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ABSTRACT
In this study a validated model of the suspended solids and biochemical
oxygen demand effluents of a kraft pulp mill was developed by superimposing

stochastic chemical spills and normal process discharge.

The effluent generated is input into a validated clarifier aerobic
stabilization lagoon waste treatment model. Utilizing cost relationship
derived from the literature, capital and operating costs for various

system configurations and sizes were determined.

Numerous experiments were run to evaluate the waste treatment system's
sensitivity to influent concentration, temperature and hydraulic load.

A least cost system configuration was determined for any desired effluent
level. The implications of a spill basin and increased spill frequency

were evaluated.

It was concluded that the models could be a valuable planning tool to

pulp mill management.
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INTRODUCTION
Pulp and paper is a major industry in Bri#ish Columbia; In 1973 there
were 22 pulp mills in the province, 18 of which use the krafg pulping
procesé. Their total production for 1972 was 1,853,000 tons of wood pulp
accounting-fof 37% of the provincés forest exports. 1In 1969 the. forest
~industry employea 17,500 people and had'manufacturing sales of 1.7 billion

dollars (Stephenson and Nemetz, 1974).

British Columbia exports its forést products.to.over 40 coﬁntries of which
.Japan, the United States and Great Britéin are the biggest customers,
accounting for 43% of the exports.  The pulp aﬁd paper market ﬁas about
the same.number of customefs with the Unifed States being the largest. A
majority of the exports is newéprint (approx. 79.8%) while the remainder

is primarily bleached pulp.

Thé pulp and.ﬁaper process generates é considerable amount of air and water
poilution. The severify of the problem WésAemphasized in a recent study

by the Swedlsh Env1ronment Protecflon Board They sfate that as of 1972

the forest 1ndustry was respon31ble for more than 80/ of the total pollutlon,
expressed as BOD (biochemical oxygen demand), from domestic and industrial
waste in Sweden, and 807 of the forest industry-contribution was from

pulp mills (Lekander, 1972). The proportions for Cana&a are probably‘very

similar since both countries have a similar dependence on the forest industry.



Befofe 1950 the iﬁdustry felt that the pulpiﬁg effluents would be easily
absorbed by the enVirénmént and little thought was given to. waste treat-
ment. As a result tons of toxic chemicals and wood fiber were released

into the natural water systems each day. Héwever in the fifties and sixties
pulp mill dperation costs rose and it became economically advantageous

to dévelop more‘éfficient ways of;reéycling the process chemicalé-and fhe

lost fibers.

During this same period the lakes‘and rivers became increésingly more
respected as.resources to be protected and maintained. As a consequence
of this combined econémic and environmental push the pulping industry has
become increasingly more cdncerned with mill wastes‘and their subsequent

.treatment.

Over the past decade hundreds of'techﬁical and'eéonomic studies have been
;arried out on treatment of pulp mill wastes. -Groups such as the National
Council of Papér Industry for Air and Stream Improvement Inc. (NCASI),

B.C. Research, the Canadian Department‘of the Envirdnment, and the U.S.
Environmental Protection Agéncy have all been. active in this area. However,
despite all the new informatibﬁ being generated by these groups, mill
management considering waste treatment alternatives can still not be sure
how their partigular mill situation will be handled by any given waste
treatment system. There is great variability in mill effluent quality both
between mills and within a single mill fr&m day -to day. 6ver one third éf

the total chemical and fiber losses are due to accidental spills (Lekander,



1972). Spills are usually due to faulty equipment, incorrect control or

the human factor (negligence, etc.).

It is these accidental surges of toxic chemicals and wood fibef which
represent a threat to the stability of operation of a waste treatment
system. They are also hard to design against. A waste treatment system
which can handle such operational transients efficiently may be many.times
the size.of a system neéded for normal opérating conditions and exponeh—

tially more expensive.

Mill managemént therefore faces a difficult tradeoff problem, namely_reliff'
ability of the system in meéting required discﬁatge levels versué Edéts of

) the waste treatmeﬁt plant. Management obviously WOuid like to minimize costs
but also.wants'to be sure that the investment is effective invmeetiﬁg_its_

origiﬁal'purpose.

The problem'is té.study the systems béhaviour in response to typical iﬁputs
and detefmine sﬁbéequent costs .and efficiengies of.operation. Theré are
techniques whiéh facilitate bringing the real world situation into the
laboratory. These permit the decision maker to experiment with different
policies and-investigate their effect over time without worrying aboui_design
failures. The techniques referred to are computef_simulation_and mathematical
modelling; They have been épbliéd to many industrial processes‘with varying
amounts of suécess. Their dévelopﬁent and use can greatly increase the
understanding of the problem and provide invaiuable informatién on feasibility

of proposed solutions.



CHAPTER 1
THESIS DEFINED‘AND.LITERATURE REVIEW
This study had two objectives:.

1. Develop two computer simulation models. The first of the waterborne
effluenté generated by a kraft pulp mill and a second of the effluenfs
subsequent modification in a waste treatment plant. Both models
function on a one hour time step to give reasonable représentation
of>the systems dynamic behaviour. |

2. ﬁse published cost relationships to study cost variability of waste
treatment as a function of different system designs, efficiencies

and inputs.

In the following three sections the -history of the above; as reflected in

the litérature, is reviewed and it's implications on this study are discussed.

1.1 THE PULP MILL MODEL

Past computer simulation studies in the puipiﬁg iﬁdustry have:beéﬁfﬁrimarily -
concerned with control and process p:oblems of é chemical engineering nature.
For example, Sullivan and Schoeffler (l§65) présented a technique for
simulating stock prgparation and fou?drihier dynamics permitting evaluation

of different control schemes in response'to pfocess modifications ahd system
transieﬁts. Tehrar (1967) gave a more general approach to simu1tion in the
pulp and paper industry. He discussed simulation and its potential»;o the

industry and then developed a model of the wet end of a paper machine to



study basis weight changes and their control. B.W. Smith (1969) developéd
a digital simulation'of-paper making systems. Using both dynaﬁic and
steady state models Smith simulated process concentration fluctuations as
a consequence of flow surges in storagé tanks and connecting pipes. - A
similar approach was taken by Henrickson and Meinander (1972) to eQaluate

various process design possibilities.

The published literature reveals yery few attehpts to model the kraft
pulping process and no attempts at ;he-complete.mill (pulping and bleaching).
£ﬁ Carroll (1960) the kraft cooking‘kinetics are measured, the kraft;:b
pulping process is.modelled and a non—linearAtechnique for optimizing
piant operation costs is developed. System balance equations with six
independent coﬁtrol variables can Be modified in order to makimizeAthe
objective function. Boyle and Tobias (1972), developed a new model

reportedly correcting some of the deficiencies in Carroll's model.

Ndne of the above models deal with waterborne efflﬁents generated in a
pulp mili operation. However there have.been'numeroﬁs data studies made in
the past few years which try to establish the main sources of mill effluent
and possible‘operational correlations. Howard and Walden (1971) analyzed
over 1000 samples collected ovér a 40-day perio&ifrom major process streams
of seven‘B.C. kraft pulp mills. Means and variances for BOD5.and toxicity’

were determined although no reliable correlation.was found.



In a later study, Walden, Howard and Sheriff (1971) used multiple regression
techniques to correlate BODg and toxicity with mill operating data. Some
interesting in-plant correlations were obtained, however, correlations for

combined mill outfalls were poor.

~ The Swedish Steam Users Association (1974) made one of the first attempts
to look at dynamic aspects of pulp mill losses. .They looked at a pulp mill
operation on different time scales with inter&als.ranging from .25 hrs to

1 hour. Their primary state variable was the variétion of sodium salts
concentration in the effluents. Using this as a méasuré of accidental
dischargés in thé mill, they found that in many sewers there were temporary
discharges (spilis) of less than one hour duration over 50% of the time.

A ﬁore extensive study, Gove (1974), described‘a contfol strategy'and.some
analog simulation résults of the impact of above normal loadings on a waste

treatment plant.

For this study a "black pox" (1) approach waé»used.to develop the pulp mill-
effluent model. vkeguiar process 1ossés for various ﬁill éreas were generated
stochastically, based on empirical data. Superimpoéed upon this was' a
sequence of spills generated from a derived distribtuion.  The "black box"
approach eliminates the need for a detailed model of the.process. It does

however sacrifice the detail and precision of a more exact model.

(1)The "black box" description is a general term applied to an input-output
device. The black box represents a functional transform which gives the
effect of input changes on output. The contents of the black box are not
of interest as long as the transition is achieved in a way that reflects
actual system behaviour.’ ' SRR o 1



This approach is supported by a statement in the Swedish Steam Users
Association (19?4) report which states:
"The total diécharge from a pul# or paper miil can be divided
into'norﬁal pfocess discharges, dependent on the design of the
process and the equipment being used,.and temporary or accideﬁtal

discharges caused by disturbances to the process'.

\

1.2 THE WASTE TREATMENT MODEL

With the growing concern for the environment in the last 10 years, waste
treatment models have become aﬁ increasingiy more>§6puiéf?toblvfpr design

and management of wasteWater.treatment systems. They originally were directed
toﬁards domestic sewage_but in recent years many industriaily oriented

models have been developed.

Montgomery (1964) developed a model of a sewage treatment syétem which allowed _
effluent storage and low-flow augmenfation in the receiving stream. The treat-
ment plant was represented as aﬁ efficiency of operation relationship; and its
influent was an empiricgl'time trace thch the model éampled every two hours. The
interactions within the model wére treated as a system of queues and service
facilities. The model détermined the dissolved oxygen concentration implications

on the receiving stream for different river flow levels.

R. Smith (1969) developed a model for design and evaluation of waste water .

treatment systems using empirically derived relationships for operational



efficiency and costs. The moael permitted specification Qf various
componeng‘combinations and modelled their steady state‘operatioh;. However
all the inputs and outputs aésuﬁed éontinued steady state and gave no feel
for the dynamic implications of the system. ‘Similar approaches to waste
treatment design have been developed by Eilers and R. Smith (i973),-R. Smith

(1968) and Chainbelt Inc..(1972);

In recent years various models have been developed for specific components

of waste treatment systems. Many of these models have tried to represent
vthe dynamic béhaviour of the component as a consequence of load variations.
TakamatSU'and Naito (1967)'developedia number.of mathematical models df
hydraulié flow in a sedimentation basiﬁ enabling them to simulate efficiency
" variation as é function of turbulence and changing hydraulic loads. Naito,
Takamafsu and Fan (1969) deQeloped a mathematical model of the activated
sludge process to facilitate optimizing the system's capital cost. Silveston
(1969, 1971) developed residence'time distributions df séttling basins and
used them in a simulation of mean performanéelbf a municipal waste treatment
plant. Some reasonable fi;s to real databwere found. In Sakata and Silveston
(1974) a first order chemical réaction was assumed to represent settling of

a non—fiocculating suspension and an exponential relationship for settling

velocity was derived and verified.

In Beak—Environment Canada (1973) various mathematical models of residence

time distributions for aerated. lagoons were derived and verified against



three operational lagoons. Other operational characteristics of the lagoon
operation are also discussed and a considerable amount of summary data is
presented. However, the report does not try to model the systems response

to changes in input over time.

Bodenheimer (1967) is a summary paper of the treatment'systems available

for pulp mill wastes discussing many primary and secondary éystemS'and their
costs. A more detailed discussion of the design and operation of secondary
waste treatment systems is contained in a report published by the City of
Austin, Texés (1971). The principles of secondary waste treatment are
summarized and the deéign of four major bio;ogical treatment.systems
(activated sludge, aerated lagoon, trickling filters and waste stabilization

ponds) are discussed in considerable detail.

The need for dynamiq models of wastewater treatment processes was recently
emphasized in Andrews (1974). On page 263, he states:
"....dynamic models and control systems do of fer many potential
benefits, however it should be emphasized that the development of
dynémic models for wastewater treatment processes and the use of -
thése models for the iﬁprovement of control strategies is a

' difficult task and is presently in its infancy".

Some benefits of dynamic models cited by Andrews are:
1. Performance - one canvstﬁdy range of plant efficiency levels

rather than just average.
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2. The development and evaluation of better control systems.

3. One.can study start-up behaviour and evaluate alternate start-—
up procedures. -

4., One can evaiuate the brocess stability and study its response

to system transients.

For this study a first orderimodel of "a wastewater treatment syvstem, common
to a number of B.C. pulp mills, was developed. Certain steady state
assumptions were made in the model which prevent it from being dynamic in
the.ﬁrue sense of the word. The ﬁodel operated on the éame time scale as
the pulp mill model gnd gave a reasonable representation of the system's

responsé-to‘the pulp mill effluent over time.

1.3 WASTEWATER TREATMENT PLANT COSTS

Numerous papers and manuéls are available for evaluating the costs of a
wastewater treatment planti .Some even cgmpiement the costing aspects with
a steady state approximation of the'syétems performance and allow the user
to experiment with.different component arrangements. [Eilers and R. Smith
(1973), R. Smith (1968), Logan et al (1962)]. They are primarily for use

with domestic sewage applications.

A comprehensive report on wastewater treatment éystems for pulp mills was
prepared by the U.S. Department of the Interior (1967). It gives the results

of a national study of operational pulp mills with ranges of treatment
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costs experienced in the industry for different treatment processes versus

" mill production and age.

Reports published by NCASI have aléo dealt with the costs ofvpulp mill
treatment facilities [Edde (1968), Gehm and Gove (1968)] as have other.
papers by Haynes (1968), White (1968), Eckenfelder and Barnard (1971) and

Bower.(l97l).

For the purposes of this study the reiationships.plotted in Bowér (1971)
were used. They represent a summary of much of fhe publisﬁed data aﬁd |
fécilitate the determination of cost as a function of flow and efficiéncy.
Bower's aerated lagoon cost curves were the only ones that could be found

in the published literature.
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CHAPTER I1I
SYSTEMS IDENTIFICATION

2.1 THE PULP MILL: FURDAMENTAL PROCESSES AND RESULTING WASTEHATER

Pulping is the process by which wéod'is reduced to a fibréus mass. - In °

other words it is the means of rupturing the boﬁds Between the fibers of wood..
ihis task can be accomplished mechanically,,thérmally, or chemically. In

this stud? a mill using tﬁe_primarily chemical’procesé known as the kraft
process is modelled. A flow chart of a bleached kraft mill operation can

be found in Figure 2.1.

First introduced by C. S. Dahl in 1879, the kraft process separates the .
qellulose fibers from tﬁe.lignin materials By using a digéstion mixture
consisting of caustic soda and sodium sulphide, togéther known as white liquor.
The wood,vwhich at this point is in the férm of small chips, is cooked in a
pressure vessgl (the digester) with white liquor for approximately two to
three hours. The lignin is dissolved forming a black, toxic substance'known‘
as black liquor. Black liquor contains approximately 50 percent of the
original wood weighf in the form of Wood.extractives and solubilized lignin.
The black liquor is then separatéd'from the,celluloée fiber by waéhing the
‘unbleached pulp (brownstock) in a number.of counter cﬁrrent‘wash stagés;

The black liquor extracted from the pulp.durihg the initiai ﬁashing stages

is returned to the chemical recovery éystem. Overflow from'the 1aét washer

is discharged as the main process éewér from the pulping section of the mill,

(unbleached white water overflow, i.e. UWW). The combined black iiquors are
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‘ concentratgd in multiple effect evaporators to produce strong black liquor -
which is burned in a recovery furnace to retrieve-pulpiné éhemicals. . The

smelt from the recovery furnace is redissolved to give "greén liqﬁor". The
green liquor is recausticized, adjusted to strength and calied "white

liquér". The."white liduorf is reused in the digester together with variable
proportions of added black liquorxr. Approximately 95% of the pulping chemicals
_are recycled and most of the soluble organié,material extracted from the wood
during digestion is burned in the chemical recovery furnace.

" The volume of effluent from'the pulping section of'é kraft mill (UWW) is
normally between 8,000 and 12,000 gal/ADT (ADT ='aif dry ton of pulp production)
with a pH of 7 to iO. Howard and Walden (1971) reported from a survey of

seven B. C. bleached kraft mills that the uhbleached whitelwater éfflhent Qas

’ .

the most toxic of the different effluent streams.

The dark color and coarse nature of unbleached kraﬁt pulp limit its market

usage. Consequently, most-millé further process the unbleached fibers to.

white bleached pulp. The bleaching process involves chlorinationbof‘the

washed pulp and extraction of the chlorination products in an alkaline
extraction stage. Becauée of the detrimental effect continued expdsure of

the fibers to chlorine has on the resultant pﬁlp's strength, bleaching is

carried out as a multistage proceés. Basically the system involves chlorination,
at about 20°C, of the residual lignin materials femaining after digestion and
brownstock washing by contacting thé ﬁulp at a consistency of 3 - 3.57% for

one half to one hohrfwith chlorine. This is followed by washing and then by
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caustic extraction.(in NabH) of‘the pulb at a consisfency of 10 - 12 péfcent-
for one houf at a temperature of approximately 60°C.

| : _ , ‘
The alkaline extracted pulp is subsequently washed with water and treated
with further chlorine, hypochlorité and/or chlorine dioxide stagés with
intervening washing. Finally the pulp is éfied and baled. Bleaching causes
further losses of organic matefial from the pulp which amounts to 5 to
10 percent of the unbleached stock. These losses are.discharged from the

plant with the effluent.

The first chlorination effluenf normall& has-a vélume of 15,000 - 25,000
gai/ADT pulp with a pH of 2 to 3. The first caustic extraction effluent
has a flow volume of between 5,000 - 8,000 gal/ADT pulp Qith a pH of 9 to
11, BOth_these.sewers represent a very high percentage of the millsvtbtal ‘

pollution load.

Although the process streams mentioned above do not account for the total
liquid losses in a kraft pulp mill they do represent the main sources of .
pollution. Superimposed upon these streams are losses from faulty equipment,

- process control failures and accidental spills of chemical.

Effluents from a bleached kraft pulp mill are usually discharged through
two outfalls. First the alkaline (or general pulping) outfall which includes

the alkaline bleaching effluent, the unbleached whitewater and residuals from -
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the pﬁlping and recover& areas. Seéond tﬁe acid outfall confaining the
chlorinatioﬁ stage bleach plant sewers. Large quantities of foam can be
produced when these sewefs are combined. Consequéntly, in mills without
treatment facilities the outfalls are_either a considerable distance apart

or are combined and fed through a foam tank before final discharge.

The récovery process mentioned earlier,which receives the black 1iquor from
the digestor énd the brown stock washers,has the potential of being and

often is one of the main polluters in the kraft pulp mill. All the chemical
liquors usédvin the kraft process are extremely toxic and have high pollution
contributions. 'Althoﬁgh the recovery process in theory is‘a‘nearly closed -
system the caustic nature of the 1iduors and other factors precipifate" |
frequent process spills. The basic cyclic stages invélved in the recovery
system'are: |

 1. Separation of the spent liquér (black liquor) from the pulp.

2. Evgpotation of the liquor to a concentration .of 50 - 60 per&ént'
solids.

" 3. Combustion of the concentrated liquor in a suitably designed furnace
for separating the lignin and other organic compounds from the
sodium salts.by burning, for reduétion of the sulphur~containing
salts mostly Na,S0,; (salt cake) to sbdium-sulphide and for ufilizing
the heat produced to generate steam.

4. Withdrawal from the fufnace of the soaium salﬁs in molten condition

and their solution in water giving green liquor.
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5. Treatment (causticizing) of the green liquor with caléium hydroxide
to.convert the sodium carbonate in the smelt to sodium hydroxide
‘while at the same time calcium hydfokide is converted to calcium
carbonate, which is a precipitate, according to the fdllowing
reaction: .

Ca(OH); + NapCO3— CaCO3+ + 2NaOH
6. Withdrawal of the causticized and clarified solution (white liquor)

for use in another cycle.

.The calcium carbonate separated in step 5 is usually converted to Ca0 in -
a ‘kiln  together with make up lime and .then is slaked, with the green liquor

and is converted by the water to calcium hydroxide and reused in step 5.

The two most wideiy used measures of pulp mill effluehtrdﬁalityAére bio-
chemical oxygen.. demand. and suspended solidé.v These are now defined since
they will be used extensively throughoﬁt the remainder ofvthe study.

1. Biochemical Oxygen Demand (BOD)

BOD is a quantitative test, usually doné on a 5-day basis, which indicates
the rate at which oxygen.is used by organic wastes in the'effluenf. Oxygen
is used by bacteria to degrade organic conStitﬁénté £6f¢érEQn dioxide,
water aﬁd éther non-organics. For pulp millé the BOb level is proportiqnal

to the amount of dissolved wood constituents in the water.
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BOD has serious implications to the natural aquatic.life in the fecéiving
stream since it too depends on tﬁevdissolved oxygen concentration in the
water. If a high BOD effluent enters the stream, most of the dissolved
oxygen will be used by the bacteria in degrading the organic wastes. As.

a result the natural aquatic life will not survive. The amount of BOD that
a'naturgl system can tolerate depends oﬁ the volume of the receiviﬁg water
_.and its rate of flow. Its unit of measurement is mg/l or pound of -BOD/ADT

of pulp. .

2. Suspended Solids (SS)

This refers to all material'whiéh can be filtered out of a‘liquid.' if is
also ofteﬁ‘calledvtotal suspended solids %ince it includes settleable solids
(solids wﬁich settle in one hour) and volatile suspended solids (lost

on ignition at 575°C). The suspended sdlids;are composed mostly'ofbfiber.
They must be removed because being organic they represent a very high total
oxygen demand (although not a high BOD). As a_conseqﬁeﬁce they_can.greatly
decrease the efficiency of biological waste treatment systems if allowed to
build up. If dumped directly into the receiving stream SS settle and become
a major threat to the aquatic 1ifé and also greatly.affect the aesthetic'
appeal‘of.the area. Its usuallunit.of,measurement is mg/l or pound of SS/ADT

of pulp.

" The typical BOD and SS levels experienced at the main kraft mill sewers are

summarized in Table 2.1.
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TABLE 2.1 TYPICAL BOD AND SS LEVELS FOR KRAFT MILL SEWERS

Sewer BOD SS
Pulping (U.W.W.) |12 - 30 1b/ADT |10 - 15 1b/ADT
1st Chlorination _ “ 25 1b/ADT 1 -2 1b/ADT
1st Caustic Extraction n20 1b/ADT | 2 - 4 1b/ADT

The brief description given here does not refelct all the factors affecting

a pulp mills BOD and SS levels. The wood species used variee between mills
and has widely varying characteristics,in tetms of its content of extractable
materials,both‘seasonally and due to the trees 1ocetion Qhen'harvested. Mill
procedures are also varied to suit product requirements. Mill design &dlso
varies. A combination of these faetprs, all of which are designed to

produce a product of rigid specifications, results in effluenp with highly-

variable characteristics.

2.2 THE WASTE TREATMENT PLANT

2.2.1 Introduction o

In this study two processes are modelled, a primary sedimentation fank

(or clarifier) and‘a 5-day aerobic stabilization lagoon. The two quantitative -
measures of efflueﬁf loading and system efficiencies'arevBODeand'SS. The
clarifier removes primarily Ss wﬁile-the aercbic stabilization lagoon removes
primarily ﬁOD. Since the SS loading can greatly affect lagoon operation the

‘clarifier precedes the lagoon.
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_ The.élérifier an& aerobic stabiliZafion lagoon wére chosen because of their
proven reliébility and efficiency. With the cufrent emphasis on protection
and improvement of the environment and the increased use of efflﬁent limits
with respect to BOD and SS in the discharge to public'water systems, there
has developed a need for reliable, édntinuous performancé, high rate
processes. As mentioned earlief, spills are é major fagtor in the puiping_'
industry and occur at a sufficient'frequency to result in costly violations_
of desired discharge levels. Therefore a reliable Syétemvis one which can
absorb sudden shocks.' The‘system must also be equipped to efficiently femove

both SS and BOD.

The clarifier, possibly followed by a settling pond, is the most efficient
"and effective way of removing suspended solids. It has found wide acceptance
for both municipal and industrial waste. On the average clarifiers in the

pulping industry are of centre feed, circularAtype with.ah ideal fetention

time of 3 hours and a depth of no more than 15 ft.

The aerobic stabilization iagoon,Which pfimarily reﬁbves BOD,was chosen
because of its reliability and capacity to absorb short term éﬁills with
little or no reflection in output. As a coﬁsequenge of this it has found

wide acceptance in the pulping industry [see Rand (1972) and Bodénheimer
(1967)]. 1Its main disadvantage is the land area needed to provide an adequate
detention-time'(4.to 10 days). A mill of the type being modeiled in this -

study, with an average water flow of 65 MUSGD, requireé a 15' deep lagoon
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of about 75 acres surface area to provide the needed retention time:
Méintenance can also be a problem since biologiéal oxidation generates
suspended solids. Often this is solved by following the lagoon with a
secondary clarifier or a settling pond. Generally input pH should be kept
~at 7.0 £ 2.0 in order to ensure bacterial survival. Also water temperature
should not drop too low so as to significantiy slow the biological reéction.
Despite these complications however, with.sufficienf process control,

aerated lagoons function efficiently in many areas of B.C.

2.2.2 The Clarifier

The purpose of a clarifiér is to remove suspended solids (SS). Basically
clarifier operation involves detaining wastewater‘in a large basin‘for a
sufficient length of time so that the SS can.setﬁle to the bottom of the
basin. Settled sludge is continuously remoyed using a motor driven
revolving rake mechanism to collect and concentrate the sludge'(see Figure
2.2). The clarifier design common tq pu1p>mills is the circular type in
which the waste flow enters in the centre and leaves via an overflow weir
‘running ardund the circumference of the tank near the ﬁppér rim. In'this
study thé.efficiency'of SS removal was assumed to be a function of the

detention time and the settling characteristics of the waste being treated.

Design of a clarifier is based on fiber slowly settling through quiescent
water. To be removed, the fiber must settle faster than the rise rate of

the water in the clarifier. Large fibers may settle at speeds of 10 to
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15 feet per hour. As they become smaller their settling rate decreases.
About 927 of the .particles will settle faster than 3 1/2 ft per hour

(Bodenheimer, 1967).

The capital cost of a clarifier in general is proportional to its surface

area (Bower,1971). To ensure an adequate detention timé (Déténtioﬁ”t;mé =

volume

) the volume must be kept constant (for an assumed steady state
flow rate

flow rate) implying an inverse relationship between depth and cost for
any given volume. In Chapter III,'an exponential approximation for the

settling rate is developed.

For pulp mill wastes a nominal detention time is from 3 to 4 hours and

depth is 12 to 15 ft. For a 3 hour detention time and a 15 ft deep tank

(1)

‘with an average flow of 35 M.U.S.G. day, the volume required would be,

¢ MUSG
Vol’=.35 x 10 day

x 3 hrs = 4.4 x 105 US gal

Hrs
24 day

with a depth of 15 ft, the diameter would be,

3
t 1 1 5
al ~ 15 £t X 0 o 224 fF

D = 2x \/ 4.4 x 105 gal x .134 Z

2.2.3 The Aerated Lagoon
The primary purpose of the lagoon is to remove soluble BOD using biological

treatment. Basically the process provides an environment in the lagoon

(l)M.U.S.G. = million U.S. gallons
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which permits bacteria to use the organic material as a substrate for growth
and eneréy. In the aerobic stabilizafion lagoon dissolved oxygen assim-
ilated by micro-organisms is supplied by mechanical aerators. The
biological reactions taking place in the lagoon are summarized in:the
following equations: |

org material + O, + NH3 + P bacteria, Néw‘cells kC5H7N02)10P + CO, + Hy0
The degradation of cell material thén occurs as follows:

(CsH7NO,) P + 0,——CO, + Hy0 + NH3 + Polysaccharides

Both reactions require oxygen and the 5-day rate at which oxygen is

@

required is the BODg of the waste

In the City»of Austin, Texas (1971), the.biological kinetics active in a

lagoon were described. They state that if oxygen and BOD concentration in
the aefobic stabilization lagoon are higﬁ, the-bioiogicél reactibn rate,

K, can be. assumed constant. For a sufficiently aerated lagoon this is a

reasonable assumption'for pulp'mill effluent. It is also éssumed thaF

the aerator mixing is sufficient to keep all the SS in the lagoon in suspension.

To obtain a reasonable BOD reduction efficiency, the minimum recommended
retention time for a lagoon is 5 days, (Bodenheimer, 1967). Lagoohs'vary
from 6 ft to 15 ft in depth. The deeper theilagoon the stronger must be
the aerators to functioﬁ efficiently. However, for a given detention time

(and therefore volume) the ‘surface area available will dictate the depth.

(l)For the remainder of this study BOD will be written for BODs5. The five da&s
. will be understood. ' :
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The SS generated by the oxidation in the aerobic stabilization lagoon is .
an insoiuble material which itself has a 5-day BOD equivalent. For pulp

mill'wastes,‘Bower (1971), claims that this biological sludge is produced
- at a rate of .15 1b for each p0und.of BOD removed and that itvconfributes

approximately .1 1b of BOD per pound‘of sludge generated.

Effects of temperature on BOD removal have been documented for many bio-
logical waste treatment processes iﬁ laboratory studies. vThe maximum
remoﬁal rate generally occurs around 37°C which is the optimum temperature
for the bacteria (Beak-Environment Canada, 1973). In most éystems operating
in colder climates thé temperature becomes a major factor affecting the
system's treatment efficiency. Little has been published‘bn temperature
effects in fuli scale aerébic stabilization lagoons however the liquid
temperatufe~within an aerobic stabilization ;agoon will depend upon the
rate at thch heat is lost and the extent of mixing which exists. Beak-
Environment Canada (1973) found lagoons with a lafge lengtﬁ—width ratio

to have a roughly linear temperature decrease through the S—day lagoon.
Therefore the mean lagoonAtemperature can bé taken as the arithmetié mean

between lagoon influent and effluent temperature.

Nutrients such‘as nitrbgen and phosphorus often must be added to a lagoon
to maintain the bacteria life cycle. The dosagé required is governed by
the concentration of these chemicals already present and by the BOD
strength of the wastewater. In this study.all necéssary-nutrieﬁts are

assumed available.
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Another important factor in the operation of a.lagoon is influent pH.

The pH should ideally be between 6 and 8 for optimum BOD reduction of pulp
mill waétes (Beak—EpvirOnment,Canada_l973). To accomplish this some mills
combine the acid and alkali outfalls before entering the lagoon. If this
is not sufficient, possibly due to a bleach plant shut down, chemicals

may be added as néeded; The influent pH can experienge sudden shifts.as

a result of spills in the mill but unless the spill is of major propdrtions
(100,000 gallons of weak black liquor is a major spill) the 1agoon can
usually absorb these transients;. However a continued spill over a number
of hours resulting in a substantial pH shock to the system. can destroy

the bacteria in the lagoon and result in a system failure for a number

of days; In Gove (1974), it is recommended that spill basins be cdnstructed
and mill outfalls be monitored with chductivity.probes.' It would then

be possible to divert épills to the basin and release them later at a

rate whicﬁ can be handled efficiently by the lagoon. Although spills

are considered in this study it was not possible to model the effluent pH.
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CHAPTER TII

SYSTEMS ANALYSIS
3.1 THE PULP MILL | |
The pulp mill model generates a typical water borne effluent time trace_
by sampling each hour emplrlcal BOD and SS dlstrlbutlons for each of the
main sewers within the mill and multiplying the results by hourly hydraul-
ic flows. Superimposed‘upon this normal effluent stream is a sequence of

model generated spills.

To establish the above dlstrlbutlons a considerable amount of data were re-
quired. Most of the data were supplied by one B. C. pulp mill. . The data
made available are the following:
1. Six monfhs of conductivity éharts at the mill's main outfalls
witﬁ notes indiéating spill locatiéns (not complete).
2. Typical daily mill flow values-for main mill sewers.
3. Some BOD and SS sampllng results for the same‘sewers as #2
4. Twelve months of mill daily operating summarles, six months of
of which overlap with #1.
5. BOD and SS readings taken at main.outfalls as required by

Pollution Control Branch for same four months as #1.

Also, mill supplied Samplesbof the following were analyzed at B. c.
Research, | | | |

1. Weak black liquor

2. Strong black liquor

3. White liquor
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4. Green liquor

5. Acid sewer

6. Alkali sewer

7. Recovery sewer

8. Flyaeh_sewer

9. Recausticizing sewer

10. Machine room sewer

‘Additional data were.also supplied by Dr. T. Howard (personal.communication)

from previous work at the mill.

3.1.1 SPILL DATA

A spill is an accidental discharge of'chemicals frequently_caused by human
error, faulty control or equipment failure. Spills present a very real orob—'
lem to mill management since they are next to.impossible to predicc and‘re—

present a financial loss as well as a pollution problem.

To incorporate spills in the model, six months of continuous conductivity
charts for the main sewer outfall were analyzed. Each day mill personnel
collected the charts, wrote comments as to spill locations and summarized,~”

the past 24 hours total chemical losses expressed as N32804 per'ton of pro-

(1

duction equivalent , tons of fiber lost, and water usage for that day.

L.,

It is common practice in the pulp mills to measure chemical losses in
terms of its NapSO; equivalent. The conductivity reading is proportional
. to the Na+, S04= and. S= concentrations and since sodium and sulphur are
necessary constituents in the white liquor (NaOH and NapS) they must be re-
placed. Usually NapSO4- (salt cake) is added in the recovery cycle to replace
. lost sodium and sulphur, thus .the term "NazSO4 equivalent :
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By establishing a Na,SO, 1osa‘per ton of production basc lcvel for a clean
operating day the Na;S0O, equivalent for each'spill was determined as the area
under each of the spill peaks on the conductivity chart expressed as.a ffaction
of the total area of all spills for each day.. These fractions are tﬁe prop-
ortion of the above base level loss that each individual spill represents. By
multiplying each fraction by tha total above normal Na,;SO, loss for that day, the

Na; S0, 'equivalent for each spill was estimated.

This was done'for a total of 178 days. " About 70% of the chart indicated
spills’were identified as to location, although the NaéSO4'equivaient of
most spills_could be determiﬁed. Appfoximately three weeks of mill opera-
tion which were not monitored with the conductivity probe were removed from

the data.

Mill start-ups which represent a considerable amount of chemical loss were
not incorporated in the daca base since the conductivity charts did not
- supply enough infofmation. Their possible implicatioos on thé waste tréaﬁ—
mént system will be considercd later. Two items co note aré_that:
1, Although a apill on the conductivity chart may last over an hour,
its effect is, recorded as oniy béing felt;during the-hour‘in
which it was initiated. Very few sﬁilla were over an hoor in
length.
2. The extra hydraulic load created by the Splll was aasuﬁed negligible
since even a large spill of say 100,000 gallons represents less than

3% of the hourly mill flow.

3.1.2 SPILL DATA ANALYSIS

Spill locations were broken down into three'major locations with 12 sublocations.

(The 12 sublocations belong to one of the three major ioca:idns).'
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Table 3.1 summarizes these.

| TABLE 3.1 MAJOR AND MINOR SPILL LOCATIONS IN PULP MILL MODEL

MAJOR AREA
RECOVERY-#1 RECAUST-#2 {  PULPING-#3
Sub . Sub - . Sub : . ,
Loc 'n Name &/or Liquor Loc'n Name &/or Liquor Loc'n Name &/or Liquor
Weak black liquor 5 Green liquor 1 Wood Prep'n
Precipitators
~strong black lig. 6 " White liquor 2 | Knots-W.B.L.
12 Condensates _ S R
-strong black ligq. 7 White liquor 11 Kamyr Spills-W.B.L.
‘ 8 Slaker-Green 13 ‘B.S. Washers-W.B.L.
liquor '
14 Kamyr Condensates

The recovery, recaust and pulping locations represent nearly .100% of the spills
recorded in the data. The recovery area alone accounts for nearly 717 of

all spills recorded.

(L

Goodness of fit tests were run for the spill amounts' ’and the time between

(2)

successive spill sequences for each of the three major areas. The computer

(l)Note. The spill amounts data were expressed in units of 1000 1bs of
NapS0y S0, equivalent. The time data is in hours.

(Z)What is meant by a "spill sequence' will become clear in the next few
pages. The time differences analyzed here were the time (in hours) between
the last spill of a sequence and the next splll in the area which has the
potential of 1n1t1at1ng a new sequence.
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prograﬁ used was one developed at UBC which uses the Kolmogorov-Smirnov
(K-S) and thé Chi—équare goodness of fit tests for fitting given data to
seven theoretical distribufions (Kofa and Morley, 1973). These include:

1. Normal.distribution

2; Poiéson distribﬁtion

3. Binomial distribution

4, Negative Binomial distribution

5. Gamma distribution |

6. Log normal distribution

7. Exponential distribution

The K-S test was used since it is less sensitive to sample size and is gen-
‘erally accepted as a mdre powerful‘test (Siegel, 1956). The test determines
the gréatest distance between the data and fhe theoretical cumulative dis-
tributions and compares it to'a table of critical.values for a given sig-
nificance levél. If the distance ié-less than the critical level, then the
null hypothegiS'is acceptéd, (i.e., we cannot reject the hypothesis that

thé distributipns afe-the same) . For a more complete di$cu§siqniofnthé’
K-S test see Fishmann (1973) or Siegel (1956). The reéulté of‘tﬁe tésf;”
are found in Table 3.2 for the Spill'amounts, and Table.3.3 for the inter-

arrival times.

The K-8 routine éstimaqu the distribution parameters from the sample data.
If these parametéfs are ones of scale or 1oca;ion, however, the K-S crit-
ical values become distribution dependent (Fishmann, 1973).v.Lilliefors-(1969)
gives a table ofAK~S criticai values for the exponential distribution‘wifh

a sample estimated mean. Comparing these Values_to a standard K-S table, it



TABLE 3.2 GOODNESS OF FIT RESULTS FOR SPILL AMOUNTS (units of 1000 1b)

" of Gamma Negative Binomial Log Normal 'K?S
Area Observations : Adjusted
R A D | KS (z05) | P K D | kKS (LOS) | M |s D |ks .05y °
##1 Recovery 100 .414 | 024 |l.074 .136 .109 .364 {].087 ._.136 - - - - .107
{##2 Recaust 30 .515 | .045 |[.064 .245 .189 L4448 11,072 .245 3.76 |2.91 |].081 .245 .196
~ #3 Pulping 19 1,191 |.065 |t.124 .301 .313 §1.55 |[.078 .301 5.47 . 2.85 |.214 .301 .246
TABLE 3.3 GOODNESS OF FIT RESULTS FOR TIME BETWEEN UNRELATED SPILLS (units of hours)_
} of Gamma Distribution Negative Binomial Log Normal K-S
© Area . : .
o Observations | = o A D | kS (.05).| P X p | kS (.05) | M S D |ks (.05y| AdJusted
-#1 Recovery 55 .511 | .0024 |}.089 .183 L1117 .459 ||.092 .183  |10.66 | 2.75 ||.034 .183 >}144
#2 Recaust 23 .807 {.002 |.104 .276 | .091 .823 ||.110 .276 12.4 |3.16 ||.103 .276 .223
#3- Pulping 13 1.101 { .001 |[{.183 .361 086 (1.25 |1.197 .361 13.8 12,9 .170 .361 .297

Note: See Table 3.5 for definitions of parameters

[4>
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is seen that the 0.05 significance level critical values for Lilliefors'
table are about the same as the critical values for a standard table .20
significance level. This implies that the probability of a type I error
(rejecting a true null hypothesis) is decreased when using the sténdérd
K-S tables but thé probabiliéy of a type .II error (accepfing a - false null
hypothesis) is increased. In the context of this study, a type II error

is moré serious. A suitably adjusted K-S éritical values table'COuid‘not.j
be.found for the gamma, log-normal or negétivé binomial distributiéné; |
therefore, the K-S standard critical values were also determined for « = .25
These are found in the column labeledv"K—S Adjusted". Assuming that Lill-
iefors' result of the simiiarity'of the values for = = ,2 and « = .05 dis-
cussed earlier can be generalized to other distributions the results of ;he
.tests are not affected and the null hypothesis still cannot be rejected at

both the .05 and .20 significance levels.

Often in the Spillldata, a Sequence of up to six spills with only a few |
hours between each occured in the same sub location implying a possible
recurring failure. To handle this sitﬁation it was'assumed that any sequence
of spills occurring in thé‘same sub area,'with.ten hours or less between

each successive spill, weré "related" permitting creation of a "related spill
' diétribution". Table 3.4 summarizes the number of ;elated ;pills fOr.each‘

sub location. The goodness of fit routine results can be found in Table 3.5.

Since not all spills are part of a rélated sequence it was necesséry to es-
tablish a related spill decision strategy. Each spill, if not imbedded in

an already initiated sequence, is a potential initiator of a related sequence.



TABLE 3.4 RELATED SPILL COUNT FOR 3 MAJOR AREAS

INTERVAL AREA

TIME RECOVERY RECAUST PULPING
1 hrs 28 5 0

2 11 1 0

3 " 7 1 0
4" -3 3 0

5 " 5 3 0

6 " 2 0 0
7" 2 0 0

g " 1 2 0
9 " 1 1 0

10 " 2 0 0




TABLE 3.5 GUUDNESS Ur PFLLT KEDULLD FUK 11IME BRIWEEN KBLALBD DrilLLd \UNLLID UL nvunoy
Gamma Negative Binomial Log Normal
Area # of K-S
Observations Adjusted
R X D KS (.05) P K D KS (.05) M S D KS (.05)
#1 Recovery 67 1.24 447 .191 .166 .287 7220 041 .166 1.62 1.77 || .268 .166 .123
#2 Recaust 16 2.04 .528 .220 .328 .392 |1.86 .136 .328 |2.45 1.92 | .211 .267
#3 Pulping NO RELATED SPIILS
NOTE (FROM KITA AND MORLEY (1977)
1. Gamma Distribution 2, Negative Binomial Distr. 3. Log Normal
- 1) g%pK M =.%.log, X,
fy = L x R-1 = %/B ¢+ 50 P(x) )EI'G(F)I:_B' q7p ;£110810%4
0 for x <0 ‘ ) n
where k = 1 where - 'i. X -M 2
' BRT (R} k = # of successes 5 i=l(1°g10 i )
p = prob success in 1 trial n-1
R= % 2 m = average # of success before
: G2 kth success
k = m 2
A= 1 = z Shb¢ - m
g 92 P=m
sn?2
9D = standard dev'n of # of failures
before Kth success. e
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Using empirical data it was possible to establish a decision matrix of
probablilities that a related spill will occur. An interesting way of

(1)

" thinking of it is as a semi-Markov process. A finite Markov chain

éan be structured by defining a state as a spills time location in a re-

lated sequence, (i.e., the first spill in the sequence puts the system in state
1, a second splll in a sequence puts the system in state 2, etc.). Table

3.6 is a summary of related spill sequences for each.of the thlee.major

areas. For each state i, the count . represents the number of spills that
occurred as the i-th spill in a related sequence. For example, in the re-
covery area, state 3 has a count of 14, This means that of the 52 initial-
izing spills, (the count of state 1), 14 of them resulted inlsequencés of

related spills at least 3 spills long. As indicated in'Tébles 3.5 and 3.6,

the pulping area did not have any '"related" spills.

TABLE 3.6 RELATED SPILL COUNT FOR EACH STATE

' Major Area
State
Recovery-#1 | Recaust-#2

1 52 24

2 30 7

3 14 4

4 10 3

5 4 2

6 0

7 0

(1)A semi-Markov process is a stochastlc process which makes transitions
from state to state in accordance with a Markov chain but in which the time
spent in each state before a transition occurs is random.
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Using the data of Table 3.6, it is now possible to construct the related
spill decision matrices. For the recovery area, the following matrix re-

sults:

TABLE 3.7 RELATED SPILL DECISION MATRIX FOR RECOVERY AREA (#1)

State 1| 2 3 4 5 6 7
1 423 | .576 0 0 0 0 0
2 .533 0 467 0 0 0 0
3 .285 0 0 714 0 0 0
4 0 0 0 b 0 0
5 0 0 0 0 .5 0
6 0 0 0 0 0 .5
7 1. 0 0 0 0 0 - 0

Similarly for the recaust area, the following matrix results:

TABLE 3.8 RELATED SPILL DECISION MATRIX FOR RECAUST AREA (#2)

State 1 2 3 4 5
1 .708 | .292 0
2 .428 o | .571
3 .25 0 0 .75
4 .33 0 0 .67
5 1. 0 0 0

Notice, given the sequence is in state i, only two jumps are possible, to

state 1 + 1, or back to state 1. This provides sufficient structure for
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the semi-Markov process. The results summarized in,Table 3.5 provide a time

" distribution between related states (i.e., state i to state i + 1) while

the results summarized in Tabie 3.3 provide a time distribution between the
end of a related sequence and the beginning of a new potential sequence (i.e.,
state 1 to stafe 1). Using these resulfs it is possible to determine lim-
iting probabilities of being in any stéte, mean first passage times and |
limiting transition probabilities. An analysis of this sort can be found

in Appendix I.
To translate a .spill amount in terms of its Na2804 eéuivalent into an equi-’
valent BOD and SS load, liquor saﬁples from the mill were analyzed and are

summarized in Table 3.9

TABLE 3.9 BOD, TS AND SS OF MILL LIQUOR SAMPLES

Liquor BOD "€/1| TS m8/1 ss "&/1
Weak Black Liquor - 36,700 | 176,148 272
Strong Black Liquor 131,250 624,127 | 800
‘White Liquor 0 unreliable 300
Green Liquor 0 "o 2021

The NaZSO"equivalent‘to volume of liquor conversion factors were deter—.

‘mined from the literature and the. calculations can be founa in'Appendix

II. A summary of the results are:
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TABLE 3.10 POUNDS NaZSO4 EQUIVALENT TO GALLONS OF LIQUOR CONVERSION FACTORS

US gal of liquor/lb of Na2504

Weak black liquor ‘ : 1.063

Strong black liquor . . : .270
Green liquor o .325
White liquor : : .325

-To convert a Na2804 equivalent to a BOD loading:

mg BOD ) (gal's of liquor)

litre of liquor 1 1b of Na,SO

1bs BOD = (1bs Na SO Equiv.) X (
2774 2°74

-6 kg 1bs 1 gal
X 10 mg X 2.2 kg X 37785 1itre

3.1.3 PRODUCTION AND WATER USAGE
.Daily productlon in air dry tons and water usage in U. S. gallons per day
were transcribed from monthly operating sheets and used to establish empir-

ical distributions.

It was originally hoped that there would be a feasonably good correlation
between water usage and production; however, this prbved not to be the case.
The highest correlation for various comblnatlons of complete runs was about
.26. The data did indicate, however,_that days w1th lower productlon tend—"
ed to use 1¢ss water. This also fits the intuitive feel of their relatlonf
ship. Consequently, two empirical‘distributioﬁs fof waterfusagé were de-
veloped, one for production greater than 1,000 air dry tons per day and

bne for less. The two distributions are given in Table 3.1l and their cum-

ulative distributions are plotted in Figure 3.1.



TABLE 3.11 TWOlEMPIRICAL DISTRIBUTIONS FOR DAILY WATER USAGE

DETERMINED BY LEVEL OF PRODUCTION

Production €1000 Tons Production >1000 Tons
MUSGD | Count Cumulative Musep | Count Cumulative

Prob. Prob.

51 11 .314 57 2 .023

53 1 . 343 59 1 .035

55 . l‘ 371 61 1 .047

57 1 g 63 3 .081

59 4 .514 65 7 .163

61 3 .6 67 11 .291

63 2 . 657 69 - 28 .616

65 3 . 743 71 24 .895

67 4 .857 73 9 1.0

69 1 .886

71 3 .971

73 1 1.0

Total=35 Total=86
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TABLE 3.12 EMPIRICAL DISTRIBUTION FOR DAILY PRODUCTION TN ATR DRY TONS

Production Count Cumulative
ADT Prob.
.0 - 500 12 .0819
500 - 600 5 .090
600 - 700 .114
700 - 800 147
800 - = 900 10 .180"
900 - 1,000 16 .286
1,000 - 1,100 10 .367
1,100 - 1,200 32 .573
1,200 - 1,300 50 .893
1,300 - 1,400 24 . 1.000




Cumulative Probability
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——o Prod'n <1000 tons
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FIGURE 3.1

CUMULATIVE DISTRIBUTIONS FOR PULP MILL DAILY WATER USAGE
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An empirical distribution for production was similarly established and

is summarized in Table 3.12.

Since the empirical distributions for water and production give a daily
figure and the intent is to run the model on an hourly basis, it is as-
sumed that the production and water per hour will be constant for any

given day. In other words,

Day production

Product;on/hr T 7 24 hrs/day
_ Day flow
H,0 Flow/hr = 57750 day

3.1.4 REGULAR EFFLUENT
If it were possible to preveht all major spills, the pulping process, by the
very nature of its operatiom, would still génerate‘effluent. Activities
suqh as debarking, dreg and mud wgshings, bro&n stock washers, screening
and bleaching allvresult in liquid residuals. This "regularﬁ-effluent was
grouped aécording to origin into six areas or streams. These six areas

and their resultiﬁg effluent streams represent, in séveral cases, quite .a
large portion of the mill's operation. However, the breakdown isba fairly
standard one (see Bower, 1971). The six streams and what they include ére:

1. Acid stream - the bleaching area

2. Alkaline (general) stream - brown stock washers, digestors, blow
“tanks, screen rooms
3. Recovery - recovery boilers, precipitators, black liquor storage,

evaporétors, Na2804 storage.

4, Flyash clarifier
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5. Recaust stream - lime kilns, white liquor and green liquor clari-

fiers, washers and storage

6. Machine room - pulp drying and stacking.

To represent these streams the effluents were assumed to be normally dis-
~tributed. This is a fairly standard assumption in the industry (Howard &
Walden, 1971). The means and standard deviatioﬁs were determined from a
combination of mill data and from<Howafd and Walden (1971) . The resulﬁé

are summarized in Table 3.13.

By sampling from thesé distributioné eagﬁ hqur it is possible to geﬁerate
houfly "regular'" BOD and SS concentrations for each of the streamé. Multi-
plying these concéntratioﬁs by the water flow in the stream the actual BOD
‘and SS loads for that hour can be determined. The water flow for each

stream is a proportion of the hourly mill flow as’ summarized in Table 3.14.

3.2 WASTE TREATMENT

Most models of waste treatment systems consider iny‘steady state operation.
Therefore, giﬁen a constant hydraulicvléa& and concenfration, it is possi-
ble to determine the average peffqrmance of a éystém. This is the common
appfoéch.uséa in engiﬁeefing design. However, in recenf years more inter-
est has béen shown in the dynami§ response of a waste treatment systém to

hydraulic surges and changes in input concentrations.

One concern is that a hydraulic surge effects the effluent detention time.

Detention time is an important parameter since the amounts of BOD and SS



44

TABLE 3.13 BOD, TS AND SS MEANS AND STANDARD DEVIATIONS FOR THE SIX MILL AREAS

BOD mg/1 TS mg/l _ SS mg/l
AREA _
MEAN ST. DEV. MEAN ST. DEV. | MEAN ST. DEV.

ACID STREAM 79 22 800 100 26 3
ALKALINE " 157 55 1500 200 155 | 55
RECOVERY " 1 86 36 900 150 33| 17
FLYASH CLAR. 10| 2 | 200 40 48 5
RECAUST STREAM | 12 3 220 40 | 118 | 41
MACH. ROOM 9 | 2 s8¢ | 15 26| 5

TABLE 3.14 PROPORTIONS OF TOTAL HYDRAULIC FLOW FROM THE SIX MILL AREAS

"FLOW PROPORTION
AREA GAL/MIN - OF TOTAL
ACID STREAM | 22,400 477
ALKALINE " 18,750 .400
RECOVERY " 2,900 .063
FLYASH CLAR. 900 .019
RECAUST STREAM 700 .014
MACH. ROOM " 1,250 - .027
TOTAL 46,900 |  1.00
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‘reduction are a function of the length of time a given unit of polluted
water is in residence. The waste treatment model in this study enables a
pulp mill manager to study some of the dynemicveffects of pulp mill oper-

ation on the clarifier-lagoon treatment facility.

3.2.1 THE CLARIFIER

The elarifier'model'treats the clarifier as a first erder chemical reector
where the degree of settling is directly propoftional,to the concentration
of suspended solids in the clarifier at any time t. This results in an
vexponential’relationship for the weight fraction of S8 removed in the:basih
by time t. Sakata and Sllveston (1974) developed a first order reactlon

assumption for settling. For the first order reactlon.assumpt;on, they

state:
X(t) =1 - exp (-kt) eqn 3.1
where X(t) = weight fraction of SS removed in the basin by time t
k = apparent'sediments removal‘coefficient'(rate of reaetion)
-1 ‘
sec
t = time (sec)
If we lett=B
Vo
where h = depth of clarifier in em
Vg = thresholdlsettling velocity cm/sec(l)

Il)'lfhreshold velocity vg is a lower bound on the settling velocity. Any
particles with settllng velocity v2ve will settle in the time = %6 If
" we let %o“ detentlon time, then vg is the minimum. velocity any particle

- gtarting at a distance h from the bottom of the clarifier must have to

ensure settling.
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we get X(t)

=1 - exp (:EE)
. Vo
.Note: Vo =-§
where Q = fluid flow rate into clarifier in cm3/sec
A = surface area of clarifier cm

Sakata and Silveston then showed that a differential weight distribution

of the settling velocity v could be expressed as:

p(v) = exp (;%9 + %-exp C:%) eqn. 3.2
where .
a = hk
p(v) = differential weight distribution of v .

This implies for any suspended matter, if the settling velocity curve is

fitted by equation 3.2, the fractional removal can be expressed as a first

order expenential equation, namely equation 3.1.

In Silveston (1969) a graph of the settling velocity for pulp mill wastes
in a_6bft column is présénted. (This is reproduced as Figure 3}2).‘ By
-fitting equation 3.2 to this gr#ph the parameter "a'" for éulp mill wastes
was eétimated (i.e., equation 3.2 was evaluated at 3 points on the graph
iferatively, until a reasonable fit waS'fouﬁd). A value of a = .104 g%z

fit the plot quite well. Therefore, for any given depth of clarifier it

was possible to determine the - parameter k for pulp mill wastes. Namely:



16'
g
g5 5
~
4+
[
~~
(=]
A
>
b H
&
o
Q
o
—
(9]
>
g 3
o
—
.}
.
[}
w0
w2
i =
o
E.
1]
o
1)
-f
o

© 0 20 30 Yo So 60 FO 8O0 Fo oo

% Suspended Solids with Settling Velocity Equal or Less than V(D)

FIGURE 3.2

DISTRIBUTION OF TERMINAL SETTLING VELOCITIES FOR PULP MILL WASTES

T 47



48

cm
k=2 = - 104 sec _ .104_ -1
h h cm h ~

In Figure 3.3 is seen a copy of a typicél residence time plot for a center-
feed clarifier (Chainbelt Inc. 1972). Tbe output has a qﬁick response to
the change in inflow concentration. To mathematically model this kind of
behaviour a techniqﬁe popular in the figld of chemical reaction engineering

was used.

Basically,vfhe problem is to mecdel the clarifier's mixing behaviour so as -
to adequately reptesenﬁ its response to changes in influent concentration.
Levenspiel (1972), in his book, "Chemical Reaction Engineering', goes into
considerable depth on this.problem. Tank mixing models are bounded by

two extremes, the backmix (completeiy mixed) flow model and the plug flow
model. The backmix model assumes any incoming reaétant is mixed immediately
upon entering. the tank,‘implying that the tank has a uniform concentratioﬁ
at any time t. The plug flow model assumes no mixing and the ﬁlug moves |
in the direction of flow as a separate element. The'plots,in Figure 3.4

shouid help in understanding these concepts.

Byvlinking a number of tanks in series it is possible to.approximate»a
partially mixed system. The greatef the degree_éf mixing the less the -
number of tanks in series (Note: an infinite number of tanks in series
is equivalent to plug flow). The mathematical modelling fechnique ip—
_volvés solving a system of‘différential equations representing the masé
baiaﬁce of two completely mixed tanks in series, where thé total volume

of the tanks equals the clarifier volume.
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Therefore, take the following system:

Q(t) p o Q(t) —

€yt $ ¢, (1)
70

y 7

where
Q(t) = hydraulic flow at time t. )
Ci(t) = concentration of SS in fank i at time t
Vi = volume of tank 1.

(Note: Vl and V2 are -assumed to be equal and V1 + V2_='volume of
clarifier. Also the volume of liquid retained in each tank
remains constant independent of Q(ﬁ));

First perform a mass balance on tank 1 at time t over a time span of

At

(a) Change~in mass from time t to time t + Ag¢ = M(t + At) - M(t)

= Qe)C (B)at - Q(e)c, (e)at - Vlcl(t)kcAc

~——
inflow mass outflow mass mass of SS which settles
of SS : of SS in time At
kc = gediments removal cdefficient'(sec—l)

first order "reaction" rate

104
h



" (b) Now dividing by At we get .

M(EHAE)M(E)  _ Q(E) Cp(6) = Q(E) Gy (£) = ¥,y (E)k
At : . : . -

Mass . .
= concentration

Using Volume

(c) we dan'express (b) as

. “AC (L) _
M(E) Vv 1 = _ ‘ -
S = 1 —— = Q) Cp(6) Q(t) € (t) | AACROLN

&

‘Defining v - detention time = T(t)
. Q(t) e

dividing.(c) by Vland taking the limit as At ~ O

We?get
dc, () . Cc () C.(t)
1 __IN 1
e T I T S
rearranging
dc. (t)

e, [ 1+ kCT(t)] CIN(t)
i T4l | T O SR == 3.2

Equation 3.3 is.a linear differential equation of the general form,

% + P,.(X)y.= Q(x)

which has a solution

Y = efyP(X)dx vfd(x)efb(x)dx dx + Ce—fP<X)dX (Wilcox and Cur;is'(1966))

Applying this to equation 3.3 we get \

| | . | | ) .
_J.m_)_,dt N RIS _J L T(E) gy
c.(t) = e () £ T(e) o I
1 ° ’ J Coy(t) e © dt + b/le : '
o T(v) '

eqn. 3.4

where.X1.= integration constant for end conditions.
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Feeding the c1arifier is the pulp mill model which has a constant hydraulic
flow over a 24¥hour period and a‘constént effluent concentration'Ci(t)_eaéh
hour. Making these assumptions in equation 3.4 greatly simplifies the sol-
ution. Since the pulp mill model éycles on apbhourly basis, little resol-

ution should be lost as a consequence.

Therefore assuming -

T(t) = Tc = constant for each 24-hour period
Q(t) =Q = " Rl "o onon "
CIN(t) = CIN= " " 11] 1 11} 11
and solving eqn. 3.4, we get
C t o t
c _ Iy -(1+k T ) ~(+k T )=
18(t) = T:E:T: [1 e cc Tc } + Cl(O)e cc Tc ~ eqn. 3.5
where
CIN = inflow concentration of SS for any given hour (mg/l)
TC = detention time (for each tank) for current 24-hour period (secs)
f.e.. T = Vol of tank '
L€, —————6~——————
Cl(O) = concentration of SS in tank 1 at t = 0 (mg/1)

For the two-tank situation, a differential equation similar to equation 3.3
was derived, only in this case the feed concentration from .tank 1 to tank 2
is changing with time as described by equation 3.5. The assumption that 0,T

and the feed concentration CIN into tank 1 are constant is retained.
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The differential equation for the outflow concentration of tank 2 was then

dc. () . 1+k T C. ()
—fgz——- + Cz(t) <——E§—E> = —l%——— eqn. 3.6

C Cc .

Applying the general solution indicated earlier

' t dt ‘ .
_ <}21+k T )om it £ dt £
Chg(t) = 0 e’ T, | ¢, (£). ej(1+kCTC)T Y (s T HSt
3 c + 2e o c e TC

J e
Q

substituting equation 3.5 for Cl(t) and solving

‘ t t
C = (4 T ) -(+k T ) C_.(t)
CZS(t) = 3 l-e ¢cc Tc +e ¢cec Tc 02(0)+C1(0)%~'— Tl%iiififb
‘ (l+chc) c c c e

eqn. 3.7

Looking at equation 3.7 notice that:

at t = 0, we get C2(t) = CZ(O)'as expected} Now as t increases the term
A c ;

e (1+chc E:-decreases implying that the second term in 3.7 has less

effect on C2(t) as t increases. As t approaches infinity, 3.7 becomes’
' .

C,(0)

Cln (1 T )2
c’e
implying that with a constant input concentration and no changes in T, the.

output concentration Cz(t) approaches a constant and the system has there-

fore a limiting efficiency.

. ; _ mass of shock load
For an instantaneous shock load Cln = 0 and Cl(O) = ol of tenk 1
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and C2(0) = 0, we get the theoretical response curve of the clarifier model.

: t
~ t  -(l+k T )=
CS2(t) = ClKO)f: e cc TC

which has a shape similar to that of Figure 3.3.

3.2.2 THE LAGOON

.In Chapter II, the biological oxidation process occurring in an aerated lagoon
was described. The remoﬁal rate KL for oxidation is treated here as a con-
stant, implying that the amount of BOD removal at any time t is directly pro- .
portional to BOD concéntration at time t; To model the temperature depend-
ence of KL’ an empirical relation expressing KL as a function of temperature
was used (Beak - Environment Canada (1973)).

The function is: KL* = ,256 (1.032)T—20

" Where T = temperature, °c

KL* "lagoon removal rate, day

(Since the model is run on an hourly basis the resultant KL* must be divided

by 24).

In Beék—Environment Canada (1973). and in City of Austin, Texas-(197l), the
tanks in series model was found to give reasonable representgtion of a lagoon's
response time curve. ‘As far as BOD reduction'waé concerned hbWever,.they only
looked at the long term steady state operation and did not try to model lagoon
performance variations as a function of changing hydraulic loads and input-

concentrations. In other words, for steady state, they claimed:



BOD conc. out - 1

BOD conc. in 3 Where:

(1+KL*TL) T

L tanks

for three equal volume tanks in series.
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lagoon removal rate (hril)

detention time of each of the

For the purposes of ‘this study, a three-tanks-in-series model of the lagoon's

behaviour over time was developed.

Schematically the model is:

Q

Q Cpy (t) o Cpo ()
c1nebD ; ? : i’ ﬁi 52 |

|

. ‘ EFB;(t)

Al ’ Vo

V3

Note: V1 = V2 = V3, V1 + V2 + V3 = volume of lagoon

Q = hydraulic flow, assumed constant for each 24-hour period (1/sec)

CINBOD = concentration of influenf BOD .

constant for any given hour ("5/1)

Setting up mass balance relationship for each tank,relationships identical

to eqns. 3.3 and 3.6, except with different constants, result. Using the

results of section 3.2.1, it was only necessary to carry the solution one more

step and .solve for the output from tank 3 in terms of the solution ai}eady

developed in the clarifier model for tank 2 (eqn. 3.7).
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Applying a mass balance to tank 3 results in the following linear differential

eqn.
dCr3(t) + Cpa(t) 1+ K, Tp _ Cgp (t)
dt Ty, Ty,

Using the general solution and substituting equation 3.7 for Cyo(t) (with

the necessary parameter changes)

-at -at
CINBOD Ty, TL, 5
Cpa(t) = =—3— [l-—e ]+ e (0)_t2 CINBOD t~ _ CINBOD t
B3 * i 2T 2+CBp (00 + CB3(O)— 2a T¢  oa? T
L Ty, L 1
Eqn. 3.8

where a = (1 + K{T;)

(subscript L indicates lagoon parameters)

CBl(O) = concentration of BOD (mg/l) in tank 1 at t = 0
CBZ(O) = concentration of BOD (mg/l) in tank 2 at t = 0
CBB(O) = concentration of BOD (mg/l) in tank 3 at t = O
KL = BOD removal rate constant (hr—l)
TL = detention time for each tank for any given 24 hour period
- Velumeof tetkasd (e
t = time in hours

For steady state operation as t approaches infinity equation 3.8 reduces to

Coa(t) _ 1

R S
ROy = o3 (l+KLTL)3

which is in complete agreement with Beak-Environment Canada (1973) report.
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To model the suspended solids generated as a byproduct of the biological
oxidation process an approximation developed in Cityibf Austin, Texas (1971)
was used. If the complete lagoon is treated as a completely mixed basin

and the sludge age is dssumed equal to the detention time;

*
X = a*(Sq + Xp)

1+ Db *t
where
X = effluent SS concentration mg/1l
Xo = influent S$S concéntratidnfmg/l
a = 1bs of SS generated per 1b bf BOD removed
b = rate of endogenous respiration of acti?e solids»(lb/lb - day)

Values for the constants were obtained from two separate papers

.15 1b SS/1b BOD removed Bower (1971)

a

b

.2 day ! . Kormanik (1972)
.This relation has no direct time dependence and differs with the BOD lagoon
model in its mixing structure and therefore was used only as an SS indicator

on a daily basis.

The SS generated also contributes BOD to the 1égoon. For each pound of SS§
generated .1l pounds of BOD is created (Bower,.1971). This was incorporated
in a change of tﬁe reaction rate constﬁnt as.follows :

The ‘sludge generation rate = k* = 15K

amount of sludge generated

: - o= kL* X volume x concentration (t) x At
in' each tank over time At '
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Rewriting the mass balance equation for tank i

= - - C *
aM(t) QCyn(t) At »QCi (t) KLVi Ci (t)ae + .1 Ky, Vi C; (t)at
giving

AM(t)

{£ = QCry(t) - QCc; (t) —.KLVi.Ci (£) + .1kF v, C, (t)

" and dividing through by Vi

' _ CIn(e) Gy (v) — "
aC, (£) = =45 - T - & - LIk ¢y (1)
L L
— _C._[.N____( t ) - G ‘ _..._( t - %
; Ty, _AT ki €y (t)
where

kf* = KL - .lki = .985 KL

Therefore, with the appropriate change in KL, equation 3.9 is still valid.

3.2.3 MWaste Treétmeht Generalization

In most mills, as with the one modelled in this study, the acid and alkaline
(or general) effluént sewers were kept separate and were not linked until
just before‘the waste treatment plant. When finally linked they were

mixed in a controlled mannmer so as to ensﬁre a neutral (ﬁH =~ 7 £ 2) influent
into the'lagobn. In some cases only the general sewer was fed to the
clarifier and the two sewers were mixed just before the lagoon. This resulted
in the BOD in the general sewer feed to the iagoon being buffered by the
clarifier as‘a result of it's 2 or 3 hour detention time. In other words

a chemical spill in the alkaline sewer will havé its impact on the lagoon

. buffered and somewhat dispersed by the clarifier.



To facilitate various combinations of influent into the lagoon a more

generalized model was developed.

FIGURE 3.5 SCHEMATIC OF

Q1

1

CINB§"“1
Vel

CBOD (t)

Schematically this model looks 1like

22 GENERALIZED MODEL

1

N—

Veo

The two main changes were first the lagoon influent BOD concentration was

made a function of time and second the mill hydraulic load was split

Voo
clarifier

Q1

y

/!
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,Ts _

VL1

Vio

Vi3

7

laggon

between the clarifier and lagoon feeds (ie., Ql and Q2).

To solve for CB3(t) in terms of the knowns (ie., Ql1, VCl’ VC2’ VLl’ VLZ’ CNIB,

Vi3

Z, Q2) five differential equations one for each of the tanks were

developed in the same manner as in the last two sections, remembering that

the BOD in the clarifier is only mixing and not'téking part in the first

order settling "reaction', [it is assumed that 10% of the BOD travelling

through the clarifier settles out (private communication - T. Howard)] then

starting with the first tank in the sequence, the equations are solved -

successively, the solution for each tank in turn being substituted into

the differential equation for the next tank.

The final solution for CB3(t) in terms of the known parameters. is

I3
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..(xE_, _CLA_t— . ) - —.%
_ [ciNB*Ql + z*Q2} |,__ Ty, T | It e 'LfF ' G\ Gt
CB3(t) = anv 1-e +e Jv Lt +2*(TL) T g + BZ 8

L
Egn. 3.10
where o
' 1 [F+g
J = CB3(O) + BTL t 81
1 [emerr1 , z Q@ _
T [ ac*Q T a2 }%
- [P ) CBINCL‘Ql]
o Q
1 1 1 |A+B
_Q@ 1 B
=9 a@p*e
_qu 1 [a,B
F=1 (TL)Z[B ve%
l-01 [e,x(0) , c*(0) _ cBINCL _ CBINCL o2
P =lor, [ g T B 82 aq T m @

p o | C1%(0) _ CBINCL
TB T.8
B
s o [C%(0) |, C1%(0) _ CBINCL _ CBINCL.
B 8 TR? 8 T@*
L
and
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Q = total flow into iagoon (1/sec)
Q1 = flow into clarifier (1/sec).
Q2 = Q-Ql = flow which bypasses clarifier

CBINCL = concentration of BOD into clarifier (mg/l)

Z = concentration of BOD in Q2 (mg/l)

T, = detention time for each tank in clarifier model (secs)

TL = detention time for each tank in légoon model (hirs)

Ci %(0) = initial concentration of BOD in tank i of clarifier at t =0

(mg/1)>i = 1, 2
CBj(O) = initial concentration of BOD in tank j of lagoon at t = 0; (mg/l)

i=12,3,

If it is assumed that the ¢larifier is completely bypassed by all the sewers,
implying
Ci *¥() =0, 1i=1,2

Q=Q2 (ie. Ql=0)

a=1
B =+,

T
CBINCL = 0 .

Z = total BOD concentration from mill

T, = 0

then equation 3.10 reduces to equation 3.8.
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3.2.4 DisCussfoﬁ

In the 1a§t three sections a ﬁathematical model was develéped for a clarifier
and aerobic stabilization lagoon waste treatment system, The dynamics of .
“the system.to which this study was airected should be reflected in the one
hour resolution the model operates under. It should be stressed that the
final model is not dynamic in tﬁe true sense of the word. The model in fact
fupctions*in a kind of quasi-steady state. Each hour the various parameters
assumed to be constant are set and the clock starting at t =.O, runs>the
model in steady state for one hour. At ﬁhe end of the hour the final state
of each tank becomes it's initial state for the next hour. The parameters
afe changed accordingly and the model is run again for one hour. The

" changes in concentration each hoﬁr, and in hydraulic load éach 24 hours),

although not smooth transitions, should reflect overall system behaviour.

3.3 CAPITAL AND OPERATING COSTS OF HASTE TREATMENT

Two of the major factors in any management decision are the capital cost of
that decision and the future costs it may create. Waste treatment systems
are no exception. The two processes modelled here, a clarifier and aerobic
stabilization 1agoon,fepresent a very 1arge-in§estment in épace,'time and
money. To cost a structure as large as a lagooﬁbaqcurately an intensive
engineering feasibilify study would almost sﬁrely have to be completed first.
However in using this model as a management aid, figures of this accuracy
are not esseptial. What is more crucial is to-get a feel of the magnitude

of cost changes as a result of changes in the basic design of the system.
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In Figures 3.6, 3.7, 3.8 and 3.9 can be seen.graphs of the éapital and

"~ operating costs for a center feed clarifier and an aerobic stabilization
lagoon (Bower, 1971). Using the plots it is possible to develop explicit
cost relations for use in the model. These will now be developed.

a) Lagoon Capital Cdsts

In Figure 3.6 lagoon capital costs are a function of 1a§oonv
efficiency and flow_in MUSG/day. . Since each of the 8 plots
for the different efficiencies are linear on a log-log plot,
the cost relationship will have the following form:

cc = ax(FLOW) B

where A cost intercept for flow = 1. mgd

]

B slope of log—-log curves.

Since the plots are linear and parallel, the B coefficient will be identical

for all efficiency levels. The A ihterCepts however will be different.

To determine B, take the 407 curve

_1n 8.1 x10% - In 3.1 x 10%  _ 2.092 + 11.51 - (1.131 + 9.21)

1n 100 - 1n 1.0 4.61 - 0

= .708

The A intercepts (The CC value for Flow = 1 mgd) are

efficiency intercept
.40 $3. x-10*

.5 6 x 10"

.6 9 x 10"

.7 12 x 10"
.8 18.8 x 10"
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FIGURE 3.6
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efficiency | intercept

.85 23.0 x 10"
.9 29.0 x 10"
.95 37.0 x 10%

For efficien;ies below .4, the intgrcept for the .4 curve is used. For
lagoon efficieﬁcies between any 2 consecutive data points the A intercept
is determined by linear interpolation. For example if the efficiency (EFF) is
between .8 and .85, then the A intercept ‘is calculated as follows;
GA = log (18.8 x 10%) + [(EFF - .8)/(.85 - .8)]*[log (23 x 10%) - log (18.8 x10
then
A = EXP(GA)
The capital cost of the légoon is then evaluated as
CCp, = A*(FLOW)'708
Note: EFF = lagoon efficiency, determiﬂed at the completion of the

experiment

total BOD into lagoon - total BOD out of lagoon
total BOD into lagoon

EFF =

where totals are taken for the complete experiment.

b) Lagoon Operating Costs

Figure 3.7 is a semi-log plot of lagoon operating costs (per(MUSG/day)
flow) versus.1agoonAefficiency. .For any given efficieﬂcy
operating costs.are a linear function of lagoon flow.

Namely Operating Costs = 0OC =.C*FLOW where C = constanf dependen; on

efficiency.
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The constants C were determined for the same efficiency levels used for

capital costs. The data points taken from Figure 3.7 are:

efficiency | .4 .5 .6 .1 .8 .85 .9 .95

c 1480 2400 4100 7600 14700 21500 33000 53000

If lagooﬁ efficiency falls between any 2 consecutive data points C is
determined using linear interpolation.. For example, for an efficiency
between .8 and .85 |

GC = log (14700) + [(EFF-.80)/(.85-.8))*[log (21500) - log (14700)T

then C = EXP(GC)

The operating costs are then

ocL= C*FLOW dollars.

¢) Clarifier Capital Costs

Figure 3.8 is a log-log plot of clarifier capital costs versus
clarifier surface area. The rélationship will have the following

form:

Capital Costs = CCqp, = D*(AREA)E
2

where D = Cost intercept at Area = 1. ft

E

slope of log-log curve

To evaluate D it is necessary to extrapolate. the curve beyond that shown on

the plot, giving D = $29.5
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FIGURE 3.8
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To evaluate E

m (2 x 105) - 1n (2 x 103)

E = slope =
In (1.5 x 10%) - 1n (10%)
4.6
=5 = .92.
therefore

clarifier capital costs = CCCL = 29.5%(Area in ftz)'92

Knowing the depth of the clarifier daily flow and theoretical detention

time, the surface area can be determined.:

3
Daily flow i
day : . .
- x detention time (hrs)
24 hrs
Surface Area = day
depth (ft)

d) Clarifier Operating Costs

Figure 3.9 shows a log-log plot.ofvclarifier operating costs versus
clarifier daily flow. Due fo its linear nature in the area of
interest in the model (10 MUSGD/day fo’lOO MUSGD/day) the plot was
iinearized (dashed line). The mathematical form fpr the clarifier.
operating costs is |

0C.p, = F* (FLOW)®

where
F = cost intercept for flow = 1. mgd
G =

slope of log-log plot
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The ¢onstants were evaluated as F = $3600

in (3;2 x 10%) - 1n (3.6 x 102)
1n (20)- 1n (1)

G = slope =

= .726

Therefore )

clarifier operating costs = 3600*(FLOW)'726 dollars where

FLOW is in MUSG/day.

All the cost relationships are in 1970 dollars. To determine the

operating costs the following relation was used by Bower;

Total Annual Operating Costs = 1.25 (Capital Cost) + operation and maintenance

costs based on 350 days operation per year.

The eléments Bower .included in the costs are:
1. Clarifier
a. Capital Costs - concrete structure, sludge pumps, rakes
b. Operating Coété - power, édministfation, maintenance, sludge
removai.

2. Aerated Lagoons

a. Capital Costs - floating aerators, PVC lining, power supply
(the land was assumed to be already available)
b.’ Operating Costs — power, operating labour, maintenahce, nutrients,

administration.
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The following assumptions were made by Bower in the development of the cost

data:

8.

All facilities operate for 350 days per year.

Primary ciarifier is of the circular type with center upflow feed.
" Clarifier diameter depends on flow rate, settling velocity of.
suspended matter and detention time.

Clérifier sludge is assumed to have 5% solids 

Chemical additives were assumed not required in the clarifier.

_The aefated-lagoon is assumed to be water ﬁight; |

Aerators are of the floating type and have sufficient.ﬁorse_powef

to maintain all solids in suspension. ) |

The lagoon feed is assumed to be neutralized. This can usually

be accoﬁplished'by combining the general and acidic éewérs. However,
often chemicél additives such as anmonia of lime must be used.

The costs of the mixing stationvand theée chemicals are not included
in the model. Bower does indicate however that the capital cbsts
for the holding tanks and-chemical feeders are around $i0,000. The

operating cost is nominally around $65/ton of ammonia required.

Sludge disposal is not included.
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CHAPTER 1V

MODEL DEVELOPMENT
4.1 PULP MILL MODEL DESCRIPTTON |
The model described herein is concerned with the waterborne effluent
characteristics of a kraft pulp ﬁill. It is primarily a stochastic model
sampling from empirically derived distributions each hour. The compﬁter
program is written in FORTRAN (a listing can be found in Appendix'III).
The model was not designed to be used as a pulp mill design aid. It's
purpose is to generate a t&pical pulp mill effluent time trace‘to be
used as input into the waste treatmént model. It is possible to change
the distribtuion parameters in the model and thereby create a better or

worse than normal time trace.

Figure 4.1 provides a general flow chart of the pulp mill as visualized
in the model. Notice that each of the six effluent streams have a regular
effluent céntribution while 6n1y three streams have a spill- contribution.
The streams combine and exit from the mill modelled as indicated. Theée
three effluent outfalls from the mill are maintained in the model and
alternate combinatiqns of them are available as influent to the wasfe

‘treatment plant.

Figure 4.2 is an overall schematic of the model's structure giving the
generation sequence and the model decision points. In the following
pages the model will be discussed in detail with a discussibn of the

results of chapter III.
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ICAL SOURCE OF EFFLUENT
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R = REGULAR . . . : MILL OUTFALLS
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: \ Sewer #5
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1 = ACID OUTFALL
"2 = ALKALINE (GENERAL)ﬂOUTFALL
3 = MACH. ROOM OUTFALL

- PRODUCTION

FIGURE 4.1

DIAGRAM OF WATERBORNE EFFLUENT STREAMS INCLUDED IN MODEL INDICATING
SPILL AND REGULAR EFFLUENT LOCATIONS | B
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3 Major Areas up to ITime
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‘Day = 1
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l
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|
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|
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77
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4.1.1 GENERATING CHEMICAL SPILLS
In chapter III the spill data acquired from a B.C. mill was presented in-
a summarized form. Using the results shown there, it was possible to

generate both related and unrelated spills in the model.

Looking at Tables 3.2 and 3.3 the null hypothesis for the gamma, negative
“binomial and log-normal distributions canﬁot be rejected for both the spi%l
amounts and times between unrelated spiils.. The Kolmogorov-Smirnov D
statistic for both the spill amounts and the times between unrelated spills
was the smallest or second smallest for the gamma distribution. Consequently
it waé used in the model to generate those random variables. The distribution
parameteré were supplied by the goodness of fit program. (Note for the

spill amounts the variates units are in terms of 1000 1lbs of NapSOy).

The gamma distribution has the following density function:

1 -1 ~
T (a)g® K e /P ®2 x 20, o and B are constants.
f(x) =4
0 elsewhere
where T'(a) = gamma function = ym—1 e—y dy

and a = shape parameter .

a scale parameter'(thé mean rate)

B

Note when a = 1, f(x) becomes the density function for the exponential
decay distribution. As o increases beyond 1, the distribution approaches

the normal distribution more quickly as the number of sample points increases.



79

By calculating the.samp;e mean, X, ana samplebvafiance Sz, the paraméters
o and B can be estimated since

E(x) = aB

var(x). = ap?

Therefore solving for o and B

X g = 3' [ref. Phillips and Beightler (1972)]

Phillips and Beightler (1972) presented a new algofi;hm for generating
gamma‘variates with integer or non-integer parameters, called "Phillips
technique'. It appeared té have more statistical reliability for gamma
~distributions with a<l and equal reliaﬁility for a>1 when compared to

other techniques for generating gamma variates.

Phillips technique employé a numerical approximatidn to generate the gamma
variaté over valid ranges of o and B. Using stepwise regression, functional
relationships for different ranges of a were determined. These perﬁit
generation of gamma variates for 0 £ oo £ ». The method has a great '
computational advantage ovef other methods in that it requires the gener-
atioﬁ of only one random variable each time tﬁe algorithm is used. Also

for any given o and B parameter set, the functional relationships need

" only be determined once and thebresulps then stored for aﬁy future calls.

for the same parameter set.

This élgorithm was programmed for the model and can be found in the program

listing in Appendix III as subroutine GAMMA.
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As listed in the appendix it is only valid for 0 < o < 2. 1If a higher
range.is needed, the required functional expressions can be found in

Phillips and Beightler (1972).

For times between related spills table 3.5 indicates these were best
fitted by the negative binomial distribution. The negative binomial
distribution is based on the number of .independent Bernoulli trials

(K '+ x) which occur before a given number of successes K are observed

(It is x that has the negative binomial distribution).

The probability mass function is:’

.y _ I + x) -k X on -
f (X=x) = T(x ¥ Dr®) p (1-p) .x =0, 1, 2, ....

Therefore the probability that x failures are encountered prior to the K

success is:

ok + x-1, k x _  (k+ x-1)! k,. \X
where p = probability. ofcsueccess in one trial

k = number of successes

b
]

number of failures

Using the moments method the goodness of fit routine discussed in Chapter

III determined the distribution parameters listed in Table 3.5.
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Note, when K = 1, the negative binomial reduces to the geometric'distribution}
In the model situation K was not an integer and therefore the concept of

th ' P ,
the k success becomes somewhat meaningless. However by making use of
a relationship between the negative binomial, Poisson and gamma distributions
a negative binomial distributed x was generated for a non-integer K as

follows.

Suppose X is from a Poisson distribution with parameter Y, where Y is a

random variable generated from a gamma distribution with parameters a = K

and B = 1-p , where K and p are as previously defined, then X is a negative

' p
binomially distributed variate.

In other words

~Y x
£ x=x/Y) = ———¥— x = 0,1,....
x! _ :
and
‘ K K—l —.>\y .
f.(y) = Ay e -
Y T 0 <yzs<
where A = p
. 1p
then
£ (X=x) ﬁu/}(X=X/Y) fY(y)dy
= T (x+K) ( A )K( 1 )x
FT(x+1)r(K) ‘1+x 1+A
= T'(x+K) K x
T P 4P

which is the density function forlﬁhe binomial distribution. [Fishman (1973)].



The subroutine NEGBIN then looks like:

P
)\=1:;

GENERATE

Y = GAMMA(OL=K,B=>\—1

)

Generate
U _ random
xt1l 7 number

X = X+1

e

82
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Note p and k are given parameters to the routine. The listing for

subroutine NEGBIN can be found in appendix III.

_The two distributions, gamma and negative binomial, were used in sub-
routine SPILL to generate three typical mill chemical spill time traces,
oﬁe for each the 3'méjor areas. The subroutine SPILL is iny called once
by the main program. In that one call it generates'the spill sequences

for the number of hours previously defined in the main program.

In determining the spill time traces, fhe following procedure is follbwed
for each of the major areas (recovéry, recaust, pulpiné) in turn..
1. Determine time interval_(in.hours) and amount (in {#Na,SO, eduiQ;)
of next unrelated spill using Gamma dist. )
2. Determine spills sublocation witﬁin‘current major area
3. Convert spiil amount into gallons of spill for chemical typical
of sublocation determined in 2.
4. Convert gallons of spill into BOD, TS and SS equivalents (kgs)
5. Recordvlocation, time interval, amount (in gals) and BOD, TS
and SS equivalents of spill. |
6. 1If current clock time is equal to speqified number of hours'for
current experiment go to 10, otherwise continue
7. Determine if current spill is to be fqllbwed'by a related spill.
- If No, then return #o 1. If YES,>continQe.
8. Determine time interval .(subroutine NEGBIN) and amount (subroutine

- GAMMA) of related spill.
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9. Return to 3

10. Repeat 1 to 9 for next major area, returning clock to 0.

A copy of a model generated spill sequence for the recovery area can be
found in Table 4.1. 1In Figure 4.3 is a flow chart of subroutine SPILL
showing more explicity how the various distributions and decision matices

are used in the model.

4.1.2 PRODUCTION AND WATER
Production serves two functions in the model. TFirst as a pointer to
decide which water distribution to use and second és a factor to determine

the pounds of effluent per ton of production.

The production data described in Chapter III was used to establish an
.empiriéal distribution for production. The cumulative distribution is
read into the model as 11 data points (see Table 3.12). To determine a
dai% production, a uniformly distributed random variable is generated and
-located in an interval of the cumulative distribution. The productiqn
is then determined by intérpolétion. _This is.accomplished in subroutine

PRODN which returns the daily and hourly production in air dry tons.

In the model the two cumulative distributions for the water usage are
read in as empirical data points (see Table 3.11). 'The correct water

distribution corresponding to production is determined and a uniformly
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1b Time (hr) Gal of BOD Equiv TS Equiv SS Equiv
ition Interval Liquor in KGS in KGS in KGS
12 17 24246849 12U 0144 57360217 Ue7231
1 2 257047578 11781.2617 5599066484 71.11453
12 1 954,394 4744108 22543207 De2862
4 11 767.6257 381650(58 1813012253 2e3(25
4 2 3241049 8J 1611.J244 TE56 ¢4 180 9. 7245
3 ol5 485642422 66e4 40T 3234,2573 448562
3 4 2231019375 3933 ou630  14£53, 0898 2263016
& 11 1904.2G71 76,2550 4639 4666U 508624
4 3 632302930 314206762 1493546172 1869699
4 2 L4606 1375 231096486 o 1iJ204241 144002
3 95 465249330 63279306 3098 o530 46525
2 5 Yol3.iB 102555 boibB4 Je T2
4 25 22766367 112.1355  537,0780 L6826
i 1 B42.4756 4186 71 )2 1939 .9275 25274
4 54 197101541 9766623 46550 6653 569135
> 193 9777695 12202503  €46543711 9.7.7&
B 7 226016914 3373.69364 505200566 226007
= 1 6693,5123 G1luet 423 44594668 6o 6656
3 5 06065461 F93e37TJ3 43T e23S5 UebELS _
3 1 £21Je2333 34465520 4136 4Ul56 be2102
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distributed random number is located within a distribution interval. The
water usage is then determined by interpolation between the interval end

points.

"In subroutine WATER, the daily and hourly(égé%z) water usage levels are determined.
Also the hourly flows for the six mill streams are calculafed,usihgvthé”7 .

proportions presented in Table 3.14.

The resulté of calling the two subroutines PRODN and WATER for each

simulated day are recorded for the number of days specified at the start

,(# of hours_ogaexperlment +1). A copy of this data

of the experiment.
as computed by the model is in Table 4.2. A complete record of this data
for the specified number of days is created by the model before the actual

experiment is run. =

4.1.3 BRINGING IT ALL TOGETHER
Having created the spill production and water usage data for the specified
number of days the model uses this information, combined witﬁ hourly data

generated by subroutine REGUL, to generate the mill effluent time trace.

Subroutine REGUL is called by the main program each hour of simulated time.
It creates a regular effluent stream to account for chemical and fiber
losses not classified as spills since by the very nature of the pulping

process, a certain amount of effluent is generated no matter how adequate
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the procesé control. To account for this the regular effluent flowé for
the six major effluent streams were statistically modelled by assumihg

a norﬁal‘distribution with empiricaily aeterminedvmeans and standard
deviations for each of the streams. (These parameters can be found in
section 3.1.4). Samblingvstochastically each hour from ;hese normal
distributions a reasonable representation of the mill's reguiar-effluent
concentration is generated. To determine actual effluent loads the sub-
routine multiplies each of the six stream variates by their corresponding
water flows for that hour and returns the BOD and SS levels in pounds for
each of the streams (see Figure 4.1). To get a true mill representation,

the spills and regular effluent are superimposed.

The following steps are executed each simulated hour ﬁy the main program
to generate the.mill's_final.éffluent.(see also Figure 4.2)
0) T=0
1) Read day number, hourlyvproductibn and hourly water flow for
six streams for current day
2) Determine water fléws (MUSG/hr) for 3 main outfalls for current
day (see Figure 4.1)
3) Generate this hours regular effluent levels ( 1bs/hr)

- CLOCK = CLOCK + 1

T

]

T +1
4) 1Is there a spill this hour in any of the 3 major areas?
If No go to 7

If YES continue
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5) Add BOD and SS 1évels of spill to the corresponding regular~
'effluent'stream
6) Read time and amount of next spill in area which just had spill
7) Record this hours effluent activity to be totalled on a daily
basis
8) Add BOD and SS for the streams, which make up the three mill
"outfalls, together
9) Convert lbs/hr of effluent for the three outfalis into conc~
entration units mg/l |
10) Record BOD and SS for each main outfall
11) If CLOCK = specified number of'hoprs for currént experimenf sfop,
otherwise continue
12) If T = 24 (has current day ended) go to l4,otherwise continue
13) Go to 3
14) Record BOD and SS as lbs/ton along with production, and totai
water usage for current day
15) T=0 |

16) Go to i.

4.1.4 VALIDATION OF PULP MILL MODEL
The validation of a simulation model is definitiely a "pandora's box". It
philosophically represents the acid test for any model but in reality _

cannot absolutely be solved. This is a consequence of the lack of a
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technique or groups of.techniques which can establish beyond reasonable
doubt that fhe model is a true representétion of reality. There is also
the problem of reality itself since once data is gathered and inter-

pretated we have taken the "reality" out of its nafural environmeﬁt and

imposed our own conceptual interpretation.

However in approaching this seemingly impdssible task the original

purpose of the model must be kept in mind. Often a major simplifidation

‘of a system can give a reasonable representation of the system's behaviour
on the same scale as the model's strﬁcture. For example to model a truck
cafrying produce from warehouse.A to warehouse B, we aon't require
information on engine behaviour or axle moleculér structﬁre, as long as

this information is not needed to fulfill the model’s purpose. For example
a brokén_axle can usually be modelled as a stochastic event quite accurately
rather than modelling the molecular behaviour resulting in an axle fracture.
This example is rather extreme but the major point is all too often
forgotten. You can't get more than you put in and don't put in more than

/

you need!

Before validating the overall simulation tests were made on the
various distributions used in the model to check that they were functioning

as designed.

Goodness of fit tests were run. for the gamma distribution to insure that

the routine used was indeed generating gamma variates with the given
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parameters. Subroutine GAMMA was used to generate 250 variates for spill
Na,SO, amounts and compared to the theoretical gamma distribution with
the same parameters as those used to generate the variates. The results

are summarized below;

Area R | A kS(.05) | D stat;
Recovery .4141.024 .086 .039
Recaust .5151.045 .086 .028
Pulping | 1.19 [.064| .086 .034

For all three areas the D statistic <kS(.05) implying that the distributions

are the same.

Similarly 250 time intervals between unrelated spills were generated for
the three areas using subroutine GAMMA and goodness of fit comparison’

were run. These results are listed below:

Area R A kS(.05) |D stat.
Recovery .511 {.0019 .086 .080
Recaust .807 |.0017 .086 .061
Pulping 1;101 .001 .086 .073

Again the distribtujons are the same at the .05 significance level. The

subroutine GAMMA therefore is creating the expected variates adequately.
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Next, subroutines PROD and.WATER were éhecked.. It would be expected that

the real data and the data created by the model would correspond for

production and water since the distributions used were empirically based.

However a Kolmogorov - Smirnov two sample goodness of fit test was done

for both production and water in order to reinforce confidence in the model

technique. The results are summarized below:

Distribution | kS(.05) D(N,M)
Production .1923 .051
Water .1923 .073

To test the complete model using the technique of historical verification(l)

= 100
= 100

rather than generate a spill sequence and déily—opérating levels of

production and water flows, real mill data was used as input.

{

The effluent

data available for the real world situation represented averages over a

period of.days. By forcing the model to average over the same time span

as the real data, a comparison of the results was possible.

The inputs to the model were:

1. Empiriéal spill sequences for the three major area, converted

to chemical and BOD and SS equivalents in the same manner as

described earlier.

(1)Historica1 validation involves comparing the model and the real

world for the same inputs.
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2. Daily water usage for the six mill streams and the corresponding
‘production, all taken from mill operating summaries, for the same

time span as the shills.

The regular effluent generation was untouched since no corresponding real

data for this time span was available.

For each simulated day the lbs/ton of BOD éhd SS were determined and

averaged over a certain number of days to correspond to the "real world"

data. In the mill situation the samples analyzed represented mixtures of

- samples taken over 4 to 7 days. The results for BOD and SS are plotted in
‘Figure 4.4 and 4.5. These plotéAindicate a feasoﬁable congfueﬁée of behaviour
between model and mill data. Both plots have numerous interéections of the

- real and simulated results. Also the qotiéaﬁle or "unusual' peaks generally
‘coincide. 4There‘is some disagfeement‘in magnitude fof the fifst high peak
(data point at time 4); however, 1§oking ét‘tﬁe real data, this time interval
includes a mill start up for which a considerable amount of the spill data
could not be deciphered from the conduétivity charts. Also the model was

not designed with the ability to generate a mill start up effluent time trace.

Kolmogorov-Smirnov two sample goodness of fit tests were run for both SS

‘and BOD for these runs. The results are summarized below:

| D(N,M) kS(.05)

SS .327 414

BOD | .207 414 N =122, M=22
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The final verification test for the pulp mill model consisted of a K-S
goodness of fit between real world and model effluent data using model .

generated spill sequences. The model was run for 100 days and the BOD
and SS, expressed as pounds per ton, were averaged for every 5 out-of 7

days. The goodness of fit results are as follows:

D(N,M) Ks(.dS)

SS 471 .482

BOD 124 482 N =17, M = 15

Therefore we cannot reject the hypothesis that the two distributions are

different.

4.2 WASTE TREATMENT MODEL

4.2.1 The General Structure

In Chapter III the waste treatment model s mathematical development was
discussed and generallzed solutions for BOD effluent from the 1agoon and SS
effluent from tﬁe clarifier were derived (see eqns 3.7 and 3.10). These
equations were programmed.in FORTRAN and evlisting can be found in Appendix IV.
Although the model was designed to use the pulp model's output‘as input, it is
completely 1ndependent of the pulp mill model structure and can be used to
model the systems behaviour for any given influent. The program requires
certain system parameters (such as the lagoon area, depth, and clarifier
depth) as input before an experiment can be run. These are listed in-the
appendix with typical values and units indicated. The model was designed to

function as an aid to mill management in designing -a clarifier-lagoon
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treatment system. Consequently, essential design parameters can be changed
easily. The program also determines capital costs and yearly operating

costs for both clarifier and lagoon in each run.

A variation of the program was written which‘ﬁermitted artificially increased»
hourly loads to the system for any giveﬁ time span (up to 24 hours). The
increaséd load is a multiplicative factor times the original load being
coﬁsidered és the normal operating influent time trace. For example, the

pulp mill model creates a typical BOD and SS effluent time. series on an hourly
basis. This is then given to the treatment model as influent. On prompting
from the program, the user can specify a'multiplyinglfactor, its active

time span and the hour. to start the increased load. For example if the

user gives a factor of 10 for a time span of 5 hours starting at hour 100

the program will ﬁulﬁiply the BOD and SS influent coﬁcentrations by 10 for

the hours from 100 through to 105 and use these as influent data for those
hdurs of simulated operation. It then returns to the original time trace

for the remainder of the run. This procedure gives the user considerable
versatility to experiment with the systems response to various degrees of
shock loading. It also provides some intereéting information on the

systems recovery times. This feature was prompted by a NCASI study

~published in 1974 (Gove, 1974).

The model permits the user to combine the three mill outfall streams into
4 different influent combinations to the treatment model. This was intro-

duced as a consequence of the different arrangements existing at various
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mills. Some mills combine the general and acid outfalls between the clarifier
and the lagoon, others only feed the general and machine room streams into

the treatment system and completely bypass the system with the acid stream.

The combination desired is specified at the beginning of a run (seé'appendik

v listing and variable definition). Schematics of the 4 pqssible combinations:
are shown in Figure 4.6:. The different combinatibns result in’ various
hydraulic loadings to the system and therefore provide an opportunity to

experiment with alternate facilities.and observe their effluent outcomes.

4.2.2 The Model
The waste treatment model is a mathematical model evaluating the equations
developed in Chapter 3, for t =1 houf. This assumes that the.system
operates in a steady state over each hour. (The hydraulic load and influent
concentfation are constant). At the -end of the hour, the final concentration
of eéch tank in the series model is made the initial concentration for
the next hour. The next hour's hydraulic load and influént concentration
are determinéd, system parameters such as detention time are altered (if
the hour begins a new day) as réquired and the system is run again for
-another hour. The process is repeated for the specified nuﬁber of hours.
At the end of each hour the model records'thevfollowing:
| 1. Influent SS concentration into clarifier (mg/1)

2. SS concentration of stream which bypasses clarifier (mg/1l)

3. SS concentration of clarifier effluent.(mg/l)

4. BOD concentration into CLarifier (mg/1)

5. BOD concentration of stream which bypasses clarifier (mg/l)

6. BOD concentration of lagobn effluent (mg/1).
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At the end of each 24 hour period the model records the total amounts of
SS and BOD which entered and left the treatment system expressed as pounds
per ton of mill production. "Also lagoon generated SS is given as the.mg]l

average for the day as well as lbs/ton.

The model is composed of three parts, the MAIN program, subroutine TREAT
and subroutine COST. Subroutine TREAT is called every simulated hour by
MAIN while subroutine COST is called once at the end of the run. A general

flow chart of the model can be found in Figure 4.7.

Noté in running the model, the user has control over certain design parameters.
These include:

a. Stéady state time interval for clarifier (in secs) and lagoon (in hours)..

b. The rate of settling as a first orde; linear reaction (in sec—lj

¢. Clarifier detention time (hours) -

d. Estimated aﬁerage daily flow into clarifier (MUSGD)-

e. 'Clarifier depth (ft)

f. Treatment.system layout (1 to 4)

g. Biological reaction rate in iagoon (hr_l)

~ h. Lagoon water temperatufe °c
i. Légoon surface area (acres)

j. Lagoon depth (ft).

" To calculate the precise mass of effluent which is discharged over a time

interval TI the following expression must be evaluated;
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Mass of pollutant past any point TI : TI

= * -
over the interval of time 0 to TI Lyb C(t)de : Q\g;(t)dt
. [} . (o)

if we assume Q is constant for the time 0 to TI, where

n

c(t)

the distribution of pollutant concentration over time

i

hydraulic flow at point of interest in equivalent units

Q

~

Due to the clarifier's short detention time it may experience large
changes in effluent concentration over the period of one hour. ' Consequently,
this expression was evaluated for the clarifier SS effluent. By setting

C(t) equal to equations 3.7 we get
TL

C -at -at '
_ﬁﬁ [1"8 'TC:] +e T [Cz(O) +_C1(o)E E—IME)-—*‘-]

Mass of SS(kgs) = TC—TC(1+kCTc)

o o
-aTl —oTT ' -aTl
e T T Te
CIn T. c - c
= Q—5— |1+e ¢ + C2(0)Ic |1-e +C{0)T, |e -1| -C{O)TI e
ot - Ty rral R .
Where Q in in litres/sec : _ Eqn. 4.1
[0 ] = l + kc* TC
TI = 3600 secs.

-For the lagobn it was assumed the 5 day detention time would buffer system
surges resulting in very small BOD effluent concentration changes within one
hour. The hourly mass of BOD effluent is therefore the produét of BOD

concentration at time t = 1 hr times hydraulic flow for that hour.
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At the start of a model experiment the tank volumes for the clarifier model
are determined. The model determines a new one tank detention time

parameter every 24 hours. This is:

=3
i

0

=1

wn

=
n

clarifier tank's detention time

Volume of tank 1 (or tank 2) in litres
flow into tank in litres/sec

i

= residence time in secs.
The linear "reaction rate" settling constant is

.104

clarifier depth in cm

CK = (see Chapter III)

Similarly for the lagoon the model determines the detention times for each
of the three equal volume tanks.
I, = TT = 1lagoon tanks detention time

Volume of a tank in litres
flow into tank in litres/h

= time in hours
and then the BOD removal rate constant KK according to the relatidn
KK =[(1.256) * (1.032)]TEMP/24

discussed in Chapter III.

4.2.3 Subroutine TREAT
Subroutine TREAT reads the clarifier and lagoon influent concentrations

each hour and evaluates the system's effluent concentrations. The final
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concentrations for each tank are made the initial concentrations for the
next hour. The present structure of the subroutine uses the generalized
model developed in section 3.2.3 for the lagoon and the model developed

in section 3.2.1 for the clarifier.

Although the primary purpose of the clarifier is to remove SS, some BOD is
removed as SS. To accommodate this, the model assumes that 10% of the BOD
which passes through the clarifier settles out and is not. passed on to the

lagoon.b

4.2.4 The COST Subroutine.

Usiné the.reiétionships developed in section 3.3 the subréufine COST evéluates
the four cost reiationships at the end of the simulation experiment. 'ihese
are recorded and comprise the final statements in ﬁhe output of the waste

treatment model.

4.2.5 laste Treatment Model Vé]idation

A validation of the complete waste treatment model was not possible due to
lack of available data. The data which was use& for historical validation
was supplied by Weyerhéeuser, Kamloops for their operatiomnal aerobic
'staﬁilization lagoon. The two months of data‘obtained consisted of daily
BOD concentration, expressed in mg/l, at the entrance to the éedimeﬁtatibn
ponds.and‘the exit of the lagoon, and the'daily hydraulic load to the‘lagoon
in MUSGDf The sedimentation ponds aré the final stage in SS removal Before
entering the lagoon and have a deténtion time.of a few hours. The inflﬁent

concentration to the lagoon was assumed to be equal to the sedimentation
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ponds.influent.

Using this data it was possible to validate tha 1agbon section of the model.
Referring to_Figufe 3.5, by making

Q1 =0

Q2 lagoon hydraulic load (1)

%

il

ipfluent BOD concentration (mg/l)

the lagoon formulation, as expressed in:equation 3.8, can be obtained ffom
equation 3.10. Lagoon area is 74 acres and it's depth isv15 ft. Input
temperature was approximately 40°C and the effluent 30°C, therefore the

average temperature of 35°C was used.

Since the data was on a daily basis the model could be run either on an
hourly basis (t = 1 hour) using the same input'coﬁcentrétion-for each of

the 24 hours, or on a daily basis, using each input concentration and

hydraulic flow only once and running the model for t = 24 hours.

In Figure 4.8 are plots of a) recordgd effluent data for the actual lagobn,
b) the simulation run on an hourly basis (the point plotted is the coﬁcén—
tration at hour 24 of each day) and c¢) the simulation run on a daily basis.
Sixty data points are plotted. As seen from the figure the model, starting
at initial‘concentrations of zero in all three tanks, took»approximately

8 days to reach reasonable operating levels. Both the t = 1 and t = 24

plots appear to give a resonable fit to the data. The model following
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LAGOON VALIDATION SHOWING REAL DATA EFFLUENT AND SIMULATION GENERATED EFFLUENT

(USING SAME INFLUENT) FOR STEADY STATE OPERATION TIME, t =1 hr and t = 24 hr'
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)

the sudden drop in concentration for days 50 to 56 comes as a consequence
of six low flow and zero pulp production days at the mill. The fléws on

day 53 fell to 16.2 MUSG/day (normal is appfoximately 60 MUSG/day).

There are certain implications in using the model in a steady state.fof

t = 1 hour. As seen in eqn. 3.8, thére are a considerable number of
exponential terms with time in their exponent. Iterating the model each
hour, only a véL& small‘portion of the exponential decay curve iS actually

usedf'{A typical negative exponential plot looks as follows:

\ﬂ

-ct

where f = e and ¢ = constant t = time

For the lagoon model.a'typical’value of ¢ would be:

e o @ _ IHTL _ 1+.0169%40. | ‘
T, Ty, 40,
= .025 + .0169

.0419

Therefore for

t = 1 hour £ = t0419FL T o
while for '

. _ £oh o

t = 24 hour f =e -0419%24 = ,37
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Looking at équation 3.8 for t = 1 hour the first term becqmes quite insig-
nificanf while the second_ferm‘is very much the dominating element. ‘In
fact if the influent BOD' concentration is considerably larger than the
initizl concentrations of the three .tanks, the C$3(t) value could actually
experience a drop from its previous value although the influeﬁt is high.

. (This preaicted drop in the effluent concentration due to a sudden increase
.in the influent concentration actually did occur when the model was run
ﬁsing artificial shock loads. The model recovéred within 3 hours however
and still reflected the time delayed response of the system). . This counter
intuitive result comes from the steady state assumptions made in the model

development.

For t = 24 hours the first term becomes a much more significant term while
the impact of the second term is reduced by about 607%. As t approaches

infinity, the output concentration approaches a lower limit.

L CINBOD
lim C_. (t) 3

B3 t - o ,

Using typical values, the time until CB3(t) = ..99*%CINBOD
o
would be
40
t = 1,49 x 4.6
- 12§aE?urs - 5 days |
(ie. .99 ='1--e"‘TL .« 1n.01 = —a‘%i or t = I& % (-1n.01)

or the full lagoon detention time. This is an unrealistic extreme and

would not givé a very dynamic representatioh of the lagoons operation.
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K-S goodness of fit tests were done for both the t = 1 hour and t = 24 hour

effluent data against the actual data. The results are seen below:

Time | D(N,M) | KS(.05) KS(.01)

t=1 .334 .268 .321

t = 24) .251 .268 .321
N = # of real world observations = 49
M = # of simulated observations = 53

The null hyﬁothesis that the t = 24 run and the real data are equivalent
at the .05 significance level cannot be rejected. HoWever, for -.the t = 1
hour run the null hypothesis is rejected. This implies thét there is a
time interval betweenit =1and t = 24 whichvrepresents a threshold of
accéptibility for using the steédy state assumption in the model. Some
exberimentsywere run ‘using the same lagoon influent for various time
intervals and temperatures and K-S goodness of fit tests performed oh the

results. These are summarized in Table 4.3

A plot of time interval versus temperature can be found in Figure 4.9.
There is a threshold boundary between acceptability and ﬁon’acceptability '
which is a function of the timé.interval and temperature. Beak-Environment
.Canada (1973) state that the reaction rate reaches a maximum at about 37°C
and falls off for highér temperatures. - The implications of this are seen

in Figure 4.9. The dotted line represents a symmetrical drdp in the .
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_lPLOT SHOWING REGIONS OF ACCEPTABILITY AS DETERMINED BY K-S GOODNESS OF FIT TEST
FOR SIMULATION GENERATED EFFLUENT AND REAL DATA EFFLUENT USING DIFFERENT
STEADY STATE TIME INTERVAL AND TEMPERATURE COMBINATIONS
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" TABLE 4.3

SUMMARY OF k-s TESTS FOR SIMULATION CENERATED AND REAL DATA EFFLUENT
FOR DIFFERENT STEADY STATE TIME INTERVAL AND TEMPERATURE COMBINATIONS.

° " Time
Temp °C Interval D(N,M? KS(.05) Accepted
36 12 .280 .261 No
37 1 .335 .261 No
37 4 .335 .261 - No .
37 8 .298 .261 - No-
37 12 L244 261 Yes
38 1 .335 .261 No
38 4 . 317 .261 No
38 8 .244 .261 Yes
39 . 4 244 .261 Yes
40 1 . 245 .261 Yes
35 1 .334 .261 No
35 8 .314 .261 No
35 12 .316 .261 No
35 24 .251 .261 Yes

reaction rate with increasing temperature beyond 37°C.
!
The minimum time interval which is accepted by the K-S test is t = 12 hours

with a lagoon operating temperature of 37°C. .

Despite the rejection of the null hypothesis for t = 1 hour, it was
decided to proceed as originally intended. Thé reasons for doing so are:
1. The K-S test is ﬁot an abéolute test and the:plotsbin Figure 4.8
indicate that the t = 1 hour model givés a reasonable represent-

ation of reality.
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2. The intent of the model is to try and observe the more dynamic
. aspects of the treatment system's behaviour. This would be lost

if the model were iterated every 12 or 24 hours. |

3. The t = 1 fit is ﬁad primarily because it fails to fit réal data
low points in the day = 24 to day = 52 region. If the temperature
gradient along the lagoon were_accounted for in the ﬁodel,vthe -
t = 1 plot may drop sufficiently to fit the real data. The model
as it.is now’structured can not incorporate a temperature gradiept
relationship.

4, Some BOD.Will settle out in the sedimentation ponds in the "real
world" situation thlé the model aoes.not take this.inté account.
This will result in the model effluent being somewvhat higﬁer in

concentration.

.For the clarifier model validation data was not available. The only data
acquired were S5 réadings on composite.samples of 5 days of operation. In
order to perform a reasonable validation; data would be needed on an hourly
basis due to the clarifiers short detentioh time. The clarifier model does
_not suffer from the exponential cut off experienced with the lagoon model

for the t = 1 steady state approximation. For the clarifier the constant

.

L1+ kT
€= T : |
1+ 104 % 4753.5
- 15.%12%2. 55 '
4753.5
2.2 4
= 4753.5 S 4.52 x 10




]

1 hour = 3600 secs

452 x 1074 x 3.6 x 103
-1.63
e

Therefore for t

f =

= -.1959

Referring to eqn. 3.7, the implications of the second term on Cp(t) are
greatly reduced by the exponential factor. 1In factvthié implies that the
clarifier is typically running‘at,about .8 of the maximum efficiency as

determined by the model structure. The maximum efficiency possible is

o Co (t) 1
max eff = 1 - =22 = 1 -  ———,
_ Cin (1+k Te)
1 . |
l - (3.2)2 9OA

Therefore the clarifier is.operating'at approx. .8 x 90% = 72% efficiency.
This will vary each day as a result of the change in detention time. " In

the model, clarifier efficiency is determined for a completed run as follows;

SSTIN - SSTout -

clarifier efficiency =

SSTN
Where SSTyy = total suspended solids which entered clarifier over
complete experiment
SSTout = total suspended solids which left clarifier over

complete experiment
In a simulated 15 day experiment, the clarifier efficiency was determined
as 77%. This is a typical value for SS% removed for clarifiers with

detention times between 2.5 to 3.0 hours (Bower, 1971). The data given
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by Bower, acquired from NCASI Tech. Bulletin #190, is reproduced below:-

Detention time

% removal of SS

2.5 hrs
3.5
4.0
5.0

6.0

75

88

90

92

96

To partially validate the clarifier model some experiment runs were run for

different design detention times. The results can be seen below.

Detention time

% removal of SS |

3

4

77
83
87

90

The clarifier model appears to give a somewhat conservative reduction in SS

when compared to the NCASI data. However the NCASI data represents ideal

maximum efficiencies corresponding to long term steady state design models.

The model developed here iterates every hour so it does not operate the

clarifier model at maximum steady state efficiency.
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CHAPTER V

MODEL EXPERIMENTS
5.1 DESIGN VERSUS COST
A series of sénsitivity experiments were ruﬁ fdr each qf the four wastewater
‘treatment.plant combinations changing clarifiér,detentibn time and lagoon
area sequentially. The same inputs, consisting of 65 days of pulp mill-
_model effluent, were used for each of the experiments. ‘At the end of
each experiment the mean and variance of the.lb.BOD/ton and 1b SS/ton for
‘lagoon and clarifier influent and effluent were determined. Also K-S
goodness of fit tests were performed comparing daily effluent time series
for each of the experiments to a standard daily time series. The standard
.chosen was‘for a system with a 3 hour clarifier détention time and é 75.acre -
15' deep lagoon operating at 35°C. This standard is maintained throughout

this chapter.

5.1.1 The Lagoon Cost Curves
The first 3 combinations (see Figure 4.6) provide almost identical influent
to the lagoon, therefore only the results for combinations 3 and 4 will be.

discussed.

Keeping :all other factors identical to the standard, experiments were.run
for lagoon areas ranging from 20 acres to 125 acres. The costs, efficienéy,
mean and variance of input and output, and the K-S test results were
generated for each of the experiments. These are summarized in Table 5.1.

The costs versus mean 1lb BOD/ton are plotted in Figure 5.1. The shaded areas



TABLE 5.1 LAGOON CAPITAL COST AND OPERATING COSTS'FOR

COMBINATION 3 AND COMBINATION 4 SYSTEMS - STANDARD MILL EFFLUENT

117

In BOD #/ton

Lag Lag |lag Out BOD #/ton ~‘Lag Out -
Area Lag CC Lag 0C Eff. | Flow :
Mean | Var. Mean |Var. D(N,M) {KS (.05)
20 744,219 | 115,296 | .44 | 65.4 | 58.13 373.9 | 32.7 |140.8 |.985 .238
30 | 1,479,917 217,089 | .56 |65.4 | 58.13 373.9 | 25.3 | 69.7 |.907 .238
40 | 2,010,489 | 367,299 | .65 |65.4 |58.13{373.91.20.1.} 37.2 |.89 .238
50 2,512,848 560,595 .72 65,4 158,13 1373.9 116,17 | 22.1 |.553 .238
60 | 3,159,961 | 785,020 | .77 |65.4 |58.13 |373.9 |13.2 14.3 | .538 .238
70 | 3,756,611 |1,027,242 | .81 |65.4 | 58,13 |373.9 | 10.9 9.7 |.154 - .238
75 | 4,013,043 | 1,163,444 | .83 | 65.4 {58.13 [373.9 | 9.96 8.2 |0 .238
80 | 4,255,601 1,299,584 | .84 |65.4158.131373.9 | 9.1 6.9 |.092 .238
100 | 5,196,448 | 1,882,834 | .88 | 65.4 | 58,13 |373.9 | 6.6 3.7 | .35 "
125 | 6,144,990 | 2,590,252 | .92 |65.4 | 58.13 | 373.9 | 4.6 1.9 | .415 "
20 | 1,222,529 | 177,598 | .64 |33.9 |58.13 373.9 |33.7 |106.9 |.985 .238
30 1,898;220 381,195 | .76 | 33.9 |58.13 |373.9 | 29.2 7.3 |.985 "
40 | 2,586,116 | 633,013 | .83 |33.9 58.13 | 373.9 | 26.5 | 59.3 .|.938 M
50 | 3,164,647 921,895 | .88 |33.9 |58.13 [373.9 |24.8 | 52.5 |.938 "
60 | 3,655,048 | 1,207,746 | .91 |33.9|58.13 |373.9 23.6 | 48.6 |.938 "
70 | 4,053,501 | 1,476,957 | .93 |33.9 |58.13 | 373.9 |{22.8 46.2 |.938 "
80 | 4,364,435 | 1,705,257 | .94 33.9 | 58.13 | 373.9 | 22.3 | 44.6 |.938 "
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in Figure 5.1 represent one standard deviation regions about the effluent
means for capital cost curves. The numbers beside each data point indicate

lagoon acreage.

The effluent mean 1b BOD/ton was chosen as the x-axis as a consequence of
the 1971 report on "Pollution Control_ObjectiVés for the Forest Products
Industry" (Department of Lands, et al, 1971). The objective BOD effluent

levels for the chemical pulping process were given as

Level A = 15 1b/ton
Level B = 60 1lb/ton
Level C = 80 1b/ton

_for marine discharge. The level A applies to new mills and is the level they
must meet immediately. It is-éo this level that fhe results of this cﬁapter
will be directed (Note the effluent mean 1b BQD/ton_includes all the outfalls.
Therefore for_the combination 4 sysﬁem it includes the écid wastes which

bypass the system).

Figure 5.1 is a plot of cﬁange in capital and operating costs of an aerated
lagoon with a change in mean effluent level. One of the most striking‘results
is the cost dominance of combination 3 over cbmbinaﬁion_4 for any effluent
mean. Given an effluent level which management wants to meet it is always-
less costly to comstruct a combination 3 syétem, (i.e. feed all the mill
-outfalls through the lagoon) than a combination 4 sysfem (bypass-the lagoon
with the acid effluent). In other words, given a lagoon area, the effluent

quality possible is always better with a combination 3 system and at less
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capital and operating cost. The reason for this-is that it is not necessary
to operate a combination 3 lagoon at éuch a high efficiency in order to

" obtain the same quality effluent as with a combination 4 system. Operatiﬁg _
a lagoon at high efficiencies is one of the major cost faétors since it |
requires more aerators and poWer. In fact with a combination.4 systém one
is paying very highiy for the privilege of dumping acid wéstés,'sincé it is
the acid effluent that is‘puttipg a lower bound on the 1b/ton:level which a
~combination 4 system can attain. For the given mill, the combination 4

system would not be able to attain level A at any cost.

Another way to look at the plot is, given a certain amount of capital which
manageﬁent ié willing to invest in an aerated lagoon, a higher quality
effluent will always result with a combination 3 system. A combination 3
system requires a neutfalization mixing basin ahead of the lagoon. However
such a basin will cost approximately $10,000.00, a small inveétment relative

to lagoon capital costs.

To meet the. level A requi;ements with a éombination 3 systém,‘the capital  '
investment will be approximately 2.7 x 106 dollars and expected operating
coéts wouid bg about $600,000.00 per year. At an operating‘temberature-of
'35°C the lagoon size needed is approximately 55 acres - 15; déep. Since
fhis is mean performance, it implies that the mill will often have days with
operation above and beléw this levél. If this is of.concern it may be
advisable to work along the u.+ 0 curve. This would require a capital

investment of approximately 3.5 x 10° dollars with operating costs at about
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1 x 106.dollars per year. At an operating temperature of 35°C this would

. mean a lagoon size of approximately 65 acres - 15' deep.

Although management may be w1lllng to invest in the larger lagoon, land
availability could well be a llmltlng factor preventing constructlon of the

more reliable system. ’ ' .

As indicated.earlier these reselts are based on a 65 day experiment of the
mill and lagoon models. A full year experiﬁent was alsoAruﬁ for the standard
system and the results were similar. The lagoon efficiency was slightly
reduced (approximately 1%) and the lagoon capltal costs dropped to about

3.9 x 106 dollars., (From Table 5.1 the 65 day run resUlted in lagoon CC =
4.01 x 1Q6 dollars). Since the results are almost identical, it was decided

to proceed with the 65 day operation.

5.1.2 Sensitivity Tésts on Lagoon Cost Curves
To fest the sensitivity of the curves in Figure 5.1 experiments were run
wifh each of the fo11owing.changee. (Note: For each of the followihg only
‘the variable indicated was altered. The other variables were left as they
were in generating Figure 5.1). |
a. 'Temgereture
| Two expefiments wefe run
1._ temperature = 30°C

40°¢

2. temperature
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b. Hydraulic Load

Two experiments were run. Hourly flows for all 3 outfalls were
.1. dincreased by 10%

2. decreased by 10%

¢. Effluent Load
Two experiments were run. The hourly SS and BOD conCenﬁration‘frbm
. the 3 outfalls were | |
1. increased by 107%

2. decreased by 10%

For all six experiments daily influent and effluent 1oadssfor the waste
treatment .system, expressed as lb/ton, were compared to the established
standard system usihg-the K-S goodnéss of fit’rbutine.. Results of thése
experiménts are summarized in Tables 5.2 A and 5.2 B énd Figure 5.2 for
;emperature , Tables 5.3 A and 5.3 B and Figure 5f3 for.hydraulic léad, and

Tables 5.4 A and 5.4 B and Figure 5.4 for effluent load.

Looking at Figure 5.2 the cost curves generated for the changes in'lagoon
operating temperatures are i&entical to thoéé ih-Figure 5.1. The mean 1b
BOD/ton is in essence a measure of the lagobn's efficiency and the efficiency
'for any given lagoon volume is a function of hydraulic'flpw and temperature.
Therefore, since the flow is not altered in the temperature runs, the model
isiessentially working its way up a vertical flow line on Figure 4.8.’>N0
ﬁatter what the temperature of the lagoon model, it will stili follow the same

flow line and therefore generate the same cost versus efficiency curve. The



TABLE 5.2A

~ LAGOON CAPITAL COST AND OPERATING COSTS FOR COMBINATION 3 AND 4 SYSTEMS - STANDARD INFLUENT LOAD,TEMP = 30°C

Lag

In BOﬁ #/ton

Lag Lag Lag Lag Out BOD #/ton Lag Out D In D In D Out
Comb | Area CC 0c - Eff | Flow , Lag CL CL
: : Mean Var Mean Var D(N,M) KS(.05)
3 20 582,576 97,195 | .39 65.4| 58.1| 373.9| 35.2-|166.7 | 1.0 .238 0 0 0
30 | 1,221,460 | 168,478 | .51 " " " 28.1 | 86.0 . 969 " " " "
40 | 1,755,114 | 274,445 | .60{ " S " 22.7 | 47.1 | .908 " " " "
50 | 2,143,343 | 421,343 | .67 " " " 18.7 | 29.3 .831 " " " "
60 | 2,618,152 | 595,452 | .73 " " " 15.6 | 19.8 .554 " " " "
70 | 3,173,116 | 789,827 | .77 " " " 13.1 | 14.1 .538 " " " "
80 {3,693,615 | 995,000 | .80 " " " 11.1 | 10.4 .215 " " " "
100 | 4,543,221 | 1,468,835 | .86 " " " 8.2 5.98 | .307 " " " "
125 | 5,504,752 | 2,094,492 | .89¢] " " " 5.9 3.2 .369 " " " "
4 20 |1,057,085 133,395 | .59 | 33.9| 58.1 | 373.9| 35.5 |117 . 984 " " " "
30 | 1,567,784 287,804 | .72 " " " 30.8 | 79.2 .985 " " " A
40 | 2,230,943 483,299 | .80 " " " 27.8 | 63.6 .985 " " " "
50 2,757,697 | 714,697 | .85 " " "] 25.9 | 55.5 .938 " " " "
60 | 3,250,358 968,576 | .88 " mo e 24.5 | 50.8 .938 " " " "
70 | 3,664,426 |1,213,780 | .91 " " B 23.6 | 47.9 938 " " " "
80 |4,011,143 |1,447,091 | .93 " " K 22.9 | 45.9 .938 " " " "

XAl



TABLE 5.2B

LAGOON CAPITAL COST AND OPERATING COSTS FOR COMBINATION 3 AND 4 SYSTEMS - STANDARD INFLUENT LOAD>TEMP = 400C

coms | Lo fag Lag Lag | Lag | In BOD #/ton | Out BOD #/ton Lag out ?n ?n Ogt
Area cc oc Eff | Flow | Mean | Var Mean Var D(N,M) | KS(.05) Lag [ CL | C1

3 20 | 1,019,959 143,642 | .48 | 65.4 | 58.1 | 373.9 | 30.0 [117.7 .985 .239 o |o |o

30 | 1,779,258 282,608 | .61 " L n 22.6 | 56.1 | .908 " O U

40 | 2,296,200 488,449 | .70 " " " 17.4 | 28.7 .646 " L U

50 | 3,044,594 743,269 | .76 " " " 13.7 | 16.2 .554 " LI U

60 | 3,747,094 | 1,022,340 | .81 " " " 10.9 9.9 .169 " LN IR A

70 | 4,323,528 | 1,338,975 | .83 " L L 8.9 6.5 .154 " mo | |

80" | 4,886,945 | 1,680,806 | .87 " " " 7.36 | 4.4 .323 " L BEUR I

100 | 5,844,085 | 2,349,295 | .91 " L " 5.9 9.9 415 " TR T

125 | 6,737,215 | 3,097,800 | .94 " " " 3.5 1.1 415 L O BT Y

4 20 | 1,397,832 236,747 | .69 | 33.9 " " 31.9 | 97.3 .985 " mop e
30 | 7,268,214 495,210 | .80 " " " 27.7 | 67.5 .985 " TR TR

40 | 2,969,456 819,554 | .86 " " mo | 25,3 | 55.7 d " O IRTI I

50 | 3,571,540 | 1,154,664 | .90 L " " 23.8 | 49.9 .938 " L U

60 | 4,047,108 | 1,472,429-| .93 " " L 22.8 | 46.8 " " P T

70 | 4,403,577 | 1,735,125 | .95 L " " 22.2 | 44.8 " " LN IR AT

el
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‘LAGOON CAPITAL AND OPERATING COSTS FOR COMBINATION 3 ANﬁ COMBINATION 4 SYSTEM — STANDARD HYDRAULIC LOAD X .9

.TABLE 5.3A

» Lag Lag Lag Lag Lag In BCD {#/Ton Out BOD #/Toﬁ’ Lag Out II.)agv (}I)L (,DL
. Comb' | Area CcC oC Eff Flow : — In In Out
Mean Var Mean - Var D(N,M) KS(0.5)
75 | 4,013,043 | 1,163,444 .83 65.4 | 58.1 [374.0 9.96| 8.15 0 0
20 657,839 | 111,015 .41 71.9 [60.2 [397.7 | 36.5 | 182.7 .985 [.239 200 |.246 | .215
30 |1,401,728 203,324 .53 " . " 28.9 | 96.6 969 " i
40 |1,974,161 | 336,183 .62 " " " 23,2 | 52.8 .908 |" "
50 |2,406,035 | 513,921 .69 . " " 18.9 | 31.6 .815 |" "
60 | 3,005,475 | 726,484 74 " " " 15.6 | 20.5 .554 |" "
70 | 3,623,340 956,175 .78 " " " 13.1 | 14.0 .538 |" i
75 | 4,012,049 | 1,126,397 .81 . " " 11.5 | 13.1 338 | "
80 | 4,169,655 |1,211,281 .82 " " " 1.1 | 10.0 200 |" L
100 |5,117,131 |1,777,065 .87 w " " 8.1 | 5.5 308 |" "
125 |{6,142,215 | 2,496,760 .91 " mofoo 5.7 | 2.88 .385 | L
4 20 | 1,200,074 162,439 .61 37.3 | 60.2 |397.7 | 36.9 | 132.3 798k | 539"
30 |1,801,808 351,732 .73 " " " 32.2 | 90.8 .984 "
40 | 2,527,544 | 587,199 .81 " " "ol 29,3 ] 73.6 .984 "
50 | 3,106,911 865,218 | .86 " " " 27.5 | 64.8 984 | m
5 60 | 3,635,840 |1,156,976 .89 " " " | 26,2 | 59.8 938 "
: 70 | 4,077,201 | 1,441,087 .92 " " " 25.3 | 56.7 .938 "
75 | 4,335,058 | 1,623,623 .93 " " " 24,8 | 53.1 .938 "
80 | 4,435,267 | 1,697,411 .93 " " " 26,7 | 54.6 938 | »
100 | 4,844,983 | 1,990,699 .96 " " " 23.8 | 52.2 .938 "

n7T



TABLE 5.3B

4L SYSTEMS - STANDARD HYDRAULIC LOAD X 1.1

LAGOON CAPITAL AND OPERATING COSTS FOR COMBINATION 3 AND COMBINATION

Lag Lag Lag Lag | Lag In BOD #/Ton | Out BOD #/Ton Lag Out Lag CL.
1Comb Area CcC ocC Eff Flow A In - Out
' Mean |Variance| Mean |Variance D(N,M) {KS(0.5)
3 75 | 4,013,043 | 1,163,444 .83 | 65.4 | 58.1 | .373.9 | 9.96 9.96 0 0. Stand
3 20 858,525 120,765 47 58.8 | 56.1 | 350.9 |28.8 | 103.9 .969 239 .154 .16+

3 30 | 1,572,301 233,563 .59 " " " 121.9 48.3 .908 " "
3 40 | 2,047,783 403,529 .68 " " " 116.9 25.3 .600 " "
3 50 | 2,669,224 615,209 .75 " " v 113.5 14.9 .538 " "
3 60 | 3,316,581 | 846,445 .80 " " " |10.8 9.6 .138 " "
3 70 | 3,851,704 | 1,115,489 .83 " " " 8.9 6.5 .185 " "
z 75 | 4,191,905 | 1,307,630 .85 " " " 7.7 6.2 .338 " "
3 80 | 4,349,930 | 1,400,199 .86 " " " 7.4 4.5 .338 " "
3 100 | 5,239,442 | 1,976,666 .90 " " " 5.21 2.39 .415 " "
3 125 | 6,092,680 | 2,650,693 .93 " " " 3.6 1.2 415 " "
4 200 | 1,246,026 195,298 .67 | 30.5 | 56.1 | 350.9 {30.5 84.0 .989 " "
-~ 30 | 1,997,521 412,605 .79 " " "o126.1 57.3 .938 " "
40 | 2,639,093 680,808 .85 " " " 123.6 46.8 .938 " "
50 | 3,200,079 972,175 .89 " " moo122.0 | 41.5 .938 " "
60 | 3,649,124 | 1,252,717 .92 " " 21,0 38.6 .938 " "
70 | 3,992,827 | 1,492,375 .94 " " " 12044 36.9 .892 " "

Let
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LAGOON CAPITAL COST AND OPERATING COST FOR COMBINATION 3 AND 4 SYSTEMS - STANDARD INFLUENT LOAD X .9

- Lag Lag Lag Lag | Lag | In BOD #/Ton | Out BOD #/Ton Lag Out D In| D D
Comb] Area cc 0C Eff | Flow — Vai. T o DQM,M) |KS(.05) Lag _éz‘ ggt
3 20 744,249 115,300 44| 65.4 | 63.9 |452.4 35.9 |170.4 | .985 | .239 |.246 | .277 | .215
30 | 1,479,950 217,095 .56 " " " 27.9 84.3 .954 " " " "
40 |2,010,533 367,296 .65 " " " 22.0 45.0 .908 L " "
50 |2,512,910 5,60,616 .72 " " " 17.7 26.7 .708 " " " "
60 |3,160,015 785,040 - .77 " " " 14.5 17.3 .554 | " " " "
70 - | 3,756,705 1,027,290 .81 " " " 11.9 11.8 2431 ) " " " "
75 4,107;103' 1,215,400 .83 " " " 10.5 11.2 .169 " " " "
80 4,255,723_ 1,299,654 84 " " " 10.0 8.3 0.0 " " " "
100 |5,196,483 1,882,857 .88 " " " 7.2 4.5 _.338 " " " "
125 6,;45,0022 2,590,265 .92 " " i 5.04 2.3 | .415 " " " "
4 20 (1,222,553 177,606 .64 | 33.9 " " 37.1 |129.3 .985 "
30" |1,898,313 .381,223 .76 " " " 32.1 88.3 .985 "
40 1{2,586,126 633,017 .83 " " " 29.1 71.8 | .985 "
50 {3,164,641 921,892 .88 " M " 27.2 63.5 .969 "
60 |3,655,051 1,207,748 91 " " " 25.9 58.8 .938 | "
70 {4,053,494 1,476,951 .93 " " " 25.1 55.9 .938 "
75 4,281,726 1,642,975 94 | " " " 24.6 | 52,5 | .938 "
80 |4,364,427 1,705,253 94 | " " 24.5 | 54.0 | .938 "

621
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INFLUENT X 1.1

LAGOON CAPITAL AND OPERATING COSTS FOR COMBINATION 3 AND COMBINATION 4-SYSTEMS STANDARD

Lag Lag Lag Lag | Lag In BOD #/Ton Out BOD #/Ton Lag Out D D D

Comb Area CcC 0C Eff Flow : In In Out
Mean | Var Mean Var | D(N,M) KS(.05)] Lag | CL CL ~

3 75 | 4,013,043 1,163,444 .83 | 65.4| 58.1 [373.9 9.96 | 8.15 0 .239 tandard

20 744,086 115,282 VAR 52.32 302.9 | 29.4 | 1l4.1 .984 w277 | .308| .169

30 | 1,479,887 217,083 .56 " " " 22.8 | 56.5 .907 " " " "

40 | 2,010,499 367,302 .65 | " " " 18.0 | 30.1 .738 " " " "

50 | 2,512,810 560,583 72 " " " 14.5 | 17.9 .554 " " " "

60 | 3,159,880 784,990 77 0" " " 11.9 | 11.5 .385 " " " "

70 | 3,756,650 1,027,186 .81 | " " " 9.8 7.9 .015 " " " "

75 | 4,106,861 1,215,264 .83 | " " " 8.6 7.5 .200 239 " " "

80 | 4,255,414 1,299,478 .84 | " " " 8.2 5.6 .292 " " " "

100 | 5,196,448 1,882,835 .88 | " " " 5.9 3.0. .385 " " " "

125 | 6,144,984 2,590,247 92 | " " " 4.1 1.5 .415 " " " "
4 20 | 1,222,499 177,589 - .64 1 33.91 " " 30.4 | 86.6 984 | .239| .277] .308| .153

30 | 1,898,068 - 381,151 .76 | " " " 26.3 | 59.1 .954 " " " "

40 | 2,586,104 633,007 .83 | " " " 23.8 | 48.1 .938 " " o "

50 | 3,164,620 921,881 .88 | " " 4 22.3 | 42.5 938 | v " " "

60 3,655,045 1,207,744 91 | " " " 21.3 | 39.4 .938 " " " "

70 | 4,053,494 1,476,951 .93 | " " " 20.5 | 37.4 923 " " " "

75 | 4,281,730 1,642,976 .94 " " X 20.2 | 35.2 877 " " " "

80 | 4,364,419 1,705,246 95 | " " " 20.0 | 36.2 .877 " " " "

oeT -
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expected difference however is that the efficiency of any given size lagoon
has‘gOne up for higher temperatures and down for lower. The data points

on Figure 5.2 are labelled'according to lagoon temperature and size. Notice
also that the capital costs of any given sized lagoon increase with tempera-
ture.  With an increased'reaction’rate more oxygén is required in order to
maintain first, the.biqlogical activity and, second,-the assumption that

the reaction rate is constant, therefore more aerators and/or more power . -

are needed, resulting in increased capital cost.

From these results, we would therefore anticipate the change in flow and
effluent load to éncloée the curve in Figure 5.1. Looking;at Figufes 5.3

énd 5f4 we see that this is the case. The higher load énd higher flow curves
are both above the standard curve and similarly the lower load and lower

flow curves are below.

Note also from Tables 5.3 A and 5.3 B tHe.lb BOD/ton inflow into the lagoon

is not changed significantly (at .05 significance le?el), according to the
.K—S test, for thé 10% change in flows (.200 <.239). Similarly the outﬁut

from the 80 acre lagoon is not sigpificantly different from the 75 acre

standard for the 107 increased fldw, while for the lb% decreased flow both

the 60 and 70 acre lagoon effluents are accepted.by the K-S test. Looking

at Tables 5.4 A and 5.4 B the lagoon influent into the lagooﬁ differs
significantl; for both‘factor loading experiments. ‘The effluent is significantly

identical for a 70 acre lagoon with a .9 factor.loading and for an 80 acre

‘lagoon with a 1.1 factor loading.



133

Referring to Tables 5.3 A and 5.4 A, despite the lower mean and variance

for the inflqent in Table 5.3 A (and'noticeably its.significant similarityb’
to the standard influent), lagoon effiéiencieS-fof aﬁy given area are less
in Table 5.3 A than in 5.4 A as are also the means and variances of lagoon
effluent. This implies the.lagoon'ﬁodel is more sensitive to change in
flow than changes in influént concentration. The 9?g$e_is probably the
decreased residence time with incfeasea flow resultiﬁg»in a lower operafion

efficiency.

To test the implications of spill frequency on thé waste treatment cost
cufves, an experiment was run using.a pulp mill effluent trace with spill
frequency drastically increased; All characteristics‘of the mill were
maintainea exéept for the‘ﬁtimé between uﬁrelafed spills" distribution for

the recovery. area.

For the standard mill‘trace the time between unrelated spills (in the recovefy
area) had a mean of 207.45 hours aﬁd a standard deviation of 290.13 hoursﬁ

To increase spill frequency the mean and standard deviation were béth changed
to 100 hours. To accomplish this the gammé distfibution paramete?é had to

be changed. From Kita and Morley (1973), the parameters are related as

_ 100 _ .01

A = =
: 2 7 (100)2

Q |%t

and

g =42 _ 1.0
(x)?
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These changes were introduced into the pulp mill model, a new effluent time
series waé generated and was given as influent to.the waste treatment model.
The déily influent and effluent levels, expressed as 1b BOD/ton, were compared
to the standard syétem treating the standard mill effluent trace, using

the K-S goodness of fit test. The results are summarized in Table 5.5 and .

Figure 5.5.

Comparing Tables 5.1 and 5.5 we can see that the increased number of spills

- had little effec; on.lagoon efficiency'énd costs for a giQen lagoon area,
although it did increase the mean and variance of the 1b BOD/ton of the
lagoon effluent. As a consequence, the size of lagoon necessary to maintain
a below 15 1b BOD/ton effluent average increases significantly. This is more
easily seen in Figure 5.5. For the increased spills experiment a 70 acre
lagéon is required at a capital cost Qf 3.75 million dollars, while for fhe
standard mill a'55 acre lagoon is sufficient at a cost of 2,7 million

dollars, a saving of up to a million dollars.

5.1.3 The Clarifier Cost Curves
Table 5.6 is a éummary of experiments run for different clarifier detention
timés for system combinations 1 and 2. The cost curves are plotted in

" Figure 5.6.

The clarifier doesn't have the clear dominance property that was observed
for the lagoon model. The cépital cost curves intersect at a mean of 11.6 1b

SS/ton with a capital cost of approximately 750,000 dollars. For effluent



LAGOON CAPITAL AND OPERATING COST FOR COMBINATION 3 AND COMBINATION 4 SYSTEMS - INCREASED SPILL

TABLE 5.5

FREQUENCY 'IN RECOVERY AREA OF MILL

bom | 128 Lag Lag Lag Lag In BOD #/Ton Out BOD #/Ton Lag Out
Area CcC ocC Eff Flow .
- | Mean Var Mean Var |D(M,M) | KS(.05)
3 20 734,982 | 114,920 | .43 66 |76.0 | 542.1 | 43.7 |189.2 | .923 .239
30 |1,472,846 | 215,871 | .56 " " " 34.1  |109.7 | .908 "
40 | 2,008,340 | 364,419 | .65 " " " 27.2 76.4 | .831 "
50 | 2,499,467 | 555,974 | .72 " " " 21.9 57.3 | .554 "
60 | 3,145,531 | 779,420 | .77 " " " 18.0 . | 32.9| .354 "
70 | 3,747,071 | 1,018,655 | .81 " " " . 14.9 16.4 | .123 "
80 | 4,248,220 | 1,290,683 | .84 " " " 12.5 13.7 | .231 "
100 | 5,189,286 | 1,871,823 | .88 n " " 9.1 8.4 | 477 "
125 | 6,145,750 | 2,580,405 | .92 " " " 6.3 1| .569 "
4| 20 [1,222,285| 176,539 | .64 " " " 44.5 | 146.3 | .923 "
30 |1,891,877 | 379,161 |.76. " " " 38.4 97.9 | .923 "
40 |2,583,722 | 629,646 | .83 " " " 34.8 79.2 { "
50 |3,162,426 | 917,664 | .88 " " " 32.4 66.9 | .892 " "
60 | 3,656,087 | 1,203,548 | .91 mo " 30.8 | 57.2| .861 "
70 | 4,059,416 | 1,475,186 | .93 " " " 29.7 56.1 | .862 "
80 | 4,375,071 | 1,706,449 | .94 " " " 28.96 | 55.7 | .862 "

SeT
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TABLE 5.6

CLARIFIER CAPITAL AND OPERATING COST FOR THE COMBINATION 1 AND 2 SYSTEMS

WITH DIFFERENT CLARIFIER DETENTION TIME

cons gi;é Cézr’ Cégr' g%;r. In SS #/Ton Out SS #/Ton CL Out |

Hrs : Mean Var Mean Var D(M,M) KS(.05)
3 584,190 | 47,566 .82 42.6 |187.7 9.96 8.2 0 0

2 711,020 | 74,555 .69 42.6 |187.7 12.7 13.0 .092 .238

4 11,345,351 | 74,555 .85 " " 6.1 2.9 .938 "

5 [1,651,934 " .89 " " 4.7 3.1 .923 l

6 (1,953,617 " .91 " " .7 2.7 .938 "

7 12,251,286 " .93 " " 3.0 2.6 .938 "
2 2 402,300 | 47,566 .70 42.6 |187.7 17.1 24.9 .538 .238

4 761,199 " .86 . " 11.5 | 11.7 .262 "

5 934,663 " .90 " " 10.3 .5 .523 "

6 (1,105,355 " .92 " " .5 8.2 .723 "

7 11,273,776 " .94 " " 8.9 .3 .830 "

LET
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TABLE 5.7

SENSITIVITY EXPERIMENTS ON CLARIFIER MODEL FOR HYDRAULIC LOADS *+10% OF STANDARD

AND EFFLUENT - LOADS +10% OF STANDARD

Clar. input Clar. Output Clar KS Tests
Experiment :
: Det. Time | Mean Var Mean | Var D In |D Out | KS(.05)
.9% Hydraulic 3 39.04 | 157.6 |12.1 |12.9 .231 .169 .239
1.1%* Hydraulic 3 46.2 |220.5 14.9 119.1 .246 215 .239
.9% Standard : :
Influent Load 3 138.3 |152.1 |12.1{12.7 .307 .169 .239
1.1*% Standard . »
Influent Load 3 46.9-1227.2 114.819.0 .215 .215 .239
' Standard - 3 42.6 |187.7 |13.4|15.7

6ET
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levels greater than or equal to 11.6 1b SS/ton the combination 2 cost curves

dominate since both its capital and operating costs are least.

Some eXperiments were run With the clarifier model for *107% changes in the
hydraulic load and the effluent load for a 3 hour detention time clarifier
in a combination 3 system. K-S goodness of fit teéts were performed against
the earlier described standérd. The results are éummarized in Iable15.7.

In all cases the null hypothesis.cannot be rejectedlfor clarifier'oﬁtput

although it can for all inputs except the .9x hydraulic load experiment.

5.2 SHOCK LOAD EXPERIMENTS.

Varioqs\experiments were run with the pfeviously defined.standard syétem for
shock loads of various intensities‘and over various time periods. These are
summarized in Table 5.8. All the experiments were monitored for 11 days
afterfthe shock was initiated and the daily levels represent 1b BOD/ton.

All the experimentélpeak on day six as a consequence of the exponential form
of the lagoon model. Remember it was assumed that the hydraulic flow is not

altered by spillé (and therefore shock loads).

To illustrate the lagoons response to a shock load, Figure 5.7 is a plot of -
the chahge in BOD conceﬁtration with time as a'consequence of various.éize
shocks over a 24 hour period. The time until the lagoon reaches its normal
opgrational effluent concentration (approximately -20 mg/i) is about 3.da§s‘
less for the 10 x normal thaﬁ the 100 x normal shock load. Thé 100 x normal

curve results in an effluent concentration 30 x normal for a period of 40 hours



| TABLE 5.8 | | |
BOD 1bs/TON EFFLUENT FROM A COMBINATION 2 SYSTEM FOR VARIOUS FACTOR SHOCK LOADS OVER VARIOUS TIME INTERVALS

48 HOUR ' 24 HOUR 10 HOUR 5 HOUR 1 HOUR

Day | Factor | 5 10 | 100 5 10 50 100 10 100 5 | 100 | 100
1 15.4 | 15.4 15.4 | 15.4 | 15.4 15f4 15.4 | 15.4 '15.4 15.4 | 15.4 | = 15.4
2 | 7.4 7.6 1.4 7.4 7.6 9.3 ] 11.5| 7.9 | 15.1 | 10.7  '14.3 110.7
3 17.7 | 26.3| 180.4 17.6 | 26 93.3 | 177.3 | 19.6 | 106.8 | 41.8 | 73.2 34.6
4 28.4 | 50.1| 442.1 | 22.5 | 36.9 | 152.4 | 296.8 | 22 133.2 | 47.6 | 85.0 37.6
5 . 31.2 | 57 523.3 | 21.2 | 34.5 | 141.6 | 275.5 | 19.7 | 112 = | 40.2 | 70.5 31.6
6 | 61.1 | 110.6 | 1002.7 | 39.6 | 62.2 | 243.2 | 469.5 | 36.3 184.4 | 68.5 | 116.5 |  54.6
7 28.2 | 48.9 | 420.1 | 18.6 | 27.2 | 95.9 | 181.8 17.1 | 71.2 | 28.7 | 46 23.6
.8 37 59.6 | 466.1 | 26 | 34.8 | 105.5 | 193.7 | 24.3 | 78.3 | 35.8 | 53 30.6
9 17.6 | 25.8| 173 - | 13.5 | 16.6 | 41.1| 71.8 | 12.9 | 31.3 | 16.8 | 22.6 15.0

1 10 ] 18.4 | 24 123.6 | 15.6 | 17.6 | 33.6 | 53.6 15.2 | 27.0 | 17.6 | 2L.4 16.5
11 15.4 | 18.1 67.6 | 14 | 14.9 | 22.6 32.3 13.8 | 19.4 | 14.9 16.7 | 14.4
12 11 12.2 32.9 | 10.4 | 10.8 | 14.0 | 17.9 | 10.3 | 12.6 | 10.8 | 11.5 | 10.6

™l
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TABLE SHOWING LAGOON ‘MAXIMUM CONCENTRATIONS AND RECOVERY TIMES

"AS 'A CONSEQUENCE OF VARIOUS SHOCK LOADS

Size Time Time to - Max Time From Normal

-.of Factor| Interval Max Conc.. Max to Normal Conc’

100 1 54 hrs 81 mg/1 244 hrs 21 mg/1
100 5 53 hrs. 185 mg/1 270 " "
50 . v " 105 " 250 " "
100 10 43 " 300 mg/1 | 300 hrs
10 . " 54 " ' 50 n . 176 " 1
100 24 44 hrs 700 mg/1 306 " "
50 oo " 350 mg/1 264 " "
10 " " 90 mg/1 230 " "
100 48 29 hrs | 1230 mg/1 337 hrs "
10 " 29 140 mg/1 264 " "
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which acéording to the results in Gove (1974) will almost surely result in a .
fish kill. (Note a spill of this size is somewhat unlikely since it would

represent several hundred thousand gallons of weak black liquor). -

Some other response curves are summarized in Table 5.9. Their implications

on the environment however, are not interpreted here. -

To test whether the action of collecting a spill in a spill basin ana then
releasing it o&er time makes a considerable difference on a lagoon's perfor-
mance, two‘experiments were run; The first with a factor of lO.x normal

for 10 hougs and the sécond with a factor of 2 x normal for 70 hours. (The
10 x normal spill for 10 hours represen#§ a spill equivalept to.approximately
100,600 gallons of weak black liqpor, the 2 x normal for 70 hours represents

approximately the same BOD loading). The resqlts are presented below.

Experiment Normal M;zécgzgc° Time of | Time Max. 1b/ton |1b/ton

Xperiment | “cone. Max. to Normal |Max. Out |Max. In

10 x 10 hr 20 40.9 33 hr 178 hr - 32.7 102.1

2 x 70 hr 20 23.0 - 33 hr 170 hr 21.0 106.3

Both experiments reached maximum concentration at the same time and took the
same length of time to recover. However, the 2 x 70 experiment resulted in
considerably lower effluent concentrations over the same time span. This

implies that if adequate spill monitoring is maintained enabling a spill
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to be diverted to a collection basin, releasing it at controlled levels over
time will greatly decrease the spill's impact on the treatment system and the

receiving stream.

5.3 SUGGESTED DATA COLLECTION SCHEMES AND MODEL IMPROVEMENTS

5.3.1. The Pulp M11’1 Model

One definite improvement for the pulp mill model is a better data base. The
‘following is .a list of the ideal daté base that would facilitate the develop-
ment of a better pulp mill model.

1. Hourly samples fromithe six major mill sewers indicated in ChapterA
I1I, determination of their BOD gnd SS loadings, and pH Alsb a
record of the hourly flow past each of the monitored points.
Continue for one week of operation.

2. For a period.of 2 to 4 months daily samples at the same locations

'deterﬁining their BOD and SS loadings, pH and daily flows.

3. Complement #1 and #2 with conductivity charts for each of the six
sewers with cohplete iaentification of spill locations and the »I
chemical spilled.

4. Possibly make a more extensive study of the relaﬁed spill concept
developed in Chapter III. Sucﬁ things as repetitive equipment
failures can often be modelled very well with simpie §tochastic
models. |

5. Maintain a record of mill production etc., such that implications
of a pfoduction stoppage can bé correlated with the data gathered

in 1, 2 and 3.
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6. Monitor chlorine and hypochlorite spills adequately since they
represent a sever shock to secondary waste treatment systems.

7. For the same periods.as #1 and #2,hourly and/or daily samples from
the main mill outfalls determining their BOD and SS lo;&ings,‘pH,

temperature and flow.

“Another possible improvement is an increase in the number of major areas
considered by the model, However, ignoring the increased data requirements
this would entail, it may also destroy the validity of the stochastic:
"plack box" approach used. To maintain the model's validity, development
éf more exact transform funcfions to génerate the fegular effluent would
probably be necessary. This then gets-back to the problems of modelling
the kraft and bleaching process detaiis. Such an apprbach should give a
more definitive model but may not increase the applicability of the model

to the purposes at hand.

5.3.2. The Waste Water Treatment Model
Data was not as crucial to development of ﬁhe waste.treatment model -since
it was a mathematical mﬁdel of the process. However a better data baéé is
needed for model validation. The ideal data bgse‘here would be the following.
| 1. Hourly analyéis of influent and effluent for both tﬁe clarifier and
-lagoon, recording BOD and SS loadings, pH, temperature and flow.
For the clarifier one week éf data should suffice. For the'lagodn
at least two weeks is recommended{ Also the clarifier should have

samples taken every 10 or 15 minutes over one or two days to get a
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better picture of its»dynamic behaviour,
2. This should be complemented with continuous conductivity charts of

the influent and effluent for both clarifier and lagoon.

One improvement of the waste treatmént model would be the inclusion of

models and qost'cﬁrveé for other process often used to treat pulp mill wastes.
(i.e., Activated sludge, trickling filters, etc.) By making it possible for

é user to experiment with various process combihations, other reliabie systems,
within a mills budget and/or space 1imitations could be explored. These
models could be of a steady state nature, itérating.on a reasonable dynamic

time scale. Of course the validity of the steady state approach would have

to be explored.

Another improvement would be the development and validation of a better
clarifier model. It appears from a recent communication with Dr. Silveston,
at Waterloo University that the linear reaction assumption for clarifier

settling may be an oversimplication of the process. Silveston is cﬁrrently

'developing another'approach to modelling the dynamic operation of a clarifier.
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CONCLUSIONS

The purposes of this étudy as stated at the beginning ovahapter IT were to:
1. Develop two simulation models, one of fhe wastewater from a kraft
pulp mill and another of a typical waste modification system common
to the pulping induéfry.
2. Study the qést variability of waste treatment as a function of

- different system designs;

It is felt that_these purposes were satisfied. The first four chapters
desqribe the development, structure and validation for the two models in #1.

' Chapter V describes a sequence of experiments run with the models to determine
the waste treatmeﬁt systems sensitivity both in terms of cost and‘quality‘of

effluent, fulfilling purpose #2.

The models developed are not perfect by many means and often répresent
simplifications of ﬁhe processes inQolved. They‘have however serQed a
number of useful functions. ihese are now summarizéd:
1. A "black box" approach was succeséfﬁliy used to provide a reasonably dynamic-
approximatién of the water borne effluents from the pulping process.
2. A first attempt was made to analyze chémical spill data'and try and
Incorporate the efflﬁent implications of the spills in a model of
the mill's effluent‘production.
3. A reéSonably well validated modél of a lagoon was developedvand

found to be more sensitive to changes in flow than influent
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concentration.. Also it was shown that operation of a spill basin
can greatly reduce the impact of a spill on an aerated lagoon.

4, The frequeney of spills, which although observed to have little
effect on the efficiency of a lagoons performance, greatly affected
the mean lbs BOD/ton of the effluent. The cost implications of
this were found to be quite substantial. ‘Also the sizé of lagoon
required to meet the Poliutien Control Boards Level A was also'
greatly affected.

5. A clear cost dominance relationship was found for three of the
four waste'treatment_syetem configgrations experimented with. When
attemptlng to satisfy any effluent BOD quality level it was always
less expensive, given any size lagoon over 25 acres, to operate the
lagoon less efficiently and feed all the mill outfalls through the.
‘lagoon rather than bypass the lagoon with the acid sewer.

6. The.level A standard for clarifier operation was demonstrated to
be satisfied with less cost, by feeding only the generel and

machine room outfalls to the clarifier.

These are the major results. Many more obsetvétions,and conclusions can be
drawn from the experiments run. Also the experiments desctibed in Chapter v
do not exhaust the possibilities available with the models as the? now stand.
For example shock load experiments for different size.lagoons could be tried,.
Shock load cycles could be‘experimented with to sée if there are any natural
frequencies at which the system reaches a stablllty ‘threshhold. More

experiments could be run for different spill distributions to determlne the
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marginal costs of reducing the mean levels, etc.

It would appear in conclusion that the techniqees employed in this study could
be of considerable use to pulp mill management in making a waste treatmeet
'System‘investment decision. The trade offs become much clearer and alternate
designs can be examined without the ' 'real world" consequences. The
'imperfections of the models should be kept in mind but only as 1nd1cators for
future development. Through continued experlmentatlon and development the
validity.of a model and therefore its usefulness grows. It is hoped that

this study has provided another step in that direction.
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| APPENDIX I
SEMI-MARKOV ANALYSIS OF RELATED SPILLS

In Chapter III a sémi—markov approach was introduceq as a convenient way to
-describe a spill sequencé.. In the following few pages this semi-markov
approach will be carriéd through to determine the processes limiting
probabilities and passage times. The notation and logic of development is
borrowed from a set of notes written by Raiffa aﬁd.Blaydon called "An
Introduction to Markov Chains'. To the author's knowledge these notes have
not béen published, hbwever, the necessary'definitions are inciuded.in the
development and the logic should be clear to a reader familiar with Markov-

Chains.

A stochastic process {Xn’ n=20, 1, 2, ve..} with a finite or countable

state space, is said to be a Markov chain if for all states ig, 11, o0 ' 3
. re n_l’ ]
and all_n >0 P{Xn-+ ] Bl Xy =dij,e00e, X =1 45 X = il
= P{Xn +1 = Jan =i}

A stochastic process which makes transitions from state to state in accordance
with a Markov chain, but in which the amount of time spent in each state

before a transition occurs is random, is called a semi-Markov chain.
Now in the context of Chapter III we have a state being defined as the

sequential location of a spill in the current related spill sequence of an

area. A related spill is a spill in the same mill location as the immediately
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preceding spill for the current major area. For example say we have the

following time sequence of spills in major area 1 of the mill (récovery area)

Time State of -
Time of Spill Difference System
' (hrs) ' -

0 1

25 25 1

38 13 1
39 1 IN\related
43 4 ZEspill

52 9 3)sequence
64 12 1

69 5 2 Jrelated
73 4 37spill

75 2 4\sequence
80 5 5
100 20 1
120 20 1

In the above there are 6 rélatéd spili sequences. The first 3 are only 1 spill
long, the fourth is 3 spills long and the fifth is 5 spillé long followed

by the sixth which is again only 1 spill long. Tﬁe sequences must . always

start with fhe system in state 1, no state can be missed in moving along

the chain from state 1, and at the end of a related sequence the‘systemv

returns to state 1.

From the data described in Chapter II1I the following transition matrix was

derived for spills in sub area 3 (weak black liquor spills) See Table Al.
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State 1 2 3. 4 >5 ' 6
1. 11/31  20/31 0 0 0 _ d
2 | 9/20 0 11/20 0 0 0
'3 2/11 0 o 9/11 0 0
4 | 2/3 0 o 0 /3 0
5 2/3 0 0 0 0 1/3
6 1 0 0 0 0 0

Table Al

Note the system has only 6 possible states.

From a K-S goodness of fit routine the times between related spills for sub

area 3 fit the negative binomial with

.p = prob of success = .288
k = .801

This implies a mean residence time in the states, 2, 3, 4, 5, 6 equal to

the mean of the negative binomial distribution:

mean = kx (1-p) = 28 x .71 1.95 hrs

P . .29

For the times between unrelated spills a K-S goodness of fit test found the
exponential distribution, with mean © = 156.4 hours, to give a good fit.

‘Therefore the mean residence time in state 1 is 156.4 hours.
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Now if we take the transition matrix given in Table Al we can solve for the.
stationary probabilities that would be operative if the process were an

ordinary Markov chain.

Solving we get: o
2 2

11 9 2 : .
Dy = — Ty + —— T, + — N3+ — M, +— Tg+ I
1 =57 T oy ety Ty Ty T Tl
20
M, = — 1
2=57 I
11
My =— T
3=55 T2
9
M, = — T
Ty 8
o
e = — 1
5 S T
Lo
e = —
6 7 s
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Solving the above simultaneous equations

n, = .4l4

I, = .266

Ny = .22

M, = .12

Mg = .04

Mg = .0133 )

These six probabilities then are the limiting probabilities of finding the
system in each of the states ignoring the state residence times. The
following is the semi-Markov analysis which will take into account the

different time distributions.

Define:
S, = state i
i
Tij = expected waiting time for a transition from Si to Sj given

"that the transition.is definitely going to take place.

Tg1 = 156.4 hrs

Ty = Tgy = T33 = Ty = Ts)

the:
1.95 hrs

Tyo = Tpg3 = T3y = Tys = Tse

Pjj: = probability of a transition from S; to Sj by t= o ({.e.
given that a transition from 5, is definitly going to occur,

Py j is the probability that the system will be going to Sj)
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Therefore define

n

T,

i expected waiting time in Sy

= .z Pij Ty J
J
Solving for all the states ' »
u 20

T, = P;1T11.+ P17T1o = 31 ¥ 156.4 + 3 ¥ 1.95
= 56.8 hrs

T, = PyyToy + PpaTas = =2 x 156.4 + 2= x 1.95

2 = 21421 23123 = 20 . 20 .
= 71.5 hrs

Ty = PgyTay + PauFay = —2 x 156.4 + —= x 1.95

3 = 31431 33y = 11 . 11 .
= 30.0 hrs

To = PurTur + PusTus = 2y 1564 + < x 1.95
= '104.95 hrs

Tg = P51551 + P56T56 = %’ x 156.4 + x 1.95

Wi

= 104.95 hrs
Tg = 'PGITSI + P67TG7 = 1 x 156.4

= 156.4 hrs

Now if we compute the proportion of'timevthat the process spends in Sj as
t > «, this should be the same as the limiting probability of‘being found -

in that state or ¢§.

Since for the imbedded process the limiting probability of a transition to

Sj is Hj, the proportion of time spent in Sj should equal ¢§.
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msT
% = —d2j
Thgrefore ¢j G
ii i

Solving for the six states

/

oF %_I—I_Lf_ _ L‘*ﬁé—&ﬁ = .33
1 l 1

o5 = .266;;;1.5 - 266

o5 = =2EE0 - oo

0% = ~____-1?7’1‘.§°5 .176

o = XD - oses

o - ‘.0137};;56.4 - 0283

Note that ¢* does not depend on the form of the holding time distribution

but only on the mean holding times.

Define tﬁe 1imiting probability 6§ as the limiting probability that on any
step thg process is entering staté‘Sj. NoQ argdiqg intuitively, since Tj
is the expected length of stay in Sj then dividing ¢§, the limiting probabilitf
of being in sﬁate j, by Tj’ should be.roughly Fhe probability of entering

Sj on any step of that interval.
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Thereforeve? limiting probability that on any step the process is

entering Si 93

T,
J

Solving for the six states

ef = tia— = .0058
‘eg - %% = .0037
e = 3t = .0031
eﬁ, = =% - oo0167
eg - ‘23?5 = .00056
et - <28 o001

*

Define the limiting destination probabilities ij as the limiting joint

probability that on any step the process is in_Si.and the next transition

will be to Sj.

We know the long run probability of finding the process in §; is ¢§. The

total expected holding time in § is Tj = gE Py kii k- The fractions of
K=1 '

‘. Pu .— '.
this holding time that is due to transitions from Sj to Sj is —3EJE—33
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Therefore X,.a" = 45/*4: Eé'j%‘zj
. | .

Tﬁerefore we get v |

X1t - M"_P]T]:” =’ .33 x .3;;; 156.4
= .32

Similarly
Yi2* = 0104 ¥su* = .007
¥21% = .261 ' | \&”* = .172
Yook = O | | Yus* = o011
¥os* = .0057 ‘ Ysi* = L0574
Y3t = _-087 ' Yse* = .00356

Be1* = .0283

Now to get the limiting transition probabilities we can get them back by noting

o2

Again note that the limiting'entrance probabilities do not depend on the
"holding time disfributions but only on the expecteduholding times. If howevef
we were not interested in iimiting probabilities but want intermediate step
probabilities, fhe‘expressions do depend on the.holding time_distributions.

» This will not however be pursued here.

One final.limitiﬁg parameter of interest is the mean first passage times.

Define 6:,, the expected time of passage from state i to state j. For a

A3
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. : , . N | .
semi-Markov chain, the mean recurrence time, ejj’ is por the reciprocal of

[

the limiting probability of entering state j.
Therefore |

%; = 174 hrs

6y, = 271 hrs

833 = 327 hrs

Oy, = 600 hrs

855 = 1785 hrs

Bcg = 5550 hrs

From this we can conclgde that in the long run (as t - ) every 174 hours
there will be a spill in sub ;réa 3vwhich could be.the initiator of a related
sequence of spills. Every 271 hours there will bé a‘rélated sequence of
spiils at léast'2 spills long. Every 327 hours there will be a related

sequence of spills at least 3 spills long and so on.

Tﬁese results although not used in the model developed'in fhié study could be
useful for an analytic examination of spills and their related costs. By
estaglishing a semi-Markov decision process ‘for all the major ‘areas within
the mill, it may be possible to associate some -costs with the spills and

optimize the process.

Since a spill has both a cost consequence (the cost of replacing chemical,
and possible above effluent level fines) and a benefit consequence (if a
spill is ignored, maintenance cdsts, etc., are reduced), the results may be

quite informative as to the tradeoffs involved in spill monitoring and prevention.
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APPENDIX I1
DERIVATION OF CONVERSION FACTORS TO CONVERT
Na, S0, EQUIVALENT SPILLS TO GALLONS O% CHEMICAL
As noted in Chapter TII the generation of spill amounts in the pulp model
is in terms of pounds of Na,80, (saltcake) equivalent.. The model then
" determines tﬁe spill sublocation and converts the NE;ZSOL;, amount to the
equivalent number of galloms of chemical tYpical‘to that sublocation.

Knowing the BOD and SS mg/l values for each of the chemicals (see Table 3.9),

the spill can be converted to its BOD and SS equivalent.

The conversion factors to convert pounds Na;50; to gallons of chemical for
the four liquors are derived below. All the analysis figures are taken from

C.E. Libby (1962).

1. Weak Black Liquor (W.B.L.) -Total sodium in W.B.L. taken as NajO0

equivalent = 49.23 —E0S_

Therefore since 1 gm of Naj0 = 2.29 gms NapSO, for equivalent amounts
of sodium the total sodium in W.B.L. taken as a NaySOy equivalent

= 49.23 x 2.29 = 112.74 g/1

gms 1

Therefore concentration (in terms of Na,S04) = 112.74 = x 3.785 —— x
- litre = gal

' -3kg 1b - #Nap S0y : : . =

10 - x 2.2 ke -94 U5 gal of W.B.L. or 1.06 gal W.B.L. 1# Na, SOy

2. Strong Black Liquor (S.B.L.) For W.B.L. the percentage of solids

by weight = 16%. For S.B.L. the percentage of solids by weight

¥ 52.9%.
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Assuming that only water is lost in the evaporators and that all the solids
are transferred through, then the difference in % of solids is a consequence

of the loss of water only. Nowvséy we have 1 # of solids. Then

1 # of solids %g' = 6.06 # W.B.L.
T ’ '

°r 529

1.869 # S.B.L.

Therefore in W.B.L. there are 5.06 # H,0 and in the S.B.L. .869 # H0. -

This implies that the evaporators, evapofate éig§§:6g§§2-x 100 = 83% of the water
~From Libby (1962) specific gravity W.B.L. = 1.087, specific gravity S.B.L. = 1.325.
' : 1bs _ | |
Therefore 1 gal W.B.L. = 1.087 x 8.3 gal B0 9.14#

(note: 1.5# are solids, 7.6# are H,0)
Thereforé after evaporation this 9.1# of W.B.L. will be reduced to

H,0
gal of W.B.L. ' ‘
This 2.8# of S.B.L.'will have the same Na,SO, equivalent as the 9.1# of W.B.L.

1bs

9.1# - .83 x 7.6 2.8# S.B.L.

_Now 1 gallon S.B.L. = 1.325 x 8.3

Tgal 5,0 11.0#
Therefore 2.8# S.B.L. .941 # Na, SO,
11.0# S.B.L. 1 gal S.B.L. .941 x %%g = 2.7 # NapS0,

In other words 1 gal S.B.L. has a 3.7# Na,S0, equivalent

Therefore 1# Na,SO, .27 gal S.B.L.

3. Green Liquor (G.L.) From an example G.L. analysis in Libby (1962)
1 ft3 G.L. contains NapS - 1.4# Nap0 equivalent
NaOH - 1.1# Na,0 equivalent

Na,C03 - 5.9# Na,0 equivalent
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‘Total alkali content = 8.4# ft3 as Nay0

Na, 50y equivalent'
ft3 of G.L.

Therefore 1# Na,S0, = 19.2 53%%85- x 1605 gii'“ .325 gal G.L.

This is equivalent to 8.4 x 2.290 = 19.2 #

. 4. "White Liquor (W.L}) From an example W.L. analysis in Libby (1962).

In one cubic foot of W.L. there is NégS - 1.4# as Nay0 equivalent
NaOH - 5.5# as'yazd equivalent

Nap,CO3- 1.5# as Na,0 equivalent

_ _ Na,O -
Total alkali content = 8.4# Ezggfzgfl.

1

' | 3 _
Therefore 1# Na,SO,is equivalent to 19.2# Sé%%%g x .1605 éﬁiﬁ = .325 gal
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A3

APPENDIX III

A LISTING OF THE PULP MILL MODEL (FCRTRAN) -

The logical units are assigned in the model as follows

Note:

Logical Unif

n

{2

#3

#4

#6

#7

#8

#9

Task
Record of Daily production, water usage and fiber
losses - is geﬁerated by the‘model
Record of spills in major area 1 - generated by
model v
Record of spills in majof area 2 - generated by
model |
Record of spills in major area 3 - generated by
model

Record of total lbs of BOD, TS and SS generated by

mill each hour

-Input file to be supplied by user for distribution

parameters and other emplrlcal data needed to run

model
Record of BOD, TS and SS concentratiomns for each

of the 3 outfalls each hour (mg/l) - generated

by model

" Record of hourly flows for each of the 3 outfalls

(in MUSG) and the hourly production (in tonms)
~ generated by model.

Units #8 and #9 are used as input into the Waste treatment model.
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MN »<SL4..M.A.W
12 ITicEr
13 <REAL LS .
14 [TI4E =8
15 HU=U e
16 C DALLY F212 BIST2 T sUT 10N
17 Ne vl
13 RE A Colieddyi=leld
1s 50 FLEAAT. e /DFL) )
2G S1 COMTI
21 C FIBZ< LSS SISTRI :
zzZ 21
23 37 Ioluslsbided=lya)
24 Z NTIN
25 s 1 5
2¢ Bl Te1200F IR (s 920y d=1s3)
27 3 NTINLE
28 11 FCEAAT(3F1d.0)
Za 12 FARAAT{3F1).0)
3¢ C AVETAGE LSVELS AnD STANCATD LIVINS FOr nli0,58,1S 1N ~u/L
1 BC_+ 1=1,46
22 READ(T, L34 (1), aTs(I) ySTS0I),a58(1),385(1)
33 13 ECRAAT(LFLI WD)
34 4 COATINLT
3y C
3¢ C DAILY WATZFR USACE CISTIIRUTICNS
27 C
3y DY 3 I=1,2
39 nmhmnﬂ,,U_A:»qmmlAw.;~pvggnp,wxy
40 REAMT 4 20  AnATERS (1 ,3J,2) 9 d=1,13}
41 25 FUR4AT{13F6.5)
42 26 FCRAAT(13F5.01}
43 £ CONTIRNL-
44 C
45 C PARAMETERS FOX SPILL TIME ANL aMJiT GISTRINUTIUN :
46 c
47 00 5C K=l,23
5 nﬁ>,A~.L~,> PRALK) gLAM QLK) g ALPHT (R ) gL AAT (L) yric(r ), SSIK) ‘
49 21 EAAT (WF1Ja%)
5C 20 CONTING:
51 C
52 C SPILi SJOLCLATION CISTRINUTICAS
53 c
€ CC 35 I=1,4
55 REAI (T 9200 (PLLag)gd=ly3)
te ER FRAAT(3F1045) .
s7 3% CONT INUS
. st DU 37 1=1ly+ i




172

R. L. CRAIN LIMITED

! LISTING CF rILY fiLP=7"10t Pl Al PEVIETU ST S R
56 ri £ ».w...\vﬁ_rfﬂAm<vvc‘.w»-\»v
&c 335 GEIAT (o)
61 27 CCANTIAY,
N ez C i ~
2 €3 C TIC ¢ =40 i @ feasi I7ged T S T Tedes
[ C
ty - 0 vl d o i
€0 Vel
67 ke A7yl Te L) e i=le ol
% 41 FUSAAT(_FL3..
£ 40 CUnTINL
7C ¢
11 C ClnvERSIly 10 CF SPLLL G wlis 55970
72 C FACTORS T) [F el T .
13 C
i4 DO 45 121,14
75 REAT LT, +6)00aVET Do Ui Se (i) e SFLD
I3 45 CONTINL®
17 46  FCRAATOnlCun) o
T REAI Ty e) (Tl izl,y6)
75 23 FORMAT(OFLO WD)
20 D) 42 i=le0
&1 MSP(T)=2
g2 SFLtl)="
€3 PDAC LI d=0s
YA r1s(i)==C.
g5 NSS(il=".
£6 HANLY =0,
&7 ETS(T1i-C.
teé HSS{T)=0.
18] SAvAXLTI=d,
S0 SavIN{II=D.
<1 STV x(11=7.
92 STMIN(I}=C.
<3 SSWAR(IJ=0.
S4 SSMIN(L =0,
<< 42 CONTINL-
<6 QU w4 I=
<7 7ol ()=
<8 11S(11=C,
e 758(1)=0.
1¢C START(T) =L,
) 121 44 COMTINLE
1062 CO +7 121,19
1C3 STA2T{1)=1.
1C4 47 CONTINL®
105 HTBIC=C.
. 1Ce H1¢s=0.
1¢7 HI13=0. . —
1ce =0
1Cs D=(
110 PN=YAND{L.332)
111 ﬂﬁnxp‘,\‘A.\guv
112 TF(30.E7.10050 TC o
113 (atL SPity
114 ToTiMe=:TIME/26+41
115 00 7C 1=1,iE71¥(
N 115 CALL PROCM(P-LL,PETDT, Yite )
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r LISTING CF FILY FiLF="7 Ty Plil s e M. i =YL
117 ' BN Tew)
11¢c v )
! 11 Cide T a2 dant Cody v bed
[\ 124 £} o B ~ o
a 12! 2
lec
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157 S50 TO(L1sDy1looylalCiyl
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A4
APPENDIX 1V
A LISTING OF THE WASTEWATER TREATMENT MODEL
The logical uﬁits are assigned in the model as fﬁllows
Logical Units : _ Task
#5 To set the desigﬁ parameters for the current
' experiment
#6 : Record of hoﬁrly effluent from the mill in mg/1l and
1bs/Ton at the end of each day | |
#7 A file or interactive device which can answer the.
questions regarding factor loadings |
#8 ‘The .influent concentrations for the 3 outfalls

in mg/l. This is read each hour by the model
{#9 . The pulp mill production and water usage record
as input into the modei
- The design variables which can be altered by the user and read from unit #5 are
TIME =.time stép for 1ago§n model = 1 hr
A= settling rate constént derived in text = .104 c:m—1
DET = desired detention time for clarifier (3 hrs)
QQ = theoretical hydraulic load which clarifier will have as influent
(35,000,000 USG for ICOMB = 2,3,4)
H = depth of clarifier = 15 ft |
TI = time step for clarifier model = 3600 secs
ICOMB = system.layout desired for run = 1,ft004
Ak = dummy variable

. TEMP Lagoon opérating temperature = °C

AREA

area of Lagoon in acres .

DEPTH = depth of Lagoon in ft
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LISTING GF FILE

Lizal Aum, 15 1375 [ S A
COMACH A ¥

Pady APV Ea,,C0PS . Fodelslete,
BUOLT L : CINT P ALPE b,
AL 2

LC32/8R,0037
ATLenATTLs) 0

Y

[aEaNelig!

C
C CLAPIFISR

Bl [SSIN S Il [ BN B €0 PRAEE o B . | IF SR SS UK S g

(S PR N

— -
S

C
BITL 20=0972%,
VOL=DETl)aaL -

V=Vl /2

N e o
O @ ~

NN
N -

LAGUON DESIoN CAMETERS

23

DO O

VLAG=AREA T
VI=VLAG/3.

T BOR (DEPTII/ S, 2033 ) #LEs

TEV=TENP=20,
KK=((2256) % ((L.C32)%#TE4) )/ 24,
KSTAR=KKx,1

KK=RK=, [#KSTAR

T=C.

n=C.
CZERLL =2,
CZERT2=0a

Coller=9,
CB2ZER=C. o
CB37ER=Y,

38

49

CLZEXCY=0.
C25202=0.
: CAYRGND=U,

41

43

CAYsSS=0.
DINRCD=0.
DIN:S=C.

44

45

46

SSta=¢.
B3LAa=C.
BIN=C,

47
48
49

BCLT=0.
SIN=C.
SAUT=0C.,

5C
Sl
52

FL=D.
C

C_PROGRAM ASKS FOK LEVEL ARTIFICEAL SHUCK LCAD BESIREQ

g C

£ WRITE(T,13)

55 15 FORMAT (1X, ' Ti) INTARUOWCE SHUTK LUAD==1NILT A 1.',/,
56 LVIF NC SHOCK LCAC To wANTSD-=1NyoUT A Cuty/)

57
58

REA (7,151 ANS
LT{r5.J)

16
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LISTING CF FILE wASTE-HI0TL Lliol hoil. als. 10y 1978 ioentos

59

TRAANS o0l 0D, 6GE T 14

63 TJd=D.
. 6l 57
\___ &2 FACT
‘ €3 £ye

€4 6N _

(5 14 "/;Qévi'i:(-/,:r) .

Go d FORAATILRyCTHUPLT Td nbd 5762 1y 2ku,.00)

67 SEAG(T, 7 Td, w158

66 7 FCFAAT(2F5.0)

xS COMRITE(T,8) .

70 g FURAAT (LA Y THAFLT FaCTU? FOR SiUCK LOADS IN Eneut)

71 PE A0 (7,5 FACTNY ’

72 9 FORMAT(F5.2)

73 - COWERITC(7,11)

14 11 FCRAAT (iX ' [PLT CYCLE 1N Fu.3')

75 READ (741200 YOLE

76 12 FOPHLAT (£5.0)

17 13 WEITE(C 2 )A T4 31 d0lw)

78 2 FUORAAT LA, 745 g EE L2 BX VO T=0,F5 01 45Xy '00=t yFlUe0yGKe tict 1 FG

79 1a245X, iCCMB=, 12,/ . )

ec WRITE (G 3) AR, TENMF, AREA, BEPTI 8K, VLAC

81 3 FORAAT (LA, "AR= 0 FU 544X, P TENP =0 FE L0, 9 X0 VAREAS! JF6 WU 4% *DEPTHE !,

82 LFGaU ANy "KK= Y FE oSy AKXy "VLAGE , FLGu L,/ /)

e3 WRITELE, 10 T FACTUR,STEF,CYOLE

84 10 FORMAT(IX ' Tu=t yF5a0 5%,y "FACTIASY yFlaC 0 Xy VSTEP=, FOo0roAe? CYCLLST

g5 12F8.0,//7/)

6 C - .

87 C READS THE CAILY #ATER FLON FOR 3 a%0AS 1N MUSG/HE —=anG DAILY PULP FRIDA

£8 C : .

8s 1C0_ CONTINUE

G0 READ(9, 40, EMD=2CCI CAATTULI) 411,30, PRID

91 40 FCRPMAT(LXy3F6.0,F10.0) .

S2 C : .

93 C FLOW AFRANGEMENTS IN KESFOMSE TO [CUMH

S4 C

$5 G0 TOUEH, 73, 15,06) 4 1CIVE

S¢ 65 OL=(WATTIL) +WATT(2)+WAT T (3]

S7 N2=0.

S8 03=9,

) GO TC 80

1CC 70 QL=wATT(2)+aATT(3)

101 Q2=WATT(1)

102 0320

163 G3 TC 89

104 75 QLl=wATT(2)

105 G2=aATT{LI+WATT (2)

1C6 ¢3=0.

1¢7. 6L _1C 39

1Cs 76 Cl=wiTT(2)+WATT(2)

1C9 02=0.

110 G3=AATTLL)

111 30 CONTINLE

112 c )

113 C LAGCEN 24 FR PARAMETERS

114 C -

115 FLAG=w1#402
N 116 TT=vI/(FLAS*3,1E5%1E0)




LISTING CF FILE wiSTE=M3DFL Pl Aute alite 19, L57% fo=wTes

182

117 ALFiiTAz L, k=TT
118 EC=hXP((=ALPHTAY=TINI/ 7T}
119 _ B=TIbA/TT

U 120 BETAS(ALDHUT A/ TT=1a/ 77}

4 lol EXX=LAF{-Tivi/i1]
122 G=ni+)?
123 . — = o R — R
124 C CLARIFIZF 24 aUr aav 3
125° C
126 [N
127 wh =
128 PEST=v!
125 ALSH= (1 <
120 CE=o XD ({~ALPLATI/REST) )
121 TEX=EAP(=TI/REST)
132 c .
133 31 CONTINLE
124 T=T+1.
135 D=Ctl,
136 C _ _ - ‘
137 C READS THFLUGNT CONCENTRATIUH~—#G/0 UF 600 ahd €$ F&UM EACH OF 3 MILL AREAS
138 C
136 OREAUIB,35,ENU= 0 (CaU I 120,304 4C550d) 9 d=ls3)
140 35 FORMAT(1X,6F10.0J

141

INFLUENT COWNGC IN RESFONSE TO SYSTEM LAYOuT -= 1CoWR
CINLI=CLARIFIER SS INFLUENT-=HG/L )
CSSCTH=SS IN STR%eM THEAT BYPASS:ES CLARIFIEL —= MG/L

142
143
144

alizsiaEellaNaEalial

145 CoINCL=00) INTY CLARTFILR Aetd TUIN To LAGCLN=-=-MG/L

146 Z2=0B0C INTU LAGICH wiilCH 8YPASSLL CLARLIFL ZP—-—-MG/L

147 CESBYS=SS OF STRZANM whIGH DBYPASSES C(CMPLETES SYSThim=-WG/L
148 CBOCB/=8CY JF STREAY WHICH pYPASSES COMFLITS SYSTEM=-MC/L

146 G2 TGIB82,33,84,88),1CI88
150 82 CINL=(CSS L #*wATT(L) el 5SS (2)xWATT {2)+4CESE3)*WATT (3))/G1

151 CSSUiTH=U.
15 COTHCL=(CBAD(L) *WATTIL) +CBO {2 =wATTI2)0+C8060D( 31w TT(3)) /01
153 7=C. . .

154 CSSBYE=C.
155 catny=a,
15¢ GY TC €Y

157 83 CINI=(CSS{21=wATT(2)+CS5S(2)}%aATT(3)) /01
158 CESAITH=CSS5(L)
159 ColnCL=(CAI0 2 $nATT (2 +CHID(5)*¥ WATT(3)) /31

160 L=03001 L)
lol CESBYE=D.
1¢2 : CuCuBY=0.

163 GC 70 &5
1€4 84 CINL=CSES(2)
165 COSITH=(OSH L) *wATT () +Con () -We¥T(3) 1462

1cé CRINCL=BCD(Z) .
1e7 ' Z=(CBOD{L)*WATT (L) +CROEA3) 5w dTT(5) ) /0<
168 CSS4YE=D,

1¢5 CeCtryY=0.
17¢C GO TO €5
171 : 886 CINL=(CSSL2)»AATT(2) #0855 3% ATT{3)) /01

®. L. CRAIN LIMITED

172 CESOTH=0.
173 CHINCL=AC SO0 (2)*hATT{2)4(3UDI3 ¥ n2TT(3)) /21
114 l=C.




LISTING CF FILE WASTE-4UlTL L1e3l aoMe nbo. L9, 1975 [o=M725

175 CSSnyYF=CS5(1)
17¢ CsCanY=:3T0(1)
177 £S5 CONTINLY

178

Vel

176
130
1581

ARTIFICHLL sSHOGK CTebs D9 05 507

183

a¥slatakslla

162 TEEAT ToIh i g2s INELJENT

185 . .

184 T{=14+ST=7

1e5 TFAT osE T e 2D TalETH)GD T 3y

tee GO TR LY

&7 36 CONF INUE . :

1g¢ ACCS=3 o Mo (LINL#G L+ CESOTr )2 FaiTua-La)

136 PEdllas AL INOL v Lle 42 ) (R AL TR -1 )
160 oL QV=nlod/ {03 ?*2.705)

151  CINI=FACTIZRHCINL

192 CHINCL=FACTAZ#ChINEL
163 CO$ITA=LS>ITmH FECTOA
154 CSSLYE=CSSBYT*FACTOR
155 CHOIEY=CHULBYRFACTOR
15¢ Z=FACTCRY 2

157 IF(T.EQ.TK) TI=TR+CYCLE

168 87 CONT InLE
1¢6 CALL TREZAT

2CC WRITEL Gy 20YCINECS2,C3S8C0Tn, CaINCL, Z,C0ULST, T

201 . 90 FOGMAT(IX,61FR.1,4X),FH.C)

2C2 C

203 C DAILY INPUT & CUTFLT STATISTICS GETEFMINEL

204 C )

205 ' CAYSCU=LAYBCL+(CEPD3TH0+CaOBUY-03)%5.765

2Co6 N SES=(CINLRTL/(ALPH* 2) )5 {l e+ B0 )+ (CZERULHREST/ (ALPHY ) )= (£E=-1.)
207 : L+ {CZERNZRAEST/ 2aLPH Y # (L.~ FER)=CLZCLxTI =8 /ALPH
208 - S$8=888/3500. . i

209 CAYSS=DAYSS+ {5852 1+CSSUTARE2#C SBY LG 2) %3, 78
" 210 DINBCD=0IN=0D+ (CREINCL»QL 4270240300 bY*53) 3. 785
cll DINSS=DINSSH(CINLI G+ S SCTHRRS+C SSEYE»U3 1%¥3 , 785

212 BIN=QBIN+CBINTLHOI+2%Q2
213 BCOLY=3CLT+CRBUB3T>0

A. L. CRAIN LIMITED

cl4 : FL=rL+Gi+0d

215 . SIN=SIN+CInNE*QL -

216 SCLT=SCUT+586*71 . :

217 SSLA=SSLA+SES+CESITHY2%3, 185

FARS BRLASRRLA+(CBINCLQ1+=CZ)1 3,765

z1s IF{DNELZ24.300 1C 51

226G BOCTCN=DAYB0L*2,2056/PY G

221 SSTEN=LAYSS=2,205/PRLD

222 ’ BINTON=OINBND*2,295/PUD

223 SINTCN=JINS3*2, 205 /P00

224 SSAV=SSLA/ILY3 4 735% 2%, )

225 CBAV=UBLA/ (053, T6E%24.4 ) .

226 SSLAG= o1 2% { S5AV4ER AV I/ (lat 2T T#aldn)

227 SSEAT=SSLASHUN 24, /PECH

228 WRITE(AH,SLISINTONy SSTONy3INTOM 30O TON, SSLAG,SSEXT
229 91 FORMAT (/3 F9al g 40 F 3 a2y LOX FR o2l 6X 3 F2. 2y 10X, FB.2,1CX,FEe24/)
220 D=C. ' .

231 CAYwCL=C.
232 CAYSS=C.




LISTING CF FILE

184

R L. CRAIN LIMITED

261 .
292 yr{l .- 2 £
. 263
\_ 2G4
ﬂ 265
, 25¢
257 C
2¢ 8 TILD g an, FE
265 C . .
300 . PR KK LI (L, 1C), INTLL
301 EATA INT/0er D ey 3Ea,0daGier e,
3¢z 12,325 ORI LA
303 DATA eyl
3C4 12elbE4 035330304y e%,0."
305 TT=( VT /(FLAVE# 3 Tob®1ra) Jeug.
306 C .
307 £ CAPITAL CCST FOR LAGOLR
3ce o : g
309 FLECa=FLAVE
710 DD LG I=1,9 ,
211 FEAEFFWGTOINTI2 1) W ANDGRFFL LY G INT (e I+ 60 T 2 :
312 G2 TO 19 :
213 20 =1
214 6N TO 35
315 10 CONT IyE
B 30 AA=INT(L,M)
217 . GB=INT(1,M+1)
2138 GA=ALOGLLA) v ((EFF=INT(2,¥) 1/ (1T (2, #Mel)=iNTL2,M))) %L ALOGG L
219 L=ALJUG(AR)) .
320 ASEXP(GA) .
321 COLAG=A=FLOW*,798
522 C
323 C LAGLCN JPERATING CDSTS
324 - C
325 CA=LCC(1l,M)
226 CB=LCC (L, M+ 1)
327 CC=ALOGHEA) + ({TFF-L {2y #) )/ (02, ML d~Lul (2,40 ) )% (ALTG(CL)
328 1~ALIGLCAT)
3zy LOPCST=EXP(CCI#FLUMW
330 55 CONTINGE
321 C
322 C CAPITAL COST CLARIFIER
333 C
3134 AREA=(V *.1605) /K
335 COCLA=29.5%{AREQ )% G2 ’
30 C
337 C OPERATING CuUST CLARIFIER
338 o , o
339, COPCST=50600."(CC/LT0) %% . 126
340 C ]
341 WRITE(6,00)CLLAG i
342 60 JAAT (X, LAGCTEN CAPITAL CUST='yF10.0," DCLLAFSY, /)
343
344 61 AAT ( LAy "LAGCCIN vFLJeds? DOLLARSY 4 /)
343 RITE(6,625CiCLa
346 62 FOFMATULIX, PCLARIFIER CAPITAL CUST=',FLl).04t DCLLARST, /)
347 WRITE(6,63) 005 :
348 &3 FORAAT (1 X, CLAT CLST=t,Flded,? Uil
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R. L. CRAIN LIMITED

LISTING CF FILE wASTE-H

349 _ RE TURN

30 . TN

il

NeM,

Y




