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ABSTRAC

The extensive review of the literature on the
trickling filter process revealed that four basic approaches
had been adopted in the performance evaluation of this parti-
cular wastewater treatment Process, namely the graphical,
first order reaction, statistical, and mechanistic approaches.
0f these four techniques, the statistical regression approach
proposed by Galler and Gotaas in 1964 has received much
attention within the last years, and treatment plant per-
formance evaluation using such concepts is obviously justified.

The high rate trickling filter plant of Alexandria,
Virginia, U.S.A., consisting of primary settlers, followed
by a parallel arrangement of three trickling filter units,
and secondary settlers was adopted for computer performance
simulation. Seven years of field data, constituting a total
of eighty-four monthly average observations formed the basis
for the performance evaluation of this high rate trickling
filter plant.

Linear and non linear regression algorithms were
evaluated so as to best describe both the physical and bio-
logical performance of the treatment facility. The multiple
linear regression technique was finally adopted because the
response of the intrinsically linear models was as representative
as that obtained through non linear regression techniques.

Simulation of all major treatment units within the treatment
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Plant was performed, evaluating both BOD and suspended solids
removal efficiencies.

Two subsystem arrangements were examined: a first
subsystem was analysed taking into consideration the trickling
filter and final settling tank as a single treatment unit,
while a second subsystem arrangement was examined by con-
sidering the trickling filter and final settling tank as two
distinct treatment units.

A total of eight mathematical expressions resulted
from the present investigation. High multiple correlation
coefficients (R) were achieved, ranging from 0.9184 to 0.9779,
thus giving an indication of the goodness of fit of the field
data.

The arrangement in series of the mathematical
expressions developed, subjected té a convergence criterion
in the recirculation of the trickling filter effluent,
essentially describes the performance of the wastewater treat-
ment plant. A computer program written in Fortram IV, and
referred to as CSTF, performs the required mathematical
manipulations for computer performance evaluation.

A sensitivity analysis of the sewage characteristics
of the wastewater treatment plant as a whole, and of the
treatment units individually is also presented. The simula-
tion program is supplied with an input matrix describing
maximum, minimum, and average expected values for primary

influent BOD, suspended solids, flow, recirculation,
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and sewage temperature. Changes in the performance of the
treatment plant while subjected to input parameter variations
are also reported and analysed. In addition, the input matrix
also takes intc consideration weather flow variations, such

as dry and wet weather flow conditions. Of the input con-
ditions examined, variations in the suspended solids concen-
tration and in the weather flow conditions, affected most
significantly the BOD and suspended solids concentration of
the plant effluent.

A sludge production sensitivity analysis was also
performed. The analysis indicated that secondary sludge
production accounted for 10 to 15% of the total sludge to be
disposed, while primary sludge made up the remaining 85 to
90%Z. Variations in the suspended solids concentrations, in
the rates of flow and in the weather flow conditions, pro-
duced the greatest variations in the total sludge production
of the treatment plant.

The performance of the Alexandria sewage treatment
Plant was also compared with other mathematical models. The
mathematical formulations of Eckenfelder and Galler and Gotaas
were however observed to disagree in some instances with
predicted plant performance, but could still be considered

as the most representative models from the ones analysed.
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CHAPTER 1
INTRODUCTION

1.1 Historical Background of the Trickling Filter Process

Trickling filters, élso referred to as bio-
logical filters and percolating filters, evolved from a
nineteenth century England practice of treating domestic
sewzage. The process is different however from present
practicesy it consisted in passing settled sewage onto
areas of land, using the soil as a media for biological
activity (1).

Modifications to the above process led the
Lawrence Experiment Station of the Massachussetts State
Board of Health in 1888 to the concept of treating settled
sewage by using a bed of porous media such as gravel, broken
rock, clinker or slag. This form of treatment was soon
very popular with municipal officials (1,2).

Although trickling filters, as they are known te-
day originated in the United States, English engineers
are reported to have developed many of the technical
features of the process, such as: i) wastewater distribu-
tion by spray, and ii) the use of false bottom floors to

support the media, thereby eliminating clogging of the

filter floor (2).




In 1903, this form of treatment was used for the
first time in the United States to treat sewage on a
municipal level. Even if today the treatment of domestic
sewage using trickling filter systems is less popular than
the activated sludge process, the process itself still
receives much attention from all levels, mainly because of
some of the following advantages: 1) ease of operation,
il) resistance to shock loads, iii) rapid recovery when dis-
turbed, iv) ideal process for treating wastewaters that pre-
sent é sludge bulking problem, and v) the introduction of
Plastic filter media, allowing the application of higher
hydraulic and organic loads. Obviously the system does also
present serious disadvantages, namely: i) high capital invest-
ments, ii) large land requirements, iii) odors and iv) filter

fly breeding (Psychoda) (2).

1.2 The Trickling Filter Process - Physical and Biological

The trickling filter process usually consists of
a trickling filter unit followed by a secondary settling
tank, as illustrated schematically in Figure 1l.1. The filter
unit itself, usually circular but sometimes rectangular,
consists of a bed of stone, slag, gravel, coke, or plastic
media, varying in depth from three to ten feet (3). The
stone or rock media accounts presently for over 75Z of the

municipal trickling filter installations in the United
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States (4). The grading of the stone media ranges commonly
from one and a half to four inches. The available filter
media (stone, plastic) provide a ratio of surface area per
unit volume, ranging from fifteen to thirty square feet per
cubic foot, with a void ratio close to 507 for the stone
media, and 957 for the plastic media (1).

Trickling filters with plastic media are in-
creasing in popularity because they tend to offer more
flexibility, namely deeper bed depths, larger surface area
per unit volume, and less chance of clogging due to increased
aeration and void space. However, the effluent is generally
of lower quality making it a roughing filter as opposed to
a polishing filter (5).

The rate of flow onto a filter, commonly referred
to as the hydraulic loading, and the amount of organic
matter applied, defined as the organic loading,are commonly
used for the classification of either standard or high rate
trickling filter installations. Table 1.1 adopted from
the Water Pollution Control Federation, Manual of Practice
No. 8 (6) illustrates the basic differences between these
two popular types of trickling filter systems.

Figure 1.2 illustrates diagrammatically the most
popular physical arrangements for single stage trickling
filter systems. This illustrates both the flexibility of
the process along with the inability of engineers to isolate

the most effective installation. Similar flow pattern




Trickling Filter Classification

TABLE 1.1

Type of trickling
Filter installation

Hydraulic Load

Organic Load

Standard Rate

High Rate

1.1 to 4.4 MGAD
or
25 to 100 GPD/ft>

8.7 to 44.0 MGAD

200 to 1000 GPD
ft

5 to 25 #/Dé
1000 ft

220 to 1100
#/D/acre ft

25 to 300
#/D/1000 ft3

1100 to 13000
#/D/acre ft
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variations also apply to the two-stage biofiltration
installations.

Two or more trickling filter units in parallel,
followed by a secondary settler, are termed 'parallel single
stage installations,' while two trickling filter systems in
series are termed 'double or two-state trickling filter
installations.' Typical arrangements are presented in
Figure 1.3. Figure 1.4, illustrates a cutaway view of a
stone media trickling filter unit, thus defining the
physical components of the treatment unit.

The principles involved in the removal of organic
matter through biological filtration are similar to those
of the activated sludge. Both the trickling filter and the
activated sludge systems depend on the bio-chemical oxida-
tion of complex organic matter from the settled sewage (6).
Thus in a trickling filter treatment unit, the settled
sewage from the primary settling tank, is sprayed through
the air onto the surface of the filter media after which it
trickles or percolates through the voids undergoing bio-
logical oxidation while in contact with the aerobic portion
of the slime or film layer attached to the filter media.
Figure 1.5 illustrates the biological oxidation mechanism
of the waste by the slime layer. The slime layer, depending
on its thickness, usually consists of aerobic and anaerobic

sublayers. The microorganisms in the aerobic sublayer use
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FIGURE 1.3 PARALLEL AND TWO-STAGE TRICKLING
FILTER INSTALLATIONS
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FIGURE 1.4
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FIGURE 1.5 TRICKLING FILTER REMOVAL MECHANISM
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the food (C’OZ’ nutrients, etc.) for synthesis, while those
in the anaerobic sublayer undergo endogenous respiration.

The microorganism population also varies with
filter depth, reflecting the faculative character of the
treatment unit. Predominant microorganisms are bacteria.
Fungi, being aerobes, are observed only where oxygen is
predominant. The surface of the filter can also support
algae but the need for sunlight limits the extent of their
growth to that section of the filter only. The protozoa
are the predominant animal population, with the ciliata
observed in all aerobic sections of the filter. Higher order
animals such as worms, snails, insects, and larvae are also
present, and feed upon the microorganism population. Not
essential to the substrate removal mechanism, higher order
animals play a more significant role in the sloughing
mechanism or, what can be referred to as the rejuvenation
of the filter bed (7,1).

Film or slime removal is also an integral part
of the trickling filter removal process, in the sense that
it rejuvenates the filter bed. Excessively thick film layers
inhibit oxygen transfer, interfere with the passage of solid
particles, and sometimes result in ponding of the filter bed.
Various organisms, along with the high hydraulic loadings,
accompanied by some endogenous activity within the anaerobic
sublayer, contribute to the sloughing of the slime layer (7,

1). The sloughing may be intermittent as in the case of



standard rate filters, or continucus as observed in high

rate trickling filter installations.




CHAPTER 2

LITERATURE REVIEW

2.1 Introduction
2.1.1 Design History

This section will serve to establish the
historical trend followed in the design of single stage
trickling filter systems. No attempt has been made at
this stage to discuss in any great detail the implications
and structure of the reported mathematical formulations.

Data collected during World War II, from
several trickling filter wastewater treatment plants at.
various military installations, resulted in the formulation
by the National Research Council (U.S.) of a single stage
BOD removal equation, referred to as the 'NRC Formula'
(Equation #1, Table 2.1)(8).

In a 1948 article, Velz (9) presented what is
referred to as the basic law in the trickling filter design.
Velz postulated that "the rate of extraction of organic
matter per interval depth of a biological filter is pro-
portional to the remaining concentration of organic matter,
measured in terms of its removability." Velz's mathematical
formulation appears as Equation #2 in Table 2.1.

Applying mass balance prinéip;es, and respecting

the criterions set forth by the Upper Mississippi River

e~
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Boards of State Engineers, Rankin in 1951 presented his
formulation of the trickling filter BOD removal process,
(Equation #3, Table 2.1).

Howland (11) in 1958 found that the remaval of
organic matter within a trickling filter unit was a function
of the time of contact of the wastewaters with the slime
layer attached to the filter media. By establishing mathe-
matically the time of contact in a trickling filter unit,
he postulated that the removal of organic matter could be
described by Equation #4, Table 2.1.

Schulze (12) in 1960, and Eckenfelder (13) in
1961, following reasoning similar to the one used by Howland,
presented their own version of the organic removal process
(Equations #5 and #6, in Table 2.1).

Stack (15) has analysed and formulated mathematical
models for trickling filter installations with and without
recirculation (Equations #7 and #8, Table 2.1). The extent
of this application has been mostly restricted to research,
and jg mainly of academic interest.

It was only in 1964, that a totally new approach
was adopted. Galler and Gotaas (16) presented a design
model based on the multiple linear regression of some 322
observations obtained from existing trickling filter instal-
lations, (Equation #9, Table 2.1). High regression co-
efficients, along with a wide range of operational data, has
given much merit to the work of these researchers from

Northwestern University.



The 1971 edition of the Ten State Standards,
offers a graphical technique for the design of trickling
filter systems discussed and presented in a later section
of this chapter.

Therefore, several mathematical formulations are
available to practicing engineers in sizing and evaluating

organic removal efficiencies within a trickling filter

installation.

2.1.2 Controllable Parameter

In contrast with the activated sludge process
which is often considered to be a very sensitive and dif-
ficult system to operate, a trickling filter plant offers
a rather more simple and straightforward operation. As
part of the operations within an activated sludge plant the
operator has to control the volume of air supplied to the
aeration tank, sludge recirculation, and the portion of
sludge to be wasted daily. Trickling filter plant operation
however offers only the control of the recirculated flow
from either the filter effluent, final settling tank
effluent, or secondary settling tank sludge, depending on
the configuration of the process as shown in Figure 1.2.

Recirculation rates are usually dictated by either:
i) the degree of treatment required, ii) the size of the
pumps, iii) the size of the settling tanks, iv) the capacity

of the distribution system, and v) capital and operating




cost (19). There exists, however, much controversy as to
whether recirculation benefits or hinders the removal of

organic matter as will be pointed out in Section 2.4.3

of this chapter.

2.2 Review of the Formulated Models

2.2.1 General

In attempting to survey the previously developed
mathematical models for the removal of BOD within a trickling
filter system, the following classification, based upon
various approaches used in developing such formulations will
be adopted:

i) Graphical or Curve Fitting Approach - Such an
approach differs from others in the sense that it is not
based on any theoreticalderivations; iﬁ fact it relies
solely on experiment and/or observations and attempts to
represent graphically or through curve fitting of the removal
of organic matter from a trickling filter system. Models
such as the NRC formula, Rankin's, and the Ten State Standards
were developed using such a concept.

ii) First Order Reaction Approach - Models developed
while assuming that the substrate removal process can be re-
presented by first-order reactions.

iii) Statistical Approach - This approach is rather
unique and was presented for the first time in 1964. A

general mathematical model generated on the basis of




operational results, using multiple linear regression
techniques, forms the basis of the technique.
iv) Mechanistic Approach - The mechanistic approach

involves the study of the mechanism of substrate removal.

2.2.2 Graphical or Curve Fitting Approach

As reported in a previous section of this chapter
the National Research Council (U.S.) developed in 1946, an
empirical formulation for the trickling filter removal pro-
cess, based upon data collected from 34 existing trickling
filter plants among various military stations. The efficiency

of a single stage plant was reported as:

E, = 1 (2.1)
W
1 + 0.0085/ &4
where E. = fractional efficiency of BOD removal for

the first stage.

W = BOD loading of settled raw sewage in
pounds per day (excluding recirculation),.

F = factor reflecting increased remova% due to
recirculation F = (1+r1)/(1+r1/10) .

rl = ratio of recirculated flow to influent flow.
= volume of the filter media in acre-foot

and that for second stage could be described as:

E. = 1 (2.2)

0.0085, W'
1+ (1—E1)/ VF




where E2 = fractional efficiency of BOD removal for
the second stage.

W' = BOD loading applied to the second stage

in pounds per day, exclusive of recircu-
lation.

Equation (2.2), is a transformation of Equation (2.1) and
takes into consideration the reduced treatability of the
first stage effluent. Examining the components of such a
formulation, one realizes immediately that the BOD removal
efficiency is dependent:-upon recirculation . and organic- loading,
while other parameters are kept constant for any specific
installation. This therefore implies that significant
variations in the hydraulic rate of flow, while organic
loading remains constant;through corresponding variations
in the BOD concentration, will not affect the removal of
organic matter from the wastewaters. Moreover, both
Equations (2.1) and (2.2), do not take into consideration
the change in the activity of the biological organisms with
corresponding wastewater temperature variations.

Rankin (10), formulaéed the BQD efficiency re-

moval of a single stage trickling filter system as:

rl +
B1 =7, + =, (2.3
1 1
where El = BOD removal efficiency of the first stage.
ry, = first stage recirculation.

n, = ml/(mi—l).

m; = value appearing to reflect the kinetic pro-
perties of the waste.



Subjected to constraints established by the Ten State
Standards (17), Rankin assigned a value of 3 to parameter
m, . His reasoning based on a mass balance of the process
assumes that the change in BOD between input and output
equals the BOD depletion. The efficiency of the second

stage was reported as:

r2 +
E, = —— (2.4)
2 T, + n,
where E2 = BOD removal efficiency of the second stage.
r, = second stage recirculation.

n, = m2/(m2-l).

m, = value appearing to reflect the kinetic
properties of the waste entering the second
stage.

Again constraints established by the Ten State Stamndards (17)
led Rankin to assign a value of 2 to parameter m, .

In 1953, Rankin (10) compared his equation with
the formulations of Velz and that of the National Research
Council (U.S.), using supporting data from existing treat-
ment plants. Because single stage treatment plants are more
of interest in the present investigation, only the results
of such systems are reported herein. Eight plants formed
the basis for the comparison. The actual efficiencies of
these single stage treatment plants were reported to vary
from 84% to 92%. The models studied presented the following

standard deviation:




i) Rankin's Model: 2.53%
ii) NRC Formula : 3.03%
iii) Velz's Formula: 2.10% ,
revealing to some extent the accuracy with which each model
was able to predict actual plant performance.

The 1971 edition of the Recommended Standards for
Sewage Works (Great Lake-Upper Miésissippi River Board of
State Engineers) (17) dictates graphically BOD removal
efficiency of the trickling filter system, as represented
in Figure 2.1. However, the suggested BOD removal offers
no consideration whatsoever to the contribution brought about
through recirculation. In fact, design curves showing the
effects of recirculation have not yet been developed.

Serving merely as a guide to practicing engineers,
such a model is evidently an oversimplification of a very
complex process. One immediate drawback of the proposed
design method is the lack of consideration given to the
effects of temperature, hydraulic loading and recirculation.
Furthermore, the Ten State Standards design curve was
derived using data from the northern regions of the United
States, which furthermore limits the applicability of the

model.

2.2.3 First Order Reaction Approach
Thériault (20) in 1926, assumed that the BOD

exertion could be approximated through a first-order reaction
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formulation such as described by:

dL

i -kL (2.5)
where L = organic BOD concentration.

t = time.

k = proportionality constant.

A similar reasoning to that of bio-oxidation was
applied by Velz (9) in 1948, in attempting to explain
theoretically the removal of organic matter within a trick-
ling filter system. In fact he reported that '"the rate of
extraction of organic matter per interval of depth of a
biological bed is proportional to the remaining concentra-
tion of organic matter measured in terms of its removability."

In deriving his mathematical model, Velz made the following

assumptions:

i) The trickling filter is basically a self
regenerating absorption tower.
ii) Removable BOD, is the fraction of BOD
measured that can be removed by absorption.
iii) Each unit of depth of the filter will remove
a constant fraction of the removable BOD applied to it.
iv) The quantity of BOD that can be absorbed by
one unit volume of filter has a maximum limit.

Expressed mathematically:

dar _ (2.6)
i = K L




or
L*
R ]
_% - 10 K' D (2.7)
L
*
where LD = removable BOD at depth D in mg/l.
*
L = total removable fraction of BOD in mg/1l.
D = depth in feet.
K = rate of removal constant.
K' = rate of removal constant equal to 0.175

for low rate filters or standard rate,
and 0.150 for high rate filters.

Other values for K' have been reported elsewhere in the
literature based upon a similar reasoning (21).

In 1957, Stack (22) presented a detailed analysis
of the theoretical performance of the biological filtration
process. Based on the assumptions of Velz, and on the con-
cept of removable BOD Stack derived BOD removal equations
for the cases of recirculated and non recirculated effluent.

Performance with no recirculation was described

as:
AL .= XfS + £(L'-X£fS) (c) (2.8)
r
where AL = removable BOD actually removed in pounds
r per unit area.
X = number of saturated unit depths.
f = coefficient of biosorption.
S = saturation capacity of a unit volume in

pounds per unit volume.



L' = removable BOD applied in pounds per unit
area.
¢ =1+ (1-£) + (1-£)2
while performance with recirculation was expressed as:
2 £S + £(L'-X£S) ) Cpox)
= Xfs + -XfSs (2.9)
L. (1+N C(D-X)
where N = recirculation ratio.
C(D—X) = unitless parameter function of the co-

efficient of biosorption.

Conscious of the effects of temperature on the removal

of organic matter, Stack suggested it to be reflected into
the value of the saturation capacity of a unit depth,
referred to as S, and expressed in pounds per unit volume.

The major drawback of the models developed by
Stack lies in the fact that BOD removals are expressed as
functions of removable BOD, defined earlier, and therefore
require the experimental evaluation of the removable BOD,
along with the values of S and f appearing in Equations (2.8)
and (2.9).

In 1958, Howland (11) postulated that the removal
of organic matter from a biological filter bed was a function
of the time of contact between the wastewater and the slime
layer, or time of travel within the filter bed. It was then
established that:

. - (1.035Tc 2% p (2.10)
H 0.67

Q




where tH = time of travel in minutes.
Tc = temperature of the sewage in °c.
D = depth of filter in feet.
Q = hydraulic rate of flow in MGAD.

and BOD removal expressed as:

L .67
o= e “aP/¢ (2.11)
o
where Lo = BOD applied to the filter in mg/l.
L, = BOD of the filter system effluent in mg/1l.
KH = rate constant.

Confronted with the fact that recirculation had improved
removal efficiencies, Howland suggested three possible
explanations to this phenomena: i) a dilution effect,
ii) the continuing action of the freely floating film
particles, and iii) increased time of contact of a portion
of the flow. In summarizing the applicability of his theory
to recirculation, the author pointed out that it raised more
Problems than it solved.

Schulze (12) in 1960, experimentally established
a mathematical model for the removal of BOD in a trickling
filter system using screen filters instead of the conven-

tional filter media. The developed model was reported as:

L
=2 = a Q< (2.12)

-




where Le = BOD in mg/l of the filter system effluent.
L0 = BOD in mg/l applied to the filter.
a = constant equal to 0.079 (experimentally).
d = constant equal to 0.67 (experimentally).
Q = hydraulic rate of fiow in MGAD.

Schulze also established statistically that the BOD loading
did not affect the BOD removal efficiency of the system.
Investigating the effects of recirculation he postulated
that "according to the theoretical data, recirculation does
not improve the quality of the final effluent," and suggests
that the increase in efficiency is attributable to secondary
factors. In an attempt to relate BOD removal efficiency to
such parameters as depth and temperature, Schulze suggested

the following equation:

;E s T (2.13)
o
where L, = BOD in mg/l, in the filter system effluent..
L0 = BOD in mg/l applied to the filter.
D = depth of the filter in feet.
Q = hydraulic rate of flow in MGAD.
b = 1.035T¢7%9,

K20= experimentally established constant equal
to 0.3.

This formulation is also corroborated by the work of other

researchers (9,14,21).




Grantham (23), pointed out, however, that even
though it appears that the BOD removal efficiency is un-
affected by changes in the BOD loadings, nitrification of
the filter effluent decreases with higher BOD loadings,
thereby decreasing the overall BOD quality of the effluent.

In 1961, Eckenfelder (13), described the removal
of organics within the trickling filter system using principles
established by Velz and Howland. Combining the efforts of

these people, Eckenfelder proposed the following equation:

L n

- - o~Kg(1/D ) (D/Q7) (2.14)
o

where L = BOD of the effluent from the filter system

€ in mg/1.

Lo = BOD applied to the filter in mg/1l.

KE = modified rate constant.

D = depth of the filter in feet.

Q = hydraulic loading in MGAD.

The expression 1/Dm is related to the mgan active filter film
per unit volume throughout the filter depth. If the filter
is uniform, the 1/Dm approaches 1.0 and Equation (2.14)
becomes:

e _ _-x;p/Q"
L

(o)

(2.15)

Eckenfelder also suggested that, in the case of

complex organic wastes, the removal decreases with concen-



tration, because readily degradable components are removed
first. Equation (2.15) was thereby transformed so as to
include a retardation effect brought about by such waste

characteristics:

L
L—e = * l-m (2.16)
o]

From the analysis of filter performance data, Eckenfelder
determined the following values: C* = 2,5; (1-m) = 0.67,
and n = 0.50. Commenting on the effects of recirculation,
Eckenfelder postulated that it provided only a dilution
effect.

Because of the dependence of the process on sewage
temperature variations, an equation relating to the thickness

of the aerobic film layer (active film thickness) with sewage

temperature was also developed by Eckenfelder:

DL C02
h=vV —= (2.17)
K
r
where h = aerobic film thickness in cm.
DL = oxygen diffusivity through the film.
C0 = oXxXygen concentration.
2
T =20 _ . . . .
K = K20(1.08) c = unit oxygen utilization rate.
r
o
Tc = sewage temperature in C.

%




2.2.4 Statistical Approach

The only statistical approach, i.e. one based on
multiple regression of existing trickling filter installations,
was developed by Galler and Gotaas (3,16), in 1964, at North-
western University. Their objectives were two-fold:

i) develop a mathematical model for the BOD removal process
within a trickling filter system, in terms of physical para-
meters readily available, and based upon existing plant
operation data, and ii) optimize the design of the trickling
filter system so as to minimize cost while subjected to
several specific constraints.

Following a basic mathematical model building pro-
cedure, Galler and Gotaas established relationships between
variables by plotting assumed independent variables against
the percent BOD removal. Investigating the use of multiple
linear regression techniques, Galler (3) reported several
mathematical formulations. After evaluating the models
statistically, the following formulation was proposed as

input into the second phase of the investigation:

0.3099 L$.18896 R2.27762
1
L = (2.18)
el (D+1)0.66916T2.15440 Q0.06170
where L = BOD of the effluent from the filter
€1 system in pounds per acre per day.
L = BOD applied to the filter in pounds
°1 per acre per day.
R, = (1+r3): ratio of the flow through the

filter to the flow entering the plant.




'1‘c = sewage temperature in °c.
Q = flow through the filter in MGAD,
D = depth of the filter bed in feet.

The model reported yielded a multiple correlation
coefficient (R) equal to 0.9743, with a standard error of
the estimate (s) of 0.11964, and a range of residuals of
0.802. Galler further reported at this stage that the
hydraulic rate of flow had only a 'chance' influence on the
BOD removal process, as determined by a 57 o-level 't' test.
However, the proposed mathematical formulation included the
hydraulic rate of flow as one of its parameters on the basis
that the range of residuals was ieast using such a formula-
tion, i.e. 0.802 as opposed to 0.815.

The latter portion of Galler's investigation dealt
with the optimization of trickling filter system. ‘The opti-
mization was subjected to the following set of constraints:
i) biological, ii) radius, iii) depth, and iv) recirculation
constraints. Four cases were reported: i) a trickling filter
unit, ii) a trickling filter system, iii) a deep filter with
forced ventilation, and iv) minimization of the BOD remaining
in the effluent subjected to limited cost (3). Applying
linear programming techniques the following relevant con-
clusions were reported: i) recirculation ratio and depth
were constant for any influent rate having a given BOD and
desired BOD reduction, ii) the hydraulic rate of flow should

be as high as possible provided recirculation ratio is less




than 4:1 and iii) trickling filters should be as deep as
possible provided pumping is not required.

Galler's investigation is certainly the latest
most significant contribution into the performance evaluation
and design of the trickling filter system. It has established

grounds for further research in a similar line of thought.

2.2.5 Mechanistic Approach

The mechanistic approach such as the one adopted

by Ames et al (24), Maier et al (25), Atkinson et al (26),
and others (27,28,29), was developed because of the inability
of the former approaches to incorporate all of the significant
variables within the process into a single specific model (30).
Their objective was therefore to determine and describe mathe-
matically the specific substrate removal mechanisms.

In 1962, Ames, Behn and Collings (24) assuming
that first-order reactions were taking place in the metabolism
of organic matter within the slime layer, and using mass
balance principles, developed a mathematical model incorpora-
ting the following parameters: hydraulic loading, BOD con-
centration, specific surface area of the media, a mass trans-
fer coefficient, and a biological rate constant. This
formulation was further modified by Amado (37) and finally
resulted in an expression very similar to those presented in
Section 2.2.3. ' No.experimental data however were available

to correlate actual and predicted performances.



In 1963, Atkinson, Busch and Dawkins (26) using a
vertical film flow reactor, differential mass balance and
first-order kinetics, developed a mathematical model again
similar to those presented in Section 2.2.3. Their model
however was of limited applicability, because it assumed
that biological reactions were taking place throughout the
entire film thickness, rather than through the aerobic sub-
layer solely. Moreover, they postulated that the time of
contact of the wastewaters within the trickling filter media
was irrelevant, and served only to confuse the issue.

Atkinson and Swilley (28), developed in 1963 what
was referred to as a diffusion controlled model. The model
was derived from differential equations describing mass
transfer based on molecular diffusion. Monadjemi (27), and
Maier (25) also adopted a reasoning similar to that of
Atkinson and Swilley. Others have developed reaction con-
trolled models, but these, along with the diffusion controlled
models, will not be presented hereafter; instead, a rather

detailed and comprehensive résumé appears in Jank (30).

2.3 The Economic Analysis of Roesler and Smith

In a 1969 Federal Water Pollution Control Adminis-
tration report (31), Roesler and Smith have described a
mathematical model for the trickling filter—-final settling
tank systemn. The flow diagram of the simulated plant is

presented in Figure 2.2,
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Their formulation was based on first-order

kinetics, and on the work of Howland (11). The following

mathematical model was formulated:

L * m' n'
-K A D
e (2.19)
o
where L, = BOD applied to the filter in mg/1l.
L. = BOD of the effluent from the filter
e
sytem in mg/1l.
Ap = specific surface area ftZ/ft3.
= hydraulic loading in MGAD.
* -
K = constant equal to 0.69.
m' = exponent assumed to equal 1.0.
n' = a function of the specific surface area

established at 0.67.

Sewage characteristics at various stations were
reported, and stream vectors described a total of seventeen
pieces of information. The information offered at each
stream vector related to: flow, carbon, nitrogen, and
phosphorus content and composition, alkalinity, suspended
solids, and BOD.

In addition to performing a mass balance over the
complete system, Roesler and Smith reportéd capital and
operating costs as functions of both volume and type of filter
media. Final settler cost and pumping cost functions were

also reported.




Several technical and economic conclusions based
on the performance of the postulated model were presented.
The authors were able to illustrate graphically, that in-
creased hydraulic loadings were best handled with media that
provided large surface area per unit volume, such as synthetic
packings. Even though it might appear beneficial to always
provide large surface areas, a graphical representation of
depth required for 85% removal of BOD, versus the hydraulic
loading, showed that in the neighbourhood of 8 MGAD and over,
surface areas in the order of 10 ftz/ft3 required the least
depth. This phenomenon can best be explained by the fact
that at high hydraulic loadings, and low surface area, there
exists a greater probability of encountering turbulent flow
conditions, thus bringing better contact between the waste-
waters and the slime layer, therefore requiring less depth.
Such reasoning is also supported by Atkinson, Busch and
Dawkins (26), where it is postulated that turbulent flow
regime can reduce the required filter volume. Kehrhberger
and Busch (29) also point out the possibility of increased

BOD removal under turbulent flow conditions.

Thus, the work of Roesler and Smith provides
excellent tools to establish preliminary BOD removal
efficiencies and cost estimates of proposed trickling
filter operations. Because of the assumptions established
throughout the report such an analysis should only be con-

sidered as a preliminary design.



2.4 Trickling Filter Performance Factors
2.4.1 Hydraulic Loading or Hydraulic Rate of Flow

The hydraulic lsading has been previously
defined as the rate of flow per unit area. There are
several controversial opinions as to whether such a para-
meter influences the removal of organic matter within a
trickling filter system. The disparities among opinions are
best illustrated graphically in Figure 2.3, taken from a
recent report of R. F. Weston Inc. to the Environmental
Protection Agency (18). Thus graphically, there appears to
be a definite trend within the data to support the hypothesis
that the hydraulic rate of flow does bear a direct influence
on the removal of organic matter within a trickling filter
system. Therefore, as illustrated in Figure 2.3 increased
hydraulic loadings have a tendency to hinder BOD removal
efficiency of the trickling filter system.

Other have advanced the idea that BOD removal is
not sensitive to any hydraulic flow variations, as long as
the organic loading remains constant by appropriate BOD
concentration variations. In fact Velz's (9) mathematical
model is solely a function of the organic loading and of
the depth of the filter bed. Stack (15) also reported BOD
removal to be independent of the hydraulic loading. In a
recent investigation, Galler and Gotaas (16) demonstrated
statistically that the hydraulic rate of flow onto a filter

had little, if any, influence on the BOD removal process.
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In direct opposition to the above postulate,
Schulze (12), Eckenfelder (13), and Howland (1l1) maintain
that the removal of organic matter is a direct function of
the hydraulic rate of flow applied to the filter unit. 1In

fact, higher BOD removal was observed under low hydraulic

loadings as shown in Figure 2.3.

2.4,2 Organic Loading

Defined as the quantity of organic matter applied
per unit volume, the organic loading has been and still is,
in some cases, used as the sole basis for establishing
required filter media volumes. The graphical analysis of
the effects of organic loading variations on the BOD removal
efficiency in a trickling filter system, is presented in
Figure 2.4, adopted from Weston (18). The almost negligible
influence of the organic loading approximated by line 'B' in
Figure 2.4 contradicts somewhat the conclusions of Galler
and Gotaas (16). This group, in agreement with the assump-
tions presented by Velz (9), and Stack (15), illustrated
statistically that the removal of organic matter was a
direct function of the applied organic load. 1In fact in-
creased organic loadings were observed to decrease organic
removal efficiency.

However, as was pointed out by Grantham (23) even
though it appears (Figure 2.4) that the removal of organic

matter is not affected by variations in the organic loading,
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the quality of the effluent in terms of BOD, is affected due
to a decrease in nitrification. In this respect, variations
in the organic loading can be considered to influence effluent
BOD quality.

The general trend presented in Figure 2.4 is how-
ever supported by many researchers. Eckenfelder (13),
Schulze (12) and Howland (11), in their models only give
indirect consideration to the effects of organic loading

variations upon the BOD removal.

2.4.3 Recirculation

Whether or not recirculation provides a detri-
mental or beneficial performance efficiency in terms of BOD
removal, still has not been categorically answered. Many
investigators have postulated the effect to be beneficial,
(13,9,16,8,10,26), accounting for the increased BOD removal
efficiency in one of several ways: 1) a dilution gffect,
ii) seeding, iii) increased residence time, and iv) the
continuing action of the freely floating slime particles
in the secondary settler. In fact Moore et al (32) as
reported by Galler (3) showed that the greatest increase in
plant BOD removal efficiency had been obtained when sludge
from the secondary settler was recirculated back to the
primary clarifier. A smaller organic matter removal increase
resulted when unsettled effluent from the trickling filter

effluent was again recirculated to the primary tank. However,



no increase in BOD removal efficiency resulted when the
clarified effluent from the secondary clarifier was re-
circulated to the primary tank. Sﬁch observations therefore
tend to favour the hypotheses of increased BOD removal
efficiency through a seeding effect rather than through a
dilution effect.

On the other hand, many researchers have postulated
the effects of recirculation on the removal of organic matter
to be detrimental, (4,11,12,28,29). In fact, Kehrberger and
Busch (29) maintain that their theoretical heterogeneous
models corroborated such a statement. This group of
researchers further report that the overall effects of re-
circulation were to decrease residence time, and increase
resistance to mass transfer. However, they recognized the
possibility of a decrease in diffusional resistance with
increased volumetric flow. It is however important to
realize that their conclusions were related to a heterogeneous
film flow reactor consisting of a continuous flow over a

rlate.

2.4.4 Temperature

The trickling filter process being an adsorption
process dependent on the capability of microorganisms to
assimilate organic compounds, has steadily been reported to

be temperature sensitive.



Schroepfer et al (33), investigated the qualita-
tive and quantitative temperature effects upon the process.
The behaviour of the slime producing zooglea bacteria to
changes in temperature essentially describes the qualitative
portion of the analysis, whereas quantitatively the author
examined the BOD removal efficiencies of existing trickling
filter installations subjected to sewage temperature
variations. Thus, the activity of the most important group
of microorganisms within the trickling filter unit was
reported to practically double with a 10°C raise in tempera-
ture. For the second portion of their investigation, they
analysed graphically percentage BOD efficiency removal with
sewage temperature in degree Fahrenheit. The slopes of the
lines thereby obtained, represented a measure of the tempera-
ture effect on BOD removal efficiency. These ranged from
0.182/°F to 0.74Z/°F, with coefficients of correlation in
the order of 0.75. Other researchers (13,15,16,34), have
also reported in one way or another the sensitivity of the
System to sewage temperature variations. In general, all of
the researchers that have examined the effects of temperature
on the removal of organic matter within a trickling filter
system agree in saying that a raise in temperature enhances

BOD removal within a trickling filter system, and vice versa.




2.4.5 Ventilation

An adequate supply of air or oxygen is essential
to maintain aerobic conditions in a trickling filter unit,
because the process is essentially aerobic.

In an intemsive study, Johnson (35), concluded
that by using a safety factor of 20 in the BOD reduction, a
relatively low rate of air flow was required to maintain
aerobic conditions, In fact the natural forces in a well
designed filter would easily provide these estimated minimum
requirements. Where ventilation is concerned the Ten State
Standards (17) recommend that all drains, channels, and pipes
be sized such that no more than 50% of tﬁeir cross sectional

area be submerged at design hydraulic loadings.

2.4.6 Media

In a 1971 Environmental Protection Agency report
R. F. Weston Inc. (18) presented a table comparing the
physical properties of several filter media, Table 2.2.

Synthetics, or plastic media filters offer two

advantages over the conventional stone media units, as
shown in Table 2.2. A larger specific surface area per unit
volume, along with an increased percent void space, allow
the application of higher hydraulic loadings. Increased void
space also permits the application of higher hydraulic loadings
and favors oxygen transfer. However, as was pointed out by

Roesler and Smith (31), synthetic media will require deeper
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depths at high hydraulic loadings to produce equivalent
effluent quality, because of prevailing laminar flow regime.
Many industrial applications have been found for
synthetic filter media. These recently introduced media have
been shown more economical and more flexible in some instances
than the conventional stone filter media. In fact, one of

the most important applications might be in the treatment of

unsettleable industrial liquids (36).

2.4.7 Depth

Most trickling filter units are designed with
depths varying from three to ten feet. Greater depths
however offer additional opportunity for waste oxidation and
thus enhance BOD removal, as was pointed out by Schulze (12),
Velz (9), Eckenfelder (13), Howland .(1l1), Stack (15), and
Galler and Gotaas (16).

Some producers of synthetic plastic media maintain
that there is no limit to maximum filter depth, except those
imposed by physical constraints, such as adequate ventilation
and structural requirements (53).

However, deep filters (stone media) often require
mechanical ventilation devices so as to maintain aerobic
conditions. Galler (3) concluded that "Depth contributes
significantly to BOD reduction... Deep filters having forced
ventilation are more economical only for very high reductions
in BOD and when pumping of the influent to the top of the

filter is unnecessary."




CHAPTER 3
THE STUDY AND ITS OBJECTIVES

The controversy evolving in the selection of
significant parameters that affect the treatment of waste-
waters by means of trickling filters, illustrates that
though the pfocess itself is considered as one of the oldest
and common methods of treatment in North America, the basic
principles underlying its operation are not generally agreed
upon. In general, the process is relatively straightforward,
but embraces a realm of unknowns which lead to considerable
variations in the performance of even similar treatment
plants, It would therefore be unwise to consider applying
the results of the present investigation to operate and/or
design other trickling filter installatiomns, without careful
examination of all components and parameters of both systems.
Furthermore, this study does not pretend to delineate once
and for all the performance dependency of the process, as
there exists evidence and data to support practically any
conclusions.

Few authors and/or researchers have ever paid
much attention to the mathematical formulation of an existing
high rate trickling filter plant as a whole, and even fewer
have ever considered the mathematical formulation.of the

removal efficiency of both BOD and suspended solids for the




major physical and biological units in a trickling filter
plant. In fact, most researchers have analysed the trickling
filter-final settling tank process, rather than examining
each unit separately. In this investigation, however,
separate mathematical models will be developed for both the
trickling filter unit and the trickling filter-final settling
tank subsystemn.

In carrying out this analysis the high rate trick-
ling filter installation of Alexandria, Virginia, U.S.A.,
will serve as the basis for the building of all mathemati-
cal models.

The objectives of the present investigation can
be summarized as follows:

i) Collect field data from the presently
operating Alexandria sewage treatment plant, and assemble
this bulk of information into proper format.

ii) Conceive a computer program to perform a
mass balance on the selected trickling filter installation,
S0 as to summarize and manipulate by computer the available
information.

iii) Develop mathematical formulations, for both
BOD and suspended solids removal efficiencies for most of
the important physical and biological treatment units.

iv) Compare under various levels of operation,
the performance of the Alexandria Sanitation Authority

sewage treatment plant, with other postulated mathematical



models currently available for the design of such systems.

v) Examine the overall performance and sensi-
tivity of the plant subjected to both normal and extreme
operating conditions. Examine also sewage plant effluent
characteristics and sludge production variations within
the sensitivity analysis, so as to fully appreciate the
extent of the plant's operation.

The relevance of this study is further accentuated
by the fact that the plant designed in the early 1950's has
now reached its ultimate design flows, predicted for 1973.
The careful examination of the reported operational
characteristics can yield valuable information as to possible
expansion of the plant, assuming the applicability in series
or in parallel of the suggested mathematical models. Such
an investigation, however, can be considered an extension of
the present report, and to be of significance, would con-
stitute a report in itself. However, the present investiga-

tion will establish grounds for such an extension.



CHAPTER 4

ALEXANDRIA SANITATION AUTHORITY SEWAGE

TREATMENT PLANT

4,1 Geographical Location

Alexandria, with a population of little over
100,000 is located in the north east sector of the State of
Virginia, adjacent to the District of Columbia. A map of
the State of Virginia is provided in Figure 4.1.

The sewage treatment plant, providing a design
flow of 18 MGD, situates itself on the north shore of
Hunting Creek, near its junction with the Potomac River.
The ultimate design population of 1973 is expected to total
150,000 people, consisting of 105,000 in Alexandria and
45,000 in Fairfax County. Extensions to the plant will
enable the handling of an additional 15 MGD, bringing the

total plant capacity to 33 MGD (38).

4.2 Treatment Plant Characteristics

The Alexandria Sanitation Authority (ASA) sewage
treatment plant, consists of a high rate trickling filter
system, recirculating part of its filter effluent back to

the primary settling tank influent. A flow diagram of the

Plant is presented in Figure 4.2.
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The sewage enters the plant from two different
collectors, identified as '1lA' and '1B', in Figure 4.2. It
is then pumped through mechanically-cleaned screens, where
solid particles three quarters of an inch and larger are
removed, ground, and returned to the flow. Mechanically
cleaned grit chambers are then provided for the removal of
sand, gravel, and other inorganic material, to be finally
disposed of in a sanitary landfill.

The effluent from the grit chamber then joins with
the recirculated trickling filter effluent before entering
intd the primary settling tanks. These settling tanks, four
in all, consist of eight channels, 18' x 173' and 9' deep.
The primary sludge is pumped to the digesters while the
settled sewage proceeds to the three parallel trickling
filter units. Each filter unit is 160' in diameter and
4.25' deep. Of a stone media, the filters provide a total
volume of 256,400 cubic feet, with a surface area of 60,300
square feet. Part of the trickling filter effluent is re-
circulated back to the primary settling tanks, while the rest
proceeds to the five final settling tanks. The final or
secondary settling tanks, consist of ten channels, 18' x 125°
and 10' deep, and allow filter effluent solids to be removed
from the wastewaters. The sludge resulting from the settling
of the filter effluent is then pumped to the digesters along
with the primary sludge.

Two digesters, 95' in diameter and 28' deep, are




used for sludge stabilization. The gas produced is used for
heating, and to power the main sewage pumps.

Elutriation then follows digestion. This operation
proceeds in one of two tanks, the other being used to pre-
settle the elutriation effluent and the supernatant liquor
from the secondary digester prior to returning to the plant
influent through interceptor 'lB', in Figure 4.2.

The final physical process is sludge dewatering.
This operation is performed on two stainless steel coil
spring vacuum filters, 10' in diameter, by 10' in length.
The resulting sludge cake is then conveyed to a hopper,

loaded into trucks, and finally disposed of in a landfill
area (38).

4.3 Operation Data

4.3.1 General

The Environmental Engineering Department, School
of Civil Engineering of Purdue University, receives annually
copies of the operation report of the Alexandria Sanitation
Authority sewage treatment plant. In cooperation with
Dr. Pierre Lacroix, a former graduate student of Purdue
University and supervisor of the present investigation, and
Professor Don E. Bloodgood, Professor Emeritus, Purdue Univer-
sity, copies of the annual reports covering the period from
October 1964 to September 1971 were obtained for the present
study. Seven years of data constituting a total of 84 monthly

average observations served as the basis for this research.




4.3.2 Storage and Retrieval Mechanism

The annual reports of the ASA sewage treatment
plant consist of two sections: i) a financial statement,
and ii) monthly operation data. The monthly performance of
the plant is described using over 90 separate pieces of
information. The complete storage of this bulk of informa-
tion requires the filling of over 8,000 separate entries.
Careful examination of the data led to the following con-
clusions: i)'much of the data supplied was irrelevant to
the present objectives of the investigation, and ii) many
entries were easily reproduced through basic mathematical
manipulations. In fact, substantial reduction in the
volume of information to be stored was realized. A monthly
description of the plant's operation was achieved using 31
separate entries, of which a few coﬁld still have been
generated within the storage-retrieval mechanism.

A computer storage-retrieval process was adopted.
The data totalling over 2,600 entries was punched onto
cards, primarily to ease manipulation of this bulk of
information, and secondly so as to make it available to
others, interested in pursuing research on the same trickling
filter installation. Table 4.1 summarizes the various
monthly entries giving, name, fortran coding name, location

and format for each entry.
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4.3.3 Data and Mass Balance

From the flow diagram presented in Figure 4.2,
a total of sixteen stream stations w;re identified, of which
thirteen were described in physical terms, i.e. station 2
through station 14. The data, previously stored onto cards
was manipulated, and a mass balance of the plant performed.
A computer program, referred to as MASBAL, written in
Fortran IV for use on a 360/65 IBM Computer, performed the
required mathematical manipulations.

Stream vectors were selected to describe quanti-
tatively the performance of the plant at every station.
Two major categories of stream vectors were adopted,
depending on whether the flow consisted of wastewater or of
sludge. The components of each category of stream vectors
were:

i) wastewater stream vectors: flow, BOD and SS
concentrations.

ii) sludge flow stream veétors: flow, total solids
and volatile solids in percent.

Listed in Appendix A is both listing and output
from the MASBAL program, giving the relevant data required in
future chapters of this investigation. Four tables are used
to summarize the yearly operation data of the plant:

i) Table 1lA: Stream vectors for stations 1,2,3,4,5

ii) Table 2A: Stream vectors for stations 6,7,8,9,10,11



iii) Table 3A: Stream vectors for stations 12,13,

14 plus trickling filter loadings.

iv) Table 4A: BOD removal, SS removal, and mis-

cellaneous information.

4.3.4 Temperature Manipulation

Of all the information reported in the annual
reports of the ASA sewage treatment plant, only average
maximum, and average minimum air temperatures were reported
monthly. In view of the fact that the biological process
is dependent on sewage temperature, rather than on air
temperature, it was decided to convert reported air tempera-
tures to corresponding sewage temperatures. Using the wvalues
of air and sewage temperature from eight activated sludge
pPlants in Indiana (41), it was possible to regress success-
fully the data so as to obtain a predictive mathematical

model for sewage temperature, described as:

- 4.1
Toi = 3, ¥ 89T 5 + 3T, (i-1) (4.1)

where T i predicted average monthly sewage tempera-
s ture for month i, in °F.

T i = reported average monthly air temperature
a for month i, in ©F.
T (i-1) = reported average monthly temperature for
a month (i-1), in ©OF.
a, = coefficient equal to 41.96217.
a, = coefficient equal to 0.18005.

= coefficient equal to 0.26993.



The reported model, yielded a multiple correlation coefficient
equal to 0.9362, with a standard error of the estimate of
2.81533.

The data presented in Appendix A, show both the
reported average air temperature and the predicted average sewage
temperature for each month. Tests were performed to
determine which of the two temperatures (air or sewage)
yielded better regression coefficients. All of the runs
confirmed the use of the predicted average monthly

sewage temperature based on Equation (4.1).



CHAPTER 5

BASIC CONCEPTS IN MODELLING AND SIMULATION

5.1 Introduction

The objective of this chapter is to familiarize
the reader with some fundamental concepts in systems
engineering and model building, and summarize important
criterions for statistical model evaluation. Terms such
as '"systems', '"models', 'parameters', 'elements', etc. are
commonly used in every field, because they provide the
structure for intelligent, well designed patterms of
thought, yielding answers to a variety of realistic problems.
The principles underlying such concepts are not mysterious,
in fact even though the use of such terms has. been
accentuated within the last decade, because of the advent of
high speed computers, the fundamental concepts have long
since been with us (39,40).

Model building and systems simulation have proven
extremely valuable tools, when applied intelligently. How-
ever, the systems approach to the solution of realistic
situations, possesses serious disadvantages or limitations
that must be recognized early, in order to avoid possible
misapplication of the techniques. It is the application of
such concepts to wastewater trickling filter treatment plants,
along with some basic statistical techniques that will be

discussed hereafter.




5.2 Systems Simulation
5.2.1 Components of a Systenm

A system can be defined as the "assemblage of
elements which are tied together by a common flow of material
and/or information" (40). The elements of a system, also
referred to as subsystems, interact together so as to deter-
mine the output of the entire system. A parameter can then
be thought of as a property of the system, which can be
assigned specific numerical wvalues (40).

Furthermore, the field of systems engineering is
defined by Hall and Dracup (39) as "the art and science of
selecting from a large number of feasible alternatives,
involving substantial engineering content, the particular set
of actions which will accomplish the overall objectives of
the decision makers," subjected to specific constraints.

Such concepts can very well be applied to the
analysis of wastewater treatment plants. Figure 5.1
illustrates the components of the selected wastewater treat-
ment plant when visualized as a system. It is however
important to understand the relative meaning of those terms.
What might be referred to herein as a system, for example,

a treatment plant, can very well under a different context
be referred to as a subsystem or even a parameter.

The ASA sewage treatment plant system is in fact

a grouping of several elements or subsystems as illustrated
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in Figure 5.1. These subsystems are in turn a function of
different parameters that determine their performance.

The linkage of these elements with each other, establishes
the cverall plant performance through a technique known as
simulation. The manner in which a system is planned, and
its elements defined, is dependent upon the investigator's

objectives. These must consequently be clearly established

at the outset (39).

5.2.2 A Systems Approach

Because the applications of systems engineering
tend to deal more and more with complex realistic problems,
the analyst must consequently understand the mechanisms
influencing the overall process performance. Himmelblau
and Bischoff (40) in attempting to establish the performance
dependency of a system, suggest the following steps:

1. Formulation of the problem, and delimitation
of the objectives and criterions of importance. Delineation
of performance requirements.

2. Inspection and classification of the process
in order to break it down into subsystems.

3. Preliminary determination of the relationships
among the subsystems.

4. Analysis of the variables and relationships

to provide as simple and consistent a set as possible.




5. Mathematical modelling of the relationships

in terms of the variables and parameters.

6. Model evaluation.

7. Application of the model and interpretation
of the results.

The advantage of a systems approach, as might be
inferred through the listing of the suggested steps, is that
it will require the gathering and application of a variety
of concepts from several disciplines, and only through a well

structured program will anything meaningful evolve.

5.2.3 Systems Simulation

Hall and Dracup (39) defined simulation as a
measure of reproducing the essence of a system without
actually reproducing the system itself. In fact the system
or part of it is examined by manipulating the mathematical
expressions, i.e. the models representing it.

When the system represents a complex physical
process, simulation provides an excellent opportunity to
experiment on the process without having to perform such
experiments on the prototype. It is in this respect that
systems simulation possesses much of its advantages. Other
benefits can be derived from simulation and can be des-
cribed as follows:

1. Computer Control - Performance simulation aids

in the operation and performance evaluation of existing



physical processes and was 1llustrated in the case of
activated sludge plants (41).

2. Sensitivity Analysis - The sensitivity of basic
parameters can be tested. For example, a 107 change in the
input rate can either produce beneficial or detrimental
effects on plant performance.

3. System Stability - The stability of the system
can be examined when subjected to disturbances within the
parameters.

4. Extrapolation - Although very dangerous, extra-
polation can bé performed so as to appreciate possible plant
performance under unusual circumstances.

Obviously as suggested by Hall and Dracup (39)
computer simulation can have serious limitations; depending
on the particular situations. One of the most serious
limitations of the process lies in the validity of the
postulated models. Means of evaluating proposed models form

an essential part of the systems approach.

5.3 Model Building
5.3.1 The Model and Its Relevance

As mentioned in Section 5.2 a model is a mathe-
matical representation of what is happening in a.subsystem
or in an element of a system. The components of the model
are referred to as paraﬁeters. O0f the whole concept of

systems analysis, model building figures as a key step in



the successful implementation of a systems simulation study.
If the models are not valid, then computer simulation is

totally irrelevant.

5.3.2 Model Building Approach

A model building procedure which is in fact a
combination of the efforts of Draper and Smith (42), and
Daniel and Wood (43) is presented in Figure 5.2. Obviously,
not all of the suggested steps are relevant to every model
building situation. However, these steps are presented here
in order to provide guidelines to successful mathematical
model formulation.

Many techniques are available to regress data into
some specific mathematical expressiéns. Some of the most
common are available in computer progfam packages such as
the BMD series of the Health Sciences Computing Facility of
the University of California at Los Angeles; and the
Scientific Subroutine Package (SSP) available frqm IBM. If
the problem is one where the pérameters are 1ipear, then
multiple linear regression techniques must be used. If,
however, parameters are non linear, then non linear regres-
sion techniques, such as the one presented by Marquardt (44)

must be adopted to perform the required manipulations.




JFIGURE 5,2

- MODEL BUILDING PROCEDURE
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5.4 Statistical Concepts

5.4.1 General

It is not the purpose of this section to offer

a complete statistical background necessary for the under-
standing of the latter chapters, but rather to survey some
of the most important testing concepts essential in the

evaluation of the mathematical models.

5.4.2 Evaluation of the Model

In order to determine whether the postulated
mathematical models represent adequately the performance of
the subsystems and/or systems, two methods are available:

i) plot of residuals, and ii) examination of transformed
residuals.

The residuals are defined as the difference be-
tween actual and predicted performance. They can be plotted
in several ways such as discussed by Draper and Smith (42),
in order to possibly detect particular trends. Such patterns
would question the validity of the model because of pre-
viously established assumptions regarding the statistical
characteristics of these residuals.

The use of normal plots and the examination of
the 'Unit Normal Deviate' form of the residuals, can also
establish the adequacy of a postulated model. Such an

analysis is based on the assumption that for least squares



regression residuals are usually assumed to follow normal
distributions with mean equal to zero, and standard deviation

equal to 02. Thus, if the postulated model is correct, then

the residual mean square

T2
,-2f~\>2 ey
s” = i=i (5.1)
(n -p)
where s2 = residual mean square.
e, = residual.
n* = number of observationms.
P = number of parameters within the model.
will estimate 02.‘ Therefore, the quantity expressed as

(ei/s), and referred to as the Unit Normal Deviate form of
the residual, can be examined so as to determine whether
Ei/O x N(0,1). For example, with a 95% confidence level,
not more than 5% of the Unit Normal Deviate (UND) form of

the residuals must be outside the range of *1.96.

5.4.3 Evaluation of the farameters of a Model

Investigators often proposé models with several
parameters, not knowing, in fact, if all parameters are
significant to the characterization of the process. Means
of determining if parameters of é model are significant are

available.

Consider the following simple linear model:




Yi = dependent variable.

Xé = independent variables.
B; = coefficients.

P = number of parameters.
ei = residuals.

and a specific coefficient, say Bj which can be approxi-

mated by bj' Assuming that:

Ho 3 BJ = 0 (Null Hypothesis)
Hl,BJaéO
then 'ta' = critical t value at a o probability level,
"= —
and t bJ BJ
est. s.e. (bJ)

then if 't' is greater than 'ta', the null hypothesis 1is
rejected, and the parameter is said to be significant in
the regression. I1f, hoﬁever, the computed 't' value is less
than 'ta', then the null hypothesis cannot be rejected, and
the parameter is said to have only a chance influence in the
regression.

In this manner all parameters within a model can
be tested as to their probable chance of having some

influence in the mathematical expression.




5.4.4 A Note on the Types of Errors and Probability Levels

When involved in the testing of statistical hypo-
theses, two types of errors can be made, referred to by
statisticians as Type I error (also Type o), and Type II error
(also Type B). A Type I error involves the rejection of a
null hypothesis that is actually true, and o is referred to
as the probability of committing a Type I error. Thus if a
is set at 0.05, i.e. 5%, the null hypothesis will be mis~
takenly rejected 5% of the time. However, the lower the
value of o, the more chance there is of committing a Type II
error. |

Therefore, as can be inferred, a Type II error
results when a null hypothesis that is actually false is
maintained. The probability of making a Type II error is
given by the value of B. Table 5.1 summarizes very clearly
the errors previously discussed (45).

Because of the inhereht conservatism of engineers
and scientists, rejection criterions are set at fairly low
levels, which indicates a greater willingness on the part of
the researchers not to claim a good result, rather than to
claim a false one (46).

Whether a Type I, or a Type II error is made, can
never be asserted positively. However, researchers must
always be very careful in selecting the rejection and

acceptance levels for the testing of statistical hypotheses,




as they establish important criterions within the model

building process.

TABLE 5.1

Errors in Testing Statistical Hypothesis

i
H 1is true H 1is false
o o
Accept Ho . none Type B Error
Reject Ho Type o Error none




CHAPTER 6

MODEL BUILDING

6.1 A Note on Regression and Probability Levels

Physical and biological processes, such as those
described herein, seldomnm follow true linear relationships,
as far as their efficiency and removal characteristics are
concerned. In fact, Robertson,.Wilson and Liebman (47)
examined several trickling filter models, and concluded
that most were of the non linear type, i.e. non linear in
the parameters.

Many forms of mathematical (linear and non linear)
models were investigated in this undertaking before finally

adopting the following non linear model presented hereafter:

B .
Y = B_ [ ] xii e; (6.1)

i=1
where Y is the dependent variable.
Xi's are the independent variables.
Bi's are the coefficients to be evaluated.
; S are the residuals.

i, and p are related to the number of parameters
in the regression equation.

The objective of the least squares regression’
Programs, whether they be linear or non linear, is ‘to mini-

mize the sum of squares of the deviations such that:




s o (2
6= Y (Y, - ¥) (6.2)

is minimum. The variable ¥ refers to the predicted value
of the dependent variable, while Y refers to the observed
value of the dependent variable. The value of m is related
to the actual number of observations.

Several methods for solving the non linear para-
meters are available, of which one has been investigated in
this study for the purpose of the possibility of applying
it to the present model building process. In cooperation
with Draper (48), and Marquardt (49), a non linear algorithm
referred to as NONLIN II and developed by Marquardt (50),
was used.

The non linear model referred to by Equation (6.1)
can be termed as intrinsically linear, because through simple
mathematical manipulations the model can be transformed into

a linear model, such as described by:

*. *
Y' = 1a Y = b* + g B, X, + e (6.3)
: o i i i
i=1
%
where b = 1n B
o o
*
Xi = 1n Xi
*
ei = 1n ei

Examination of both linear and non linear regres-

sion techniques, applied to the Alexandria sewage treatment



plant data, revealed that by using the linearized form of
the model, represented by Equation (6.3), and applying
multiple linear regression to the transformed data, produced
equally good results, if not better, than those obtained

from the non linear regression algorithm of Marquardt.
Appendix B, offers a detailed comparison of the two outputs,
using the trickling filter unit as an example. It is however
important to realize, that such conclusions are only relevant
to the present investigation, aﬁd generalizations should be
avoided.

Several multiple linear regression programs were
available from the University of Ottawa Computing Center
(UOCC). The BMD series developed at the University of
California, offered a variety of techniques to regress data.
The multiple linear regression program BMDO3R, has been used
successfully for the development of the models in the final
stages of the investigation. The stepwise regression program,
BMDO2R, has been used to possibly fit second order polynomials
to the data. However relatively poor improvement in the value
of the multiple correlation coefficient (R), using second
order polynomials, led solely to first-order model building.

As far as the adopted a-level for the possible
rejection of the hypotheses, reported values applied to
similar modelling processes varied from 5% (3) to 20% (41) .

Because of i) unknown quality control levels in the laboratory,




ii) possible errors in data transmission, and iii) unknown
sampling and preservation techniques, an d-level of prob-
ability of 15Z was finally decided upon. The author however
realizes that a lower oa-level for rejection of hypotheses
could have been selected, had the data resulted from a care-

fully planned and controlled laboratory testing investigation.

6.2 Subsystem Arrangements

As indicated in the literature survey, most
researchers have considered the analysis of the trickling
filter - final settling tank system, rather than the trick-
ling filter unit alone. There are at least two major reasons
for such an approach: i) the highly dependent nature of the
process on the removal, through settling, of the sewage
particles from the trickling filter unit, and ii) most bio-
logical filter plants tend to recirculate part of the
secondary settling tank sludge back to the primary tank.

However, in view of 1) the particular physical
layout of the Alexandria sewage treatment plant, ii) the
particular interest given to the filter unit, iii) the speci-
fic objectives of the investigation, and iv) the need to
establish means of comparing the results from the present
investigation with other well-known mathematical models,
both the trickling filter unit and the trickling filter -

final settling tank subsystems were examined.




Figure 6.1, and consists of a primary settling tank followed

by a trickling filter - final settling tank unit,

for both BOD and suspended solids removal have been developed

System configuration No.

1l is presented in

Models

and the notation referred to in Table 6.1 has been adopted

in identifying the particular models.

TABLE 6.1

Labelling of Models in Configuration No; 1

Trickling Filter
Model Primary Tank Final Settling Tank
BOD PT1 BOD TF1l - BOD
SS PT1 Ss - SS
System configuration No. 2, shown in Figure 6.2
consists of i) a primary settling tank, ii) a trickling
filter unit, and iii) a final settling tank. Table 6.2
again summarizes the corresponding model notation.

TABLE 6.2 -

Labelling of Models in Configuration No. 2

Models Primary Tank Trickling Filter Secondary Tanl
BOD PT2 - BOD TF2 - BOD ST2 - BOD
S8 PT2 - SS TF2 - SS ST2 - SS




FIGURE 6.1 SUBSYSTEMS IN CONFIGURATION No.1
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FIGURE 6.2 SUBSYSTEMS iN CONFIGURATION No.2
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6.3 Models in Configuration No. 1

6.3.1 Primary Tank

The main purpose of the primary settling tank
is the removal of suspended solids from the raw sewage. Be-
cause a certain fraction (approximately 70%) (51) of the BOD
of domestic sewage is in the form of suspended solids a
certain portion of the BOD is thereby removed through
settling. Water Pollution Control Federation, Manual of
Practice No. 8, (6) reports the range of suspended solids
removal in existing primary settlers to vary from 40% to 70%,
depending solely on the overflow rate, while BOD removals
are reported to range from 20% to 50%.

In general, the effluent BOD from the different
treatment units is also made up of certain solids and dissolved
portions. Consequently BOD removal models for the various
subsystems have taken into consideration, as a possible
parameter, the effluent of suspended solids for the cor-
responding subsystems. This agrees with the work of other

researchers that have simulated similar processes (41,51).

A. SS Model (PTl - SS)

The following parameters have been considered as
independent variables for possible jnclusion into the pri-
mary tank suspended solids removal model (PT1-SS):

1) SSpo:suspended solids load applied in pounds per day,




2) ORl:overflow rate in gallons per day per square foot,
3) Tf:sewage temperature in degree Fahrenheit, and 4) R_:
recirculation, defined as the ratio of the flow through
the plant (Station 4, Figure 4.2) to the flow entering the
system (S;ation 2). |

In analyzing the regression models a summary and
extension of the computer output has been presented in table
form. The unsuccessful trials, but still of interest in
establishing conclusions, have been presented in Appendix C.

Table C-1, of Appendix C, reports the results of
the regression analysis using all the parameters suggested
previously. However, such an analysis revealed that the
recirculation parameter had only a 'chance' influence on the
suspended solids removal efficiency. Eliminating the re-
circulation component from the list of parameters, resulted
in a better regression of the data as illustrated in

Table 6.3, and expressed as:

46764 .56284
PT1 - SS: SS = exp(1.84233) SS OR1
———————— st pe pPo

T—0.19160

£ (6.4)

B. BOD Model (PT1 - BOD)

As reported earlier, the suspended solids in the
primary tank effluent have also been considered as having
a possible significance in the regression. The list of

possible parameters is therefore: 1) Lpo: BOD applied in
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TABLE 6.3

PT1l - SS Model

1. REGRESSION RESULTS

# Symbol Units ggg:fefcs:ieonnt " value Miscellaneous
1 sspo #/D 0.46764 11.57889 |R = 0.9184
2 |or1 GPD/FT> 0.56284 8.07685 |R%Z = 0.8434
3 | T, °p -.19160 ~2.86648 |RofR = 0.403
4 |ss #/D s = 0.06565
pe
Intercept =
1.84233
2.TESTS
a) Model

i) Residual: No definite pattern in the residuals
was observed.

ii) U.N.D.: The Unit Normal Deviate form of the
residual shows that only 2.4% of the residuals fall
beyond the allowable range at 5% a-level.

b) Parameters

All computed 't' values are significant in the
regression,

3. EQUATION

: .56284 -.19160
S5, = exp(1.84233) sspg6764 OR1 T,




pounds per day, 2) ORl: overflow rate in gallons per day

per square foot, 3) Tf: sewage temperature in degree

Fahrenheit, 4) R,: recirculation ratio, 5) SS primary

effluent suspended solids in pounds per day.

Table 6.4 summarizes the relevant information

pertaining to the adopted model.

PT1 - BOD: L = exp(-2.40024)'L;22517 ory ‘> 8027

T—.ll353 .30668 .23933

£ R, SSpe (6.5)

6.3.2 Trickling Filter - Final Settling Tank Unit

A. SS Model (TF1l - SS)

The variables considered as possible candidates
for inclusion in the TFl - SS model are: 1) SStO: suspended
solids load applied to the filter in pounds per day per
thousand cubic foot, 2) HR: hydraulic rate of flow in million
gallons per acre per day, 3) R,: recirculation ratio,
4) OR2: overflow rate in the secondary settling tank, in
gallons per square foot per day, 5) Tf: sewage temperature in
degree Fahrenheit, and 6) BODto: BOD load applied to the

filter in pounds per day per thousand cubic foot.

The first analysis, considering all of the above

variables, revealed that parameters No. 2 and 4, i.e. the
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TABLE 6.4

PTl1 - BOD Model

i. REGRESSION RESULTS

# Symbol Units 222;?§::ﬁ1 t" value .Miscellaneous

1L, #/D 0.62517 8.34869 |R = 0.9586

2 | oR1 GPD/FT> 0.58027 5.10560 |RZ = 0.9181

3 |1, Or -0.11353 -1.48250 |RofR = 0.281

4 | R, - 0.30668 3.27843 |s = 0.06428

5 |Ss #/D 0.23933 2.29289 |Intercept =
pe -2.40023

6 Lpe #/D'

2. TESTS ~

a) Model

i) Residuals: No definite pattern
residuals was observed.

ii) U.N.D.: The Unit Normal Deviate

residuals reveal that only 3.67

fall beyond the allowable range

b) Parameters: Since t,=*1.45, all of
values are significant.

3. EQUATION

_ .62517 .58027
Lye = exp(-2.40023) L./ OR1

.30668 _..23933
R, sS %

in the plot of the

form of the
of the residuals
at 52 a-level.

the computed

~.11353
Te




hydraulic rate of flow over the filter, and the rate of flow
through the secondary settling tank, were not significant in
the regression analysis, and their influence was attributed
to a 'chance' effect. This is best illustrated in Table C-2,
of Appendix C. The analysis of the subsystem was also per-
formed by eliminating these variables one at a time so as to
examine the possible dependence of the model to the others.
In both instances the above mentioned parameters. were-
observed to have only a chance influence. However, the with-
drawal of variables No. 2 and 4, produced excellent results

which are reported in Table 6.5. The adopted model for sub-

system TF1l - SS was expressed as:
1.00295 _-1.21150
TF1l - SS: SSse = exp(0.89311) SSto R,
T—0.62581 L.26202 (6.6)

f to

B. BOD Model (TF1l - BOD

The variables of possible significance in the
efficiency evaluation of subsystem TF1 - BOD were selected
as follows: 1) Lto: BOD load applied to the filter in pounds
per day per thousand cubic foot, 2) HR: hydraulic rate of
flow in million gallons per acre per day, 3) R,: recircula-
tion ratio, 4) OR2: overflow rate in the secondary settling
tank in gallons per square feet per day, 5) Tf: sewage

temperature in degree Fahrenheit and 6) Ssse: suspended solids
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TABLE 6.5

TF1

- SS Model

|. REGRESSION RESULTS

# Symbol Units gsz;r;:sil 't° value Miscellaneous

1 SSto #/D/lOOOFT§ 1.00296 6.74612 R = 0.9635

2 R* - -1.21150 -10.98275 R2 = 0.9284

3 Tf oF -0.62581 -~ 5.87339 |RofR = 0.413

' #/D/1000FT3| 0.26202 2.30835 |s = 0.09862

5 S8, #/D/lOOOFT3 Intercept =
0.89311

2.TESTS

a) Model

i) Residuals: No definite pattern in the plot of
residuals was observed. ‘

ii)

U.N.D.: The Unit Normal Deviate form of the

residuals shows that 3.6% of the residuals fall
beyond the allowable range at 5% a-level.

b) Parameters: Since t_ =

significant into the regression.

3. EQUATION

§s__ =
se

exp(0.89311) SSto

1.00296

L0.26202
to

-1.21150
R, £

+1 .45, all parameters are

T—0.62581




load in the secondary settling tank effluent in pounds per
day per thousand cubic foot.

The first analysis reported in Table C-3, in
Appendix C, again revealed that variables No. 2 and 4, i.e.
the hydraulic rate of flow over the filter, and the secondary
settling tank overflow rate, had only a chance influence on
the regression and consequently were classified as non-
significant. Table 6.6 summarizes the relevant information
pertaining to the adopted model, after the exclusion of the

above mentioned parameters. The adopted model was expressed

as:

0.58288 R—l,42804

TFl - BOD: Lse = exp(0.47213) Lto *

-0.21815 43519

£ SSse (6.7)

T

6.4 Models in Configuration No. 2
6.4.1 Primary Tank

As illustrated by the-Subsystem arrangements in
Figures 6.1 and 6.2, the primary tank models for configura-
tion No. 2, i.e. PT2 - BOD, and PT2Z - Ss, are identical to
PT1 - BOD, and PT1 - SS, respectively. The development of

these models has been presented in Section 6.3.2.

6.4.2 Trickling Filter Unit

The basic variables selected for possible inclusion
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TABLE 6.6

TF1l - BOD Model

{. REGRESSION RESULTS

# Symbol Units 222:?i::ﬁ1 t" value Miscellaneous
1L, #/D/1000FT3| 0.58384 7.7058 |R = 0.9545

2 | R, -- ~0.99173 | -7.31843 |R® = 0.9770
3| T, Op -0.21830 -2.06022 {RofR = 0.399
4| ss #/D/1000FT>| 0.43427 5.61691 |s = 0.08473
51L #/D/lOOOFT3 Intercept =

se ' 0.47222
2. TESTS
a) Model

i) Residuals: No definite pattern in the plot of
the residuals was observed.

ii) U.N.D.: The Unit Normal Deviate form of the
residuals indicates that 4.8% of the residuals
fall beyond the allowable range at 5% o-level.

b) Parameters: All computed 't' values imply the

significance of the parameters in the regression
model.

3. EQUATION

L 0.58 p1.42 ;-0.218

S0.43
Yse = exp(0.47) Lto

S




in the suspended solids model for the trickling filter unit
are: 1) SStO: suspended solids 1oad applied to the filter
unit in pounds per day per thousand cubic foot, 2) HR:
hydraulic rate of flow in million gallons per acre per day,

3) R,: recirculation ratio, 4) Tf: sewage temperature in

degree Fahrenheit, and 5) BODto: BOD load applied to the

filter in pounds per day per thousand cubic foot. The analysis
with all five variables resulted in the best fit, with a
multiple correlation coefficient (R) of 0.9409. Table 6.7

summarizes the relevant information about the regression.

TF2 - SS: SS__ = exp(2.11470) 53;34714 pr~ - 66828

R;'26375 T—.42106 L.34868

c o (6.8)

B. BOD Model (TF2 - BOD)

After careful examination of the TFf - BOD sub-
system, the following variables were considered in the
formulation of the trickling filter BOD femoval efficiency
(TF2 - BOD): 1) Lot BOD applied to the filter in pounds
per day per thousand cubic foot, 2) HR: hydraulic rate of
flow in million gallons per acre per day, 3) R,: recirculation
ratio, 4) T .: sewage tempera;ure in degree Fahrenheit, and
5) CEFPR suspended solids load leaving the filter unit in
pounds per day per thousand cubic foot.

The analysis éxamining the influence of all five

parameters is reported in Table C-4, in Appendix C. This
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TABLE 6.7

TF2 - SS Model

{. REGRESSION RESULTS

b) Parameters:

® Symbol Units ggg:fijgﬁx ‘t" value Miscellaneous
1 |ss, #/D/1000FT3| 0.94714 8.51857 |R = 0.9409

2 |ER MGAD -0.66828 | -9.46715 |R? = 0.8853
3 | R, - -0.26370 | -2.54862 |RofR = 0.367
4| T, °F -0.42106 | -4.92861 |s = 0.0731
5L, #/D/1000FT>| 0.34868 3.70537 |Intercept =

2.11470

6 18s,, #/D/1000F'r3

2. TESTS
a) Model

i) Residuals: No definite pattern in the plot of the

residuals was observed.

ii) U.N.D.:
residuals indicates that

The Unit Normal ﬁeviate form of the
3.6Z of the residuals

fall beyond the allowable range at 5% a-level.

All of the computed

't'

values indicate

that the parameters are significant in the regression.

3. EQUATION

sSs

te

SS.94714 HR

= exp(2.11470) to

Tf to

-.66828

*

-.42106 L0.34868

R—.26370




analysis revealed that variables No. 3 and 4 were non-

significant in the regression. However, a second analysis,

considering the effects'of all the variables with the
exception of recirculation, (variable No. 3), indicated the
model to be acceptable. The computed 't' value of the
temperature parameter was extremely close to the rejection
level, as indicated in Table 6.8. However, the parameter

was maintained in the formulation. A summary of the re-

gression output appears in Table 6.8. The adopted model

was expressed as:

te to
T—0.14605,SSO.69114 (6.9)
£ te

6.4.3 Secondary Settling Tank

In Well.operated high rate tfickling filter
plants the 'sloughiﬁg off' of the slime layer from the
surface of the filter media can be assumed to be continuous.
The purpose of the secondary settling tank is therefore to
remove the biological mass resulting from the oxidation of
the waste within the trickling filter unit. In addition?
the tank provides additional settling time and surface area
for the removai of inorganic‘matterstill present in the
wastewaters. The parameters of possible.significance in the

removal of both BOD and suspended sblids within the secondary
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TABLE 6.8

TF2 - BOD Model

1. REGRESSION RESULTS

) Symbol Units g:g:?i:g:‘ 't" value Miscellaneous
1L, #/D/1000FT>| 0.69747 6.33457 |R = 0.9546
2 | BR MGAD -0.32346 | -2.36075 |rR® = 0.9112
3T, Op -0.14605 | -1.43501 |RofR-= 0.465
4 |ss,, #/D/1000FT3| 0.69114 7.61130 |s = 0.08319
5 Lt #/D/lOOOFT3 Intercept =
e -0.24521
2.TESTS
a) Model

i) Residuals: No definite pattern in the plot of
residuals was observed. :

ii) U.N.D.: The Unit Normal Deviate form of the
residuals indicate that only 1.2% of the trans-
formed residuals fall beyond the allowable range
at 52 -level.

b) Parameters: The computed 't' value for the temperatureé
parameter being very close to the rejection level of
te = 1.45, it was decided to maintain the parameter.
All other parameters were observed to be significant
in the regression.

3. EQUATION

- 0.69747 . ,-0.32346 -0.14605
L., = exp(-0.24521) L_J HR p

SS0.69114
te

L e e emeec o ek e



- 98§ -

settling tank can be summarized as follows: overflow rate,
sewage temperature, andlloadings of both BOD and suspended
solids, depending on whatever model is considered. Table 6.9

summarizes the secondary settling tank parameters for both

BOD and suspended solids models.

TABLE 6.9

Parameters for Secondary Settling Tank Models

ST2 Models
Var. # - “BOD Model $S Model
1 Lso (#/DAY) : SSSo (#/DAY)
2 OR2 (GPD/FIZ) OR2 (GPD/FTZ)
: o] R (o]
3 Tf C'F) T, ("F)
4 SS_. (#/DAY) SS_ o (#/DAY)
1 1
5 L (#/DAY)
sel

A. SS Model (ST2 - SS)

In the suspended solids efficiency removal model
for the secondary settling tank, the use of all four variables
listed in Table 6.9, did not proﬁe to be the best selection.
Table C-5, in Appendix C, indicates that the temperature
parameter appears only to havé a 'chance' influence on the
removal characteristics of the suspended solids from the

secondary settler.




Table 6.10, illustrates the regression of the data
using variables No. 1, 2 and 4, and summarizes the pro-
perties of the suspended solids efficlency removal model for
the secondary settler. The adopted model.expressed as

follows, yielded a R value of 0.9795.

ST2 - SS: SS - exp(-2.12146) 55104553 opy+20680 (4 40
A A Sel SO

B. BOD Model (ST2 - BOD)

Regression of the data with all five variables
appearing in Table 6.9 did not yield the best fit to the
data. Moreover, the results of such an analysis, reported
in Table C-6, in Appendix C, reveal a chance influence of
the sewage teﬁperature parameter on the BOD removal within
the final settling tank;

Withdrawal of the sewage temperature variable
resulted in an acceptable model, whose characteristics are
summarized in Table 6.11. The adopted model described as

follows; yielded a R value of 0.9779.

.45429 .42325
ST2 - BOD: L = exp(-1.56093) L__ OR2
: sel

SS.38054 (6.11)
se;
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TABLE 6.10

ST2 -

SS Model

REGRESSION RESULTS

. R i as ;
# Symbol Units C:g::zsgﬁ; t° value Miscellaneous
1l SSSo #/D 1.04553 22.12563 |R = 0.9795
2 OR2 GPD/FT2 0.20681 3.36102 R2 = 0.9594
3 Sssel #/D s = 0.07344 |
Intercept = 1
-2.12146
2. TESTS
a) Model

i) Residuals: No definite pattern in the plot of

residuals was observed.

ii) U.N.D.:

residuals revealed that none O

The Unit Normal Deviate form of the
f the transformed

residuals fall beyond the allowable range at

5Z o-level.

b) Parameters: All of the computed 't!
that the parameters are al

regression.

3. EQUATION

8s__ =
€1

exp (-2.12146) ssi;°4553

OR2

0.20681

values indicate
1 significant in the
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TABLE 6.11

ST2 - BOD MODEL

|. REGRESSION RESULTS

# Symboll Units g:g:?ﬁ::ﬁ; T vaiue Miscellaneous
1L, #/D 0.45429 6.34489 |R = 0.9779
2 | or2 GPD/FT> 0.42325 5.69184 |R%Z = 0.9562
3[ss,, #/D 0.38054 4.86739 s = 0.08272

1 .
4 | L #/D Intercept =
| ' -1.56093
2.TESTS.
a) Model

i) Residuals: No definite pattern in the plot of
residuals was observed.

ii) U.N.D.: The Unit Normal Deviate form of the
residuals reveal that none of the transformed
residuals fall beyond the allowable range at
572 o~level.

b) Parameters: All of the computed t! values_indicate
that the selected parameters are significant in the
regression. .

3. EQUATION

0.45429 0.42325 S0.38054

= - R2 S
'Lse . exp(-1.56093) Lso o sey
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6.5 Summary

The mathematical models resulting from the linear
regression énalysis of the data are summarized in Table 6.12.

The models in subsystem configuration No. 1,
(Figure 6.1) are used in a subsequent chapter (Chapter 8)
of this report to compare the postulated removal efficiencies
with other reported mathematical models commonly used in
designing trickling filter installations.

The models in subsystem configuration No. 2,
(Figure 6.2) are utilized in the next chapter for the sen-
sitivity analysis and simulation of the treatment plant

performance as a whole.

6.6 Discussion on the Actual Structure of the Selected Models

6.6.1 General

This section will attempt to explain and comment
on any peculiarities found in the proposed mathematical
models. The explanations put forward are based on i) bio-
logical and physical mechanisms, governing the processes,
and ii) the work and experience of other researchers that

have dealt with similar situations.

6.6.2 Primary Tank Models

The overflow rate, affecting the horizontal
velocity within the settling tank, and the temperature,

governing the viscosity of the water and consequently the
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settleability of the solids, are two parameters of known
importance in the BOD and suspended solids removal efficiency
of the primary settling tank. Therefore, as expected, both
parameters have been included in both the BOD and suspended

solids removal efficiency formulations.

Since the recirculated flow from the trickling
filter effluent is a direct input into the primary settler,
it was decided to test the significance of a dimensionless
number representing the ratio of the flow through the tank
to the flow entering the plant (recirculation ratio) on both
BOD and suspended solids removal efficiencies. The recircula-
tion ratio parameter proved however to be statistically non-
significant for the suspended solids removal model. However,
statistical evidence indicated its importance in the BOD
removal model. Moreover, it was also observed that high
recirculation ratios have a detrimental effect on the BOD
removal process taking place in the primary tank. Explana-
tions to such a phenomenon appear to lie in the characteristics
of the sewage. The BOD of the raw sewage has been reported
earlier to be approximately 70% in the suspended solid state
and 30% dissolved. Trickling filter effluent is however
expected to have a much lower BOD concentration in the
suspended solids form with a corresponding higher dissolved
BOD fraction. Consequently high recirculation ratios have

a tendency to increase the percentage Qf dissolved BOD
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fraction. Consequently, high recirculation ratios have a
tendency to increase the percentage of dissolved BOD entering
the priﬁary tank, which cannot be removed through settling
within the settling tank. The lower fraction of suspended
solids accompanying high recirculation ratios tends, there-
fore, to decrease BOD removal efficiencies because large BOD

fractions are in the dissolved state.

6.6.3 Trickling Filter - Final Settling Tank

Because of specific BOD removal mechanisms within
the stone filter media the TF1l - SS model included as omne
of its parameters the BOD applied to the trickling filter
system. The organic matter is used by the microorganism:
population for their metabolism. The applied BOD is there-
fore a direct parameter in the suspended solids removal
mechanism because it enhances the production of suspended
solids. This does not however jmply a net suspended solids
production within the trickling filter unit. In fact
Grantham (23) observed a net suspended production within
the first section of the filter unit, reaching at times as
much as 100%Z. However, such a suspended solids concentration
soon decreased well below the applied levels in the latter
portions of the filter. In fact, ds indicated by the present
model, Grantham (23) observed a net suspended solids removal

ranging from 40 to 70% within the trickling filter unit alone.




The effluent suspended solids loading was also
used as input parameters in the TF1l - BOD model, as explained
previously. Both suspended solids and BOD models did not
prove to be sensitive to the hydraulic rate of flow, nor did
it seem affected by secondary settling tank overflow rate as

might have been inferred through the literature survey.

6.6.4 Trickling Filter Unit

The trickling filter unit models, (BOD and sus-
pended solids) differ from one another in only one parameter,
i.e. recifculation ratio. Even though it appears that- the
BOD model is not sensitive to variations in the recirculation
ratio, it can very well be established that their exists a
recirculation influence reflected within the model. 1In fact
the effluent suspended solids is a function of the recircula-
tion ratio, and because the effluent BOD is also a function
of the effluent suspended solids, variations in the recircu-
lation ratio will consequently affect the BOD of the effluent.

Obviously the same comment, concerning the BOD
loading applied to the unit, in the suspended solids model
reported under Section 6.6.3, still applies to the trickling

filter unit model.

6.6.5 Secondary Settling Tank
Secondary settling tank models are not as elaborate

as the previous models because of the reduced number of
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possible parameters in the performance evaluation of BOD

and suspended solids removal efficiencies. 1In fact the over-
flow rate, sewage temperature and effluent suspended solids
were the only possible significant parameters in the
mathematical model building process.

The temperature parameter revealed to be non-
significant in both the BOD and suspended solids models,
while the overflow rate was observed to be the most signifi-
cant parameters for both removal processes within the

secondary settling tank.
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CHAPTER 7

SENSITIVITY ANALYSIS

7.1 Theory

The objective of this chapter is to identify
parameters of significant or critical importance in the
operation of a high rate trickling filter plant, such as
described mathematically in Chapter 6. Sensitivity analysis
of a system, or of a mathematical model, offers means of
delineating such responses. Input components to a system
form the core information to the performance simulation and
are considered essential to the sensitivity analysis. The
concept underlying the technique is relatively straight-
forward: all of the input parameters are held constant with
the exception of one parameter, which is allowed to vary
through its ehtire range. The response, j.e. the system's
behaviour to such variations, is observed and analysed.

A procedure adopted by Mach&h and Eliassen (52)
has been used to analyse the sensitivity of mathematical models
to the various input parameters (or independent variables).
The seiected technique is presented hereafter:

1. List the independent variables of the model. Pro-

vide three values for each - expected high, low and nominal

values.
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2. Calculate the response surface variable using the
nominal value. This value will serve as a reference point.

3. Compute a percentage change in the response sur-
face by substituting one of the high values of one of the
independent variables. Replace the high value with the

nominal value.

4. Repeat Step 3 for each of the high and low values.

Such a procedure, should then delineate the
important parameters in the systems performance. Care should,
however, be exercised so as to determine interdependencies
among the parameters and thus possibly analyse group varia-

tions of the wvariables.

7.2 Sensitivity Analysis: Sewage Characteristics
7.2.1 Characteristics of the Algorithm

The objective of the algorithm described.here—
after, and whose listing appears in Appendix D, is to
simulate the operation of the Alexandria sewage treatment
plant, so as to delineate parameters of significant importance
in the overall BOD and suspended solids removal efficiencies
of the system. Stream vectors at various stations are
evaluated along with the efficiency of the various units.
The performance evaluation proceeds using the mathematical
formulations developed from configuration No. 2, in Section

6.3 (Figure 6.2).
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The flow chart, as shown in Figure 7.1, illustrates

the principles underlying the calculations. The overall
process can be viewed as three groups of equations in series
subjected to a comnvergence criterion in the characteristics
(BOD and suspended solids) of the trickling filter recircu-
jated flow. The program referred to as CSTF (Computer

Simulation of a Trickling Filter) was written in Fortran 1v,

for use on an IBM 360/65 computer.

7.2.2 Input Data

The flow diagram of the Alexandria sewage treat-—
ment plant, Figure 4.2, indicates two possible stream vector
locations that could be used as input stations to the simu-
lation and sensitivity analysis, namely station No. 2 and
station No. 4, of Figure 4.2. Consideration of the objectives,
presented in Chapter 3, dictates the selection of station
No. 4 as input station. The input station thus selected
gives the readers the opportunity to -examine and apprecilate
more explicitly the effects of recirculation on the per-
formance of the plant. Because of the particular physical
layout of the treatment plant, the selection of the alternate
input station, i.e. station No. 2, wduld have complicated
the objectives somewhat. In fact, a change in the recircula-
tion would have implied a simultaneous change in the flow

rate through the plant. Therefore, variations in the
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FIGURE 7.1
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recirculation ratio parameter would have resulted in a joint
variation of the rate of flow, making it difficult to
evaluate the origins of the performance variations. The
reader must, however, understand that the selection of station
No. 4 as the input station, has been selected only because it
is the objective of this paper to ascertain whether the ratio
of recirculated flow, under constant hydraulic conditions
bears some influence on the removal mechanisms. Furthermore,
the reader must understand that station No. 4 would not be
the selected input station for a true computer performance
simulation. Under such circumstances, the selection of in-
put station No. 2 would be dictated and very minor changes

in the CSTF program would be necessary. In summary, there-
fore, input station No. 4 has been selected for the sensi-
tivity analysis of the models, whereas input station No. 2
must be selected for a true performance simulation of the
plant as would be required for computer assisted plant
operation.

Two separate sensitivity analyses for the changes
in sewage characteristics were carried out. The first,
consisted in evaluating the percentage change in the sewage
characteristics (BOD and suspended solids) through the entire
plant subjected to input parameter variations. The second,
evaluated the percentage change in BOD and suspended solids
removal efficiencies of the individual treatment units for
which mathematical models had been developed, subjected to

similar input parameter variations.
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The input matrix presented in Table 7.1 was
utilized for the sensitivity analysis of the treatment plant
as a whole. It consists of the three stream vectors, found
at station No. 4 (BOD, suspended solids, and flow) plus the
recirculation and temperature parameters for high, mean and
low expected conditions. A total of 243 simulations, cover-
ing all possible levels of operation wifhin the range of the
available data resulted from such an analysis. The results
of this first sensitivity analysis are reported in Appendix E.

Table 7.2, describes the four input matrices used

in the sensitivity analysis of each individual treatment

unit, the results of which are summarized in Table 7.4.

TABLE 7.1

Input Matrix for the Sensitivity Analysis of

the Treatment Plant as a Whole

Parameters . High ' Mean Low
BOD mg/1 240 169 125
S8 mg/1 278 178 119
Flow MGD 31.06 24.29 15.70
Recirculation 1.57 1.31 1.05
Sewage Temp CF 78 67 56
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7.2.3 Analysis and Results

Table 7.3 summarizes the percentage change in
the sewage characteristics through the tréatment plant when
subjected to the input matrix shown in Table 7.1l. Table 7.4
offers a summary of the percentage change in the sewage
characteristics of each individual treatment units when
subjected to specific variations in the input parameters,
as described in m