THAN 251.

o~

—— n—— m e —— == A AP ———— ¢ — . - . —— . — —— ) p———

COL. 12-13 NVAR THE TOTAL &UHBER OF VARIABLES (THE N
NUMBER OF . INDEPENDEMT_VARIABLES + 1) __ _~
NVAR MUST BE LESS THAN 11i.

- —_—— - — —— - — -

COL. 1b 15 NDEPND, THE NUHBER OF THE DCPENDENT
-VARIAEBLE . THAT_IS, THE COLUMN_OF_THE_INPU
DATA MATRIX CONTAINING THE VALUES OF THE
CEPENDENT VARIABLE. . __ ___ —_

—_— B CO0Le._ 172 _VARIABLE _FORMAT_CARD_HITH_HWHICH_THE JINPUT l
DATA XS TO BE REAO. SEE THE BMD MANUAL,

—m—eee wr e PAGES. 22228, FOR_A_MNORE_COVPLETE

bobobn

S
I
Lo
(N o]

1

l
i
t

e NeRoNo Nl

e, - = iy,

|

|
bo
=
.
;l
|

|
H

—93

103

ONIMDEP=NVAR-L . . . _ .. ] ) — R

CESCRIPTION OF THIS TYPE OF CARD.

——— e — ——  ——— ta - e - e —— e = ——— N v i ———— e -
——— - —

C. THE INPUT DATA. EACH GARD GCONTAINS ONE GBSERVATION 0}

EACH VARIABLE. THE GENERAL FCRM- CF THE . j
INPUT DATA IS THE SA AS FOR THE BMD 3
FROGRAMS__(BMD " MANUAL,_PAGES_11-12). _ i

|
[
4

[
)

D.. .EOF CARD (STANDARD.CJC;I.Q.,GREY—STRIRED ECFY | .. ___

_NOTE,tr CARDS .A. THROLGH C MAY BE .REPEATED AS' OFTEN AS DESIRED.%

COMMON. GORMAT , NINDER.  _ — e T e e

REAL MEANS(10),COEFF (9) ’ k
OIMENSION DATMAT(250,10),CATUSE(250,10) ,RESID(250) ,VARFNT () _ __ ?

DIMENSION CORMAT(13,10) ,S(10),SPARE(9),IVAR(10),YFIT(250) :
EQUIVALENCE. (DATUSE(1),YFIT(1)), (DATUSE(251),.,RESID(1)) . oy
EOUIVALENCE (VARFMT,DATLSE) . .. T ¢

—_—————— - = - ———— ———— o s W A . vt o e————

- o ———

"READ CONTROL INFORMATICN

REAO 39, PROBLM,NPTS,NVAR,NCEPND,VARFMT

FORMAT (AB,I3,212/9A8) - cee .
IF (IFEOF(60).EQ.-1) STCP

.00 108 _TI=1,NPTIS . .. m e et e n e el e+ e e
READ (60, VARFHT) (OATHAT(IyJ) sJ=15yNVAR)

$
3

COMPUTE MEANS_OF ALL VARIABLES, CENTRE DATA

D0 260 _X=ANVAR. o
MEANS(I)=0.,0
D0 300 J=1,NPTS ) ~ . o
MEANS (I)=MEANS(I) +DATHAT(J,I) -
MSANS (1) =MEANS(I) /NPTS

DO 2052 J=1,NPTS

DATUSE (J,T)=DATHAT(JoI) -MEANS(T) L .

-~

L 2
U, . RIS i3

=%

e

' GOMPUTE SUM OF SQUARES OF DEVIATIONS FROM MEAN FCR VARIASLES

1

DO 507 T=1,NVAR
S(\I)=~‘}-0 -

A '!'»'ilv(.‘ﬁfl 3



N0 603 J=1,NPTS
666 S(IN=S(I)+0ATUSE(J,T)**7
SAVE=SART (S(I)) ) o o
00 588 J=1,NPTS ~149-
539 DATUSE (J, I1)=DATUSE(J, 1) /SAVE

]

C
C PRINT CONTROL INFORMATION, MZIANS, AMD STANDARQD DEVIATIONS
c * . .
e _. _PRINT_ U4b,_ PQOBLH NPTS,NVAR, nocpuo o i
- 44 FORMAT (27HLMULTIPLE LINEAR REGRESSION o T
o 1 /13HIPROSLEM COQODE,A23 __ L
2 /234 NUMBER OF OESERVATIONS,10X,I3 T Ty
. _. .3 _ .. /20H NUMBER OF VARTIAELES,I116 .
4 /29H DEPENDENT VARIAELE IS NUMBER,17/ . T
e 5 _____f30HDMEANS_AND_STANDARD DEVIATIONS
& //11X,42HYARIABLE NO« MEAN STANDARD DEVIATIOh/)
DO 1830 IsAaNVAR e ;
: TTSAVE=SQRTAS(I) Z(NPTS-1)) . ' ) -
-__.2030 PRINT 22,I,MEANS(I),SAVE e
22 FORMAT (16X,12,2F15.5) ¥ TTOT T
CI
T T T T COMPUTE CAND PRINT CORRELATION MATRIX N
C -
T T TTTbo 700, (11, NUAR o S T T T T e,
D070, J=1,NVAR: . ;
i T CORMAT(I; JY=0:0" “— Tt T Tt T
e DOTTBY__K=1,NPTS L
“7C0 CORMAT(IZJI=CORMAT(I,J) 4CATUSE (K, I)*OATUSE(K, )
L PRINT 887(1'11 1:NVAQ! _____
T88 FORHAT (/19HOCORRELATIOMN PATRIX//QX,10(7X T2yy T T T -
.00 83C I=1,NVAR . ] 7
800 PRINT 7741, (CORAATII,K) sK=1,NVAR) T T TR
77 FORMAT (8X71193X710F9 5) e &
¢ T TR
C TRANSFER ‘DEPENDENT VARTIABLE: TO LAST ROW- AND LAST COLUMN d
o

) DO.18- T=1,NVAR W :
18 IVARCLIN=I: : T
. M __IF INDEPND.EQ.NVAR) GO TO 32 . ‘
D0 17 TI=1,NVAR" T \ - —=
SWAP=GORMAT (I, NVAR) -
" CORMATI(I, NUAR)ZCORnATTI,nnEpNU) T, T s merrm e s
. ©17 CORMAT(I,NDEPND)=SHAP .
00 16 I=1,NVAR T ' o T T -

_ . _SWAP=CORMATINVAR,X) _
T T T T T CORNMAT (NVAR LIV =CORNAT (NREPNC, T T T T T
16 CORMAT(NDEPND, I)=SHAP

T IVAR(NOEPND)=NVAR™

IVAR {NVAR)=NDEPND .

‘
Lot SRR LI A O o

s
ot

pos

C
.G~ . CoMPUTE PROOL_I'(_)I OF TRANSFOSE MATRIX CF X VALUES HITH Y VALU(‘.S
C

"»'.‘-’J:*\"?;'af’.'-‘m-‘nwﬁ .

32 DO 963 I=1,NINDEP .
SPAQ:(I) 0.9 ' o
. : STYAR(T) ’
00 983 K=1,NPTS
3.0 SPARE(I)=SPARE(I)DATUSE (K,L)*DATUSE (K, NDEPND)

AT L

_COMPUTE INVERSE OF -CCRRELATION MATRIX

CaLL “ATINV B

0 000

RRCUIs Y PR LIV



F~o

COMPUTE AND PRINT ReCGRESSICN COEFFICIENTS

PRENT 65 ; . . : R 1
FCRAAT (//24H REGRESSICN COSFFICIZINTS . ’ :

"1 /711X, 2THVARIABLE NC. COZFFICIENT/)Y ' .

. 420

T 1900
.55

et e =, - 14
c

e e =G

CONST=MEANS(NCEPND)
00 10650  I=1,NINDEP
COEFF(I}=0.0 . -
t=1varR(iy_ . .~ - - /
DC ®CJ  K=1 NINDEPR - . .
COEFF (I)=COSFF(IY+CORMAT(I,K) *SPARE(K) . , .= _. . .-
COEFF(I)= COEFF(I)*SORT(<(NDEPNU)/S(L)) ' ’ :
CONST=CONST-COEFF(I)¥MEANSIL) __ . .. 0. iiimm oo o - L
PRINT 55, L,COEFF (I) . . RN

FORMAT (14X,I2,624.5) . . . — N

PRINT 14, CONST : .
FORMAT (/11X 538HCONSTANT_TERM IN PREDICTION EQUATICN =,F12.5/) ._

"_PRINT_ANALYSISHGE”VARIANCE AND. CORRELATION _COEFFICIENT

REGSS=0 el i e e . — —

[ T - [

T Tioss.

1048

- -

1 RESSS,JyVARYNGC,GORRCC

1127

OO0

- I s

.2 8HRESIDUAL/)Y . A . .

o000

. REGHS=REGSS/NINDEP .- T e e - e et e e
_I=NPFS~%._ . .

NI RTL R U N

D0 10640 I=1,NPTS
YEITALYSCONST oo . o il b i e e
DO~10587 J=1.NINDEP* . . .
L=IVARCEJI) . T e ‘“_“;_m_';,_-___-n-, —_—
YFIT(I)-YFII(I)+CG¢FF(J1*EATHATTI,L1

RESEDLI1=0DATMAT (I, NOEBND Y=Y EIT(I) . —
REGSS=REGSS+YFIT(II*BATMAT(I,NDEPND) - .

- TOTAVG=NPTS*MEANSUINDERNC) ¥*2. . __ ____ . . . . _. . ..
TOTSS=TOTAVG+S (NDEPND) ' : ’

RESSS=TOTSS-REGSS . ‘ - S ]
REGSS=S{NODEPND)-RESSS : o ‘ .

r . r
s gLt

S e S

J=NPTSZMVAR I S - . e o
VARYNC=RESSS/J. - ’ ,
F=REGMS/VARYNGC™ \

CORRCO=REGSS/S(NDEPND) : : .
PRINT 14107,T0TSS, NPFS, TCTAVG, SINDEPND),I REGSS,NINDEP, REGHS,F,

FORMAT. (21HDANALYSIS OF VARIANCE/1HU,12X,71HSQURCE OF VARIATION
1SUM OF SQUARES - DEGREES OF FREEODOM  MEAN SQUARE 10X, 1HF
/1H0,12X,1SHTOTAL (UNCORRECTED) ,F16.4,T15/1H ,27X,4HMEAN,
F16eby14Xs1H1/1H 514XsL7HTOTAL - (CGRRECTED),Fla 45I15/1H 421X %
13HREGRESSION, F1674 ,T115,F2L e b2 F15.6/1H ;23X BHRESICUALF1E. ¥
I15,F21.4/33H0CORRELATICN COEFFICIENT (R**2) =,FG,5)

P - - ~ ———— om o -. ¥

:

IR 4 I E] YT it v L -

PRINT TABLE OF RESIDUALS,
PRINT 12 - ‘ ‘ "
FGRYAT (19HLTABLE QF RESIGUALS . . . e T

1 /1HO, 4X,23HOBSERVATION NO.  OBSERVED Ya8%X,8HFLTIEOD Y. 8

o #A0T Ck aFAT e ) L

00 1060 I=1,NPTS
PRINT 13, Iy DATNAT(I,ND PNO),YFIT(I),?‘SID(I) .t
FORMAT (1GX I3410X3F11L.5,EX,3F11545X,F108.5) , \\\
GO TC 13 -

END

SUB°0UTINE HATINV

Ea

MATRIX INVERSTION

NI B &P e A s 1
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COMHOM AN o L
DIMENSION A(iGyiD),INDcX(lﬂ k3 -151- L
EQUIVALZNCE (IROW, JQON).(IUCLUH JCOLUH),(AdAX T>SHAR) L

D0 50 J=1,N .- U

63 INDEX(J,3)=0 o : . R
‘ L

L

t

1

C . S
C _ SEARCH FQR PIVOT ELEMENT
c

00550 _ T=1,N - N

2 e e e e e m e — ——————— - —— - ——— i —- ————— i e i
T ——

TAMAX=2, 3
_ 00 105 _ J=1,N e
IF (INDEX(J,3).EQ.1) GO TC 105

Do 103 K=1,N _ _

TIF (INDEX(K,3)=1) 80,100,715 -
89 IF (AMAX.GE.ABS(A(J,K))) GO _TO_100

s caa e ———

—_— e ——— ——

ICOLUN=K

AMAX=ABS (A (J5 K))
__40C GONTINUE
105 "CONTINUE
INDEX (LCOLUM,3)=INDEX (ICOLUM,3) +1
INDEX(T,1)=IROW . -
INBEX(I32)=ICOCUY o _ L : -
If (IROW.EQICOLUMI~GOITAC 310 ' o

v
l

t

l

t

R

TROW=J ) A 1.
t

t

1

H

t

t

3

c" '""“_“Inreéchanss-éews-

e TS GT T LS T
] . SHAP=A(IROW,LY _ __ e

T ACIROW, L) =ACICOLUM,L) . R -
266 ALICOLUM,L)= SHAP - . :

e Joia 190’ anp ma

— e o - et —— - =
~

Oﬁ?O

REQUCE NON=PIVOT ROMS _ .~ ' ;.
310 PIVOT=A (ICOLUM;ICOLUMY _
A LIEOLUM,TICOLUMI =230

"D0"353 ° L=1;N

350 A(ICOLUM,L)=A(ICOLUMyLL/PIVCT® LT T Ty
7 p6.558_ Li=13N e L -
- TTIF (L1.EQ.ICOLUMY GO TO 553 ST T S ,

T=A(L1,ICOLUN)
T A(L1,ICOLUMY=G.0
D0 4506 L=1,N .
453 A(L1, L)—A(Li,L)-A(ICOLUP LY X¥T -
550 CONTINUE &

rmv—n e —— e cnm o o ———— — -

C
c . ___ INT:RCHANGE COLU%NS R S
C N

[ - - - -- - .- - Cmme e e ma s e em . -

i
— e oin i o B s e Tpun R ad et el o > e

R P S e P Y | A T B £ S T KA PR AT P s S S35 AP ¥h R NV 7oy

-— . — ——— e

.

e N

——. - ——— - - —— v e . meeTimema em e v e

DO 713 . I=1,N .

L=N+1-1 ’ ' ' y )

IF (INDEX(L,1).EQ.INDEX(L,2)) GO YO 716 ~_ ..

JRON=INQEX (L,1) T TR

JCOLUM=INDEX(L,2)

B0 765 K=1,N

SHWAP=A (K, JROW) T ) o

A (K, J20H)=A(K,JGOLUM) . Co L~ e
7.5 O(K, JCOLUN)*SNAP ’ . S
729 CONTINUE ) N . . T T, T

e 7335 K=14N * '

IF (INDEX(K,3).NE.1). GO TQ 715 — . "o

@

b e
T ”

[
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PRIMT ERROR MESSAGE

. 715 PRINT 39

29 FOPMAT (61HOINVERSE

»
ot

1INATER)

STO

END

P
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. -
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.
L
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. B
R
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\ .
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L
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.
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o
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0
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OF FATRIX CANNOT B8E COMPUTED -- EXECUTION TERM
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-153-

HOo®d S1Z<Z-= 1 , ™ COPTICH IS

OFF

|

VN2 3)/MAS TR INTZGER CFF 4, C JFTION 1S :
PEFCGRAM CONSS CON4501,
o7 ) ) CONS5T. -
o 00UG BEZECROFT, ZNVIRONNMIWNTAL, FROTECTION SERVICZ, OCTOBER 1972 CONJSE:
C - : g . CONSSThI.
c THIS PROGRAM CGMPUTES THIZ 95 PERCENT CONFIOENCE LIMITS FOR ANY CONIS(I
C LINZAR REIGRISSION —QUATION,  THZ NZCZSTARY UATE CARDS ARC CO550
C LISTZD BzZLOW, - CON350!
TC ) CUNI5U!
c A, COL. 1- 38 PRI8LM, AN —I HT CHARACTER ALPHANUMERIC CON450
T TO0c USZO 19 ILUZNITIFY THE PROZC-M, MSHEED
c . conNIse
C COLs 9=11 MPTS, THE NJABR UF U3SZRVATIONS USTU IW. CON9SG-
C COMPUTING THE REGRZSSION COSZFFICIENTS. COoMNSSG . -
T NPTS HAUST BT LESS THAN 5G1. TOT55C
C ! CON95¢
C COL. 12-13 HNVAR, THZ TOTAL RUMBER UF VARIAFELES - CORS ST .
C ONVOLVED IN THE REGRESSION (THE NUMBER OF CON4SC ..
T ~INUEPERNDUzZNT VARIARLZS + 1J. KVAR HMUST 8¢ COVI5L -
Cc ' LESS THAN 11. . CONSY5C " -
C - J CJING5 0.
C CCL. 14-16 NLIM, THE NUMSE Q CF CONFIOENCZ LIMITS T7JO CONg50,
C BE CO@PUTED. CUNISL,
C . . CONg3C -
. C COL. 17-30 VlRYNC, THZ Rz SIDUAL MEAN SUUAR= OR CONSSU.
C VARTANCE ABOUT THS REGRESSION, THIS CONsSE =
C STATISTIC IS GIVEN IW TH: ANARUYSIS OF COTI50.7¢
c VARIANCE TA3LE COMPUTZO BY LINRG OR STPG.COHYSC L
C THS NUUSBER MJ*T—UFWTKTH"E‘U*CT“TE_PGT?T““’C?T?‘FK%
c .. .. CON35G %
[ 8‘ THY CGHPUT:U‘FcGR:SSIUN COEFFICIENTS,. EACH - CONsboL.l:
C . - COZFFICIENTy BEGINNING WETH THE CONSTANT CON350. 3
T TERT LNU FOLLUOWZU0 B8BY TH:. VARIASLCE TOW55C ¢
C ‘ COZFFICIENTSy IN GCRDER, MUST CCCUPY 15 COty50 (i
T " COLUNMNS OF THo CAFRO. 1F KVAR IS GRCATEX CUOWNSST.%
c THAN S5, TWO CARDS WILL BE REQUIRED. . CoN35L ¥
C . , CUTS50 g
C C. CoLe. i-72 VARIABLE FORMAT CARD TO 8¢ USZD IN EADLNGCO!55U:§
T THE IWPUT UARTA. St- THt UAU PANUAL, PAGESCTUNIST %
C . 22-28 FOR A D05SCRIPTION GF THIS TYPZ OF cowa,-:§
I CAxJ. CNLY THz I8NDcPeRNEoRT  VARTRET = MR EEXR §
C VALUES NEED BE READ IN. . COU356: §
C . ; CUId:LI;
C 0., THI INUT DATA. THZ RAW DATA FROM WHICH THE CONISC-
T . PESRISSION CUEFFICIENTS WERE CALCUCKRTED. LJ»a:ﬁ*%
C THZ O38SIRVIO VALUES OF THt OEPENDCNT COHISC g %
C T o VARTADLe WMUST NIT BT INCLUJCU, VACU=S GUNSHU
c OF THZ OTHIR VARIABLES MUST APPIAR 'IN T43S CON3SC-§
S SHfc JRUER &S THEC IR RESPECTIVE . CUNIS IR
C COZFFIGIENTS IN .CARD 8. CON333U %
C 5 , COTIST i
C €« COL. 1-72 VARIABLE FORMAT CARD TO BZ
o

THe POIRNTS a1 WHILVH LUNTIUcHL UIRLITS ARE

USZD IN R;ADINGCON&SG'
L:

LUl

Pwﬁwﬂmwﬁw%ﬂﬁmw~.;



- - =1545 _ S
. . . %
2A1(243) /MASTER INTZGZP WORD SIZZ = 1 , * OPTION IS CFF , C 2PTION IS OFF ?
]
: , :
c T0 82 Cu-tPUTEZND, - CONYSL
C = CONSST -
C F. THZ POINTS AT AHICH LIMITS ARS TO BS COMPUTZO. THE conN35¢
-C TRZRALCFORY IS STHIUAR TO THT IHPOT DATA,CUOASSG
C LR PET
T G« <=—OF CESXO (STAAUARD C<C.l.Hs GREY-STRIPZO tOFJ POHEER
y C ' CoMnesC
C NOT: == CALI0S A THIOUGH F WAY BE REPTLTED AS CFTEIN AS UESIRED . TONIS
i C . : conN3sc
CHADW CUVIRV, RVER TCUIIS5T
OIMIMSION CTOVINV(10,10),TVALUIS(33),POINT (43),¥MATRXI5C],10) ' HEER
DIM= NS TON VARFAT(C) 5 COSFF {10} CONIST
y DATA TVALUES /12.706,44303,34162524776+2.571424447,24365,24306, . CONSS(
il v 20212+22832.201,2+ 179,22 1E0+2+165,2+13172-120+2+116,2-101, TCUTS5L
2 2033,2.085,24080,2407449240G6352400k, 2 ,060,2:056,2.052,2.048, CON55¢
3 2. 055,205 2,2.0215,2. 000, 1-5807 CONI5L
c ) CONS5¢
C RZAU AND PRINT CONIRJU INFURKNLGTLUN CITI51
c CONSGS5C(~
EU RSAD 99, PRUSLL, NPTS,HVAR; WCIA,VARYNG, (CCLFF(IT,1= ITRVERD COT9SC
G9 FCRMAT (83, T2,I2,13,F44,4/5F15.5,5X) COH3SC,
IF (IFCCFI6 T - 0, 1) STUP COWSST -
READ &8, NAREMT CONSSI
86 FCRYAT (FEE) . \ TORIST
" D0-160 I=1,UPTS COH95L
XIETRX (I 1T =100 CONSST
100 RIAD (80 ,VARFNT) (XMATRX(I,J),J=2,NVAR) CAN95 e
PYINT 77 PRUGUA, NPTSHWRVATSWULE,VART NG 1704‘:197?
77 FCRMAT (22H1SE PERCENT CONFIDINCE LIHITS/ " CON3BLT
1 10RCPEU3TEY CUUZ sy AZS7 'Ur—le.
2 234 NUMBER OF 03SZIRVATIONS,I13/ CONgSL”
3 ZUAR NUASER OF VARIASCSSS LIS/ I 7 L LAEERS
4 32H NUMBER OF LIMITS TO BE SOMPUTEOD, I4/ : -~ CONYSL,
S JIH R=ZSTOUARU PZAN SQURRZFII G777 TCRSSY,
6 2-HOREGRESSION COZFFICIINTS/ /44X, CONY5LE
[ CCH VA Las s LU FFLULICNE/Z) CUNSDU
DC 30& I=2,NVAR . . ' coues:t
JE1=1 : R uun'f')l.,,
360 PRINT 55, J,CNIFF (I} CoOM35(%
o> FUF A (LlC,}'ll.‘j R u‘Unrfp‘[_r
POINT 444, CCIFF (1D . ' coug;r»
G4 FURTAT T/7IURyISHUUNS TANT T2/ W PREUIVTION CJUATIUNY =4t 1deo777 \ﬁJv,on/
1 18H4GCONFIDINCE LIMITS//710X, .CoNSsC,
4 SOHAUTMLIT 11U CIRCR CIHIT FITTEC Y UPPER TIAIT7TCUNTSTS
. C ’ 3 , CON3S(:
C LUTYU T Ve xKow U CUVARTASNULZD TARATRIX T;UN"J'DLG
o : . covgsc;
JU LU 1Y RVA [OROF - S0
DC 780  J=1,NVAR GOiaq'“
CCVINY CI7IT=0ST — OIS
DC 706 K=1,NPTS : CONI5LY
707 COVIMVITy N ECUVIRVIT yITFXATRX (RKy I X AT R X(KTIT u‘uwﬁ*::g
i+ é

THIINTR
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S4:1(2.3) /MASTER INTSGIR WORND SIZZ = 1 , * 0PTION IS CFF , C N°TION IS OFF %
-
‘i

c , ’ NBS
T COYPUTE COVARYANCT HATRIX T35
o . . CON3S
CACC WATINV TONIS

c . ' ) : : " CONZS
C RTAD TN TH: CO-ORDINITES UF THE -POINT. ANO COMPUTc TH_ FITTcD 'V TOWHL.
c ' ’ . : . CONYS
BERD £5y VARFET CONTS

00 76  J=1,NLIM cCoNds
POINT(IT=E1.0 COgs

READ (60, VARFNMT) (PGINT(I),I=2,NVAR) CONYS.
YFIT=COZFF (1) . - CONSS

0C 200 I=2,HVAR conNgs

204 YFIT=YFIT+CO:FF.(I)‘*"POINT (1) K CONS S

o : ‘ , REL

- C CORPUTE FIJ0UUCT OF THT POINT ARD THE COVARIARCZ HATRIX CONIS
c _ ' CON3S
CONFID=5.0 CONTS

DO 800 I=1,NVAR . ' conge®
Spl-i.\,:J 0 CUNoZ
gc 998 K= 1,NVAR N NEER

CG U SPARESSPARE#FPOITTIRT=COVIRVIK ;T COWTS
800 CCNFID=CONFID+SPARE*PCINT(I) cosge

C COHS-
c CHCODSE APPROPRIATE T VALUE AND COMPUTE CONFIDENCE LIMIT cone:
C > d . CUI9~.
Y JK=NPTS-NV AR €049 i}

: IF (IJRGT. 307 GO 1O 10 ) X TOYL:
T=TVALUZS (IJK) - ‘ ’ CONG LY

- GC 10 20 A TINT 1
10 IF ¢ IJK.GT.35) GO TO 30 C0%3%3
T=ETVACUTST3I 0T —Cows

Ge TO 20 . CON3 ¢!

IY IF (IJRSGT. 507 U 10U &0 const}
T=TVALUZS(31) CONG %

GO TO 20 . * CONTTE

ug IF (IJK.GT.30) GO TO 50 cenesd
TETVACUZS (3 2] : TSt

GC TO 20 . FCoNG

TP TETVACUIST33) ; ) CUTS:,

20 CONFID= SO’T(COJFID*VAQYHC)*T ' R RETY

; OF=YFITFCUNFIO : TTTWRST
] OCHN=YFIT-CONFID * CONSE,
T PPIHT 059 JaD0AN,YFLT U ' (DS N

! €6 FORMAT (I15 sF18,5,F11455,F14.5) CoNY .
GG T0 o0 . - uuzaé

END - <» CONgi

’

s
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AN (2. 3)/7MASTER INTEGIR WORD SIZZ = 1 , * OPTION IS CFF , C OPTION I3 OF F
’ L
{
- i
. -~ 3
SUBROUTINS MATINV p0N351§
C , . CDN‘:SI
C “ATRIX INVIRSION CONS$53
o g CTHSST
COMHON “A 4N COM35% -
JITI-NSION A (10, 10),IHUcX(iu,3) COs51
© ECUIVALENCE (IROW,JROW), (ICOLUM,JCCLUM), (AMAX,T,SHAP) . CON%51
TpC 6L J=1,0 : - : (VMO R EEP
€1 ILODSX(J,3)=0 CClS5S51
C . L5313
c SEARCGH FCR PIVOT ELEMENT, CONS51 .
[ CUNYD1,
DO 550 I=1,K COHS51
BVhAX=30,.0 CONY>1
00 105 J=1,N CONYS1
IF (170X (J537- 0.1V GO 10 105 : : COT952
0C 10C  K=1,N ' CONY5:
IF (INJO=X{K,3) -1V 80,100,715 . S CES!
80 IF (AMAX.GE JASS(A(J,K))) GO TO 100 : CON251 :
IRon=J (HOINEE S
ICOLUM= "CONESa,
: EMAX=E3S (A( J, K)) g COR953,
4100 CONTINUE ‘ CONYS51
IT5 CNTIHU=S y r CONY5:
INDIX CICOLUM,3) =IHNDSX(ICOLY 1, 3) +1 coM3se .,
IROSX (I, 1)= IRCW TUOTS53 ¢
INDEXC(T,2)=ICOLUM CoMa51E
F ({R0H.Z0.1c0LUM) GO T3 3iC COII53 §
c congse
C TATZRCHATGZ RCWS R EERE
C . v .GGN351 §
0C 250 . C=1,0 TCUA951
SHAP=A (IRCH ,L) ° COoN35: |
EUIROW, LV =A (ITTOLUN, T COvS5T s
200 ACICOLUM,L) =SHAP Cois551 8
T : LD EER
c RENUCE NON-PIVCE ROHS 0019“13
C ] CTII51 |
310 PIVOT=ACICOLUM, ICCLYUM) 001991L
A(ICOLUH7ICULUH)=1.Q COUTI5T
pc 35C L=1, ? ch931§
- BTy A(ICOLUY, LI--(IbOLU y LI 7P IVIT RN HEES &
9C 555 "Li=1,N PLRELF
- TF (CI. =0, ITCOCUNT GU J0 550 uqu:I%
T=A (L1, ICOL UM) ) 0049915
7 ITUL; ITILC=0.5 CONIST3
OC 436  L=1,N ) g cow‘51¥
4o ATULL, U =4210L, L) ~-ATIL0LUT,L3 F1T i LUJTI218
S€g CCNTIHUS - -~ ousazz
C B . . / Tt bu"vbc,
C INTZRCHANGT COLUMNS > . . CON3I52¢
T TUTS5C

INASANNEY Tl ool S T

-
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5. PAN(2. 2V /HMAST =2 INTEGZIR WORO SIZZ = 1 , * QTION IS CFF , O OPTION IS  OFF

s 0C 71C I=1,N . coNIS2
el T L=R+1-1 ' . Conmgs2
e I IF (INJZIX(L,1),E0.INDSX(L,2)) GO TO 710 . ) €035
b JKOW=INDeX (1] ‘ ROE T CUMS5e
e JCOLU=INDEX(L,2) ‘ , COM357
P JC 705 R=1,N . : . COT55%"
oo SKAF=A{K, JROW) . . . - CON35::

¥ A TR, JROAT=8 (RS JCULUMT — ' —CONT5
%. 765 A(K,JCOLUM) =SHAP E WIELY:
¥ 710 CCHTRI=" - ) ‘ . CUTISE
z ot 7 K=1,N ‘ : _ CONSS5e
% TF [TAU=XTK,3T.NE.1J GO TO 715 X CONI5¢
i 736 CONTINUE ~ : - Congsz:
2 RETURN . T TWIIS e
7Y c . T GONS3Z
2 T PRINT ERROR WESSAGT " : TOTE5¢
£ C S i - CON35%
3, 715 PRINT, 93 \ P CUiTs5¢
ig 9 FORMAT (61HOINVZIRSE OF MATRIX CANNOT BE CCMPUTED -- EXECUTION TEZRWCON3SZ
I 3 11!-‘@_1:—.0)' J. ‘ . R EEDS
E) "STOP ' ‘ CON35E
z =D : . 3 COTS5e
kS X = ‘
.:,:.‘ g N . »
jg SAST FORTRA} DIAGHOSTIC RISULTS FOR MATINV
ol
: NI ERRURS
7
& -
&
= .
¥ £
. .
v, > ' ! [
¥
v -
= L] . =
A -
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APPENDIX 3

\

In this appendix, the following are

included:

Table 3-1l:Calculation of reactioq rate constants

for hydraulic loading of 2.5 l/min,
L8
assuming zero orxder kinetics.

’

.

Table 3-2:Calculation of reaction rxate consténts
for hydraulic loading of 4.0 1/min,
assumlng zero order kinetics (Analytical

results of par§11e1 and series operation

\

are included). \

A
f A
!
!

. \
Table 3-3:Same as table 1, but for first order

*

‘kinetics.

Table 3-4:Same as table 2, but for first order

\
.

kinetics. . -
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Zero Order Kinetics- |

In ofder to determine K and SB values of eguation

"17 and 18 (page 50,53), n was taken to be zero.
. v Sok- K AA - Vg S, + v, S_. - v S, =0 (D
VBSA-KAB-\; S = 0 (2)

Equation (1) and (2) yields:

v(Se=Sp)

A

L K =

- o

- - K A
S. = SA - B

VB

B

. t
The calctulations are shown on Table 3-1 and 3-2

S Tl T

of this appendix for hydraulic loadings of 2.5 1/min and

TATEY s

4.0 l/miﬁ respectively. . '

First Oxrder Xinetics

N

(a)  For hydraulic loading of 4 1/min (Table 3-4)

Formula 17 and 18 yidlds:
.

Sa - . . :
K = 2.45 g~ - 2.45 (1) ,
' B
2 o 2
sp” - (0.956 5, - 0.285'5) 5, - 0.329 5,7 = 0

%
|
:
z
4
&
§
%
*
g

.
ﬂ'!"'vrr.



(b)

\

by

4

inserting:

= 4 L/min

= 14 1/win

5.7 m2

il

1.9 m2

1

Formula 17 and 18 gives

K

Sp

2

S
2.10 -Sﬁ Z2.10

B
- S .0 2 .
(0.879 SA 0.708 SO) SB 01329 SA

For hydraulic loading of 2.5 1/min (Table 3--3)

2

= 0
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The analysis.of variance results for the linearized

were obtained by using computer program

(Appendix 2). The mean square pure errors werg/dalculated

using repeats. F test was applied to check lack of fit for

- 95% confidence level.

ANOVA NO. l.(For hydraulic loading of

kinetics)

-

Linearized Arxrhenius model: -_

~E/RT

3.5 1/min)" (Zero .order

Bl |
InkK = B (T T )} + 1n Aoe
, o
~ /’
_ N U
. InK = =7792 (3 = ') + 5.35
- o
Source of Sum of Degrees of| Mean F
Variation Squares Freedom Square
Total(uncorrected)|'330.2041 11
{Mean . ' 323.2488 1
Total (corrected) " 6.9553 ‘
Regression 5.4942 " 5.4942 | 33.84
. 14 . .
| Residual” 1.4611 : 0.1623 y
Pure Error ! 0:9614 6. 0.1603
Lack -of Fit 0.4996 3 0.1663 1.083

.
R
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Lack of fit
v _ Pure Error

= 1<4.75

Pure Error Estimates:

. .
- .
/ /
- .
o~ .

-

~7,) 222 (0 44) %+ (0.04) 2x2+(0.02) *x2+ (0. 185) *x2

$(0.12)2+(0.43)%+(0.55) %=0.9614

£
=
o
H

®
Y
I

E pure error square,
'§i = mean of obsefvafidné at.ith condition,
¥i5 f_yth obsertvation at ith éondit%on(‘:
> K = numper of observation at each cohdition, and

3
]

riumber of conditions studied..

ANOVA NO. 2 (For hydraulic loading = 4 1/min, zero order
, kinetics) '

Linearized Arrhenius Model:

L

) 1nk = —8753:‘% - %:? £ 5535  i:‘. o

\\ . Sougce.of : 'Sum of Degrees of Meah -

) Variation . Squares Freedom : Square
Total(uncorrected)|348.6450, | 13 '
Meap -, / ° |335.6864 1 "

. TOQZ}(corfgctedf 12.%586 3 12 _. c . (
Regression 9.8983 | - 1 9.8983 |35.57 .
Residual- .| 3.0603.| 11 0.2782 R
pure Error =~ | 205544 ' 0.3193 -

Lack of Fit | 0.5059 0.1686 | 0.53

)
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- Pure Error Estimate: o ' L

PEZ=(9.49)2+(ou87)2%(0.13)2+cﬁ.54)2+(b.29)2+(o.74)2
+(0.55)%+(0.19)2

.

Lack of Fit _ 0.1686 _ | o
Pure Error = 0.3193 0.528 < Fy g5 g§,8) = 4.0652

#(0.19)24(0.43)24(0.24)2 = 2.5544

A,

ANOVA NO. 3 (For combined data of 2.5 1/min and 4.0 1/min

operation and zero order kinetics)

' Linearized Arrhenius Model:

« S
-

-170-"

 1nkK = -8357 (% —.%—) + 5.3%
. (o] v

-Source of Sum of Degrees Mean -
\Varlatlon Squares of Freedom squares
ToEal(uncorrécte@)678.8491 24

Mean " |658.2490" 1 . ’
%otél(correbtedy 20.6001 23 R
Regression | 16.0295 , 1 "] 3s5.57
Residual’ 4.5706 22 . _

Pure Error | o1ss717 14 0 |o0.1336 [
|lLack of Fit 2.6989". § 4]o0.3373 2.52

.

Pure Error Estimate:

2 o p2 L
p? = B2.5*Vas* Fa.0* V40 6 x0.96145 + 8 x 2.5544
e V2.5 T Va0 : 6 + 8
= 1.8717 - ,
7

RIFETRAY R0 37 sl S o R Bk B MR . 75

T we e T

S S VTR N

afax =

=



R e et % e F

~Lack of Pit _ 0.3373
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where: |2 = Pure error square of combined data

- e P = Pure erroxr square of data for 2.5
2.5 l/min hydraulic loading

P 2 = Pure error square of data for 4.0
4.0 1/min hydraulic loading

"

Vy 5 = degree of .freedom 2.5 1l/min hydraulic
‘ + loading data
Voo = degree of freedom 4.0 1l/min hydraulic

loading data

Pure Error = 0.1336 2.52 «

F0.95 (8,14)‘= 2.70

Therefore, statistically it is possible to use

. same kinetiérexpressiqn for 2.5 l/min and 4.0 1l/min hydraulic

.

»

loading for zero ordex kinetics assumption.

-

ANOVA 4 Hydraulic loading = 4.0 l/min and first order
' kinetic assumption g

Linearized Arihenids Model:

1InK = -8063 (%—~ %f) + (-1.34)
ot
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Source of Sum of Degrees Mc an F
Variation Squares.| of Frccdom Square
Total{uncorxrected) | 51.5043 . 13
Mcan v | 33.1841 |, 1
Total (corrccted) 18.3202 ; lé L
Regression 8.3984 1 813984 | 9.31
Residual 9.9218 11 09020
Pure Error 7.9832 8 0.99
Lack of Fit 1.9386 3 0.6462 | 0.6k |

Pure Error Estimate:

: 2

+ (0.28) %+ (1.16)%+(1.49) %+ (0.24)%+1.25) % = 7.9832

(0.80)24(0.458) 24(0.72)%+(0.19) %170 .74) *+ (0.88) 2

ANOVA NO.5°' Hydraulic loading = 2.5 l/min and first order
kinetic assumption “ L,J

T

1

Linecarized Arrhenius Equation

'iﬁk = ~13857 (3 - ) - 0.57. ~
Source of Sum oF J-hegrees “Toan -””_;*“—ﬂ“"
Variatlion’ Squarcs | of Freedom| Square
Total.(uncorpected)"22:957i 11 .
Mean o 2.2113" 1 ‘
Total (corrected) 20.7458 10
Regression 17.3758 > 1 . 17.3758 J46.40
Residual 3.3699 | 9 0.3744
Pure Exrror 1.6779 6 0.2796
Lack of Fit' 1.6919 3 0.5639 | 2.01 /
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Pure Exror Estimation: -
P = (0.19) x2i(0 og) 2421-(0. 026) x?i(O 625) x2+

(0. 72) +(0.49Y) 4(0 ?3) = 1 6779

<
>

l ANOVA NO.6 (For cowbined data ¢of 2.5 l/min and 4.0 1/min’

operation hydLanllé\loadang and first ordex
k1nLLch) .

» \ (3 . . ) ~ . * .
Lincarized Arrhenius Eguation:: . }

InK = "].1214 (’.]P: - li.—) - 0°92606

(o]
(Source of | Swum of """dQQILps Mcan ¢“TF
Variation Squares = | of Freedom| Square |
Total (uncorrected)] 74.4614 24
Maan 27.5247. 1 - ‘
.{ Total (corrected) 46.9367 23 ;
‘Regression 28. 8633 BRI 1 28.8633(35.1342[
Residual . . 18.0734 22 . 0.8215
Pure Error 5.2809 - 14 3772
‘Lack of Fit 12.7925 | 8 _f=1.5990
Pure Errortﬁstimate > J
2 (7.9832) x 8 + 1.6779 x. 6 _ ‘ :
P.° = 14 -2 = 5.2809
c -
Lack 6[ Fit _ 1:5990 ‘ . -
Burd Reror - 0.3772 = 1-23 > F g5 (8,14) = 2070
—~—
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