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INTRODUCTION

General

The removal of solids from a solid-liquid mixture by passing the
liquid through a porous medium that retains the solids is called
filtration. Three filter media used in the filtration of water supplies
are sand, carbon, and diatomaceous earth or diatomite, sand being the
most common for municipal supplies., This thesis will be concerned
primarily with diatomite filtration of municipal water supplies.

The solids removed during filtration often form a cake on the
surface of the original filter media that the liquid must pass through.
This occurs when the solids clog the pores of the media. Filtration
through the collected solids is commonly referred to as cake filtration.

The time needed to form a filter cake depends on the size of the
filter media (relative to the size of the solids being removed). When
the media is of relatively small particle size, a filter cake is formed
soon after filtration begins because practically all the solids are
removed at the surface. With relatively large media such as sand,
however, the solids penetrate further into the bed, and consequently,
more time is needed to clog the pores at the surface and form a filter
cake,

Suspended impurities in raw waters used for municipsl water supplies
almost invariably form compressible filter cakes. Compressible cakes
are typically very resistant to flow (low permeability). Because of this
high resistance, rapid sand filter runs are usually terminated and the

removed impurities washed from the sand bed at about the time a filter



cake is beginning to form. In slow sand filtration and filtration through
carbon, however, filtration through a filter cake is a primary mode of
removal,

Cake filtration is also a primary mode of removal in diatomite
filtration. The significant difference is that diatomite filter aid is
added to the influent watertin order to form a porous cake that is
essentially incompressible. The action of the filter aid particles is
to form a rigid mat with sufficient pore volume to accomodate the sus-
pended impurities (10, 11). The filter aid added to the influent is
commonly referred to as body feed. The amount of body feed that should
be added is a very important consideration in the design of diatomite
fiitration plants.

In diatomite filtration, a filtering cycle consists of three
operations:

1. Precoating - -~ A thin diatomite precoat is formed on a porous
support called a septum by cycling water that contains a predetermined
amount of diatomite through the septum (Fig. 1). The purpose of the
precoat is to prevent impurities from passing through tﬁé;septum at
the beginning of a filter run.

2. Filtering - - The operation of removing the suspended impurities
and filter aid particles by forming a homogeneous porous filter cake of
increasing thickness (Fig. 1).

3. Backwashing ~ - The filter cake and precoat is discarded and
the filtering cycle repeatgd when the terminal pressure drop (or head
loss) across the cake is reached.

Throughout this thesis: the term body feed will refer to the
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diatomite filter aid added to the influent; suspended solids (or just
solids) will not include the body feed; filter cake will include only the

-—

body feed-suspended solids cake (does not include the precoat).

Alternative Costs
Traditionally, cost comparisons for various designs are made by
comparing various alternatives. Fig. 2 represents a schematic diagram
of five alternatives of design. Bear in mind that it is rarely possible
to draw a two-dimensional plot such as Fig. 2 that will show the vari~-
ation in cost with one parameter that fébfesents a particular combination

of all variables that influence cost. However, the diagram is useful



for illustrative purposes. Variables that influence cost include
quanﬁity of water needed, characteristics of the raw water, charac-
teristics of the filter aid, characteristics of the equipment (type
of installation), flow rate, body feed concentration, terminal head
loss, etc. \

Point C in Fig. 2 represents the least cost design. However, in
some cases, it may be more practical to design at some point near the
least cost point, such as point D. A filtration plant can rarely be
operated at a particular choice of operating conditions because of
variations in the influent quality, body feeding equipment, etc.

Since the hypothetical curve in Fig. 2 is steeper on the left of
point C, small changes in operating conditions could shift the point
of operation to the left resulting in significant increase in costs.
But, if the plant were designed to operate at point D, cost of pro-
duction would not be so sensitive with respect to small changes in
operating conditions.

Traditionally, filtration plants are not gesigned to operate at
optimum economy. According to the recent Task Group Report on Diatomite
Filtration (37): '"As far as the committee has discovered, no diatomite

or rapid sand plant has yet been designed to operate in its most ecc~

nomical range. although several installations may approach this condition."
One of the main reasons for thi§ lack of optimum economical design is

that accurate cost predictions for varying operating conditions are very
difficult. Total cost of production is a very complex function of the

several variagbles involved, and accurate cost predictions have not gen-

erally been possible.



The desireable approach is to compare several alternatives to get
a more accurate picture of cost variation. The greater the number of
combinations of the variables considered, the more accurately the cost
picture will be known. It is iimpractical to make more than a few
comparisons because of the large number of calculations necessary.
However, with the use of a digital computer, as many comparisons as

desired can be made in a relatively short time.

Objectives

The primary objective of this thesis is to develop a digital
computer program that can be used to design a diatomite filtration
plant to produce filtered water of requisite quality at least cost.
In order to achieve this objective, it is necessary to be able to
predict operating costs for different combinations of filter aid grade,
flow rate, type and concentration of suspended solids, terminal head
loss, body feed concentration, and different types of equipment
(pressure or vacuum filters, degree of automation, etc.). éreludes
to the development of this program ére:

1. A critical look at the present theory of diatomite filtration.

2, Development of theoretical diatomite filtration equations that
can be used to describe the head loss-time relationship of diatomite
filter cakes formed on flat and cylindrical septa.

3. Development of empirical prediction equations for predicting
changes in flow resistance of filter cakes for corresponding changes in

suspended solids conceatration, body feed concentration, and possibly

filter aid grade.



These prediction equations will be empirical relationships whose
coefficients will be determined by least squares techniques using a
high speed digital computer. Although the use of a digital computer
is not necessary for least squares analysis, its use in the preparation_
of this thesis made practical a more extensive analysis of the available
data.

Most of the data analyzed in this thesis were summarized.in past
theses and publications (3, 4, 5, 15, 16, 19, 20, 25, 27, 35). The
data analyzed in this thesis include data collected using water con-
taining iron, turbidity in the form of clay particles, and carry-over—
from the lime-soda ash softening process. None of the data for filter

runs filtering effluent from the lime-soda ash softening process have

been published.



REVIEW OF LITERATURE

Diatomite Filtration of Potable Water

The use of diatomite for filtration of potable water was initiated
by the U. S. Army in World War II. A portable purification unit was
needed that could supply potable water to field troops in the Pacific
Theater, The units available at that time were not capable of removing
the causitive agent of amoebic dysentery. Since tﬁat time, diatomite
filters have been used more and more for municipal water supplies (37).
Many difficulties were encountered with the early plants because of
faulty design and poor operating techniques. Baumann's rather compre-
hensive study completed in 1954 (2) did much to alleviate these
difficulties.

Phillips (34) analyzed and summarized most of the important
research on diatomite filtration of potable water up to 1957, His
thesis presents a good summary of the work done prior to 1957. Since
that time, the bulk of the research on diatomite filtration of water
supplies has been carried out at Iowa State University. This work has
been reported in the form of graduate theses, progress reports, and
publications in techmical journals - - e.g.: effect of chemical coagu-
lation on resistance (reciprocal of permeability) of filter cakes (26);
theory of diatomite filtration, optimums in diatomite filtration, and
optimum economical design (3, 4, 5, 25, 27); effect of streaming
potential, chemicals, and polyelectrolyte coatings (1, 31, 32, 33);
hydraulic and particle size characteristics of filter aids (15, 16);

resistance of filter cakes containing various grades of filter aid



and flocculent iron oxide (19), containing various flocculent solids
(20), and containing va;ious clay minerals (35). Some of the data
collected during these studies will be discussed and analyzed in other
sections of this thesis.

Bell discussed the application of coaéui;nt coatings for filter
aids in 1961 (7). 1In 1962, he suggested several design criteria for
municipal diatomite filters (8). A recent Task Group Report on Diatomite
Filtration was published in 1965 (37). This publication includes a
bibliography on diatomite filtration congaining 178 references.

In addition to the literature cited above, several reports have

been published on operating experiences encountered with municipal

diatomite filter installations.

Theory of Diatomite Filtration

In the following review of the theory of diatomite filtration,
the nomenclature of some of the investigators has been changed to
conform to that of the author's for the sake of continuity. Each term
used is defined where it first appears and also listed in Appendix A.
Since different units were used by different investigators, equations
presented in this thesis will be in dimensionally homogeneous form
using the basic dimensions of force, length, and time, A dimensionally
homogeneous equation is one that can be used with any consistent set
of basic units such as foot-pound-second, é;ntimeter-gram-second, etc.
Dimensions of terms will be indicated within brackets using the letters
F (force), L (length), and T (time).

Consider the relatively simple flux equation:



v _ K dp , 1)
Adt dL
where A = area
L = length

P = potential
U = flux or flow
t = time

K

proportionality constant.
This equation stated in words: the time rate of flux per unit area is
equal to a constant times the potential gradient. This very useful
flux equation finds many applications in applied physics. Three analo-
gous physical applications of Equation 1 are Ohm's law of electricity,
Fick's law of diffusion, and D'Arcy's law of flow through porous media.
These three laws have been demonstrated by numerous investigators and
hardly need further justification.

For Ohm's law dU/dt is the electrical current, A is the cross-
sectional area of the conductor, dP/dL is the electrical potential

gradient, and K is the inverse of the resistivity. Ohm's law is more

readily recognized in its integrated form (I E/R where 1 = current,

E = potential difference, and R = resistance L/KA).

For Fick's law, dU/dt is the time rate of diffusion, A is the
cross~-sectional area perpendicular to the direction of diffusion,
dP/dL is the concentration gradient, and K is the coefficient of
diffusion or specific diffusion rate.

For D'Arcy's law, the flux is the flow of water, the potential

gradient is the hydraulic gradient, and the proportionality constant
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is the coefficient of permeability. D'Arcy's law is commonly presented

in the form:

v = Ki (2)

where v Q/A = approach or face velocity %FT'I]

Q = flow rate |13T°1]

A = gross cross-sectional area of porous media perpendicular to
direction of flow [Lz]

i = dH/dL = hydraulic gradient {dimensionless]

H = head loss or pressure difference in terms of length of
water column [L]

L = thickness of porous media in direction of flow:tL]

K = coefficient of permeability [LT-]J .

The filtration of water, éspecially diatomite filtration, is analo-
gous to the flow of water through porous media. Thus, what is essentially
D'Arcy's law has been applied to filtration in the form of the generally
accepted filtration rate equation. Although presented in many forms,

probably the simplest is Equation 3:

av. _ _ dP_ 3)
Adt padL
where V = volume of filtrate filtered in time t Iﬁ]
dP/dL = pressure gradient {FL’j}
M = dynamic or absolute viscosity {?TL'Z]
a = gpecific resistance {L-z].

This equation is probably the most useful tool available for dealing
with cake~filtration problems., 1Its validity has been demonsﬁggted by
-t

several workers including Carman (10, 11), Fair and Hatch (17), Ruth (36),
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Hoffing and Lockhart (2L), Grace (18), and Kottwitz (24). Equation 3

can be changed to:

v = gi/va (@)
since v = (1/A)dv/dt
i = dH/dL = dB/dL y_
v = pg/y, = kinematic viscosity [Lzr'l] i

where Yy = density of water [FL-S]

g gravity constant {LT'z] .

Comparison of Equations 2 and 4 clearly illustratés that the
filtration rate equation and D'Arcy's equation are essentially the
same, and the specific resistance is inversely proportional to the
coefficient of permeability (a = g/Ky). It has long been realized that
the velocity of flow is inversely proportional to the viscosity, and
consequently, D'Arcy's equation is usually modified to include viscosity
as follows (10, 11, 21):

v = Klgi/v (5)
where K; is a modified permeability coefficient independent of viscosity
and has the dimensions [LZ]. The modified permeability coefficient (Kl)
and the specific resistance (a) are reciprocals of each other (Kl = l/a).

The specific resistance gz in Equation 4 is typical of the filter
medium. Comparison of Equation 4 with the following pipe flow equaEion

derived by dimensional amalysis (17) illustrates that the specific

resistance concept can be applied to pipe flow:

. k
i = _VV_Z_ (6)
g d

where d = pipe diameter [L]



'—J
a

hy

k = a constant of pip=s Ilzw [dimensionless]

Thus, a pipe would have 2 sp=:iic resistance of k/dz. if k = 32,
Equation 6 is identical zo 2oiszzille's equation for flow through
capillary tubes. It is undsrzzz=dzble then that some workers have
derived the filtration rare =gzzoion intuitively from Poiseuille's
equation (18) by replacing ths fzctor 32/d2 with a specific resistance
paraﬁeter typical of the filz=zr medium.

There have been attamp:is z: rzlizte specific resistance of porous
media to Reynold's number zaZ I=iccion factor in analogy with pipe flow
concepts. However, this zpoproz:: kas not been very fruitful for cake-
filtration problems (21).

| Several theoretical znd =mririczl studies have attempted to
develop an expression relztizz stecific resistance to physical prop-
erties of the filter medium. 7=z mcst successful such expression is
the Kozeny-Carman-Fair zné Z=zz:= ecuztion (10, 11, 17, 21) that expresses

the specific resistance as folilzws:

a = ksg (1 - *):’:3
where k = Kozeny constzat, momizzlly 5 T 0.5
Ss = gpecific surfacz of wzzcicles defined as surface area per
unit volume KLZL”B = Lflk -
n = porosity, Ellm..ns ionlzzz _;:“L'3] .

However, its practical applicz=icz hzs been limited to ideal conditionms,

such as the flow of clean wztzr =Erough clean uniform sand; it has been

found to be of 1ittie value iz 2= filtration of water supplies under
—real conditions. The press=ncs =% suspended solids in the water greatly

complicates the problem. Thzrz Zz3 been no good correlation between
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specific resistance and physical properties of the filter cake in
filtration ofiwater supplies, except under very limited conditions.

Most research on filtration of water supplies has been done using
sand as the filter media, Accordingly, most theories are based on sand
(clean uniform sand at that) and have found little application in
diatomite filtration. Earlier work on sand filtration was well sum-
marized in the excellent study on sand filtration rates made by Cleasby
in 1960 (12, 13). Another excellent pzper on sand filtration by Camp
was published in 1964 (9).

There has been relatively litcle work done on the theory of
diatomite filtration of water supplies, Fortunately, however, the
theory of cake filtration is zpplicable; in fact, the theory is some-~
what simplified by the action of filter aids (10, 11). Carman demon-
strated thac a filter aid is efficient only if the proper proportion
(with respect to the suspended solids) is used and that it is most
efficient when mixed with suspended solids that form compressible
cakes (10, 11), Small proportions of filter aid only add bulk to the
cake with no increase in permeabilicy., Large proportions add excessive
thickness to the cake that overshzdows the increase in permeability.
Essentially th= same thing was lzter demonstrated by Baumann and
LaFrenz (2, 25, 27).

Equation 4 can be written for the precoat and filter cake,

respectively:
apV, acVv
g A g A

since ip = HPA/V? and i, = HCA/VC waere Vp and Ve are volumes of precoat
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and filter cake and the subscripts p and ¢ refer to the precoat and
filter cake, respectively. The factors in parentheses represent what

is usually called resistance. Since the specific resistance a represents
the resistance of a unit volume of filter cake per unit area, a is
usually referred to as the specific resistance based on volume of filter
cake. Since the thickness of the filter cake is difficult to measure
accurately, several workers have suggested that the specific resistance
be referred to the weight of the filter cake by replacing the volume of
the cake (V.) in the zbove equation with the dry weight of the cake (Wc).
Carman (10, 11) suggested that the specific resistance be referred to
the weight of the solids (excluding body feed) in the filter cake (Wg)
rather than the total weigﬁt of the filter cake (W.).

In diatomite filtration of water supplies, sufficient body feed is.
added- to the influent to for=z an essentially incompressible filter cake.
Also, the concentrations of suspended solids and body feed are usually
constant during a filter run. Therefore, the relative values of Vo, Wg,
Wg, and even Wp (the weight of diatomite in the filter cake) remain the
same, and the in place bulk density oﬁ the filter cake-(yc) is constant,

\
Thus, the relative values of specific resistances based on volume of
filter cake, weight of filter cake, weight of solids in the filter cake,
or weight of diatomite in the filter cake would remain the same. If
specific resistance based on one of these four factors remains constant,
then specific resistances based on the other three factors also remain
constant but differ in numerical value,

LaFrenz included the filtration rate equation in the literature

review section of his M.S, thesis (26), but he evidently failed to
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recognize its appiicability to diatomite filtration of water supplies.
In his Ph.D. thesis (25), he derived a diatomite filtration equation
starting from the unmodified form of DfArcy's equation (Equation 2).
As will be shown, subsequent work with his equation has led back to the
filtration rate equation.
LaFrenz' expressions for the head loss through the precoat (Hp) and

the filter cake (Hc) can be respectively written:

Hp = Kyww ' H, = ————EEE——— vthDyw(lo)"6 (8)

1 - 5
CpKs

where w = precoat weight per unit area [FL'él

Cp = body feed concentration in ppm [(10)'6FF"1 = 10'6J

C. = concentration of suspended solids in ppm [iO'GFF'l = 10'6]
- -12]

Ky = /% et

K_ = permeability of precoat [LT'1]

7p = in place bulk density of the precoat [EL'3]

K, = 7Sn/7p [dimensionlesé]

rg = in place bulk density of solids in the filter cake [FL-3]

Since the quantity vtCD'yW(lo)'6 is equivalent to the weight of diatomite
in the filter cake per unit area (WD/A) (assuming that none of the body
feed passes through the filter cake), the expression for H, can be
written as follows:

He = Bvliip/A (9)
where B = K3/ (1-Cgq/CpKy) [F'lLZT]. LaFrenz' coefficient Ki/(1-Cg/CpKy)

will be referred to as B by the author,
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If Equation 7 is rewritten referring the specific resistance to

the weight of diatomite, then:

v \'AY 2 W
H, = 14 X H, = c’D (10)
g g A

where z = specific resistance based on weight of diatomite [F-lL] .
Comparison of Equation 10 with LaFrenz' expressions illustrates
that K3 is proportional to the specific resistance of the precoat
K3 = zpv/g) and is temperature dependent. (If LaFrenz had started his
derivation with the modified D'Arcy equation (Equation 5), K3 would have
been independent of viscosity.) Similarly, B is proportiomnal to the
specific resistance of the filter cake (B = zcv/g).
LaFrenz was essentially trying to predict the specific resistance
of filter cakes for different values of CS/CD after determining K3 and K,
for a few runs. As it turns out, the expression for B is incorrect. 1In
the derivation of the expression, LaFrenz expected that K; would be a
constant typical of the type of solids being removed and the filter aid.
He found that K, did not remain constant gut varied with Cg and Cp, and
when plotted against the ratio CS/CD gave a straight line. This straight
line plot actually invalidated his coefficient K3/(1-Cg/CpKs). The
expression for B in Equation 9 can be written as Cg/CpK, = 1-K3/B. For
practically all of LaFrenz' data, the factor K3/B was so small that it
was insignificant, and therefore, the factor CS/CDK4 was aéproximately
unity. Accordingly, any plot of K4 versus CS/CD should be expéEEed to

be a straight line with slope of unity and approximately zero intercept.

This was the case with LaFrenz' data as shown by the straight line plot
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| T I - taken from his thesis (Fig. 3).
ol0—
The error of LaFrenz'
oos!_ original expression was soon
discovered because in 1962
006
Baumann, Cleasby, and LaFrenz
K
4
004l a 2mg/l Fe- 3 gpm ] expressed the head losses through
v 4mg/l Fe - 2 gpm
x 4mg/l Fe - 3 gpm the precoat and filter cake as
o 8mg/l Fe - 3 gpm .
0.0z - -
a 8mg/i Fe - | gpm follows (3):
o | ! ! | Hp = Kgww
o 0.02 004 006 Qo8 00
c =
Ratio =2 He = K4VWD/A (11)
Cer
where K, = 1/K XF'ILZT
Fig. 3. K4 versus Cg/Cp from LaFrenz' 4 [ c?p ]
thesis (25) K.c = permeability of

filter cake [LT'¥J.

The expression for Hp is the same as it was in LaFrenz' thesis, but
K4 has been redefined. Comparison with the filtration rate equation in
tﬁe form of Equation 10 illustrates that K, is now proportional to the
specific resistance of the filter cake based on weight of diatomite in
the filter cake (K4 = ch/g)- But still, the effect of viscosity is not
included in the above expressions, and theréfore, K3 and K4 are temperature
dependent. For this reason, experimental K3 and K4 values were either
referred to a standard temperature of 20°C by multiplying by the ratio
of the viscosity at the test temperature to viscosity at 20°C (15), or
experiments were conducted at a standard constant temperature.

In 1964, Baumann and Oulman published a modified form of the diato-

mite filtration equation (6) that accounted for viscosity. 1In
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dimensionally homogeneous form the expressions for Hp and H, in the

modified equation can be written:

By = woqv/g”’ He = vwopilp/g (12)

where o = factor of precoat resistance [F'lLZT'z]

Q, = factor of filter cake resistance [F'leT'él_
It is clear after comparison with Equation 10 that the modified diatomite

filtration equation is equivalent to the filtration rate equation and

that Q= ng and Oy = 2.8.

=
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DIATOMITE FILTRATION EQUATIONS

At the beginning of a ﬁi}ter run, the filter housing is full of
clean water from the precoating operation. The mixing of influent
(unfiltered water) with the clean water in the housing results in a
transition period that lasts until the quality of the water in the
housing is the same as that of the influent. This transition period
is the effect of initial dilutionm.

When filtering through cylindrical septa, the gross outer surface
area of the filter cake perpendicular to the direction of flow (A)
increases as the thickness of the cake increases. This increasing
area has a significant effect on the head loss-time relationship for
a filter run, especially when using small diameter septa. Since there
are several diatomite filtration plants in existence that filter munic-
ipal water supplies using small diameter septa, a diatomite filtration
equation that accounts for increasing area effects is needed. Several
filter manufacturers use cylindrical septa in their filters and at
least two manufacturers use septa as small as 1 inch in diameter
(14, 29).

In reviewing the literature, the author found no filtration equation
that accounted for either initial dilution effect or the effect of
increasing area associated with cylindrical septa.

All previous diatomite filtration equations have been developed
on the assumption that the surface area of the filter cake (A) remains

constant. Throughout the remainder of this thesis, septa that do not

produce increasing area effects will be referred to as flat septa.
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The effect of increasing area has negligible effect on the head
loss through the precoat (Hp) because the precoat is so thin that its
area is approximately equal to the area of the septum. Therefore, the
expression for HP in Equation 10 is valid for cylindrical septa and can
be written in the following form:

H, = qvEw/g (13)
where g = Q/AS = flow rate per unit septum area [LT']]

Ag

-

septum area XLZ]

filter aid resistance index or £ index = zp by definition
Wer1] .

Equation 13 is valid for any type of septum as long as the precoat is
thin since As is approximately equal to the .outer surface area of the
precoat. The filter aid resistance index is equivalent to the specific
resistance of the precoat based on weight of diatomite and can be
determined experimentally from Equation 13.

In Equation 4, v depends on the thickness of the cake for cylin-
drical filter cakes. Since v is directly proportional to i, the hy-
draulic gradient across a cylindrical filter cake is not constant
throughout the cake and therefore not equal to HC/LC. Thus, it must
be expressed in differential form (i, = dHc/ch). Accordingly,
Equation 4 for the filter cake can be written:

vy

dH, =

c achc A (14)

Consider a cylindrical septum with radius Rg. The small volume of

filter cake formed during the interval of time dt is:

v, = QyuSgdt/y, (15)
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where ch volume of filter cake formed in the time interval dt [Iﬁ ]

S weight fraction of solids-body feed (both solids and body

f

feed) in the water in the filter housing ‘gimensionless] .
Sg¢ is less than S; (weight fraction of solids-body feed in the

influent) at the beginning of the run because of initial dilution. But
S¢ can be written in terms of S; if we assume the filter to be a com-
pletely mixed system. In a small increment of time At, the weight of
solids-body feed that enters the filter and the weight of solids-body
feed removed from the water in the filter are respectively Q7S At and
Q7,SgAt. The change in weight of solids-body feed in suspension in the
filter is therefore AW = Q¥,(S;i-Sg)At. Dividing through by the weight

of water in the filter yields:

W S4-S
A - Qw(Si-splae AS; = B(S;-SpAt
Very VEre
where ASg = AW/Vf'yW
5 = Q/Vf = theoretical dilution rate [i-l]
Ve = volume of filter housing [L3].

Passing to the limit leads to a differential equation that can be

integrated:

where ¢ = integration constant. For the initial condition S =0 at
t=0, e = S;, and:

Se = 8;(1-e"®F) = (c 10) "0 (1-e70t

£ j(l-e gtCp) (10)7°(1-e7°%) (16)

since S; = (CgqtCp) (10)-6. Substitution for S¢ in Equation 15 yields:
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Q'

(o4

av

(Cg + Cp) (10)~8(1-e¥%)a¢ (17)

Assume that the solids removed in the filter cake do not increase
the cake thickness appreciably over the thickness that would result if

the cake contained only body feed; this is equivalent to the expression:

;D L % ' (18)

p e

The symbol = means "approximately equal to'", Substitution for (CS+CD)/7c

in Equation 17 leads to:

Q, - -
av, = —¥. ¢ (10) b -eFar (19)
7p
Since dL, = ch/A, substitution for dL, in Equation 14 yields the

differential equation for diatomite filtration:

di, = hid ac[ Yy CD(10)'6(1-e'5t)dt]
g Ay
P
v2y 2 -6 -5t
dH, = €W_ (10) Cp(l-e™°F)de
g 1/
P
v2v -3t
W, = —p Cp(1-e™08)at ©(20)

where B = acyw(IO)’G/yb by definition and will be denoted as the cake
resistance index or § index [L'Z]. The cake resistance index remains
constant during a filter run and can be determined experimentally as
will be demonstrated later. B is essentially equal to a constant
(7w(10)-6) times the specific resistance of the filter cake based on

weight of diatomite (z,) since z, = ac/yb if Equation 18 is wvalid.

c

The surface area of a cylindrical septum is Ag = 2nR;Lg, and the
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gross outer filter area of a cylindrical filter cake of radius R is
A = 27RL,. Thus A = A_(R/R) and v = Q/A = Q/A_(R/R) = qR,/R. Sub-

stitution for v in Equation 20 gives:

o2R2 i
o [ ] oo —

Rgc(l-e'at)dt

C -
R2

dH (21)

where g = qszCD/g = constant [LT'@]. The parameter g is defined as
qszCD/g for convenience.
The total volume enclosed within the outer surface area of a filter

cake (Vp) of radius R is:

_ _ 2
Vp = VgV, +V, = sRLg
where Vg = volume of septum L3]
Ly = length of septum [L].
Differentiating:
dVqy = dv, = 2xLg RdR (22)
since dVg = dVP = 0. Equating the right hand sides of Equations 19 and
22 leads to:
Q7 Cp(10) ~° ]
2LgRAR v (1-e™0t)at ==
U3
2R Q,,Cp(10) "6
2RAR = 8 W (1-e™0t) 4t
2R

s g 7p

Remember that q = Q/As = Q/ZﬁRSLS, and therefore:

-6
2RdR = Rsl: 2974Cp (10) ](1-e'5t)dt

”p
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= Rg (1-edF)dt (23)
where ¢ is defined as 2q7wCD(1O)-6/yp for convenience; ¢ remains constant
during a filter run and has the dimensions [LT-I]. This differential

equation can be integrated as follows:

R t
/ 2RdR = R@ [ (l-e®Hat =—>
R, o

R t

- -5t

RZ} = Rs¢l:t + & at] = RS¢[t + 705 l] =

R 5 Jdg 5 )

(@)

2 _ o2 1-e~0t 2

R® = R+ qu{c S = R, + Rgox (24)

where x

t - (1-e'5t)/8 ‘T]

Ry = Rg + L, = Ry + w/y, = Rat t = 0.

Notice that x is equal to t decreased by the factor (1-e'6t)/6.
Thus, the action of initial dilution is, in effect, a time delay equal

to (l-e'St)/a. This time delay factor decreases with increasing o, and

for very large ©, x is approximately equal to t. Also, dx is approxi-

mately equal to dt for large t since:

_ e dtat

5 = (1-e-6t)dt .

dx = dt

Substitution of the expression for R2 (Equation 24) in Equation 21

and integration leads to an expression for H,, as follows:

2 -5t 2
di. = Rg o(l-e™@-)dt _ Ry odx —_

Ry2+Rg0x Ro24+R 0%
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H R % *  Rodx R0 9 *
c = s s - s
f dH =3 f e 3 [ln(R0 +Rs¢x)] —
o s o o TROx o
Rgo 2 2 Rgo Rgdx
H, = re [ln(Ro +ROx) - 1In Ry ] = In( 1 + = 2 )

o
(25)
In deriving Equation 25, the.following hypotheses were assumed to
be true during a filter run:
1. Q remains constant (constant rate filtration).
2, The body feed rate is sufficient to form an essentially in-
compressible filter cake.
3. The filtration rate equa;ion in differential form (Equation
14) is valid for cylindrical filter cakes.
4, 7P

5. Cq and CD remain constant, and no solids pass through the cake.

and Ve remain constant,

6. There are no concentration gradients in the filter housing
(completely mixed system).

7. Equation 18 is valid - - i.e., the solids retained in the
filter cake do not increase the cake thickness appreciably.

If these hy?otheses are true, then the flow resistive indexes
(€ and B) remain constant for a particular run and can be determined
experimentally,.

Equation 25 is a significant improvement over previously published
diatomite %iltration equations:

1. It includes the effect of initial dilution at the beginning
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of a filter run.

2, It includes the effect of increasing area for cylindrical

3. It is derived from an equation that includes the effect of
viscosity.

4. It is dimensionally homogeneous and therefore can be used with
any consistent set of units without modification (ft~1lb-hr are con~
venient English units).

For very large diameter septa (a flat septum would have an infinite
diameter) Equation 25 can be simplified since In(l + x) = x for small x,

and RS = Rb for large RS:

R.o Rox
HC = _: I: S 5 ] =>
RO
Hc = gx (26).

The use of t in place of x in Equation 26 conforms to previous
equations that do not include dilution or increasing area effects,

The total thickness of precoat and filter cake (L = Lp + L.) at
time t for cylindrical septa can be determined from Equation 24, and

is equal to:

L = R-R; = N gZipex -~ Rg 27)

For flat septa, dV, = AgdL.. Equating this expression for dV, to

the right hand side of Equation 19 leads to:

AL, = _Q_;_V_VCD(IO)-6(1-e'5t)dt = 85 ax
P
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since Ap = 2Q7WCD(10)'6/7P. Integration leads to:

Lc o X o
d. = 2 dx => L, 6 = &X
! 2 ] c T 2
L = L,+ 22’5 (28)

The basic equation for the total filtration head loss is:

H = (He+Hp)+Hc=Ho+Hc (29)
which in words states that the total head loss is equal to the sum of
the head losses through the equipment (piping, septum, etc.), the pre-
coat, and the filter cake, Ho is the head loss at t = 0. Since
Ho =0 at £t =0, Hy = H, + Hp. The expressions developed in this
thesis for head loss through the precoat (HP)’ head loss through the
filter cake (H.), and the combined thickness of the precoat and filter

cake (L) for both flat and cylindrical septa are:

(for any septum) Hp = qvﬁw/g , (13)
lindrical t R R
(eylindrical septum) 0 - 732 1n¢ 1 + <0 X ) 25)
)
L = A 2 - R 27
Ro +Rs¢x s (27)
(flat septum) Hc = gx (26)
= ox
L LP + 5 (28)
where ¢ = qszCD/g ILT-lj
¢ = 2q7,Cp(10) '6/7p [LT"]"J
X =t - (1-e-5t)/6 ‘:T]
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R, = Rg + L, LL]
Lp W/7p el .

The above expressions are repeated here for the reader's convenience.

]

The expressions for the combined thickness of the precoat and filter
cake are included because, in some cases, this thickness limits the
length of filter run before the terminal head loss ié reached. This _
possibility was not included in LaFrenz' procedure for determining the
optimum combination of flow rate, body feed concentration, and terminal

head loss (25).

Determination of B Index

Fig. 4 illustrates the theoretical head loss-time relationships
for the hypothetical conditions indicated in the figure for a flat
septum and two cylindrical septa, one of 3.50 inch and one of 1.00 inch
diameter. The curves in Fig. 4 were determined by computing the head
loss (H, + Hc) for on;‘hour increments from 0 to 50 hours. H, was
computed from Equation 26 for curve A and from Equation 25 for curves
B and C. The resulting head loss-time relationships for the first 25
hours are shown in Fig. 4.

Previous diatomite filtration equations that account for neither
initial dilution nor increasing area describe a head loss-~time curve
having constant slope for all values of time (equivalent to substituting
t for x in Equation 26). Fig, 4 illustrates that the old equations can
be used to determine cake resistance only when flat septa are used

since only curve A becomes linear with increasing time. The old

equations were used to determine K, and ¢/ values by plotting head loss
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T = T T versus time and measuring the
Q *8.02 fph, Cy = 80 ppm
ol %1/l weausw/e 4 slope of the straight line of
o= 3 fph, Ho=l5 ft. A
8= i/hr, B=5.60(100° 2 best fit, neglecting points in
Head Temp. »58° F B .
Loss 40 7] ey s PP
(FY) : the transition zone (initial
c
20l i dilution effect). Using the old
equations to determine cake re-
%3 5 75 26 25
! - . . .
 Time (Hr) sistance when using cylindrical

. septa is essentially the same as
Fig. 4. Theoretical head loss versus

time curves for conditions saying that curves A, B, and C in
indicated

Fig. 4 are all the same curve.
Curve A - flat septum
Curve B - 3.50 inch diameter This is obviously not the case.
Curve C - 1.00 inch diameter '
It should be recognized, therefore,
that there would be poor correla-
tion of results between flat and cylindrical septa when using the.old
equations. LaFrenz found this to be true (25).

In light of the foregoing, we see that the effect of increasing area
cannot be ignored. Further, even though the expression for H, for cylin-
drical septa (Equation 25) is more complicated than for flat septa
(Equation 26), cylindrical septa (especially those of small diameter)
offer definite advantages over flat septa with respect to head loss
increase with time.

The B index can be determined from a plot of head loss versus éime
when using flat septa. The resulting curve should become linear with
slope ¢ as illustrated by curve A of Fig. 4. P can then be computed from

the definition of g. The value of & is not needed to determine B when

using flat septa. The B index can also be determined from a plot of H
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30

Head
Loss
{Ft)
10
----- X=t-(1-e3N/8
) X approximated with t
Yo I 1 L L
(o] a2 Q4 Q6 Q8 10
In Q+&d;_><)
o R Ry
Fig, 5. Theoretical plots of head

the curve will not become linear.

loss versus natural log
portion of Equation 25 for
curves B and C of Fig. &
(for solid curves, t was
used in place of x)

versus x. The resulting curve
should be linear with slope o
for all values of x in accord-
ance with Equation 26. Even if
the wrong value of 5 is used,

the plot of H versus x should

.become linear with slope o.

When using cylindrical
septa, the determination of B
index is more difficult. Its
value cannot be determined from

a plot of H versus t because

However, a plot of H versus the 1In

term of Equation 25 should be linear with slope Rsc/¢ as illustrated by

the dashed curves in Fig. 5.

of g and ¢.

B can then be computed using the definitioms

An approximate value of B can be determined by using t in

place of x in the above plot as illustrated by the solid curves in Fig. 5

(i.e., plot of H versus In(l + R3¢t/Rb2)). This approximation is more

-accurate for large values of 3.

linear with slope of approximately Rso/b.

The resulting curve should become

When using cylindrical septa, the value of ¢ and therefore the value

of 7 must be known to determine B accurately.

This value was not needed

for the old equations, and consequently, few efforts were made in the

past to measure it. However, when " is not known, an approximate value

of B can still be determined by trying different values of 7? and

choosing the 7? (and its corresponding B index) that best fits the data.
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This procedure is somewhat indirect and involves more work than would
be necessary if 7? were known; but at least it is a procedure that can
be used when a value of 7p is not available.

Further difficulty is encountered in determining B index for cylin-
drical filter cakes because of initial dilution. The theoretical dilu-
tion rate (Q/Vf) is the dilution rate for a filter having no concentration
gradients within its housing - - a condition seldom realized., The author
has found that the actual dilution rate often varies, probably because
of unsteady conditions during the first few minutes of a filter run such
as changes in flow rate, body feed concentration, etc. When the dilution
rate is large, good results can be obtained by approximating x with t and
measuring the slope of the H versus ln(l + F%¢X/R02) curve (solid curves
in Fig. 5). But when the dilution rate is small, this approximation may
not be good enough. In these cases, a value of & should be estimated
from the data. This can be done by a trial and error procedure such as
the one described for determining f index when A is not known.

A method of estimating & from a plot of ﬁ versus t used by the
author has been found to be very useful, In this method, ;he assumption
is made that the inflection point of the H versus t curve occurs when
dt is approximately 3. When 5t = 3, the factor (1 - e-6t) = 0,950,
Assuming complete mixing, the concentrations of body feed and suspended
solids in the filter housing should be 95% of the concentrations in the
influent (Equation 16), and initial mixing is essentially complete.
(Notice also that initial mixing is complete at the inflection point
because the H versus t curve is concave upward during initial dilution

and concave downward after the transition.) An approximate § can then
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be computed ZI-oz zz astimate of the time of inflection (ti) as follows:
T = 3/ti (30)
The value oI = i3 estimated from the plot of H versus t,.

The difZfizolziss in determining 8 index for cylindrical filter
cakes are czussi v che fact that the rate of head loss increase (dH/dt)
is dependent oz tzz thickness of the cake (Equation 21), These diffi-
culties zrs =2z =zcountered with flat filter cakes because dH/dt is
independent -I zzks thickness when using flat septa.

For ezccurz:zz zvzluation of the B index, filter runs should extend

well past the zrzomsicion period caused by initial dilution. Also,
when using cwvlizZiziczl septa, special effort should be made to keep

Cg, Cp, ant T comszznt during the run, including the transition period.

It is suggeszeZ zzz:z Eguation 30 be used to estimate § when determining
cake resistzzmce Zor cvlindrical cakes. Then the data points beyond the
transition perizi zzz be used to determine B index by plotting H versus

Even thcugZ «. —ust be known to determine B accurately for cylin-
drical czkes, =z zood zpproximation of the head loss-time curve can be
obtained whez usizg zn estimated value of 7p This is demonstrated in
Table 1. Vzlzzz 22 Z for one hour increments from 0 to 50 were computed
for the hypotizezizzl dzts shown in Fig. 4 for a 1.00 inch and for a 3.50
inch diameter zezzz:z (curves B and C). Values of H were found by adding
a precoat losz cI 1.5 ft to the values of H, computed from Equation 25.
The correspoziizz wzlues of H and t were then treated as data, and

values of 8 corrzsponding to values of 7 from 14 to 20 #/ft3 were

'\)
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Table 1. Least squares approximation of curves B and C of Fig. 4 using
various values of p (R is the correlation coefficient)

2

6_ -
Yoo #/£6> B, (10)°st R, %
Curve B, 3.50 inch septum
14 5.89 99.991
15 5.70 99.996
16 5.54 99.999
17 5.40 . 100. 000
18 5.27 99.999
19 5.16 99.997
20 5.00 99:994
Curve C, 1.00 inch septum
14 6.21 99.993
15 5.90 99.997
16 5.63 99,999
17 5.40 100.000
18 5.19 99.999
19 5.00 99,997
20 4,83 99.994

using a digital computer. The results are shown in Table 1. The values
of H were computed using Tp = 17 #/ft3, so naturally, the correct B index

2 with a correlation coefficient of 100.0007 was determined

of 5.40 (10)%£t”
when using this value of 7P. The lowest correlation coefficient in
Table 1 is 99,9917 for the 3.50 inch diameter septum (curve B) using
7 = 14 #/fts. The range of the two approximate regression curves for
curve C using 7o of 14 and 20 #/ft3 are shown in Fig. 6.

Table 1 and Fig, 6 illustrate that the accuracy of prediction of

head loss~-time relationships, for cakes formed on cylindrical septa of

the same diameter used for determining B, is relatively insensitive to
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| inch septum

From Table |

0 Bon® B uo#™ R -
14 6.21 99.993
20 4.83 99.994
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approximations of Curve C in
Fig. 4 using " = 14 and 20
#/cu ft

on sepra oI Ziifsrent size or
shape iz mu:i: ncTs sensitive,

=3z 22 error in

7p Tesulis I i:irTesponding

and the vzlzz I ~ used to
B
determi=zs = =czx=s for cylin-

be stated.
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DESIGN APPROACH

A computer program has been developed as a part of this study for
use in determining the optimum operating conditions for z specific type
of plant filtering a particular water using a specified grade of filter
aid. This program has been named POPO (Program for Optimization of
Plant Operation). POPQO determines the optimum combination of filtration
rate, body feed concentration, and terminal head loss by simply computing
costs of filtration for many different combinations zné choosing the ten
most economical. Different types of equipment ané different grades of
filter aid can be compared by making appropriate changes in the input
data, repeating the optimization process for each, ané comparing the
results. A reference manual for POPO is included in this thesis
(Appendix D). )

A combination of flow rate (q), body feed concentration (Cp), and
terminal head loss (H) will be abbreviated as an ordered set of three
numbers enclosed in double parentheses ((q, Cp, H)) - - e.g., the
combination ¢ = 1 gsfm, Cp = 30 ppm, and H = 130 it of water would be
((1, 30, 130)).

Filtration costs are made up of the first cost of the plant and
the operating costs, Plant first cost includes the filters, body feeding
equipment, pumps and piping, filter building, zné 211 other necessary
equipment. Operating costs include costs of power, lzbor, maintenance,
diatomite, and backwashing. There are other incidental costs included

in the total cost of filtration, such as administrztion, insurance, etec.,

but these are minor and do not ordinarily vary with the choice of



operating conditions.

The cost of filtration depends on the filterability of the water.
Filterability in this thesis is defined as the capability or relative
ease of being filtered, based on resistance of filter cakes formed when
filtering the water. A water that typically results in filter cakes of
high resistance or requires relatively large amounts of body feed to
form incompressible cakes has a low filterability. On the other hand,

a water that typically results in filter cakes of low resistance or
requires relatively small amounts of body feed to form incompressible
cakes has a high filterability. Effluent quality or the amount of solids
passing through the cake is not a factor in this definition. Throughout
this thesis, it is assumed that the effluent quality is acceptable for
each combination ((q, Cp, H)) being considered.

The B index depends on the concentration of solids (Cg) and the
concentration of body feed (Cp) in the water being filtered and also on
the particular filter aid used. Thus, a method of describing the vari-
ation of B index with Cg and Cp for a particular grade of filter aid
would be a method of fepresenting the filterability.

The best available means of describing the variation of B index is
empirical prediction equations based upon data collected for the water
using a pilot plant. Prediction equations have been determined by least
squares techniques for the data analyzed in this thesis, and will be
discussed in the next chapter.

The use of POPO in the design of a diatomite filtration plant
involves:

1. The accumulation of cost estimates needed for computation of
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filtration costs.

2. The determination of the filterability of the water to be filtered
by running pilot plant tests at the source. Sufficient pilot plant filter
runs should be made to determine B index prediction equaﬁions for each
type of filter aid to be considered.

3. The use of POPO to determine the optimum operating conditions
((q, Cp, H)) for each type of plant and each type of filter aid being
considered. The use of POPO is explained in Appendix D.

POPO is designed to determine the optimum combination ((q, Cp, H))
for a particular type of plant filtering a water of known filterability
using a particular filter aid. The filterability is represented by the
B index prediction equation for the particular filter aid. For each
combination ((q? Cp, H)), POPO follows the procedure indicated below:

1. Computes the filter area needed by dividing the total plant
flow by the unit flow rate (A = Q/q).

2, Predicts B index by using an appropriate B index prediction
equation.

3. Computes the length of filter run and the terminal filter cake
thickness, including precoat thickness, from the diatomite filtration
equations developed in Chapter 3. The length of filter run is the time
duringtthe filter cycle that the filter is in the filtering operation,
i.e., does not include time of precoating and time of backwashing.

4. Computes the first cost, operating costs, and total cost of
filtration.

5. Compares the resulting total filtration cost with total costs

previously computed for other combinations. If it is one of the ten
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cheapest combinations for which costs have been computed, the results
are stored for subsequent output.

Then, after costs have been computed and compared for all the
specified combinations, the results for the ten cheapest combinations

are printed out.
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PREDICTION EQUATIONS FOR B INDEX

Filtration Data

Many filter rums made by different investigators were analyzed in
this study. These filter runs were made for the purpose of determining
filter cake resistance. Each of these filter runs was assigned a sym-
bolic code number (ID) for reference. Also, each of the six different
types of suspensions was assigned a suspended solids code number from 1
to 6. These code numbers and the types of suspensions are explained in
the summary of filter runs (Appendix B).

The data include filter runs made using flat septa and 3.5 inch

diameter cylindrical septa.

Filters

The different types of filters have been described by the various
investigators, and only brief descriptions will be presented here.

The first digit of the filter run identification code number iden-
tifies the particular group of filter runs. Filter runs made by
Regunathan in the preparation of his thesis (35) begin with the digit 1.
He filtered Iowa State University tap water with either one of two types
of clay added. The types of clay used were Kentucky ball clay consisting
mostly of Kaolinite and Wyoming bentonite consisting mostly of Mont-
morillonite, These waters will be referred to by the type of clay they
contain in subsequent discussion. These filter runs were made using a
pressure filter containing 3.5 inch diameter sebta. This pressure fil-
ter has been referred to as the pilot plant and has been used in several

investigations at Iowa State University (3, 19, 20, 25, 27, 35)., For all
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of Regunathan's filter runs listed in Appendix B, turbidity units were
used in place of Cg.

Filter runs with ID numbers beginning with 4 and 5 were also made
using the pilot plant. ﬁni&érsity tap water containing hydrous ferric
oxide floc was filtered in these filter runs, This water was prepared
by adding iron salts, followed by aeration and mixing of the water. This
water will be referred to as iron bearing water. Filter runs with ID
numbers beginning with 4, made primarily by Iowa State University stu-
dents who were hired as hourly emp;oyees, are denoted as extra runs,
Filter runs with ID numbers beginning with 5 were made by Hall and Hawley
in the preparation of their theses (19, 20).

Filter runs with ID numbers beginning with 7 were conducted using a
U. S. Afmy mobile purification unit filtering effluent from the lime-~
soda ash softening process at the Ames, Iowa, municipal water treatment
plant. This water contained small amounts of suspende& CaCO3 not pre-
viously removed. This water will be referred to as softened water. This
mobile purification unit is referred to as Miss Purity. It is on loan
from the U. S. Army Research and Development Laboratories, Fort Belvoir,
Virginia, The filter in Miss Purity contains 3.5 inch diameter septa and
is very similar to the pilot plant. Miss Purity is also equipped with a
pretreatment unit - - a solids contact type upflow clarifier. Turbidity
units were used in place of Cg in all filter runs made with Miss Purity.

Filter runs with ID numbers beginning with 2 and 3 were respectively
made by Foyster and LaFrenz using a small variable head permeameter (VHP)
with a 6 inch diameter flat septum. Iron bearing water was filtered in

these runs. The VHP has been described in detail by LaFrenz (25).
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Filter runs with ID numbers beginning with 6 were made at the water
treatment plant at Lompoc, California. Thgfe filter runs represent the
only full scale plant data included in Appendix B. They were actual
filter runs made in the production of potable water for the City of
Lompoc. The diatomite filters at the Lompoc plant are vacuum filters
manufactured by BIF, Division of the New York Air Brake Company, Provi-
dence, Rhode Island. The septa used are flat. Softened water is fil-
tered at Lompoc. The Lompoc plant is a conventional lime-soda ash
softening plant except for the use of diatomite filters rather than
rapid sand filters. It has been described by Lawrence (28), Chief
Sanitary Engineer for Koebig & Koebig, Inc., the engineering firm that
designed the plant. Turbidity units were used in place of Cg in the

Lompoc filter runs.

B Indexes

Appendix B presents a summary of B indexes for approximately 200
filter runs. Also included are unit flow rate (q, Q in the Appendix),
solids concentration (Cg, CS in the Appendix), body feed concentration
(Cp, CD in the Appendix), £ index (€, XI in the Appendix), f index (B,
BETA in the Appendix), correlation coefficient of the least squares head
loss~time curve in percent (R), and the type of suspended solids (SS).
The letter R was defined as the outer radius of cylindrical filter cakes
in the development of Equation 25 in Chapter 3., The correlation co-
efficient is also denoted by R in this thesis. However, no confusion
should result from this dual use of R because the proper meaning of R

in each ‘case is evident from its context. Also, R is only used to demnote
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- the filter cake radius in Chapter 3.

There is no correlation coefficient included in the . 'pendix for
the flat filter cakes (ID numbers beginning with 2, 3, or 6). For
these runs, f was computed from the K, value determined by the original
investigator. The equation B = (10)'6g7wK4/v was used to convert K, to B.
This equation is valid for flat filter cakes, but not for cylindrical ones.

For the cylindrical filter cakes (ID numbers beginning with 1, 4, 5,
or 7) B was determined by regression of H on In(l + Rs¢x/R02) as explained
in Chapter 3. Values of § were estimated from an estimafe of the inflec-
tion point of the H versus t curve (Equation 30) as explained in Chapter 3.
Cylindrical septa of 3.5 inch diameter were used in all of these filter
runs. In determining f index, a value of 15 #/cf was used for 7p* The
IBM 7074-1401 computer system at Iowa State University was used for the
regression analyses. The correlation coefficient for the B index of each
of the cylindrical cakes is included in Appendix B, and they are generally
well above 997%.

Fig. 7 illustrates the regression head loss-time curves for six of
the cylindrical filter cakes (Runs 1203, 4007, 5055, 5060, 5155, 7020).
Each curve in Fig. 7 is the curve of best fit determined by regression
of H on In(l + Rs¢x/R02).

The old diatomite filtration equations assumed that the head loss-
time curve (H-t curve) became linear after initial dilution. This is
true for flat septa, but not for cylindrical septa., However, when using
3.5 inch diameter septa, the H~t curve may appear linear for a relatively
long time, especially for filter runs with a low body feed concentration.

When Cp is low, the thickness of the cake increases slowly, and the effect
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of increasing area is less noticeable.

The increasing area effect is more noticeable for 1.0 inch septa
(Curve C, Fig. 4), when Cp is high, and in long filter runs after an
appreciable cake thickness has formed.

The H-t curves for Rums 7020, 1203, and especially 5060 (Fig. 7)
are practically linear after the transition period. Many of the other
filter runs analyzed also appeared linear either because the body feed
concentration was low or the filter run was relatively short. It is not
difficult to understand, then; that the old equations were thought to
be valid for cylindrical septa, at least for 3.5 diameter cylindrical
septa.

However, some of the longer runs and runs with high Cp illustrate
the effect of increasing area and the inadequacy of the old equations
for cylindrical septa (Rums 5055, 4007, and 5155 in Fig. 7).

The filter runs summarized in Appendix B verify the filtration
'heaq loss equations for flat (Equation 26) and cylindrical septa
(Equation 25)., They demonstrate that B remains constant during a filter
run as long as q, Cg, and Cp remain constant.

It is worthy of note that practically all of the cake resistances
forfcylindrical cakes determined using the old equations were lower
than corresponding resistances determined using Equation 25. This was
expected because curves B and C of Fig. 4 have smaller slopes than curve A
immediately following the transition period. Thus, it would be expected
that a B index determined for a ecylindrical cake using the equation for

flat septa (Equation 26) would be too low.
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Prediction Equations
The prediction equations for B index used in this thesis are of

the general form:

R VS 31)
where by, by, by, and b, are exponents determined empirically. The
general prediction equation can be made linear with a log transformation
leading to:

log B = by + bylog (Cg/Cp) + bglog Cp + bylog £ (32)
The coefficients bl’ b2, b3, and b4 can be determined by linear regression
taking log B as the dependent variable and log (CS/CD), log Cp, and log €
as the dependent wvariables.

In some cases, by or b, or both may be zero. For example, if the
prediction equation were for a group of filter rumns for which the same
filter aid was used, then £ would be the same for all the filter runms,
and log £ would not be a variable. In such a case, log £ should be
dropped (by = 0).

Also, if Cg is constant or nearly constant for a group of filter
runs then CS/CD and Cp would not be independent variables. In such a
case, log Cp should be dropped (b3 = 0). If Cg is nearly constant and
the same fiiter aid was used for a group of filter runs, then log Cp and
log £ should both be dropped and both b3 and b, would be zero.

When by and b, are both zero in Equation 31 (bg = b, = 0), the
prediction is similar to the previously used method of predicting cake
resistance by means of a log-log plot of K, versus CS/CD 3, 4, 5, 19,

20, 35). 1In this case the prediction equation is of the form:
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b b b b
B = 10 (cs/cp) 2 cp’ 0 = 10 1 (cs/cp) 2 (33)

A summary of prediction equations for the filter runs summarized in
Appendix B is presented in Appendix C. Several of the prediction equations

are of the form shown in Equatiom 33 (b3 = by = 0).

The prediction equations for filter runs filtering iron bearing
water at the same concentration using the same filter aid gave some of
the highest R values (prediction equations for Rumns 2010-2013; 302020-
302800; 305020-305160; 309020-309160; 310030-310160; 312020-312100;
5038-5043; 5053-5956; 5057-5063; 5091-5096). These prediction equations
have the form of Equation 33. 1In practice, this type of prediction
equation would probably find more application for iron removal from
ground water supplies because the iron concentration of the raw water
would probably remain constant over long periods of time.

Plots of computed log B versus observed log B for some of the
prediction equations in Appendix C are shown in Fig. 8. These plots
are shown mainly to illustrate the relative scatter of points associated
with the various R values. Computed versus observed plots are commonly
used to illustrate scatter for least squares fitted equations, especially
those containing more than one independent variable.

One of the lowest values of R is the one for the prediction equation
for Runs 6209-6219 shown in Fig, 8. R for this equation is 86.2%. As
demonstrated by Fig, 8, R should be above 907 and preferably above 95%
for good B prediction. However, as demonstrated by Appendix C, most of
the R's are above 95%.

It is reasonable to assume that B is some function of Cs/CD, and
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therefore, that the use of Equation 33 would result in fairly high R
values. If this ratio were constant for a group of filter runs, it
would seem that the resulting filter cakes would have the same char-
acteristics, and thus, the same R index. For example, if a filter rumn
were repeated under the same conditions except that Cg and Cp were
doubled, the ratio CS/CD would be the same. It would be reasonable

to assume that the resulting filter cake would be the same as the first,
but formed twice as fast,

However, the use of a prediction equation like Equation 33 did not
result in relatively high R's for some of the waters filtered. Rela-
tively high R's were obtained for water containing Kaolinite (Runs
1203-1215; 1304-1315) and iron bearing water (Runs 302020-309160;
310030-312100; 4006-4034) when Cg was not the same for each group of
filter runs, but relatively low R's resulted for water containing
Montmorillonite (Runs 1404-1416) and softened water (Runs 6111-6121;
6209-6219; 6322-6332; 7003-7023). Regunathan (35) also found that
relatively low correlation was obtained with water containing Mont-
morillonite when trying to predict the variation of cake resistance
(as represented by K, determined using Equation 11) with CS/CD by use
of a log-log plot of K, versus Cg/Cp.

The following form of the prediction equation (bg = 0 in Equation 31)
was used in an attempt to improve § prediction, especially for water
containing Montmorillonite:

b b b
B = 10 ! (cg/cp) 2 cp > (34)

As illustrated by Appendix C, the use of Equation 34 made substantial
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improvements in B prediction for softened water and for water containing
Montmorillonite. R increased from 82.9% for Equation 33 to 98.8% for
Equation 34 for Runs 1404-1416. This is also illustrated by the plot
of computed log B versus observed log B for the two prediction equations
for these runs (Fig. 8).

The use of Equation 34 also improved B prediction, but not as
significantly, for iron bearing water (Runs 302020-309160; 310030-
312100; 4006-4034) and water containing Kaolinite (Runs 1203-1215;
1304-1315).

An explanation of the different degrees of B prediction improvement
for different waters, resulting from the use of Equation 34 rather than
Equation 33, is not readily apparent. The author suspects that the use
of B index, rather than the specific cake resistance based on weight of
diatomite (z.), is a major contributing factor. However, a true value

of z, is very difficult to determine, especially when using cylindrical

c
septa.

If accurate values of Cg, Cp, and 7p were known, and all the hypoth-
eses assumed in the derivati&n of Equation 25 were true for a particular
run used for the determination of f index, an accurate value of z, could
be determined from the B index. This is rarely the case, and therefore,
B is not ordinmarily a true measure of cake resistance. It is therefore
referred to as an index of cake resistance.

However, it ié a very good index of cake resistance as demonstrated
be the very high R values in Appendix B, The fact that a value of B

index can be determined that accurately describes the head loss-time

curve for a filter run even when using estimated values of Yp> using
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turbidity units in place of Cg (turbidity units are used in place of Cg
for filter runs with ID numbers beginning with 1, 6, and 7), and possibly
when thggégiids do increase cake thickness appreciably makes practical
the use of B index. The important thing is that the use of Equation 34,
rather than Equation 33, tremendously increases the accuracy of B index
prediction in some cases.

If the use of B index rather than z, is the primary reason for the
differences, then the Cp term in the prediction equation serves primarily

.

as a factor that compensates for inaccuracies in B relative to z.

The swelling property exhibited by Montmorillonite when placed in
water may be a factor contributing to inaccuracies in B determination.
The swelling of this clay, if it occurs in a filter cake, would increase
the thickness of the filter cake and result in an error in the deter-
mination of B, Regunathan (35) thought that this swelling property
might be a significant factor in the explanation of the poor correlation
of log K4 with log(CS/CD) for Wyoming bentonite.

The poor correlation, when using Equation 33, for water containing
Montmorillonite and for softened water may be a result of using turbidity
in place of Cg in the correlation. Turbidity is a measure of the scatter
of light beams passed through the water, and is not normally considered
a good measure of suspended solids concentration (Cg). Also, turbidities
of the unfiltered water were normally less than 10 for the softened
water, and the accuracy of such low turbidities is questionable.

The CS/CD exponent in the second prediction equation for Runs 7003~
7023 is only 0.0361. This is an indication that the variation in B for

these runs was largely due to the variation in Cp and practically
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independent of Cg. This is a strong indication that the turbidity
values were probably in error.

Low R values for the Lompoc filter runs (Runs 6111-6332) were
undoubtedly the combined result of several factors, primarily, the
fact that the Lompoc plant was designed and built for the production
of potable water for the city of Lompoc and not for research purposes.
Measurement of the actual flow rate, turbidity, and body feed concen-
tration for each of the filters, although adequate for plant operatidn,
was not possible to the accuracy desired by the author. Turbidity
and body feed concentration could not be determined for each filter,
and therefore, values for the total flow had to be used. It was noticed,
in some instances, that the rate of increase of cake thickness was not
the same fo? all three filters, and therefore, that the flow rate,
turbidity, and body feed concentration were not all the same for all
three filters,

Notice that the exponent of Cp is negative for all prediction
equations that contain the Cp term. This is an indication that the
variation of B index is more affected by changes in Cp than in Cg.

Some of the prediction equations in Appendix C contain £ (Equation
31). The use of this form of the prediction equation is not recommended
because the £ index, although a good index of hydraulic characteristics,
is not an adequate index of the filtering characteristics of filter aids
(15, 16). It is more desirable to determine separate prediction equations
for each grade of filter aid. However, good results can be obtained if
the correlation coefficient was high and no attempt is made to predict B

index for a filter aid grade that was not included in the pilot filter
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runs from which the prediction equation exponents were determined.

The prediction equations that include £ were deteygined because
they give an indication of the variation of B indé; with € index (i.e.,
variation of cake resistance with precoat resistance or filter aid
resistance). The exponent of £ for every one of these equations is
less than 1. This indicates that changes in filter aid resistance
result in relatively smaller changes in filter cake resistance. Halli
demonstrated this result for iron bearing water with Runs 5150-5156 (19).
The prediction equations demonstrate the same result for water con-
taining Kaolinite (Runs 1203-1315) and for softened water (Runs 6111~

7023).
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COST ASSUMPTIONS AND METHODS OF COMPUTATION

First Cost

It is assumed that the first cost of the plant is primarily de-
pendent on filter area needed and the flow capacity required. Since
the filter area needed is equal to the total flow divided by the unit
flow rate (Q/q), plant first cost is dependent on q. A plant of a given
filter area, say 1000 sf would cost more if it treated a larger flow
because pumps and piping, body feeding equipment, and other equipment
would have to be larger to handle the larger flow,

A plot of plant first cost in dollars per square foot versus filter
area (log scale) is shown in Fig. 9. The cost information plotted
includes cost information obtained from filter manufacturers and some
existing filtration installations, and cost estimates made by LaFrenz
in the preparation of his thesis (25).

This cost information was accumulated only for the purpose of
demonstrating the use of POPO, and should not be used in the design of
an actual filtration plant. Costs can vary tremendously, depending on
the type of plant, location, etc., as demonstrated by Fig. 9. Costs can
also vary with time. The more accurate and current the data used by the
consultant to prepare a first cost~area curve similar to the curve in
Fig, 9, the better will be the resulting cost optimization.

After the first cost-area curve has been prepared for a particular
installation, the first cost of plants of various areas can be determined
from this curve. (See discussion of rate factor in POPO user manual,

Appendix D.)
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Labor and Maintenance Cost

It is assumed that both labor and maintenance depend primarily on
the size of the plant (similar to plant first cost assumption), i.e.,
filter area and capacit&. For this reason, labor and maintenance costs
are combined and computed the same way as plant first costs.

Fig. 10 illustrates the plot of combined monthly labor and mainte-
nance costs per unit filter area versus area (log scale) for some cost
data for various installations and estimates made by manufacturers'
representatives., Most of the points shown in Fig. 10 are representative
of automatic backwaéhing filter plants. There seems to be a definite

trend towards automatic backwash plants for diatomite filter installations,
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for which less operational attendance is needed.

Fig, 10, like Fig. 9, was prepared only for the demonstration of the
use of POPO, and should not be used when designing an actual installation,
Actual estimates of monthly labor and maintenance costs should be made
and a cost-area curve similar to the one shown in Fig. 10 prepared for

each installation to be designed.

Diatomite Cost

The cost of diatomite is computed as simply the total weight of
diatomite times the cost per unit weight. The total weight of diatomite
needed includes diatomite used for precoating and body feed. The weight
of body feed is found by multiplying the weight of water produced by the
weight frac;ion of body feed used. The weight of precoat per filter
cycle is equal to the filter area times the precoat weight per unit area.
Diatomite cost per unit volume of water produced is a function of b&dy

feed concentration and length of filter run.

Power Cost

The cost of power is computed on the basis of a unit cost per
kilowatt-hour (kwh). It is realized that power costs usually consist
of a demand charge and an energy charge. Methods of computing these
charges vary from one location to the next. The energy charge is usually
computed on the basis of decreasing unit cost per kwh for successive
increments of energy - - i.e., 4 cents per kwh for the first 400 kwh,
3.5 cents per kwh for the next 500 kwh, etc.

It is assumed that the energy needed to pump the water through the

filter is a small portion of the total energy needs of the installation.
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Energy may also be needed for heating, pumping the water into the distri-
bution system and storage reservoirs (possibly including elevated stor-
age), booster pumps, well pumps, etc. These other energy needs, for the
most part, are independent of the terminal head loss through the filters,
and therefore, are excluded from energy cost computations made for the
purpose of plant optimization.

It is further assumed that the total energy needs are great enough
that the lowest unit cost per kwh can be used to compute the cost of
energy needed for filtering. The demand charge is not included in the
power cost calculation because of the many different ways it is computed,
. and because it is usually a fairly small portion of the total power bill.

The validity of these assumptions will depend on the particular
installation. However, it is felt that this method of power cost compu-
tation will be generally applicable to different types and sizes of fil-
tration plants in different locatioms.

The energy needed per month for filtering is computed on the basis
of pumping the quantity éf water produced per month against the terminal
héad loss - - i.,e.,, the weight of water produced per month times the
terminal head loss divided by an assumed overall efficiency of energy
conversion. This quantity is converted to kwh and multiplied by the
unit cost per kwh to obtain monthly power cost.

There is a potential po&er cost savings in the use of variable-
speed pumping because the average head loss through the filter cake for
a filter run is considerably less than the terminal head loss. This
potential economy was not considered in this thesis and is an area of

future application of POPO. Some of the more recently constructed
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diatomite filtration plants utilize variable-speed pumping - - including

the one at Massena, New York (30).

Backwashing Cost

The length of a filtering cycle is equal to the sum of the length
of the filter run, and the time needed for backwashing and precoating
the filter for the next filtér run. Water is not produced by the filter
during the time needed for backwashing and precoating (down time). The
filter would have to operate at a slightly higher rate to filter the
same quantity of water during a filter cycle that would have been fil-
tered if it were in operation for the entire filter cycle. In addition,
filtered water must be used for backwashing, and it too will have to be
replaced by a slight increase in the flow rate.

It is assumed that the increase in costs resulting from providing
filtered backwash water increases the operating costs proportionately - -
i.e., monthly cost of backwash water is equal to the total monthly
operating cost times the ratio of the quantity of backwash water needed
per month divided by the quantity of finished water produced per month.
The need to provide backwash water would not increase the first cost of
the plant unless it was so large a percentage of total production that
additional filter area had to be provided.

The cost of producing the water that would have been produced during
the down time is computed as the operating costs (excluding power costs)
times the ratio of down time to length of filter run. Power costs are

excluded from this computation because the total design flow is used to

compute power costs.
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The method proposed above for calculating backwash costs is only
approximate, but it eliminates the need for an iterative calculation
process, The increase in the filtration rate that would be needed to
overcome production loss during down time and to provide backwash water
will decrease the filter run length, and thus, increase the amount of
down time per day above that which is calculated based on the design
filtration rate. The resulting-increase in down time is greater than
. fhe proportional increase in filtration rate (Equation 25 or 26). Thus,
the filtration rate would have to be increased again to compensate for
the more than proportional’zacrease in down time. Therefore, it is
apparent that an iterative process would have to be used to find the
actual combination of filtration rate and filter area that would result
in the desired quantity of finished water being produced.

However, the proposed method should give good results because the
backwashing cost is ordinarily a small portion of the total operating
cost, Backwashing cosﬁ cannot be neglected altogether because it can
be a significant cost factor for short filter runs. The method proposed
would not be adequate for extremely short filter rums (less than four

hours), but this inadequacy will not affect the use of the program since

extremely short runs do not provide optimum economy.
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OPTIMUM DESIGN

The output for a POPO run in which 13 jobs were processed is
included in Appendix D. The input data card images for each job appear
first in the output for each job. The input data, by its format design,
give a good description of the type of installation being designed for
each job. The POPO results then follow the input data.

Jobs 1-8, and 13 are for hypothetical installations. Jobs 9-12 are
based on the conditions at Lompoc, California.

For all jobs processed, the cost-area curves shown in Figs. 9 and 10
were used to compute first cost and combined labor and maintenance costs.
It should be kept in mind that actual costs for a particular installation
could vary considerably from these two curves. Still, some very inter-
esting observations can be made from the output for these 13 jobs.

An appropriate B index prediction equation was selected from Appendix
C for each job in the POPO run,

A summary of the 13 jobs processed by POPO and included in Appendix D
is shown in Fig. 11. 1Included for each job number are the design flow
for the plant (Q), the type and concentration (Cg) of solids, the grade
of filter aid being considered, the water temperature, type of septum,
the length of filter run (t,.), the predicted p index, the two most
economical combinations ((q, Cp, H)) for 106% of predicted B values,
and the total, first, and operating costs ($/MG).

The optimum combination ((q, Cp, H)) varies for each type of instal-
lation, depending primarily on the filterability of the water as repre-

sented by the B index prediction equation. As the filterability decreases,
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SUMMARY OF 13 JOBS IN POPO RUN INCLUDED IN APPENDIX D
Job Q Solids Filter Temp Septum te 4 8 - ((a, an H)) - 3 /MG
MGD ppm type aid °F inch hr 10 ft For 1007 8 Total First Oper
- i/
1 1 7.5 diron C-503 55 Flat 17.5 8172 ((0.6,40,150)) 17.2 17.4 59.8°
9.9 8172 €(0.8,40,150)) 7.3 14.2 63.2
2 1 7.5 iron C-503 55 1 18.1 8172 ((0.8,40,140)) 67.1 14,2 52.9
19.7 8172 ((0.8,40,150)) 67.1 14,2 52.9
3 7 7.5 iron C-503 55 3.5 14.4 6961 ((0.8,40,150)) 59.8 12.4 47.4
10.8 11920 ((0.8,30,150)) 39.9 12,4 47.5
4 7 7.5 irom Hsc S5 3.5 9.9 9852 ((0.8,40,150)) 59.1 12.4 46.7
12.4 6491 ((0.8,50,150)) 59.3 12.4 46.9
5 7 4 iron HSC 55 3.5 13.7 7323 ((1,25,150)) 44,2 10.4 33.8
12.7 7323 ((1,25,140)) 46.2 10.4 33.8
6 3 50% KBC HSC 48 1 11.2 5819 ((1,50,150)) $8.0 14.7 43.2
' 9.8 5819 ((1,50,135)) 58,2 14.7 43.4
7 3 S0% KBC HSC 72 1 11.6 9537 ((1,40,150)) S4.1 14.7 39.4
10.2 9537 ((1,40,135)) 54.2 14.7 39.5
8 3 30% wB HSC 72 1 8.8 11725 ((0.5,200,150)) 140.6 25.8 114.8
10.0 10308 ((0.5,210,150)) 140.7 25.8 1l4.9
9 4,5 8.5 LSA C-503 65 Flat 31.8 973 ((0.73,24,25)) 32.3 12.4 19.9
26.0 1295 ((0.73,22,25)) 32.3 12.4 19.9
10 4.5 8.5 LSsA HSC 65 Flat 16.5 1866 ((0.73,24,25)) 31.7 12.4 19.3
14.9 2252 ((0.73,22,25)) 31.8 12.4 19.4
11 7 - 8.5% LSA HSC 65 Flat 6.0 824 ((1.50,35,25)) 27.6 7.1 20.5
7.2 1151 ((1.25,30,25)) 27.7 8.1 19.6
12 7 8.5 LSA HSC 65 1 8.7 1708 ((2.50,25,85)) 21.3 5.2 16.2
9.5 1708 ((2.25,25,75)) 21.4 5.5 15.9
13 25 8.5% LSA HSC 65 1 8.7 1708 ((2.20,25,85)) 19.9 4.9 15.0
9.5 1708 ((2.25,25,75)) 19.9 5.2 14.7
HSC = Hyflo Super-Cel
KBC = Kentucky ball clay (Kaolinite)
WB = Wyoming bentonite (Montmorillonite)
LSA = Carry-over from lime-soda ash process
% Turbidity units rather than ppm by weight

Fig. 11,

Summary of POPO run
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the optimum flow rate decreéses and the body feed concentration and
terminal head loss increase. 1In general, when total operating cost is
high (low filterability) compared with the first cost, the lower flow
rates are more economical because first cost is a relatively small
portion of the total cost and decreasing the flow rate decreases total
operating cost.

Fig. 11 and the POPO output in Appendix D illustrate that the
optimum design or optimum ((q, CD, H)) depends on the particular situ~
ation, and can vary considerably. The optimum flow rates ranged from
less than 0.5 to more than 2.0 gsfm (Appendix D). Therefore, the use
of a fixed filtration rate of 1 gsfm should be avoided. Most of the
present application of diatomite filters in the water supply field is
in the filtration of water of relatively high filterability and thus
relatively higher optimum filtration rates. The water filtered at
Massena, New York (30) is a water of very high filterability. According
to information sent to the author by the Department of Public Works in
Massena, the plant is presently filtering at about 0.5 gsfm and filter
runs are 4 and 5 days long. 1In light of the results indicated in Fig. 11,
the Massena plant probably should have been designed to operate at 2 or
3 gsfm for optimum economy.

Increasing B index from 50 to 175% of predicted values (Appendix D)
for all 13 jobs resulted in smaller flow rates and larger body feed
concentrations and terminal head losses for maximum economy. Relatively
large B indexes are typical of waters of low filterability.

Changing from flat septa to 1 inch cylindrical septa as shown in

Jobs 1 and 2 decreased the cost of water production by about 13%. This
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assumes, of course, that the same first cost and labor and maintenance
costs are applicable to both jobs. Also, in changing from é vacuum fil-
tration plant with'flat septa (Job 1l) to a pressure filtration plant
with 1 inch septa (Job 12), the total cost dropped from $27.6 to $21.3
per MG. However, in practice, there may be practical advantages for
using flat septa or vacuum filters, and in some cases, it may be felft
that these advantages justify the extra cost.

Hyflo Super-Cel is considerably finer than C-SOB filter aid. The
£ index for Hyflo Super-Cel is about 5(10)° fe/# ;nd for C-503 is about
2(10)9 ft/#. However, differences in B index are less than corresponding
€ indexes, and Hyflo Super-Cel costs less than C-503. The question then
arises as to whether difference in prices of the two filter aids is great
enough to make the use of Hyflo Super-Cel economical since the resulting
higher cake resistances will decrease the length of filter run and in-
crease backwashing cost and the amount of precoat diatomite. If the
costs are comparable between the two filter aids, it would probably be
more desirable to use Hyflo Super-Cel because the finer filter aid can
remove smaller particles.,

Hyflo Super-Cel costs about $20/ton less than C-503. Comparison of
Jobs 3 and 4 and Jobs 9 and 10 illustrate, at least for these two par-
ticular cases, that the use of Hyflo Super-Cel resulted in slightly
lower costs than C-503.

Jobs 9 and 10 illustrate the use of POPO in optimizing operating
costs at an existing plant. Information collected at the Lompoc plant
was used in Jobs 9 through 12. The variables used in Job 9 approximate

the conditions at the plant in the latter part of June, 1964, The
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cost-area curve shown in Fig. 9 was used for computing first cost and

may not be entirely representative of the Lompoc plant. Since the filter
area and terminal head loss are fixed for the plant, only Cp is optimized
by POPO.

The actual first coét of the filtration portion of the Lompoc plant
is somewhat less than the first cost determined from the curve shown in
Fig, 9;

The turbidity load to the filters during June ranged from about 3
to 11 units and was usually about 6 to 10 units. The optimum body feed
for both C-503 and Hyflo Super-Cel under the specified conditions (Jobs 9
and 10) is 24 ppm for the first cheapest operating cost and 22 ppm for
the second cheapest. The plant was being operated at 20 ppm most of
the time that the author was there, and therefore, was being operated
very near the optimum body feed rate. In both Jobs 9 and 16, for B
indexes less than 100% of the predicted values and for Cg = 8.5 units,
the optimum body feed concentrations were nearer to 20 ppm. Smaller B
indexes would be expected if the turbidity load to the filters were less
than 8,5 units. This illustrates that the Lompoc plant was being operated
at approximately the optimum body feed concentration.

Assume that the Lompoc plant were not yet constructed and POPO were
to be used to design similar filter units for the plant (3ob 11). POPO
will optimize filtration rate and body feed concentration for 25 ft
terminal head loss since terminal head loss is limited to approximately
25 ft because the filters are vacuum filters.

The results for Job 1l indicate that water could have been filtered

more cheaply if the Lompoc plant had been designed to operate at a higher
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filtration rate and using higher body feed concentrations. Of course,
POPO was not available when the Lompoc plant was designed.

Provision was made in the design of the Lompoc plant for the addition
of new filter units to double the filter area for future expansion (28).
According to the results of Job 11, it should be found that the present
filter area is adequate for much larger plant flows and additional £il-
ter units may not be necessary. However, it may be necessary tc increase
the capacity of some of the pumps, pipes and other equipment to handle
the larger flows.

It was specified for the Lompoc plant that the length of filter
run shall not be less than 14 hr for a plant flow of 7 MGD (28). The
length of filter run for many of the optimum combinations of Job 10
is less than 14 hr, and the length of filter rum for all of the optimum
combinations in Job 11 is less than 14 hr. Thus, the specification is
poor unless there are reasons other than economy that the length of
filter run should be at least 14 hr.

A further advantage of shorter filter runs at Lompoc is in back-
washing. The filters are more easily washed when the filter cakes are
thinner. One of the difficulties observed in the operation of the
Lompoc plant was that thick filter cakes were difficult to wash from
the filter housings. 1In some cases, a filter had to be washed manually
in order to remove the filter cake completely.

Job 12 illustrates that if pressure filters containing 1 inch septa
were to be designed for Lompoc that the optimum filtration rate would be
even higher, and overall econmomy would be greater. The greater economy,

of course, is based on the assumption that the first cost and labor and
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maintenance cost are comparable for vacuum filters with flat septa and
pressuée filters with 1 inch septa since the same cost-area curves
(Figs. 9 and 10) were used in Jobs 11 and 12.

Comparison of Jobs 12 and 13 illustrates that the total cost per MG
is less for plants of greater capacity. The reason for this is that
first cost and labor and maintenance costs per MG are not constant but
decrease with inc;easing capacity.

The tremendous potential of POPO in both the design of new filtra-
tion plants and the optimization of existing plants is demonstrated in
the above discussion of the POPO output. POPO should be used to optimize
the operation of existing plants because total plant flow generally in-
creases with time, and optimum operating conditions will change over the

life of the plant,
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SUMMARY AND CONCLUSIONS

The total cost of filtering potable water is a very complex function
of several variables. Because of the complexity, reasonably accurate
calgulation of costs for varying conditions of operation has not been
generally possible., As a result, filtration plants have traditionally
been designed to be adequate, rather than to produce potable water at
minimum cost, However, in the case of diatomite filtration, the desirable
goal of practical least cost design is nearer reality. The problem is
more difficult in the case of sand filtration because a generally
acceptable mathematical expression for the head loss-time relationship
of sand filters is not available,

The primary objective of this thesis was the development of a
digital computer program that could be used in the design of diatomite
filtration plants for optimum economy. In order to accomplish this,
it was necessary to be able to predict the variation of filter cake
resistance for various conditions since cake resistance is one of the
primary factors influencing costs.

In the course of this study, diatomite filtration equations were
theoretically developed from the gemerally accepted filtration rate
equation. The hypotheses assumed in the derivation of these equations
are presented.

The method that had been used to predict the variation of cake
resistance with suspended solids concentration and body feed concen-
tration (plot of K, versus Cs/CD) has been expanded., The method of

predicting cake resistance involves the use of empirically developed
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prediction equations whose coefficients are determined by least squares
techniques, -

The filter runs summarized in Appendix B were used to verify the
diatomite filtration equations developed and the form of prediction
equation used.

The computer program developed for this thesis, called POPO
(Program for Optimization of Plant Operation), is explained in the
POPO reference manual (Appendix D). Included in the reference manual
are a user manual explaining the use of POPO, a FORTRAN list of the
actual program, and actual POPO output for somé hypothetical instal-
lations and for the Lompoc, California, installation. Each of the
elements of filtration cost are computed in separate subprograms of
POPO to simplify any future modifications of the program for special
type installations.

The following conclusions were drawn from the results of this
investigation:

1. The diatomite filtration head loss equations developed in this
thesis for flat septa (Equation 26) and cylindrical septa (Equation 25)
can be used to describe the head loss-time relationships, including the
brief transitional period at the beginning of a filter run, for filter
cakes containing several different types of filtered solids. These
equations have been verified for filter cakes containing iron, clay,
and carry-over from the lime-soda ash softening process.

2. Head loss through the filter cake is a linear function of time

for flat septa and a logarithmic function of time for cylindrical septa

except for the initial tramsitional period.
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3. The time rate of head loss increase is less when using cylin-
drical septa than it is when using flat septa, other things being equal.
The smaller the septum diameter, within practical limits, the lower is
the time rate of head loss increase.

4.  Relatively accurate description of the head loss-time curves for
filter cakes can be obtained even when approximate values of precoat bulk
density (7p) are used in the determination of the filter cake resistance
index (8 index). However, the use of approximate values of "o result in |
approximate values of the B index. Thus, the value of 7p~ipd the type
of septum used in the determination of B index should be stated with the
value of B index.

5. The form of fhe B index prediction equation used in this thesis
can be used to describe the variation of cake resistance with the concen-~
tratign of solids and concentration of body feed, and in some cases, the
precoat resistance index (€ index).

6. The use of a § index prediction equation of the form

by b2 b3 b1 b2
B =10 * (Cg/Cp) “ Cp ° rather than ome of the form § = 10 * (Cg/Cp) 4,
significantly increases the accuracy of prediction in some cases. This
was especially true for water containing Montmorillonite clay and lime-
soda ash softened water.

7. Variation of € index results in correspondingly less variation
in B index,

8. POPO has tremendous potential application in both the design
of new filtration plants and in the optimization of the operation of

existing plants.
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9. fhe combination of flow rate, body feed concentration, and
terminal head loss, ((q, Cﬁ, H)), that result in least cost depends
entirely on the particular.situation and can vary considerably. There-
fore, the use of a rule of thumb flow rate such as 1 gsfm for all types
of installations should be avoided, and the optiﬁum flow rate should be
determined for each particular case.

10. The optimum combination ({(q, Cp, H)) and the cost of fil-
tration depend primarily on the filterability of the water. Filter-
ability, as defined in this thesis, refers to head loss considerations
only as defined by the prediction equations. Effluent quality is
assumed acceptable in all cases.

11. Results of the POPO output included in Appendix D, which are
based on the type of solids filtered, the cost assumptions made, and
the methods of cost computation used in POPO, indicate that:

a, Cylindrical septa are more economical than flat
septa; and the smaller the diameter of cylindrical septa,
within practical limits, the greater the economy.

b. Hyflo Super-Cel is probably more economical than

C-503, even though its £ index is comsiderably larger,

because it costs less, and variations in £ index result in

relatively smaller variations in B index. However, the

relative economy of different grades should be checked in

each case,.
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RECOMMENDATIONS

In consideration of the results of this investigation, it is
recommended that:

1. The diatomite filtration equafions developed in this thesis
be used to determine filter cake resistance,

2. The p index prediction equation in the form of Equation 34 be
used except when the values of Cg for the group of pilot filter rums
being considered are practically the same - ~ then Equation 33 should
be used.

3. The validity of the assumption that the solids in the filter
cake do not increase cake thickness be investigated for various types
of suspended solids. This will involve some method of determiniﬁg
cake thickness reasonably accurately.

4, POPO, either in its present form or in a form modified to allow
different methods of cost computation, be used in the design of diatomite
filtration plants and also in the optimization of existing plants.

5. The basic principles of cost optimization used in POPO be used
to develop computer programs to optimize other sanitary engineering
unit operations.

6. The potential economy of variable-speed pumping be investigated
by modifying the subroutine in POPO where power costs are computed
(subroutine CPOWR).

7. More filter runs be made with Miss Purity to determine B indexes
and B index prediction equations for various surface waters at the

source - - both with and without pretreatment.
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APPENDIX A, NOMENCLATURE

Definition of Terms

Term Meaning
Body feed Filter aid added to influent or unfiltered

water for purpose of forming a porous, in-
compressible cake.

Filterability Capability of being filtered. Used to
describe head loss characteristics as
defined by B index prediction equations.
Effluent quality assumed acceptable in
all cases.

Filter cake The body feed - suspended solids layer
that forms on the precoat during filtration.

Filter run A filter test made for purpose of deter-
mining cake resistance. Operation of the
filter from the beginning to the end of

the filtering operation. :

Filter run length The elapsed time from beginning to end of
filtering operation.

Suspended solids All solids suspended in water except
body feed.
Abbreviations
Abbrev. Dimensions \ Meaning
cf 13 cubic feet, ft3
fph Lr-1 feet per hour, ft/hr
ft L feet
gpm 137-1 gallons per minute
gsfm - -l gallons per square foot per
minute, gpm/ft2
hr T hour
kw FLT"1 kilowatt
kwh FL kilowatt~hour
In natural logarithm

log base 10 logarithm



Abbrev,

MG
MGD
min
mo
ppm
sec
sf
#

((Q: CD: H))
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Dimensions

L3
1371
T

T

=

Notation

Meaning

million gallons

million gallons per day
minute

month

parts per million

second

square feet, ££2

pound, 1b

short form of indicating a
combination of unit flow
rate or filtration rate (q),
body feed concentration (Cp),
and terminal head loss (H)

The subscripts p and c refer to the precoat and filter cake,

respectively, and will not be indicated below.

Symbol
A

Dimensions

1.2

Meaning
Gross outer cross sectional
area of porous media (filter
cake) perpendicular to direction
of flow

Septum area
A

Specific resistance based on
volume of filter media

Precoat resistance factor
Filter cake resistance factor

Filter cake resistance index or
B index

Body feed concentration, ppm
by weight -

Suspended solids concentration,
ppm by weight



Symbol
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Dimensions

L

T'].

LT~ 2

FL™3

FL-3

FL™3

-1.2

FTL™2

Meaning
pipe diameter

Dilution rate, theoretically
Q/Ve¢

Gravity constant
Bulk density

In place bulk density of solids
in filter cake

Density of water
Head loss or pressure differ-
ence in terms of length of water

column

Head loss through filter equip-
ment (piping, septum, etc.)

Hy + HP

Hydraulic gradient, dH/dL
Coefficient of permeability
Modified coefficient of perme-
ability that is independent of

viscosity

Factor of precoat resistance,
/R

In Equation 8, 7Sn/7p

In Equation 11, 1/Kc7p

Thickness of porous media in
direction of flow

Length of septum
Dynamic or absolute viscosity

Porosity, volume voids / total
volume



Dimensions

12r-1
FL~2

1t L

1371

Tl

LT
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—

Meaning

Kinematic viscosity
Pressure

2q7,0p(10) "/,
Flow rate, dV/dt

Flow rate per unit septum area
(filtration rate, Q/As)

Outer radius of cylindrical fil-
ter cake. Also, correlation
coefficient

Rg + Lp s, Ratt=0

Radius (outer) of septum

Weight fraction of solids-body
feed in influent

Weight fraction of solids-body

feed in the water in the filter
housing

a®vBCn/e

Time of inflection point of head
loss-time curve for cylindrical
filter cakes

Length of filter run

Volume of filtrate filtered in
time t

Volume of filter housing
Approach or face velocity, Q/A
Dry weight of filter cake

Dry weight of diatomite in
filter cake

Dry weight of solids in filter
cake



ol Dimensions

FL~2
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Meaning

Precoat weight per unit area
t - (1-e™®%) /5

Filter aid resistance index or
€ index

Specific resistance based on
weight of diatomite in filter
cake
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APPENDIX B, SUMMARY OF FILTER RUNS
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UMMARY .OF FILTER RUNS

SRS NNNSREESISIETTRT

-FILTER RUN IDENTIFIZATION CODE NUMBER, AS FOLLCWS

REGUNATHAN RUNS. FIRST DIGIT =.1.
SECOND DiIGIT = 2 FJIR SERIES B
=.3 FOR SERIES C
= .4 FOR SERIES D
LAST THREE DIGITS = RUN NUMBER
FOYSTER RUNS. FIRST DIGIT = 2
LAST THREE DiGITS = RUN NUMBER
LAFRENZ RUNS. FIRST DIGIT = 3
NEXT TUO DIGITS = VHP SERIES NUMBER
LAST THREE DIGITS = BODY FEED CONCENTRATION (CD)
(LAFRENZ CODE NUNMBER SIX DIGITS LONG, ALL OTHERS FOUR)
EXTRA RUNS. FIRST DIGIT = 4
LAST THREE DIGITS = RUN NUMBER
HALL AND HAWLEY RUNS. FIRST DIGIT = 5
LAST THREE DIGITS = RUN NUMBER
LOMPOC DATA (DILLINGHAM). FIRST DIGIT =
SECOND DIGIT = FILTER NUMBER
LAST THO DIGITS = RUN NUMBER
. MISS PURITY .AT AMES PLANT. FIRST DIGIT =7
LAST THREE DIGITS = RUN NUMBER

EXAMPLES
1208 REGUNATHAN, SERIES By RUN 6
2009 FOYSTER, RUN 9
312100 LAFRENZ, SERIES VHP~12, 1C0 PPM BODY.. FEED
4024 EXTRA RUN NUMBER 24
5155 HALL "AND HAWLEYs; RUN 155
6320 LOMPOC, FILTER 3, RUN 20
7015 MISS PURITY, RUN 15

= CORRELATION COEFFICIENT IN PERCENT

SS = SUSPENDED SOLIDS CODE NUMBER

FERRQOUS SULFATE ADDED TO UNIVERSITY TAP WATER
FERRIC CHLORIDE ADDED TO UNIVERSITY TAP WATER
FERROUS CHLORIDE ADDED TO UNIVERSITY TAP WATER
KENTUCKY BALL CLAY ADDED TO UNIVERSITY TAP VWATER
WYOMING BENTONITE ADDED TO UNIVERSITY TAP WATER
EFFLUENT FROM LIME SODA ASH PROCESS

R FILTER RUNS FILTERING SS 4y 5, OR 69 CS = TURBIDITY) .

b wuunn

1
2
3
4
5
6
o

(F
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1305
1311
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1315

1404
1406
1407
1409
1410
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1414

1415
1416

2009
2010
2011
2012
2013
2014
2016
2018
2019
2020
2021
2022
2024
2025
2026

302020
302040

302060 -

302080
302100
302160
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110
211
133
126

213

T4
93
94
105
149

599
495
410

1033

336
347
365
676
254

120
40
40
&o

120
40
80

120
40
40
€0

120
80
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276
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0.78
0.78
0.78

0.78
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0.75
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BETA
4 =2
10 FT

193
63
1230

1850 -
444 -

4740
4720
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3244 .

1714

3446
4800

11250
740 -
5150 -

5420
4140
2400

7070 :
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2931

2974

1063

334 .

2069

586

283
2478
1939

340

150

424 .
318"

366

4635
1544
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319
169
73

R

0/0

99.975

99.975

99.992
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99.963

99.993
99.965
99.977
99.979
99.981

99.972
99.969
99.983
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95.996
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99.996
99.948
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iD Q CcS CD XI BETA R SS
9 4 =2
GSFM PeN PPM 10 FT/LB 10 FT 0/0
P i S 2t $ 33t it T3+ P3¢ 22 ¢ 2 3+ + + F 3 F 3+ + F F P+ F F + + 31+ F 1
302400 1 6.7 400 0.75 22.0 1
02800 - 1 6.9 800 0.75 0.90 1
303020 2 Tel 20 075 1867 1
303040 2 Tet . 4G 0.75 1237 1
303060 2. Te4 . 60 0.75 727 1
303080 2 Te& - 80 0.75 450 1
303100 2 Te4 100 0.75 288 1
303120 2 Te4 120 0.75 187 1
303140 2 T4 140 Q.75 107 1
303160 2 Te4 160 0.75 75 1
303200 2 Te4 200 0.75 51l.2 1
303300 2 T4 300 0«75 30.0 1
304020 3 Te& 20 0.75 1717 .
304040 3 Tetr . 40 0.75 1248
304060 3 T4 60 0«75 ' 520
204100 3 T4 100 0.75 197
304130 3 Te4 130 0.75 142
304140 3 Te4 . 140 075 427
304150 3 Te4 150 Ce75 247
305020 2 4.0 20 0.75 1440
305040 2 4.0 40 C.75 514
© 305060 2 4.0 60 C.75 193
305080 2 4e0 80 "0e75 128
305100 2 440 100 0.75 78
305160 2 4.0 160 0.75 39
309020 1 2.0 20 0.75 750 1
309060 1 2.0 60 0.75 124 1
309100 1 2.0 100 0.75 48 1
309160 1 2.0 160 0«75 18.7 1
210030 3 40 30 - 0e75 937 1
© 310060 3 4e0 60 - 0.75 258 1
210100 3 - 4.0 100 0.75 85.5 1
310120 3 4.0 120 0.75 , 57.0 1
310160 3 4.0 160 0.75 334 1
212020 3 Te4 20 0.75 2504 1
312040 - 3 Te4 40 075 1035 1
312080 3 Te4 . 80 0.75 371 1
312100 3 T4 100 0.75 226 1
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P et e

bt et et ped e

iD Q - CS .- CD -~ XI BETA ' R SS
9 4 =2
GSFM PPi PPM 10 FT/L8 10 FT 0/0

4006 0.94 Tab 39.9 C.78 4252 99.971
4007 0.94 7.5 160 0.78 - 342 99.917
4012 . 0.94% 3.8 82 0.78 294 99.969
4013 0.94 1.9 *19.6 0.78 2238 99,992
4015 2.18 Te6 60 0.78 1994 . 99.896
4017 2.18 Te6 160 . 0.78 247 99.925
4018 2.18 S.1 172 . 0.78 210 99.985
4019 2.18 7«8 .319 0.78 55 99.793
4023 218 he2 . 60 0.78 1036 99.981
4030 3428 7.8 177 . 0.78 " 120 - 99.899
4032 3.28 7«9 308 078 78 98.965
4034 . 3.28 7.8 88 C.78 802 99.916
5005 0.97 8.1 294 0.984 669 99.558 1
5006 0.94 8.1 308 0.984 - 816 99.458 1
5607 094 Be4 308 0.984 673 99.805 1
5009 0.94 S.1 308 0.<84 . 692 99.195 1
5010 - 0e94 8.0 308 0e984 - 658 99.456 1.
5020 2 7.9 77 D.984 1253 99.834% 1
5021 2 8.0 77 0.984 . 1049 99.915 1
5022 2 8.0 77 0.984 1357 99.793 1.
5024 2 7.8 58 0.984% 2517 99.913 1
5025 3 7.8 61 0.934 . 1981 99.756 1
5026 3 Te8 61 0.984 1597 99.600 1
5027 3 8.0 61 0.984 - 1793 99.780 1
5028 3 8e2 61 Ce984% 1529 99.840 1
5029 3 Se2 61 C.984 1487 99.894 1
5030 1 8.2 54 0.984 . 3261 99.916 1
5031 2 7.8 57 0.984 . 2269 99.627 1
5032 1 Be2 g2 1.95 1966 99.928
5033 0.98 7.8 139 1.95 575 99.947
5034 C.98 8.0 284 1.95 232 99.784
5035 0.94 7.3 48 l.95 5894 99.330
5036 0.94% 8.0 82 1.95 2447 99.630
5037 0.94 8.1 82 1.95 3467 99.905
5028 1 8.0 87 1.01 1669 99.280
5039 1 8.0 87 1.01 . 1607 . 99.870
5040 1 8el 87 l.01" 1633 99.937
5041 i 8.1 146 1.01 590 . 99.939
5042 1 8.7 206 1.0 373 99.997
5043 1 7.9 304 1.0z 130 99.917
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0 Q cs cD XI - BETA R ss

Pt et et e

9 4 =2
GSFM PP ®°M 10 FT/LB 10 FT- 0/0

5048 1 7.7 124 5.47 1030 99.906 1
5049 1 7.7 205 5.47 526 99.353 1
5053  0.96 8.0 170 0.984% 324 . 99.936 1
5054  0.96 8.0 73 0.984 1766 99.948 1.
5055  0.94 8.1. 305 0.984 . 131  99.719 1
5055  0.96 7.8 48 0.984 3901 99.936 1
5057 . 0.96 7.8 73 0.984 | 20700 99.994 2
5058 0495 8.0 73 0.98% 25300« 99.955 2
5059  0.96 7e9 73 - 0.984 29520 99.976 2
5060  0.96 8.0 154 . 0.984 4620 99.939 2
5061 0.9% 8.0 328 0.984 1090 99.938 2
5062 0496 8.2 52 0.984 52000 $9.975 2
5063 0496 ‘8.2 17 0.984 20140 99.825 2
5091 1 8.1 292 0.984 128  99.974 3
5092  0.98 Te4 211 0.984 213  99.864 . 3
5093 1 7.9 153 0.984 338 99.861 3
5094 1 7.3 79 0.984 1053 99.977 3
5095 1 8.0 83 0.984 1300 99.955 3
5096 1 7.4 88 0.984 . 1390 - 99.916 .3
5150 1 g.2 173 5.47 575. 99.886
5151 1 7.9 147 1.95 644 . 99.923
5152° 1 7.9 224 1.95 382  99.956
5153 1 7.9 124 1.95 879  99.901
5154 1 8.~ 79 1.37 2179  99.962
5155 1 8.4 209 5047 686 . 99.986
5156  0.98 8.2 207 5.47 527 99.884
6111 0.43 1L 19.5 1.95 2927 6
6112  0.43 Be7 214 1.95 1244 6
6113  0.43 9.6 20.6 1.95 . 1939 6
6114  0.47 7-5 13.7 1.95 4468 6
6115  0.43 6 17.3 1.95 2149 6
6116  0.34. 6 17.5 1.95 1622 6
6117 0460 6 17.4. 1.95 1789 6
6118  0.77 . 9 22.7 1.95 960 6
6119 - 0.77 8 21.5 1.95 771 6
6121  0.58 6 2443 1.95 327 6
6209 1.11 5¢4. 20.2 1.95 751 6
6210 1.18 7 23 1.95 734 . 6
6211. 0.96 6.1 .  20.3 1.95 781 6
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cD XI BETA R SS
9 4 =2

2PR 10 FT/L8 10 FT . 0/0
- =+ - 1 2t - 1 FF L+ F-3]
2le8 1.95 1851 6
21.8 1.95 2889 6
21.8 1.95 1624 6
.22 1.95 2035 6
22 1.95 2033 6
17.6 1.95 2273 6
20.5 1.95 1363 6
22 1.95 635 6
21.8 1.95 1430 6
264 1.95 818 6
324 1.95 102 6
20 1.95 619 6
22 1.95 1131 6
22 1.95 1243 6
29 1.95 570 6
21l.7 1.95 710 . 6
2545 1.95 617 6
21 1.55 1245 6
12.6 5.40 1619 99.975 6
11.5 5.40 2033 100.000 6
22.8 5.40 592 99.999 6
262 . 5.40 1477 99.982 6
43 5.40 £99 99.994 . 6
49 5.40 353 99.997 6
15.4 5.40 3613 99.980 6
13.2 5440 3780 99.953 6
12.2 540 7450 99.953 6
228 540 1848 99.980 6
38.3 - 5440 567 99.968 6
10.2 5.40 7272 100.000 6
67«3 5.40 209 99.998 6
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APPENDIX C, SUMMARY OF PREDICTION EQUATIONS

In the following summary:

1. The group of runs used to determine each prediction equation
are indicated. For example, the prediction equation for Runs 2009,
2019-2026 was determined from the data of Run 2009 and the Runs in-
clusively listed from Run 2019 to Run 2026 in Appendix B.

2. The correlatibn coefficient (R, 7%) for each prediction equation
is indicated.

3. PFilter runs were separated into groups for the determination
of prediction equations on the basis of filter used, suspensions fil-
tered, and filter aid grade used. The same filter aid grade was used
in the filter runs of each group except for the five groups that have
a prediction equation that contains £. The same suspension (same SS
number, Appendix B) was filtered and the same filter used in each group
of filter runs except for the group made up of Runs 6111-7023, which
includes Lompoc filter runs and Miss Purity filter runs. Softened water
was filtered in this group. The filterability of the water filtered in
Runs 310030-312100 was not the same as the filterability of the water
filtered in Runs 302020-309160. In the former group a small quantity
of Cu++, was added to aid in the oxidation of Fe't to Fe+++, and re-

sulted in significantly different filterability.



305160

(CS/CD) .

99.7 :

SUMMARY OF PREDICTION EQUATIONS
RUNS = PREDICTION EQUATION # Ry0/0
\ . - - - . o :
% 7.26 2.00 '
1203-1215 & BETA = 10 {CS/CD) * 99,2
> +*
B 7.69 1.96 -0.201 *
= BETA = 10 (CS/CD) . CD ® 99,3
- ¥ e ot > I oo
# 7.73 2.38 #
1304~1315 # BETA = 10 (CS/CD) #. 97e8 "
[ 3 * .
> 8.17 2«11 -0.227 R
& BETA = 10 (CS/CD) cD # 97.9
.o T - - - e o . &% i o -
© 3e43 1.96 =0.254 0491 ®
1203-1315 = BETA = 10 (CS/CD) CD XI - # 99,6
e > o 3 - £k om .
» 9.58 2.28 +
1404~1416 = BETA = 10 (CS/CD) ® 82.9
< - %
2 . 11.81 1.58 -1.06 *
% BETA = 10 {(CS/CD) (of») # 98.8
[~ - - v - o 3§ o
= 8.90 1.92 »
2010-2013 &« BETA = 10 {CS/CD) * 99,0
’ - —p v Lo . c - - ’
2009, o 8.98 2.29 .
2019-2026 = BETA = 10 {Cs/cD) * 96.6
- . i+ - - " n . -
= 509 2.08 0.418 »
2009-2026 % BETA = 10 (CS/CD) ° X1 # 9669
’ - - w— F - -
302020- = 8672 2.14 »
302800 # BETA = 10 {CS/CD) - & 98.3
n = s 5 - - . o £ o -
303020~ % 8e24 1.67 -
303300 # BETA = 10 (Cs/cD) # 974
- -t L4 - R
304020~ % 8«34 1.96 %
304160 # BETA = 10 (CS/CD) #. 93.5
. i - % : By e
305020~ o . 8e43 1.79 *
# BETA = 10 )
L L -

-
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- 5091~5096

10 (CS/CD) .

RUNS = PREDICTION EQUATION # R;0/0 -
S 35 v *
309020~ =, B8e66 1.76 i
309160  BETA = 10 {CS/CH) # 99,9
310030~ = 8475 2.02 "
310160 = BETA = 10 (CS/CD) # 99,9
. Ho - i . n e L o
312020~ % 8.05 1.47 -
312100 = BETA = 10 {CS/CD) - # 99,7
. wy - > . - ; o 3§ o
302020~ ) 8.36 1.79 *
309160 = BETA =10 {CS/CD) - #. 9448
* *
= S9.10 le13 -0.782 *
&  BETA = 10 {CS/CD) CD # 967
. e aa - 2l - - . c L
. 310030~ %* 8e24 1.65 ®
312100 = . BETA = i0 (CS/CD) %*. 98.9
& _ %
* 8.67 1.32 “00430 ®
# ~ BETA = .0 (CS/CD) cD # 99,1
- 37 o - o &
o . 9.23 2614 . *
4006-4034 =/ BETA = 10 {CS/CD) # 97.4
< - %
#* 9.57 1054 _00529 *
+ ° BETA = 10 (CS/CD) CD # 98,7
£ 2 . bom 3
* . 730 0.618 L
5005~-5031 # . BETA = 10 {CS/CD). % 89.9
it - - e L = .
& 9.33 . l.95 ®* ,
5032-5037 = . BETA = 10 (CS/CD) - * 97.7
-2 9.26 1«98 *
5038-5042 = . BETA = 10 (CS/CD) * 99,9
anr . i - — - . *
] 9.05 l.88 *
-5053-5056 = ,. BETA = 10 (CS/CD) - * 99,9
) — L . — e o o
% 10.41 2.10 #
-5057-5062 # .. BETA = 10 (CS5/CD) * 99.6
* 9.05 1.89 %
* = #*# . 9845
L -2, o Jfp



RUNS % PREDICTION EQUATION # Ry0/0
oy g o oo T o . - - e T e
8 . 870 1.431 ®
5150-5156 « " BETA = 10 {CS/CD) * 95,1
% . *
] 7.30 1.6 04173 *
# .. BETA = 10 {CS/CD} XX # 96,2
5032-5056 . 6.09 1.87 0.335 #
5150-5156 = . BETA = 10 {CS/CD) X1 * 98.9.
2 8.14 2441 *
-6113=6121 « . BETA = 10 {CS/CD) - %, 8043
2 : *
'y 11.15 1e61 =2.59 »
"« . BETA = 10 (CS/CD) cD # 9662
Demoeer - - . g o o - T
z 8.04 . 1.89 *
6209-6219 = /. BETA = 10 (CS/CD) . # . T845
3% %
# 11.75 2612 =2.72 ®
% : BETA = .10 (CS/CD) co- *#. 86.2
e o e o e - o — - - o .
& 175 1.67 *
6322-6332 « .. BETA = 10 {(CS/CD; . #* ., 92.8
L- 2 &+
# 9.32 1.36 =~-l.26 #
# . BETA = 10 (CS/CD) co - #. 94,8
o o R - g - * .
%+ | 10.20 1.43 -1086 *
6111-6332 # . BETA =.10 {Cs/CD} cD # 91.2
e . v 45 - : L- L g
° 8.04 1.35 *
7003-7023 = ;. BETA = 10 {CS/CD) * 65.4
L~ 2 *
& 933 0.0361 -1.608 »
# .. BETA =.10 {CS/CD} . CD #. 9064 .
L - - - » - L 2 -b .
6111-7023 «# ' BETA =.10 {CS/CD) cD XI - #* . 85,3
= et et et v v et e e g e e e e o = o . ot et 2 D :

o g
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APPENDIX D, POPO REFERENCE MANUAL

User Manual

POPO (Program for Optimization of Plant Operation) has been
developed for use with the IBM 7074 computer system at Iowa State
University. It has been coded in FORTRAN (22), and a FORTRAN list
of the entire program is included in this manual. The FORTRAN list
includes a generous supply of comment s;atements (statements that
begin with C in column 1) for the purpoée of explaining the program
and its logic. It is suggested that the FORTRAN list be examined
even by those who are not familiar with the FORTRAN computer language.

POPO has been designed to optimize diatomite filtration plant
operation by determining the optimum combination of flow rate (q),
body feed concentration (Cp), and terminal head loss (H) that will
result in potable water at minimum cost. A combination of q, Cp, and
H will be indicated in double parentheses, ((q, Cp, H)). POPO will
optimize the operation of a particular type of installation filtering
a water of known quality (or filterability) using a particular grade
of filter aid. Comparison of different types of installations and
different types of filter aids requires repeated use of POPO, POPO
has been developed for repeated use. Any number of POPO jobs can be
processed in one computer rumn.

POPO can be used to optimize operation of existing plants. When
used for this purpose, the body feed concentration will be the main
variable to optimize. For existing plants, the unit flow rate (q) is

fixed by the total flow through the plant and the available filter area.
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The terminal head loss may also be fixed depending on the pumping head
available and the type of equipment used to control flow rate through
the filters. 1If the terminal head loss is not fixed, then POPO can be
used to determine the optimum combination of flow rate and terminal
head logs. -

POPQ has been designed to be easily modified for special appli-
cations. The computation of each of the factors of cost (first cost,
filter aid, labor, maintenance, power, and backwashing) and the nec-
essary data input for their computation has been separated into separate
subroutines (see FORTRAN list), If it becomes desirable to change the
method of computation of any of the factors of cost, this can be accom-
plished by simply changing the subroutine where the particular ébst is
computed ~ - even if the new method of computation requires a different
type of data and a different method of data input. The methods of cost
coméutation included in the present program were chosen because they
were thought to be more applicable to many different types of instal-
lations. |

POPO input has been designed to be largely self-explanatory. POPO
data sheets have been prepared for the user's convenience (Fig. 12).

The POPO data sheet simplifies data card preparation because it is only
necessary to write in the values of the specified variables for each job.
Each data card image read by POPO is reproduced on the first page of out-
put and serves as a convenient description of the particular job., POPO
output for 13 jobs is included in this reference manual for demonstra-
tion purposes. The first page of output for each job illustrates the

input data cards used and serve as examples of data input.
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Fig. 12. POPO data sheet



95

Each type of input data card has its own typical card number
punched in columns 4 and 5 (Fig. 12) and a brief description of the
type of information contained on the card. The card number is referred
to as the card index number or card index. This number is used by POPO
to determine the type of information contained on the card. There #re
21 different card indexes for POPO. The first 20 are indicated on the
POPO data sheet. Card index 21 is reserved for input of maintenance
cost information. It is not included on the POPO data sheet because
maintenance cost is included with labor cost. When POPO is used to
process more than one job iﬁ one computer run, it may not be necessary
to read in all of the input information for each job. Only that infor-
mation that changes from one job to the next has to be read in.

Comment cards may be included in the input data deck as desired
for purposes of explanation or further description. These comment
cards will be included in the output with the input data cards, but
are ignored by POPO, Any input card that has no index number or has
an index number that is not between 1 and 21, inclusively, is treated
as a comment card, An exémple of a comment card can be seen on the
first page of output for Job 3. The card that reads

(PREDICTION EQ FOR RUNS 5032-5056, 5150-~5156)
is a comment card. Also, the card that reads

JOB 3. SAME AS JOB 2 EXCEPT FOR FOLLOWING
and the blank card that follows it are comment cards., The blank card
is included only to improve readability.

CAUTION ~ - A comment card should not begin with a number or have

the letters B or S punched in column 6.
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The BEGIN card instructs POPO that all necessary data have been

read in and the optimization can begin. The B of BEGIN must be punched

in column 6.

A STOP card (with the S of STOP punched in column 6) is optional.

It instructs POPO that all jobs have been completed.

Each data card and the information it contains is best explained

by considering an example. The input data for Job 1 is listed on the

output for Job 1 (see POPO output for Job 1). This data will be used

to explain the individual input cards by index number.

1.

2,

assumed

3.

work is

4,

5.

7.

The design flow for Job 1 is 1 MGD.

The’salvage value of the piant after 25 years (plant life) is
to be 15% of the first cost of the plant.

Overall efficiency of converting electrical energy to actual
assumed to be 70%.

The annual interest rate is taken as 47%.

A plant life of 25 years is used.

The water to be filtered contains 7.5 ppm iron.

The filter aid being considered has a £ index of 1.95 (10)? ft/#

(exponents of 10 are entered by preceeding the exponent with the letter E,

1.95E9 = 1.95 (10)7).

8.

9.

10.

The water temperature is 55°F.
The weight of precoat used will be 0.15 #/sf.

The in place bulk density of the precoat (7P) is taken as 15 #/cf.

The value of ”p used to determine B indexes and the resulting prediction

equation should be used. A value of 7p must be specified on this card

even when using flat septa because it is used to determine filter cake
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thickness for both flat and cylindriéal septa as well as the length of
filter run for éylindrical septa.

11. Flat septa are used in Job 1. If cylindrical septa were used,
the septum diameter in inches would be punched in the card (see Job 2).

12. This card contains the exponents of the B prediction equation.
In this case, the prediction equation is

B = 109.33(CS/CD)1.9SCD0€0 = 109.33(CS/CD)1.95 .

13. This card contains respectively the beginning, increment, and
final values of unit flow rate to use in making cost comparisons. In
this case, the card instructs POPO that costs are to be computed and
compared for q = 0,4, 0.6, 0.8, ..., 1.8 gsfm. If only one value of g
is to be considered, only that value is entered (Job 9).

14, Compute and compare costs for body feed concentratioms (Cp)
of 30, 40, 50, ..., 100 ppm.

15. Compute and compare costs for terminal head losses of 50, 60,
70, ..., 150 ft.

16. Cost of diatomite filter aid delivered to plant is $100 per
ton, (Cost at Massena, N. Y. plant is $102 per ton).

17. The first cost card is followed by cards that contain points
taken from the first cost ($/sf) - Area (log scale) curve (Fig. 13) for
the particular plant. Each point requires a separate card. The cards
must be in the order of increasing area, and the last point card must
have an asterisk (or some character other than a blank) punched in
column 6. For all jobs included in the OQutput section of this reference
manual, the First Cost~Area curvé shown in Fig. 13 was used. From this

curve (and the input cards of Job 1) first costs are $225/sf for a 100 sf
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plant, $160/sf for a 200 sf plant, etc.

18. Power costs for Job 1 are computed on the basis of a unit
cost of 2¢/kwh.

19. Same form as first cost input (card index = 17). In the
present form of POPO, the-combined cost of labor and maintenance are
entered with card index 19. The labor cost card is followed by cards
that contain points taken from an appropriate Labor and maintenance
cost-Area curve (Fig. 14), For the 13 Jobs included in the Output
section of this reference manual, the Labor and maintenance cost-Area
curve shown in Fig. 14 was used. From this curve (and the input cards
of Job 1), labor and maintenance costs are: for a 100 sf plant, $2.00/sf
per month or $200 per month; for a 200 sf plant, $1.15/sf per month or
$230 per month; etc.

20. The values contained on this card indicate that 10 gal of
backwash water are needed for each sf of filter area each time the filter

is washed and the filter is out of operation for 30 minutes each time it
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is washgd.

Use of POPO requires the preparation of two cost curves (Figs. 13
and 14). Preferably, these curves should be prepared for each particular
installation with a known design flow. For example, consider a plant
with a design flow of 2 MGD (1 MGD is approximately 700 gpm). To prepare
the cost curves, estimates of first cost and monthly labor and maintenance
costs could be made for a plant of 1400 sf filtering at 1 gsfm, 2800 sf
filtering at 0.5 gsfm, 700 sf filtering at 2 gsfm. The estimated costs
are then divided Ey the filter area and plotted against the filter area
(log scale). Smooth curves are then drawn through the points and these
curves used to determine first cost and combined labor and maintenance
cost for various filter areas (Figs. 13 and 14).

Points from the resulting curves are then used as input data for
first cost (card index 17) and monthly labor and maintenance cost (card
index 19), The points should be chosen from the curves in such a way
that linear interpolation will not result in appreciable error.

If desirable, a log-log plot of cost per unit area versus area can
be used for both first cost and labor and maintenance cost. A log-log
plot would have less curvature and would probably be better when de-
éigniug plants of 3 or 4 MGD or less.

When the cost curves are prepared in this way, the cost estimates
are based on the total design flow or design capacity of the plant.

An alternative method of preparing the Cost-Area curves (Figs. 13
and 14) is to base the cost estimates on filtration rate rather than

plant capacity. In this case, cost estimates for each filter area are

made for the same filtration rate, say 1 gsfm.
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The Cost-Area curves shown in Figs. 13 and 14 are the same curves
respectively shown in Figs., 9 and 10. These curves were determined from
cost information that is representative, for the most part, of automated
filtration plants filtering at 1 gsfm, and are therefore based on fil-
tration rate rather than plant capacity. These curves were used for
all 13 jobs of the POPO computer run included in this manual.

For cases where cost estimates are based on filtration rate, a
rate factor has been introduced to compensate for different flow rates.
The cost determined from the Cost-Area curves are multiplied by this
rate factor. The rate factor is computed on the assumption that costs

are 20% greater for each gsfm that the flow rate exceeds 1 gsfm - - e.g.,

rate factor = 1 at 1 gsfm, rate factor = 1.2 at 2 gsfm, fate factor = 1.4
at 3 gsfm, rate factor = 0.9 at 0.5 gsfm.

It is preferable for accuracy that cost estimates be based on
plant capacity rather than filtration rate when designing diatomite
filtration plants. This eliminates the need of the rate factor.
However, it is more practical to base cost estimates on filtration rate
because Cost-Area curves based on filtration rate can be more easily
adjusted for use in the subsequent design of other filtration plants.

Two copies of POPO are available. The only difference in the two
programs is in the two subroutines where first cost (CFUST, see FORTRAN
list) and labor and maintenance cost (CLABR) are computed. In one copy
these two subroutines do not include a rate factor (costs based on
plant capacity), and in the other, the rate factor is included in these
two subroutines (costs based on filtration rate).

The copy of POPO with the rate factor included was used for all 13
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jobs included in the Output section.

Annotated POPO output is mostly self-explanatory. On the first
page of»output for each job (see Output section) are the card images
for input data cards for the particular job. The POPO results then
follow. The printed results include the ten most economical combi-
nations ((q, Cp, H)) for B indexes equal to 50, 75, 100, 125, 150, and
175% of those predicted by the prediction equation. Results for.dif-
ferent percentages of § index are included because actual B indexes may
vary considerably from predicted values depending on the accuracy of
the prediction equation.

Final choice of optimum ((q, Cp> H)) is left up to the designer.
Values printed for each of the ten least cost combinations include the
flow rate (gsfm), terminal head loss (ft), body feed concentration (ppm),
B index (104ft'2), length of filter(run (hr), terminal cake thickness
including precoat thickness (inch), :nd individual operating costs,

total operating cost, first cost, and total cost in dollars per million

gallons ($/MG) as well as the total monthly cost ($/mo).
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FORTRAN List



(g XeNaKe!

Q0

OO0 O000NO000

103

FORTRAN LIST

P O P O -— PROGRAM FOR OPTINMIZATION OF PLANT OPERATION

DIMENSION IN(40.:8(4)sANS(13,10)

COMMON INoFACTRUQ-QIZQ3,QF3CDCDIZCDS,CDFTHy THI» THS,y

1 THFoXIsBoHPoHC o VIS W XLP9GPsGoPHIZRS3RO9 TRy THICK; AREA,
2 RFEHSIGHA;CDEpCPO,CFCLyCM9CByQGPMyCAPERCTOTL y GWy AMORT

3 QRGMO.EFF9CS¢BETAyANS

NOMENCLATURE

IN=INPUT ARRAY
FACTR=BETA MULTIPLICATION
FACTOR
CD=BOLY FEED CONs PPH
CDI,CDS;COF=INITIAL,STEP,
FINAL VALUES OF CD
AI=XI INDEX., FT/L3
HP=PRECOAT HEZAD LOSS, FT
HC=FILTER CAKE KEAD LOSS
W=PRECODAT WEIGHT, LB/SF
ALP=PRECOAT THICKNESSs FT
G=GRAVITY; FT/HR/HR
RS=SEPTUM RADIUS, FT
TR=TIHME OF RUN, HR
AREA=SZPTUM FILTER AREA, SF
RF=RATE FACTCR
CDE=DIATOMITE COSTy, $/MO
CF=FIRST CO0ST, 8/X0
CH=MAINTENANCE COST, $/MO
QGPHM=DESIGN FLOW, G?M
CTOTL=TOTAL C0ST, $/M0
ARORT=AMORTIZATIGN FACTOR
EFF=ENERGY CONVERSION
EFFICIENTY
BETA=BETA INDEX

UQ=UNIT FLOW,s FPH
QI,QS;QF=INITIAL,STEP,FINAL
VALUES OF UQ, FPH
TH=TERMINAL HEAD LOSS, FT
THI,THS, THF=INITIAL,STEP,
FINAL VALUES OF TH
B=ARRAY CONTAINING BETA
PREDICTION COEFFICIENTS
VIS=KINEMATIC VISCOSITY,
SF/HR
GP=PRECOAT DENSITY, LB/CF
PHI=PHI
RO=R SUB ZEROD
THICK=THICKNESS OF FILTER
CAKE + XLP, FT
SIGHMA=SIGMA
CPO=POWER COST, $/MO
CL=LABCR COST, $/MO
CB=BACKWASH COST, $/MO
CCPER=0PERATING COSTS, $/MO
GW= DENSITY OF WATER, LB/CF
QMGMO=DESIGN FLOW, MG/MO
CS=SOLIDS CONCENTRATION,PPM
ANS=ARRAY WHERE RESULTS ARE
STORED UNTIL PRINTED

COSTS ARE COMPUTED FOR EVERY COMBINATION OF UQs CDy AND THe
CHEAPEST 10 CONM3INATIONS ARE STORED FOR SUBSEQUENT OUTPUT.

# . SUBRGOUTINE READR READS IN ALL .INPUT DATA

-1 CALL READR
D3 10 MM=50,175,25

FACTR=FLCATF(MM)}/100.0
. COSTS ARE COMPUTED FOR FACTR TIMES PREDICTED BETA
WHERE FACTR = 0e5010e759120051.25915051.75

INDEX,

UQ=QI-Qs
5 UQ=UQ+Qs
* & 4 £ 4 i £ &
% % & % ¥ 2 4 #

STMTS BETWEEN HERE AND STMT 9 REPEATED FOR
UQ=QI ? QI+QS 'QI+QS+QS’ (X XN ] QF
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IF(UG-QF)2,257

2 CDb=CoI-CDS
6 CD=CD+CDS

#.0% . 0@ R & @@, % # STHTS HERE 7O STMNT 9 REPEATED
# . .0% ® & %, %, # # w. FOR CD=CDI,CDI*CDS; eeey CDF
IF(CD-CDF)3493,5

TH=THI-THS

TH=TH+THS

STMNTS FROM HERE TO 9
REPEATED FOR TH=THI,
THI+THS' LR X B | THF
IF(TH-THF )4, 4,6

CALL DIEQS

CALL COSTS

CALL STRES

GO TO 8

3
8
% =+ E-2 = L -2 2 * 4 =+
#* = 2 = = * * 2 *
® k- - &% * 3 * it #*
4
9
# # # RESULTS ARE PRINTED FOR EACH VALUE OF FACTR
7 CALL OUTPT
10 CONTINUE

GO TO0 1

END

SUBROUTINE READR
DIFMENSION IN(40).B.4i,ANS(13,10)

COMMON IN,FACTR,UQ,QIsQS7QF,CD,CDIZCOSyCDF»THy THI 4 THS,
1 THF2XI3BoHPoHC VIS W XLP2GP9G,PHISRS,R09 TRy THICK, AREA,
2 RFySIGMA,CDE,CPO,CF,CLsCMyCB,QGPM,COPER,CTOTL yGWy AMORTy

3 QMGMOLEFF,CSyBETAANS

READR NOMENCLATURE

INDEX=CARD RUMSER., NUMBER QuGD=DBSIGH F¥LOJ, LiGD
IN COLUNNS 1 70 4 PCT=SALVAGE VALUE PERCENT
RATEZI=RATE OF INTEREST YRS=PLANT LIFE

DATA CARD FORMATS
DESICGN FLCU
SALYAGE VALUE
ENERGY CONVERSION
IZTEREST RATE
PLANT LIFE
SCLItS (CS)
AI INDEX
TEMPERATURE
PRECOAT WEIGHT
10 PRECGAT DENSITY .
11 SEPTUM DIAMETER
12 BETA PREDICTION
13 UNIT FLCW RATE

VO~NoOWUnmH WA

MGD
PERCENT FIRST COST
PERCENT
PERCENT
YEARS

pPPM

FT/LB
DEGREES F
LB/SF
LB/CF
INCHES

GSFM
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14 BOLDY FEED PPM
15 TERMINAL HEA FT
16 DIATOMIT: COST ERANCH YO CDIAT
17 FIRSYT COSY BRANCH 7O CFUST
18 POUWER COSY SRANCH 7O CPOWR
19 LABOR COST 8RANCH TO CLABR
20 BACKWASH COST SRANCH TO CBAKW
21 MAINTENANCE COST BRANCH TO CMAIN
BEGIN
URITE{2,31)

31 FORMAT(&6HIP C P O -~— PROGRAM FOR OPTIMIZATION OF PLANT
1 O9HOPERATION/1HG)
3iG6=100000C.#%84,0
TTH ROW OF ANS IS INITIALIZED WITH LARGE NUMBER
DO 100 L=1,10
100 ANS{7,L)=B1G
6=32,223500.0%3600.0
GlU=62.4
CARDS ARE READ WITH ALPHAMERIC FORMAT AND STORED IN IN
ARRAY. - S57H ELEMENT OF IN CCORRESPONDS TO 6TH COLUMN OF CARD
1067H THROUGH 347TH ELEMENTS OF IN CCORRESPOND TO 26TH THROUGH
50TH COLUMNS OF CARD. INDEX OR CARD NUMBER IS STORED IN
- ELEMENTYS 1 TO 4 OrF INe OTHER INPUT NUMBERS (COLUMNS 26-50
& CARD) ARE STORED IN ELEMENTS 10-34 OF IN. CAUTION. IF
INPUV CARD CONTAINS MIRE THAN 1 NUMBER IN COLUMNS 26-50
{EeGoz CARDS WITH INDEX=12,13914, OR 15),y NUMBERS MUST BE
SEPARATED BY ELANK CHARACTERS EXCEPT FOR 1ST CHARACTER
FOLLOWING NUMBER =-- IT CAN BE ANY CHARACTER OTHER THAN +
45 READ(1,403{IN(1),1I=1,40)
WRITE(2:,40)(IN{1},1I=1,40)
40 FORMAT({1X5A1,A453A5,25A1,5,6A5)
IF COLUMN & CONTAIMNS By BRANCH TO 41, OTHERWISE TO 43
IF{IN(53-56200000000343541,43
41 Fl=(1l.+RATZI)=%VYRS
AMORT IS AN AHMORTIZATION FACTOR THAT CONVERTS PLANT FIRST
CCST TO A UNIFORM MONTHLY SERIES —-— EQUAL MONTHLY PAYMENTS
AMORT=I{RATELI/(Fi-1.)i®{F1-PCT/100.)/12.
WRITE{2,30)
20 FORMAT(1HY, 41HFLOW TERHM CD B ET-A TIME THICK # -

1 50H=~-= CO0STS, % PER MILLION GALLONS —=—=-==— . ® TOTAL/
2 TX4HHZADy9A5HSG  =2514A1H# 5 20X4HLAB+5 19X 1H#% 9 4X4HCOST /
3 52H GSFl FT P?2H 10 FT HR IN = TOTAL 1ST

4 40H OPER MAIN POWR DIAT BAKW = $/M0/1H
5 23(1H=) ;2 H#343(1H~) y1H#,8(1H~))
RETURN
IF COLUMN & COMTAINS S, STOP, OTHERWISE BRANCH TO 44
43 IF{IN(5)-8200000000)44+42,44
VALUE IS A SUSROUTINE THAT DETERMINS VALUE OF NUMBER STORED
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IN IN ARRAY IN ALPHAMERIC NOTATION. THE ARGUMENT SPECIFIES
WHICH ELEMEMNT GF IN ARRAY 7O BEGIN WITHe VALUE(1.0) IS THE
CARD INDEX ilUMBERe VALUE(10.0) IS THE FIRST NUMBER IN
COLUMNS 26—-5C OF CARD. VALUE{(FACTR) IS THE FIRST NUMBER
FOLLOWING THE NU.IBER JUST DETERMIMED BY VALUE SUBROUTINE.
FACTR IN THIS USEAGE IS NOT THE BETA MULTIPLICATION FACTOR.
44 INDEX=VALUE{1.0)
IF IMDEX IS 1 TO 22, BRANCH TO STMT NUMBER = INDEX,
OTHERWISE IGNORE CARD AND READ THE NEXT CARDe. AFTER
NUMBERS ON CARD ARE DETERMINEDs GO TO 45 AND READ NEXT CARD
IFIINDENXI45945546
46 IF{INDEX-21)47;47:45 ‘
47 GO TO (152037425969 79839910911412913514915,16517,18,
1 199,20521)9pINDEX '
1 QiGD=VALUE{10.07J
QMGHO=QNGD*30.4
QGPMN=QMGED=*1000000.0/1440.0
GO TO 45
PCT=VALUE(10.0)
G8 T0 45
EFF=VALUE(10.0)/100.
GO 70 45
RATEI=VALUE(10.0)/100."
GO 70 45
YRS=VALUE(10.0)
GO TO 45
CS=YALUE({10.0}
GO TO 45
XI=VALUE{10.0j
GO TO 45
8 FTEMP=VALUE(10.07
VISCO IS SUBROUTINE THAT CONVERTS TEMP TO VIS
VIS=VISCO{(FTEMP)«3600.0
GO TG 45
9 W=VALUE{10.0)
GO TO 45
10 GP=YALUE{(10.0]}
GO TG 45
11 RS=VALUE(10.0)/2%.0
RS=0 FOR FLAT SEPTUH
GC TC 45
ELEMENTS 1 TO 4 OF B8 ARRAY CONTAIN COEFFICIENTS OF BETA
PREDICTION EGUATIGCN '
12 B{1)=VALUE(10.01}
B{2i=VALUE(FACTR)
B{3)=VALUE(FACTR)
B{4)=VALUZ(FACTR}
GO TC 45
“ACTOR 8.02 CONVERTS GSFM TO FPH
25 QI=VALUE(10.0) =8.02

W N

N

~N o u
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QS=VALUE{FACTR) =g.02 '
IF QS=0, ONLY ONE VALUE OF UQ WILL BE USED IN CALCULATIONS.
THEREFORE, QS+GI MUST BE GREATER THAN QFe.
IF{QS)50,50,51
51 QF=VALUE{FACTR) =8.02
GO TO 45
50 QS=1l.
QF=Q1
GC TO 45
14 CDI=VALUE(10.0}
CDS=VALUE(FACTR)
IF{CDS152552,53
53 CDF=VALUE(FACTR)
GO TO 45
52 CDS=1.
CDF=CD1
GO TO 45
15 THI=VALUE{(10.0]}
THS=VALUE(FACTR)
IF(THS)54,54,55
55 THF=VALUE{FACTR)}
GO TO 45
54 THS=l.
THF=THI
GO TO 45
16 CALL CDIAT(1)
G3 70 45
17 CALL CFUST({1)
G3 TO 45
18 CALL CPOuWR({1)
GO TO 45
19 CALL CLABR{1)
GO 70 45
20 CALL CBAKW(1l) '
GO TO 45
21 CALL CMAIN(1)
GO 70 45
42 STQP
END

FUNCTION VALUEZ{WHERE)
DIMENSION IN(<4Q)
COMMON IN,FACTR

THIS SUBRCUTINE LZTERMINES VALUE OF NUMBER STARTING WITH
ELEMENT =WHERE= OF IN ARRAY BY USE OF VALU SUBROUTINE.

IF TERMINATION CHARACTER (CHARACTER FACTR-1 OF IN ARRAY
AFTER RETURNING FROM VALU) IS AN E, MEANS NUMBER JUST AFTER
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S AN EXPONENT OF 10 FOR NUMBER JUST DETERMINED BY VALU.

C EI
C E.G.y; NUMBER 1.3E8 ON CARD IS EQUAL TGO 130000000.
c

OOOOOOOD

TENP=VALU{WHERI)
M=FACTR
TF(INEM=1)=6500000000)152,1
1 VALUE=TEMP
RETURN
2 VALUE=TEMP#10.0%&VALU(FACTR)
RETURN
END

FUNCTTON VALU {WHERE)
DIMENSION IN(4%0)
COMMGN INjp;FACTR

THIS SUBROUTINE CONVERTS NUMBER STORED IN IN ARRAY IN
ALPHAMERIC FCRM TO NUMERIC FORM STARTING WITH ELEMENT WHERE
0F IN AND ENDING WITH TERMINATION CHARACTERe. TERMINATION
CHARACTERS FOR VALU ARE ANY CHARACTER OTHER THAN + -
OR A DIGITe IF NO DIGITS APPEAR BEFORE TERMINATION CHARAC-
TERs NUMBER ‘IS TAKEN AS ZERO.

M=WHERE
VALY =0.0
DO 40 K=My34
IF{IN{K]}) 41,40,41
40 CONTINUE
122 RETURN
41 SIGN=1l.0
NUMBR=0
L=0
1 M=K
DO 22 K=}Ma324
INK=IN{K}/100000000
MSP INK
23 1IF (INK-20) 24922424 .
24 1IF (INK=30) 27,25,27
25 SIGN =-1,0
GO 70 22
27 IF (INK-15) 29,28,29 -
28 L=1
GO 70 22
29 IF{INK/10-9)2,38,2
- 38 NUNMBR=NUMBR#10+INK-90
IF{LY3,22,3
3 L=L#10
22 CONTINUE



OO0

OO0 00N '

109

2 FACTR=K+1
IF(LIIT,27,18
17 VALY =SIGN=FLOATF{NUM3R)
GO TG 5
I8 VALU =SIGN«FLOATF{NU-TI}/FLOATF(L)
5 RETURN
END

FUNCTION VISCTO(C)

THIS SUBROUTINEZ CJONVERTS FARENMHEIT TEMPERATURE (ARGUMENT C)

- TO KINEMATIC VISCOSITY IN SQUARE .FEET PER SECONDe.

VISCO0=(286.405~SQRTF(536710-3.1027#(C-152.45)%##2) )»,0000001

RETURN
END

SUBRCUTINE DIEQS

DIMENSION INI4Q)378{4)7ANS(13,10) .
CONMMON IN,FALCTR,UQ,QI,QS,QF,CD,CDICDS,CDF 3 THy THI» THS,

I THFEXI9BolPyHCoyVIS U ALPyGP9GoPHIZRS3RO, TR, Ti:ICKy AREA,
2 RF¢SIGHA,CDECPOsCF,CLyCHyCBy QGPMyCOPERyCTOTL yGWy AMORT 4
3 QHGHMOEFF2CS:BETAANS

THIS SUBROUTINE BY USE OF BETA PREDICTION EQUATION AND THE
DIATOMITE FILTRATION EQUATIONS FINOS AREA, BETA; LENGTH OF
FILTER RUN (TR}y AND FILTER CAKE THICKNESS (THICK).
DILUTION EFFECT IS NEGLECTED IN THE CALCULATIONS.

DIATCMITE FILTRATION EQUATIONS
{ANY SEPTUNM) HP=UG=ANUsXI=«W/G
{CYLINDRICAL) HC=RS=SIGMA=#LOGF(1+RS#PHI®#TR/RO##2)/PHI
THICK=SQRTF(RO#RO+RS*#PHI#TR)-RS
(FLAT HC=SIGMA*TR
THICK=XLP+PHI®#TR/2
WHERE SIGMA=UQxUQ=XNU=#BETA&#CD/G
PHI=22UQ=GWs#CD&(10)a#(-6)/GP
RO=RS+XLP
ALP=U/GP
AC=TH-HP (EQUIPMENT LOSSES IGNORED)

PRED 1S SUBROUTINE FOR BETA PREDICTION
BETA=PRED(FACTR)
PHI=2.0%UQ= GW =CD=#.,000001/GP
SIGMA=UQ=UQ=VIS#BETA=#CD/G
AREA=QGPM/(UQ/8.02)
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XLP=W/G?
HP=UQzaVISuXIul/G
HC=TH=-HP
C BRANCH 70O 1 FOR FLAT SEPTUMy 2 FOR CYLINDRICAL. (RS IS
C STORED AS ZERD FOR FLAT SEPTUM)
IF{RS)2,1,2
1 TR=HC/SIGMA
THICK=XLP+PHI®TR/2.0
G0 70 3
2 RO=RS+XLP
TR=RO=*RO*{EXPF{HC#PHI/(RS=SiGNA))=1.0)/(RS%#PHI)
THICK=SQRTF{RO#RDO+RS#PHI&#TR)~RS
3 RETURN
END

FUNCTEON PRES{DUMNY)

MENSION IN{<%0):B(4)yANS{13,10)
COH”ON INyFACTR,UQ5QX7QS;QF yCDyCDI S CDS»COF s THy THIy THS
] THFE XIgByHPyHC VIS W XLPyGP G, PHIZRS3R0,TRyTHICK, AREA,

2 RFySIGMA,CUE9CPO,CF,CL,CMyCB9yQGPMyCOPERCTOTL yGWy ANORT 5
3 QMGMO,CFF9CS,BETA,ANS

THIS SUSROUTINE COMPUTES BETA FROM THE PREDICTION EQUATION.
THE ARGUMENT DUHMY IS EQUAL TO FACTR WHEN PRED IS CALLED.

OO

PRED=DUFMY%10.0%#B(1)#{(CS/CD)=%B(2)
I7{B8i333152,51

PRED=PRED#CD#%8(3)

IF(B(4})374,3

PRED=PRED#XI##3(4)

RETURN

END

HWN

SUBRODUTINE COSTS

DIMENSION IN{40)58(4)5sANS(135,10)
COiMON IN,FACTR,UQ,QI2QS,QF,CD,CDI,CDS, CDF,TH,IHI,THS,
1 THF2XI9BoHPsHCH VIS, WoXLPGP2G7PHIRS,R0, TR, THICK, AREA,
2 RF9SIGMA,CDE,CPO,CF,CL,CHyCB,QG?M, COPER,CTOTL 2 GWy AMORT o
3 QMGMO,EFF9CSyBETA,ANS

THIS SUBROUTINE CALLS THE INDIVIDUAL COST SUBROUTINES. ALL
THE COSTS ARE COMPUTED AS THE TOTAL FOR ONE MONTHe

ALL OF THE INP2UT AND COST COHPUTATIONS FOR THE INDIVIDUAL
COSTS (FIRST, LABOR, MAINTENANCE, DIATOMITE, POWER, AND
BACKWASHING) ARE INCLUDED IN SEPARATE SUBROUTINES. THESE

OOOOOO0
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- COST SUEROQUTINES HAVE ONE ARGUMENT THAT IS EITHER 1 FQOR

NECESSARY IiPUT FOR THEZ COMPUTATION OF THE PARTICULAR COST
OR 2 FOR THE ACTUAL CONMPUTATIONe THESE ARGUMENTS ARE ALL

1 WHEN THE COST SUBROUTINES ARE CALLED IN SULROUTINE READR
AND ARE ALL 2 WHEN CALLEC FROM SUBROUTINE COSTS. ALL COSTS
ARE CONMPUTED ON A MONTHLY BASIS IN THE INDIVIDUAL ROUTINES.
THIS WAS DONE SO THAT CHANGES IN THE METHGOD OF COMPUTING
ANY OF THE COSTS CAN BE MADE WITH THE LEAST DIFFICULTY —--—-
LeEey BY CHANGING ONLY THE PARTICULAR SUBROUTINE.

CALL CFUST{2}

CALL CLABR{Z;

CALL COIAT(2)

CALL CMAIN{Z2) .

CALL CPCOUR({2) .

CALL CBAKW{2)
COPER=CDE+CH+CPO+CL+CB
CTOTL=CF+COPER

RETURN

END

SUBROUTINE STRES

DIMENSION IN{40).8{4])5ANS(13,10)

COMMON INyFACTR,UQ,QI-,QSyQF;CD,CDI,CDS,CDF5TH, THI,THS,

1 TrFoKI987HPHC VIS U XLP,GP»GePHIZRSyROTRyTHICKy AREA,
2 RFySIGMA,CDEsCPO,CF,CL,CM3CByQGPM,COPERyCTOTL yGWy AMORT

3 QAGHO+EFF9CSyBCETASANS

THIS SUBROUTINE COMPARES CTOTL WITH THE TEN CHEAPEST VALUES
OF CTOTL COMPUTED THUS FAR (CTOTL IS STORED IN THE 7TH ROW
OF THE ANS ARRAY . IF CTOTL IS LESS THAN ANY OF THE TEN
VALUES STORED, IT IS STORED IN ITS PROPER PLACE IN ANSe.

IMNIT=10
# STORE IF ONE OF CHEAPEST 10
DO 5% K=1,LIMIT
IF(CTOTL=ANS(74K))52451,51
51 CONTINUE
RETURN
52 J=LIMIT
56 IF(J-K154,54,53
53 L=J-1
DO 55 I=1,13
55 AMS(IsJI=ANS(I,L)
J=L
GO TO 55
THE STMTS BELOW ILLUSTRATE WHAT IS STORED IN EACH OF .-THE 13
ROWS OF ANS FOR SUBSEQUENT OUTPUT.
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54 ANS{1:Ki=UQ
ANS({23K)=TH
ANS(3,X)=CD
ANS(49K)=BETA
ANS{5,K)=TR
ANS{3,Ki=THICK
ANS({7,,Ki=CTaTL -
ANS{8,K}=CF
ANS{9,K3=CUPER
ANS{10,X}=CL+CH
ANS{11,K}=CP0
ANS(212,K)=CDE
ANS{15,K}=CB
RZTURN
END

SUBROUTINE QUTPT

DIMENSION IN{40)93{4),ANS(23,10)
COMMOCN IN,FACTR,UQ,QI,QS,QFyCDyCDI,CDSyCOF3THy THI»THS,
1 THF9:XI98sHPsHC,VISyWeXLPsGP3GyPHI;RSyROsTRyTHICK, AREA,
2 RF,SIGMA,CDE,CPO,CFyCL,CMy,CB,QGPM,COPER,CTOTL yGWy AMORT
3 QMGHMO,EFFsCSyBETA,ANS

THIS SUBROUTINE PRINTS THE RESULTS FOR EACH OF THE &6 VALUES
OF FACTR.

# . I=FACTR CCNVERTEL 70 PERCENT
I=FACTR%100.0
WRITE{2,151
1 FORMAT(1HO23X14HBZTA INDEXES =14,
1 224 PERCENT OF PREDICTED VALUES)
PO 2 iI=1510
# . UNIT FLOW RATE IS COMVERTED TO GSFM FQR OUTPUT
ANS{1,I3=ANS{1,1I)/8.02
# . J=TH, K=CDy L=BETA/10000
J=ANS(2,1)
K=ANS{3,1}
L=ANS(4,1)/10000.0
# CAKE THICKMESS IS CONVERTED TO INCHES FOR QUTPUT
ANS{6,1)=ANS(651)+12.
#. M=TOTAL COST PER MONTH
M=ANS{7,1) .
# MONTHLY COSTS ARE CONVERTED T4 $/MG BY DIVIDING THE
#  MONTHLY COSTS BY THE QUANTITY OF WATER PRODUCED IN
# ONE MONTH IN MG.
DO 4 KK=7,13
4 ANS{KK,I)=ANS{KK,I}/QMGMO
2 WRITE(293)ANST{19I)9JsKsLs (ANSIN,I)yN=5,13),M
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3 FORMAT(F54291691I57I8:F7el9yFT7e2y2H #37F6el1,2H #,18)
% THE 7TH ROW GF ANS IS REINITIALIZED FOR THE NEXT VALUE
# OF FACTR.
BIG=1000000.+%%8.0
DG 100 L=i,10
i00 ANS({7,L)=BIG
RETURN
END

FUNCTIGON YINTILINIT,X»AX,AY)
DIMENSION AX{50);AV{50)

THIS SUBROQUVINE IS A LINEAR INTERPOLATION ROUTINE. AY IS
THE DEPENDENT VARIABLE ARRAY, AX IS THE INDEPENDENT
VARIABLE ARRAY, LIMIT IS THE NUMBER OF ELEMENTS IN ARRAYS
AX AND AY, X IS THE VALUE OF X FOR WHiCH A CORRESPONDING
VALUZ OF Y IS DESIRED. YINT IS THE INTERPOLATED VALUE OF Y

IF{X-AX{1)5656,5
YINT=AY({1l)

RETURN

CO 1 I=2,LIMIT
IFIA=-AX{I))29391
CONTINUE :
YINT=AV{LIMIT)

GO 70 4

J=I-1
VINT=AY(J)+{X~=AX{J) )+ (AY(I)=AY(J))/ (AX(I)~AX(J))
RETURN

END

W N O

N

SUBRGUTINE CFUSTIL)
DIMENSICN IN{40;,8(4)9ANS(13,10)
CCMMON IN,FACTR,UQ,QE,QS,QFyCDyCDIZCDS;CDF4TH,THI»THS,
1 THF 9 XI7BgHPHC VIS Wy ALP 9GP Gy PHIsRSsRO» TRy THICK s AREA,
2 RFyS1GHA,CDE,CPO,CF,CLyCMeCByQGPMyCOPERyCTOTL Gy AMORT »
3 GQHGMO,EFF,CS,BETA; ANS
DIMENSION A{503,Z(50)
A=LOG(AREA), Z=LOG(FIRST COST PER UNIT AREA,3/SF)

CFUST 1§ THE SUBROUTINE WHERE FIRST COST IS COMPUTED.
BRANCH TO STHNT 1 FOR INPUT, STMNT 2 FOR COMPUTATION

POINTS FROM 7THE CURVE OF FIRST COST ($/SF) VERSUS AREA (LOG
SCALE} ARE READ 1IN BY THIS SUBROUTINE. THE POINTS CHOSEN
FOR INPUT SHOULD BE SUCH THAT LINEAR INTERPOLATION DOES NOT
LEAD TO APPRECIABLE ERROR. DATA CARD FORMATS FOR INPUT OF
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FIRST COST INFORMATION SHOULD BE AS FOLLOWS

17 FIRST COST AREA $/SF
100 225

200 160

® 25000 85

THE NUMBERS WRITTEN IN ABOVE ARE ONLY FOR ILLUSTRATION.
CTUAL NUMBERS ENTERED WILL DEPEND ON THE PARTICULAR FIRST
COST—AREA CURYE. AS MANY AS 50 PJINTS FROM THE CURVE MAY
BE READ INe. THE PODINTS MUST 3ZE ENTERED SO THAT THE VALUES
OF AREA ARE IN ASCENDING ORDER. CAUTION =-- THE LAST DATA
POINT CARD MUST HAVE SCME CHARACTER PUNCHED IN COLUMN 6,
PREFERRABLY AN ASTERISK # o COLUMN 6 OF ALL OTHER DATA
20INT CARDS MUST BE BLANK.

FOR EACH DATA POINT READ INy, LOG{AREA) IS STORED IN ITS
PROPER POSITION IN ARRAY Ay LOG(FIRST COST PER UNIT AREA)
IS STORED IN THE CORRSPONDING POSITION IN ARRAY Z.

. FOR A GIVEN AREA, LOG(AREA) IS COMPUTED AND ITS CORRES-

PONDING FIRST COST PER UNIT AREA IS FOUND BY TAKING THE
ANILOG OF THE INTERPOLATED VALUE OF LOG(FIRST COST PER UNIT
AREA. THz AMAORTIZED FIRST COST IS THEN COMPUTED AS THE
FIRST COST PER UNIT AREA TIMES THE AREA TIMES AMORT TIMES A
RATE FACTOR (RFl.

FOR PRO?PER USE OF POPC, THE FIRST COST-AREA CURVE SHOULD BE
DETERMINED FOR A PATICULAR TYPE OF INSTALLATION AND A KNOWN
DESIGN FLOW. IN THIS CASE, THE PLANT FIRST COSTS ESTIMATED
FOR THE PURPOSE OF DETERMINING THE FIRST COST—AREA CURVE
WOULD ALL Bt ON THE BASIS OF THE DESIGN FLOWe. IN SUCH A
CASE, THE RATE FACTOR SHOULD BE UNITY BECAUSE THE EFFECT OF
FLOY RATE IS INCLUDED IN THE ORIGINAL COST ESTIMATES.
HCOWEVER, IF THEZ PLANT FIRST COSTS ARE ALL ESTIMATED ON THE -
BASIS OF A UNIT FLOW RATE OF 1 GSFM, THEN PLANT FIRST COSTS
DETERMINED FROM THE RESULTING FIRST COST—-AREA CURVE WOULD
BE 70O LCW FOR A PLANT FILTERING AT A UNIT FLOW RATE
GRZATVER THAN 1 GSFi BECAUSE PUMPS AND PIPING, BODY FEEDERS,
ETC. WOULD HAVE 70 BE LARGER TO HANDLE THE LARGER FLOW. 1IN
THIS CASE, AN ARBITRARY RATE FACTR IS INTRODUCED TO COMPEN-

- SATEe. IN DETERMHINING THIS RATE FACTOR, IT IS ASSUMED THAT

THE FIRST COST OF THE PLANT IS INCREASED BY 20 PERCENT FOR
EACH GSFM THAT THE UNIT FLOW RATE EXCEZDE 1 GSFMe THIS
RATE FACTOR IS COMPUTED AS RF=1.+{UQ-3.)/40.

IF(L-1)1,1,2
1 D0 3 I=1,50
READ{(1340; (IN(J),J=1940)
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WRITE{2:40)(IN{J)3J=1,40)
40 FORMATIIX5A1,A493A5,25A1,6A5)
TEMP=VALUE{10.0)
AUI}=LAGF{T=MP) .
TEMP=VALUEI{FACTR)
Z{I;=LOGF{TEMP) .
IF{IN(5))453,4%
CONTINUE
LIMIT=I
RETURN
2 TENP=LCGF({AREA)
RF=10+(UQ_80 )4’40.
TEMP=YINT(LIMIT,TEMP,A{1),2(1))
CE=EXPF{TEMP)®AREA®#AMNORT#RF
RETURN
END

W

SUBRCUTINE CLABR(L)
DIMENSION IN(40)s8(4),ANS(13,10)
CONMMON INsFACTR,UQyQioQSsQF,CDoCOI,CDS+COFaTHyTHI»THS,
1 THFoXIsBsHPoHTH VIS, WoXLPsGP9GyPHIsRS;R0, TRy THICK s AREA,
2 RF;SIGMAsCDECPO,CF,CLyCM3CB,QGPMy COPER,yCTOTL yGWy AMORT,
3 QMGMO,EFFoCSIBETALANS
EIMENSION A{50i,2(5G)
A=LCG{AREA), Z=LOG(COST OF MAIN+LABDR IN $/MO.SF)

CLABR IS THE SUBROUTINE WHERE LABOR COST IS COMPUTED.
HAOWEVER, FOR THE PRESENT TIME, BOTH LABOR AND MAINTENANCE
COST ARE CCMPUTED TOGETHER IN THIS SUBROUTINE. INPUT AND
COMPUTATION AREZ DONE 3Y THIS SUBROUTINE EXACTLY THE SAME AS
IN SUBROUTINE CFUST. THE ONLY DIFFERENCE IS THE ABSENCE OF -
THE AMORTIZATION FACTOR (AMORT) IN THIS SUBROUTINE.

DATA CARD FORMATS FOR LABOR AND MAINTENANCE COSTS INFOR-.
MATION INPUT -SHOULD BE AS FOLLOWS

19 LABJOR COST. AREA $/SF PER MONTH
100 200 -
200 1.15
& 4500 0.326

CAUTION -~~- .ASTERISK (OR SOME CHARACTER)} MUST BE PUNCHED
iN COLUMN -6 OF LAST DATA POINT CARDe.

IF(L-1)15,1,2
1 D00 2 I=1,50
READ(1,40){IN(J}4J=1,40)
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WRITE(2,4051IN{J)3J=1540)
ORHAT(IX5A15A423A5925A196A5)
EMP=VALUZ{10.0)

<

40

A{I)=LOGF{TEMP)
MP=VALUE{FACTR)
S=LOGF{TENMP)
FL{IN(5)349354,4
3 CONVINUE
4 LENMIT=I
RETURN
2 TEMP=LOGF{AREA)
TENP=YINTILIMIT,TEMP,A(1),2(1))
CL=EXPF(TEMP ) #AREA%#RF
RETURN
END

e P11 e

i

'

N 3o

" SUBROUTINE CDIAT(L)

DIMENSION IN{40)9B{4),ANS{13,10)

COMMON IN,FACTR,UQ,QI»QSsQF+CDyCDI,COS,CDFyTHyTHI 4 THS,
1 THF9XI8edPsHCVIS U XLP»GPyGsPHIZRSs;R0, TRy THICKy AREA,
2 RF,SIGHA,CDE.CPD,CFsCL,CM,CB,QGPMyCOPER,CTOTL yGWy AMORT
3 QMGMO,EFF:CS; BETA 1ANS

CDIAT IS WHERE DIATOHMIVE COST IS COMPUTED. IT IS COMPUTED

BY MULTIPLYING THE UMNIT COST PER TON TIMES THE NUMBER OF

TONS USED PER MONTH FOR PRECOAT AND BODY FEED. THE NUMBER

OF TCNS OF PRECOAY AND BODY FEED NEEDED PER MONTH ARE
REDE=U#AREA®24230.4/(TR=#2000)
8FDE=CD=QNMGMO«+833/2000

FOR INPUT, L=1 AND THE UNIT COST OF DIATOMITE IS DETERMINED
FRGM THE DIATCHMITE COST CARD {INDEX=16). THE FORMAT. FOR
THIS CARD SHOULD BE AS FOLLOWS

16 DIATOMITE COST 100 $/70ON

THE VALUE OF 100 IS SHOWN FOR ILLUSTRATION. ACTUAL VALUE
DEPZNDS ON PARTICULAR CASE.

IF{L-13%10102

1 UCDE=VALUE(10.0)

" Fl=  24.%2044/2000.
F2=8,33/2000.
RETURN

2 PREDE=F1&4aeAREA/TR
BFDE=F2#(CD+QMGNMD
CDE=UCDE=(PREDE+BFDE)
RETURN



AOOOOOOOCOOOOOOO0O0

OO OOn

117

END

SUZROUTINS CPOWR(L:

DIMENSICN IN{407¢B{4},ANS{13,10)

COMMON INFACVRsUC,QI9QS:QF,CDyCDI,CDS,CDF,TH, THI 3 THS,

1 THFsXI98oHPHC, VIS HoXLP2GP Gy PHISRS; RO TRy THICK s AREA,
2 RF,SIGMA,CDE,CPOyCF,CLyCMyCB,QGPM;COPER,CTOTL yGky AMORT o
3 QMGMO,EFFCS,BETA,ANS

POWER COSY IS COMPUTED IN THIS SUBROUTINE. IT IS COMPUTED
ON THE BASIS OF THE DESIGN FLOW RATE BEING PUMPED CON-
TINUOUSLY AT THE TERMINAL HEAD LOSS. A SINGLE VALUE OF
CENTS PER KWH IS USEDe. AN OVERALL EFFICIENCY OF ENERGY
CONVERSION (EFF) IS ASSUMED. THE MONTHLY .ENERGY USE 1IS
COMPUTYED AS

QGPMaGH#THZ 7462243 30.4/{449=550%EFF)
THE MONTHLY COST IS FOUND BY MULTIPLYING THE COST PER KWH
{EQUIVALENT T3 VALUE(1C.)/100. DETERMINED FROM THE POWER
COST CARD) TiIMES THE KWH OF ENERGY USED IN ONE MONTHe THE
FORMATY FCR THE PCWER COST CARD (INDEX=18) SHOULD BE

18 PONER COST 1.5 CENTS/KWH

A VALUE OF 1.5 CENTS PER KWH HAS BEEN INDICATED FOR
DEMONSTRATION. ACTUAL VALUE WOULD DEPEND ON THE PARTICULAR
CASE.

IF{L=1715292 '
1 CONST=(VALUE{104)/100. }4CU#.T46%24.%30.4/(449.4550.)
RETURN
2 CPO=CONSV#TH=QGPN/EFF
RETURN
END

SUBROUTINE CMAINIL)

CIMENSION IN{4C),B{4),ANS(13,10)
- COMMON INZFACTR,UQsQI»QS,QF;CDsCDICDSyCDFyTHy THI» THS,

1 THFXI,8,HPHC,VIS,WALP,GP;G,PHI,RS,R0, TR, THICK, AREA,
2 RFsSIGMAyCDE,CPO,CFyCLyCM»CB,QGPMyCOPER;CTOTL yGWy AMORT
3 QMGMO,EFFyCSyBETA7ANS

CMAIN IS THE SUBROJOUTINE WHERE MAINTENANCE COST WOULD .
ORDINARILY BE COMPUTED. HOWEVERy IN THE PRESENT FORM OF
THE PROGRAM; MAINTENANCE COST IS INCLUDED WITH LABOR COST,
AND THEREFORE, COMPUTED IN CLABR. THE PRESENT CMAIN
SUBROUTINE PERFORMS NGO MAINTENANCE COST COMPUTATIONS. IT IS
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INCLUDED JUST IN CASE IT BECOMES DESIREABLE TO SEPARATE
LABSOR AND MAINTENANCE COSTS COMPUTATION IN THE FUTUREe. A
MAINTENANCE COST CARD (CARD INDEX 21) IS NOT NEEDED FOR THE
PROGRAM IN ITS PRESENT FORMe

& .. L=1 FOR INPUT AND 2 FOR COMPUTATION
# NO INPUT FCR FRESENT FORM OF SUBROUTINE
# CM SET = 70 O BECAUSE IT IS ADDED TO THE CTHER COSTS IN
# . SUBROUTINE COSTSe CM IS INCLUDED IN CL AND THEREFORE CM
* . MUST BE ZEROED.
CIF(L-131s1,2
1 RETURN
2 CM=0.0
RETURN
END

SUBROQUTINE CBAKH({L)

DIMENSION IN{40)sB(4)5ANS(13,10)

COMMON INoFACTR,UQ,Q1,QS,QF2CD,CDICDS,COF9TH,THI» THS,

1 THF 9 XIoBoHPoHC VIS WoXLP+GP9GyPHI9RSH RO TRy THICK 9 AREA,
2 RFySIGMA,CDECPO,CFyCLCH,CB»QGPMyCOPER,CTOTL GW, AMORT o
3 GMGMOLEFF,CSyBETA,ANS

BACKUWASHING COSTS ARE COMPUTED IN THIS SUBROUTINE. DURING
FILTERING OPESRATICN, THE QUANTITY OF WATER USED FOR WASHING
THE FILTERS AND THE QUANTITY OF WATER THAT WOULD HAVE BEEN
FILTERED DURING FILTER DOWN TIME (FOR WASHING) MUST ALSO BE
FILTERZD IF COST COMPARISONS ARE TO BE BASED OGN THE SAME
QUANTITY OF FINISHED WATER LEAVING THE PLANT. THUS, THE
UNIT FLOW RATE WOULD HAVE TO BE INCREASED SLIGHTLY. 1IT IS
ASSUMED THAT FILTERING BAKWASH WATER INCREASES CDE, CL, CM,
CB PRCPORTIONATELY, AND THAT FILTERING WATER NOT FILTERED
WAEN WASHING INCREASES CL, Cks,; CDE, CB PROPORTIONATELY. THE
RESPECTIVE FRACTIONAL INCRZASES ARE TAKEN AS THE RATIO OF
TAE BACKWASH WATER USED PER HMONTH TO THE FINISHED WATER
PRODUCED PER HMONTH (BWMGM/QMGMO) AND THE RATIO OF BACKWASH
DOWN TIME TO LENGTH OF FILTER RUN (8WT/TR). THE FORMAT FOR
THE BACKWASH COST CARD (INDEX=20) SHOULD BE

20 BACKWASH COST 16, 30 GAL/SFs MIN

VALUES OF 10 GAL/SF AND 30 MIN HAVE BEEN INDICATED FOR
DEMONSTRATICN

CEAKW NOMENCLATURE
BWGSF=BACKIASH WATER NEEDED BWHGM=BACKWASH WATER NEEDED
IN GAL/SF IN MG/MO
CB1=C0ST OF BACKWASH WATER CB82=COST PER MONTH FOR



Cc
c
c

119

PER MONTH ’ FILTERING WATER NOT

BWT=BACKWASH DOWN TIMEs HR FILTERED DURING DOWN

TIME FOR WASHING

IF(L-111,1,2
BYGSF=VALUE(10.0)

Fi= BUGSF2#24.2350.4%4000001
BWT=VALUE{FACTR) /60
RETURN

BWMGM=F1=AREA/TR

S3=BWMGM/QMGNO

F4=BWT/TR

CBi=F3#(CDE+CL+CH+CPO)

€32=F4={CL+CN+CDE+CB1)

CB=F3# {CDE+CL+CM+CPO+CB1+CB2)+F4#(CL+CM+CDE+CB1+CB2)

RETURN :

- END



120

Output (Examples)
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P O P O -~ PROGRAM FOR OPTIMIZATION OF PLANT OPERATION

JOB 1. IRON REMOVAL

1 DESIGN FLOW 1 MGD
2 SALVAGE VALUE 15 PERCENT FIRST COST
3 ENERGY CONVERSICN 70 PERCENT
& INTEREST RATE 4 PERCENT
5 PLANT LIFE 25 YEARS
6 SOLIDS (CS) 7.5 PPM
7 XI INDEX 1.95€9 FT/L8
8 TEMPERATURE 55 DEGREES F
9 PRECOAT WEIGHT 0.15 LB/SF
10 PRECOAT DENSITY 15 LB/CF
11 SEPTUM DIAMETER FLAT INCHES
12 BETA PREDICTION 9.33/1.95/0/0
13 UNIT FLOW RATE 0.4/0.2/1.8 GSFM
14 B0DY FEED 307107100 PPM
15 TERMINAL HEAD 50/10/150 FT
16 DIATOMITE COST 100 $/TON
17 FIRST COST AREA $/SF
100 225
200 160
350 128
600 110
1000 100
2000 94
. 25000 85
18 POWER COST 2 CENTS/KWH
19 LABOR COST AREA $/SF PER MONTH
100 2.00
200 1.15
300 0.83
500 0.63
800 0.50
2000 0.37
4500 0.30
13000 0.25
- 25000 0.24
20 BACKWASH COST 10, 30 GAL/SF, MIN

BEGIN
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Jos 1
FLOW TERM CD B E T A TIME TRHICK ® ~=—=- COSTS, $ PER MILLION GALLONS ------ &  TOTAL
HEAD 4 =2 L LAB+ . cosr
GSFM  FT  PPM 10 FT HR IN o TOTAL 1ST OPER MAIN POWR DIAT BAKNW # $/M0
BETA INDEXES = 50 PERCENT OF PREDICTED VALUES
0.80 150 30 7160  15.0 0.26 ® 65.9 14,2 51.7 13.3 13,5 22.9 2.0 ¢ 2002
0.80 140 30 7160 14,0 0.25 ® 65.9 14,2 51.7 13.3 12.6 23,7 2.2+ 2003
0.80 130 30 T160 13,0 0.26 ® 66.1 14.2 51.9 1323 11.7 24.5 2.4 ¢ 2008
0.80 120 30 7160 12.0 0.24 & 66.4 142 52.3 13.3 10.8 25.5 2.6 « 2019
1.00 150 30 7160 9.6 0.26 ® 6646 12.3 54.3 12.3 13.5 25.5 3.1 » 2024
0.80 130 40 4086 17.1 0.34 @ 56,8 14.2 52.7 13.3 117 25.8 1.8 ¢ 2031
0.80 120 40 4086 15.8 0.32 » 66,9 14,2 52.7 13.3 10.8 26.6 2.0« 2033
0.80 140 40 4086 18.4 0.36 @ 66.9 14.2 52,7 13.3 12.6 25.1 1.7 » 2034
1.00 140 30 - 7160 9.0 0.23 ® 66.9 12.3 54.6 12.3 12.6 2646 3.3 o 2034
1.00 150 40 4086 12.6 0.32 # 6649 12.3 54.6 12.3 13,5 26.6 2.3 » 2035
BETA INDEXES = 75 PERCENT OF PREDICTED VALUES .
0.80 150 40 6129 13.2 0.29 ® 72.1 14.2 58.0 13.3 13.5 28,5 2.6 » 2192
0.80 140 40 6129 12.3 0.28 ® 72,3 14.2 58.1 13.3 12.6 29.4 2.8 ¢ 2198
0.80 150 30 10740 10.0 0.22 & 72,5 14,2 %58.4 13.3 13,5 28.1 3.4 o 2205
0.60 150 30 10740 17.8 0.29 & 726 1Teh 55.2 15.5 13,5 24.2 2.0 ¢ 2207
0.80 130 40 6129  11.4 0.27 & T2,7 14,2 58.5 13.3 11.7 30.4 3.l ¢ 2209
0.60 140 30 10740 18.6 0.24 ¢ V2,7 1T.4 55.3 15.5 12,6 25.0 2.2 ¢ 2211
0.60 130 30 10740 15.4 0.23 ¢ 73,0 17.4 55.6 15,5 11.7 260 24 ¢ 2219
0.80 140 30 10740 9.3  0.21 & 73,1 14.2 5849 133 12.6 29.2 3.8 » 2222
0.80 120 40 6129 10.5 0.25 ¢ 73,3 14.2 59.1 13.3 10.8 31.5 3.5 ¢ 2227
0.60 130 40 6129 20.3 0.3l ¢ T3.4 17.6 5640 15.5 11.7 26.9 1.9 ¢ 223t
BETA INDEXES = 100 PERCENT OF PREDICTED VALUES
0.60 150 40 8172 17.5 0s29 ® 77.2 17.4 598 15.5 13.5 28.5 2.3 ¢ 2346
0.80 150 40 8172 9.9 0.25 @ 773 14.2 63.2 13.3 13,5 32.5 3.8 » 2350
0.60 140 40 8172 16.4 0,28 @ 77,3 17.4 59.9 15.5 12.6 29.4 2.5« 2351
0.60 150 30 14321 13,3 0.22 ® 77.5 174 60.1 15.5 13.5 28.1 3.0 ¢ 2355
0.60 130 40 B172 15,2 Ge27 @ 777 17¢4 60.2 15.5 11.7 30.4 2.7 » 2360
0.80 150 50 5289 12.2 0.32 & 77.8 14.2 63.6 13.3 13.5 33.6 3.1 ¢ 2364
0.80 140 40 8172 9.2 0.24 ® TT.9 1442 63.8 13.3 12.6 33.6 4.2 ¢ 2369
0.60 140 30 14321 12,5 0e21 @ 78.0 17e4 60.6 15.5 12.6 29.2 3.3 ¢ 2370
0.80 140 50 5289 1l.4 0,30 ® 78.1 1402 6309 13.3 12.6 34.6 3.4 ¢ 2373
0.60 120 40 8172 14.0 0.25 @ 78,2 174 60.8 15.5 10.8 31.5 3,0 ¢ 2376
BETA INDEXES = 125 PERCENT OF PREDICTED VALUES
0.60 150 40 10215 14.0 0.25 ¢ 80.9 17.4 63.5 15.5 13.5 31.8 3,0 ¢ 2460
0.60 140 40 10215 13.1 0625 ® B8le4 17eh 64.0 15.5 12.6 32.6 3.3 ¢ 2473
0.60 150 50 6611 17.3 0.33 ¢ 81,7 174 6423 15.5 13,5 32.8 2.5 ¢ 2484
0.60 140 SO 6611 16.2 0,31 & 81,9 17.4 64.5 15.5 12.6 33.7 2.7 » 2489
0.60 130 40 10215 12.2 024 ® B82.0 17e4 64e6 15.5 117 33.8 3.6 » 2493
0.80 150 S0 6611 9.8 0e28 ® B82.1 142 67.9 13.3 13.5 36.8 4.2 ¢ 2494
0.60 130 SO 6611 15,0 0.30 s 82.2 174 64.8 15.5 11.7 34.7 3.0 » 2500
0.60 150 30 17901 10.7 0.20 ® 82,5 174 65.1 15.5 13.5 32.0 4.1 ¢ 2507
0.80 140 50 6611 9al  0e27 @ 82,7 14e2 6845 1303 12.6 38.0 4.6 ¢ 2514
0.80 150 40 10215 Te9 0.22 ¢ 82,7 14e2 68¢5 13¢3 13.5 365 5.3 ¢ 2514
BETA INDEXES = 150 PERCENT OF PREDICTED VALUES
0.60 150 40 12258 11.7 0.23 & 84,8 174 67¢3 15.5 13.5 34,5 3.9 ¢ 2576
0.60 150 50 7933 14.5 0.29 ¢ B84.8 174 67.4 15.5 13.5 35.2 3.2 » 25717
0.60 140 S0 7933  13.5 0,28 @ B85.2 17.4 67.8 15.5 12.6 36.3 3.4 » 2589
0.60 140 40 12258 10.9 0.22 ® 85,5 17.4 68.1 15.5 12,6 35.7 4.3 ¢ 2599
0.60 130 SO 7933  12.5 D27 » B85.8 174 68.4 15.5 11.7 37.5 3.8 ¢ 2609
0.60 150 60 5559 17.2 037 & 86.2 176 68.8 155 135 37el 2.7 ¢ 2621
0.60 140 60 5559 16,0 0.35 & B86.4 17.46 69.0 15.5 12.6 38,0 2.9 ¢ 2627
0.80 150 50 7933 8.1 0.25 @ B6.5 14.2 T2.3 13.3 13.5 40.0 S.4 & 2628
0.60 130 40 12258 101 0e22 ® B6.5 174 69.1 15.5 11.7 37.2 4.7 ¢ 2630
0.60 120 S0 7933  11.6 0.26 86,7 174 69.3 15.5 10.8 38.8 4.2 ¢ 2636
BETA INDEXES = 175 PERCENT OF PREDICTED VALUES
0.60 150 50 9255 12.4 0.27 & 8749 1746 7T0e5 155 13.5 376 3.9 ¢ 2672
0.60 140 SO 9255 116 0.26 ® B88.6 174 71e2 15.5 12.6 38.8 4.2 « 2692
0.60 150 40 14301 10.0 0.22 ® B8.7 17.4 71.3 15.5 13.5 37.4 4.8 ¢ 2695
0.60 150 60 6486 ° 14,7 0.33 ¢ 8B8.8 17.4 7l.4 15.5 13.5 39.1 3.3 » 2700
0.60 140 60 6486 13,7 0.32 ® B89.2 17.4 71eB 15.5 12.6 40.1 3.6 » 2712
0.60 130 50 9255 10.7 0.25 ¢ 89.5 17.4 72.1 15,5 11,7 40.2 4.7 o 2720
0.60 140 40 14301 9eh 0421 ® B9.T7 LTe4% T2.3 15.5 12.6 38.9 5.3 » 2728
0.60 130 60 6486 12.8 0.30 ® 89,9 17.% T2.4 15.5 117 4le3 3.9 ¢ 27131
D.40 150 40 14301 22.6 0.26 # B89.9 2hel 65.8 19.5 13.5 30.5 2.4 » 2733
0.40 140 40 14301 21.1 025 ® 90e2 2bel 6621 19.5 12.6 31.5 2.6 » 2742
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JO8 2. SAME AS JOB 1 EXCEPYT FOR USE OF 1 INCH
DIAMETER SEPTA (CYLINDRICAL!

11 SEPTUM DIAMETER 1 INCH
BEGIN

FLOW TERM CO. BET A TIME THICK ® ===~ COSTSy; $§ PER MILLION GALLONS =-~==-~ e TOTAL
HEAD 4 =2 . LAB+ L] CosTY
GSFM FT PPM 10 FT HR IN = TOTAL 1ST OPER MAIN PONR OIAT BAKW @ $/MO

BETA INDEXES = 50 PERCENY OF PREDICTED VALUES
1.00 130 30 7160 15.7 0.26 @ 5843 12.3 45.9 12.3 11.7 20.4 1.6 @ 1770
1.00 140 30 7160 17.2 0.27 & 58,3 123 46.0 123 12.6 19.8 leb & . 1772
1.00 120 30 7160 14.3 0s25 ® 58.4 (2.3 46.0 12.3 10.8 21.2 1.8 ¢ 1774
1.00 150 30 7160 18.8 0.28 & 58,5 12.3 46.2 12.3 13.5 19.2 1.3 » 1777
0.80 120 30 71860 23.5 0.28 & 5B.6 14.2 44,4 13.3 10.8 19.2 lel @ 1780
0.80 110 30 7160 21.1 0.27 & 5846 14.2 44.4 13.3 9.9 19.9 1.3 » 1780
1.00 110 30 7160 12.9 0.23 ¢ 5847 123 46.3 12.3 9.9 22.2 2.0 * 1783
0.80 130 30 7160 25.9 0.30 & 58,7 142 44.5 13.3 11.7 18.5 1.0 » 1784
0.80 100 30 7160 18.7 0.25 ® 58.8 14.2 44,6 13.3 9.0 20.8 leo o 1786
1.00 10 40 4086 19.4 0e33 & 58,9 12.3 46.6 12.13. 9.9 23.1 1.3 0 1790

BETA INDEXES = TS PERCENT OF PREDICTED VALUES
0.80 140 30 10740 17.3 0.26 & 63,3 14.2 49.1 13.3 12.6 21.5 1.6 « 1923
0.80 150 30 10740 18.8 0.25 ® 63.3 14.2 49.1 13.3 13.5 20.8 1.5 ¢ 1924
0.80 130 30 10740 15.8 0.23 » 63.4 14.2 49.2 13.3 11.7 22.4 1.8 » 1927
1.00 140 40 6129 15.7 0.30 @ 63,5 123 51.2 12.3 12.6 24.6 1.8 ¢ 1931
1.00 150 40 6129 17.1 0.31 ¢ 63,6 12.3 51e3 12.3 13.5 24.0 l.6 @ 1932
1.00 130 40 6129 14.3 0.28 ® 63.6 123 51.3 1203 11.7 25.4 2.0 ¢ 1934
0.80 120 40 6129 2l.4 0.31 & 63,6 l4.2 49.5 13.3 10.8 24.0 lub @ 1934
0.80 130 40 6129 23.8 0.33 ® 63.6 14.2 49.5 13.3 11.7 23.2 lo2 o 1934
0.80 120 30 10740 14.4 0.22 & 63.7 14.2 49.5 13.3 10.8 23.3 2.1 ¢ 1936
1.00 150 30 10740 11.5 022 » 63.8 12.3 5l.4 12.3 13,5 23.3 2.4 @ 1938

BETA INDEXES = 100 PERCENT OF PREDICTED VALUES
0.80 140 40 8172 18.1 0.28 ® 67.1 14.2 52.9 13.3 12.6 25.3 le7 @ 2040
0.80 150 40 8172 19.7 0.30 ® 67.1 14.2 52.9 13.3 13.5 24.6 le6 @ 2040
0.80 130 40 8172 16.5 0.27 @ 6743 1402 53.1 13.3 11.7 26.1 1.9 = 2044
0.80 150 30 14321 13.4 0.22 ® 6745 142 53.3 13.3 13.5 24,2 243 o 2051
0.80 120 40 8172 14.9 0e26 ® 67.6 1422 53.4 13.3 10.8 27.1 2.2 ¢ 2054
1.00 150 40 8172 12.0 0.26 » 67.7 12.3 55.3 12.3 13.5 27.1 2.5 @ 2056
0.80 140 30 14321 12.4 0.2l ® 678 1422 53.6 13.3 12.6 25.1 2.6 ® 2060
1.00 140 40 8172 11.0 0.25 ® 6840 12¢3 55.6 123 12.6 28.0 2.8 2065
0.80 110 40 8172 13.5 0.25 ® 6841 142 56.0 13.3 9.9 28.3 2,5 = 2071
0.80 130 50 5289 23.2 0.37 @ 6841 14.2 54.0 13.3 11.7 27.6 lob o 207

BETA INDEXES = 125 PERCENT OF PREDICTED VALUES
0.80 150 40 10215 15.0 0.26 ¢ 7043 14.2 56.1 13.3 13.5 27.1 2.2 @ 2137
0.80 140 40 10215 13.8 0.25 ® T0.6 14.2 56.4 13.3 12.6 28.0 2.4 = 2144
0.80 150 50 611 20.8 0.35 ¢ 70,9 14e2 56.7 13.3 13.5 28.3 1.6 @ 2155
0.80 140 50 6611 19.0 0.33 » 70.9 14.2 56.7 13.3 12.6 29.0 L.8 » 2156
0.80 130 40 10215 12.6 0.24 ¢ 71,0 14e2 5648 13.3 11,7 29.1 207 @ 2158
0.80 130 50 6611 17.2 0.31 & Tlal 1442 5609 13.3 11.7 29.9 2.0 = 2160
0.80 120 50 6611 15.6 0.30 ¢ Tle4 14.2 57.2 13.3 10.8 30.9 2.3 o 2171
0.60 140 40 10215 26.2 030 ¢ T71e5 174 5401 15.5 12,6 24.6 leb o 2172
0.60 130 40 10215 23.8 0.28 ¢ T1e5 17e4% 54.1 15.5 11.7 25.4 1e5 @ 2174
1.00 150 50 6611 12.5 030 ¢ Tl.5 12.3 59.2 12.3 13.5 30.9 2.6 » 2174

BETA INDEXES = 150 PERCENT OF PREDICTED VALUES
0.80 150 50 7933 16.4 0.30 ¢ 73.5 14.2 59.3 13.3 13.5 30.4 2.1 » 2234
0.80 150 40 12258 12.0 0s23 ¢ 73,6 14.2 59.4 13.3 13.5 29.7 2.9 2236
0.80 140 50 7933 15.0 0.29 ® 73,7 142 59.5 13.3 12.6 31.2 2.4 o 2240
0,60 150 40 12258 22.7 0.28 @ T3.9 17.4 56.5 15.5 13.5 25.8 1la6 » 2245
0.60 140 40 12258 20.8 026 % The0 17.6 5605 155 12.6 26.7 1.8 # 2248
0.80 140 40 12258 11.1 0.23 o T4.1 142 59.9 13.3 12.6 30.8 3.3 » 2252
0.80 130 S0 7933 13.7 0.28 * 74,1 14.2 59.9 13.3 1l.7 32.2 2.7 » 2252
0.60 130 40 12258 19.0 0.25 ¢ 74,2 17.4 56.8 15.5 1l.7 27.6 2.0 = 2255
0.60 120 40 12258 17.3 0.26 ¢ Th,7 17.4 57.2 15.5 10.8 28.7 2.3 » 2269
0,60 150 30 21481 15.6 0.20 ¢ T4.7 17.4 57.3 15.5 13.5 25.9 2.4 o 2269

BETA INDEXES = 175 PERCENT OF PREDICTED VALUES
0.80 150 50 9255 13.5 027 & T6al 14,2 62.0 13.3 13.5 32.4 2.7 » 2314
0.60 150 40 14301 18.8 0.25 ¢ 7602 17.4 58.8 15.5 13.5 27.7 2.1 0 2316
0.60 140 40 14301 17.3 0.26 & 76.5 17.6 59.1 15.5 12.6 28.7 2.3 ¢ 2324
0.80 140 50 9255 12.4 026 ¢ T6.6 14,2 62.4 13.3 12.6 33.4 3.0 + 2327
0.60 150 50 9255 26.0 0.33 & T6.7 17.4 59.3 15.5 13.5 28.8 1.5 ¢ 2332
0.60 140 50 9255 23.8 0.32 # 76,8 17.%4 59.3 15.5 12.6 29.6 1.7 = 2333
0.80 150 60 6486 17.8 0.35 » 76.9 14,2 62.7 13.3 13.5 33.8 2.1 ¢ 2336
0.60 130 50 9255 21.6 0.30 & 76.9 17.4 59.5 15.5 11l.7 30.5 1.9 o 2338
0.80 150 40 14301 10.0 0.22 & 76.9 14.2 62.8 13.3 13.5 32.2 3.7 » 2339
0.60 130 40 14301 15.9 0.23 ® 7649 17.4 59.5 15.5 11.7 29.8 2.5 = 2339
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SAME AS JOB 2 EXCEPT FOR FOLLOWING

1 DESIGN FLOW 7 MGD
T X1 INDEX 1.95E9 FY/LB  (CELITE 503)
11 SEPTUM DIAMETER 3.5 INCHES
12 BETA PREDICTION 6.09/71.87/0/0.,335
(PREDICTION EQ FOR RUNS 5032~5056+ 5150-5156)
18 POWER COST 1.5 CENTS/KWH
BEGIN
FLOW TERM CO BETA TIME THICK ® ====~= COSTSy $ PER MILLION GALLONS -===~~ @ TOTAL
HEAD 4 =2 . LAB+ . cosTt
GSFM FT PPM 10 FT HR IN = TOTAL 1ST OPER MAIN POWR DIAT BAKNW o $/M0
BETA INDEXES = 50 PERCENT OF PREDICTED VALUES
1.00 150 30 5960 16.3 0.27 & 50.1 10.4 39.6 6.8 10.1 21.3 1.5 @ 10650
1.00 140 30 5960 13.2 0.26 ® 50.2 10.4 39.8 6.8 9.4 21.9 leb o 10683
1.00 130 30 5960 12.2 0.25 » 50.5 10.4 40.1 6.8 8.8 22.7 1.8 @« 10744
0.80 140 30 5960 21.1 0.30 ¢ 50.6 12.4 38.2 7.8 9.4 19.9 lel & 10769
0.80 i50 30 5960 22.8 0.31 @ 50.7 12.4 38.2 7.8 0.1 19.4 1.0 = 10778
1.20 150 30 5960 9.8 0.25 ¢ 50.7 9.1 4l1.5 6.1 0.1 23,2 2.2 @ 10781
0.80 130 30 5960 19.5 0.29 o 50.7 12.4 38.3 T.8 8.8 . 20.5 l.2 @ 10782
0.80 120 30 5960 17.8 0.27 ® 50.9 12.4 38.4 T.8 8.1 21.3 1.3 » 10822
1.00 120 30 5960 11.2 0.24 ® 5.0 10.4 40.5 6.8 8.1 23.6 240 o 10842
1.20 140 30 5960 9.1 0.24 » S1.0 9.1 41.9 6.1 9.4 24.0 24 & 10859
BETA INDEXES = 75 PERCENT OF PREDICTED VALUES
0.80 150 30 . 8940 14.7 0.25 ® 55.2 12.4 42.8 7.8 10.1 3.1 1.7 » L5764
0.80 140 30 8940 13.6 0.24 » 55.5 12.4 43.1 7.8 9.4 26.0 1.9 = 11€l0
0.80 130 30 8940 12.6 0.23 & 56,0 12.4 43.6 7.8 8.8 24.9 2.1 @ 11910
1.00 150 30 8940 9.3 0.22 ® 56,0 10.4 45.6 6.8 10.1 26.0 2.7 11921
1.00 150 40 5220 1244 - 030 » 56.1 10.4 45.7 6.8 10.1 26.8 2.1 = 11943
0.80 150 40 5220 19.8 0.34 ¢ 56.2 12.4 43.8 Te8 101 2606 1.3 @ 11958
0.80 140 40 5220 18.3 0.33 ¢ 5643 12.4 43.9 7.8 9.4 25.2 led o 11976
1.00 140 «0 5220 11.5 028 @ 56,5 10.4 46.0 6.8 9.4 27.6 2.3 12012
0.80 130 40 5220 16.9 0.3l & 5645 12.4 44,1 7.8 8.8 25.9 1le6 @ 12020
0.60 150 30 8940 26.7 0429 @ 5646 15.7 40.9 9.5 10.1 20.3 1.0 ¢ 12040
BETA INDEXES = 100 PERCENT OF PREDICTED VALUES
0.80 150 40 6961 lé.4 0,29 o 59.8 12.4 47.4 7.8 10.1 27.5 240 = 12726
0.80 150 30 11920 10.8 0.21 ¢ 59,9 12.4 47.5 7.8 10.1 26.9 2.6 o 12745
0.60 150 30 11920 19.6 0425 @ 59.9 15.7 44.2 9.5 10.1 23.1 1.5 o 12750
0.80 140 40 6961 13.4 0.27 » 60.2 12.6 47.8 T.8 9.4 28.3 2,2 12805
0.60 140 30 11920 18.2 0.24 & 60.2 15.7 44.5 9.5 9.4 24.0 1.6 ¢ 12811
0.80 140 30 11920 10.1 0.21 & 60.6 12.4 48.2 7.8 9.4 28.0 2.9 ¢ 12892
0.60 130 30 11920 16.8 023 ® 60.6 15.7 45.0 9.5 8.8 24.9 1.8 ¢ 12904
0.80 130 40 6961 12.3 026 ® 60.7 12.4 48.3 7.8 8.8 29.3 2.4 12919
1.00 150 40 6961 9.1 0.25 @ 60.9 10.4 50.5 6.8 10.1 30.5 341 @ 12960
0.60 150 40 6961 26.4 0.34 & 61l.0 15.7 45.3 9.5 10.1 24.6 lol @ 12976
BETA INDEXES = 125 PERCENT OF PREDICTED VALUES
0.60 150 30 14901 15.4 0,22 & 63.3 15.7 47.6 9.5 10.1 26.0 2.1 13476
0.80 150 40 8701 11.3 0.25 @ 63,5 12.4 Sl.1 7.8 10.1 30.5 2.7 ¢ 13517
0.60 150 40 8701 20.6 0.30 ¢ 63.6 15.7 47.9 9.5 10.1 26.8 1.6 @ 13535
0.60 140 40 8701 19.1 0028 & 63.9 15.7 48.2 9.5 9.4 27.6 1.7 o 13592
0.60 140 30 14901 14.4 0.21 & 63.9 15.7 48.2 9.5 9.4 27.0 203 @ 13594
0.80 140 40 8701 10.5 0,24 ® 642 12.4 51.8 7.8 9.4 3l.5 3.0 13659
0.60 130 40 8701 17.6 0.27 & 64.3 15.7 48.6 9.5 8.8 28.5 1.9 » 13681
. 0.80 150 50 5732 14.3 0.32 & 64.3 12.4 51.9 7.8 10.1 31.8 2.2 # 13688
0.60 130 30 14901 13.3 0.21 & b64.6 15.7 49.0 9.5 8.8 28.2 2.5 13754
0.80 140 50 5732 13.2 0.31 » 64.7 12.4 52.3 7.8 9.4 32.6 2.4 @ 137177
BETA INDEXES = 150 PERCENT QF PREDICTED VALUES
0.60 150 40 10441 16.9 0.27 @ 66.3 15.7 5066 9.5 10.1 29.0 2.0 = 14104
0.60 140 40 10441 15.7 0.26 ¢ 6648 15.7 5l1.1 9.5 9.4 29.9 2.2 0 14205
0.60 150 30 17881 12.8 0.20 ¢ 66.8 15.7 5la.l 9.5 10.1 28.8 2.7 » 14219
0.80 150 40 10441 9.3 0.23 @ 67.3 12.4 54.9 7.8 10.1 33.4 3.6 14330
0.60 130 40 10441 14.5 0.25 & 67.4 15.7 51.7 9.5 8.8 31.0 2.5 @ 14346
0.80 150 50 6879 11.7 0429 * 67¢4 12.4 55.0 T+8 10.1 34.2 2.9 ¢ 14349
0.60 150 50 6879 21.46 0,35 » 67.5 15.7 518 3.5 10.1 30.6 1.6 » 14362
0.60 140 30 17881 11.9 0.20 ¢ 67.7 15.7 52.0 9.5 9.4 30.0 3.0 = 14395
0.60 140 50 6879 19.8 0.33 ¢ 67.8 15.7 52.1 9.5 9.4 31.3 1.8 » 14418
0.80 140 50 6879 10.8 0.28 & 68.1 12.4 55.7 7.8 9.4 35.2 3.2 » 14491
BETA INDEXES = 175 PERCENT OF PREDICTED VALUES
0.60 150 40 12181 14.3 0s24 ® 69.0 15.7 53.3 9.5 10.1 31.2 2.5 = 14683
0.60 140 40 12181 13.3 0.24 o 69.7 15.7 54.0 9.5 9.4 32.3 2.8 = 14830
0.60 150 50 8025 18.0 0.31 » 69.7 15.7 54.0 9.5 10.1 32.4 2.0 » 14834
0.60 140 50 8025 16.7 0,30 » 7042 15.7 54.5 9.5 9.4 33.3 2.2 = 14928
G.60 150 30 20861 10.9 Cel9 & T0.4 15.7 54.7 9.5 10.1 31.7 3.4 14978
0.80 150 50 8025 9.9 0.26 = T70.6 12.4 58.2 7.8 10.1 36.6 3.6 @ 15025
0.60 130 40 12181 12.3 0.23 » 70,6 15.7 54.9 9.5 8.8 33.6 3.1 ¢ 15025
0.60 130 50 8025 15.4 0.29 ¢ 70.8 15.7 55.1 95 8.8 34.3 2.5 ¢ 15059
0.80 150 40 12161 T.9 0.21 ¢ T71.3 12.4 58.9 7.8 10.1 36.4 4.6 o 15167
0.80 150 60 5707 11.9 0.32 ¢ T1.5 12.4 59.1 7.8 10.1 38.1 3.1 o 15208



125

JOB 4. SAME AS J0B 3 BUT USE HYFLO SUPER-CEL AT
COST OF $80/TON
T X1 INDEX 5.5€E9 FT/L8
16 DIATOMITE COST 80 $/TON
BEGIN

FLOW TERM CO B E T A TIME THICK ¢ —=——=- COSTSy $ PER MILLION GALLONS =----=- TOTAL
HEAD 4 =2 . LAB+ cosTt
GSFM FT PPM 10 FT HR IN = TOTAL 1ST OPER MAIN POWR DIAT BAKW $/M0

BETA INDEXES = 50 PERCENT OF PREDICTED VALUES
1.00 150 30 8436 9.8 0.23 & 49,6 10.4 29,2 6.8 1041 20.2 2.1 ¢ 10561
0.80 150 30 8436 15.6 0.26 & 49.7 12.4 37.3 7.8 10.1 18.0 lab » 10580
0.80 140 30 8436 14.5 0.25 ¢ 49,8 12.4 37.4 T8 9«4 1846 Le5 @ 10596
1.00 150 40 4926 13.1 0.31 & 49.9 10.4 39.4 6.8 10.1 20.9 leb @ 10610
1.00 140 40 4926 12.2 0.29 * 49.9 0.4 139.5 6.8 9.4 21.5 1.8 » 10629
1.00 140 30 8436 9.1 0.22 ¢« 50,0 10.4 39,5 6.8 9.4 21.0 2.4 » 10629
g.80 tae 30 8436 13.4 0.24 & S50.0 12.4 37.6 Te.8 8.8 19.4 1.7 » 10639
1.00 130 40 4926 '11.2 Ce28 @ 50.2 10.4 39.7 6.8 8.8 22.2 240 » 10674
1.20 15¢ 40 4926 9.0 0.27 = 50.3 9.1 4l.2 6ol 101 22.6 244 @ 10706
0.80 120 30 8436 12.3 0.23 & 50.3 12.4 37.9 7.8 8.1 20.2 1.9 » 10714

BETA INDEXES = 75 PERCENY OF PREDICTED VALUES
0.80 150 40 7389 13.5 0.28 & 54,8 12.4 4&2.4 Te8 10.1 22.6 . 11658
0.80 140 40 7389 12.5 0.26 *= 55.0 12.4 42.6 7.8 9.4 23.3 . 11707
0.80 150 30 12654 10.1 0.21 & 55.1 12.4 42.7 7.8 10.1 22.3 . 11731
1.00 150 40 7389 8.5 0.24 ® 55,4 10.4 4#4.9 6.8 10.1 25.1 . 11781
0.80 130 40 7389 11.5 0.25 ® 55.4 12.4 43.0 7.8 8.8 24.2 . 11787
0.80 140 30 12654 94 0.20 ® 55.6 12.4 43.2 7.8 9.4 23.3 L4 11840
1.00 150 50 4868 10,6 7 0.31 o 55,7 10.4 45.3 6.8 10.1 26.1 . 11856
0.60 150 30 12654 18.3 0.24 & 55.8 15.7 40.1 9.5 10.1 19.1 . 11873
0.80 150 50 4868 17.1 0.36 = 55.8 12.& 43.4 7.8 10.1 24.0 . 11877
0.80 140 50 49868 15.8 0.34 & 55,9 12.4 43.5 7.8 .4 24.6 . 11890

BETA INDEXES = 100 PERCENT OF PREDICTED VALUES
0.80 150 40 9852 9.9 0.24 » 59,1 12.4 46.7 7.8 10.1 26.0 (4 12577
0.80 150 50 6491 12.4 0.30 ¢ 59.3 12.4 46.9 7.8 10.1 26.7 - 12625
0.60 150 40 9852 18.0 0.28 ® 59,5 15.7 43.8 9.5 10.1 22.6 . 12659
0.80 140 50 6491 11.5 0.29 ¢ 59.7 12.4 47.3 T.8 G4 27.5 . 12698
0.80 140 40 9852 9.2 0.23 ® 59.7 12.4 47.3 7.8 Geh 2649 . 12701
Q.60 140 40 3852 16.7 0.26 & 59.7 15.7 44.0 9.5 9.4 23,3 L4 12702
0.60 150 30 16872 13.5 0.21 ¢ 59.7 15.7 44l 9.5 10.1 22.3 . 12714
0.60 130 40 9852 15.4 0,25 » 60.0 15.7 &4.6 9.5 8.8 24.1 . 12775
0.80 130 50 6491 10.6 0.27 » 60.2 12.4 47.8 7.8 8.8 28.4 . 12807
0.60 140 30 16872 12,6 0.20 » 60.2 15.7 44.5 9.5 9.4 23.2 L] 12814

BETA INDEXES = 125 PERCENT OF PREDICTED VALUES
0.60 150 40 12315 14.1 0.26 ® 6226 15.7 46.9 9.5 10.1 25.1 2.2 » 13322
0.80 150 50 8113 9.7 0.26 @ 63,0 12.4 5045 7.8 10.1 29.5 3.1 ¢ 13398
0.60 140 40 12315 13.1 0.23 & 6321 15.7 4T.4 9.5 9.4 26.0 2.4 0 13417
0.60 150 50 8113 17.8 0.31 » 6341 15.7 47.4 9.5 10.1 26.0 1.8 » 13429
0.60 140 50 8113 16.5 0.30 @ 6323 15.7 47.7 9.5 9.4 26.8 2.0 13479
0.80 150 60 5769 11.8 0.32 & 63.6 12.4 51.2 7.8 10.1 30.6 2.6 ¢ 13531
0.80 150 40 12315 7.8 0.21 » 63.6 12.4 51.2 7.8 10.1 29.3 4.0 ¢ 13534
0.80 140 50 8113 9.0 0.25 » 63.6 12.4 51.2 7.8 9.4 30,5 3.5 ¢ 13535
0.60 130 40 12315 12.2 0.23 » 63.7 15.7 48.0 945 8.8 27.0 2.7 » 13551
0.60 130 50 B113 15.2 0.28 & 63.7 15.7 48.1 9.5 8.8 27.6 2.2 ¢ 13562

BETA INDEXES = 150 PERCENT OF PREDICTED VALUES
0.60 150 50 9736 L4e6 0428 ¢ 65.7 15.7 50.0 9.5 10.1 28,1 2.3 ¢ 13981
0.60 150 40 14778 11.7 0.22 » 65.8 15.7 50.1 9.5 101 27.6 2.9 ¢ 14001
0.60 140 50 9736 13.5 0.27 ¢ 6641 15.7 50.5 9.5 Ge4 29.0 2.5 = 14075
0.60 140 40 14778 10.8 0.22 ® 66.5 15.7 50.8 9.5 9.4 28.7 3,2 ¢ 14151
0.60 150 60 6923 17.7 0.3 & 667 15.7 51.0 9.5 10.1 29.% 2.0 » 14187
0.80 150 50 9736 8.0 0s26 ® 6607 12.4 5403 7.8 10.1 32,3 bol » 14198
0.80 150 60 6923 9.6 0.29 & bbaT 12.4 54.3 7.8 10.1 33,0 3.5 ¢ 14204
0.60 130 50 9736 12.5 0.26 ¢ 66,8 15.7 51.1 9.5 8.8 30.0 2.0 ¢ 14209
0.60 140 60 6923 16.3 033 » 66,9 15.7 51.3 9.5 9.4 30.2 2.1 o 14245
0.60 130 60 6923 15.1 031 ¢ 67.46 15.7 51.7 9.5 8.8 31.1 2.4 0 14336

BETA INDEXES = 175 PERCENT OF PREDICTED VALUES
0.60 150 50 11359 12.3 0.25 ¢ 68.4 15.7 5247 9.5 10.1 30.2 2.9 o 14545
0.60 150 60 8077 14.9 0.31 & 6B8.9 15.7 53.2 9.5 10.1 31.2 2.4 14663
0.60 —1%0" 50 11359 11.5 0.24 ® 69.0 15.7 53.3 9.5 9.4 3l.2 3.2 14685
0.60 150 40 17241 9.9 0.21 = 69.1 15.7 53.4 9.5 10.1 30.1 3.7 @ 14698
0.60 140 60 8077 13.8 0.30 ®» 69.4 15.7 53.7 9.5 9.4 32.1 2.7 ¢ 14759
0.60 130 50 11359 10.6 0.24 ® 699 15.7 54.2 95 8.8 32.4 3.6 @ 14872
0.60 130 60 8077 12.7 0,28 ¢ T70.0 15.7 5443 9.5 8.8 33,1 3.0 ¢ 14895
0.80 150 60 8077 8.2 0.26 8 70.Q0 12.4 57.6 7.8 10.1 35.3 Goh » 14896
0.60 140 40 17241 9.2 0.20 & 70.0 15.7 54.4 9.5 9.4 3l.4 4.1 o 14905
G.60 150 70 6054 17.6 %38 & 70.2 15.7 54.5 9.5 10.1 32.8 2.1 » 14936
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JOB S. SAME AS JOB 4 EXCEPT FOR IRON CONCENTRATVION

6 SOLIDS (CS) 4 PPM IRON
14 BOOY FEED 20/5/10 PPM
BEGIN

FLOW TYERM €D B E YT A TIME THICK & =——== COSTS, $ PER MILLION GALLONS =====- o TOTAL
HEAD 4 -2 . LAB+ - €osY
GSFM FT PPM 10 FT HR IN « TOTAL 1ST OPER MAIN POWR DIAT BAKW = $/M0

. BETA INDEXES = 50 PERCENT OF PREDICTED VALUES
1.20 120 20 5557 12.4 0.23 » 37.8 9.1 28.7 6.1 8.1 13.4 1.2 » 8052
1.20 130 20 5557 13.5 0.24 » 37.8 9.1 28.7 6.1 8.8 12.8 1.0 = 8053
1.40 120 25 3661 11.2 G.26 * 37.9 8.2 29.7 5.7 8.1 14.7 1.3 » 8057
1.40 130 25 3661 12.3 0.27 ¢ 37.9 8.2 29.7 5.7 8.8 14.2 l.l = 8059
1.20 110 25 3661 14.1 0.27 ¢ 37.9 9.1 28.8 6.1 Teo 1402 1.0 = 8067
1.40 140 20 5557 10.6 0.23 ¢ 37.9 8.2 29.8 5.7 9.4 13.4 1.3 = 8070
1.20 120 25 3661 15.5 0.29 » 37.9 9.1 28.8 6.1 8.1 13.7 0.9 = 8071
1.40 130 20 5557 9.8 0.22 &= 37.9 8.2 29.8 5.7 8.8 13.9 loé » 8074
1.20 140 20 5557 14.6 0.25 « 38.0 9.1 28.8 6.1 T4 12.4 0.9 8075
1.20 110 20 5557 11.3 0.22 =« 38.0 9.1 28.9 6.1 T4 14.0 le3 » 8079

BETA INDEXES = 75 PERCENT OF PREDICTED VALUES
1.20 140 25 5492 11.8 0.25 » 4l.4 9.1 32.2 6.1 9.4 15.4 1.3 = 8800
1.20 150 25 5492 12.7 0.26 = 4l.4 9.1 32.3 6.1 10.1 14.9 1.2 = 881l
1.20 130 25 5492 10.9 0.24 = Al.6 9.1 32.3 6.1 8.8 16.0 1.5 » 8811
1.20 130 30 3905 13.1 0.29 » 4l.5 9.1 32.4 6.1 8.8 16.3 1.2 = 8841
1.00 130 25 5492 16.0 0.26 = 41.6 10.4 3l.1 6.8 8.8 14.6 1.0 = 8847
1.00 120 25 5492 14.6 0.25 » 4l.6 10.4 3l.l 6.8 8.1 15.2 l.1 = 8849
1.20 120 25 5492 10.0 0.23 & 4l.6 9.1 32.5 6.1 8.1 16.6 1.7 » 8851
1.20 120 30 3905 12.0 0.28 & 41.6 9.1 32.5 6e1 8.1 16.9 leb = 8852
1.20 140 30 3905 14.3 0.30 » 4l.6 9.1 32.5 6.1 9.4 15.8 lel @ 8854
1.40 150 25 5492 9.3 0.24 ® 41.7 8.2 33.5 5.7 10.1 16.0 1.7 ¢ 8863

BETA INDEXES = 100 PERCENT OF PREDICTED VALUES
1.00 150 25 7323 13.7 0.24 & 44.2 10.4 33.8 6.8 10.1 15.6 1.3 = 9409
1.00 140 25 7323 12.7 0.24 ® 44.2 10.4 33.8 6.8 9.4 16.2 leb = 9411
1.20 150 30 5207 11.2 0.27 » 44.3 9.1 35.2 6.1 10,1 17.4 1.5 9419
1.20 140 30 5207 10.4 0.26 & 44.3 9.1 35.2 6.1 9.4 18.0 1.7 » 9431
1.00 130 30 5207 1401 0.27 » 44,3 10.4 33.9 6.8 8.8 17.1 1.3 9436
1.00 140 30 5207 15.3 0.28 ¢ 44.3 10.4 33.9 6.8 9.4 1665 l.2 o 9436
1.00 130 25 7323 11.7 0.23 ¢ 44.3 10.4 33.9 6.8 8.8 16.8 1.5 @ 9437
1.20 150 25 7323 9.4 0.22 @  44.4 9.1 35.3 6.1 10.1 17.2 1.9 9444
1.00 150 30 5207 16.5 0.30 » 444 10.4 34.0 6.8 10.1 16.1 lel o 9456
1.00 120 30 5207 12.9 0.26 = 44,5 10.4 34.0 6.8 8.1 17.7 l.4 » 9461

BETA INDEXES = 125 PERCENT OF PREDICTED VALUES
1.00 150 30 6509 12.9 0.26 ®* 4645 10.4 36.1 6.8 10.1 17.7 1.5 9894
1.00 140 30 6509 12.0 0.25 & 46.6 10.4 36.1 6.8 9.4 18.3 1.6 = 9908
1.00 150 25 9154 10.8 0.22 » 46,7 10.4 36.2 6.8 10.1 17.6 1.8 = 9927
1.00 130 30 6509 1l.1 0.24 ® 46.8 10.4 36.3 6.8 8.8 19.0 1.8 » 9949
1.00 140 35 4879 1401 0.30 » 46.8 10.4 36.4 6.8 9.4 18.8 l.4 o 9958
1.00 150 35 4879 15.2 0.31 ® 46.8 10.4 36.4 6.8 10.1 18.3 1.3 » 9964
1.00 140 25 9154 10.0 0.21 & 46,9 10.4 36.4 6.8 9.4 18.3 1.9 ¢ 9971
1.20 150 30 6509 8.9 0.24 & 46.9 9.1 37.7 6.1 10.1 19.4 2.1 9971
1.00 130 35 4879 13.0 0.28 & 46.9 10.4 36.4 6.8 8.8 19.4 1.5 ¢ 9974
1.20 150 35 4879 10.3 0.28 & 4b.9 9.1 37.8 6.1 10.1 19.7 l.8 = 9974

BETA INDEXES = 150 PERCENT OF PREDICTED VALUES
1.00 150 30 7811 10.6 0.24 ® 4B.6 10.4 38.2 6.8 10.1 19.4 1.9 10342
1.00 150 35 5855 12.4 0.28 = 48.7 10.4 38.2 6.8 10.1 19.7 l.6 = 10353
1.00 140 35 5855 11.5 0.27 » 48.8 10.4 38.3 6.8 9.4 20.3 1.8 = 10377
1.00 140 30 7811 9.9 0.23 » 48.8 10.4 38.4 6.8 9.4 20.1 2.1 10393
0.80 150 30 7811 16.9 0,27 » 4B.9 12.4 36.5 7«8 10.1 17.4 l.2 10415
0.80 140 30 7811 15.7 0.26 & 49.0 12.4 3b6.5 7.8 9.4 18.0 1.3 = 10418
0.80 150 25 10985 14.1 0.22 » 49.0 12.4 36.6 7.8 10.1 17.2 1.5 10424
1.00 130 35 ~ 5855 10.6 0.25 » 49.0 10.4 38.6 6.8 8.8 2l.1 2.0 ¢ 10429
1.00 150 40 4561 14.3 0.32 = 49.1 10.4 38.6 6.8 10.1 20.3 | P 10443
0.80 130 30 7811 14.5 0.25 ¢ 49.1 12.4 36.7 7.8 8.8 18.6 1.5 = 10445

BETA INDEXES = 175 PERCENT OF PREDICTED VALUES
1.00 150 35 6831 10.5 0.25 » 50.5 10.4 40.1 6.8 10.1 21.2 2.1 = 10749
0.80 50 30 9113 14,3 0.24 » 50.6 12.4 38.2 7.8 10.1 18.7 l.5 = 10761
.80 140 30 9113 13.3 0.24 & 50.7 12.4 38.3 7.8 9.4 19.4 1.7 » 10792
1.00 150 40 5321 12.1 0.29 » 50.7 10.4 40.3 6.8 10.1 2l.6 1.8 « 10794
1.00 150 30 9113 9.0 0.22 » 50.8 10.4 40.3 6.8 10.1 2l1.1 2.4 » 10801
0.80 150 35 6831 16.8 0.29 » 50.8 12.4 38.3 7.8 10.1 19.1 1.3 » 10802
1.00 140 35 6831 9.8 0e.24 » 50.8 10.4 40.3 6.8 %.4 21.9 2.3 = 10806
.80 140 35 6831 15.5 0.28 = 50.8 12.4 38.4 7.8 9.4 19.7 l.4 = 10810
1.00 140 40 5321 11.2 J.28 ¢+ 50.9 10.4 40.4 6.8 9.4 22.3 2.0 = 10827
0.80 150 25 12816 12.0 0.21 » 50.9 12.4 3B.5 7.8 10.1 18.7 1.8 = 10835
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P O P O -~ PROGRAM FOR OPTIMIZATION OF PLANT OPERATION

JOB 6.

DESIGN FLOW
SALVAGE VALUE
ENERGY CONVERSION
INTEREST RATE
PLANT LIFE
SOLIDS (CS)

X1 INDEX
TEMPERATURE
PRECCAT WEIGHT
PRECOAT DENSITY
SEPTUM DIAMETER
BETA PREDICTION
UNIT FLOW RATE
BAGDY FEED
TERMINAL HEAD
OIATOMITE COST
FIRST COST

P o o gt ot st
NOVMPWN=OOD®NO VNP WN -~

.
18 POWER COST
19 LABOR COST

[
20 BACKWASH COST
BEGIN

KENTUCKY BALL CLAY

3 MGD
15 PERCENT FIRST COST
70 PERCENT
4 PERCENT
15 YEARS
50 PPM CLAY (TURBIDITY)
5.1E9 FT/LB
48 DEGREES F
0.1 LB/SF
15 LB/CF
1 INCHES
3.43/1.96/-0.254/0.491
0.5/0.5/2 GSFM
40/10/100 PPM
75/15/150 FT
80 $/TON
AREA $/SF
100 225
200 160
350 128
600 110
1000 100
2000 94
25000 85

1.5 CENTS/KWH

AREA $/SF PER MONTH
100 2.00
200 1.15
300 0.83
500 0.63
800 0.50
2000 0.37
4500 0.30

10y 30 GAL/SF, MIN
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Jos 6

FLOW TERM CO B ET A TIME THICK & ————- COSTSy $ PER MILLION GALLONS —===—= . TOTAL
HEAD 4 =2 LAB+ . cosr
GSFM FT PPM 10 FT HR IN « TOTAL 1ST OPER MAIN POWR DIAT BAKW # $/M0
BETA INDEXES = S0 PERCENT OF PREDICTED VALUES
1.50 150 40 4768 7.2 0.21 » 50.4 11.2 39.2 7.0 0.1 19.5 2.6 » 4598
1.50 135 40 4768 6.3 0.20 » S0.7 1l.2 39.5 7.0 9.1 20.4 3.1 4626
1.50 135 S50 2909 9.4 0.29 ®= 50.7 1ll.2 39.5 7.0 9.1 21.4 2.1 » 4626
1.50 150 50 2909 10.9 0.3F » 50.8 11.2 39.6 7.0 0.1 20.8 l.8 = 4631
1.00 120 40 4768 13.5 0.24 * 50.9 14.T7 36.2 8.4 8.1 18.3 1.5 » 4644
1.50 120 50 2909 8.0 0.26 » 50.9 11.2 39.8 7.0 8.1 22.2 2.5 4645
1.00 135 40 4768 15.7 0.27 » 51.0 14.7 36.3 8.4 9.1 17.6 1.2 » 4651
1.00 105 40 4768 11.4 0.22 & Sl.1 14.7 36.4 8.4 Tel 19.2 1.8 = L6064
1.00 150 40 4768 18.1 0.29 & Sl.3 14.7 36.5 8.4 10.1 17.0 l.1 4676
1.50 120 40 4768 5.5 0.18 ¢ 51.4 11.2 40.2 7.0 8.1 2l.4 3.7 = 4687
BETA INDEXES = 75 PERCENT OF PREDICTED VALUES
1.00 150 40 7183 10.8 0.21 & 54,7 14.7 40,0 8.4 10.1 19.5 2.0 » 4989
1.00 135 40 7153 9.5 0.20 ® 54.9 14.7 40.1 8.4 9.1 20.4 2.3 » 5005
1.00 135 50 4364 14.1 0.29 ® S55.1 14.7 40.4 8.4 9.1 2l.4 1.6 « 5029
1.00 120 50 4364 12.1 0.26 # 55.2 14.7 40.5 8.4 8.1 22.2 1.9 » 5038
1.50 150 50 4364 6.4 0.23 ¢ 55.3 1l.2 44.1 7.0 10.1 23.6 3.4 » 5041
1.00 150 50 4364 6.3 031 » 55.3 14.7 40,6 8.4 10.1 20.7 1.3 » 50642
1.00 120 40 7153 8.2 0.18 ¢ 55.4 14,7 40.6 8.4 8.1 21.4 2.8 = 5050
1.50 150 60 2914 9.0 0.31 & 55.6 1l1l.2 44.4 7.0 10.1 24.9 2.4 ¢ 5073
1.00 105 50 4364 10.2 D0.24 ¢ 55,7 14.7 41.0 8.4 T.1 23.2 2.3 = 5078
1.50 135 60 2914 7.8 0.29 # 55.8 11.2 4%.7 7.0 9.1 25.7 2.9 = 5092
BETA INDEXES = 100 PERCENT OF PREDICTED VALUES
1.00 150 50 5819 11.2 0.25 ¢ 58.0 14.7 43.2 B.4 10.1 22.6 2.1 = 5286
1.00 135 50 5819 9.8 0e23 » 58.2 14.7 43.4 8.4 9.1 23.5 2.5 » 5305
1.00 150 40 9537 7.7 0.18 # 58.4 14.7 43.6 8.4 10.1 22.0 3.1 ¢ 5322
1.00 120 50 5819 8.4 0.21 #» 58.7 14.7 44.0 8.4 8.1 24.6 3.0 » 5355
1.00 135 60 3886 13.8 0.32 » 58.8 14.7 44l 8.4 9.1 24.8 1.8 = 5363
1.00 150 60 3886 16.0 0.35 & 58.9 14.7 44.1 8.4 10.1 24.2 1.5 » 5369
1.00 120 60 3886 1.8 0.29 # 59.0 1l4.7 44.3 8.4 8.1 25.7 2.2 538l
1.00 135 40 9537 6.8 0.17 @ 59.0 14.7 44.3 8.4 9.1 23.2 3.7 5383
1.50 150 60 3886 6.2 0.25 o 59.4 11.2 48.2 7.0 10.1 27.2 3.9 » 5417
1.00 105 60 3886 9.9 0.26 # 59.6 14.7 44.9 8.4 7.1 26.8 2.7 » 5435
BETA [NDEXES = 125 PERCENT OF PREDICTED VALUES
1.00 150 50 7274 8.4 0.21 # 60.8 14.7 46.0 8.4 10.1 24.6 3.0 » 5542
1.00 150 60 4858 11.8 0.29 & 6l.1 14.7 46.3 8.4 10.1 25.7 2.2 0 5567
1.00 135 60 4858 10.2 0.26 ¢ 61.3 14.7 46.5 B.4 9.1 26.5 2.6 ® 5588
1.00 135 50 7274 7.4 0420 & 6l.4 14.7 46.6 8.4 9.1 25.6 3.5 » 5596
1.00 120 60 4858 8.8 0.24 # 619 14.7 47.1 B.4 8.1 27.6 3.1 = 5640
1.00 135 70 3453 14.0 0.35 ¢ 62.2 1l4.7 47.5 8.4 9.1 28.1 1.9 5675
1.00 150 40 11921 5.9 0.16 » 62.2 14.7 47.5 8.4 10.1 24.6 4.5 @ 5675
1.00 150 70 3453 16.3 0039 » 62.2 14.7 47.5 8.6 10.1 27.4 le6 & 5676
1.00 120 50 1274 6.5 0.18 @ 62.4 14.7 47.7 8.4 8.1 27.0 be3 o 5691
1.00 120 70 3453 11.8 0.32 ¢ 62.5 14.7 47.8 8.4 8.1 29.0 2.3 ¢ 5698
BETA INDEXES = 150 PERCENY OF PREDICTED VALUES
L.00 150 60 5829 9.3 0.25 & 63.3 14.7 48.6 8.4 10.1 27.2 2.9 ¢ 5774
1.00 150 50 8729 6.8 0.19 » 63.7 14.7 49.0 B.4 10.1 26.5 4.0 » 5810
1.00 135 60 5829 8.1 0.23 ¢ 63.9 1l4.7 49.1 8.4 9.1 28.2 3.5 = 5823
1.00 150 70 4144 12.5 0.33 & 6401 14.7 49.3 8.4 10.1 28.6 2.2 & 5842
1.00 135 70 4144 10.8 030 ®» 643 14.7 49.6 8.4 9.1 29.5 2.6 © 5863
1.00 135 50 8729 6.0 0.18 » 64.7 14.7 50.0 8.4 9.1 27.8 4.8 » 5901
1.00 120 60 5829 7.0 0,21 @ 64.8 14.7 50.1 8.4 8.1 29.5 be2 o 5912
1.00 120 70 4144 9.3 0,27 & 64.9 14.7 S0.1 Beh 8.1 30.5 3.2 @ 5916
1.00 150 80 3083 17.0 0.44% = 65.5 14.7 50.8 8.4 10.1 30.b6 1.7 » 5972
1.00 135 8o 3083 l4.4 0.39 = 65.5 1l4.7 50.8 8% 9.1 31.3 2.0 » 5973
BETA INDEXES = 175 PERCENT OF PREDICTED VALUES
1.00 150 60 6801 7.6 0,22 ® 65.7 14.7 50.9 8.4 10.1 28.7 3.8 = 5989
1.00 150 70 4834 10.2 0.29 = 66.0 14.7 51.2 8.4 10.1 29.9 2.9 » 6016
1.00 135 70 4834 8.8 0,26  66.4 147 51.7 8.4 9.1 30.9 3.4 o 6059
1.00 135 60 6801 6.7 0.21 » 6645 14.7 51.8 8.4 9.1 29.9 bolyp ® 6068
1.00 150 50 10183 5.7 0.17 » 6648 14.7 52.0 8.4 10.1 28.4 5.2 » 6090
1.00 150 80 3597 13.4 0.38 » 67.0 14.7 52.3 8.4 10.1 31.6 2.2 6113
L.00 135 80 3597 L1.5 0.34 » 67.3 14.7 52.5 8.4 9.1 32.4 2.6 » 6134
1.00 120 70 4834 Te6 0.24 » 67.4 14.7 52.6 Be4 8.1 32.1 4.1 @ 6143
1.00 120 80 3597 9.8 0.31 » 67.8 14.7 53.1 8.4 8.1 33,5 3.2 » 6187
1.00 120 60 6801 5.8 0.19 » 67.9 14.7 53.2 Be4 8.1 3l.4 5.3 @ 6196
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JOB 7. SAME AS JOB 6 EXCEPT FOR VEMPERATURE

8 TEMPERATURE 72 DEGREES F
BEGIN

FLOW TERM CD B ETA TIME THICK & —~=== COSTSy $ PER MILLION GALLONS —w=~=- . TOTAL
HEAD 4 =2 . LAB+ . cosT
GSFM FT PPM 10 FT HR IN » TOTAL LST OPER MAIN POWR DIAT BAKW # $/M0

BETA INDEXES = 50 PERCENY OF PREDICTED VALUES
1.50 135 40 4768 9.7 0.25 » 47.0 1l1.2 35.8 7.0 9.1 17.9 1.8 » 4282
1.50 120 40 4768 8.3 0.23 » 47,0 11.2 35.9 7.0 8.1 18.7 2.1 @ 4299
1.50 150 40 4768 1l.1 0.28 ® 47.1 11.2 35.9 7.0 10.1 17.3 1.5 &« 4296
1.50 105 40 4768 7.1 0.21 » 47.5 1ll1l.2 36.3 7.0 7.1 19.6 2.6 ® 4330
1.50 120 S50 2909 12.9 0.35 & 47.8 11.2 36.6 7.0 8.1 20.1 1.4 ¢ 4357
1.50 105 S0 2909 10.7 0.31 » 47.8 11.2 36.6 7.0 7.1 20.8 1.8 = 4361
2.00 150 40 4768 5.8 0.22 » 47.9 9.4 38.5 6.3 10.1 19.1 3:0 » 4365
1.50 135 50 2909 15.3 0.39 = 48.0 11.2 36.8 7.0 9.1 19.6 1.2 » 4377
2.00 135 50 2909 7.6 0.30 » 48.2 9.4 38.8 6.3 9.1 21.0 2.4 & 4392
2.00 138 40 4768 S.1 0.21 ¢ 48,2 9.4 38.8 6.3 9.1 19.9 3.5 » 4395

BETA INDEXES = 75 PERCENT OF PREDICTED VALUES
1.50 150 40 7153 6.7 0.20 » Sl.1 11.2 40.0 7.0 10.1 20.0 2.9 ¢ 4664
1.50 150 50 4364 10.0 0.30 » S1.3 11.2 40.1 7.0 0.1 2.1 1.9 » 4679
1.50 135 S0 4364 8.7 0.27 # 51.3 11.2 40.1 7.0 9.1 21.8 2.3 » 4680
1.00 120 40 7153 12.5 0.23 ¢ 51.5 14.7 36.7 8.4 8.1 18.6 1.6 ¢ 4692
1.00 135 40 7153 l14.6 0.25 ¢ 51.5 1l4.7 36.7 8.4 9.1 17.9 | L 4693
1.50 135 40 7153 5.9 0.19 » 51.5 11.2 40.4 7.0 9.1 20.9 3.4 o 4700
1.50 120 50 4364 7.5 0.25 ¢ 51.6 11.2 40.4 7.0 8.1 22.6 2.8 ¢ 4708
1.00 150 40 7153 16.7 0.28 ¢ Sl.7 14.7 37.0 8.4 10.1 17.3 le2 @ 4714
1.00 105 40 7153 10.6 0.21 ¢ 51.8 14.7 37.0 8.4 7.1 19.6 2.0 ¢ 4720
1.00 105 50 4364 16.1 0.31 ¢ S2.3 14.7 37.6 Bk 7.1 20.8 1.3 » L1

BETA INDEXES = 100 PERCENT OF PREDICTED VALUES
1.00 150 40 9537 1l.6 0.22 ¢ S54.1 14.7 39.4 8.4 10.1 19.1 1.8 ¢ 4935
1.00 135 40 9537 10.2 0.21 » 54.2 14.7 39.5 8.4 9.1 19.9 2.1 4943
1.50 150 50 5819 6.9 0.24 » 54.5 11.2 43.3 7.0 10.1 23.1 3.1 = 4968
1.00 120 40 9537 8.8 0.19 ® 54.6 14.7 39.9 8.4 8.1 20.9 2.5 ¢ 4979
1.00 135 50 5819 15.3 0.30 ¢ 54.6 14.7 39.9 8.4 9.1 21.0 led @ 4983
1.00 120 50 5819 13.1 0.27 &« 54.7 14.7 39.9 8.4 8.1 21.8 1.7 = 4985
1.00 150 50 5819 17.7 0.33 » 54.9 14.7 40.1 8.4 10.1 20.4 1.2 o 5002
1.50 135 50 5819 6.0 0.22 » 54.9 11.2 43.7 7.0 9.1 24.0 3.6 » 5010
1.00 105 50 5819 11.0 0.25 * 55.0 14.7 40.3 8.4 7.1 22.7 2.1 @ 5017
1.50 150 60 3886 9.8 0.33 » 55.0 11l.2 43.8 7.0 10.1 24.5 2.2 = 5017

BETA INDEXES = 125 PERCENT QF PREDICTED VALUES
1.00 150 40 11921 8.8 0.19 » 56.7 1l4.7 4l.9 8.4 10.1 20.9 2.6 = 5166
1.00 150 50 7274 13.1 0.27 ® 5647 14.7 42.0 8.4 10.1 21.8 1.7 » S171
1.00 135 50 7274 11.4 0.25 » 56.8 14.7 42.0 8.4 9.1 22.5 2.1 ¢ 5175
1.00 135 40 11921 7.8 0.18 # 57.1 14,7 42.3 8.4 9.1 21.9 3.0 ¢ 5205
1.00 120 50 7274 9.8 0.23 ¢ 57.1 14.7 42.3 8.4 8.1 23.4 2.5 @ 5206
1.50 150 60 4858 7.2 0.27 ¢ 57.6 1le2 4644 7.0 10.1 26.1 3.2 . 5254
1.00 135 60 4858 16.4 0.35 & 57.7 14.7 43.0 8.4 9.1 24.1 1.5 5263
1.00 120 60 4858 13.9 0.32 ¢ 57.7 14.7 43.0 8.4 8.1 24.8 1.8 » 5266
1.00 105 50 7274 8.3 0.21 » 57.8 14.7 43.1 8.4 Tel 24.7 3.0 = 5275
1.50 150 S0 7274 5.2 0.20 & 57.9 11.2 46.7 7.0 10.1 25.2 4.4 = 5277

BETA INDEXES = 150 PERCENT OF PREDICTED VALUES
1.00 150 50 8729 10.3 0.24 ® 58.6 1l4.7 43.9 8.4 10.1 23.1 2.3 = 5348
1.00 135 50 8729 9.1 0.22 » 5839 14.7 44.2 8.4 9.1 24.0 2.7 » 5375
1.00 150 40 14306 7.1 0.17 ® 59.3 14.7 44.6 8.4 10.1 22.7 Jeh » 5407
1.00 150 60 5829 14.7 0.33 @ 59.4 14,7 44.7 8.4 10.1 24.5 le7 @ 5417
1.00 135 60 5829 12.7 0.30 » 59.4 16,7 64.7 8.6 9.1 25.2 2.0 » 5417
1.00 120 50 8729 T.9 0.20 » 59.6 14.7 44.9 8.4 8.1 25.1 3.3 » 5435
1.00 120 60 5829 10.9 0.27 & 59.7 4.7 45.0 8.4 8.1 26.1 2.4 5443
1.00 135 40 14306 6.3 0.16 » 60.1 14.7 45.3 B.4 9.1 23.9 4.0 » 5479
1.50 150 60 5829 5.7 0.24 » 60.4 11.2 49.2 7.0 10.1 27.8 4.3 » 5504
1.00 105 60 5229 9.1 0.25 ®» 604 14.7 45.7 8.4 7.1 27.3 2.9 = 5507

BETA INDEXES = 175 PERCENT OF PREDICTED VALUES
1.00 150 50 10183 8.5 0.21 » 60.6 14.7 45.9 8.4 10,1 24.5 3.0 » 5530
1.00 150 60 6801 11.9 0.29 » 60.9 14.7 46.2 8.4 10.1 25.6 2.2 @ 5558
1.00 135 60 6801 10.4 0.27 ® 61.2 l4.7 46.4 B.4 9.1 26.4 2.5 » 5577
1.00 135 50 10183 7.5 0.20 » 61.2 14.7 46.5 B.4 9.1 25.5 3.5 » 5582
1.00 120 60 6801 8.9 0.24 & 61,7 14.7 4740 B.b B.1l 27.5 3.0 = 5627
1.00 150 40 16690 6.0 0.16 » 62,0 14.7 47.3 B.4 10.1 24.5 4e4 5658
i.00 135 70 4834 L4.2 0.36 & 62.1 4.7 47.4 8.4 9.1 28.0 1.9 = 5666
1.00 150 70 4834 1645 0.39 & 62.2 14.7 47.4 8.4 10.! 27.4 1.6 » 5669
1.C0 120 50 10183 6.5 0.18 ¢ 62,2 14.7 47.5 8.4 8.1 26.9 £.2 » 5674
1.00 i20 70 4834 12.0 0.32 » 62.4 14.7 47.6 8.4 8.1 28.9 2.3 ¢ 5688
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JOB 8. JOB 7 EXCEPT WYOMING BENTONITE AND FOLLOWING

6 SOLIDS 30 PPM CLAY (TURBIDITY)

12 BETA PREDICTION 11.81/1.58/-1.06/0

13 UNIT FLOW RATE 0.370.271.1 GSFM

14 BODY FEED 2007107300 PPM

BEGIN .
FLOW TERM CO B ETA TIME THICK # —w=e- COSTSs $ PER MILLION GALLONS —====- e TOTAL
HEAD 4 =2 . LAB+ . CosT

GSFM FT PPM 10 FT HR IN = TOTAL 1ST OPER MAIN POWR DIAT BAKW » $/M0

BETA INDEXES = 50 PERCENT OF PREDICTED VALUES

0.70 150 200 5862 10.7 0.47 ®» 122.,0 19.5 102.5 10.2 10.1 75.6 6.6 @ 11128
0.50 150 200 5862 26.7 0.69 ® 123.0 25.8 97.2 12.6 10.1 71.6 2.8 11213
0.70 150 210 5154 12.5 0e54 » 123.1 19.5 103.6 10.2 10.1 77.6 5.7 = 11226
0.50 135 200 5862 22.0 0.60 ® 123.7 25.8 97.9 12.6 9.1 72.7 3.5 » 11277
g.70 135 200 5862 9.0 0.42 » 124.0 19.5 104.5 10.2 9.1 77.2 8,0 » 11309
0.70 150 220 4558 14.8 0.62 ® 124.4 19.5 104.9 10.2 10.1 79.7 4.9 11349
0.70 135 210 5154 10.5 0.48 = 124.8 19.5 105.3 10.2 9.1 79.0 6.9 o 11378
0.50 120 200 5862 18.0 0.53 @ 124.9 25.8 99.1 12.6 8.1 74.1 4.4 » 11389
0.50 150 210 5154 32.7 0.81 @ 124.9 25.8 99.1 12.6 10.1 74.0 2.4 = 11390
0.50 135 210 5154 26.6 OeT71 ® 125.4 25.8 99.6 12.6 9.1 75.0 2.9 « 11437
BETA INDEXES = 75 PERCENT OF PREDICTED VALUES
0.50 150 200 8794 13.4 0.43 & 131.2 25.8 105.4 12.6 10.1i 76.6 6.2 » 11968
0.50 150 210 7731 15.7 0.50 ® 132.3 25.8 106.5 12.6 10.1 78.S 5.3 ¢ 12065
0.50 135 200 8794 11.4 0.39 » 133.2 25.8 107.4 12.6 9.1 78.3 Teb » 12148
0.50 150 220 6837 18.4 0.57 » 133.6 25.8 107.8 12.6 10.1 80.6 4.6 & 12187
0.50 135 210 7731 13.2 0.44 * 134,0 25.8 108.2 12.6 9.1 80.0 6.4 o 12218
0.50 135 220 6837 15.4 0.51 @ 135.0 25.8 109.3 12.6 9.1 82.0 5.6 @ 12316
0.50 150 230 6080 2l.7 0.66 ® 135.2 25.8 109.4 12.6 10.1 82.8 4.0 = 12332
0.50 120 200 8794 9.6 0.35 » 136.1 25.8 110.3 12.6 8.1 80.5 9.1 12409
0.70 150 210 7131 6e7 0.35 & 136.1 19.5 116.6 10.2 10.1 84.2 12,0 » 12411
0.70 150 220 6837 T.6 0.40 ¢ 136.2 19.5 116.7 10.2 10.1 85.8 10.5 » 12417
BETA INDEXES = 100 PERCENY OF PREDICTED VALUES
0.50 150 200 11725 8.8 0.33 e 140.6 25.8 114.8 12.6 10.1 81.8 10,3 » 12820
0.50 150 210 10308 10.0 0.37 & 140.7 25.8 l14.9 12.6 10.1 83.2 3.0 12832
0.50 150 220 9117 11.5 042 ® 1l4le2 25.8 115.4 12.6 10.1 B84.9 7.9 = 12880
0.50 150 230 8107 13.2 0.47 @ 142.1 25.8 116.3 12.6 10.1 86.7 6.9 = 12959
0.50 150 240 7245 15.3 0.53 & 143,2 25.8 117.4 12.6 10.1 88.7 6.1 o 13064
0.50 135 210 10308 8.6 0,34 @ 143.7 25.8 117.9 12.6 9.1 PR5.4 10.8 = 13101
0.50 135 220 9117 9.8 0.38 » 143.8 25.8 118.0 12.6 9.1 86.9 9.5 13116
0.50 135 200 11725 7.6 0.30 ® 144,0 25.8 118.2 12.6 9.1 84.2 12.3 ¢ 13128
0.50 135 230 8107 11.2 0,42 » 144.4 25.8 118.6 12.6 9.1 88.5 8.4 = 13164
0.50 150 250 6505 17.7 0.60 ® 144.6 25.8 118.8 12.6 10.1 90.8 5.3 » 13191
BETA INDEXES = 125 PERCENT OF PREDICTED VALUES
0.50 150 220 11396 8.3 0.34 & 149.,6 25.8 123.8 12.6 10.1 89.4 11.7 = 13641
0.50 150 230 10134 9.4 0.38 ® 149.7 25.8 123.9 12.6 10.1 90.8 10.4 » 13650
0.50 150 210 12885 T.3 0.30 » 149.9 25.8 124.1 12.6 10.1 B88.1 13.3 » 13672
0.50 150 240 9057 10.7 0,42 * 150.1 25.8 124.3 12.6 10.1 92.5 9.2 o 13693
0.50 150 200 14656 . 6.5 0.27 » 150.8 25.8 125.0 12.6 10.1 87.2 15.1 ¢ 13751
0.50 150 250 8132 12.1 0.47 ® 15049 25.8 125.1 12.6 10.1 94.3 8.2 @ 13764
0.30 150 200 14656 22.4 0.43 & 151.6 40.3 l1l1.4 19.6 10.1 76.6 5.0 = 13826
0.50 150 260 7332 13.8 0.53 & 152.0 25.8 126.2 12.6 10.1 96.3 7.2 = 13861
0.30 150 210 12885 26.1 0.50 » 152.8 40.3 112.6 19.6 10.1 78.5 4.3 o 13937
0.50 135 230 10134 8.1 0.34'# 153.1 25.8 127.3 12.6 9.1 93.1 12.5 13962
BETA INDEXES = 150 PERCENT OF PREDICTED VALUES
0.30 150 200 17588 17.0 0.36 ¢ 15646 40.3 116.4 19.6 10.1 79.7 6.9 14283
0.30 150 210 15462 19.6 0.41 ® 157.3 40.3 117.1 19.6 10.1 8l.3 6.0 » 14349
0.50 150 240 10868 8ol 0.35 # 157.6 25.8 131.8 12.6 10.1 96.3 12.8 » 14372
0.50 150 250 9758 9.2 0.39 & 157.7 25.8 132.0 12.6 10.1 97.9 1ll.4 14386
0.50 150 230 12161 7.3 0.32 # 157.8 25.8 132.0 12.6 10.1 95.0 14,3 « 14395
0.50 150 260 8798 10.3 0.43 # 158,2 25.8 132.4 12.6 10.1 99.6 10.2 » 14431
0.30 150 220 13675 22.7 0.47 » 158.4 40.3 118.1 19.6 10.1 83.1 5.3 = 14444
0.50 150 220 13675 6.5 0.29 #» 158.6 25.8 132.8 12.6 10.1 93.9 16.1 » 14560
0.50 150 270 7964 11.6 0.48 » 159.0 25.8 133.2 12.6 10.1 101.4 9.1 » 14502
0.30 135 200 17588 16.6 0.23 » 159.0 40.3 118.8 19.6 9.1 81.8 8.2 = 14504
BETA INDEXES = 175 PERCENT OF PREDICTED VALUES
0.30 150 200 20519 13.7 0.32 » 161.9 40.3 121.6 19.6 10.1 82.9 9.0 = 14762
0.30 150 210 18039 15.6 0.35 ¢ 162.1 40.3 121.8 19.6 10.1 84,2 7.9 » 14782
0.30 150 220 15954 17.9 0.40 » 162.7 40.3 122.4 19.6 10.1 85.8 6.9 » 14837
0.30 150 230 14188 20.4 Q.45 ¢ 163.6 40.3 123.4 19.6 10.1 87.5 6.1 14921
0.30 150 240 12680 23.5 0.51 # 164,8 40.3 124.6 19.0 10.1 89.4 5.4 ¢ 15030
0.30 135 210 18039 13.5 0.32 # 1649 40.3 124.6 19.6 9.1 86.5 9.4 15036
0.50 150 260 10265 8.2 0.37 # 164.9 25.8 139.1 12.6 10.1 103.9 13.5 15040
0.50 150 250 11384 7.3 0.34 ® 165.0 25.8 139.2 12.6 10.1 101.5 15.0 = 15050
G.30 135 200 20519 11.9 0.29 ¢ 165.1 40.3 124.8 19.6 9.1 85.4 10.7 = 15052
0.30 135 220 15954 15.3 0.36 #» 165.1 40.3 124.9 19.6 9.1 87.8 8.3 » 15060
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P 0 P O -~ PROGRAM FOR OPTIMIZATION OF PLANT OPERATION

JOB 9. SOFTENING, LOMPOC PLANT (OPERATING COSTS)

1 DESIGN FLOW 4.5 MGD
2 SALVAGE VALUE 15 PERCENT FIRST COST
3 ENERGY CONVERSION 70 PERCENT
4 INTEREST RATE L PERCENT
5 PLANT LIFE 30 YEARS
6 SOLIDS (CS) 8.5 PPM
7 XI INDEX 1.95€9 FT/LB
8 TEMPERATURE 65 DEGREES F
9 PRECOAT WEIGHKT 0.1 LB/SF
10 PRECOAT DENSITY 15 LB/CF
11 SEPTUM DIAMETER FLAT INCHES
12 BETA PREDICTION 10.2/1.43/~1.86/0
13 UNIT FLOW RATE 0.73 GSFM
14 BOOY FEED 10/2730 : PPH
15 TERMINAL HEAD 25 FT
16 DIATOMITE COST 69 $/TON
17 FIRSY COST AREA $/SF
100 225
200 160
300 128
600 110
1000 100
2000 9%
. 25000 85
18 POWER COST 1 CENTS/KWH
19 LABOR COST AREA $/SF PER MONTH
100 2.00
200 1.15
300 0.83
500 0.63
800 0.50
2000 0.37
4500 0.30
13000 0.25
. 25000 0.24
20 BACKWASH COST 6, 30 GAL/SF,y MIN

BEGIN
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JoB ¢
FLOW TERM CO BETA TIME THICK & ——==- COSTSy $ PER MILLION GALLONS ---- - TOTAL
HEAD 4 =2 . LAB+ . COsT
GSFM FT PPM 10 FT HR IN & TOTAL 1ST OPER MAIN POWR DIAT . $/M0O
BETA INDEXES = 50 PERCENT OF PREDICTED VALUES
0.73 25 20 886 41.9 0.32 & 30.4 12.4 18.0 9.0 1.1 Te6 0.3 » 4161
0.73 25 18 1253 32.9 0.25 » 30.4 12.4 18.0 9.0 1.1 Te6 0.3 s 4163
0.73 25 22 647 52.1 0.41 @ 30.6 12.4 18.2 9.0 l.1 7.8 0.2 o 4183
0.73 25 16 1847 25.1 0,20 = 30.7 12.4 18.3 9.0 1.1 T.7 [T 4201
0.73 25 24 486 63.6 0.53 & 30.8 12.4 18.4% 9.0 l.1 8.1 0.2 = 4219
0.73 25 26 373 6.4 0.66 ¢« 31.2 12.4 18.8 9.0 l.1 8.5 0.1 » 4266
0.73 25 14 2866 18.5 0.16 = 31.4 12.4 19.0 9.0 1.1 8.3 0.6 » 4300
0.73 25 28 293 90.5 0.82 ¢« 31.6 12.4 19.2 9.0 1.1 8.9 0.1 » 4320
0.73 25 30 233 106.0 1.01 = 32.0 12.4 19.6 9.0 l.1 9.4 0.1 » 4379
0.73 25 12 4759 13.0 0.13 = 33.0 12.4 20.6 9.0 1.1 9.5 1.0 » -516
BETA INDEXES = 75 PERCENT OF PREDICTED VALUES
0.73 25 22 971 34.7 0.30 » 31.5 12.4 19.0 9.0 1.1 8.6 0.3 o 4303
0.73 25 20 1329 27.9 0.24 » 31.5 12.4 19.1 9.0 l.1 8.6 0.4 » 4311
0.73 25 24 729 42.4 0.38 & 31.6 12.4 19.2 9.0 1.1 8.8 0.3 @ 4318
0.73 25 26 560 50.9 04T ¢ 31.8 12.4 19.4 9.0 1.1 9.0 0.2 » 4348
0.73 25 18 1880 21.9 0.20 » 31.8 12.4 19.4 9.0 1.1 8.8 0.5 o 4355
0.73 25 28 439 60.3 0.57 ¢ 32.1 12.4 19.7 9.0 1.1 9.4 0.2 » 4389
0.73 25 30 350 T0.7 0.70 » 32.4 12.4 20.0 9.0 1.1 9.7 0.2 4438
0.73 25 16 2770 16.7 0-16 = 32.6 12.4 20.2 9.0 1.1 9.3 0.7 » 4455
0.73 25 14 4299 12.3 0.13 ¢ 34.0 12.4 21.6 9.0 1.1 10.4 l.1 » 4652
0.73 25 12 7138 8.7 0.1l » 36.8 12.4 24.4 9.0 1.1 12.5 1.7 » 5032
BETA INDEXES = 100 PERCENT OF PREDICTED VALUES
0.73 25 24 973 31.8 0.30 o 32.3 12.4 19.9 9.0 1.1 9.4 Ol » 4417
0.73 25 22 1295 26.0 0.25 ® 32.3 12.4 19.9 9.0 l.1 9.3 0.5 ¢ 4425
0.73 25 26 747 38.2 0.37 » 32.4 12.4 20.0 9.0 l.1 9.5 0.3 o 4430
0.73 25 28 586 45.2 0.45 » 32,6 12.4 20.2 9.0 1.1 9.8 0.3 » 4458
0.73 25 20 1772 20.9 0.20 &= 32.6 12.4 20.2 9.0 1.1 9.5 0.6 ¢ 4463
0.73 25 30 467 53.0 0.54 » 32.9 12.4 20.5 9.0 1.1 10.1 0.2 = 4497
0.73 25 18 2507 16.5 0.17 # 33,3 12.4 20.9 9.0 el 10.0 0.8 o 4551
0.73 25 16 3694 12.6 O.14 @ 34.5 12.4 22.1 9.0 1.1 10.9 lel = 4716
0.73 25 14 5732 9.3 0.12 » 36.7 12.4 24.3 9.0 l.1 12.5 le6 o 5017
0.73 25 12 9518 6.5 0.10 » 40.8 12.4 28.4 9.0 l.1 15.6 207 » 5577
BETA INDEXES = 125 PERCENT OF PREDICTED VALUES
0.73 25 26 934 30.5 0.31 » 33.0 12.4 20.6 9.0 1.1 10.1 0.4 o 4513
0.73 25 24 1216 25.4 0.26 » 33,0 12.4 20.6 9.0 1.1 10.0 0.5 4517
0.73 25 28 732 36.2 0.38 & 33.1 12.4 20.7 9.0 1.1 10.2 0.3 » 4528
0.73 25 22 1619 20.8 0.21 » 33,2 12.4 20.8 9.0 1.1 0.1 0.6 » 4548
0.73 25 30 583 42.4 0.45 * 33.3 12.4 20.9 9.0 l.1 10.5 0.3 » 4557
0.73 25 20 2216 16.8 0.18 » 33.8 12.4 21.3 9.0 1.1 10.4 0.8 = 4618
0.73 25 18 3134 13.2 0.15 & 34,7 12.4 22.3 9.0 lel 1l.2 1.0 » 4750
0.73 25 16 4617 10.0 0.13 » 36.4 12.4 24.0 9.0 1ol 12.4 1.5 @ 4983
0.73 25 14 7165 T.4 0.11 ¢ 39.4 12.4 27.0 9.0 lel 14.7 262 » 5394
0.73 25 12 11897 5.2 0.10 o 45,0 12.4 32.6 9.0 1.1 18.6 3.8 = 6151
BETA INDEXES = 150 PERCENT OF PREDICTED VALUES
0.73 25 26 1121 25.5 0.27 » 33,6 12.4 21.2 9.0 lol 10.6 0.5 = 4597
0.73 25 28 8719 30.2 0.33 » 33,6 12.4 21.2 9.0 1.1 10.7 0.4 » 4599
.73 25 30 700 35.3 0.39 ¢« 33,8 12.4 21.3 9.0 lel1 10.9 Q.4 » 4617
0.73 25 24 1459 21.2 0.23 & 33,8 12.4 2l.4 9.0 1.1 10.6 0.6 ¢ 4618
0.73 25 22 1943 17.4 0.19 ¢ 34,2 12.4 21.7 9.0 1.1 10.9 0.8 ¢ 4672
0.73 25 20 2659 14.0 0.16 # 34.9 12.4 22.5 9.0 lol 1le4 1.0 » 4775
0.73 25 18 3761 11.0 O.14 @& 36,2 12.4 23.8 9.0 l.1 12.4 1.3 » 4954
0.73 25 16 5541 B.4 0.12 » 3B.4 12.4 26.0 9.0 1.1 14.0 1.9 ¢ 5258
0.73 25 14 8598 6.2 0.1l » 42,3 12.4 29.9 9.0 l.1 16.8 3.0 » 5786
0.73 25 12 14277 4.3 0.10 o 49,4 12.4 37.0 9.0 1.1 21.6 5.2 » 6755
BETA INDEXES = 175 PERCENT OF PREDICTED VALUES
0.73 25 28 1025 25.9 0.29 « 34,1 12.4 21.7 9.0 1.1 1l.1 0.5 = 4670
0.73 25 30 817 30.3 0.35 » 34,2 12.4 2l.8 9.0 1.1 1l1.2 0.4 = 4678
0.73 25 26 1308 21.8 0.25 » 34,2 12.4 21.8 9.0 1.1 1l.1 0.6 = 4682
0.73 25 24 1702 18.2 0.21 ® 34,5 12.4 22.1 9.0 1.1 11.2 0.7 « 4721
0.73 25 22 2267 14.9 0.18 ¢ 35,1 12.4 22.7 9.0 l.1 1l1l.6 0.9 » 4798
0.73 25 20 3102 12.0 0.15 & 36,1 12.4 23.7 9.0 l.1 12.3 l.2 o 4935
0.73 25 18 4387 9.4 0.13 o 37.7 12.4 25.3 9.0 1.1 13.6 1.7 » 5162
0.73 25 16 6464 7.2 O.11 » 40.5 12.4 28.1 9.0 l.1 15.6 2.4 » 5541
0.73 25 14 10031 5.3 0.10 & 45.3 12.4 32.9 9.0 1.1 18.9 3.8 ¢ 6192
0.73 25 12 16657 3.7 0.09 ®» 54,0 12.4 4l.6 9.0 l.l 24.7 6.8 7390



JOB 10. SAME

7 XI INDEX

12 BETA PREDICTION
16 DIATOMITE COST
20 BACKWASH COST
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AS JOB 9 WITH CHANGES BELOW

SE9 FY/\8
3.23/70.914/-1.25/04637
S0 $/TON
Ty 30 GAL/SF, MIN

BEGIN
FLOW TERM CD BETA TIME THICK ® ~=—=- COSTSy $ PER MILLION GALLONS -=-—-- @ TOTAL
HEAD 4 =2 . LAB+ . €o0ST
GSFM FT PPM 10 FT HR IN = TOTAL 1ST OPER MAIN POWR DIAT BAKKW o $/MO
BETA INDEXES = 50 PERCENY OF PREDICTED VALUES
0.73 25 18 1738 23.6 020 ® 29.2 12.4 16.7 9.0 1.1 642 0.4 » 3987
0.73 25 16 2243 20.5 0.18 @ 29,2 12.4 16.7 9.0 l.1 6.1 0.5 3988
0.73 25 20 1384 26.6 0.24 ® 29,2 2.6 16.8 9.0 1.1 6.3 0.4 » 3999
0.73 25 14 2995 17.6 0.15 & 29.3 12.4 16.9 9.0 1.1 6.2 0.6 » 4007
0.73 25 22 1126 29.8 0.27 & 29.4 12.4 17.0 9.0 1.1 6.5 Gl o 4020
0.73 25 24 933 32.9 0031 ¢ 29.6 12.4 17.2 9.0 1.1 6.7 0.3 = 4048
0.73 25 12 4181 14.7 0.13 8 29.7 12.4 17.2 9.0 1.1 6.4 0.7 o 4056
0.73 25 26 784 36.1 0e35 & 29.8 12.4 17.4 9.0 l.1 7.0 0.3 » 4«080
0.73 25 28 668 39.4 D.40 ¢ 30,1 12.4 17.7 9.0 1.1 T.3 0.3 » 4117
0.73 25 10 6204 11.9 Oell ® 30.4 12.4 18.0 9.0 1.1 6.9 0.9 » 4154
BETA INDEXES = 75 PERCENT OF PREDICTED VALUES
0.73 25 20 2076 17.8 0.18 » 30.6 12.4 18.1 9.0 1.} Teb 0.6 @ §180
0.73 25 22 1689 19.8 0.21 = 30.6 12.4 18,2 9.0 1.1 Te5 0.6 ¢ 4181
0.73 25 18 2608 15.7 0.16 ¢« 30,6 12.4 18.2 9.0 1.1 Te& 0.7 o 4192
0.73 25 24 1399 21.9 0.23 & 30.7 12.4 18.2 9.0 l.1 T.6 0.5 » 4193
0.73 25 26 11717 24.1 0.26 = 30.8 12.4 18.4 9.0 1.1 7.8 Q.5 4213
0.73 25 16 3365 13.7 0.14 » 30.9 12.4 18.5 9.0 l.1 7.5 0.8 » 4224
0.73 25 28 1002 26.3 0.29.# 31.0 12.4 18.06 9.0 1.1 8.0 Q.4 » 4238
0.73 25 30 863 28.5 0.33 » 31.2 12.4 18.8 9.0 l.1 8.3 0.4 » %268
0.73 25 14 4493 11.7 0.13 o 31.3 12.4 18.9 9.0 1.1 7.8 1.0 = 4286
0.73 25 12 6272 9.8 O.11 ¢ 32,1 12.4 19.7 9.0 1.1 8.3 1.3 £394
BETA INDEXES = 100 PERCENT OF PREDICTED VALUES
0.73 25 24 1866 16.5 020 ® 31.7 12.4 19.3 9.0 1.1 8.5 0.1\0 4361
0.73 25 22 2252 14.9 0.18 = 31.8 12.4 19.4 9.0 1.1 8.4 0.8« 4346
0.73 25 26 1569 18.1 0.22 » 31.8 12.4 19.4 9.0 1.1 8.6 0.7 = 4347
0.73 25 28 1336 | 19.7 0.24 @ 31.9 12.4 19.5 9.0 1.1 8.7 0.6 » 4362
0.73 25 20 2768 13.3 0.16 ¢ 31.9 12.4%4 19.5 9.0 1.1 8.5 0.9 « 4365
0.73 25 30 1151 21.3 0.27 ® 32.0 12.4 19.6 9.0 1.1 8.9 0.6 = 4382
0.73 25 18 3477 11.8 0.14 & 32.2 12.4 19.8 9.0 1.1 8.6 l.1 4403
0.73 25 16 4487 10.3 Oel3 & 32,7 12.4 20.3 9.0 1.1 8.9 1.2 » 4469
0.73 25 14 5991 8.8 0.12 = 33.5 12.4 21.0 9.0 1.1 9.4 1.5 ¢ 4576
0.73 25 12 8363 7.3 0.1l o 34,7 12.4 22.3 9.0 1.1 10.3 1.9 ¢ 4749
BETA INDEXES = 125 PERCENY OF PREDICTED VALUES
0.73 25 26 1961 14.5 0.19 » 32.8 12.4 20.4 9.0 1.1 9.4 0.9 » 4485
0.73 25 28 1671 15.8 0.21 # 32.8 12.4 20.4 9.0 1.1 9.5 0.8 » «487
0.73 25 24 2332 13.2 0el7 & 32.8 12.4 20.4 9.0 1.1 9.3 1.0 « 4493
0.73 25 30 1439 17.1 0.2 » 32.9 12.4 20.5 9.0 1.1 9.6 0.8 = 4498
0.73 25 22 2816 11.9 0.16 ¢ 33.0 12.4 20.6 9.0 i.1 9.4 lol @ 4514
0.73 25 20 3461 10.7 0.14 ¢ 33.3 12.4 20.9 9.0 1.1 9.5 1.2 » 4554
0.73 25 18 4347 9.4 0.13 » 33.8 12.4 21.4 9.0 1.1 9.8 | P 4620
0.73 25 16 5609 8.2 0.12 » 34,5 12.4 22.1 9.0 L.1 10.3 l.7 = 4721
0.73 25 14 T488 7.0 0.11 & 35.7 12.4 23.2 9.0 1.1 11.0 2.1 » 4877
0.73 25 12 10454 5.9 0,10 @ 37.4 12.4 25.0 9.0 1.1 12.2 2.7 » 5120
BETA INDEXES = 150 PERCENT OF PREDICTED VALUES
0.73 25 28 2005 13.1 0,19 ¢ 33.7 12.4 21.3 9.0 l.1 10.2 1.0 » 4615
0.73 25 30 1727 14.2 0.20 ¢ 33,7 12.4 21.3 9.0 lel 10.3 0.9 » 4615
0.73 25 26 2354 12.0 0.17 = 33.8 12.4 21.4 9.0 1.1 10.2 lel s 462%
0.73 25 24 2799 11.0 0.16 » 34,0 12.4 21.6 9.0 1.1 10.2 1.2 4647
Q.73 25 22 3379 9.9 G.14 ¢ 36,3 12.4 21.9 9.0 1.1 10.3 1.4 = “687
0.73 25 20 4153 8.9 0,13 ¢ 34,7 (2.4 22.3 9.0 lel 10.6 1.6 » 4749
0.73 25 18 5216 7.9 0.12 ¢ 35.4 12.4 23.0 9.0 l.1 11.0 1.9 » 4843
0.73 25 16 6731 6.8 O.l1 @ 36.4 "12.4 24,0 9.0 1.1 11.7 2.2 4982
0.73 25 14 8986 5.9 0.10 ¢ 37.9 12.4 25.5 9.0 1.1 12.7 2.8 = 5180
0.73 25 12 12545 4.9 0,10 » 40.3 12.4 27.9 9.0 1.1 14.2 3.6 » 5510
BETA INDEXES = 175 PERCENT OF PREDICTED VALUES
0.73 25 30 2015 12.2 0.19 » 34.6 12.4 22.2 9.0 1.1 10.9 1.2 » 4735
0.73 25 28 2339 11.3 0.17 & 34.7 12.4 22.3 9.0 1.1 10.9 1.3 » hT45
0.73 25 26 2746 10.3 0.16 » 34.9 12.4 22.4 9.0 1.1 10.9 leh @ 4767
0.73 25 24 3265 9.4 0.15 & 35.1 12.4 22.7 9.0 1.1 11.1 1.5 » 4805
0.73 25 22 3942 8.5 0.13 » 135.6 12.4 23.1 9.0 1.1 11.3 1.7 » 4863
N.73 25 20 4845 7.6 0.12 ® 36.2 12.4 23.8 9.0 1.1 11.7 2.0 = 4949
0.73 25 18 6086 6.7 0.12 » 37.1 12.4 24.7 9.0 1.1 12,2 2.3 = 5072
0.73 25 16 7853 5.9 0.11 ® 38.4 12.4 26.0 9.0 l.1 13.1 2.8 » 5252
0.73 25 14 10484 5.0 0.10 » 40,3 12.4 27.9 9.0 1.1 14.3 3,5 = 5516
0.73 25 12 14635 4e2 0.09 » 43,3 12.4 30.9 5.0 11 161 L2y 5918
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JOB ll. SAME AS JO8 10 WITH FOLLOWING CHANGES

L DESIGN FLOW T MGOD
13 UNIT FLOW RATE 0.5/0.25/3.5 GSFM
L4 BODY FEED 10/5/50 PPM
20 BACKWASH CODST 10, 30 GAL/SF, MIN
BEGIN
FLOW TERM CO BETA TIME THICK & —w=e- COSTS, $ PER MILLION GALLONS ~-——-== TOTAL
HEAD 4 =2 .. LAB+ cosT
GSFM FT PPM 10 FT HR IN "« TOTAL 1ST OPER MAIN POWR DIAT $/M0
BETA INDEXES = 50 PERCENT OF PREDICTED VALUES
1.75 25 30 5715 7.3 0.23 & 23,4 6.4 17.0 5.1 1.1 9.5 1.3 » 4988
1.75 25 25 854 5.9 0.18 = 23,5 6.4 17.1 5.1 1.1 9.2 1.6 ¢ 4996
1.50 25 25 854 8.1 0.20 » 23,5 7.1 16.4 5.5 1.1 8.6 1.2 » 5003
2.00 25 30 575 5.6 0.21 = 23.5 5.9 17.7 4.8 1.1 1l0.0 1.7 = 5011
1.50 25 30 515 10.0 0.26 » 23,7 7.1 16.6 5.5 1.1 9.0 1.0 » 5040
2.00 25 35 612 6.7 0.27 » 23.7 5.9 17.8 4.8 1.1 10.4 1.5 = 5045
1.75 25 35 412 8.7 0.29 =« 23.8 6.4 17.4 5.1 1.1 10.0 l.l = 5055
2.00 25 25 854 4.5 0.17 « 23.8 5.9 17.9 4.8 l.1 9.8 2.2 » 5070
1.50 25 20 1384 6.2 0.15 ¢ 23.9 7.1 16.8 5.5 1.1 8.6 1.5 o 5079
2.25 25 as 4l2 5.2 0.25 ¢ 23,9 5.5 18.4 4.6 1.1 10.8 1.9 » 5088
BETA INDEXES = 75 PERCENT OF PREDICTED VALUES
1.50 25 30 863 6.7 0.20 = 25,7 7.1 18.6 S$.5 1.1 10.4 1.6 » 5476
1.50 25 35 618 8.0 0.25 = 25.8 7.1 18.7 5.5 l.1 10.8 | 5498
1.75 25 35 618 5.8 0.22 » 25,9 6.4 19.5 5.1 lel 1le4 1.9 5508
1.25 25 30 863 9.6 0.22 » 26.0 8.1 17.9 6.0 1.1 9.7 1.1 5535
1.75 25 30 863 4.9 0.18 » 26.0 6.4 19.6 5.1 l.1 1l.1 2.3 » 5537
1.25 25 25 1281 7.8 0.18 & 26,1 8.1 18.0 6.0 1.1 9.5 leb o 5544
1.75 25 40 463 6.8 0.27 = 26.1 6.4 19.7 Sel 1.1 11.8 1.6 o 5551
1.50 25 25 1281 5.4 0.16 « 26.1 7.1 19.0 5.5 1.1 10.4 2.0 » 5553
1.50 25 40 463 9.3 0.30 » 26.2 7.1 19.1 5.5 1.1 11.3 1.2 » 5576
1.25 25 35 618 11.5 0.28 » 26.3 8.1 18.2 6.0 le1 10.2 1.0 = 5600
BETA INDEXES = 100 PERCENT OF PREDICTED VALUES
1.50 25 35 824 6.0 0.21 » 27.6 Tel 20.5 5.5 1.1 11.9 2.0 « 5879
1.25 25 30 1151 7.2 0.19 » 27.7 8.1 19.6 6.0 l.1 10.9 1.6 « 5890
1.25 25 35 824 8.6 0.23 & 27.7 8.1 19.6 6.0 1.1 1l.1 l.4 o 5894
1.50 25 40 617 7.0 0.25 & 27.7 T.1 20.6 5.5 1.1 12.3 1.7 » 5900
1.50 25 30 1151 5.0 0.17 = 27.9 7.1 20.8 55 1.1 11.8 2.4 ¢ 5941
1.25 25 40 617 10.1 0.28 = 28,0 8.1 19.9 6.0 1.1 11.6 le2 o 5959
1.75 25 40 617 5.1 0.22 # 28.0 6.4 21.6 5.1 l.1 13.0 2.4 5960
1.50 25 45 478 8.0 0.30 » 28.1 7.1 21.0 5.5 1.1 12.8 1.5 » 5972
1.25 25 25 1708 5.8 0.15 » 28.2 8.1 20.1 6.0 1.1 10.9 2.1 = 5992
1.75 25 35 824 be8 0.19 ¢ 28,2 6.4 21.8 S.l l.1 12.7 2.8 5993
8ETA INDEXES = 125 PERCENT OF PREDICTED VALUES
1.25 25 35 1031 6.9 0.20 = 29.1 8.1 2.1 6.0 1.1 12.1 1.8 = 6199
1.25 25 40 772 8.1 0.24 & 29.2 8.1 21.1 6.0 1.1 12.5 l.6 = 6218
1.50 25 40 172 S.6 0.21 = 29.3 7.1 22.2 5.5 1.1 13.3 2.3 = 6238
1.25 25 30 1439 5.8 0.17 ® 29.4 8.1 21.3 6.0 1.1 12.0 2.2 @ 6261
1.50 25 45 598 6.4 0.25 ¢ 29.4 T.1 22.3 5.5 l.1 13.7 2.0 » 6264
1.50 25 35 1031 4.8 0.18 » 29.5 Tel 22.4 5.5 le1 13.1 2.7 » 6280
1.25 25 45 598 9.3 0.29 » 29.6 8.1 21.5 6.0 1.1 13.0 | 6289
1.00 25 30 1439 9.1 0.19 » 29.7 9.5 20.1 6.8 1.1 10.8 1o o 6316
1.00 25 35 1031 10.8 0.23 & 29.7 9.5 20.2 6.8 1.1 11.1 1.2 » 6328
1.50 25 50 476 7.2 0.30 = 29.8 7.1 22.7 5.5 lo1 14.2 1.8 » 6336
BETA INDEXES = 150 PERCENT OF PREDICTED VALUES
1.25 25 40 926 6.7 0.21 = 30.5 B.l 22.4 6.0 1.1 13.3 2.0 » 6485
1.25 25 35 1237 5.8 0.18 = 30.6 8.1 22.5 6.0 1.1 13.1 2.4 = 6515
1.25 25 45 718 Ta7 0.25 » 30.6 8.1 22.6 6.0 l.1 13.7 1.8 = 6521
1.00 25 35 1237 9.0 0.21 » 30.8 9.5 21.3 6.8 1.1 11.9 1.5 » 6559
1.50 25 45 718 5.3 0.22 » 30.9 7.1 23.8 .5 lel l4.6 2.6 @ 6568
1.50 25 40 926 4.7 0.19 = 31.0 7.1 23.9 5.5 1.1 14.3 3.0 6591
1.00 25 30 1727 7.6 N.17 = 31.0 9.5 215 6.8 1.1 11.8 1.8 ¢ 6595
1.00 25 40 926 10.6 0.25 ¢ 31.0 9.5 21.5 6.8 1.1 12.3 1.3 o 6596
1.25 25 50 571 8.7 0.30 = 31.0 8.1 22.9 6.0 1.1 14.2 1.6 » 6599
1.50 25 50 571 6.0 0.26 » 31.0 7.1 23.9 5.5 1.1 15.0 243 » 6603
BETA INDEXES = 175 PERCENT OF PREDICTED VALUES
1.25 25 45 837 6.6 0.23 » 31.8 8.1 23.7 6.0 1.1 14.4 2.2 » 6758
1.25 25 40 1081 5.8 0.20 » 3l.8 8.1 23.7 6.0 lo1 1l4.1 2.5 6761
1.00 25 35 1443 7.7 0.19 » 31.9 9.5 22.4 6.8 l.1 12.7 1.8 o 6795
1.00 25 40 1081 9.0 0.22 » 31.9 9.5 22.4 6.8 1.1 12.9 1.6 » 6796
1.25 25 50 667 7.5 0.27 » 32.0 8.1 23.9 6.0 1.1 14.9 1.9 = 6808
1.25 25 35 1443 4.9 0.17 » 32.2 8.1 24.1 6.0 l.1 14.0 2.9 o 6844
1.00 25 45 837 10.4 0.27 = 32.2 9.5 22.7 6.8 1.1 13.4 le = 6853
1.50 25 50 667 5.2 0.24 & 32.3 T.l 25.2 5.5 1.1 15.8 2.8 » 6879
1.00 25 30 2015 6.5 0.16 s 32.4 9.5 22.8 6.8 1.1 12.7 2.2 # 6884
1.50 25 45 837 4.6 0.20 & 32.4 7.l 25.2 5.5 l.1 15.4 3.2 » 6884
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J0B 12. SAME AS JOB 11 WITH FOLLOWING CHANGES

11 SEPTUM DIAMETER 1 INCHES
15 TERMINAL HEAD 25/10/150 FT
BEGIN

FLOW TERM CD BETA TIME THICK & —--—— COSTS, $ PER MILLION GALLONS =====— ¢ TOTAL
HEAD 4 =2 * . LAB+ . cosT
GSFM FT PPN 10 FT HR IN = TOTAL 1ST OPER MAIN POWR DIAT BAKW * $/N0

BETA INDEXES = S50 PERCENT OF PREDICTED VALUES
2.75 75 20 1384 9.8 0.24 &= 18.9 4.9 14.0 4.3 3.4 5.7 0.6 = 4031
2.50 65 20 1384 10.1 0.23 « 18.9 5.2 13.8 bt 2.9 5.8 0.6 4032
2.75 65 20 1384 8.1 0.22 =« 19.0 4.9 4.1 4.3 2.9 6.0 0.8 = 4033
3.00 75 20 1384 8.0 0.23 = 19.0 4.7 14.3 4.2 3.4 5.9 0.8 = 4036
2.50 75 20 1384 12.2 0.26 = 19.0 5.2 13.8 4ot 3.4 5.5 0.5 = 4042
3.00 85 20 1384 9.4 0.25 » 19.0 4.7 1443 4.2 3.8 5.6 0.6 @ 4049
3.00 65 20 1384 6.7 0.2t = 19.0 4.7 l4.4 4.2 2.9 6.2 1.0 e 4053
2.75 85 20 1384 11.5 0.27 « 19.0 4.9 141 4.3 3.8 5.5 0.5 ¢ 4053
2.50 55 20 1384 8.2 0.21 = 19.1 5.2 13.9 4ol 2.5 6.2 0.8 4056
3.25 75 20 1384 6.7 0.21 = 19.1 4.5 14.5 4.2 3.4 6.1 0.9 o 4057

BETA INDEXES = 75 PERCENT OF PREDICTED VALUES
2.50 85 20 2076 8.6 0.21 » 20.3 5.2 15.1 bole 3.8 6.1 0.8 » 4318
2.50 15 20 2076 T4 0.20 » 20.3 5.2 15.2 44 3.4 6.4 0.9 » 4324
2.25 75 20 2076 9.3 0.21 = 20.3 5.5 14.9 bt 3.6 6.2 Ce7 » 4327
2.50 15 25 1281 10.8 0.28 = 20.4 5.2 15.2 4ol 3.4 6.8 0.6 » 4331
2.75 75 25 1281 8.6 0.26 & 20.% 4.9 15.5 4.3 3.4 7.0 0.8 = 4333
2.75 85 20 2076 6.9 0.20 = 20.4 4.9 15.5 4.3 3.8 6.4 1.0 = 4333
2.50 95 20 2076 9.8 0.23 o 20.4 5.2 15.2 4ol 4.3 5.9 0.7 o 4334
2.25 85 20 2076 10.9 0.23 o  20.4 5.5 14.9 4.6 3.8 5.9 O @ 4335
2.50 65 25 1281 8.9 0.25 ®» 20.4 5.2 152 4.4 2.9 T.1 0.8 » 4337
2.75 95 20 2076 7.9 0.22 » 20.4 4.9 15.5 4.3 4.3 6.1 0.8 » 4338

BETA INDEXES = 100 PERCENT OF PREDICTED VALUES
2.50 85 25 1708 8.7 0.25 = 21.3 5.2 16.2 bob 3.8 7.1 0.8 = 4542
2.25 75 25 1708 9.5 0.26 = 21.4 5.5 15.9 4.6 3.4 7.2 0.8 o 4552
2.50 75 25 1708 7.5 0.22 o 21.4 5.2 1643 4.b 3.4 Te4 1.0 = 4554
2.50 95 25 1708 10.1 0.27 * 21.4 5.2 16.3 bob 4.3 6.9 0.7 » 4555
2625 8% 25 1708 11.1 0.27 » 21.4 5.5 15.9 4.6 3.8 6.9 0.6 o 4556
2.25 85 20 2768 7.7 0.19 = 21.4 5.5 15.9 4e6 3.8 6.6 0.9 ¢ 4557
2.25 95 20 2768 8.8 0.20 » 2l.4 5.5 15.9 4.6 4.3 6.3 0.8 o 4558
2.50 95 20 2768 6.9 0.19 o 21.4 5.2 1643 4.4 4e3 6.6 1.0 » 4561
2.7% 95 25 1708 8ol 0.25 =  21.4 4.9 16.5 4.3 4.3 Tel 0.9 o 4563
2.75 85 25 1708 7.0 0.23 # 214 4.9 16.5 403 3.8 Te4 1.0 = 4563

BETA INDEXES = 125 PERCENT OF PREDICTED VALUES
2.25 85 25 2135 8.4 0.22 » 22.2 5.5 16.8 4.6 3.8 7.4 0.9 » 4728
2425 95 25 2135 9.7 0.26 22,2 5.5 16.8 4.6 4.3 T.1l 0.8 ¢ 4732
2.50 95 25 2135 7.6 0.23 = 22,2 5.2 17.1 4o 4.3 Teb 1.0 = 4732
2.50 105 25 2135 8.6 0.26 ® 22,3 5.2 17.1 bels 4.7 7.1 0.8 4742
2.50 85 25 2135 6.6 0.21 = 22.3 5.2 17.1 b b 3.8 7.7 1.2 » 4745
2.00 85 25 2135 11.0 0.25 & 22.3 5.9 16.4 4.8 3.8 Tl 07 » 4751
2.25 75 25 2135 7.2 0.21 = 22.3 5.5 16.9 4.6 3.4 7.8 lel » 4752
2.50 - 85 30 1439 9.1 0.28 & 22.3 5.2 17.2 beb 3.8 8.1 0.9 = 475%
2.25 105 25 2135 11.0 0.26 & 22.3 5.5 16.9 4.6 4.7 6.9 0.7 » 4755
2.00 15 25 2135 9.4 0.22 & 22.4 5.9 16.5 4.8 3.4 T.4 0.8 & 4756

BETA [NDEXES = 150 PERCENT OF PREDICTED VALUES
2.25 95 25 2562 T.7 0.21 = 23.0 5.5 17.5 4.6 4.3 7.6 1.0 » 4889
2.25 105 25 2562 8.7 0.23 = 23.0 5.5 17.5 4.6 4.7 7.3 0.9 » 4894
2.00 5 25 2562 10.0 Q.23 & 23.0 5.9 17.2 4.8 4.3 7.3 0.8 4902
2.00 85 25 2562 8.7 0.21 * 23.0 5.9 17.2 4.8 3.8 7.6 0.9 4902
2.25 85 30 1727 9.2 0.26 » 23.1 5.5 17.6 4.6 3.8 8.3 0.9 » 4906
2.50 105 25 2562 6.9 0.21 = 23.1 5.2 17.9 bo4 4.7 T.6 l.1 = 4906
2.25 85 25 2562 6.7 0.20 = 23.1 5.5 17.6 4.6 3.8 8.0 1.2 » 4908
2.50 95 30 1727 8.3 0.27 = 23,1 5.2 17.9 4.4 4.3 8.3 1.0 = 4909
2.25 95 30 1727 10.6 0.29 « 23.1 5.5 17.6 4.6 4.3 8.0 0.8 = 4912
2.50 115 25 2562 7.7 0.23 = 23.1 5.2 18.0 beb 5.2 Te4 1.0 = 4916

BETA INDEXES = 175 PERCENT OF PREDICTED VALUES
2.00 95 25 2989 8.3 0.21 » 23,7 5.9 17.8 4.8 4.3 7.7 1.0 » 5038
2.25 105 25 2989 Te2 0.21 » 23.7 5.5 18.2 4.6 4s7 7.8 lel » 5039
2.25 95 30 2015 8.7 0.26 = 23.7 5.5 18,2 4.6 4.3 8.4 1.0 = 5039
2.00 105 25 2989 9.4 0.22 » 23.7 5.9 17.8 4.8 4.7 T4 0.9 » 5043
2.25 115 25 29839 8.1 0.22 » 23.7 5.5 18.2 4.6 5.2 T.5 1.0 » 5046
2.25 105 30 2015 9.9 0.28 « 23.7 5.5 18.3 L2Y) b7 8.1 0.8 5049
2.25 85 30 2015 Te5 0.23 » 23.7 5.5 18.3 4.6 3.8 8.7 1ol @ 5052
2.25 95 25 2989 6.4 0.19 » 23,7 5.5 18.3 4.6 4.3 8.1 1.3 » 5052
2.00 85 30 2015 9.8 0.26 » 23.8 5.9 17.9 4.8 3.8 8.4 0.9 = 5054
2.50 105 30 2015 T.7 0.25 &« 23.8 5.2 18.6 be4 4.7 8.4 lei ® 5054
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JOB 13. SAME AS JDB 12 EXCEPY 25 MGD
1 DESIGN FLOW 25 MGD
BEGIN
FLOW TERM CO BETYT A TIME THICK & ===-- COSTSs $ PER MILLION GALLONS j====~= & TOTAL
HEAD 4 -2 . LAB+ L cosT
GSFM FT PPM 10 FT HR IN = TOTAL 1ST OPER MAIN POWR DIAT BAKW # $/M0
BETA INDEXES = S0 PERCENT OF PREDICTED VALU
3.00 5 20 1384 840 0.23 ¢ 17.4 4.4 13.0 3.1 3.4 9 0.7 = 13254
2.75 65 20 1384 8.1 0.22 » 17.5 4.6 12.8 3.2 2.9 0 0.7 = 13263
2.75 75 20 1384 9.8 0.24 » 17.5 4.6 12.8 3.2 3.4 7 0.6 = 13265
2.50 65 20 1384 10.1 0.23 & 17.5 4.9 12.6 3.3 2.9 8 0.6 » 13293
3.25 75 20 1384 6.7 0.21 » 17.5 4.2 13.3 3.0 3.4 1 0.8 = 13295
3.00 65 20 1384 6.7 0.21 » 17.5 4.4 13.1 3.1 2.9 2 0.9 = 13300
3.00 85 20 1384 9.4 0.25 & 17.5 4.4 13.1 3.1 3.8 6 0.6 & 13308
3.25 85 20 1384 7.8 0.24 = 17.5 4.2 13.3 3.0 3.8 8 0.7 13311
2.50 15 20 1384 12.2 0.26 » 17.6 4.9 12.7 3.3 3.4 S 0.5 o 13339
2.75 85 20 1384 11.5 0.27 &« 17.6 4.6 12.9 3.2 3.8 5 0.5 = 13354
BETA INDEXES = 75 PERCENT OF PREDICTED VALUES
2.50 as 20 2076 8.6 0.21 » 18.8 4.9 13.9 3.3 3.8 6.1 0.7 » 14303
2.50 75 20 2076 T.4 0.20 = 18.8 4.9 14.0 3.3 3.4 6.4 0.8 = 14317
2.75 85 20 2076 6.9 0.20 = 18.8 4.6 14.2 3.2 3.8 6.4 0.9 = 14322
2.25 75 20 2076 9.3 0.21 ¢« 18.9 5.2 13.7 3.5 3.4 6.2 0.7 o 14332
2.75 15 25 1281 8.6 0.26 & 18.9 4.6 14,2 3.2 3.4 7.0 0.7 @ 14338
2.75 95 20 2076 7.9 0.22 = 18.9 4.6 14.2 3.2 4.3 6.1 0.7 = 14348
2.50 75 25 1281 10.8 0.28 » 18.9 4.9 14.0 3.3 3.4 6.8 0.6 » 14363
2.25 85 20 2076 10.9 0.23 » 18.9 5.2 13.7 3.5 3.8 $.9 0.5 » 14369
2.50 95 20 2076 9.8 0.23 = 18.9 4.9 14.0 3.3 4.3 5.9 0.6 » 14371
3.00 85 25 1281 B.3 0.27 = 18.9 4ot 14,5 3.1 3.8 649 0.7 = 14374
BE INDEXES = 100 PERCENT OF CTED VALUE
2.50 85 25 1708 8.7 0.25 & 19.9 4.9 15.0 3.8 7.1 0.8 = 15107
225 75 25 1708 9.5 0.26 = 19.9 5.2 14.7 3.4 7.2 0.7 1513s
2.50 75 25 1708 T.5 0.22 = 19.9 4.9 15.0 3.4 T.4 0.9 » 15138
2.25 8% 20 2768 7.7 0.19 = 19.9 5.2 1l4.7 3.8 6.6 0.9 « 15140
2.75 85 25 1708 7.0 0.23 & 19.9 4.6 15.3 3.8 T.4 0.9 ¢ 15144
2.25 95 20 2768 8.8 0.20 = 19.9 5.2 14,7 4.3 6.3 0.7 » 15152
2.75 95 25 1708 8.1 0.25 = 19.9 heb 15.3 4¢3 T.1 0.8 o 15154
2.25 85 25 1708 11.1 0.27 * 19.9 5.2 14.7 3.8 6.9 0.6 » 15158
2.50 95 20 2768 6.9 0.19 = 19.9 4.9 15.1 4.3 6.6 0.9 » 15158
2.50 95 25 1708 10.1 0.27 & 20.0 4.9 15.1 4.3 6.9 0.6 15162
BETA INDEXES = 125 PERCENT OF D Vv ES
2.25 85 25 2135 8.4 0.22 » 20.7 5.2 15.5 3.8 T.4 0.8 = 15758
2.50 95 25 2135 T.6 0.23 » 20.8 4.9 15.9 4.3 T.4 0.9 » 15776
2.25 95 25 2135 9.7 0.24 = 20.8 5.2 15.6 4.3 T.1 Q.7 » 15780
2.50 85 25 2135 6.6 0.21 » 20.8 4.9 15.9 3.8 1.7 1.1 = 15810
2.50 105 25 2135 8.6 0.24 » 20.8 4.9 15.9 47 7.1 0.8 = 15821
2.00 8% 25 2135 11.0 0.25 » 20.8 5.6 15.2 3.8 7.1 0.6 = 15826
2.25 75 25 2135 7.2 0.21 &« 20.8 5.2 15.6 3.4 7.8 1.0 15833
2.00 75 25 2135 9.4 0.22 = 20.8 5.6 15.2 3.4 T.4 0.8 » 15834
2.00 95 20 3461 8.7 0.19 = 20.9 5.6 15.3 4.3 6.6 0.8 = 15858
2.25 2?5 20 3461 6.7 0.18 = 20.9 5.2 15.7 ©e3 6.9 1.0 = 15861
BETA INDEXES = 150 PERCENT OF PREDICTEL VALUES
2.25 95 25 2562 7.7 0.21 » 21.5 5.2 16.3 3.5 4.3 7.6 0.9 = 16327
2.00 85 25 2562 8.7 0.21 & 21.5 S.6 15.9 3.7 3.8 Teb 0.8 = 16352
2.25 105 25 2562 8.7 0.23 & 21.5 5.2 16.3 3.5 4e7 7.3 0.8 o 16353
2.00 95 25 2562 10.0 0.23 & 21.5 5.6 15.9 3.7 4.3 7.3 0.7 16359
2.25 85 25 2562 6.7 0.20 = 21.6 5.2 1lb.4 3.5 3.8 8.0 lel @ 16384
2.50 105 25 2562 6.9 0.21 » 21.6 4.9 16.7 3.3 4.7 7.6 1.0 » 16389
2.25 85 30 1727 9.2 0.26 » 2.6 5.2 l6.4 3.5 3.8 8.3 0.8 » 16398
2.50 95 30 1727 8.3 C.27 & 21.6 4.9 16.7 3.3 4.3 8.3 0.9 » 164i5
2,50 95 25 2562 6.1 0.20 = 21.6 4.9 16.7 3.3 4.3 7.9 1.2 » 16418
2.25 95 30 1727 10.6 0.29 = 21.6 5.2 lba4 3.5 4.3 8.0 0.7 o 16427
BETA INDEXES = 175 PERCENT OF EDICTED VALUES
2.00 95 25 2989 B.3 0.21 & 22.2 5.6 16.6 3.7 403 Te7 0,9 16835
2,25 105 25 2989 T.2 0.21 & 22.2 5.2 17.0 3.5 4.7 7.8 . 16855
2.00 105 25 2989 9.4 0.22 & 22.2 5.6 16.6 3.7 407 Te4 . 16858
2.25 95 30 2015 8.7 0.26 » 22.2 5.2 17.0 3.5 4.3 8.4 . 16870
2.25 115 25 2989 8.1 0.22 » 22.2 5.2 17.0 3.5 5.2 7.5 » 16890
2425 95 25 2989 6.4 0.19 » 22.2 5.2 17.0 3.5 4.3 8.1 . 16894
2.00 85 25 2989 7.2 0.19 = 22.2 5.6 16.6 3.7 3.8 8.1 . 16896
2.00 85 30 2015 9.8 0.26 ¢ 22.2 5.6 16.6 3.7 3.8 8.4 . 16900
2.25 85 30 2015 1.5 0.23 » 22.2 5.2 17.0 3.5 3.8 B.7 . 16905
2.25 105 30 2015 9:9 0.28 » 22.3 5.2 17.1 3.5 4.7 8.1 . 16915
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