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ABSTRACT

The assessment of the disinfection practice in water treatment has moved away
from total reliance on the analysis of microbial contaminants in the finished water to the
incorporation of disinfeciion kinetics concept to determine the adequacy of the
disinfection process. The movement is highlighted by the promulgation of the Surface
Water Treatment Rule (SWTR) in 1589 in the United States. Among other things, the
SWTR requires the assessment of disinfection process based on the CT concept
(disinfectant concentration multiplied by effective contact time). For the effective contact
time, the tjg (time for 10% of the water to pass through the process) is stipulated by the
SWTR. In most cases, the tjg must be determined through tracer tests.

The primary objective of this study is to determine the hydraulic characteristics
of various treatment components of the E. L. Smith Water Treatment llant in
Edmonton, Alberta. Since the use of disinfection materials is associated with the SWTR
/ CT concept, the emphasis is given to the effective contact time (tjg) determination.

Ten tracer tests were conducted using NaCl solution (131,000 mg/L) in a step
input at different flow rates (141 to 230 ML/d) and different sampling periods (3 to 52
hours). There were about 2,700 samples taken with the tracer recoveries of 84 to 107
%. Sodium ions in the samples were measured using a flame emission photometer.

The F curves were then generated, in which the tjg, tgg, Morril’s index, and
Baffle parameter values were directly obtained. Based on the baffle parameter, the filters
are classed as “superior”, clarifier no.2 is “poor”, and the three reservoirs are “poor”
and “unbaffled”. Modification is necessary for reservoirs nos. 2 and 3 by constructing

baffles or diffusers. Reservoir no. 1 and clarifier no. 2 may need some modification.

The filters do not require modification.



The tracer concentration curves were analyzed using the common models found
in the literature including the Wolf - Resnick, CMRs - in - series, and Rebhun -
Argaman models that based on empirical approaches. For the reservoir without baffle, it
was found that early portions of the tracer appeared earlier than predicted. Since the t1g
is located in that part of the curve, its prediction using the models may not be reliable
and will uver predict the actual tjg. The cause of the extremely low tjg values for
reservoirs nos. 2 and 3 were thought to be the result of the momentum from the inlet to
the outlet. Subsequently, early portions of the residence time distributions were
modelled as if they were caused by a jet.

The jet model was found to be adequate in predicting the ty¢ for this situation.
The model seemed to indicate that the aberration was caused by the momentum
dominant effect in the reservoir. This finding highlights the need to minimize the
momentum from the inlet in order to obtain acceptable t1g values. Although these two
reservoirs are relatively new and would be considered well designed according to
wraditional design guidelines, the lack of consideration of minimizing the momentum

from the inlet has resulted in these two reservoirs to be classed as “poor” for effective

contact ime.
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ABBREVIATIONS

= area (m2)

= degree of CMR (%)

= exponential coefficient, or regression parameter
= shear layer inner angle (°)

= shear layer outer angle (°)

= entrainment velocity coefficient

= arbitrary flow reactor

= nozzle area (m2)

= surface control area (m?2)

=r value when u =0 (m)

=r value when u =0.5 x uy (m)

= time shift coefficient (min.), or b/b, or regression parameter
= distance when ug = 0.5 up (m)

= distance when u = 0.5 ug (m)

= chemical concentration (mg/1L.)

= experimental parameter

= final concentration at steady state including background (mg/L.)
= maximum chemical concentration (mg)

= complete mixed reactor

= initial chemical concentration (mg/L)

= peak chemical concentration (kg/m3)

= chemical concentration at X-Z plane (mg/L)

= disinfectant concentration times effective contact ime (mg/L.min.)



C, = tracer concentration (mg/L)

d = fraction of dead space (%), or day
DBP = disinfection byproduct

do = nozzle diameter (m)

Dx = axial dispersion coefficient (m/min.2)
dx = axial dispersion index

€ = eddy diffusivity

F = constant

= degree of short circuiting (%)

f.g. h = function of

n =1/b

HPC = heterothropic plate count
H,SiFg = hydrofluosilicic acid

i = suffix

ICP = inductively coupled plasma
k = experimental coefficient

kg = kilogram

L = lag (min.), or liter

1 = length of travel (m)

M = total tracer mass (kg)

m = lag factor, or meter

mg = milligram

min = minute

ML = megaliter

N = number of CMRs in series, or number of microorganisms

v = fluid kinematic viscosity (mZ/min.)



n = suffix, or coefficient of dilution

NaCl = sodium chloride
nm = nanometer
No = number of initial microorganisms
NTU = nephelometric turbidity unit
p =degree of PFR (%)
PFR = plug flow reactor
ppb = part per billion
= water flow (ML/d)
0 = non dimensional time
Q4 = desired flow (ML/d)
Q = tracer study flow (ML/d)
Qe = tracer flow (L/s)
qy, qz = exponential parameters
T = detention time correction factor, or radial distance from jet axis (m)
p = fluid density (kg/m3)
i = inner shear layer radius (m)
1) = outer shear layer radius (m)
TA = chemical reaction rate (mg/L s)
Re = Reynold number
Rj = Richardson number
Io = nozzle radius (m)
(o] = E curve standard deviation
(o3} = non dimensional E curve standard deviation
SWTR = the Surface Water Treatment Rulc

t = time (min.)



1 = turbulent shear stress (kg/m min.2)

t10,50,90 = time when certain percentages of flow have passed (min.)
tind = desired tjo (min.)

titn = tracer study tjo (min.)

ta = actual residence time = time to reach curve centroid (min.)
t = time or width of E curve at 10% C, (min.)

t = time or width of E curve at 50% C, (min.)

TCU = true color unit

Td = theoretical residence time (min.)

Tdarot = total theoretical residence time for CMRs in series (min.)
THM = trihalomethane (CH-X3)

p = time to reach peak concentration (min.)

tz = time when first tracer is monitored (min.)

u = mean axial velocity (m/min.)

Um = maximum axial velocity (m/min.)

Uo = initial axial velocity (m/min.)

Ug = maximum axial velocity at X-Z plane (m/min.)

USEPA = the United States Environmental Protection Agency

\Y = volume (m3)

v = mean radial velocity, or mean vertical velocity (m/min.)
Ve = entrainment velocity (m/min.)

Vey = vertical entrainment velocity (m/min.)

Vez = perpendicular entrainment velocity (m/min.)

0] = experimental parameter

w = mean perpendicular velocity (m/min.)

X = axial distance along jet axis (m)



= experimental parameter
= vertical distance from jet axis (m)

= perpendicular distance from jet axis (m)



1.0 INTRODUCTION

1.1 Background
Health risks due to microorganism contamination in drinking water have become

critical issues in North America with the emergence of newly - recognized waterborne
disease - causing organisms in the last two decades. It was not until 1976 that people
started to pay attention to protozoan types of microorganisms (e.g., Giardia lamblia and
Cryptosporidium parvum), bacterial type of microorganism (e.g., Legionella
pneumophila), and enteric viruses as the causes of many outbreaks of waterbome
diseases in the United States (Marroco, 1987, Reasoner, 1991, and Herwaldt et al,
1992). Even helminths were also suspected of causing outbreaks (Philpot, 1989).

The conventional disinfection practice that was able to handle common bacterial
outbreaks in the past, such as typhoid and cholera by employing chlorine (in the form of
chloride of lime, sodium hypochlorite, Cly, and chloramines) needs to be improved
since these new types of microorganisms seem to be more formidable to inactivate
(White, 1992).

Indicators of microbial quality, such as turbidity, coliform bacteria, and
heterothropic plate count bacteria (HPC) that used to be the most common parameters to
identify the possible presence of pathogenic organisms should be used cautiously as
well. Several studies have proven that these indicators do not correlate well with the
occurrence of these more newly recognized organisms (Le Chevallier and Norton,
1992).

Increasing or modifying the conventional disinfection practice is necessary to
reduce health risks. Still, it is not only expensive but it also has a potential to produce
other health risks such as carcinogenecity of disinfection byproducts (DBPs) (Sobsey et
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al, 1993). During studies conducted in 1974, chloroform, one type of trihalomethane
(THM), was identified in a chlorinated drinking water as 8 DBP produced from
reactions between chlorine and organic materials (Bellar et al, 1974). By 1991, there
have been more than 700 types of DBPs identified by the United States Environmental
Protection Agency (USEPA) (Moser, 1991).

Reducing the health risk associated with waterbomne disease outbreaks needs
broader knowledge to be able to determine the method that yields the best risk reduction.
Developing and applying an overall health risk assessment for microbial and also
chemical contamination are necessary in order to define a health risk management plan
(Sobsey, 1993).

In order to handle these problems, a strategy has been proposed using different
types of disinfectant that have higher inactivation potency but do not produce THMs
directly. Inactivation steps have been improved as well by applying multi - barrier
processes in the treatment plant. The first, known as primary disinfection, aims at the
total inactivation of pathogenic organisms in the system. For many reasons, chlorine
dioxide and ozone are gaining popularity as primary disinfectants. Secondly, baseline
treatments, such as filtration and sedimentation, have been integrated into the
disinfectant protocols (Bryant et al, 1992). Direct filtration, slow sand filtration, and
diatomaceous earth filtration are considered as very good barriers for many kinds of
organisms (Guidance Manual, 1989). A case study reported by Glicker and Edwards
(1991) shows that unfiltered systems did have serious problems with Giardia . Bank
filtration wells constructed near a river were proposed by Hilterbrand et al (1991)as
another similar concept of filtration. The last step is secondary disinfection. It protects
system from newly introduced or regrowth of pathogenic organisms. Chloramines, due
to their stabilities in water, have become a very common type of secondary disinfectant

in North America.



The Surface Water Treatment Rule (SWTR) introduced by the USEPA in 1989
sets new treatment requirements to protect all public water supplies using surface water
sources and ground water sources under direct influence of surface water. For some
microbial coniaininziions, the SWTR proposes treatment methods as a condition for
compliance rather than establishing maximum contaminant levels (MCLs). The SWTR
introduces the concentration multiplied by time (CT) concept as a new treatment method
to reduce the health risk due to microorganism contaminations in drinking water. The
emphasis is given to the inactivation of Giardia lamblia and enteric viruses. Basically,
the concept considers disinfectant concentration C and hydraulic effective contact time T
as an inseparable unit to ensure the inactivation process. Determining the contact time
using tracer studies is the most common method to follow. A tracer chemical can be
injected into a system in a continuous or instantaneous input. Statistical curves, the E
and F curves, can be developed to represent the residence time distribution of the
chemical in the system. The CT concept also gives some credits to physical processes,
filtration and sedimentation, that remove unwanted particles and organisms in the water.

It is evident that disinfection is no longer as simple as *“chlorination - coliform”
any more. It deals not only with the quality of drinking water leaving the plant, but also
with the quality of the treatment and distribution systems plus a complex knowledge of
health risk concems. As a consequence, physical processes, fluid mechanics, public
health education, risk assessment, and many other areas are gaining significant roles
besides other conventional disciplines, such as microbiology and chemistry. This thes.s
presents a study which assesses the disinfection contact time parameter as applied to the

SWTR / CT concept in a large water treatrnent plant.

1.2 Scope of Study
The primary objective of this study was to the determination of the hydraulic
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characteristics of various treatment processes of the E. L. Smith Water Treatment Plant
in Edmonton, Alberta. The main emphasis is given to determine the to values of various
systems. However, the study does not include overall calculation of the actual CT
values of the reatment plant since a preliminary study was already completed by the
Process Development Team in 1989 - 1990 (Process Development Team, 1991). The
data obtained from this study give additional information to the previous study. It is also
important to develop relations between flow rates and residence time distributions to
predict the hydraulic characteristics at different flow rates rather than those tested.
Confidence in this relationship is required as the City of Edmonton is planning to
expand the treatment plant to a greater flow capacity.

In order to meet the objective of the study, tracer tests were conducted for one
clarifier, a set of filters and clearwell, and three on - site reservoirs. Most of the tests
were completed at two different flow rates. The results were analyzed using traditional
residence time distributions, the E and F curves. A number of common models
suggested by Marske and Boyle (1973), the Guidance Manual (1989), Thirumurthi
(1969), Levenspiel and Bischoff (1963), Wolf and Resnick (1963), and Rebhun and
Argaman (1965) were discussed in this study, including the direct interpretation of time
values, baffle parameters, dispersion models, degree of PFR and dead space model, and
CMRs - in - series model. However, most of those models are based on empirical and
statistical approaches. In many cases, they do not fit well with the real data obtained
from a particular test. It was therefore necessary to develop a more physically - based
model that not only fits the obtained data better, but also gave more confidence in its
application at different flow rates.

In the case of three reservoirs tested, it was found that the common models listed
above failed to provide satisfactory results. A further investigation found that initial
portions of the residence time distribution curves were mostly governed by the initial
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momentum - dominated jet at the inlet point. The jet model was found to be the
appropriate model to use to fit the real data.

Based on tracer tests and analyses of the results, it is possible to present a
discussion about residence time distributions of various systems in the treatment plant.
The discussion includes an overview of the analysis method using the common models

and jet model, and also several commeuts to the SWTR / CT concept.



2.0 LITERATURE REVIEW

2.1 SWTR and CT Concept

With the promulgation of the new regulation, disinfection practice has reached its
new and modem stage. For some microbial contaminants, the SWTR gives an emphasis
to the treatment methods as a condition for compliance rather than establishing maximum
contaminant levels (MCLe). The CT concept is proposed as the new treatment
assessment technique to reduce health risks due to microorganism contamination.

The main idea of the CT concept is based on the Watson model that includes C
(disinfectant concentration), T (hydraulic effective contact time), and n (parameter or
coefficient of dilution). The relationship among those parameters can be described as

follows (Canadian Water and Wastewater Association, 1993):

CnT  =constant (2.1).

Plotting C and T for inactivation of a certain type of microorganism in a particular time T
on a log - log scale will give a straight line with a slope equal to n. .nactivation level of
99% is chosen in most cases. For the CT model, it is assumed that ni equals to unity. It
means that both C and T have the same importance in determining the CT product. Note:
C is the important factor for n>1, while T becomes the significant factor for n<1.
Correlation between the survival of microorganisms N/Ng and the contact time T
can be expressed using the Chick model (Canadian Water and Wastewater Association,

1993):



log r‘{j; = kT (2.2)

where k is a constant. Ideally, a plot of log N/No vs. T should yield a straight line,
expressing the first order kinetics condition. However, deviations often occur in real
situations such as shoulder, initial rapid, and tailing curves (Hoff, 1987).

The Guidance Manual (1989) employs the CT concept to achieve at least 3 log
(99.9%) and 4 log (99.99%) inactivation levels of Giardia cysts and viruses,
respectively (Guidance Manual, 1989). Higher inactivation levels may be necessary
considering the cyst concentration, see Table 2.1 (AWWARF, 1993). The numbers are
based on the annual risk of 104 per person. The infected dose for Giardia can be as low
as 1 cyst only. It is assumed that a person drinks 2 L of water a day. In the case of 1
cyst/ 100 L for example, it is logical to apply 3 log reduction level in order to have a
risk less than 10-4. In the case of viruses, it is assumed that viruses occur at higher
concentration in source waters, have more health risks, and are more infectious than
Giardia. Therefere, it was decided to have higher inactivation levels than those for
Giardia (Guidance Manual, 1989). The Guidance Manual (1989) also assumes that
using those two microorganisms as the parameters will also provide protection to
heterothropic plate count (HPC) bacteria and ionella.

The Guidance Manual (1989) assumes that degree of microorganism inactivation
is proportional to the product of C (disinfectant concentration used, in mg/L.) and T
(hydraulic effective contact time, in minutes). As will be discussed later, t;p or time for
10% of the flow passes through the process, is assumed to be the hydraulic effective
contact time. Standard CT values have been specified for differer . pes of disinfectant:
free chlorine. chloramines, chlorine dioxide, ozone, and ultraviciet light, for different
pH values (6 to 9), and for different temperatures (0.5° to 25° C). For example,
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Table 2.1: Inactivation Levels (adapted from AWWARF, 1993)

Geometric Mean of Allowable
Daily Average Cyst Concentration

(Cysts/100L)
Giardia <1 1010 10to 100
Giardia cyst removal - inactivation 3log 4 log 5 log
Virus removal - inactivation 4log 5 log 6 log




standard CT values for inactivation of viruses using chlorine dioxide can be seen in
Table 2.2. Other standard CT values for different conditions can be found in the
Guidance Manual (1989). Filtration gives some credits for the CT values in the range of
1 log (90%) to 2.5 log (99.3%) reductions, depending on the types of filtration used and
microorganisms involved. In the case of coagulation / flocculation and filtration, a credit
of 2.5 log reduction is given for Giardia cysts and a similar credit of 2.0 log reduction
for viruses, with the remaining reduction obtained by the disinfection process (Bryant et
al, 1992).

To meet the Guidance Manual (1989) criteria, CT values for a water treatment
plant should be investigated. It is assumed that the plant satisfies the requirement if the
value meets or exceeds the standard value. Still, standard CT values in the table were
generated in perfect laboratory processes without the presence of other chemical
compounds. Disinfectant dissipation, especially in the case of chlorine as it reacts with
other chemical compounds in real water, should be taken into account (Teefy and
Singer, 1990). The change in pH, temperature, and even sunlight penetration for open
systems should be considered as well (Auckly and Borgerding, 1991). Another
weakness of the CT concept is that one tends to extrapolate the standard value for a
particular condition since the experimental data are relatively limited. The extrapolation is
valid only if the relation between the surviving microorganisms and contact time in the
Chick model (Equation 2.2) is ideal (a straight line for log N/No vs. T). Another
difficulty arises in the assumption that n in the Watson model (Equation 2.1) is equal to
1. For disinfectant such as ozone, studies have shown that n may be as high as 3 (Zhou
and Smith, 1994). It has generally been reported for chlorine that n is close to 1. Still,
even for chlorine the value of n is not always unity (Hoff, 1987).

However, in a general case, the SWTR / CT concept is5 still an improvement over
the use of MCLs as it considers the kinetics aspect of the process leading to
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Table 2.2 CT Values for Inactivation of Viruses by Chlorine Dioxide for

pH 6 to 9 (adapted from the Guidance Manual, 1989)

Temperature (°C)
<1 5 10 15 20 25
2log 8.4 5.6 4.2 2.8 2.1 1.4
3log 25.6 17.1 12.8 8.6 6.4 4.3
4 log S0.1 33.4 25.1 16.7 12.5 8.4
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disinfection. As has been mentioned by Regli (1989), the CT concept allows water
processors to evaluate accurately their disinfection processes and to optimize the
chemical usage in achieving the desired level of peiformance. The Guidelines for
Canadian Drinking Water Quality (1993) is considered to be somewhat behind the
SWTR /CT concept as it still uses the maximum acceptable concentration (MAC) to
analyze the microbiological parameters without having specific criteria for enteric viruses
and protozoa. Therefore, it is a very reasonable idea to apply the CT concept as a general
measure of disinfection performance for water treatment plants in Canada although the
USEPA itself does not have any legal status in Canada. In recognition of this, a
preliminary investigation was completed as early as 1989 - 1990 by the City of
Edmonton at the E. L. Smith and Rossdale Water Treatment Plants in Edmonton,

Alberta (Process Development Team, 1991).

2.2 Residence Time Distributions

In very general terms, the residence time can be defined as the time needed for
fluid particles to pass through in a process. A specific time parameter, in this case the
hydraulic effective contact time, can be found by determining the residence time
distribution. The use of the E and F curves obtained from tracer studies is the most
preferable method to use. A tracer consisting of a non - reactive and non - toxic chemical
compound can be added to a system in several ways including random input, cyclic
input, slug / pulse input, and step / continuous input. On the whole, slug and step inputs
are the most suitable as relatively simple mathematical or statistical modeling can be

derived from the results.

2.2.1 Reactor Types

It is assumed that plug flow reactors (PFRs) and complete mixed reactors
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(CMRs) are the ideal reactors that describe the two limits of residence time distributions
found in actual reactors. In a PFR, the fluid travels smoothly as a “piston flow™ from the
inlet to the outlet with complete mixing in the axial direction without any longitudinal
dispersion. The particles remain in the system for a time equal to the theoretical
residence time (Tq):

Tg = 2.3)

ol <

where:
V =system volume (m3)

Q =incoming flow (m3/min.).

Flow through a long system with a high length to width ratio like a pipe and
flow through granular media filters are generally assumed to have a close resemblance to
this type of flow. In the case of CMRs, complete mixing is expected to occur
immediately when the fluid enters the system. The particles disperse throughout the
system and leave in proportion to their statistical distribution. It can be achieved only if
there is perfect mixing.

Even though the two types of ideal flow reactors have found great use in
defining the outer bounds of reactors, arbitrary flow reactors (AFRs) are the most
common reactor types found in real situations. They represent some deviations from
PFRs and CMRs in that they do not follow either the ideal flow. condi;ion. To account
for this, the CT concept suggests the use of tjg for the contact time, i.e. time when 10%
of the flow passes through the system, instead of using the theoretical residence time
(Tg) (Guidance Manual, 1989). By using this, it is assumed that at least 90% of fluid
in the system has been exposed to the disinfectant for a period greater than typ. Still, as
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the standard CT values were generated from batch reactor experiments, more studies
about the fluid behavior in different types of reactors must be conducted. Lev and Regli
(1992) generated data based on dispersion and CMRs - in - series modeis. The result
showed that the t;o was reliable only for high t1¢/Tq values or in the case of low

microorganism inactivation levels (up to 2 log reduction, but not for 4 log reduction).

2.2.2 E and F Curves Development

The E and F curves have long been used to assess the residence time distribution
in real reactors. In the case of a slug input, a discrete amount of tracer is fed into the
system at an instance, normally for a period less than 1/50 times T4 (Thirumurthi,

1969). The slug test residence time distribution function is given by the E curve. It can
be explained in that the fraction of material at the outlet point that has been in the system
for a time between t and t + dt is equal to E dt. The E(t) vs. t curve can be developed
both for discrete and continuous variables as the function of C; or C(t) (tracer
concentration at a particular time in mg/L) and t (time in minutes) (Levenspiel and

Bischoff, 1963):

Ei = G ,Or
ZCiAt

E() =) (2.4).
AC(() dt

The area under the E curve represents the complete tracer recovery and should be equal

tol:
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L EiA=1 ,or

+00

JE(I) di=1 2.5).

Since the E curve still has dimensions (1/[time] ror the vertical axis and [time]
for the horizontal axis), it is also possible to use a dimensionless curve, i.e. the E(8) vs.

0 curve. It can be developed using relations among the previous parameters to define the

ta (actual residence time):

_ T 4CiAt

= tor
Z CiAy

a

+o00

dt C(1) dt

=4

({ C(1) dt

(2.6)

=21 2.7

0 E(0) =t E(t) ,then
E(6) =ta E() (2.8).

For a step input, the tracer is added to the system continuously in a uniform
concentration for a period of 2 to 3 times Tg or until it reaches the steady state condition

(Hudson, 1975). The F(t) vs. t curve, represents the fraction of material at the outlet
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point that has been in the system for a time less than t. For discrete and continuous

variables, the equations are:

Fi = g; ,or
F(t) =%‘—("-) 2.9)

where C, is the initial tracer concentration of the step input in mg/L. To represent a
complete tracer recovery, the value of F; or F(t) should equal to 1 at the steady state

condition. The non - dimensional curve F(8) vs. 8, can be generated easily from the F
curve as it is already dimensionless in the vertical axis. The horizontal axis can be

developed by dividing t with t,. The relation between the two vertical axes is:

F(0) = F@1) (2.10).

After either the E or F curve has been identified, the other curve can be formed

using the following equations:

E(t) =d—‘;f‘—) or

t
FO) = [EO d @.11)
E(6) =9§(66—) or
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)
F®) = Js(e) de (2.12).

General equations for PFRs and CMRs have well been developed. In the case of PFRs,
the E and F curves are identified as follow (Metcalf and Eddy, 1991):

Fu = Cc(f, =1 12Td (2.13)

Et) =-7% =+co L=Td 2.14)

with the total area for Equation 2.14 equals to 1. For the CMR, it is necessary to

develop the mass balance equation. It is expressed as follows (Metcalf and Eddy, 1991):

{Accumulation] = [Inflow] - [Outflow] + [Generation] , or
dC
_dTV = QGC, - QC®H + AV (2.15)

where rp is the rate of chemical reaction (mg/L.min.). Assuming that the tracer

compound is conservative (ra = 0), a new equation for the step input can be derived by

integrating Equation 2.15 fromC =0to C:

F@) = (‘:c(:,—) =1-exp (--T‘—d) (2.16).

In the case of a slug input, the value of Q.C, in Equation 2.15 is equal to 0, as no tracer
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is continuously added after the first addition. The integral is taken from C = Co to C:

E() =%‘3 = exp (-1) @.17).

General equations for the AFR should be identified using tracer studies.
Characteristics of the PFR, CMR, and AFR in the form of the E and F curves can be
seen in Figure 2.1. Interpretation of the E and F curves is done by assessing the four

characteristics listed below:
dead space: no fluid motion in some parts of the system and

there is perfect mixing in other regions,

short circuiting: nearly instantaneously moving of the flow from the
input to the output,

dispersion: mass transport due to the velocity gradient, usually
only axial or longitudinal direction to be considered.
It characterizes the degree of back mixing during the
flow,

errors factors: some correction factors due to imperfectness of the

system or assumptions made.

2.2.3 Single Stage with Closed - Closed System
The single stage system is formed by only one system. It is characterized by a
straight line of the F curve when a log scale is used for the horizontal axis (Wolf and
Resnick, 1963). Closed - closed system means that before and after the fluid enters the
system, it acts as a PFR. Since the case study is related to reservoir systems with two
pipes in the inlets and outlets, only the closed - closed system is going to be discussed.
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Figure 2.1: E and F Curves (adapted from Levenspiel, 1963)



2.2.3.1 E(t) vs. t Curve Interpretation
Models developed from this curve are quite simple. The idea is based on
comparisons of the time parameters obtained from the curve (see Figure 2.2). These are

the most common dimensionless parameters to use (Marske and Boyle, 1973):

index of mean residence time = —Tt'%
index of average residence time = ff“.g
. . cus _ tz
index of short circuiting = T,
Morril’s dispersion index = f‘?_g

i
i

index of modal residence time

where:
110 = time for 10% of tracer to pass the system (min.)
150 = time for 50% of tracer to pass the system (min.)
190 = time for 90% of tracer to pass the system (min.)
ta = time to reach the curve centroid (min.)
tp = time to reach the peak concentration or modal value (min.)
tz = time when the first tracer is monitored in the effluent (min.).

In the case of PFRs, all of those parameters should equal to 1. While Brumo

{1972) mentions three more dimensionless parameters, although traditionally they have

not frequently been used:

index of eddy diffusivity caused by turbulence = Tt%

index of turbulence and recirculation eddies = '[I_%

index of curve eccentricity = {‘gfg)lgnt_l)
where:

tc = time or width of the curve at 50% of C, (min.)

tb = time or width of the curve at 10% of C, (min.).
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The first and second parameters should equal the tracer addition time in the case
of PFRs, and should be 0.7 and 2.3 respectively for CMRs. The last parameter should
be O for PFRs and 2.3 for CMRs (determined experimentally). However, the Morril's
index is assumed as the best approximation to assess the axial dispersion (Gregory and
Zabel, 1990).

Another approach is given by Scheible as cited by Thampi (1989). The idea is to

consider the tracer concentration as a function of the axial dispersion coefficient (Dx):

M -(I-utp)?

% = xp { ] (2.18)
AVanDg,  Ddp

where:
p = peak tracer concentration (kg/m3)
M = total mass of tracer (kg)

1 = length of travel (m)

A = cross sectional area of the flow (m?2)

u = axial velocity (m/min.)

tp = time to reach the peak concentration (min.)
Dy = axial dispersion coefficient (m2/min.).

Unfortunately, this approach is valid only for long cylinder systems. A more general
formula that is applicable for any type of reactor can be found as a function of the
standard deviation of the non - dimensional E curve (see the next section).

The Guidance Manual (1989) suggests the use of the baffle parameter (t;¢/7 d) to
investigate the system performance. Several criteria have been identified, see Table 2.3

Basically, comparisons among the time parameters do give some qualitative

21



Table 2.3: Baffle Parameters (adapted from the Guidance Manual, 1989).

BAFFLE PARAMETERS DESCRIPTIONS

<0.1 mixed flow / unbaffled agitated basin, very low length to
width ratio, high flow velocity

0.3 poor single or multiple unbaffled inlets
and outlets, no intra - basin baffles
0.5 average baffled inlet or outlet with some
intra basin baffles

0.7 superior perforated inlet baffle, serpentine
outlet weir or perforated launders

1.0 perfect (plug flow) very high length to width ratio
(pipe line flow), perforated inlet,

outlet, and intra - basin baffles
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assessmenlts, but not quantitative determinations, as numerical relations among them are

not known.

2.2.3.2 E(8) vs. 8 Curve Interpretation

A better method has been developed by considering the dispersion in the system
that can be applied in all conditions. Usually only the axial dispersion is taken into
account. The axial dispersion index (dx) should ve 0 in the case of PFRs and +<o for
CMRs. It can be measured as a function of the standard deviation of the non -
dimensional curve E(8) vs. 6. It is considered to be a better model as it considers the
entire curve, rather than only several discrete values like in the previous model. Several

relations can be generated using these equations (Levenspiel and Bischoff 1963):

4 =2 (2.19)
2 = (-’;;—ch—‘ )- 122 (2.20)
o =%§ (2.21)
Go2 =20y - 2d;2 [1 - exp(-dy)] (2.22)
E(6) L opr- 20 (2.23)

= e
(nBd)0-5 P 40dy

where:

u = axial velocity (m/min.)
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] = length of travel (m)
Dx = axial dispersion coefficient (m2/min.)

dx = axial dispersion index (no unit)
o] = standard deviation
o] = standard deviation for non - dimensional condition.

Correlation between the E curve and the population of microorganisms over the

time is presented by Trussell and Chao (1977) as follows:

WTg 4oo
N o _Lli[E®)de + | (—)o E®)do] (2.24)
No Td Co t t
Y/Tg
where:
N = number of microorganisms at time t
No = number of initial microorganisms
Y = experimental parameter, for example: y equals to 2.8 for fecal
coliform, etc.
o = experimental parameter, equals to 3 for the original value, less than 3

as suggested by Hart and Vogiatzis (1982).

2.2.3.3 F(6) vs. 6 Curve Interpretation
Since the actual residence time (t;) cannot be generated directly from the F curve,
it is preferable to use the theoretical residence time (Tq). All of the error factors and other

parameters are included in the following models (Wolf and Resnick, 1963):
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FO) =1-expl a.r((ll-;i?'l' - [:-L-p(l(f})"rd + mar(1-d)Tg]}

JF(©)20 (2.25).

It is obvious that Equation 2.25 is quite complicated. Parameters p and a
represent the fraction of the system that acts as a PFR and a CMR respectively, in which
p + a = 1. Intercept of the curve with vertical axis represents the degree of short
circuiting effect (f). Dead space fraction is measured by parameter d, while error factor
for residence time can be measured using parameter r. Lag (L) and lag factor (m)
represent the lag in response of the system. The model can be simplified in a different
form by combining the parameters as can be seen in Equation 2.26:

F(0) =1l-expl-a (t’;‘_(?) JF(0) =20 (2.26).

Parameter B represents the system phase shift or the intercept of the curve with
horizontal axis, while a is the coefficient of exponent or the skewness of the entire
curve. Rebhun and Argaman (1965) made a simplification by regarding only parameters

p and d. Basically, this linearizes the Wolf and Resnick model:
1 t
F) = l-exp{-(l—_p'mj & i p(i-d)} },or

I (1FO®) =5 T * ) 2.27).

As has been mentioned above, linearization of the original equation should result
in a straight line for a single system. Using slope (l—-;_))l(Tfﬁ and intercept of the line
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with vertical axis '('i%)_) obtained from the graph, p and d can be determined easily. The

Guidance Manual (1989) also suggests the use of this method to assess the tjo. Yu et al
(1991) conducted a study using basically the same method but a different sign (positive /
negative) convention. Note: linearization using a log scale in place of In scale can be

used as well, adding the parameter log e to the equation.

2.2.4 Multi Stage with Closed - Closed System

This system is formed by N numbers of CMRs of the same volume in series.
Unlike the single stage system, the F curve will produce a curve in place of a straight
line if a log scale is used for the horizontal axis (Wolf and Resnick, 1963). The curves
for a multi stage system can be seen in Figure 2.3. The equations for the E and F curves

have been developed as written below (Levenspiel and Bischoff, 1963):

E® =G™  x gegyr exp 65 (2.28)
-N i= Nt i
FO) =1-explrox[1+ I, () 11 (2.29)
Tgro. =N Ta (2.30)
2
N = @2.31)
o2

where Tgro is the total theoretical residence time of the whole systems, while tz and ¢
can be obtained from the E curve. It is possible to find out parameter N (the number of
tanks in series) for a multi stage system that fits to the tracer study data (Teefy and
Singer, 1990). Yet, there is not any general formula can be applied as everything

depends on the system characteristics. Another different idea is given by Hazen as cited
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by Gregory and Zabel (1990):

N lso-tp - t (2.32)

where t;, is time to reach the peak concentration.

2.3 Jet Model

Jet theory has commonly been used for years. However, it is employed basically
in the area of pure fluid mechanics. The main objective of this study is to introduce the
jet model as an applicable tool to predict the hydraulic effective contact time parameter
(t10) associated with the SWTR / CT concept. Since the modeling is correlated to
reservoir systems with inlet and outlet pipes, only circular types of jets are going to be

discussed in this study.

2.3.1 Basic Assumptions
First of all, it is necessary to draw a distinction between jets and plumes. A jet is
defined as a source of momentum and energy produced from a discharge of fluid into a
large mass of the same or similar fluid. While, a plume is formed by the difference in
potential energy or the density difference between the discharged and the surrounding
fluid, that creates buoyancy relative to its surroundings. There are five general
assumptions made to analyze the jet theory (Rajaratnam, 1976 and Blevins, 1986):
1) homogeneous and Newtonian fluid (shear stress is a linear function of velocity
gradient), although it is possible that the fluid carries chemical compounds,

flow velocity
speed of sound )s 1,

2) non - compressible fluid, or Mach number (=

3) “slender flow” condition, or thickness of the jet is assumed to be small compared
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to the distance of the section from the nozzle,
4) infinite system, fresh water always entrains into the jet, and
S) uniform static pressure, except for the jet action itself.
Due to the limited scope of this study, it is reasonable to apply six more
assumptions to simplify the problem:
6) only circular submerged and surface jets are considered,
7) turbulent flow, or Reynold number ( Re =v"‘i—:c’—;‘:s—ff'{—f§—e) 2 3000 (Blevins, 1986),
8) no significant density difference between the jet and surrounding fluid, i.e.,
no buoyancy and plume effects,
9) total flux propagation has the same value no matter the shape of the jet,
10) the jet occurs relatively far from surfaces, walls, or other objects, and
11) constant flow through circular nozzle.

A jet with a nozzle diameter of d,, or radius of ro, will produce a flow
development region. Basically, the jet development is characterized by the width of
turbulent mixing and the decay rates of center line properties. When a jet is moving
downstream, it mixes the surrounding fluid forming a shear layer. Turbulence created in
the shear layer penetrates outwards and inwards into the jet, reducing continuously the
thickness of the *“potential core”. The core will vanish after the jet has moved at about 9
I, (see the next explanation). This region is called the flow development region.
Usually, it is assumed that the axial velocity (u) and chemical concentration (c) at any
point in the flow development region are equal to the initial axial velocity (Uo) and initial
chemical concentration (Co), respectively. Generally, most analyses are conducted in the
fully developed region, the region downstream where the potential core has vanished
(see Figure 2.4).

There should be three conservation conditions that exist in the fully developed
region. The conservation of mass deals with u, Uo, initial nozzle area (Ao), entrainment
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Figure 2.4: Jet Control Area (adapted from Blevins, 1984)
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velocity (ve), and area of the control surface (Ag):

UoAo + VeAs =A u dA (2.33).

Chemical concentration C and C,, are included in the species conservation:

CoUoAo = '{ cu dA (2.34).

It is obvious that entrainment must exist in order to achieve the validity between those
two equations. Conservation of momentum in the jet is the last condition that must be

fulfilled:

Ug2A, =1u2 dA (2.35).

As the jet moves along its path, it brings or entrains the surrounding water into
the jet. The flow increases due to the transfer of the momentum outwards the jet, while
the velocity and the concentration decrease as there is more dilution in the jet. More

specific forms of the equations are presented in the following sections.

2.3.2 Circular Submerged Turbulent Jet

The flow development region of a circular submerged turbulent jet can be
described using a coordinate system of r (radial distance from center line) and x (axial
distance from nozzle). Theoretically, a jet always starts to propagate from a certain
location behind the nozzle. Yet, for convenience, it can be assumed to occur right at the

nozzle itself (Rajaratnam 1983 and 1986). See Figure 2.5 for a complete description.
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flow devclopment region : fully developed mgtN

Figure 2.5: Circular Submerged Turbulent Jet (adapted from Rajaratnam,

1983)
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The velocity distribution profile in the fully developed region can be determined
as follows. The maximum axial velocity (um), which occurs at the center line, decreases
continuously with the increase of x. Axial velocity (u) at any point at a radial
distance r from the center line can be generated using these following equations. It is
acceptable to simplify the relevant Reynold equations using axisymmetry and the slender

flow condition (Rajaratnam, 1976):

u§£+v@ =L§II .and (2.36)

(2.37)

where 1 is the total shear at any point in the axial direction, and v is the radial velocity.

In the case of turbulent jets, T will be the same as the turbulent shear. Equation 2.37

represents continuity of the system.
Conservation of the axial momentum flux from Equation 2.35 can be developed

in a more specific form by multiplying Equation 2.36 with pr and then integrating it with

respect to r from 1 = 0 to +oo:

~+ 00
d
i 0[2npru2 dr=0 (2.38)

where p is the fluid density. Initial axial momentum flux at the nozzle (My) is given by:

o 2 TEdoz 2
Mo =J27tpru dr = T on (2-39)-
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Using the entrainment hypothesis, it is obvious that the flow (Q) always
increases along the jet path as it entrains the surrounding fluid. This can be expressed as

(Rajaratmam 1983 and 1986):

b
Q = Jznpru dr (2.40)
Ve = Qe Up ,and (2.41)
d b

where v, is the entrainment velocity, b is the the value of r when u = 0, and o is the
entrainment coefficient. Equation 2.42 is basically the continuity equaticn in view of the
entrainment hypothesis.

According to the reference, u/un is correlated well with 7} = r/b, where b is the
value of r when u = 0.5 upy,. The axial velocity distribution profile has been proven

experimentally to follow a Gaussian normal distribution curve. Several assumptions

should be made:
ngm’ = f1(n) = exp [-0.693 ()?] (2.43)
um  =kpxP (2.44)
b =kz x4 (2.45)
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o Fikik?0 =Bkl (2.46)

kikz =4 /ﬁ% 2.47)
1

where B = b/b, parameters k) and k; are the x independent coefficients, p and q are the
unknown exponents, and F) is an integral constant. Equation 2.46 is a development of
Equation 2.42 considering those velocity parameters. Equation 2.47 cormrelates the initial
momentum with those velocity parameters. Using the integral momentum and continuity
equation, it is possible to calculate the exponents, g =1 and p =-1. It is obvious that
um = f(1/x) and b = f(x), see Rajaratnam (1983 and 1986).

The chemical concentration distribution profile in the fully developed region also
has a Gaussian normal distribution type of curve. The maximum chemical concentration
(¢m), which occurs in the center line, decreases continuously with the increase of x.

Chemical conservation equations can be developed as follow (Rajaratnam,1976):

&¢ & 18 &

ZavX 124X 2.48
. x+v8r l'f’rr(”sréir) ( )
g+
ax Jucr dr=0 (2.49)

where ¢ is the chemical concentration at any point, and & is the eddy diffusivity for
chemical wransport. Chemical flux at the nozzle (P,) can be developed using a similar

approach as that used in developing the initial momentum:
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+oo
nd?
Po= J2mdr uc="3-UoCo (2.50).

Experimental observations show that c/cy, is correlated well with n = r/b even

though it has different coefficients than that of wim:

LY = €r (1) = I
em = fa (n) = exp[-0.693 (kb)2 ] (2.51)
cm  =k3xs (2.52)
P 1
k = 2.53
3 21 Fakik2? (253)

where k, k3, s, F2 are constants. Equation 2.53 correlates the initial chemical flux with
those chemical concentration parame’ers. Using the same method to solve the
exponential parameters, it can be shown that s = -1, so that cm = f(1/x), see Rajaratnam
(1983 and 1986).

The unknown parameters B, k, ki, k2, F1, and F2 need to be determined.
Rajaratnam (1983 and 1986) suggest values of k = 1.17, k2 = 0.097, B=25and o¢
= 0.028 which yield constant F; = 0.361, F = 0.417, and k; = dUy/0.164. The new

equations are:

L Iy

U =exp [-74 (x) | (2.54)
Um _ 6.1d )
Us = ———QX (2.55)
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(o T

c =exp[-54 (;)2 ] (2.56)
‘m _53dg
Co === 2.57).

Slightly different results are suggested by Chen and Rodi (1980), k2 = 0.086
(confirmed by Blevins, 1984 and Ramaprian and Chandrasekhara, 1985). Those
equations change slightly in the exponential constants, -94 for the velocity profile and -
57 for the chemical concentration profile (Equations 2.54 and 2.56). Parameters for
maximum values are slightly different as well, 6.0 for the maximum velocity and 5.0 for
the maximum chemical concentration (Equations 2.55 and 2.57). Many equations can be
derived based on the empirical parameters, still the velocity and chemical concentration
profiles will not change as they are obtained from mathematical solutions.

Angles that form the shear layer of a jet development region can be seen in

Figure 2.6. Rajaratnam (1976) derived several equations to describe the boundary of the

shear layer as follow:

oo == (2.58)

where 1y is the inner radius of the shear layer. Combining those equations with Equation

2.36 gives:

s @R Ds 2R2-11 =0 (2.59)
o '0 [o)

To
where F3 and F4 are constants which approximately equal 0.31 and 0.07, respectively.
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Figure 2.6: Shear Layer (adapted from Rajaratnam, 1976)
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Using experimental observations (Rajaratnam, 1976), several new equations can be

generated as written below:

1-009s5-0097% (2.60)

To To

b X

= =0.10+0.111 3~ (2.61)
() To

2 _107+0158% (2.62)
To To

where r5 is the outer radius of the shear layer. Length of the potential core is about 9 1o
(see Equation 2.62). According to the experiments, a; (inner angle of the shear layer) is

about 5.7°, while a; (the outer angle) is about 9° (Rajaratnam, 1976).

Another approach is given by Mih (1983):

N o=y (2.63)

un e () (2.64)

%g;(rvﬂg;l =0 (2.65)
v _ka 2 2

T { exp(-n2) [0.5+72]-0.5) (2.66)

where Equation 2.64 is another approach to the Gaussian curve. Equation 2.65 is
basically the continuity equation by taking account of the mean radial velocity (v).

Assuming that v = 0 at the edge of the outer layer and k4 (an experimental parameter) =
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0.103, it is found th §=auima1=av.

2.3.4 Circular Surface Turbulent Jet

A circular surface jet occurs when the nozzle is located at the surface of the fluid,
therefore the jet propagates along the fluid surface. It is important to figure out the
behavior of this type of jet as the field testing in this study was related to reservoirs with
inlet pipes at the water surface. The flow development region can be developed using a
three ordinate system, x (axial distance from the nozzle), y (vertical distance from the
center line), and z (transverse horizontal distance from the center line), see Figure 2.7.

The continuity and Reynold equations are similar to those presented earlier (Rajaratnam

1988):
du ¥ dw_, (2.67)
ox &8y &z
Ju,Bu Bu 8 8 ) (2.68)
5x dy oz Sy oz

where u, v, and w are the velocities at the axial (x), vertical (y), and perpendicular (z)
directions. Under the overbar signs are the time dependent variables of the velocity. By

integrating Equation 2.68 from y and z = 0 to +ee, two new equations can be generated:

400400
d 2 _
i J ({ ruZdydz =0 ,and (2.69)
+ 00 400 2
J Jnﬂmdz=mo=§l%rl (2.70)
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where M, is the initial momentum flux at the nozzle. As shown by Rajaratnam and Pani

(1974), analyses for velocity profiles give:

SR @.71)
o =) @.72)
u  =umfafs 2.73)
Um =kg xP (2.74)
by  =kexd (2.75)
b, =k (2.76)

where ug is the surface velocity at X-Z plane, while by and b, are the values of y and z
when u = 0.5 ug and when u; = 0.5 up, respectively. Parameters p, qy, and qz are
exponents, while ks, ke, and k7 are the experimental parameters. The entrainment
concept is described as:

Vey = -Oey Um f4(My) (2.77)

Vez = -O¢z Um fs(M2) (2.78)
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d +oot-oo +o0 400
dx J J udydz= J'Vey dy +J-Vez dz (2.79)

where Vey, Ves, Gey. and Qe are the entrainment anc coefficient velocities for the y and z
directions, respectively. Using the same method for a circular submerged turbulent jet,
the exponential parameters can be found to be qy = qz = 1, and p = -1. Rajaramam
(1985) mentions that in the case of circular surface turbulent jets, velocity profiles in the

X-Y plane and in the X-Z plane follow Gaussian normal curves similar to the circular

submerged turbulent jet:
u o _ = . Y 2
o fa(my) =exp | 0‘693(by) ] (2.80)
s _ - ; Zy2
o = fs(Mz) = exp [ 0‘693(bl) ] (2.81).

Rajaratnam and Humphries (1984) found fcr the circular surface turbulent jet, that by =

0.044x and b, = 0.09x. So that the new equations are:

:_S = exp [-358(2)2) (2.82)
u YA
ok = exp [-86 (12 (2.83)

where ug is the axial velocity in the X-Z plane. Rajaratnam (1985 and 1988) show the

correlation between u, and U, as follows:

c
=

=9-x£Q (2.84).

c
)
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It was also showed that us sometimes occurred at some distance under the surface. Yet,
it is acceptable to assume that ug occurs exactly at the surface, so that the Gaussian curve
types (Equations 2.80 and 2.81) are still valid (Rajaratnam and Humpbhries, 1984 and
Rajaratnam, 1985).

Basically, similar equations can be developed for the chemical concentration

distribution:

& & & 186 & 196 &¢

AVt W ms - (y By o (2Er o 8
Vax Yoy T Va Yoy U ey 2a 5 (283)
gt

ax J qu dydz=0 (2.86)
tookeo nd2

J ({CU dy dz = PO=TUO Co (2.87)

Rajaratnam (1985) also shows that concentration profiles both for X-Y and X-Z planes
follow the Gaussian normal distribution curves as have been mentioned above
(Equations 2.78 and 2.79), but the values for by and b, are different. Several
experiments have been conducted considering the Richardson number (R;)

( consumption of energy by buoyant convection
“consumption of energy by turbulent shear flow

). However, as the density

difference is neglected, the Richardson number becomes very small or = 0. Rajaratnam
(1985) mentions that by = 0.044, while b, = 0.57 R; 1/8 for R; = 0.00003 to 0.0031.
For the smallest value (0.00003), b, equals 0.16. So that, the new equations are:

L. Y
c. = €XP [-358(x)2] (2.88)



S =exp 277 (2.89)

where c; is the chemical concentration at X-Z plane. While the maximum concentration

that occurs at the surface can be found using Jen et al data (1966):

.
- —f& (2.90).

During the same experiment, the shear layer for z (X-Z plane) and y (X-Y plane)

directions were obtained by them as well: about 13° and 20°, respectively. Tamai et al

(1969) confirm those data.

2.3.5 Application to CT Concept

The use of jet hydraulics to analyze tracer test results is balanced by the desire to
incorporate a more physically based model which fits the observed results better than
existing empirical models. As will be discussed later, it was not until the tests were
completed that it was found that for the two reservoirs, the tracer appeared at the outlet
almost immediately after its addition. This indicated that momentum from the jet at the
inlet might cause this phenomena. However, unlike most hydraulic studies of jets, no
velocity nor concentration profiles in the jet were taken due to the closed nature of the
reservoirs. As a result, the obtained data are somewhat a “black box™ in nature with only
the inlet and outlet measurements. The primary goal of this analysis was to determine if
the inlet jet could be responsible ior the very fast transport of the tracer through the
reservoir. If this was found to be the case, results could be used to determine the t;q

values at other flow rates and plant modifications to improve the residence time
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distribution. The complexity of the jet analysis was therefore tempered by the lack of
measurements to define the jet. Therefore, the overall purpose of this study is to
determine the residence time distribution using the jet model, not to do the detailed jet
hydraulic analysis.

Theoretically, the circular surface turbulent jet is the most appropriate model to
use. Unfortunately, there are several difficulties in analyzing the total flux using this
model. Parameters by and b, for the axial velocity are obtained for X-Y and X-Z planes,
therefore the use of Equation 2.73 to work out the axial velocity at any point may be a
mistake. Even after each velocity and chemical concentration has been found out, the
total flux will be very difficult to analyze since the axial velocity and chemical
concentration profiles will not be symmetrical. It causes disparate velocity and chemical
concentration at any point in the jet. A much more complex model would be required
which is beyond the scope of study.

The F (C/Co vs. t) curve can be developed using the chemical species (total flux)
conservation as shown in Equation 2.34. Basically, the flow development area formed
by the jet can be divided into many small elements. Each element has a concentration and
a velocity. At a certain distance (outlet point), it is assumed that there is an imaginary
plane. Every element that hits the plane is assumed to be removed to the outlet point
directly. Total flux (total velocity times area times chemical concentration) should be the
same as that at the initial point as the chemical is conservative. As a relative
concentration is used where at the steady state condition C/C, = 1, total flux at the outlet
point should be the same as the initial flow (velocity times area). The C/Cg vs. time
curve can be developed by dividing each total flux at any time by the initial flow.

For this study, reservoirs no.2 and 3 were analyzed using the jet model (see
Chapter 6.0), and it was found that the existing jet models discussed earlier seemed to fit
the observed data adequately. Reservoir no.1 was not analyzed using this model as there
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is a baffle in front of the inlet point. During the tests, water surface for reservoirs no.2
and 3 covered some parts of the pipe inlets. An imaginary diameter can be used by
assuming the equivalent diameter for the same cross section area of water in the pipe.
Rajaramam and Pani (1974) conaucted experiments using several types of nozzles
(square, triangle, circular, and elliptic) to analyze the three dimensional turbulent wall
jet, and stated that the surface turbulent jet should behave similarly. By maintaining the
initial velocity (Uop) constant, it was found that velocity profiles along the jets were
roughly the same. Knowing that U, is basically based on the area of the nozzle
(assuming that the flow is constant), it is acceptable to assume that for the same nozzle
area, the shape will not affect the initial velocity behavior. The imaginary diameter was
calculated for each test since the water level changed for each test.

In order to do the analysis, it is assumed that the maximum velocity and
concentration profiles follow the circular surface turbulent jet (Equations 2.84 and
2.90), but the velocity and chemical concentration profiles under the water surface
follow the circular submerged condition (Equations 2.54 and 2.56). As the amount of
flux should be constant, it is acceptable to "flip" the top part of the jet to below the water
surface forming a half - circular shape (Metcalf and Eddy, 1991). Note: in the real
mathematical hydraulic problem, even the momentum flux is not constant since the
ambient pressure is not constant either (Kotsovinos and Angelidis, 1991). The half -
circular shape can be used to calculate the total flux. Angles of 0° to 10° from the center
line of the jet with 1° increment were used. It was found that up to 10°, the total flux
already reached a value of almost 100%. The velocity and chemical concentration
profiles have symmetrical shapes. The average is made for the velocity and chemical
concentration with the adjacent layers (say between 2° layer and 1° layer). The area of
the half - circular layer can be obtained easily = 0.5 7t (r; - )2, where ry and r; are the
radius of the adjacent layers (see Figure 2.8).
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This simplification cannot be applied to figure out a particular velocity or
chemical concentration at any point in the jet. Although the analysis is not ideal, it still
should be valid for the total flux since basically the same total flux will travel, no matter
what the velocity or chemical concentration profile 's. The analysis is supposed to be
able to indicate whether the momentum effect from the inlet was responsible for the
rapid travel of the tracer through the reservoir.

More studies about jet theories in shallow or confined water surfaces have been
done by Johnston and Halliwell (1986), Sobey et al (1989), Johnston (1990), and
Johnston and Volker (1993). Basically, they classify two types of jets travelling in
shallow waters: bed and surface jets. The difference between the two is that the jet
mainstream flows in the bottom part and in the top part of the water, respectively. The
center line velocity decrease for the bed jet seems to be large compared to the free jet,
while the surface jet's decrease is less. However, the investigations are only in
preliminary stages. Exact parameters have not been identified yet, especially for the

chemical concentration.

2.3.6 Simplified Jet Model
Further simplification of the jet model provides another useful tool for analysis.
This assumes that the n.aximum axial velocity contributes the most effect to predict the

t10. There is a constant (C,) that is applicable for a particular distance (1). The change in

the axial velocity is given by:

_ dx _UgCid
du = G=—00 (2.91)

set: x = 1 (length of the system) and t = tjg, the integration yields:
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.
o =4,U, C

(2.92).
As will be shown later in Chapter 6.0, C; was found to be relatively constant. This
simplified form is very useful to make a rough guess of the t;o even before the test has
been undertaken. Time intervals of the sampling can be arranged to be very small near
the important point (the predicted tio) but rather long for other points. This relation can

also be used to predict the t) at different flow rates.

2.4 tjo Values for Different Flow Rates

After a particular t}o value has been found using either the residence time
distribution methods (the E and F curves) or the jet method, the next problem isto
interpret different t10 values from different flow rates without conducting further tracer
tests. The Guidance Manual (1989) suggests conducting at least four tracer tests for each
system using four flow conditions, one near, two greater, and one below the average
flow. The highest one should be at least 91% of the peak flow. Correlation between the
t1o values and the flow rates should form a curve. Still, only one test at the flow at least
91% of the peak flow is accepted due to practical limitations (Guidance Manual, 1989).

Other ;¢ values for different flow rates can be predicted using this ratio:

toe  _ Qa 293

tiod Q (2.93)
where:

t10t = t19 obtained from tracer study (min.)

tiod = t10 at desired flow (min.)
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Q = flow at tracer study (ML/min.)

Qi = desired flow (ML/min.).

As has been mentioned above, correlation between the tjo and Q values is not linear. Yu
et al (1990) show that the correlation can be exponential as follows:

110 =a QP (2.94)
where a and P are regression coefficients. It can be concluded that Equation 2.93 will
give very conservative results. This seems to agree with another statement mentioned in
the Guidance Manual (1989) that the extrapolations are allowed in lower parts of the
four points given (see Figure 2.9). A slightly different approach is given by Hart and
Gupta (1978) as they tried to correlate the tsg/ Tq and ta/Tg with the Q (flow) as a linear
function with o and P as linear regression coefficients:

t t
-,%3 or ﬁ =(1Q+B (2.95).
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Figure 2.9: tjo Values vs. Flow Rates (adapted from the Guidance
Manual, 1989)
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3.0 CASE STUDY

3.1 Treatment Plant Operation

The E. L. Smith Water Treatment Plant is located on the upstream edge of the
City of Edmonton, Alberta. It was built in 1976 with a capacity of 180 - 220 ML/d.
Expansion of the plant is currently planned to achieve a capacity of 360 ML/d. The
plant, shown in Figure 3.1, uses the following processes: alum coagulation,
clarification, chlorine dioxide disinfection, fluoridation, partial softening with lime and
recarbonation, rapid sand filtration, and chloramine disinfection to provide a residual.

Under normal operating conditions, the plant is operated in a split flow
configuration. Raw water enters the plant from the North Saskatchewan River through
low lift pumps. Flow rate is measured using a venturi device meter. The water is dosed
with alum and ammonia and then split between the first two clarifiers (C1 and C2)
where flocculation and clarification occurs. The effluent from both clarifiers is contacted
with the primary disinfectant, chlorine dioxide, prior to its entering the third clarifier
(C3) where lime softening takes place. Effluent from C3 is dosed with chlorine which
reacts with previously added ammonia to form chloramines. The water is then sent to the
recarbonation chamber for pH adjustment and then distributed to the filters. The filtered
water is distributed to three on - site reservoirs. High lift pumps send the final water to
the distribution system.

The treatment plant operates under a licence from the province of Alberta. This
license requires the plant to stay within the Guidelines for Canadian Drinking Water
Quality and sets out some additional water quality requirements that should be fulfilled.
The treated water quality values including the plant operating ranges can be seen in Table
3.1 (Simpson, 1989).
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Figure 3.1: E. L. Smith Water Treatment Plant Layout (adapted from
Stanley et al, 1993)
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Table 3.1: Treated Water Quality Values (adapted from Simpson, 1989)

Turbidity < 0.5 NTU S 1.ONTU S 1.0NTU
Color <2 TCU <STCU <15TCU
pH 80to 84 6.5t08.S5 6.5t08.5
Combined Cl Residual ! 1.81022mg/L 18t1024mg/. 218mglL
Fluoride 09tol.Imgl. 08to1.2mg/. 08t 1.2mg/lL
Total CIO; Oxidants 2 02t004mgL 02t005mg/l. <05mg/lL
THMs < 0.005 mg/L <0.01 mg/L <0.35 mg/L
Total Coliform < 1/100 mL < 1/100 mL < 10/100 mL
Fecal Coliform 0 0 0
Aggressiveness Index 2115 2115 e

Total Hardness 3 110 t0120 105w125 -
Volatile Organics 0t00.005mg/lL. 0t0o 0.0l mg/L  ------

UV Absorbances 4 0to 5mg/L Qwl0mg/l  ------

1) mostly monochloramine
2) mostly chlorite

3) in mg CaCO3 /L

4) as humic acid equivalents



3.2 Previous Study

The Process Development Team undertook tracer studies for the E. L. Smith and
Rossdale Water Treatment Plants in 1989 - 1990. The objective of the study was to
investigate the compliance of the systems to the SWTR /CT concept. These studies
showed that both treatment plants were likely to meet the overall inactivation of Giardia
cysts and viruses in summer conditions but not in winter conditions.

In the case of the E. L. Smith Water Treatment Plant, sodium chloride and
fluoride were used as the tracers. However, the tests were relatively limited since not all
of the E or F curves reached the steady or balance conditions (shorter sampling times)
and less sampling points were taken. Only the effluent points were monitored.
Therefore, in the case of reservoir test, only the combined result was obtained, not for
the single process. Chlorine dioxide was collected from clarifier no. 3 effluent to get the
CT value for the clarifier, while chloramine was monitored in the combined reservoir

effluent to obtain the CT value for the reservoirs (Process Development Team, 1991).

3.3 Research Objectives

Based on the Process Development Team results, it was recommended that
additional tests be conducted to improve the accuracy of the results. Since their tests
assessed the overall performance of the plant, but not individual componznts, it was
almost impossible to determine what components should be modified to most efficiently
improve the overall contact time of the plant. Finally, the City of Edmonton also wanted
to assess the effect of plant expansion on disinfection contact time.

With the above points in mind, research objectives of this study are as listed
below:

1) develop accurate residence time distributions for components of the E. L.. Smith
Water Treatment Plant,
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2) determine the residence time distribution for each component to prioritize possible
modifications, and
3) develop models that are capable of predicting the residence time distribution in

view of plant expansion.

57



4.0 METHODS AND MATERIAL

4.1 Tracer Input

Step and slug inputs are the most common methods of injecting the tracer to the
system. They have been used as early as the 19th century. The step input, known as the
“Lawrence continuous method", was introduced for the first time in 1890, while
Clifford suggested the addition of a momentary high dose of tracer in 1905 (Taras,
1956). Theoreticaily, both of them give the same results with the same accuracy. Still, in
a practical situation, a decision should be made to choose the most appropriate method.

The slug input has two advantages, relatively shorter time is spent and relatively
small amount of tracer is used in the test. It can lower the cost and health concems.
Unfortunately, the slug input has a number of disadvantages both during the test and the
data analysis. The tracer should be added as fast as possible. As has been mentioned in
the previous chapter, it should be added in a period less than Ty/S0 (Thirumurthi, 1969).
While Joost et al (1991) suggest to add the tracer in less than one minute. In the case of
sodium chloride, when a very high salt concentration is needed, a very intensive mixing
is required. Otherwise the high density salt solution will diffuse slowly in the water, or
will settle to the bottom of the system (Taras, 1956). Hudson (1975) found that during
his tests, the slug input never gave good tracer recoveries. There are many problems
found in the data analyses as well. More mathematical manipulations are needed,
including normalization of the E curve using Equation 2.4 and a material balance check
using Equation 2.5.

The step input has a primary benefit that there is no mathematical manipulation
required. As t, cannot be obtained directly from the F curve (it should be transposed
back to the E curve using Equation 2.12), usually Tq is used to avoid the manipulation.
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One disadvantage of the step input is that the tracer should be added over a relatively
long period of time. As has been mentioned in the previous chapter, at least 2 or 3 times
T4 (Hudson, 1975). As a consequence, it needs feed equipment that is capable of
distributing the tracer continuously in a constant flow for hours or even days. Concems
like cost and health are not significant as many inexpensive and safe chemical
compounds are available. Overall, the step input is considered to be better than the slug

input, and it is therefore recommended by the Guidance Manual (1989).

4.2 Tracer Compound

Many chemical compounds have been tried as tracers. However, fluoride,
Rhodamine WT®, and sodium chloride seem to be the most popular ones. The
Guidance Manual (1989) and Joost et al (1991) give some explanations about selecting
chemica! compounds. Basically it has to follow certain criteria, including:

1) readily available and inexpensive,

2) conservative or stable, not removed nor consumed in the water process,

3) easily analyzed, and

4) acceptable to use in potable water supplies. Dyes or radio active compounds that
may be harmful for health are not recommended, for example: Rhodamine B.

Fluoride is a very popular choice. However, it is a relatively hazardous material
in its most commonly used form, H3SiFg (hydrofluosilicic acid). Gloves and face
shields are required to handle it. The use of fluoride can be very convenient if the
treatment plant has already added it for health reasons. A relatively easy analysis can be
done using a specific ion probe for fluoride. As the maximum contaminant level (MCL)
for this chemical compound is only 4 mg/L, some water with relatively high fluoride
concentration will prevent the use it. One disadvantage of using fluoride is its difficulty
to monitor at concentrations less than 0.05 mg/L (Dunn et al, 1991). However,
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VandeVenter et al (1991) who used an Orion model 1809 on - line fluoride analyzer
were able to measure the fluoride concentration in the range of 0.01 to 100 mg/L directly
on site. However, the reaction of fluoride with alum is a concemn which limits the use of
this chemical compound (Hudson, 1975 and Teefy and Singer, 1990).

Rhodamine WT® is one type of fluorescent dye which is commonly used as a
tracer. The MCL in drinking water is 0.1 pg/1.. Only a small concentration is needed as
there is not any fluorescence background in most source water. A fluorometer can be
used to measure the concentration accurately and rapidly. Hart (1975) considers it as a
good tracer, since it is detectable at low concentration (0.01 ppb) using a Turmner Model
III Fluorometer, turbidity has very little effect on the fluorosence response, and it is very
stable especially in the pH range of S to 10. However, Rhodamine WT® reacts with free
chlorine which may prevent the use of this type of tracer.

Sodium chloride is probably the best type of tracer to use. As a common salt
(NaCl), it is available in very high concentrations at a relatively low cost. It is very
conservative, easy to use (it freezes below -20° C) and measure, and not generally
considered toxic (the Merck Index, 1989). Probably the only problem is that sodium
chloride is a very common chemical compound found in natural water. A very high
background concentration may prevent the use of it. The MCL in receiving water is 250
mg/L, however Alberta Environmental Protection stipulates a maximum concentration of
only 20 mg/L.

Another type of chloride salt like lithium chloride is mentioned by Joost et al
(1991) as an expensive chemical compound which is slightly difficult to analyze, while
Leland et al (1990) tried to use calcium chloride in their experiments. Kennedy et al
(1993) do not recommend the use of chlorine as it reacts with other chemical compounds
in water. Qualls and Johnson (1983) explain the formulae for chlorine decay due to
fulvic acids. Similar to fluoride, chlorine can be somewhat convenient to use if it is
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already added to the system as disinfectant. However, unlike fluoride, direct
measurement of chlorine is necessary to avoid its decay rate (Kennedy et al, 1990).
Other types of tracer have been used as well, however they do not seem suitable
to apply in drinking water studies due to health concems. Biological tracer like coliform
bacteria is one idea. A study conducted by Polpraset and Bhattarai (1985) shows that
coliform decay in the system can be well correlated with the dispersion index.
Agunwamba (1992) used coliform bacteria to measure the dispersion number in a waste
stabilization pond. Bromide has been tried as well by Hagerman et al (1989), while
Sawyer and King (1969) and Mitha and Mohsen (1990) used methylene blue dye to

analyze the hydraulic performance of small - scale pilot tanks.

4.3 Measurement Method

Standard Methods (1992) gives three methods to measure sodium ions in
samples. The atomic absorption spectrometric method basically measures the amount of
light absorbed. The light is directed to the flame, into a monochromator, and then
measured by a detector. The flame emission photometer method uses a similar concept,
but the sample is aspirated and atomized, and then the amount of light emitted is
measured directly. The trace of sodium can be determined at a wave length of 589 nm.
The third choice is the ICP emission spectroscopy method. It utilizes of a flowing
stream of argon gas that is ionized by an applied radio frequency field. The sample is
injected into the ICP and dissociates into atoms due to the high temperature. The light
wave length emitted from the ICP is examined by a spectrometer. Complete descriptions
for those three methods can be found in the Standard Methods for the Examination of
Water and Wastewater (1992).

Among these three methods, the flame emission photometer method seems to be
the most suitable one. It is easy, inexpensive, and fast to analyze. It needs less chemical
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preparation and gives good results. Interference from other ions is probably the main
concem. However, in the case of tracer studies for water treatment piants, this concem

is not significant as the water analyzed is generally in an excellent quality.

4.4 Tracer Recovery

In the case of conservative tracer compounds, 100% tracer recovery should be
obtained for every single test. However, problems are encountered in real situations that
may affect the recovery, such as losing some amount of tracer in the system or
imperfection of the modeling. The Guidance Manual (1989) suggests that at least 90%
tracer recovery should be obtained in each test. Basically, the recovery can be found
using this equation:

% Recovery = -C_BvaTQC—[E (4.1)

where:
Cs = final concentration at steady state, including background (mg/l.)
C; = tracer concentration (mg/L)
Cp = background concentraiion (mg/L)
qu = tracer flow (L/min.)

Q = water flow (L/min.).
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5.0 TEST PROCEDURES AND RESULTS

5.1 Test Procedures

The samples were taken at the treatment pl-at for filters nos. 1 to 6, clarifier no.
2, and all of the three reservoirs. In total, there were ten tests conducted from February
16, 1993 until June 30, 1993 for different periods of time (3 to 52 hours) and in
different types of flow (141 to 230 ML/d or 64% to 105% of the peak flow). The tracer
recoveries ranged from 84% to 107% (see Tables 5.1 and 5.2).

Food grade sodium chloride (NaCl) in a saturated solution (131,000 mg/L) was
added to the system in a step input. Since the background concentration was about 4
mg/L, the tracer feed was set to add about 15 mg/L of brine in order not to violate the 20
mg/L. maximum concentration of salt in the receiving water. A constant head tank was
used to maintain *the continuity and stability of the tracer flow during the tests. The brine
was pumped from a 60,000 L outdoor storage tank to a 2,500 L indoor storage tank.
The brine then was circulated to the constant head tank using another pump before being
added to the inductor. Since the brine flow was only in the range of about 0.2 10 0.3
L/s, potable water was needed to flush it into the: system (see Figure 5.1).

More than 2,700 samples were taken in several locations. In the case of filter test
no. 1, six inlet sampling points were chosen right in the beginning of the filters nos. 1 to
6, six cutlet sampling points were located at the end of the six filters before the
clearwell, and one sampling was taken in the end of the clearweil. The same sampling
points were taken during test no. 2, but the inlet points were not taken as the previous
test indicated that the flow was evenly distributed to each filter. Test no. 3 was
conducted in clarifier no. 2. Two sampling points were located at the top and bottom of
the draft tube, four sampling points at the top parts of the clarifier, one pointin the
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TEST #
Location
Date
Sampling Time
Flow (ML/d)

SAMPLE
Filter 1 Inlet
Filter 2 Inlet
Filter 3 Inlet
Filter 4 inlet
Fitter S Inlet
Fitter 6 Inlet
Filter 1 Outlet
Filter 2 Outlet
Filter 3 Outlet
Fiter 4 Outlet
Fitter 5 Outlet
Filter 6 Outlet
End of Clearwells
Tracer
Tota!

TEST #
Location
Date
Sampling Time
Flow (MUd)
SAMPLE
Effluent
Bottom Clarifier 1
Bottom Clarifier 2
Manhole
Point 1
Point 2
Point 3
Point 4
Tracer
Total

Table §.1: Samples Taken

1
Filters+Clearwell
16-Feb-93
03:05:00

3
Clarifier 2
05-Mar-93
03:04:00

180
NUMEER

TEST #
Locstion
Date
Sampling Time
Flow (MU/d)
SAMPLE
Filter 1 Outiet
Fifter 2 Outiet
Fifter 3 Outlet
Filter 4 Outiet
Filter 5 Outlet
Fiter 6 Outiet
End of Clearweils
Tracer
Total

TEST #
Location
Date
Sampling Time
Fiow (MU/d)
SAMPLE

Inlet
Outlet
Backround
Tracer
Tota!

2
Fiters+Clesrwell
24-Fob-93
03.06:30

4
Reservoir 1
24-Mar-93

12:35:00
160
NUMBER
49
78

6
4



TEST#
Location
Date
Sampling Time
Flow (ML/d)

SAMPLE
Inlet
Outlet
Backround
Tracer
Total

TEST #
Location
Date
Sampling Time
Flow (MUL/d)

SAMPLE
inlet
Outlet
Backround
Tracer
Total

TEST #
Location
Date
Sampling Time
Flow (ML/d)

SAMPLE
Inlet
Outlet
Backround
Tracer
Total

GRAND TOTAL=

[
Reservoir 2
06-Apr-83

15:00:00
167
NUMBER

85
90
13
7
7

Reservoir 3
28-Apr-93
14:00.00
179

NUMBER

52

84

14

7

9
Reservoir 3
25-Jun-93

09:30:00

(cont’d)

TEST #

Location
Date
Sampling Time
Flow (ML/d)

SAMPLE
Inlet
Outiet
Backround
Tracer
Total

TEST #
Location
Date
Sampling Time
Flow (ML/d)
SAMPLE
inlet
Outiet
Backround
Tracer
Total

TEST #
Location
Date
Sampling Time
Flow (ML/d)
SAMPLE
Inlet 1
Inlet 2
Outlet 1
Outlet 2
Outlet 3
Convergence
Background
Tracer
Total

65

Reservoir 1

10
Reservoir 1,2,3

30-Jun-93 until 02-Jul-93

§2:25:00
170



Table §.2: Test Data

Location Water Water Wster Na Na  Tracer! Tracer?
Volume Backgr Fiwal Flow Recovery

Filters+Clearwell 180 - 3642 372 14.58 0.27 88 29
Filters+Clearwell 140 - 3642 262 12.48 0.19 84 37
Clarifier No. 2 180 - 10700 3.59 09.61 0.14 107 86
Reservoir No.1 180 4.1 37140 4.04 12.68 0.22 94 297
Reservoir No.1 230 39 35120 3.08 13.57 0.32 86 220
Reservoir No.2 141 3.6 28570 392 14.08 0.19 94 292
Reservoir No.2 167 4.0 32050 487 12.48 0.18 102 276
Reservoir No.3 179 3.6 35178 439 12.07 0.19 100 283
Reservoir No.3 198 4.4 43762 347 13.31 0.28 86 318
Reservoirs Nos.1,2,3 170 - 106640 4.52 13.88 0.26 84 9263
Reservoir No.1=20% 34 3.9 35120 - - - - -
Reservoir No.2=38% 65 4.0 32050 - - - - -
Reservoir No.3=42% 71 4.0 39470 - - - -

1) Sodium chloride (NaCl) in a step input was used for all tests.

2) Brine concentration = 131,000 mg/L. Na.

3) Including 760 m pipe system with diameter = 2.1 m, assuming PFR.
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Head Tank

Y
2,500 L Storage Tank

High Pressurc 1 SUSURSRIRRE Y : _
Potable Water I ‘ = Injector

Figure 5.1: Brine Input System (adapted from Stanley et ai, 1993)
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manhole, and one point at the effluent. For single reservoir tests, (tests nos. 410 9),
only the inlet and outlet of each reservoir were taken. The last test (test no.10) was
conducted for all of those three reservoirs operating in parallel. Two inlet points at
reservoirs nos.1 and 2, three outlet points at all of the reservoirs, and one point at the
convergence point were chosen as the sampling points. Initial samples were taken for all
of the tests, while background samples were taken for tests nos. 4 to 10. Figures 5.2 to
5.4 show the sampling locations for all the tests.

It is important to consider the injection location of the tracer. For all of the ten
tests, the points were located at good locations where immediate mixing would occur to
avoid the slow diffusing of brine in water. In the case of filters and clearwell tests, the
brine was injected at the OG weir at the end of the recarbonation chamber. For the
clarifier test, the injection point was located at the rapid mixing point of the raw water in
the influent line of the clarifier. In the case of reservoir tests, the brine was flushed right
into the clearwell where there is complete mixing (see Figures 5.2 to 5.4). It is possible
to calculate the amount of brine needed for all tests after knowing the duraticn and the
tracer velocity for each test (Tables 5.1 and 5.2). There was about 150,500 L of brine
required for all of the tests.

Although 2 to 5 minute sampling intervals (from when the first traces is
monitored until the steady condition) are recommended by the Guidance Manual ( 1989),
it was found that the most efficient use of samples were to concentrate them near the
expected t1p. As aresult, early in the test, a sample interval of 1 to 5 minutes was used.
After the curve was almost or had already reached the steady state condition (based on
estimation), 10 to 20, or even 60 minute sarnpic intervals were used. The samples were
taken both manually and automatically using three auto - samplers. Large plastic bottles
(250 mL) were used to collect samples in the first test. As the analyses required only a
small amount of water, 20 mL small teflon bottles were used for the other tests.
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Figure 5.2: Sampling Locations for Filters and Clearwell (Tests Nos. 1

and 2)
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Figure 5.3: Sampling Locations for Clarifier No. 2 (Test No. 3)
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Filters and Clearwells Distribution System

* Tracer Injection # Convergence Outlet
Inlet 1 F- E?.O““ﬂ !
%
Outlet 2

Reservoir No. 1

Reservoir No. 2 | Reservoir No. 3

1] 1]
Inlet 2 % Inlet 3
P ]

X = Sampling Locations

=—> =1.5 m diameler inlet pipe
wwe =].5m diameter outlet pipe

Figure 5.4: Sampling Locations for Reservoir (Tests Nos. 4 to 10)
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Analyses were done at the Environmental Engineering and Science Laboratory located at
the University of Alberta using a flame emission photometer according to the Standard
Method 3500-Na D (Standard Methods, 1992).

Several standard solutions of sodium in the range of 0 mg/L to 20 mg/L were
made. The instrument readings were calibrated from the scale of 0 to 100. It is assumed
that the correlation between the readings and the standard concentrations is linear. The

linear regression method was used to determine the linear equation.

§.2 Curve Development and Error Factors

The final tracer concentration, or equal to the initial amount of tracer added (C,),
was chosen from the steady condition of the inlet / influent concentration. All the inlets /
influents reached the steady conditions, but not all the outlets / effluents. Tracer
concentration at the clearweil point from tests nos. 1 and 2 did not reach steady
conditions. The reason is that there was some water coming into the sampling point in
the clearwell from the other filter bank (see Figure 3.1 above). This may explain the
noise at the end of clearwell sampling points (see Figures 5.5 and 5.6). Test no. 9 did
not last long enough to reach the steady condition for the outlet. Probably two more
hours would give a better result. Some judgements should be made when the
background increased for test no. 4. The steady condition for the inlet was assumed to
happen before the noise.

It was assumed that the end peints of the curves became the steady state values,
while the initial values were found from the background samples. The F(t) vs. t curves
were generated using Equat:on 2.9 (see Appendix 1). The theoretical residence time (Tq)
can be determined based on the incoming flow and the system volume using Equation

2.3. All of the F curves can be seen in Figures 5.5 to 5.14.
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The instrurnent reading error was found out by testing 30 times for each Na
standard solution of 0, 5, 10, 15, and 20 mg/L.. The average readings for the samples
were 0.0, 33.1, 58.7, 81.0, and 99.0, respectively. While the standard deviations were
found to be small: 0.00, 0.36, 0.36, 0.43, and 0.43, respectively. It is evident that the
instrument error due te its floating can be neglected (see Appendix 6).

The tracer concentration was found easily by diluting the tracer samples for
1:10,000 in order to set the readings in the range of 0 to 100. The brine was found to be
saturated and constant throughout the tests with the Na concentration equal to 131,000
mg/L.

Tracer recoveries are presented in Table 5.2. As indicated by the table,
recoveries varied from 84% to 107%. The Guidance Manual (1989) recominends a
recovery of at least 90%. Possible sources of errors in the recovery include: sodium
analysis errors, loss of tracer to dead zones, inaccuracy in the plant flow rate and system

volume, and errors in dose of tracer.
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6.0 DISCUSSION

6.1 t;9 and System Performance

Table 6.1 presents the tracer test results. Included in the table are the tjo, t90, Td,
110/Ta, and tgvt1o. From the iable, it can be seen that the values of t1o/Tg vary from
component to component. Time parameters to and tgg can be compared directly with the
T4. In most cases, this following condition must be fulfilled: tjo € Tg S tgo. The table

shows that comparison among those thiee parameters is satisfied for all tests.

6.1.1 Filters and Clearwell Tests

As more than one inlet points were taken during filters and clearwell tests (tests
nos. 1 and 2), the values of tjg and tgg were determined directly from the outlet points.
As a result, the tg and tgg values for those systems also include pipes and channels.
Reasonable results were obtained from the tests, the decreased the flow the increased the
values of t1g and tgo. The Guidance Manual (1989) considers filters as systems with a
high percentage of uniform flow. It is possible to figure out the Tg based on the
incoring flow and the effective water volume. In this case, there are two layers of filter
media, 0.45 m of anthracite and 0.30 m ¢ ~~nd with porosity numbers of 0.58 and 0.44
respectively, yielding a total effective w.. >+ volume for the six filters and the clearwell of
3642 m3 (E. L. Smith Water Treatment Plant, 1993). Ratios of the t1o and Tq4 can be
calculated (0.75 for 180 ML/d and 0.81 for 140 ML/d), that are categorized as
“superior”. Those values are very close to the value of 0.70 mentioned by the Guidance

Manual (1989) for filter performance.
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Table 6.1: Time Parameter Values

Filters + Clearwell 180 3642 91 22 29 0.76 4.1 superior
Filters + Clearwell 140 3642 100 30 37 0.81 3.3 superior
Clarifier No. 2 180 10700 125 25 86 0.29 5.0 poor
Reservoir ..0. 1 180 37140 494 79 297 027 6.3 poor
Reservoir No. 1 230 35120 265 41 220 0.19 6.5 poor

Reservoir No. 2 141 28570 S03 16 292 0.05 31.4 nobaffie
Reservoir No. 2 167 32050 447 08 276 0.03 55.9 nobaffle
Reservoir No. 3 179 35178 394 12 283 0.04 32.8 nobaffle
Reservoir No. 3 198 43762 452 10 318 0.03 45.2 nobaffie
Reservoir No. 1,2,3 170 106640 1260 137 926! 0.15 9.2  poor
Reservoir Split: 20% Reservoir No.1 34 35120 - - - - - -
38% Reservoir No.2 65 32050 - - - - - -

429% Reservoir No.3 71 39470 - - - - - -

1) Including 760 m pipe system with diameter = 2.1 m, assuming PFR.
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6.1.2 Clarifier No. 2 Test

For clarifier no. 2 test (test no. 2), the outlet t1g and tgq are applied as the time
parameters that include pipes and channels. Since there was only one test conducted for
clarifier test, it is not possible to make any comparison for the t19 or tgg. The baffle

parameter was found to be about 0.3 or classified as “poor”.

6.1.3 Individual Reservoir Tests

In the case of individual reservoir tests (tests nos. 4 to 9), the individual value of
t10 for each system can be calculated by taking the difference between the outlet tjo and
the inlet t1o. Higher flow rates result in decreased values the tjg and tgg for each system
with the exception of reservoir no.3 at 198 ML/d. The greater water level (water
volume) in that system might have had a more dominant effect on the time parameters.
The baffle parameters were fourd to be “poor” for reservoir no. 1 (t;0/Tq values range
from about 0.2 to 0.3) and “no baffle” for the other two reservoirs (t10/Tq4 values about
0.0). These values seem logical in consideration of the real physical condition of the
reservoirs where one simple baffle was installed for reservoir no.1 and no baffle at all
was constructed for reservoirs nos. 2 and 3. See Figure 6.1.

An interesting comparison can be made between the length to width (L/W) ratio
vs. t10/T4 results provided by the CHZMHILL (1993) (see Figure 6.2). The figure is
based on numerous data collected from many systems. In the case of reservoir no. 1
with a L/W ratio of about 4, the t;o/Tq values should be in the range of 0.15 to 0.50
which are higher than the test results. For reservoirs no. 2 and 3 with L/W ratio values
about 2.5 to 3, the t;o/T4 values given by Figure 6.2 should be in the range of 0.10 to
0.45 which are also greater than those of the real data. It is evident that those reservoirs
have poor performance in consideration to the L/W ratio.

Several studies have been done to find out the correlation between the shape or
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Figure 6.1: Reservoirs Nos. 1, 2, and 3 Layout
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geometric factor of the system and the degree of mixing. They show that an increase of
L/W of the system results in a decrease of the mixing degree, but the correla*ion is poor.
Other factors like depth to width ratio, outlet characteristics, turbulence, baffle
conditions, and even wind also make differences. In general, a high length to width ratio
system, with a depth to width ratio equals to 1 or less, plus one longitudinal baffle will
be in a good resemblance with a PFR (Marske and Boyle, 1973). Two studies
conducted by Kennedy et al (1991 and 1993) secemed to agree with those results. The
first study found that a shallow system with a large surface area gave a nearly complete
mixing. While the second study concluded that the system geometry has only little effect
on the mixing behavior. The size of the system also makes a difference. The smaller the
size, the more sensitive the dispersion number (Mitha and Mohsen, 1990).

Numerous tracer studies have set art to obtain values of tjo/Tq4, such as Teefy
and Singer (1990), Bishop et al {1990 and 1993), Dunn, et al (1991), Kennedy et al
(1991), Process Development Team (1991), and Yu et al (1991). The Guidance Manual
(1989) has also identified several types of systems to have some correlation with the
baffle parameter. Rectangular and circular basins without baffle, with simple baffles,
and complex baffles are interpreted as poor, average, and superior baffle conditions,
respectively. Bishop et al (1991 and 1993) completed studies to verify those
correlations using small pilot - scale circular and rectangular basins. While Hart (1975)
used perforated baffles in order to avoid solid buildups in the comer areas. In general,
all of those studies seem to agree each other. Still, more intensive hydraulic experiments
beyond tracer studies are necessary to acquire such information about flow pattem in the

system.

6.1.4 Combined Reservoir Test
The 19 and tgg obtained from the combined reservoirs in parallel test (test no.

89



10) were found directly from the outlet F curve, therefore they include all pipes and
channels in the whole system. No comparison of the t;0 and tgo values can be made for
different flow rates, since there was only one test conducted. The baffle parameter was
found to be “poor” with a t)o/Tq ratio of about 0.2.

The Process Development Team conducted a similar test for the combined
reservoirs in parallel including filters. The total tjp was found to be 178 minutes at 160
ML/d, or about 148 minutes excluding the filters. While, the current study found the tjo
equal to 137 minutes at 170 ML/d. Using Equation 4.1, the tip for 160 ML/d can be
predicted to be 146 minutes, with a difference of 6%. A complete investigation of all
systems in the treatment plant using the CT concept will not b discussed as it has been
done in the previous study (Process Development Team, 1991). After knowing the tjo
for each system, the required CT value can be obtained from the standard CT tables. A
more comprehensive discussion can be found in Andrews et al (1992).

Using the convergence point from test no. 10, it is possible to work out the
flow split of the three reservoirs. Reservoirs nos. 1,2, and 3 receive 20, 38, and 42%
of the total flow, respectively (see Appendix 5). It is evident that reservoirs nos. 2and3
contribute the most impact on contact time in the disinfection process. Some

modification, if any, should be prioritized for those two reservoirs.

6.2 Residence Time Distribution Analyses

The Morril’s Index and baffle parameter, CMRs - in - series model, Wolf -
Resnick model, Rebhun - Argaman model are the most common models used to analyze
the residence time distribution performance. The dispersion model suggested by
Thirumurthi and Levenspiel will not be covered as it deals with the E curve (the slug
input). The jet model will be used to analyze reservoirs nos. 2 and 3, but not reservoir
no. 1 due to its physical condition that makes it difficult to develop the model.

90



As has been mentioned above, the filters and clearwell, clarifier, and combined
reservoirs are assumed as combined systems. The outlet F curves can be interpreted as
the system residence time distribution. In the case of single reservoir tests, the residence
time distribution curves can be worked out by taking difference of the outlet and inlet

points (see Appendix 1). Summary of the results can be seen in Table 6.2.

6.2.1 Wolf - Resnick Model

This model in its simplified form (Equation 2.26) represents the entire residence
time distribution. As a result, it gives a good estimation to the nature of the F curve.
Parameter P indicates the time shift of the curve, while parameter a gives an estimation
to the curve slope / skewness.

Interesting results can be seen in Table 6.2. From a comparison between tests on
the two filters and the clearwell, it can be seen that for the low flow test (test no. 2 at
140 ML/d), it seems that the flow behaves more like a PFR than that for the high flow
(test no. 1 at 180 ML/d). Note: in the case of PFR, parameter a should equal to 1, while
parameter B should be +oo to form a vertical line right on /T4 =1. A reasonable
explanation can be drawn that there is a smaller momentum effect in the system and the
flow is distributed evenly over the filter media. This can be seen from parameters o and
B; the lower the flow the bigger the B (intercept with x axis) and the bigger the a (slope)
as well. For clarifier and combined reservoir tests, no comparison can be made since
only one type of flow test was undertaken for each system.

Some interesting results were obtained from single reservoir tests (tests nos. 41t0
9). Generally, the higher the flow, the lower the B, and the higher the a, with the
exception of reservoir no.3. It can be explained by assuming that inside the reservoirs
momentum effects are dominant. The higher the flow, the less the P as the water travels
faster and appears earlier at the outlet point, hence the lower the time delay. The faster
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the water travels, the steeper the slope, and the bigger the a. For reservoir no. 3 at 198
ML/d parameter B equals to that at 179 ML/d, but parameter o is smaller. This
aberration can be explained by considering the difference of the water levels for these
two tests. As reservoir no.3 at 198 ML/d has a higher water level than that at 179 ML/d
(4.4 m vs. 3.6 m), it is logical to make a conclusion that the increase in water level
(water volume) is more dominant than the increase of flow that gives rise to the decrease
of a.

Other interesting points are shown in Figures 6.6 to 6.11 for single reservoir
tests. It is clear that the Wolf - Resnick model does not fit the curves obtained from the
tracer studies, especially for the early points which are important in determining the
value of tjp in the CT concept. The most logical explanation is that this model is
basically derived from mass balance of the system. It also appears that the model fits
reservoir no.1, especially at a low flow rate, better than reservoirs nos. 2 and 3.
Reservoir no.1 has only one simple baffle while reservoirs nos. 2 and 3 do not have
ba‘fles at all, the momentum / jet effect seems to be more dominant in the latter
reservoirs as the water flows almost directly from the inlet to the outlet, so that the early
real points from the tests come faster than those from the model.

In the case of filters + clearwell and clarifier tests (Figures 6.3 to 6.5), the model
seems to match the whole curve. The same result also occurs for the combined reservoir
test (Figure 6.12). This means that basically the momentum effect does not dominate
these systems. The fluid does not travel directly from the inlet to the outlet point due to
physical conditions in the case of filter and clarifier tests, and due to the low flow (split
flow) for the combined reservoir test.

Still, although this model does not fit the real data well, it is still valid to compare
the general pattern of one curve with another. For example, if the first curve is steeper

(having a bigger a) than the second curve but has the same time shift (the
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same B), the t}g for the first curve must be less than the second one.

6.2.2 CMRs - in - Series Model

This model does not fit the observed data. Again, the greatest difference occurs
in the early stage of the curves. The jet effects are dominant in the case of single
reservoir tests which are not represented by the model. Figures 6.3 to 6.12 show that
after trying several values of N, there is no one that fits the data well.

6.2.3 Rebhun - Argaman Model

This model basically linearizes the Wolf - Resnick equation using a log or In
scale for the horizontal axis. Parameter p indicates the degree of PFR; the higher the p,
the bigger the time shift and the steeper the line. Parameter d represents the dead space
fraction; the bigger the d, the steeper the line but does not affect the time shift.

Because of a high level of noise in the filters and clearwell data, reliability of the
results is questionable (see Figures 6.13 to 6.14). As shown in Table 6.2 above, the
dead space fraction should not be less than 0%. In the case of clarifier and combined
reservoir tests, the model fits the observed data very well (see Figure 6.15 and 6.22).
Once again, no comparison can be made to assess the effect of the flow rate as only one
flow rate test conducted for each system.

Interesting results were found in the case of single reservoir tests (tests nos. 4 to
9). Considering data obtained from the tracer studies, it seems that higher flow rates will
give rise to a decrease in the p (degree of PFR) and an increase in the d (degree of dead
space). But, as can be seen in Table 6.1, the exception occurs agai~ “or reservoir no. 3.
The same argument can be used: the increase of the reservoir wate: level (volume) is

more dominant than the increase of the flow that affects the t)q for reservoir
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no. 3. See Figures 6.16 to 6.21 above.

The same problem occurs for the early points of the curves for single reservoir
tests (tests nos. 4 to 9) but not for the other tests (tests nos. 1, 2, 3, and 10). The same
explanation can be given, momentum effects seem dominant for single reservoir tests.
Table 6.2 shows that using this model to predict the t;g values for reservoirs nos. 2 and
3 can result an over prediction in the order of about S0%. While, in the case of other
systems without the momentum effect, prediction using this mode! seems very good

with the maximum difference of about S% only.

6.2.4 Morril’s Index and Baffle Parameter.

The main weakness of the Morril’s index (tgo/t1g) is that it basically depends
only on discrete points in the F curve rather than considering the whole residence time
distribution. It also does not give a direct qualitative assessment to the SWTR /CT
concept. The baffle parameter (t10/Tg) suggested by the Guidance Manual (1989) has the
same problem, notwithstanding the fact that it is the only parameter that gives a direct
qualitative assessment of a system relative to the SWTR / CT concept. The Morril’s
index has a slight advantage over the baffle parameter, because the two time parameters
(t10 and tgp) can be found directly from the F curve. In the case of the baffle parameter,
Tg needs to be calculated. This means field data such as incoming flow and syste
volume must be to obtained.

Table 6.2 shows that in the case of filters + clearwell tests and reservoir no. 1
test, both parameters do not seem to be affected by the change of flow rates. In general,
the Morril’s index tends to increase with the flow, while the baffle parameter does the
opposite. The change for the Morril’s index due to the flow rate seems to be greater than
that for the baffle parameter. From this point of view, the baffle parameter is considered
to be better than the Morril’s index as it appears to be more constant for different flow
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rate changes.

6.2.5 Jet Model

As indicated in the previous section, the empirical models do not tend to fit the
observed data well for reservoirs nos. 2 and 3. The poorest fit is in the initial portions of
the curve which is important in determining the t;o. As these reservoirs have unbaffled
inlets and the results indicate that the tracer appeared at the outlet much sooner than
expected, it is hypothesized that momentum from the inlet may be responsible for this
phenomena.

Flow through the reservoir then was modelled as if there was a jet from the inlet.
If velocity and concentration values based on the jet hydraulics tended to match the
observed tracer results, it would indicate that the hypothesis could be correct. However,
if the jet model indicated that the tracer should arrive much sooner or later than what was
observed, doubt would be cast on the hypothesis. Further investigation would be
required to determine why the tracer traveled so fast through the reservoir.

The model is based on the standard jet equations that have been explained in
chapter 2. A half circular - shape of jet is used which is divided into layers from 0° to
10° from the center line with increments of 1°. Since reservoirs nos. 2 and 3 have the
shape of trapezoid, it is assumed that the imaginary planes lie in the middle distances of
the diagonal parts, or in the distances of 145 and 175 m, respectively (see Figure 6.23).
Each flux that hits the plane is assumed to be removed directly to the outlet point. As the
jet model is generated from the inlet profile, it is logical to choose the height of water in
each reservoir by taking an average of the water level data for the first hour only, as the
inlet profiles reach the steady state before 1 hour (see Figure 6.23). The imaginary
diameter can be developed, then the initial velocity of the jet (Uo) can be worked out.
The total flux for each layer can be obtained by multiplying the chemical
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075m

Note: imaginary plane for Reservoirno. 2 = 145 m
imaginary plane for Reservoirno. 3=175m

. Reservoir Flow Water Length Real Imaginary Uo
real diameter=1.5m No. Level of Travel do do
ML) (m) (m) (m) (m) (m/min
2 141 39 145 1.5 1.0 1247
2 167 4.0 145 1.5 1.1 122.1
3 179 36 175 1.5 0.7 323.2
3 198 4.2 175 1.5 1.2 1223

Figure 6.23: Surface Turbulent Jet Profile
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concentration by the velocity. The C/C,, values for each system can be found by dividing
the total flux by the incoming flow as has been explained in the previous chapter. The
detail calculation can be found in Appendix 4.

It was found that all of the C/C,, values almost reached 1 (about 0.98),
representing the total recovery of the tracer. Different calculation was done assuming
that only the core of the jet contributed the most flux of the jet. Note: the jet core means
the portion of the jet that does not come into contact with the bottom. It has a radius
equal to the reservoir depth at the outlet end of the reservoir. It was assumed that the
core had an angle of 2° from the center line. Similar calculation was completed
considering only up to 2° degree layers that gave a value of C/C, of about 0.15 (see
Appendix 4).

Figures 6.24 to 6.27 show that the curves obtained from the jet model fit with
the real data up to about C/C, = 0.20 only. This is as expected as the core of the jet has a
total tracer (C/C,) of about 0.15. As the tjg lies on the area where the jet model fits to
the observed data, it is possible to predict the 1o using this model. The estimation is
considered to be good (see Table 6.2).

In order to verify the turbulent assumption of the jet, the lowest Reynold number
can be obtained for reservoir no. 2 at 141 ML/d. The Reynold number was found to be

1.6 x 106, or much greater than 3,000 for the turbulent flow criterion (Blevins, 1984).

6.2.6 Simplified Jet Model

This model is a development of the previous model. Using Equation 2.92, it is
interesting to notice that the constant C; seems to be constant in the range of 13.0 and
14. 9 (determined experimentally) or which it should be if the jet effect is dominant (see

Table 6.2). This model can be used as a base to determine the t;¢ at other flow rates.
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6.3 Suggestions for System Modification

The modeling seems to indicate that jet effect is dominant in the case of
reservoirs nos. 2 and 3. tjo can be increased by decreasing or eliminating the jet effect.
The first altemnative is to construct baffles inside the reservoir. Reservoirno. 1 hasa
baffle that reduces the jet effect. It can be seen from the parameters t10/Tq that are greater
compared with those for reservoirs nos. 2 and 3.

Another option is to install diffusers in the inlet. The idea is to spread the
momentum across the whole width of the reservoir. In addiqon. momentum from a jet
will dominate the flow for approximately 100 diameters of the jet out from the discharge
point. By diffusing the water with many small jets, the momentum dominated distance is
greatly reduced. Using a well designed diffuser should result in flow that closely
resembles a PFR plus dispersion. Interesting results were recently obtained in another
study by the University of Alberta (University of Alberta, 1994). Tracer studies were
conducted at the Rossdale Water Treatment Plant in Edmonton, Alberta. Two of the tests
were conducted at two identical rectangular stilling basins (6700 L each). The inlet has
many weirs to distribute the flow evenly across the inlet of the basin. There was no jet
effect found in this case, the tjg values are quite large (73 minutes for 55 ML/d and 58
minutes for 75 ML/d), and the output profiles are very close to the PFR with small
dispersion.

In the case of filters + clearwell, no modafication is required since the system is
classified as “superior” already. Clarifier no.2 and reservoir no.1 with the baffle

parameters of about 0.3 may also need some modification.
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7.0 CONCLUSIONS

The first three conclusions given are related to the general test results for the case
study (E. L. Smith Water Treatment Plant performance). While, the second five
conclusions relate generally to the residence time distribution in water treatment plants.
Three last comments are related to the SWTR / CT concept (1989).

1). The t;0 values obtained from the tests can be applied to investigate the system
compliance to the CT concept. According to the baffle parameter suggested by the
Guidance Manual (1989), the mixing quality classification for all reservoirs are
“poor” and “no baffle”, while clarifier no. 2 is “poor”, and the filters + clearwell
are “superior”. Modification is necessary for reservoirs nos. 2and 3 by
constructing baffle walls or installing diffusers in front of the inlet pipes.
Reservoir no. 1 and clarifier no. 2 may need some modification as well. The filters
and clearwell combination does not require modification.

2). Overall, the use of sodium chloride, step input, and flame emission photometer
gives very good results.

3). A smaller sampling time interval, say 1 minute, is probably necessary as the
prediction of the t1q is based on discrete points in the F curve.

4). The Morril’s index and baffle parameter are based on discrete points in the F
curve, therefore they give less accuracy to the estimation. Still, the baffle
parameter is the only parameter to give a direct assessment for the CT concept.

S). The Wolf - Resnick, Rebhun - Argaman, and CMRs - in - series models arr: based
on empirical parameters. These models are better than those based on discrete
points as they consider the whole curve. However, these models may not always
give good estimations of the 19, especially for a system without baffles. In a
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system without baffles, the momentum may be dominant, and in that case the jet
model seems to give better estimations of the to-

6). The jet model was applied to determine if the momentum from the inlet was the
cause of the very small t)o values for reservoirs nos. 2 and 3. The jet model
appeared to indicate that the inlet jet was responsible to the fast passage of the
tracer through the reservoir. Early portions of the residence time distribution were
predicted using the jet model without calibration (parameters were taken directly
from the references). Application of the jet model may be possible at other sites
with similar unbaffled conditions. The model is unly applicable, in this case, up to
C/C, = 0.2 which is about the flux associated with the core of the jet. For a well
designed reservoir, when the momentum is not dominant, the model is not
applicable. The major finding of using the jet model is showing the importance of
momentum dissipating of the inlet if long residence times are desired.

7). The simplified jet model is another method to assess the t;0. As the constant C
was found to be relatively constant, it provides another indication that early
portions of the residence time distribution were dominated by the jet/ momentum
effect for reservoirs nos. 2 and 3.

8). All models described can provide valuable information in assessing the residence
time distribution. However, limitation of each must be considered when they are
applied.

9). Three comments are addressed to the Guidance Manual (1989) / the SWTR:

a) the assessment of other tjo values at different flow rates, which is based only on
the flow rates and the t;g values, may not be correct as it does not consider the
water level (volume) and other factors,

b) suggestion to use the baffle parameter (t10/Ta) to classify the performance of a
system might not be correct since it is based on discrete points only. A small error
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in the critical area may give a significant error in the system performance
prediction, and

¢) the Rebhun - Argaman model that is suggested to predict the tjo should be used
cautiously. This model cannot be applied in a system which is dominated by the

momentum effect.
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APPENDIX 1: F CURVE DEVELOPMENT
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SAMPLING NO: )
LOCATION Finers & Clearwell
FLOW (ML/d) 180
SAMPLING DATE 18-Feb-03
TESTING DATE 2G-Fob-93
STANDARD MADE 10-Feb-83
STANDARDIZATION
mg/L Ns Inttig! ing  Finsl Reading 0
00 00 00 00
$0 2s 2 326
100 85 6.0 588
150 810 820 815
€0 1000 1008 100.3
lrum ek s
Muttiple R 0.964
R Square 0080
Adjusted R Squere 0.985
Standard Eror 0958
Observations S
Anslysiz of Verignce
o Sum of Sgeres Mosn Sgere F Signicence F
Regression 1 247.248 47,248 260 487 0000
Residual 3 2752 0917
Total 4 250.000
Casffcents Styndsrd Error 1 Statste P-vaive Lower §5% Upper 15%
Intercept 0821 0.788 -1.045 0.355 -3.323 1.881
x1 0188 0012 16.418 0.000 0180 0237
General Equation y=0 188x-0.821
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TEST NO. 1
FILTERS & CLEARWELL (180 ML/d)

NeBaciqmpA T 372 ] " 02 L 02 - 02
NoFrakmop s 1331 ] b BE) [ .te > KL}
NeTracer(mph.)s§ 1633 |

Tims CCo Time Tome
mmn wun mn
(X1 0.00 0.0 pat 00
L8 0.04 3 D0 13
28 o 24 D0 s
37 S 100 043 3s D0 3 €0 n? 09
7 610 121 087 4.7 Do o2 %o 122 o3
87 670 121 0.57 s DS as 00! $2 S0 107 o4
[ &) ({23 126 061 10 ¥ 40 0o0s €2 ©“o 130 (X2
A 670 1213 087 3 0o s 0.0 13 (32 ] 1ne 0%
” Mo 138 067 3 380 62 0 %3 60 122 0w
L X3 0 138 067 103 »o 10 ox 02 no e oss
107 | LX) 187 on 1.8 430 78 on 102 0o 153 on
117 ns 150 0.77 1246 4“0 [ X} 032 1n2 20 157 [} 73
130 20 181 LR ] 137 s 9?3 o 122 7o 187 o
150 850 159 o 148 M0 100 043 (LR no ¢ 076
17.0 9. 158 o8 168 580 wos 049 160 850 63 o
190 ®wo 165 o [t B4 .S 122 0.58 15 %0 i6s oss
20 7.0 161 084S 203 69.0 131 064 2058 o 167 o
230 90 0 166 o 2y no 139 [ 1] 20 230 163 LR L
3so .S 178 09% U3 o 147 0.78 MO 900 1”73 093
450 950 176 09s ¥ »s 152 [, ] “o 930 o (1]
$50 2990 184 101 33 Mo 161 (X }} M0 930 o o9
€50 978 151 099 %3 %o 169 09 640 "o 122 09
950 980 182 100 413 200 174 093 %o 93 m oo
1ue %S 123 100 463 910 176 09s 1238 o 1.2 oW
1500 9% 183 1.00 L1%) 9.0 e 102 %10 90 184 1 00
1750 "No 12 1.00 %3 90 e 102 1760 %0 Ise 100
650 970 s 10
950 Mo 182 0%
1280 950 84 100
1380 Mo 182 099
100 950 194 1.00
G Egn y=0.190x-0 821
INLET
Na start:
Na fiigh:
Inive! »8 {avesrge of 3 first samples)
Steady 96.15 (aversge of 8 lsul samples fram OUTLET)

(assumed Steady for injst = Outist)
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[ 02 L 02 | 02 m 02
b £7 b= -1.2 b <18 L .11
[ ]
CXCo
230 0.00
30 0.00
€20 110 0.9
%0 L 2] 042
»o (%] 0.19 . . .
.0 1na 0.56 89 no L X ] 0.1 sé 0o 92 037
A s10 | 24 038 104 »o (%3 0.0 €7 “0 124 0.60
L 2 o Se 012 ®o 124 0.60 1Hs 430 74 02§ 17 s 134 0.66
12} b X} 61 o.1¢ 7o 140 0T 133 4.5 [ ) 0.3s 9.0 .0 122 058
109 »s 69 on 106 "o s 0.7 w7 S0 7 (X))} 10.1 ©0 130 0.64
120 “°s 17 07 130 ®o 182 om 170 €0 114 0.53 120 "o 16.9 091
132 “S t A 033 150 "o 134 0.67 185 .S 121 0.8 uo "ns 156 [+X }]
163 470 L X3 0.3 170 »o 14.¢ 07 19.7 2.0 13.1 0.64 16.0 1.0 188 [:X ]}
18.2 6.8 oS (X 3 190 0no 182 om no 0 139 0.7 1850 0”o 187 o
173 €10 1ms 0SS 290 LX) 160 o U0 ™o u? 0.78 20 o 16.1 0.85
193 0 128 062 »o 9.0 168 650 %0 .S 185 0.0 o ” . 176 0.9
23 30 137 069 9o "0 182 0.99 20 no 158 08 320 0.5 178 0.94
23 o s 07 530 9.0 184 1.00 xo ”"s 163 0.86 <0 s 179 097
233 00 151 on €30 100.0 186 102 »o s 17.8 098 $H.0 94.0 182 0.9
303 8.0 163 0.8 90 ”no 192 099 9o 9220 176 098 620 .0 182 0.9%
383y 90.0 17.1 092 16 %0 182 0.9 a0 920 1176 0.95 90.0 9.8 181 cos
403 920 175 098 1520 ”o 184 1.00 s$30 920 176 098 121.6 5.0 104 1.00
453 920 17s 098 1749 9.0 184 1.00 180 950 193 1.00 1817 4.0 192 099
503 “s 180 (2" ] €30 950 183 oo 176.7 950 104 1.00
57 "o 187 1.03 67.0 %0 189 1.04
660 %0 183 1.00 970 9.0 185 1.0l
960 970 8 101 1270 955 134 1.00
126 0 %60 183 100 157.0 950 13 1.00
1810 950 181 099 120 950 183 1.00
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L 02 o 02 [ 4 02 L 02
b= 08 L 06 b= 206 b A
oy 84 ”
T v
min gl
0.0 no b Xl ns
20 o a no
37 ns 3 23
3 ns s ns
€ a0 43 b X
L B 20 30 ns
097 M8 6.1 uo
12 400 72 ro
128 “s 20 029 102 570 107 [ X} 108 30
1”3e 49.9 20 0.36 120 20 133 063 ns 380 0.7 1)y [ 35 126 o6l
153 4.8 9 043 13s w.C 133 068 128 no 0.21 129 “o ne 0%
178 1.8 13 0.82 183 no 149 07 135 as 02 145 8o 153 o»m
190 €70 123 0.59 173 "o 169 0.90 145 4350 o.M 164 ns 140 [
0 7ns 132 0.6$ 19.2 mo 169 0.90 160 ”s 0.36 182 o 147 07
230 ns 144 7 Hn3 910 174 0% 17.8 M0 04 W4 »no 149 0%
280 0.3 1“9 o.77 Mo 96.0 184 1.0t 1 3] %S LY L) ns %0 163 o8
o ns 183 0% 419 95.0 182 0.99 198 590 049 400 "o 169 09%
20 830 159 08 $10 95.0 182 0.99 N0 [ R} 0% 00 90 173 093
pLY ) 9.3 169 0.90 610 988 153 1.00 0 no 06 0o LA )] 1”7 0.9
40.0 910 170 091 910 95.0 182 0% 280 180 0% 1200 o | 1493
450 9.5 171 09l 1209 958 183 1.00 20 uo [ X~} 491 7.0 ms 1.0)
00 Mo 178 098 1505 96.0 is4 10t 20 ”o om 171 93 (%4 | 0%
sso 96.0 17.9 097 1770 95.0 182 0.9¢ o ®wo on
6.0 7.0 191 0.9 360 %S 09s
80 "o 183 1.00 410 ”wo o
90 %0 i3 .00 4“o 0.0 0.90
1280 %0 n3 1.00 si.0 920 092
1580 98.0 183 1.00 s50 0 098
1830 8.0 1823 1.00 60.0 60 0.9
8o 910 0w
1s0 "o e 1.00
1480 970 02 0.9
1750 .o (L) 100
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" 03 - 02
b= 07 b -1.0

Tome firng | Canc Ns] _C/Co | Tume | Y74 C/ICo
min mgl min | Té=29

00 0 30 0.00 00 0.00 T} 001

1] s 37 0.00 20 00 uo 0.01

27 no 30 0.00 " 044 ns 0.00

37 o 38 0.00 60 021 ns 000

50 o Y] 000 10 [X ] Do 001

62 no 3 000 100 oM o 001

18 no 3s 000 120 04 X 001

L 2 ) ns 3 0.0} 40 048 PR 0.00

100 %0 44 6.0¢ 16.0 0.8 ns 0.00

no 20 $32 0.10 180 062 s 001

120 320 ss 01¢ | 0 o6 270 0os

130 MO0 62 017 o 0.76 s o1t

o o 70 o uo ('3 1} 0 0.17

158 430 8.0 0y 0 050 370 0.19

168 4“0 | X 0.3 0 097 “Ss [ -

18.0 s10 96 V.40 Yo 1.0} 518 039

190 s s 108 046 no 110 580 048

200 38 nt 0.51 MO 117 $70 048

2o €50 124 060 %0 L4 6.0 0.59

uo 7.0 134 0.66 a0 i) 680 0.61

20 740 142 072 400 1.8 ket 067

F-X] 770 148 076 | 420 148 1] 0.89

3.0 %0 150 o 440 1.52 770 0.74

p LY ] 90 160 o84 460 1.3% 1.0 0.7

400 "o 17.0 091 430 1.66 T8 0.67

450 90 180 098 0.0 Lmn ns 074

00 920 179 097 20 17 3.0 082

550 920 178 097 MO0 1.86 930 082

600 ™o 182 1.00 5.0 1.93 310 [

950 950 194 1.01 s80 200 72s ol

1180 930 180 09 600 207 733 o8l

uso WO 192 100 | 650 24 0 oy

1750 %0 196 1.02 700 241 978 o

750 5 .5 083

1050 362 70 0y

1100 3 "o [ g4

1150 3 90 0.90

1200 414 900 0.92

1250 431 [IX] 01s

130.0 443 96.0 0.92

1380 4.66 s 0.9

1400 48) 930 0.96

145.0 500 990 0.96

150.0 517 %00 092

1850 534 950 098

160.0 552 ”o 16.9 0.90

1650 569 918 174 0.94

1700 58 890 169 0.90

1750 6.03 865 164 0987

180 0 621 850 16.1 085
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SAMPLING NO: 2
LOCATION Finers & Clearwe!l
FLOW (MU/d) 160
SAMPLING DATE: 2¢-Fob-93
TESTING DATE: 25-Feb-03
STANDARD MADE: 22-Feb-03
STANDARDIZATION
mg/L Na Intisl Reading  Final Reading Averag
20 138 130 133
50 28 320 323
70 “s 430 438
100 585 $80 S88
120 880 870 878
15.0 805 800 803
17.0 880 380 880
200 1000 1000 1000
lﬂ:m 2&:
Multiple R 0 908
R Square 0962
Adjusted R Square 0690
Standard Error 0616
Observations 8
Anaiysis of Varence
o Sum of Sqares Mesn Squre — Sgn¥cence F
Regression 1 265 725 265725 700 872 0 000
Residual 6 2275 0379
Total 7 268 000
Ceptficonts Styndard Emor t Stetiate P-nie Lower #3% Unper 03%
Intercept -1.852 0525 <3148 0018 -2937 01387
x 0.200 0008 26 474 0000 0180 0229

General Equation y=0.209x-1.852
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TESTNO. 2
FILTERS & CLEARWELL (140 ML/d)

NoBockimgA s F 262 | " 02 m= 0.2
NoFirgimgAL | 1S 0 J [ -17 b= 18
NeTracerimgAsf 1243 ]

o7 1 Oytiet ot ¥3 Outlet
————:’TEFMN.I i -
{ wun T wun myt | min_| _wn | mgL
00 28 26 000 | 00:05:3 06 19.0 28 .01
30 .5 2 0G0 | 00:07:15 23 19.5 26 0.00
4“0 210 27 0ot | 00-08:30 s 200 27 0.01
s0 20 7 00! 00:09:30 o8 205 29 0.02
60 210 27 001 § 00:110:30 ss 200 27 0.0%
70 1o 29 002 | 00:11:30 (X 200 27 0.01
80 ns 30 003 | 00:1230 7.8 no 3t 0.04
90 pLiE kX ) 0.08 00.13°28 L 2] uo 36 oos
100 s 0 011 | 00.14:30 9.5 710 42 0.13
no 310 s 017 | 00is0| 108 xS 9 019
120 328 st 02 |ooie3| 1S 31 $6 024
130 388 57 025 | 001730 128 M S8 028
140 378 (3] 028 | 001830 135 wo 6.5 031
150 4 [X] 038 jooigNe| 148 410 72 036
16.0 s 74 038 |a20| 188 s 75 039
170 470 3] 044 J 002130 168 450 80 0.43
002300 | 190 0.0 8.7 049 [ 002230} 178 478 [ R 047
002400{ 190 sts s.0 081 | 002330 18.5 aws 83 0.49
2500 | 20 $30 93 0% (00430 198 528 9.6 0.56
00?2700| 220 $70 10.2 060 | 002330 208 55.0 10.1 0.60
02900] 240 610 1.0 067 |(002800{ 230 9.5 1.1 068
003100) 260 628 13 070 {0030:00| 2s0 6s 115 0.71
003309 | 282 €50 1R ] 074 | 003200 270 %0 128 [ %]
003500 | 300 675 123 0T {00:M0| 20 67.8 128 0.81
M0 4000 | 350 710 1”3 os¢ | 00:300( 310 €95 132 08
004500 | 400 s 14e 094 | 00:41:00] 360 750 144 LI
005006 [ 451 778 144 094 | 004600 410 s 14.9 098
008500 | 00 ™o “s 095 | 00:51:00| 460 s 151 1.00
010000 | S50 9.0 147 097 | 00:8600| $10 .8 153 1.02
010500} 600 798 148 098 ) 0L0)OO| S60 s 157 1.08
013630 918 0 150 099 | o1:0600| 610 220 158 106
20630 | 1218 20 153 102 | 01:36:00 | 910 ™ 149 0.9
023630 | 1518 $1s 15.2 101 | 020600} 1210 s 151 1.00
03063 ) 1815 90 147 097 | 023600 1510 ™8 is1 106
030600 | 1810 kX3 154 100
General Eqn 0 209x-1 652
No start
Na firush
netial 204 (svesrge of 3 first samples from esch locstion except End of Ciearwel)
Stescy 0! (svesrge of 3 lest samples from esch localion excent End of Clearwed)
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m= 0.2 m= 0 ne 02
b= -14 b= 17 (%Y e
o7 X3 Outlel Fher ¥8 Oulivt

Time i Rouding |Can¢ Na] <ico Time Tume Conc N8| CsCo

min mgt | mun o wan__| mgl
00°08:45 190 26 0.00 00:08:00 a0 08 M0 0s 200 23 001
00:07:16 2. 190 26 0.00 00.06:33 K 1 00 06 30 13 210 27 001
n0:08.33 36 190 26 6.00 00:07:53 29 185 22 003 0007 30 28 25 16 000
00:09:33 49 9o 26 0.00 00:09:1% 43 189 22 <003 00:08 30 3s 09 26 ¢ 0o
00:11.27 s 185 2 0.01 00:§0.33 s6 180 21 0.04 00:09_ 30 45 20 23 001
00:12:28 74 19.8 27 0.01 00:1):43 67 190 23 002 0010 X L3 ] X0 23 001
00:13:39 87 210 30 0.0} 01302 40 03 27 0.00 00:1).30 6s 2% 26 000
on:14:56 99 U8 38 0.09 00:14:19 93 40 34 006 o012 30 73 208 26 000
00:16°10 12 20 47 017 Q0:15:34 10.6 ns 41 012 0013 % s 20 27 00}
00:17:29 128 Mns 52 021 00:16:82 1 38 S0 019 00 14 X0 5 20 29 002
00:18:43 137 M8 59 026 00:18 06 131 »o $3 oxn 0018 103 250 36 007
00:19:58 150 80 66 032 00:19:19 143 %0 60 [P 00.16 30 1ns 278 41 012
00:21:18 163 415 73 033 00.2C 36 156 s 67 oy 0017 30 ns 308 [ o1
00:22:32 178 “s 80 043 | 0021:55] 169 o 74 039 tooisx| 13s 320 s0 01v
00:23:55 189 430 87 049 | 0017} 183 470 83 c4s |oo1930| 14 %0 (Y] 026
00:25:01 200 %S 2 0.5} 00:24°30 19.5 490 | Bl a4 00 20 30 185 s 64 [V i3
P 00271 s 560 104 062 00.27:00 no M0 98 0387 0021 163 430 7y [
100293 | 2458 585 10.9 066 | 002900 240 s7s 108 06} {0030 188 450 79 042
[w)uo 25 610 14 0.7 00.31:00 | 260 8 s 1no 067 J002430{ 198 470 (3] 044
' 00.33:30 b 1] 635 120 078 00.33 00 20 618 114 (1] a0.258.30 25 510 89 [}
00°35.30 s 665 126 o 40:38.00 o0 628 116 072 00 7. %0 s %6 0 we 0%y
00 40:30 ss 00 133 086 00.40.00 Ao 69 S 131 oM w029 W us 600 16 066
00 4530 408 7o 140 091 00:45°00 400 s 133 o 00131 W %S 830 14 07
00.50.30 s 7S us 093 00.50 00 450 740 140 091 00.33 30 p- 1.3 650 ne 074
. 00:55:30 0.5 750 144 0% 0055 00 500 748 i1 092 o )8 3 »s 630 127 on
1 010030 § 858 788 145 09s | 010000} ss0 M0 4o a9l 004030 | 388 760 ) 092
;010830 608 ™0 150 0.9 010500| 600 740 uo 091 004330 | 408 755 140 091
2 013830] 908 s 151 toc | 013500 900 750 143 09y [00%030| ass M0 132 1ot
1 020530 1205 ms 151 1.00 02 05 00 1200 780 9 0% 00 55 W hORY a5 15y yor
1 02:3530 1805 ™S 151 100 02 35 00 1500 s 182 10§ 01 00 30 38 810 152 Loy
Lozoss0]| 1scs 785 18t 100 [ o03os00] 1800 79 152 101 01033 | 603 800 150 0y
01383 904 805 191 10
0208 W 1208 805 1st (XY
02353 | 1508 815 193 1ol
03053 | 1808 800 150 0y




[ 20 be 23

Bod of “lesrwsl |

Time 114 R Conc Ns{ CiCo
min wan | Td=37 % lm I

00.05:00 0o 0.00 D0 27 0.00
000700 70 019 230 27 0.00
0009 00 9.0 0 Do 27 0.00
00 1100 1no 0.3 Do 27 0.00
o0 1300 130 03s ns 2¢ 0.00
a0 1000 so 230 27 0.0} 00 1500 150 o4 x2S 26 0.00
o0 15 00 60 20 27 001 00.17.00 170 046 ns 26 0.00
00 1200 70 20 27 001 00.19.00 190 0.51 30 27 0.00
00 1) 00 "0 230 27 ool 00:21:00 neo 087 230 27 .00
00 14 00 20 ns 28 002 00:21.00 D0 062 20 27 0.00
00 1500 100 s 28 002 00:25.00 80 063 s 26 ¢ o0
00 16 00 1o piR] 32 oo0s 0027.00 270 o7 uo 29 0.02
a0 17 120 - 3] 39 olo 002900 20 078 %0 n 0.04
! O 1800 30 ato e 014 0031 00 Mo oM Mo 44 014
. 001900 uo 25 7 017 00:33.00 no 089 310 44 014
00 20 00 150 7S 57 028 00.35-00 aso 09s »o 48 019
f 02100 160 ¥ 61 0. 00:37.00 3o 1.00 s 60 07
00 2200 170 “0 71 03 00.39 00 »o 108 420 (1] 03
L0000 180 s 74 038 [(004i00| 410 m 495 g4 046
022400 190 480 79 042 00 4300 430 116 350 96 0.5
00 28 00 20 &8 34 046 004500 430 2 %S 99 058
00 27 00 xo %0 958 0.5% 00 4700 470 |2l 610 109 065
00 29 00 uv €S 105 063 00 4% 00 490 132 62 12 069
Q0 31 00 %0 0 112 069 00 $1:00 510 138 550 96 0%
1 00 3N 00 20 67.0 1s o 00°5300 o 143 (13 ns 0.74
00 35 00 0o 690 122 077 00 $S 00 $s50 149 mno 13o o8
00 40 0D o 760 137 088 00.57 00 s70 154 665 121 0.76
00 45 00 400 | o] 146 096 00.59 00 80 1.59 50 19 090
00 $0 00 450 2o 149 098 0101 00 610 L6 70 135 (2 o
008500 | S00 20 149 098 | o10300| 630 1.70 7.8 44 095
0] 00 00 sso0 3 152 101 0108 00 650 176 e 143 0.94
010800 600 0ns 152 101 ori000t 700 189 778 44 0.9
01 M 00 90 ns 152 101 01.1500 750 203 730 135 os?
. 020800 00 o 1523 102 01:20 00 200 216 720 133 08s
1023400 1490 ns 150 0 012500 "o 230 8i0 152 1ot
{_03 04 00 %0 25 150 0% 0130950 90.0 243 mSs 147 0.96
014500 1080 r2 ns 153 102
01'%000| 1100 297 2] 149 098
015700 | 1170 316 75.8 140 091
02 00 00 1200 3u %S 149 098
02 05.00 1250 38 s 44 095
021500 130 des TBS M7 096
0220 00 1400 378 790 “s 097
022800 1450 s L 160 107
02 3000 100 405 850 j6 1 108
02333 138 415 350 161 108
024200} 1600 432 86 0 163 1w
024500 | 1650 446 740 137 089
025 M 1700 459 805 15t 100
030000 [ 1800 436 %0 S 151 100
03049 | 1840 49 1830 156 104
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SAMPLING NO- 3
LOCATION Clarifier 2
FLOW (ML/d) 180
SAMPLING DATE 05-Mar-93
TESTING DATE 08-Mar-93  (use these data)
00-Mar-03  (check the data)
19-Mar-83  (check the siudge effect)
21-Mar-93  (check the sludge effect)
STANDARD MADE 22-Feb-03
STANDARDIZATION
mg/L Na Intigl Resding  intts) Reading Aversge
20 140 140 140
5.0 32s Rs s
70 430 425 428
100 S8S 90 588
120 67.0 a8 0 (123
170 885 890 LX)
200 1000 100 0 1000
Regression Stelistics
Muttiple R 0968
R Square 0993
Adjusted R Square 0.991
Standard Eror 0509
Observetions 7
Anatysis of Varance
— o Sum of Squares  Meen Squsre _F Sgnicance F
Regression 1 247 918 247 918 690 140 0000
Residual 5 1.786 0359
Total [] 246714
Coeflicrents Standard Error t Statistc P-valve Lower 05% Upper 9:%_
intercept -1.702 0514 -3 309 0018 -3024 -0 380
x1 0210 0008 26 271 0 000 0190 o023
General Equation y=0.210x-1 702
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TESTNO. 3

CLARIFIER NO. 2 (180 ML/d)
Nobeckimgry [ 3% ] m- 02 02
Na Frai(mgye | 1330 ] L] R} NE]

Na Trecar (mgA) 96}

1]
Tume 114 Conc N3] C/Co Time.
i Tdue6 ml | fnin

00:03.30 0.01 250 36 000 | 000300] 00 B0 X 0.01
00.08:50 003 5.0 3 000 |o0o400| 10 %0 37 0.01
00:08.30 0.06 250 a6 co0 | o00o0soo| 30 ns ) 0.04
00:10:00 0.08 FIX] 37 oot | e00600] 30 s (¥} 007
00:1200 0.10 288 37 001 [o0700! 40 No ¥ ] 0.12
o400 110 0.3 50 36 oo |ooosoo| so Nns s3 0.18
00:1600| 130 0.18 280 16 000 |o00900| 60 M. s 0.20
00:1800] 180 017 20 16 000 | o01000| 70 37s 62 0.27
00:20.00 170 0.0 230 3é 0.00 00:11:00 .0 40.0 67 032
w2200| 190 on %0 38 002 |o0:1200| 90 @0 71 037
00:24:00 N0 o4 a0 42 007 00:13:00 100 4430 73 0.9
00:26:00 D0 0. as 43 0.08 00.14.00 110 490 73 039
0028 .00 30 0 0 44 0.00 00:15:00 130 45 74 040
00:3000 | 270 on no .. 013 |ooieo0] 130 X 79 044
00:32:00 20 oM 3o 49 0.1} on:17.00 o %o 0 046
00.M.00[ 310 0.3% M0 $3 019 | 00.1800{ 150 s 79 044
00 3600 no oM MO ss 020 001900 16.0 4“0 10 046
0030 00 3o 04] s 62 07 00:20:00 170 470 12 048
00-40:00 3o 043 3s 62 o 00:2):00 is0 470 82 048
00.42:00 ».o 048 s 64 0.30 00°22:00 190 ao 84 0.50
00:44:00 4190 048 »o0 (1] 031 00 23.00 200 438 | 3. 051
00 46:00 430 0% 408 69 .M 00:24:00 210 4430 L 1} 0.50
00.50:00 470 0.58 420 72 037 00:25.00 20 0.0 2 ] 0.54
00:5200 | 490 087 “o 76 042 |o00:26:00{ 230 0.0 11 0.84
00.4.00 ] $1.0 0.59 “s 77 043 |o0021:00| 40 508 19 0.56
00: 8600 s3o 062 455 1% 04s 00:29:00 250 510 2.0 0.57
oossoo| sso 0.64 410 82 o4 |o0:200] 280 28 94 0.60
01:00.00 $7.0 0.66 478 23 0.49 00:30:00 279 s 96 062
01:02:00 9.0 069 30 L 0.31 00:31:00 20 30 9.8 0.61
0).07:.00 40 074 50.0 5 0.5 00.32.00 2.0 s 96 0.62
01:1200 €0 0.80 $30 9 062 00:33:00 o paX1) 95 06]
01:17:00 740 [} 1 338 96 06y 00:38-00 3s.o 550 99 0.66
012300 200 09} %60 161 0.68 02.43:00 400 $7.0 102 070
01'27.30 “s 09 378 [[:3. 07t 00:48:00 450 870 10.3 0.70
01:33.00 %00 108 600 1o o 00:$3.00 30.0 58S e 073
01:33.00 950 110 @0 o on 00:5§:00 550 605 1" 0.78
014500 102.0 119 (18] 13 0.%0 01:03:00 60.0 630 116 0.8
01:30.00 | 1070 124 625 1ns 032 |oniso0| 750 6s0 120 08
01:38.00 1120 1.30 60 1Hs 086 01:33.00 90.0 .10 128 092
02:00.00 1"n.e 1.3 s 119 os? 03:48.00 1080 €90 129 0.97
021500 1320 153 670 128 092 02:03.00 1200 7.0 1.1 0.99
023000 | 1470 (Rl €0 127 09s | 0200 | 1470 0.5 132 1.00
024500 1620 18 0.8 13.2 1.00 030000 177.0 703 13.2 100
03 01 00 1780 207 708 132 100

Genersl Eqn 0 210x-1.702

Ne start

Na firvsh

tréval 252 (avearge of 2 first samples from each location) Note: Bottom Draft Tube is sssumed es the Inlet

Stesdy 710 (sversge of 2 mst sampies from each location)
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02 02 02
-19 20 KE)
Top Drah Tube Menbole X1
Tume i EIC«: Na| C«Co Yime Reating |CantNll C/Co Tune 1w Conc_Ns] C/Co
mn i mt | mun min_ | mt | wmn_ [ _mgh
28s 38 001 | m0:04.30 18 280 34 002 | 000%00{ 00 us 34 ©02
04 : .0 001 | ooosss| 39 %0 36 000 |oposoo] 10 »0 3 002
000800 | 20 370 025 | ooosss| so %0 36 000 |{oooseo| 20 80 38 o001
wosoo| 30 awo oM |oososs) 719 MO $3 0190 |ooosao| 30 s 3 oot
000700 | o0 “o o4s | 00300 100 250 34 2002 |o000700| 40 200 0 oo
coos00| so ["X] oss | oouso0| 120 70 3 002 |onosco| so 200 . 016
wowoo| 60 00 ose | o01r00| 140 260 36 000 |ooowao| 6o 30 so ol
o01000] 70 s o ] oo1900| 160 0 a2 007 |oos000| 70 2 s1 016
wi00] 90 200 os¢ | o000 180 %0 36 00 |oo11e| we »0 ss o
, 00:12:00) 90 $1.0 0% | oo2v00| 00 %0 36 000 |ao0:i300f 90 310 60 028
| 001300] 100 S8 0ss | w2so0) 220 70 38 002 |eoyeo! 10c M0 62 [¥]
i 001400 110 20 10s 072 | oozeo]| 20 m0 0 004 001600} 110 s 61 02
00.1500] 120 $7.0 10.3 070 | cowoo| %o ) ‘0 oo {ooisa| 120 wo '] 0%
00.16:00 [ 130 $7 104 07 | oo3re0| 280 20 .0 oo |o01600| 130 wo 67 032
001700 | 140 $90 107 07 | 003300| 306 0 a2 007 |o01700| 140 s 66 oM
001900 150 530 108 om | 003s00| 320 0 . o0 |ooisco] 1so0 €0 71 03
001900 | 160 60.0 109 077 | oo3r00| Mo Mo $3 o |oo1900| 160 s 72 037
00:2000 | 170 s 106 on | ooswoo| 30 »o s1 016 | 002000 170 o 71 (3"
002100 180 s7.8 104 on | aeroo| 3o 0 $3 o1 |o02100| 100 s 74 0w
w000| 190 6.0 109 077 | aoexoo| «00 s 86 021 |oozoo| 190 “s 16 042
wno| 20 62.0 e oft | c0er00]| @o o 66 03t |opo| 20 “o 73 04l
w400| 210 595 108 078 | o04v00 | 460 ©s 67 03 [oomoo| 210 4“0 79 04
w2500 ]| 20 3.0 108 o072 | oos1o0| 430 a0 73 03 |ooasacl 20 a0 ) 049
00200 | 230 6.0 109 o7 | o0s3c0| soo 40 77 043 002600 0 “o 79 04
002700| 40 §70 103 o | oossoo| s20 450 77 043 | 007700 M0 “s "o 046
c0:200| 250 9.0 10.7 074 | c0s7.00f sS40 40 79 o4s |oo2mo0| 250 wo [} 049
002900] 260 600 109 o | ws900| sso a0 s 047 |oo2900]| 20 @s 54 0so
o000 | 270 610 12 07 | oro100| sso "o '3 o4 |o00300| 270 L " 94
003100{ 280 $9.0 107 07 | 010300 | 600 08 1] oss |oodmoo| 2o ©”o . os1
003200 290 60 "2 o1 | crosoo| 620 0 1] oss |oo3200| 290 aws 8 0%
003300] 0 00 109 077 | 010700 | 640 s10 9.0 0s6 |o030| o 00 37 os
003800| 380 61 13 080 | 010900 | 660 810 90 0s6 |oo3sao| 3so $30 94 o6
004300 | 400 660 122 090 | orao0| 70 %60 101 067 |o0a300] 400 M 97 06y
004800 | 450 67.8 126 093 | otis0o| 760 sso 99 0ss |ooemoo] aso 610 1o o1 |
00$300) %00 670 128 092 | otmoo| wmo %3 102 069 |oos3om| soo 30 104 on
00.5800 | S50 680 127 os4 (0100 860 890 107 074 |oossoo| sso s90 we o7 !
010300| 600 s 128 09 | o13sar| 927 610 12 079 |otoree| eoo 398 07 on
011800 750 700 13 09 | 014000 970 610 n2 679 |orise| 750 6“0 e om
013300| 900 708 132 100 | 014600 | 1030 630 16 oy [o01300| %00 60 128 092
014800 1050 650 129 097 | orstoo| om0 €0 e o8y |ores00| 1050 9o 127 093
020300 | 1200 708 132 100 | o1s600| 1130 650 120 ows |o02030e| 1200 700 129 097
023000 | 1470 70.8 12 100 | 020438 | 1216 €0 120 oss |o21m00| 1350 08 1o ow
030000 | 1770 208 132 100 | 021700 130 670 124 092 |o23300| 1%0 7o 31 ow
023200 | 1490 700 131 09 |oz2es00| 1650 ns 132 100
224700 | 1640 700 131 09 |o030l00| 180 7 132 100
03.04 00 1810 710 133 101
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02 02 02
BE] -16 .14
Past 13 Palst 3 1 84
Tome __*EZ}____CM Nel CrCo Tome LMI.F:_“__N!% C/Co Y M{_C'Co_
min wun mm mn mn mmn
a0 03 00 0o %0 m:‘% 0.00 | 000300 00 8.0 gﬁ% oo [000330] oS us 0.0
00 04 00 10 20 3¢ 060 | oo:os:00 10 280 36 000 |000430{ IS uo 0.01
* 0008 00 20 Lri} 72 037 | 000800 20 280 36 000 [0008:30( 28 us 0.03
00 06 00 30 430 73 039 | 00:0690 30 s LR} 0o0s [000630| 38 uo 2001
worm| 40 “®ws 90 04t | 000700 40 30 @2 006 [0007.30| 4 8.0 0.02
00 08 00 $0 838 94 06} Q0:08.00 so 0 a“ 009 |000830| S 78 0.07
woww| ec 850 97 0.64 00:09:00 60 »no $2 017 |000030| 65 28 0.09
0 10 00 70 s80 103 07 | ocotooo 7.0 no $2 017 |00:110:30| 7.8 3o 018
00 Lt 00 (1] 850 9.7 o6t | 001100 %0 %0 s9 04 |00:1130| &S M0 0.21
001200 90 &0 29 o066 | 00:1200 90 0.0 67 032 |00:1230] 95 M 022
001300( 100 58 104 071 00:13:00 10.0 0.0 €7 632 [001330] 1058 30 (3]
a0 14 00 1o %0 108 on 00.14.00 no 420 71 037 (00:14.30] 1LS 3ss oAU
ai1se0| 120 610 10 07 | 001800 120 4.0 79 04¢s |00:1530] 128 368 0.26
wtem| 130 05 106 073 | 00:1600 13.0 00 73 03 (001630 138 370 07
00 1700) 140 500 108 072 | w1700 1o “s 76 042 [00:17:30] 148 no 0.3
001300 | 180 810 1o o7 | w00 15.0 0 77 0ey |00:18:30} 188 ns 031
wisem | 160 610 1m0 07 | 00:19:00 16.0 470 [ 3] 047 100:19:30| 168 4.0 0.36
o] 170 €20 n2 o7 | oo 17.0 wo s 084 [00:2030] 178 ws 033
w200| 180 590 108 072 | 002100 1o 418 82 048 [00:2130] 18 Qo 0.40
w22m| 190 630 154 [3]] 00:22.00 9.0 o s6 052 [002230| 198 @20 038
00 23.00 209 620 na o 00 23.00 200 490 %6 0s2 |0023:30 205 “o 042
wuw| 20 €10 io 077 | 002400 210 0.8 89 0ss [002630| 2us @20 038
02s00] 220 630 e [3]] 00:25 00 220 $1.0 90 0% (002530 228 as 041
w20| 20 €20 112 07 | 00.2600 30 s1.0 90 0s6 |002630| .8 430 048
00.2700] 240 630 e 081 00.27 00 %0 s20 92 oss {G02730| s s 0.50
on2m00) 280 620 1n2 079 | 00:2800 250 828 9.3 0sy [00:28:30| 285 ©s 0%
002woe| 20 630 it4 081 00.29 00 260 s2 92 css [002930] 265 4“9s 084
wwo| 270 630 1na [X]] 00:30.00 70 s10 9.0 oss |0030:30| 278 00 0.5
03| 290 630 1ne o8t 00.31-00 B0 s20 92 oss |0031.30 285 $1.0 0.58
003200 290 630 Hae 09l 00.32 00 20 s20 92 css [003230) 9 $2.0 0.60
10033001 300 615 1R} 078 | 003300 300 s30 94 060 (003330 3w 820 0.60
a3san| IS0 660 120 087 | 003800 380 ss 98 06 {00:3830| 3ss 30 062
M4300| 400 620 124 091 w4ar | 400 350 98 065 {004330| 408 $4.0 0.64
w4noo| 4s0 685 528 093 | 004800} 450 §78 103 070 (004830 4¢SS $4.0 .64
00%300| %00 65 125 093 | 00:83.00 0.0 80 104 071 [005330) s0.8 $8.0 [ %z}
003300) 850 885 121 oss | co:ss00 $5.0 €10 .o 07 |00S58:30] 358 $5.0 075
ot03oo| 600 660 120 087 | 010300 | 600 60 14 os2 {010330| 608 605 0.78
011800 780 s 127 09 01:18.00 75.0 €50 iLe oss {01:18.30] s 64.0 0.85
o1300| w00 705 129 097 | 013300{ 900 670 123 090 |[01:3330} 90s €30 088
ol14800) 1080 710 130 09 | orasoo| 1050 [ X] 126 094 |014830F 1058 680 054
0203001 1200 710 130 098 | 020300 | 1200 760 129 097 |0203:30| 1208 €30 054
o21m00] 1350 720 132 100 | oz1s00| 1350 708 13.0 098 |02:1830] 1358 68.0 0.54
02300 | 1%0 720 132 100 023300 150.0 730 131 099 |023330] 1505 69.0 0.96
024800 ) 1680 720 132 100 | 024800 | 1650 s 132 100 |0248230] 165 710 133 1.01
01030 | 1m0O 765 141 110 | 030300 800 T8 132 100 |030330] 1808 708 131 099
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SAMPLING NO: ]
LOCATION Ressrvoir 1
FLOW (ML/d). 180
SAMPLING DATE. 24-Mar-93
TESTING DATE 30-Mar-93  (omit these data)
00-Apr-93  (use these data)
STANDARD MADE: 2-Feb-93  (old standard)
00-Apr-93  (new standrad)
STANDARDIZATION
mg/L N» Intisl Resding initisl Reading Aversge
25 185 175 180
$0 350 us us
100 s e0s 610
150 830 81s 823
178 910 91.0 910
2.0 100.0 980 90
Regresson Statisics
Muitiple R 0685
R Square 0.989
Adjusted R Square 0986
Standard Error 0819
Observations 8
Anaslysis of Varience
[-.4 Sum of Squares  Mean Squere _rF Signiicance F
Regression 1 243152 243152 382 681 0 000
Residual 4 2882 08670
Totat 5 245833
Coeflicients Standard Ermor t Staystc P-vaive L ower 95% Upper §5%
Intercept -2.158 0.790 -2 698 0043 4375 0082
x1 o218 0011 19044 0 000 0184 0248
General Equation y=0215x-2 156

151



YEST NO. 4

RESERVOIR NO. 1 (180 ML/d)

NeBockimgiL)e [ 604 ] L 02 " 02
NeFreimot e [IBYZ b= 22 b -16
NoTracerimoA | 1268 ]
Outiet
Time Tums ] vre ! Conc Ns] _CrCo
mun min min | Vw297 |
600800 0.0 ©.00 EX .0 001 | @0o0s00| 00 0.00 7o a0 0.00
00 0600 10 000 as 4“0 001 | ooisoo| 100 0.03 70 a0 0.00
000700 20 0ol X . 001 | eo2800| e 007 70 a0 0.00
0008 00 30 0.0l 00 39 001 | oo3so| 00 0.10 770 .0 0.00
00.09:00 0 001 90 “ 0.00 400 0.13 70 40 0.00
00:1000 $0 002 »s 40 2001 0.0 0.17 7o 0 0.00
00:11:00 €0 002 20 .l 000 $5.0 0.9 a0 a3 002
00.1200 70 002 0 4l 0.00 @0 0.2 70 40 0.00
00.13.00 [ 0.03 20 a“ 0.00 6s.0 [%-] s a1 001
00.14.:00 80 0.03 »s 0 201 18 7.0 o.u 20 IR 0.02
001800 | 100 003 s “0 001 28: 0.0 [ ¥ mo %) 0.02
01600 | 110 0.04 0s “ 003 38: %00 ©.30 310 a9 0.07
wi17oe | 120 0.04 »s @ 0.0t 40; 980 0.32 ns s4 011
cowo | mno 0.04 »o .t 000 | ores00 | 3000 0.4 %0 59 0.1s
o900 | 140 00s 298 42 co1r | onssas [ noo 037 405 69 0.2
wxmw| 150 0.08 20 . 00y | 020500} 120 0.40 os 7 0.27
002100 | 160 008 80 €0 016 | 021500 | 1300 Ce4 a0 L 1) 0.3s
con00 | 170 006 a0 71 024 | 022500 | 1400 047 4.8 53 034
002300 | 180 0.06 0.5 87 037 | o23s00 [ 1300 081 0.3 89 0.39
002400 | 190 006 8.8 [X] 04s | 024500 [ 1600 0.84 sss 100 047
002500 | 200 0.07 610 1o 0ss | o2ssoo| 1700 0.87 “s 93 0.4
0020w ! 210 007 ©s 12s 069 | 0yo0s00| 1800 0.61 $7.0 103 049
700 | 220 0.07 %0 120 0¢3 | ox1s00| 1800 0.64 §78 104 0.50
002800 f 230 o.08 €S 1"y 062 | 032500 { 2000 0.67 610 1 0.56
002900 | 240 oo %0 120 063 | 0y3so0o | 2130 0T 63.0 1 0.59
003000 | 259 oos 0.0 129 070 | 034s00{ 2200 0.74 625 1na 0.8
o300 | 260 009 7.0 13.1 071 | oxssao| 2%00 (X 6.0 ns 059
3z | 270 0.09 70 138 075 | o40s:00 | 2400 o8t 6 17 0.60
003300 | 20 009 750 140 o7s | 01800 | 2500 (X7 €50 120 062
x| 20 0.0 90 Y] oss | oa2s:00° 2600 (X ] 6.5 121 0.63
w3ison | o 0.10 s 147 ose | o43s00| 2700 0sl 6.5 123 068
oo4000 | 350 012 880 161 095 | 044500 | 2800 0.94 670 124 0.66
o04s00 | 400 213 o 159 094 | 045800 | 2000 0.99 7.0 132 0.72
003000 | 450 01s [1X] 162 09 | ososoo| 3o 1.0t 70 132 072
00ss23| s34 018 s 160 ose | osas00| 300 1.04 720 134 074
o1c140 | 367 019 900 172 104 | 052500 | 3200 1.08 7o 136 0.76
o10600] 610 0.21 us 160 os4 | 0s3soo| 3m0 tn 7.8 139 0.7
or11000 | 650 0.2 905 173 105 | 0saso0| 300 114 750 141 079
021200 | 1270 ¢4 X 167 09 | osssoo} 3s00 118 7.8 142 0.80
030500 | 1800 061 8o 168 100 | osos00| 300 121 o 136 0.76
040800 | 2400 os o 168 09 | o61s00| 370 12 7.8 139 078
050500 | 3000 101 M0 159 os4 | 06:2500 | 3800 1% 7.0 143 08!
060500 | 3600 121 0 158 093 | 063500 | 3900 131 7.5 144 0.81
070500 | 4200 141 [1X 162 096 | 064500 | 4000 135 LX) 148 08s
080500 | 4800 162 %0s 173 10s | oessoo | 4100 138 9.0 149 086
090500 | $400 12 910 174 108 | 0705w | 4«00 141 0o 15 0.87
100800 | 6000 202 %5 182 in | oni900 ] 430 1.46 70 149 086
110500 | 6600 2 91s 178 106 | 072500 | w00 148 00 151 087
120800 | 7200 242 970 187 116 | 073500 | 400 1.82 0.5 152 088
075500 | 4700 LS 0s 152 o088
080500 | 4900 162 o 153 o
os1500 | 4900 163 00 151 0.87
08:2500 { $00.0 163 ®00 151 0.87
08.35:00 | $100 172 810 153 089
84300 | S0 178 810 153 089
0gss00 | 300 L7 (X 156 0.91
09:0500 | s400 182 020 155 050
091500 | 5500 188 5 158 0.93
09:25.00 | $60.0 199 Mo 159 0.94
09.35:00 | 5700 192 s 160 095
094500 | $800 195 s 158 0.93
095500 | $%00 199 250 161 0.95
100500 | 6000 202 850 16.1 095
10:18:00 | 610.0 205 850 16.1 0.95
102500 | 6200 209 250 16.1 0.95
103500 | €300 212 350 161 0.95
104500 | 6400 218 350 161 ©.9s
10:55.00 | 650.0 219 %S 16.5 098
10500 { 6600 22 [*X] 165 098
11500 | em0 226 00 17.2 1.04
11:2500 | 6300 229 Bs 169 101
11:35:00 | 6900 232 ®s 169 101
114500 | 7000 236 835 169 101
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Gl Eqn

No start'

Nas firvsh.

st
Steady:

yo0.2151.2.156
INLET) (OUTLET
s a8

(sveerge of 3 firet serpies)

(sversge of § 9 sampiss fram OUTLET)

(osmrnad Steady for inist » Cagiat)

153

700 ¥ 87s 167 ow
70 pX ¥4 ars 167 ow
™0 24 ®8s 1% o
7400 240 a0 68 100
%0 3] | 18] [ 0w




Tune

14.0
14.0
"o
o
0
o
"3
o
"2
1.3
3
18.2
156
16.0
167
17.2
190
179
(£ X)
192
190
19.4
198
21
204
2.3
204
p X
212
s
2o
23
89
259
%€
71
76
”s
no
i
76
p- A
3
39
24
07
¥4
07
34
N4
320
07
.7
2o
no
338
n2
M2
MuS
s
M2
3%S
S
3.3
%8
%S
¥
“e
464
ss0
$8.0
$3.0
$s.0

TOg-Tin

[X]

[ X

60

160
%0
».0
07
“0
0.
87
7
e
4

“o
93
1028
1120
1229
ms
1403
1810
160.6
1708
1799
1926
197

2198
k-1
288
uso
W78
264 |
4.1
234
229
324
22
2o
»2e
324
pLIR
317
M
06
393
404 6
4093
4196
486
480
4393
4693
4780
4390
4963
$06.3
sise
5258
3382
sase
3538
543.5
5738
38
5935
(LR ]
603.6
6136
6150
6280
6350
6430

Je

0.00
0.00
002
0.08
X
o
0.14
018
o
019
[ ¥~
02s
o
(¥ ]
o3
038
o
(X1
044
047
0.5]
0
0.87
(X1
(X3}
067
[ ]
0.7
o7
080
X 2]
oy
on
052
098
099
102
105
1.08
192
118
118
122

1.z
N
1.36
138
141
148
151
188
15
161
1.64
167
L7
174
L
1.90
1.84
196
1.90
193
1.96
200
203
20
207
207
210
214
247

T

CXCo

0.00 140
(1] 150
010 188
618 160
0 163
028 170
0.30 175
0.3 180
oo 18
048 190
0.8 198
0.88 00
0.60 p R
065 no
0.70 28.0
0.7 2760
0.5 20
08 200
090 30
098 380
1.00 $50
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120.0 040

0.0 .2 1] ns 0.0
3600 1.2 s X 0.0
400 1.62 Mo (X} (X
6000 202 S 37 0.1
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SAMPLING NO: [ ]

LOCATION Reservoir 2
FLOW (MUd) 167
SAMPLING DATE 08-Apr-03
TESTING DATE Q0-Apr-93
STANDARD MADE: 00-Apr-93
STANDARDIZATION
mg/i Ne Intis! Reading  Fing) Reading Aversge
28 188 185 185
$0 350 380 350
100 as 615 615
150 830 830 8o
178 910 910 0.0
20 1000 1000 100.0
mm_m Stetistics
MuRiple R 0.985
R Squere 0960
Adjusted R Square 0087
Standard Error 0.800
Observetions [}
Analysis of Veriance
[-.4 Sum of %1 Moen # F Sﬂnllk:cm F
Hogun-on 1 0. 43.270 .67
Residus! 4 2563 0.64%
Toral S 245833
Caeflicrents Standerd Emar t Statistc P-vaive Lowar 95% Upper 95%
intercept -2.224 0.784 -2838 0.038 4. 402 0.047
x1 0214 0011 19.485 0.000 0184 0.245

Genersl Equstion’ y=0.214x-2 224
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TESTNO. &

RESERVOIR NO.2 (167 MLJ/d)
Neacimor {387 " 02 -
NeFramgr e} 1738 b= -22 > -2
NoTrecerimpA)={ 1248
[
Time 1 vre ] ﬁ I o Time, [ _vre ru CXCo
[ wun | Ydo276 | g1 Dgy | win min_ | Toe2rs |

000800 | 00 0.00 no . 0.00 - 0.0 0.00 - 0.00
000600 | 10 0.00 »ns @ oo1 | oojo00| so (1] n2s o
o700 | 30 0.01 330 a“ o0 | 000 180 008 ns 0.0
00:08:00 | 30 0.01 no . o | cowmw | 250 o0 s 00
0000 | 40 0.01 3o . 000 | 604000 | 380 0.13 420 018
00:1000 | S0 0.02 no . 000 | o0:s000 | 4so 016 o oxn
01100 | 60 002 30 . 000 | o1vooo | sso 0.3 03 o3
01200 [ 70 0.03 330 4 oo | 011000 eso 0 $20 [3}}
w1300 | 00 00} 3o . 00 | onmoo| 7so 0.7 s28 oM
00:1400 | 9.0 0.03 s 1 <00t | or:weo| wso om % 100 oa
001800 | 100 0.04 ns .o 001 | ore000| oso 0.3 s 107 046
01600 | 110 0.04 ne ) 000 | 01:000| 1080 (3] ©o 108 047
1700 | 120 004 320 . 002 | oz000 | mnso 042 o 108 04s
0:18:00 | 130 0.08 328 7 001 | 021000 | 1250 04s 6o 1m0 0
00:1900 | 140 008 328 a7 0ot | o200 1350 049 6L 1 00
00:000 | 150 008 s a7 001 | 0oz000] 10 0.3 “o 16 0.4
00:21:00 | 160 0.06 no . 000 | 024000 1ss0 0.56 620 n2 0si
00:2200 | 170 0.06 no 4 000 |} ozs000| 16s0 060 “s n7 0ss
w2300 | 190 007 338 .o 001 | 030000 1780 0.63 6715 124 060
00:24:00 | 190 007 Mo st 001 | ox133| 18 o s 124 060
002500 | 200 007 ns .o 001 | 033000 1950 on “wo 128 061
002600 | 210 008 Mo s1 001 | 033000 | 280 07 60 127 063
w2700 | 220 008 350 s3 00 | oveooo | 2180 (%] ne Ty 066
w300 ] 20 0.8 390 61 050 | oyso00 | 2280 082 70 18 om
002200 | 0 009 “o 72 019 | 04:0000 | 2350 oss no 13 06y
00:30:00 [ 250 0.09 46 77 03 | oa:n000| s0 o no 13 06y
w3100 | 260 009 9.3 108 o4s | oa000 | 2850 02 o 13 o6y
0032001 270 0.10 s 124 061 | 043000 | 2680 0.96 730 13s 069
003300 [ 280 010 78 137 o071 | od4000| 2180 1.00 ™o 13 o6y
00M00 | 200 o1l 0 47 07 | o000 | 2ms0 1.03 750 140 0m
003500 | 300 0l 0 167 07 | 050000 | 2950 107 788 ITH 07
004000 | 350 013 o 164 092 | 0s:000 | 3080 11 ms s 077
004500 | 400 0.4 %0 170 097 | o500 | S0 114 s s 01
00:50:.00 | 450 0.6 9o 173 099 | vs000 | 3250 Lis o e o7
.ss4s | sos o1 9.5 171 o9 | osd00 | 3380 12) 0 140 0%
01000 | 830 020 930 177 103 | oss000| 3450 1.28 s10 153 omn
01:0600 | 610 [¥-3 930 177 103 | 060300 3880 1.30 sio 153 o
01:10.00 | 680 ou 923 176 102 | 061430 | 3698 1.4 "ns 154 om
oLIS00 | 700 028 910 173 099 | 062200 3770 137 s 154 om
012000 | 750 027 9L 174 100 | 0631:30 | 3m6s 1.40 wo 150 om
o1:2s00 | woo 02 s 169 097 | ose000| 3950 14 si0 153 o
o1:3000 | 850 031 o 17.0 097 | 063000 | 4030 147 810 153 o
02:0000 | 1180 042 [ 17.1 oo | 070000 | aso 130 "s ts4 oM
030000 | 178.0 063 s 167 095 | o710 | 428 155 ns 54 o
04:0000 | 2350 0ss 910 173 09 | o700 | 40 138 "s 154 om
050000 | 2950 107 ”s 69 097 | 07.3000 [ 430 1.61 no 157 'y
06:00.00 | 3550 129 90 173 09 [ 074000 | asso 168 no 157 o7
07.0000 | 4150 1.5 903 17.1 098 | 073000 | 4650 1e8 Bo 157 13
08:00.00 |  478.0 1712 918 174 100 | 00130 | ¢%s 173 us 160 o
09:0000 | 5350 14 9.0 17.3 099 | 081100 | 4850 176 850 161 0w
09:54:30 | 5898 214 910 173 09 | 082000 | 930 179 %o 163 092
10:54:30| 6495 238 923 176 102 | 083000 | 8050 193 “o 15y om
115400 7090 287 920 17.8 100 | esa230 | si7s 138 Mo Isy om
13.0000{ 750 28t 910 173 09 | 083000 | 5280 1.90 5o 161 0%
14.0000] s3s0 303 918 174 100 | 090000 S350 194 " 162 091
09.1300 | 430 199 850 164 0w
092000 [ 5550 201 50 161 0%
093000 [ %650 208 (1K) 16.2 091
094000 | 8750 208 o 165 093
09:3000 [ 5850 212 70 165 09y
100000 | 8930 216 s 166 Y
101200 | 6070 2% s 169 09
192000 | 6180 2 wo 163 09s
103000 | 6250 226 wo 17.0 oy
104000 | 6350 230 Bo 168 093
10:3000 | €430 234 "o 13} 095
11:0300 | 6330 2 “s 64 093
11:1000 | 650 241 wo 168 098
11000 | €750 243 wo 168 09s
113000 [ €850 20 wo 170 097
114000 | 6930 232 %0 172 0%
115060 { 7050 258 %00 172 ow
120000 | 7150 2% %0 173 o
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GrviEqn

N stort
Ne fiish
Instia!
Heady

yo0214x-2.22¢
INLET) (OUTLET,
ns  ws

(evarege of 3 first sampies)
(averege of 3 85t sampies)
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12:10:00
12:0:00
12:30:00
124000
1250:00
13.00:00
13:10:00
13:30-00
133000
13:40:00
13:50:00
14:00:00
14:10:00
14.20:00
143000
14:40:00
14:30:00

15:00:00

7250 263 90.5 173 099
735.0 24 2.0 172 09
%80 % 900 17.2 0.99
785.0 27 905 173 099
%S0 7 %o 1.0 oy
80 2 [TE] 169 096
7ns0 p17] “s 169 096
0 n %S 16.9 0.96
5.0 mn a0 168 0.98
8150 298 %0 170 097
750 2% 2.0 170 097
0o 303 200 172 0.99
S0 306 005 173 099
980 310 905 173 0.99
865.0 h B ) 0.0 17.2 (X 7]
750 317 €8s 73 0.4
£88.0 3 910 17.4 10
) % 91.0 174 1.00
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m 02
b -22
Tune in | TOwW-Tin Tome Carmection Time CXo
| Eqvi mun C/Co | Tome(mun)] _min wn
20 090 0. 0 00:03.00 00 0.00 ns 7 001
xno (24 (X 2o 01:48:00 1000 o.M 2s o7 <00l
x0 (X4 0.10 a0 03:00:00 1780 0.6) s 47 001
20 50 0.18 s 04:00:00 Dso (A L] no 48 000
236 114 oX uo 05:00-00 250 107 »o 49 000
u s 028 us 06:00.00 3ss0 1.9 3»s 9 0.01
pL8] 29 L5 ] 280 07:00:00 4150 1.50 Mo s1 (1.1}
283 »7 0.38 pik] 09:00:00 $35.0 194 s L2) (.31}
254 49% 040 WO 10:00:00 00 216 »ns 49 ool
260 390 043 0 11:00:00 €550 bar MO s [ X:1)
2.1 89 0.%0 28 12:00.00 7180 2% ns 449 ool
2%.2 s 0.55 WS 13:00:00 T k2] s 9 oe)
26.0 »o 060 70 14.00:00 0so 3ol ns 49 001
4%
%4 e [ X1} s
%5 108 0.7 20
2.5 188 0.7s b B
265 1288 0.90 »o
2.5 1385 X 1] 320
270 1480 0.90 U0
270 1618 09s 3s
71 1679 100 4350
273 1777
e 1974
8.1 1969
79 207.1
s 2371
79 i
s 2371
9 071
a3 2567
B4 266 6
21 2759
p- 3 %59
294 2956
299 3681
313 3137
33 3267
e 3379
316 M54
306 3ss9
33 37 132
3 7 135
316 3834 139
e I 143
316 403.4 1.46
26 4124 149
326 24 153
326 4324 1.87
a7 4429 1.60
Mo 4520 164
352 4598 1.67
333 a7 Ln
333 4842 175
MO 4910 178
M6 $00 .4 1381
340 5140 1.86
MO 5210 199
M6 3304 192
364 5386 195
34 436 199
3o 558.0 202
390 568.0 206
377 5773 293
40.3 5847 2n
377 5973 216
377 607.3 22
iss 6222 228
37 627.) 2
M7 €373 fA
403 644.7 23
429 652.1 23
429 6621 240
4“1l 6709 243




“y
a°e
@
“l
403
»wo
»o
»o
»7
403
403
Q9
“l
“i
@
“y
"o
450

<90
[L7A]
021
nos
U7
7.0
7440
T840
7673
™t
™7
»u
900.9
8109
 zo 3]
sy
$40.0
1500

247
18
EX ]
15
263
267
%
u

20
u
b g
290
294
298
o1
304
Jos
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SAMPLING NO: [
LOCATION: Reservoir 2
FLOW (MU/d): 14
S5 MPLING DATE: 20-Apr-93
TESTING DATE: - 22-Apr-93
STANDARD MADE: 00-Apr-93
STANDARDIZATION
mg/L Ns Initisl Reading  Final Resding Avergge
25 175 175 175
50 R2s 325 RS
100 $85 3.0 8.3
15.0 805 80.0 80.3
178 805 890 %3
200 100.0 8.0 00
_m-lbﬂ Stetistics
Multiple R 0.907
R Square 0.995
Adjusted R Square 0903
Standard Error 0575
Observations L]
Analysis of Verignce
af Sum of %x Meen Squwe F Signihcance F
Regression 1 244. 244 500 738.681 0000
Residual 4 1.324 0.331
Total S 245833
Caefixcmnls Shng_uﬂ Error 1 Statistic P-vaive Lower 95% Uppar 95%
Intercept -1.813 0.549 -3.304 0.021 -3.337 0.200
x1 0.215 0.008 27.178 0.000 0.193 0237

General Equation:

y=7.215x-1.813
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TJESTNO. 6

RESERVOIR NO.2 (141 ML/d)

NeBaclamgA »
NaFinalimgA
NaTracenimgh )=

162

392 me 02 m= 0.2
b AL b -1 b= =20
16 08
Talet Outlet
Tune VTd Conc. Ns| /o Time vTd Conc Ne [ C/Co
min Ta=292 min min 1d=292 1
00.0$.00 000 770 40 0.0 - 0.0 0.00 - - 0.00
00.06:00 0.00 %8 39 000 | 00:13:30 [ K] 0.03 %5 39 0.00
000700 20 0.0t *$ 39 000 | 00:20:20 15.3 0.08 26.8 39 000 |
00.08 00 30 0.01 %8 39 000 } 00:31:18 | 263 0.09 %3 39 0.00
00.09°00 40 00! %S 39 000 | 004130 | 365 0.13 268 39 000
00.10 00 $0 002 2.8 LX3 000 | 005200 | 470 0.16 370 63 o
00 11:00 60 0.02 2.8 39 000 | 010180} 368 0.19 0ns 77 07
00:15.00 19.0 003 270 40 0.0 031000 | €50 [}>] oS 7.7 027
00:16.00 1ne 0.04 70 40 0.01 01:2200 | 770 0.26 “s 79 0
00 17:00 120 0.04 76 4“0 0.01 01:30.00 | 8.0 029 4ss .2 0.30
0018 00 130 0.04 70 40 0.01 01:40.00 | 980 0.3 475 86 033
00:19:00 140 00 270 aw 001 [ 01:50.00 | 1080 0.36 us 102 044
00:20.06 50 0.08 270 €0 001 | 020000 ] 1150 039 538 10.0 043
00.23:00 18.0 006 70 40 oo1 | oz1000 | 12850 043 s4.0 10.1 044
00.24-00 19.0 007 70 4w 001 | 022000 ] 1350 0.46 $5.0 103 045
on2s00 | 200 0.07 %0 42 0.02 | 023000 Ws0 0.%0 6.0 10.8 0.47
002600 [ 210 0.07 770 4“0 0.01 02:40.00 | 1350 0.53 s8$ 1 0.51
007700 | 20 0.08 270 a0 0.01 025000 | 1650 0.87 39S 13 0.52
202800 [ 230 008 2770 (X} 0.0 03.0000 | 1750 0.60 610 e 0.8s
002900 | 240 oo 70 40 oor | 031330 | 1mms 0.6$ 620 nse 0.56
w00 | 250 009 70 40 001 | 032000 | 1950 067 630 121 0.58
003300 | 280 010 378 62 017 | 03330 | 2065 (4] 640 123 060
ooy | 20 0.10 ass 20 029 | 034000 | 2150 0.7¢ 645 124 0.60
003500 | 300 0.10 90 87 o3 | 038000 | 2250 0.77 65.0 125 0.61
004000 [ 350 0.2 760 s 075 | 040000 | 2350 0.80 660 127 0.63
004500 [ 400 044 %0 167 0.91 041000 | 2us0 084 66.0 127 0.63
005000 [ 450 013 910 178 098 | 042000 ] 2950 087 67.5 (k¥ 0.65
005545 | So8 017 925 181 101 04:30.00 | 2650 0.91 67$ 131 0.6
010000 | 350 019 933 183 102 { oa4000 | 2750 0.94 685 133 067
010500 | 600 [ %] 9.3 176 097 | o4s000 | 24590 098 €9.0 134 067
011230 | 678 0 918 179 099 | 050000 [ 2950 1.0 no 139 074
012500 | ®00 027 920 18.0 100 | 052600 { 3210 1.10 730 143 0.74
013400 | 890 0.30 [T 188 1o4 | 053000 | 3250 111 730 143 0.74
02022 1173 040 938 133 102 | 0540.00 | 3350 118 738 4 078
028500 { 1700 0.58 925 181 101 | 05:5000 | M50 118 S 146 0.76
03.5500 | 2300 [%;] 91.0 178 098 | 06:0000 | 3550 12 us 146 076
45800 | 2900 0.99 920 18.0 100 | 01300 | 3680 126 788 149 078
055300 [ 3%0.0 120 930 182 1.01 062000 | 3750 1.28 76.0 15.0 0.79
065300 [ 4100 1.40 920 180 100 | 06:30:30 | 3858 1.32 76.8 151 079
97.83.00 | 4680 1.60 905 176 097 | 064000 | 3950 138 76.5 15.1 0.79
088500 | s300 182 960 138 106 | 06:50.00 | 4050 1.39 76.5 151 079
09.5500 | 5900 202 885 16.6 090 | 070000 ) 4150 142 770 182 0.80
105300 6480 222 1020 204 118 | 071000 | 4250 1.46 780 154 082
115400) 7080 243 9s 179 09 | 072000 | 4350 149 780 154 082
125300] 7680 263 880 171 694 | 073000 | 4450 152 790 157 08)
07.40:00 | 4530 1.56 %0 154 0.82
07:5000 | 465.0 1.39 790 157 0.83
08.0000 [ 475.0 1.63 788 188 0.83
08:1300 | 4880 1.67 805 160 086
68:2000 | 4950 170 81S 16.2 087
083000 | $05.0 17 81.0 161 0.87
08:40:00 | S15.0 1.76 .0 157 083
08:50:00 | 5250 180 7.5 158 0.84
09:00:00 | $35.0 (R4} 810 16.1 087
09:1000 | 5450 187 80 168 091
09:20:00 |  $35.0 1.90 us 169 092
09:3000 | 3650 1.93 840 168 091
994000 575.0 197 855 171 094 |
09:50:00 | 585.0 2.00 .0 172 0954
10:0000 | $95.0 2.04 850 170 093
1012:00 | 607.0 208 960 172 0.94
10:2000 | 6150 211 870 174 0.96
103000 | 6250 2 s 176 0.97
104000 | €330 217 8690 172 o094 !
10:50.00 | 6450 2.2t 850 170 093
103800 | 6530 224 88.0 17.7 0.98
11:10:00 | 665.0 228 98 180 1.00
11:2000 ] €750 231 888 178 098
1152001 6870 2.3 280 17.2 0.98
114000 | 6950 238 390 179 09
11:5000 | 705.0 241 90.0 18.1 101
120300 | 7180 246 885 178 0.98
121000 | 7250 248 900 181 101



G Eqn:

Nea start.
Na finish
fnitiol:
Seady

y0.215x-1.813

INLET) (OUTLET
£l .
921 805

(ovenrpge of 3 firet sprmples )
(everspe of 3 it sarveies )

122000
1230 a0
1240 00
2000
13.00 00
13:13:00
13:2000
13.30.00
1):40.00
13:30:00
14:00:00
14:10:00

14:16 00

780 282 890 179 ow
43 0 238 s 17¢ 097
7580 9 675 176 oe?
%s0 262 as0 177 o
”s0 268 a9s 150 100
™0 % 80 179 oo
5.0 mn 0ns 10 100
w0so 2% 0ns "o 100
siso % M we 100
”so mn ®ws "o 100
8380 296 "ws o 100
sso 2. 395 5o 100
[XiK:] 291 [ 1] 180 100

(assumad Steedy inist *before NOises stertad ot 08 55))
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m= 02
b= 18
Sntem
Tome (n { TOW-Tin| 7/Td |[Tone Casrection Tume vTd Conc. Ns| CiCo
ﬂuﬂn C/Co mn)] _min mn_ | Tow92 | gL
230 0o 0.00 0.00 250 0005:00 0.0 0.00 pix) 3 0.0
280 00 0.00 0.0S 0 01.44:00 %0 oM 250 3¢ 00
80 oo 0.00 010 270 02:05.00 100 041 nus 3s 00
250 13 0.00 0.is 30 03.05.00 1900 0.62 250 3¢ 090
20 1.8 0.04 0.20 . B 04:08.00 U0 08 2.0 R X 3 0.0
22 159 0.06 028 20 08:17.00 nio 107 250 36 0.0
12 e 0.09 03 28 0b.04:00 3890 L 258 37 00
2 38 012 0.3 »no 07:18:00 | 4300 147 2558 37 0.0
24 476 0.16 0.40 310 08:06:00 | 4810 168 260 38 0.0
25 $5S o9 048 s 0%:00.00 5380 1.8 %S 39 00
28 €52 02 0.50 320 10:08.00 | 600 208 %5 39 0.0
34 e 02 0.3S s 11.02:30 €578 228 270 4.0 00
33 07 02 060 no 12:0000 | 7iS0 248 70 40 00
314 936 032 063 M0 130300 | 7780 2.66 270 40 00
ns 103.8 038 0.70 us
nz 1133 0.39 0.78 350
321 129 042 0.80 e
322 1328 048 0.8s 380
32zs 128 0.49 090 400
326 1559 0.9 0.9 a0
28 1622 0.5 100 480
330 173.8 0.59
» 1K 062
B2 1918 066
s 2018 0.69
338 21 0.72
340 210 076
4.0 2310 0.79
M2 2u08 0.82
M2 2508 08s
M6 2604 0.8
M9 2861 (X))
M9 2901 0.99
aso 300.0 103
355 3098 1.06
358 3198 1.09
361 M 114
364 D86 1.16
%7 M8 R 119
367 3583 123
36.7 3683 126
370 3780 1.29
373 .77 133
373 3977 1.36
377 4073 139
373 a7 143
377 4173 146
37s 475 1.50
383 “37 i
389 4361 1.56
[ 4664 160
377 4T 563
378 4872 167
386 4564 170
408 2 17
412 5138 1.76
s SU2 180
422 s 182
27 23 186
417 8533 189
427 564 3 193
“o $710 1.96
4“3 2 1.99
27 5923 203
“©:s 6033 207
456 6074 208
430 8170 2.1
4“4 €36 218
456 s 220
472 678 n
480 6370 23
464 66 230
480 6770 232




a2
“s
“s
456
@0
472
480
480
@0
480
400
430
430

[ 23 ]
700.2
702
Ti9.¢
e
7408
%70
%70
767.0
™o
.o
N0
030

2%
240
26
246
249
154
256
259
263
266
7
27
275
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SAMPLING NO: 7

LOCATION Ressrvoir 3
FLOW (ML/d) 170
SAMPLING DATE 28-Apr-93
TESTING DATE 02-May-93
STANDARD MADE 08-Apr-93
STANDARDIZATION
mg/L N» intzs) Resding  Fing! Reading Aversge
25 1885 185 185
$0 335 340 338
100 590 585 503
150 810 ats 81.3
175 91.0 s 913
20 100.0 101.0 100.8
Nagression gﬁou
Mulipie R 0.668
R Square 0995
Adjusted R Square 0.964
Standard Error 0543
Observations ]
Ansiysis of Venance
o Sum of Sqeres Aosn Square d Signicerwe F
Regression 1 244 852 744 652 828.318 0.000
Residual 4 1181 0.205
Total 5 245833
CoaWcwnts Stgndard Emor ] Ebu P-wive Lower 95% Upper 95%
intercept -1.906 0524 -3.814 0012 -3.454 -0.544
xt 0.213 0007 28.781 0.000 0.183 0234

General Equation y=0.213x-1.909
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TESTNO.7

RESERVOIR NO. 3 (179 ML/d)
m 02 - 02
b= 20 [ 21
Talet Oyt |
CXCo Time vId Cone N CXo
min Td=28)
wo 44 000 | an:i000 S0 0.02 »s . 000
w0 “ oo | o000 150 0.0$ s " oao
00:07:00 20 0.01 00 . oo | eowoo| 280 0.09 »s 4“ 000
00:08:00 0 [ 1] 0o “ 000 | ooe000| 380 012 30 se o1e
00:09:00 0 0.01 %5 4“3 001 | o0s000 | 4so 0.16 "o 74 032
a0:10:00 $0 002 3.0 “ 0.02 00: $5.0 0.19 “o 76 [
Q0:11:00 60 0.02 08 o 001 | o030 | €8s o “as 78 03
00:12:00 70 0.02 2.5 3 001 :30: 750 027 o 82 03
00:13:00 $0 003 20 2 002 130 880 0.30 ®0 [ ] 0¥ |
00:14:00 9.0 0.03 20 42 002 | 0l4000} 950 0.3 $Ho [ 0e |
00:15:00 100 0.04 0.0 4 000 i 0ns00) 1080 0.37 0 [T oey
Q0:16:00 1o 0.04 %0 .2 002 | ozo000| IS0 0.41 $s0 100 047
00:17:00 120 004 2.0 2 002 ) 021130 | 1268 048 $70 104 0%
00:18:00 130 0.08 E- X “ 00y | 0200 | 1350 048 i 108 X1
00:19:00 “o 0.08 0 a2 002 { 023m | wso [X]] 88 108 09%)
00:2000 150 0.0 2.0 “ 002 | 024000 | 1850 [X1] 20 107 032
00:21:00 160 0.06 20 a2 002 | 02000 | eSO 0.58 600 ny 0%
00.22:00 170 0.06 28 8 001 | 030000] 1750 0.62 6io 13 037
00:23:00 180 0.06 20 .2 ©02 | 01000 | 1850 0.6% €20 s 039
00:24:00 19.0 0.07 2.0 42 002 {03200 1950 089 313 ns 06t
00:28:00 | 200 0.07 0 42 002 | 033000 | 2080 [kr] s 121 o6l
00:26:00 | 210 007 28 43 001 | 034000 ]| 2s0 076 %3 128 067
00:27.00 | 220 008 no so0 0.08 oxso00 | %0 o €18 128 069
00:2800 | 20 008 ETE3 62 018 040000 | 2150 om 670 28 068
002900 | 240 oos “s 78 0.26 04:10:00 | 2US0 [X 4 @0 129 070
00:30.00 | 280 009 $1.0 29 037 042100 | 2860 090 60 131 o7
00:31.00 260 009 600 108 053 043500 | 2700 0.95 3 132 on
00.3200 | 270 0.10 650 18 062 44000 | 2750 097 700 133 07
003300 f 80 010 7.0 BN} omn 045000 f 2SO 1.01 720 137 0T
00:3400 | 290 010 750 140 079 050000 | 2950 104 70 (L] 076
003800 | 300 o1 s 17 [X73 0s:10:00 | 30S0 1.08 7o 138 07
004000 | 350 012 uo 159 098 0s2000 | 3iso L 70 138 076
004620 | 413 0.18 M 160 0.96 083000 | 3250 118 78 136 (4]
005000 | 480 0.16 (1% 162 o9 0s4000 | 3380 118 728 139 o™
00:83 00 $0.0 018 L] 168 1.01 085000 | 3450 22 s 143 os2
010306 80 0.20 7.0 165 100 060000 | 3330 128 70 140 079
01:15:00 7.0 028 70 165 1.01 061030 | M6 130 7 139 om
012500 | %00 0.8 8BS 169 1.0 062000 | 3780 (L] 70 o 079
013500 | 900 032 < 169 1.03 063000 | 3850 136 7.3 147 086
o1ss00 | 100 0.39 "s 169 1.03 064000 | 39s0 140 kd] [T} ] 087
0258500 | 1700 0.60 s 169 103 065000 | 4050 143 ™o 151 0w
038500 | 2300 o8t 90 170 104 07.0000 | 4150 147 ™o 151 o
04:5500 [ 2900 1.02 90 170 104 07.11:00 | 4260 1.5) 50 153 690
0555, | 3500 124 870 168 101 0rnw | e 1.4 ™o 551 ons
0685 | 4100 145 150 16.1 097 07.3000 | 4450 187 s 152 oay
075300 | 4680 1.6% 90 170 1.04 074000 | 4350 161 ™8 150 o
082500 | 5300 187 £8.0 67 1.02 073000 | 4650 1.64 ™o 151 08
09.55:00 | $%00 208 925 177 110 GB00G0 | 4780 1es 0o 158 092
10:5500| 6500 230 7S 166 101 081000 | 4850 K] ™0 153 0%
11:55:00| 7100 2.5t %62 163 0.99 092000 | 4950 178 0 153 0w
12:55.00| 700 272 8 169 103 003000 | s0s0 5.7 5 154 o9t
140000] 8330 235 855 162 oo 084000 | 8150 192 ”s 154 o9
o000 | S0 186 20 159 09
o000 | 5350 199 [FX3 164 0y
091000 | %430 193 ©2s 16) 0y7
2000 | $556 196 ”s 161 097
093000 | 5650 200 9o 162 o
0940:00 | 8730 203 5o 162 on
09:50.00 | 3850 207 5 163 oo
100000 | 3950 210 "0 166 10
101000 | 6050 214 840 164 0w
10000 | 6180 217 80 164 (17
103000 | 6250 221 3 i6s 100
104000 | 6350 224 %0 166 101
105000 | 6450 228 850 66 101
110000 | 6350 23) 33 163 0w
100 | esse 238 0o 162 (X
1o | 6150 23 9o 162 oss
113000 | 6850 242 Mo 164 (1]
114000 | 6950 246 “o 164 0%
115000 | 7030 249 0’ 163 [T
120000 | 7180 2% 845 164 100
121000 | 7250 2.5 845 163 100
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G EQR 0213x-1.999
INLET) (OQUTLET

Nes start

Ng firvsh

Fwet conghan (sveerge of 3 firel serrples)

Stesay conghion ®? 843 (sverege of 3 ae sanpies)

168

12200 | 7350 260 [ L1} 167 102 [
123000 | 7es0 26 (LX) 167 102

124000 | 7880 267 855 167 102 ]
12000 | 7680 2% 860 168 103
130000 | 7750 2% %50 168 103
13.1000 | 7880 an 865 169 104
13206 »s0 281 80 63 103

1300 | w0 284 855 16.7 102
134000 | WSO b2 ] 830 162 o,
13:%000 | 8280 FX) 85.0 16.6 1o |
jqo000 | #3350 295 250 166 101 .




Sniem

Tineln | TOu-Tin

20
no
a0

314
nr
3o

mn
00
00
40
128
20
9
a4
0.3
€0.0
9.7
”.7
”3
100.8
1087
17
1289
1384
1483
1581
167.9
177.6
197.3
197.1
2072
273

uL7

4133
4336
4417
4528
4628

4823

6770

T74
Td=28)
0.00
0.00
003
0.0¢
007
on
0.13
ols
021
028
(¥
032
0.36
018
042
046
049
052

059
063
0.66
070
073
077
080
085
087
091

098
10i
108
108
112
t1s
119
12
125
1.29
132
136
139
14
1.46
150
153
15
1.60
164
167
1.70
1.
175

182
185

191
193
197
201

207
21
210
220
2.

2

229
234

239

Tims Cafrection Tume
C/Co mn, min
0.00 o 00 05.00
[ ] o 01:00 00 $so ol
.10 ns 02:00.00 1so o4
018 Do 03:0000 1750 062
020 2 04:00.00 180 on
028 uo 05:00.00 280 1.04
0.30 us 00000 3580 r2s
038 80 07.00.00 a1so 147
040 280 09.00 00 4780 168
04S 258 09.0000 3350 199
0.5 %0 10.00°00 3980 210
05 %8 11:00 00 €350 23
060 270 12.00 00 7180 28
06 273 130700 mo 27
[ [\] ao
075 r- 3]
o0 20
ogs 30.0
0.90 320
095 3so
100 480

169




a0 6870 26
480 70 246
@0 070 2.
4o 70 29
"o 1770 97
90 70 60
40 70 264
480 770 167
"7 m3 m
430 me 278
430 ™0 ba; ]

70



SAMPLING NO: ]
LOCATION Reservoir ¢
FLOW (ML/d) 230
SAMPLING DATE 18-Jun-03
TESTING DATE 18-Jun-93
STANDARD MADE 19-Jun-93
STANARDIZATION
mg/lL Na iniual Reading  Inital Reading Average
28 1858 180 183
.0 330 2s 328
100 610 58 5 598
15.0 826 805 815
175 s 800 08
200 1000 90 905
Regression Stebstcs
Muitiple R 0.997
R Square 0903
Adjusted R Squate 0992
Standard Frror 0645
bs s 6
Anslys: ance
—_— o Sum of Squares Mean Square _F Sgnicence F
Reg, ession 1 244167 244167 588 172 0000
Residual 4 1866 0417
Total s 245833
Cosfixionts Stenderd Ermor ¢ Statistc P-vakse Lower $5% Upper 3%
intercept -1928 0620 -3108 0027 -3650 0208
x1 0213 0009 24 211 0 000 0180 0238

General Equation

y=0 213x.1 928
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TESTNO. 8
RESERVOIR NO. 1 (230 ML/d)

NoBscimgA» § 08 | L 02 m= 02
NoFirakmoA» [ 1685 | b= 19 b= -7
NoTracerimoAL)sf 1337}
[ et
Tume | vTd I Rosding 'I Zonc Ne]| CiCo Time vTd_ | Cone C/Co
mn Td=220 mgt | lntiad mun min | Té4=220 | Initial
00 0300 0.0 000 235 3.1 000 | 00:08.00 00 0.0 s 30 000
00 0600 10 0.00 28 3 000 | 00:10.00 s0 00 s 30 0.00
a0 07:00 20 0.01 238 3 000 | 00:2000 15.0 0.1 30 3 6.01
00.08:00 30 00 23 3) oo | 003000 | 250 01 ns 30 0.00
0009.00 X 0.02 235 3 ©o0 | 0040:00 | 3SO 02 ns 30 0.00
00:10:00 $0 0.02 28 31 000 | oo:s000 ) 4so 02 23 30 0.00
00 '11.00 0 003 238 3 000 | 01:00.00 $5.0 03 3.0 £X) (3]
00 1200 70 0.0) 23 3t 000 | ori0oo| eso 03 @S .S 0.40
00:13:00 80 0.04 238 31 o000 | 01:25:00! w00 04 4“%s (4] 0.37
00.14 00 9.0 0.04 60 32 0.0 014000 | 950 04 ©0 86 041
00:15:00 100 0.08 ®s 4l 008 { 01:%0.00) 1080 (X} s2.8 9.3 046
00:16 00 1no v.0s o 62 0 | o20000] 1150 0.s 588 10.0 0.8)
00 17.00 120 0.08 s 82 038 | 021000} 1250 06 57.0 10.3 0.53
00:18 00 13.0 0.06 L X 131 0.73 022000 [ 1350 0.6 620 13 061
00°19.00 140 0.06 708 1.1 0.7¢ 02:30.00 [ 1450 07 € 117 063
00:2000 150 0.07 s 146 083 024000 | 1850 0.7 640 ns 0.64
002100 16.0 0.07 73 144 083 | 0625000 | 1650 os 65.0 120 0.66
00.22.00 17.0 008 s s oss [ ozo0ou| 1780 os 66.5 123 0.68
00 23 00 120 oos 860 164 (X 034000 | 1850 (X1 69.0 128 0.72
00.24 00 190 009 " 163 097 | 032000 | 1950 09 70 132 0.75
002500 [ 200 0.09 820 158 092 | 033000 | 2050 09 70 134 076
00.26 00 210 010 850 164 098 | 034000 2150 10 730 137 0
002700 [ 220 0.10 870 16.6 100 | 035000 | 2250 1.0 770 145 084
o200 [ 0 0.10 820 158 092 | 04:1000 | 240 11 s 14.6 085
090 40 0.11 %0 164 (X2] 0420:00 { 2550 12 1.5 46 0.88
003000 [ 280 011 ”s 156 0.7 04.30:00 | 265.0 52 %9 147 086
0031:06 [ 260 012 %S 168 099 | 044000 ) 2780 13 00 15.1 089
003200 270 0.12 880 16.0 093 | o4:9000] 2850 13 6o 153 0.90
0330 [ 20 013 830 16.2 097 | 050000 | 2950 13 %05 152 0%
00300 | 290 0.13 o 160 09s | 651000 | 30s0 14 (X 18.7 0.93
003500 | MU 0 s 16.1 096 | 052000 | 3180 14 o 160 0.98
00 40 00 380 0.16 84S i61 0.96 08:30 a0 3250 15 MO 16.0 0.98
00 43 00 400 018 %70 166 1.00 054000 3350 15  2X0 158 09)
003000 430 020 s 16.7 100 | 055000 | 3450 16 40 16.0 0.95
wssoo | s00 023 s 169 102 | 060000 | 3350 1.6 510 153 0.90
010006 ss0 0.28 170 166 1.00 06.10 00 350 1.7 R0 158 093
otos o 60 ¥y 32 156 093 06:20°00 3750 17 M0 16.0 a.9s
020000 [ 1150 0.52 875 16.7 100 | 06:30:00 4.0 18 "o 16¢ 09s
03 00 00 1750 080 88s 169 102 06.40:00 3980 18 43 161 0.96
040000 | 2350 107 a0 166 100 | 06:50:00 | 4050 18 855 163 097
08 4C 00 3350 182 Mo 170 1.03 070000 4150 19 850 162 097
0600 00 3550 161 910 175 1.06 07:10.00 4250 1.9 850 164 098
0700 00 4180 189 9190 178 1.06 07:20 00 4350 20 865 165 0.99
080000 | 4750 216 870 166 1.00 07:3000 [ 4430 20 87.0 166 1.00
08850 | 3300 241 910 178 106 | 774000 | 4350 2.1 875 16.7 1.00
07:5000 [ 4650 21 880 68 1.01
080000 | 4750 22 875 167 1.00
08:10:00 | 4850 22 7.0 166 100
08:2000 | 4950 23 875 167 100
08.3000 | %050 23 7.0 166 1.00
094400 | Si90 24 870 16.6 1.00
08:3000 | $250 24 870 166 1.00
09 00 .00 5350 24 865 165 099
Geet Eqn 0213x-1.928

INLET) (OUTLET

Nau start

Na firnsh

First condition (svesrpe of 3 first sampies)
Stesdy corxition 8712 87.2 (sversge of 10 last samples)

(assumed steady stale for inet = Outiet)
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b= 19
f System
Tims Carmechon Time ] _vTd
C/Co_ | Tumetmin)l _mun min__| Td=220 |
0.00 90 | 000S00| 00 00 Y] 3 00
008 9s | o100 | sso 03 U0 32 00
a.10 100 | 020000 | wnso 0s 40 32 00
0as tos | 030000 1750 08 Y n oo
(% 1no | oeaoo| 230 1 20 )2 00
02s 1.5 | 0s0000| 2950 13 233 Y 0o
0.3 1s | 060000 | 50 16 us 3 00
120 $3.0 ou 0.3 120 | 070000 | 4150 19 us 33 00
;1o 6.0 031 040 120 | ceoooo | 4750 22 40 32 00
io120 .0 038 04s 1206 | o000 | s130 24 4 33 00
12.1 929 0.42 050 128
123 2.8 047 0.ss 123
25 1128 051 060 130
130 1220 0.8 06s 130
130 1320 0.60 070 1o
130 126 0.6c 07s 140
130 1520 0.69 os s
130 1620 0 08s 150
134 1716 0.78 0% 175
40 181.0 0.82 095 180
141 1909 08?7 1.00 220
143 2007 091
149 2101 09s
150 2300 108
iso 2400 19
154 496 IR}
169 2581 117
178 2678 i
173 2777 126
178 5.2 k1)
180 70 13s
180 3070 VA
179 n72 144
180 3270 149
178 3378 153
178 3472 158
180 870 162
180 3670 167
187 3763 &1
199 3851 178
193 3957 180
205 4045 I
-1 €139 1.88
¢ 218 @32 192
P 4330 197
20 4430 20
2o a3 204
ST ] 4632 Zn
! 2o 4730 218
I 218 4832 220
{ 8 ©72 226
;s 5032 229
211 $139 2M
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SAMPLING NO: 9
LOCATION Reservoir 3
FLOW (ML/d): 188
SAMPLING DATE 25-Jun-93
TESTING DATE 26-Jun-93
STANDARD MADE 16-Jun-83
STANDARDIZATION
mg/l. Na Inbal Reading  Initial Reading Average
25 190 190 19.0
50 30 By 330
100 595 585 50.5
150 800 805 803
178 895 885 895
20 100.0 100.0 1000
Regression Statistics
Muttiple R 0988
R Square 0995
Adjusted R Square 09684
Standard Error 0.542
Observations 6
Anelyyis of Vanarcs
o Sum of Sgn: Mean Squere F Sagnficence £
Regregsion 1 244857 244 657 831.705 0000
Residua! 4 1177 0284
Total 5 245833
Costticants Standerd Error 1t Stapistc P-vaive Lower $3% Uipper 23%
Intercept -2.096 0526 -3984 0010 -3 558 0835
x1 0217 0008 28839 0000 0168 0237
Genera! Equation y=0217x-2 096
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TEST NO.
RESERVOIR NO. 3 (188 ML/d)

NeBeciqmolLy= [ .44 | m= 02 m= 02
NaFrsimg/. )= 08 b~ -21 b= -26
NaTracerimgA)={ 1364 ]
Tolet
Timne vTd Conc. N3] CXCo Time
o
min mn T4=318 mm
00:08.00 00 0.00 X} 34 0.00 00:05:00
000600 10 0.00 255 34 0.00 00:10:00 . .
00.07:00 20 00l 295 34 0.00 A 10.0 0.03 270 34 0.00
0008 00 h X 0.0) 260 3s 001 150 0.08 o 34 0.00
a0:09 00 40 60l 20 3s 0.01 20 0.06 70 X} 0.00
00:10:00 so 0.02 285 4 0.08 00:30:00 230 0.08 s s 0.01
00.11-00 60 002 270 g 0.02 00:35:00 0.0 0.09 30 39 0.03
00.12:00 70 002 80 490 004 00:40:00 350 0.11 »0 54 0.15
00:13 00 $0 0.0} 270 s 002 00:43:00 400 0.13 “s 67 0.24
00.14.00 9.0 0.03 o bR 002 00:50:00 450 014 420 63 0.24
00:15:00 100 003 7o s (X124 00°$5:00 0.0 .16 43.0 10 0.26
00.16:00 1.0 .03 265 37 0.02 01:00:00 pLE 017 425 71 027
00:17:00 120 004 270 38 0.02 01:10:00 €50 0.2 as 71 027
00:18.00 13.0 0.04 %5 37 0.02 01:20:00 %0 024 450 74 029
00:19 00 14.0 004 210 38 0.02 01:30:00 5.0 027 470 79 033
00.20 00 150 008 320 0 004 01.4200 97.0 031 518 89 0.40
00 21°00 160 0.0 .o 38 0.02 01.52:00 1070 oM s1.0 1 2] 0.39
00.22:00 17.0 005 ns 39 0.03 01:35.00 100 038 820 9.0 041
0023:00 me 0.06 ns 39 0.03 02:15.00 1300 (X} 528 L3} 042
00.24.00 190 0.06 p. 3. 37 002 02:20:00 1350 042 $8.5 (2] 0.46
00.28:00 200 0.06 28 37 602 02:30:00 1450 046 $9.0 10.6 0.52
00 26.00 210 0.07 WS 37 002 02:40:00 1550 049 9.5 10.7 0.53
00:27:00 220 0.07 7o 3s 002 02:50:00 165.0 052 600 108 0.54
00.28.00 230 007 s a7 .10 02:95.00 1700 0.53 60.5 10.9 0.5%
00:29.00 uo 0.03 ato 68 02s 03:10:00 185.0 058 625 &} 0.58
00.30 00 0 008 40 | 3 036 03.20:00 1950 061 63.0 HE] 0.5%
00 3100 %0 008 5.8 104 0.5) 03:30°00 2080 064 65.0 119 0.62
00.32 00 270 0.08 670 124 0.66 03:40.00 2150 0.68 645 118 06!
003300 280 0.09 no 138 0.7 03:50:00 2250 on 6S.5 120 0.63
00.34 00 20 009 s 139 076 03:55:00 200 072 65.5 120 063
00:)$ 00 o 009 o 148 on 04:10:00 €50 077 67.0 123 065
00 40 00 50 on %0 16.3 0985 04:20.00 2550 080 685 127 068
00 45.00 400 013 | X)) 16 1 093 04:30.00 2650 083 67.5 124 0.66
00:50.00 450 014 87 169 0.99 04:40:00 2150 086 69.0 128 0.68
00 5500 0.0 016 290 17.2 1.01 04:50.00 2850 0.90 no 132 0.72
01:00 00 $50 017 8%S 16.7 097 05:00.00 2950 093 70.0 130 0.70
01:05:00 600 0.19 86 16.7 097 05:15:00 3100 097 7no 132 0.72
020000 1180 0.36 o 168 098 05:20:00 3180 0.99 no 134 073
03:00 00 1750 058 285 171 100 05:30.00 3250 102 4.0 139 977
04:00 00 D50 074 920 179 1.06 05:40:00 3350 1.05 ns 138 0.76
05.05:00 300 0 054 s 169 0.99 05:50.0¢ 3450 108 s 138 076
0600-00 3580 112 ns 16.9 099 06°00:00 asso 132 750 14.1 078
07:00.00 4150 1.3 378 169 (A9 06:15:00 300 116 76.0 143 0.30
08 0500 4800 151 873 16.9 0% 06:20.00 3750 LI8 785 142 079
09 00 00 3350 168 875 169 099 06:30:00 aso0 121 785 142 079
09 3¢ 00 %50 1™ 850 172 101 06 40:00 39s.0 1.2¢ 76.0 143 080
06:30.00 405.0 127 6.0 143 080
07:00.00 4150 131 7.0 146 0.81
07:310:00 4250 1.34 77.0 146 08}
07:20.00 4350 137 7.0 148 083
07:30:00 4450 140 780 48 083
07.40.00 4550 143 ™5 149 084
07:50:00 4650 146 79.0 150 0.8%
08.00:00 475.0 149 79.0 150 085
08:10:00 4850 1.53 1.0 154 088
08:20:00 495.0 1% 81.0 154 088
08:30:00 5065.0 1.3% 31.0 154 0.88
08.40:00 s15.0 162 s 156 0.89
08:50:00 5250 165 81.5 156 0.89
09:00:00 5350 168 820 15.7 0.90
09:15:00 $50.0 173 8.5 156 0.89
09.20:00 5350 175 320 157 0.90
09:27:00 $62.0 177 815 156 0.89
G Egn 0217x-2.096
Na start
Na finigh
First condtion 255 270 (avesrpe of 3 first sampies)

Steady condition L X} 834  (sverspe of B last inist saMmpies)

(assumed steady stsle for inisi= Cutiet)
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b -21
System Rackgrousd
Teeln | TOwTin]  T/Td _[Tume Correction Tume & ;If l Con Nu I CcKo ]
[ b | _mn | Teus ] Co | me(mu)| _min min j Td-)ll 1

e 0.0 0™ | o000 200 | ooosoe| oo 0.60 00
L3278 00 0.00 0.08 ns | oro000| sso 017 270 3 - 00
00 0.0 0.00 0.10 20 | 020000 1180 0.36 7.0 38 0o
20 0.0 0.00 0.18 2s | 030000 1750 0ss ns a“ 00
PO 00 0.00 0.20 uo | 00000 2380 0.7 ns 39 00
> 46 0.01 0.28 %0 | 050000 | 2950 093 278 39 [
ne 84 0.03 2.30 %us | os0o00 | 3sso 112 78 3s [
s 1.8 004 038 250 | 070000 | «is0 [ 7.8 39 00
.0 160 0.08 0.40 25 | 0s.0000 | 750 149 s 39 00
%40 210 0.07 0.48 285 | 09:0000 | $3s0 168 s 39 00
4.1 259 0.08 0.50 2%0 | 093000 630 17 80 40 00
u? 208 0.10 0.8 %0

u2 4038 0.1 0.60 %3

u4 0.6 0.16 0.68 270

us 6.2 0.19 070 kX

258 s 0.2 0.78 20

254 ne 0.26 080 20

258 us 0z 083 300

bIX] 104.5 0.3) 090 320

%6 109.4 0M 095 340

%0 119.0 0.37 1.00 4.0

%0 129.0 0.41

%0 139.0 0.44

%0 144.0 0.4

%3 1587 0.50

%4 168.6 0.53

%7 1783 0.56

26 1884 0.59

%3 198.2 062

%8 2032 ved

270 2180 0.69

73 2277 072

271 2379 07s

73 77 078

277 2573 08l

278 2675 0.84

277 2823 0.89

278 2872 090

23 296 7 0.93

282 306 8 0%

282 316.8 1.00

286 326.4 1.03

290 10 1.07

288 346.2 109

238 3% 2 L2

290 366 0 118

20 376.0 1.18

93 3887 1.21

3 3957 124

296 405 4 17

296 4154 3

298 4252 1.4

299 4351 137

%9 4451 140

32 4538 143

312 4638 1.46

312 4738 1.49

38 4835 1.52

s "8 1.58

ns 5032 1.58

38 $18.8 1.63

s 5232 163

31 5308 167
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SAMPLING NO: 16
LOCATION Reservoirs 1-2-3
FLOW (ML/d) 170
SAMPLING DATE 30-Jun-93 untit 02-Jul-93
TESTING DATE 03-Jul-93 snu 08-Jul-93
STANDARD MADE 18-Jun-93
STANDARDIZATION {BACKGROUND}
mglL Na Inite! R g  Finai Reading A 9
25 185 190 188
50 325 30 328
100 50.5 0.0 50.3
150 800 800 80.0
1758 865 895 805
200 1200 1000 1000
Regression Sistisxs
Multipie R 0968
R Square 0985
Adjusted R Square 0084
Standard Error 0528
Observations €
Anslysis of Verisnce
o Sum of Squares Masn SG:! F Significence i
Regression 9 2¢4.725 244,725 883 150 0000
Residual [} 1.108 0277
Total 5 245833
Casficonts Standard Error | Stptustic P-veive Lower 5% L‘}' 05%
Intercept 201 0508 -3.976 0.011 -3.432 -0610
x1 0.218 0007 2718 0000 0.196 0.238
STANDARDIZATION  (INLET CELL#1)
mg/L Na inibal Reading  Final Reading Ave Rdg
25 195 165 195
50 40 330 338
100 600 580 595
150 810 795 803
175 900 880 800
200 1000 680 900
Regreasion Stetistcs
Multipie R 0997
R Square 0985
Adjusted R Square 0983
Standard Error 0.577
Observations 8.000
Anslysis of Varence
— o Surn of Squeres Meen Squre F Significance F
Regression 1.000 244 500 244.500 733.384 G.000
Residual 4.000 1334 0.333
Totet 5.000 245833
Coefficipnts Standard Error | Statstxc P-vie Lowar $5% Upper 5%
Intercept -2.308 0587 -4.085 0.010 -3.881 .0.731
x1 0.220 0008 27.081 0.000 0198 0.243
STANDARDIZATION  (NLET CELL#2)
mpl Na intial Reading  Tinal Reading Ave Rdg
25 160 195 193
50 330 340 35
100 565 805 800
150 815 815 815
178 900 91.0 805
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200 1000 1000 1000
Regressmon Statstcs
Multiple R 0907
R Square 0.964
Adjusted R Square 0.603
Standard Error 05685
Observations 6.000
Anglysis of Venernce
— o Sum of 21‘: Moen Squre F Signifcence F
Regression 1.000 44 418 44 4168 889 938 0 Q00
Residugs! 4.000 1.417 0.354
Tota! 5.000 245833
Coaffc ionts Sianderd Emor t Stytgtx P.veive Lowar 5% Upowr 3%
Intercept -2.185 0.580 -3733 0.014 -3775 0555
x1 0.218 0.008 26 267 0.000 0193 0230
STANDARDIZATION (OUTLET CELL#Y)
mg/L Na Initat Reading  Final Reading Ave Rdg
25 90 180 188
50 330 315 323
100 50.0 580 585
150 79.5 795 795
175 880 87.0 875
200 880 e85 883
Regresswon Statstxs
Muttiple R 0887
R Square 0994
Adjusted R Square 0963
Standard Error 0587
Observations 6.000
Anglysis of Venance
of Sum of Sgueres Meoan Squere F Signticance £
Regression 1.000 244 457 244 457 710 562 0 000
Residual 4.000 1376 0.344
Total 5.000 245833
Coafficenis Stenderd Eror t Statisixc P-vahes Lower 35% Upper 03%
Intercept -2.054 0568 -3818 0015 -3630 0478
x1 0220 0008 26 858 0000 0197 0243
STANDARDIZATION  (OUTLET CELL#2)
mg/t Na Inital Reading  Final Reading Ave Rdg
25 195 185 195
57 335 M0 338
101 80.0 805 603
15¢ 810 815 813
175 80.0 905 03
200 100.0 101.0 1005
Regression Stetistxcs
Muttiple R 0997
R Square 0.605
Adjusted R Square 0903
Standard Error 0573
Observations 8.000
Ansiysis of Varisnce
of Sum of Squeres Meoen Sqere F Smicance F
Regression 1.000 244519 244 510 743657 G.000
Residual 4 000 1315 0329
Total 5.000 245833
Coefiicienty Standard Error t Statisixc P-veim Lower §5% Uppor 25%
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Intercept 2229 0361 3975 0011 -3.785 0672
x 0218 0008 27278 0000 0194 0238
STANDARDIZATION  (OUTLET CELL#3)
mg/L Na Intug) Reading  Final Reading Ave Rdg
28 190 1990 190
50 3o 335 333
100 500 %5 5.3
150 805 810 808
175 8.0 295 83
20 1000 1000 1000
e Boprasicn Sevmes
Mutiple R 0.983
R Square 0.905
Ady.;sted R Square 0.964
Standard Efror 0548
Observations 6.000
Analyns of Venance
o Sum of Sgeres Moon Squre F_ Signitcance F
Regression 1.000 244 632 244 832 814.684 0.000
Resdual 4.000 1.201 0300
Tota) 5 000 245833
(] Standsrd Emor t Stohstic: P-vaiue Lower §5% Upoer 95%
Intercept -2.118 0532 3976 0011 -3.584 0639
x1 0217 0008 28.543 0.00C 0188 02238
STANDARDIZATION  (OUTLEYT CONVERGENCE)
mg/L Na Inral Reading  Final Reading Ave Rdg
25 185 185 185
50 320 25 323
100 585 590 588
150 795 800 79.8
175 880 885 888
200 1000 %0 95
Ragresson Stetistcs
Multiple R 0968
R Square n985
Adjusted R Square U984
Standard Error 0527
Observations 6 000
Anglysis of Venance
o Sum of Squeres Mesn Squere F Significance F
Regression 1 000 24472 244721 870.820 0.000
Residual 4.000 1113 0.278
Tota! $ 000 245833
Couftc ety Stendard Error + Statistic P-va e Lower §3% Upper 95%
intercept -1.956 0507 -3.857 0012 -3.385 0.548
xA 0217 0.007 20.682 0.000 0196 0237
General Equaton Background- y=0.216x-2.021
intet Celt 1 ¥=0.220x-2 308
Intet Cell 2 y=0.216x-2 165
Outiet Cell 1: y=0.220x-2.054
Outiet Cell 2 y=0.218x-2.228
Outiet Celi 3 y=0.217x-2 118
Outiet Converg  y=0.217x-1.056
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TEST NO. 10

RESERVOIR NOS. 1,2,3 (170 ML'd)

Siope me 02 m= 02
ntercept b= 221 = 23
GrrlEqn ¥=0.220x-2 306 y=0 216u-2 165

(INLET1) INLET2
N .back (mgh )= (Y "'4'«5"
Na Final (mgAL)= 1 18 32
o Tracer (mght )= 14 04 1
First condition 3067 313
Steady condiion M5 848
Tmle} tnled !
Time Conc Ns| __CKCo Tume HIZ Conc Na | CJCuJ
min Lratial mun mn myl sl
00:05:00 305 a3 0.00 00.05 00 6o e a4 001
00.06:00 310 a6 ool 00:0600 10 s 46 000
00:07°00 w5 45 000 00 07.00 20 318 46 000
00.08:00 30 46 0.0t 00.08 00 3o 318 46 0w
00:09.00 315 a7 0ny 00 09.00 40 3 48 000
00:10.00 310 a6 0.0 00:10 00 S0 320 ki oot
00:11.00 325 o 0.03 00 11:00 60 20 7 0o0i
001200 315 47 oul 00.1200 70 3 a6 000
00.13 00 320 48 002 00.13 00 20 38 46 000
00 14 00 N0 50 004 00.14:00 90 MO LR 004
00:15:00 360 57 008 00:15.00 1o »o 49 onm
00:16:00 11.0 s 7.1 019 00:16 00 1o 320 47 ool
00:17.00 120 480 83 027 00'17.00 120 320 47 06l
00.18.00 130 40 96 0.7 00.1800 3o 320 47 cot
00'19:00 140 6.0 e 051 00:19 00 4o 320 47 oot
00:2000 15.0 680 126 0.58 00:20 00 150 s 46 ovo '
00:21°00 160 74.0 139 068 002100 160 320 47 oot
00:22°00 17.0 820 157 0.80 00:22 00 170 ns 46 000
00:23.00 180 85.5 164 0.86 002300 180 s 46 000
00.24-00 190 %0 16.6 087 00.24 00 190 ns 46 000
002500 00 870 168 o8y 00.25 00 20 3o 4 00!
00 26.00 2.0 900 174 093 00 26 00 200 318 ' 000
00:27:00 2o 930 133 098 00.27 00 220 00 a2 002
00.29 00 230 94.0 183 099 00:28.60 20 300 a2 002
00 29 00 A0 4.0 183 099 00.29 00 uo0 300 €2 002
00.30 00 230 950 183 1ol 00.30 00 250 3¢ a4 o0l !
00.35.00 0.0 %40 183 0.99 00 3100 %0 480 82 026
00 40 00 350 o4 & 184 100 00.32 00 70 00 152 kad
00:45.00 400 93.8 182 098 00:33.00 o ™0 182 09 |
00:50.00 450 950 195 101 00.34.00 20 948 183 0%
00:5500 s0.0 945 184 1.00 00.35 00 30 950 184 100
01:00.00 ss0 958 186 102 00 36 00 3o 5 183 0w
01:05:00 60.0 950 185 101 00°37.00 320 950 184 1 o0
03.1000 1850 94 184 100 1040800 31230 - - 100 |
04:0500 | 2400 4.5 184 1.00
05:05:00 § 3000 935 182 098
060500 | 3600 918 177 098
07.0500 | 4200 830 170 (]
080500 | 4800 950 185 101
090500 | $400 95.0 185 101
10:05:00 | 6000 945 184 i.00
11:05:00 | 6600 45 184 1.00
120800 | 7200 94.5 184 100
13.0500 [ 7800 960 187 102
14:0500 [ 8400 95.0 185 101
15:05.00 [ 900.0 1040 08 118
16:0500| 9600 970 139 104
17:0500( 10200 945 184 1.00
18.08:00| 10830 940 183 099
19.05:00| 11400 920 179 096
20.07.00| 12020 650 120 0.4
210700 12620 920 179 0.96
22:0800{ 13230 945 184 100
23.0800§ 13830 945 184 1.00
000800} 14430 935 132 098
01:08:00] 15030 845 184 1.00
020800 15630 950 185 101
03.0800( 16230 95 184 1.00
040800 16330 930 184 0.98
05.0800] 1743.0 940 183 0%
06:0800| 1¥33.0 $40 183 099
07.08:00| 18630 905 17.3 0.94
08:080C| 19230 935 i82 09
090800 19830 920 17.9 0%




100800] 20430 970 189 104
120800} 21630 %35 184 1.00
130506 2200 9z0 179 0.96
140500 22800 928 18.0 0.97
150500 2m9¢0 930 181 0.98
161800 24130 960 187 102
173000 24830 %0 185 10)
1802001 25170 ”®s 186 1.02
183000} 25450 0 185 1.0t
190800 25830 s 134 1.00
200800 24430 40 183 099
210800; 030 920 179 0.96
220800 27630 %5 158 103
230800| 00 940 183 0.99
0oCs00| 230 %0 185 Lol
010800 29430 940 13 0.99
020800| 30030 ™us 194 1.00
030800 30630 940 193 0.99
040800] 31230 950 185 1.01
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m= 02 m= 02
b .21 b= 20
y=0.216x-2.021 ¥=0.220x-2 054
ACKGROUND) OUTLETY,
16 1
it
90
Outiet)
Time Conc Ns| _CKCo Time | Reatnyg | conc [
| _mun I mgrt | man min | mgt
00.05.00 0.0 05 [K) 000 | 01:59.00 | 113.0 305 45 0.00
01:0800 | 60.0 208 45 000 | 021800 [ 1330 310 6 001
023000 | 1450 0.8 45 000 | 023900} 830 338 s2 [ 005 }
030500 | 1m0 20 . 000 | ozss00f 1m0 0 66 01s
04:0500 | 2400 0. as 000 | 031moo| 1930 “s 69 07
05:05.00 | 3000 ws 43 000 | 033800 [ 2130 0 7.2 019
06:0500 | 360.0 305 a3 000 | 038800 | 2330 @0 as 0.2
07.0500 | 4200 308 45 000 | 041800 | 2830 510 9 03
08:0500 | 4800 38 7 002 | 043000 [ 2730 530 94 038
090500 | S400 s 47 002 | oespoo| 230 a0 [ 027
09:50:00 | S85.0 318 a7 002 | os1m00 | 3130 610 11 047
11...00 | 6600 s a7 00: | os3moo | 330 580 04 043
11:8700 | 7120 s 47 002 | 053800} 13330 610 nt 047
13.0500 | 7900 s a7 002 | 061800 | 3M0 623 e 080
135700 | 9320 s %] 002 | 063800 [ 3930 623 na 050
15:0000 | 950 320 [T} 002 | 065800 4130 64.0 n? 082
16:00:00 | 955.0 34.0 $3 00 | on1800 | 4330 90 128 060
17:08:00 | 10200 s a1 002 | 073000 | 4330 690 129 660
18:05:00 | 10800 340 $3 003 | orss00| 4mo0 (X 129 060
18:57.00 | 11320 320 49 00z | 08i800 | 4930 0 137 066
19:57.00 | 11920 05 K] 000 | 083800 | SIdO 40 139 067
205300 | 1480 308 48 000 | ossso0| s 750 x| 069
21:5200 | 13070 08 48 000 | 091800 | ss30 750 141 069
22,5000 | 13650 320 %] 002 | 09300 | sT0 760 143 07
235000 | 14250 328 $0 0.03 122000 ) 750 820 156 080
005000 | 14850 “0s 67 o1s 125000 | 7650 890 158 081
015000 | 18450 350 5s 007 1319w | 70 s 161 o
04:0500 | 16800 300 4 001 | 134000 | w30 850 162 084
050500 | 17400 300 4 001 | 140800} 8430 260 163 086
060500 | 19000 300 a4 001 | 142700} 8620 %50 163 o
07.05.00 | 18600 308 48 0.00 42800 | 8630 870 167 o
08.0500 | 19200 300 a4 001 | 144800 | 3830 70 167 (1]
09:0500 | 19800 300 “ 001 | 150800 | 9030 79 167 088
100500 | 20400 300 44 ©001 | 152800] 9VYO ®0 174 091
11:0500 | 2100.0 60.0 109 046 154800 | 9430 90 171 091
114900 | 21440 300 a4 001 | 160800 | 9630 290 174 091
123700 | 21920 b-X) 43 002 | 162800 | 9830 9s 172 091
132100 | 22%0 300 44 001 | 164800 | 10030 900 173 092
150500 | 23400 25 42 002 | 170800 | 10230 918 176 093
18:50:00 | 25650 b-X a3 002 | 172800 | 10430 91s 176 098
19:5200 | 26270 -3 43 002 | 173500 | 10700 910 175 094
200000 | 26380 b-¥3 a3 ©02 | 180800 | 10830 918 176 093
205000 | 26850 F-X) a3 002 | 175500 | 10700 210 178 094
21:5000 | 27450 b-X1 € 002 | 183500 | 11100 913 176 093
22,5000 | 28050 295 43 ©02 | 191700 | 11520 910 178 094
23.5000 | 28630 b- X [k} 002 | 191700 | 11520 920 178 098
00:51:00 | 29260 300 a4 001 | 193700 [ 11720 920 s 09
01:5000 | 29850 298 43 002 | 195900 f 11540 92 179 096
023000 | 30450 295 [E} 002 | 201700 | 12120 930 130 097
03:5000 | 31050 300 44 001 [ 203700 | 12320 ns 179 0w
205700 | 12520 930 120 097
201700 | 12720 25 179 09
I | 12920 935 191 (3]
21:3700 | 13120 930 180 097
21700 | 13320 930 180 097
23700 | 13520 8930 180 097
23700 | 13720 ”s 179 09
2:17.00 | 1920 940 182 09
2:37.00 | 14120 935 131 o9e
235700 | 14320 935 131 o098
001700 | 14520 9 L} 098
0037:00 | 14720 940 192 09
005700 | 14920 ws s} oo
ori7.00 | 15120 ®35 (L} 09



0i3700 | 18320 40 132 098
015700 | 15520 s 133 099
021700 | 15720 945 133 0%
€2.3700 | 13920 935 ni (X
025700 | 16120 940 182 (X ]
0170 [ 6320 5 183 099
03.37.00 | 16520 3 183 0.99
03.57.00 | 16720 920 184 1.00
w1700 | 16920 950 184 .00
043700 | 17120 s 183 099
04.57.00 | 17320 s 18.3 0.99
0s1700 | 17520 950 184 1.00
053700 | 3TT20 250 184 1.00
05:57.60 { 17920 950 194 1.00
061700 | 18120 950 184 1.00
0637.00 | 18320 90 154 1.00
065700 | 8320 950 184 1.00
074700 | 18720 845 13 0.99
07:3700 | 19920 95 183 099
07:57.00 | 19120 945 123 099
08:17:00 | 19320 95 184 1.00
083700 | 19520 95 134 1.00
08.57:00 { 19720 % e 1.00
09:17.00 | 19920 95 194 1.00
09:37.00 | 20120 % 184 1.00
09:57:00 | 2032.0 95 ins 101
10:17.00 | 20520 95 184 1.00
103700 | 20720 955 i85 1.01
105700 | 20920 95 194 1.00
1:17.00 | 21120 9% 154 1.00
11:3700 | 21320 -] 194 1.00
11:57:00 | 21820 95 184 100
120000 | 21550 95 184 100
121700 | 21720 95 184 1.00
124200 | 21970 o5 184 100
00:57.00 | 14920 95 184 1.00
13.1800 | 22330 95 184 100
134400 | 22890 845 183 099
135910 | 22140 95 194 1.00
14.59 2340 95 194 1.00
15:20:00 | 23850 -3 184 1.00
153000 { 2365.0 9 18.2 098
16:1500 | 4100 95 184 1.00
164500 | 24400 95 184 1.00
17:2800 | 24830 ] 184 100
17:5800 | 25130 -] 134 1.00
18:23:00 | 2530 ] 184 1.00
18.37:00 | 28520 95 4 1.00
185700 | 25720 95 19.4 1.00
1917.00 | 23920 955 185 1.08
193700 | 26120 95 18.4 1.00
19:57.00 | 26320 95 184 1.00
21700 | 2320 95 184 1.00
203700 | 26720 95 184 1.00
208700 | 26920 95 154 100
211700 | 27120 $45 13 0.9»
213700 | 2M20 9% 184 100
21.87.00 | 27520 95 194 1.00
231700 | 27720 S45 183 0.9
23700 2920 9% 184 1.00
22:57.00 | 28120 s 183 099
231700 | 28320 95 18.4 1.00
233700 | 28520 95 18.4 1.00
23:57.00 | 28720 -] 184 1.00
00:17:00 | 28920 95 184 100
00:3700 | 29120 08 194 1.00
00,8700 | 29320 985 185 1.0
011700 | 29520 95 184 100
01:37:00 | 29720 95 194 1.00
01:57:00 [ 29920 95 184 §.00
021700 | 30120 95 184 1.00
023700 | 30320 5 18.4 1.00
025700 | 30520 9% 184 1.00
0317:00 | 30720 95 184 100
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m= 0.2 " 02
b= 22 b~ 22
y=0.216x-2.229 y*0 217x-2.116
OUTLET2 QUTLET3
07
940
Outiety
Time 1 Conc CCo
mm wm | l mgl I

00-08-00 00 0SS [E] 000

00:10:00 so 05 as oop !

00.15:00 100 310 46 (1] '

202000 180 05 43 ooo '

00:2500 | 200 310 46 ool !
00 3000 50 310 4 001
00:3500 300 10 46 001
00:40:00 0 30 46 001
014500 | 1000 470 L] 026
01:5000 | 1080 o 3 026
021000 | 1250 ars 52 027
024000 | 1580 4858 78 0
030000 ; 1780 ®0 $s 02
03:4500 | 1900 s 24 on
032000 | 1950 s [ 2] [F.)
014000 | 2180 40 ss 029
040000 { 2380 “s [ T (¥ ]
04:2000 | 2550 s1s [ 2] on
o4 4000 | 2750 $30 94 03s
08:0000 | 2950 $8.0 99 038
052000 | 3Ito 850 99 34
054000 | 33n0 s 106 oM
060000 | 3850 6o e 05
095900 { 3940 [3X} 17 052
0444:00 [ 2790 550 106 0.4¢ 102300 | 8190 648 e 033
08:06.00 [ 3050 510 11 047 104700 | ed20 €53 122 048
05:28.00 [ 30 595 107 043 111100 | 6660 65 s 122 0ss
058000 [ 3450 61.0 111 047 113500 | 6%0¢ 6.5 124 0s7
061200 [ 3670 620 13 049 118900 | 740 670 125 [ X4
06.34:00 | 3890 28 14 049 122300 | 7380 o 127 059
065600 | 4110 668 123 0.56 124700 | 7620 0 129 061
071800 | 4330 658 120 0.54 131100 | 7360 08 133 063
074000 | 4350 670 124 057 133500 | si00 710 134 064
080200 | 4770 680 126 0.58 13:59.00 | $4.0 710 134 064
082400 | 4990 69.5 129 (1] 142300 | #5880 e 134 064
084600 | 5210 s 129 (X1} 144700 | s820 20 136 068
00800 [ s430 695 129 0.8 151100 | S060 ns s 064
093000 | s6s0 700 1.0 061 153300 | 9300 4.0 140 068
095200 [ 5870 708 13 062 15:99.00 | 9540 735 139 068
103500 | 6340 230 159 082 162300 { 9780 745 i1 069
1059:00 | €340 720 18 064 164700 | 10020 750 142 07
11:19:00 | 6740 0 6 0.72 i7t100 | 10260 750 142 070
11:39.00 | €940 788 1“2 070 173500 | 10500 750 142 o0
11:55.00 714.0 755 42 070 175900 | 10740 738 139 068
121900 | 7340 780 148 074 182300 [ 10980 750 142 [ %]
123900 | 7540 760 143 0Tt 183606 | 1i310 5% 143 o
125900 | 7740 760 143 [ R/] 19:17.00 [ 11520 760 18 672
131900 | 7940 770 46 0.72 193800 | UMNoO 770 1“7 [ %3]
133900 | 8140 785 49 0.75 19.5200 [ 110 770 147 073
13.59:00 340 780 150 076 202000 [ 12180 s 148 074
1419.00 | 8540 790 15.0 0.76 w4ar00 | 1060 780 149 073
143900 | 8740 795 150 0.76 21.0200 | 12870 730 138 067
1449.00 | 994.0 780 s 074 21:23.00 | 12780 780 “s 072
1519.00 | 9140 7%0 150 676 214400 | 12990 7758 3] [X7]
153900 | 9340 810 154 07 220300 | 13200 780 149 073
155900 | 9540 820 18.7 0.80 22600 { 1M10 785 iso 076
16:19.00 { 9740 810 154 0.79 24700 | 13620 790 151 076
16:39:00 |  994.0 815 156 07 230800 | 13830 800 153 [ ]
16:$9.00 { 10140 825 153 08! 232900 | 14040 825 159 [ -]
17.19.00 | toM0 830 159 082 235000 { 14250 810 156 [ 3,1
17.3900 | 10340 830 159 o2 00:1100 | 14460 210 156 (¢
193800 | 11700 845 162 084 003200 | 14670 795 152 (%44
205500 | 12%0 850 163 08 00:53.00 | 14880 785 152 0T
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UISmW
213300
215800
2I15®
23500
225500
23 1300
233300
23 5500
001500

00 55 00

1276 0
12900
1300
13%o
13500
13%0
1390 0
o0
uwa
1400
14700
1490 6
15350
1608 0
16280
16450
16630
16850
1mso
17480
17650
17880
1908 0
19250
18450
18650
1830
1908 0
19250
19450
2008 0
20250
20450
21190
21390
2i%%0
21790
21950
190
2%0

870
%0
790
820

925

168

011400 | 15090 810 156 a7
o14500 | 15400 815 157 0%
020500 | 15600 815 157 080
022500 | 15800 830 160 [33)
024500 | 16000 820 158 6.81
030300 | 16200 230 160 083
0323500 [ 16400 83% 161 os3
03.4500 | 16600 818 157 0%
040500 | 1680¢C 8130 160 08
042500 | 17000 840 162 084
044500 | 17200 835 161 083
050500 | 17400 330 160 08
052500 | 17600 820 158 08l
034500 | 17800 845 16.3 035
06.05.00 | 18000 840 162 084
06:2500 | 13200 835 161 083
064500 | 18400 840 162 084
070500 | 1860.0 &0 162 084
07:2500 | 18M00 850 164 086
07:45:00 { 19000 850 164 086
30506 | 19200 850 166 % o
082500 | 19400 855 168 08"
08.45:00 | 19600 860 16.6 087
1647:06 | 20820 860 166 087
11:07:00 | 21020 870 169 08
112700 | 2220 880 171 09!
114700 | 21420 820 171 091
120700 | 21620 900 175 094
22700 | 21820 835 174 093
124700 | 22020 900 175 0.54
130700 | 22220 835 174 093
137700 470 900 17s 054
134700 | 22620 895 174 093
140700 | 22820 910 177 095
142700 | 23020 905 176 0.94
144700 | 23220 9035 176 094
150700 { 23420 910 17.7 095
152700 | 2420 910 177 095
154700 | 23820 915 179 096
160700 | 24020 905 176 054
162700 | 24220 910 17.7 095
164700 | 24420 Q1.5 179 0.96
1707.00 | 24620 S40 184 100
181700 | 25320 920 180 097
183700 | 28520 910 177 095
185700 23720 910 177 °9s
191700 | 25920 920 180 097
193700 | 26120 915 179 096
193700 | 26320 920 180 097
201700 | 26520 915 179 096
203700 [ 26720 920 180 097
208700 | 26920 920 180 0s7
211700 | 27120 925 181 0.98
213700 | 27320 930 182 098
218700 | 27520 925 181 098
224700 | 27720 925 18.1 098
223700 | 27920 930 18.2 098
225700 | 28120 930 182 0.98
.4700 | 28320 925 181 098
233700 | 28520 930 182 098
2076 | 28720 93¢0 182 098
001700 [ 28920 935 183 099
003700 [ 29120 935 183 0.99
01:5200 | 29%7.0 945 185 1.01
0212060 79 940 184 100
023000 | 30250 940 194 1.00
032000 | w750 940 184 1.00
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m= 02

b= -20
y=0217x-1.956
(CONVERGENCE) (AVERAGE FROM INLET 18 2}
[ 459 | 452
SCEW L
[ 1396 ] 73 88
302
945
Cosvergesce
Tune J Y] Conc Ns | CiCo
mn run Td=96 |
06 05 00 00 000 x8 00l
00 1500 190 00! x0 o0
o0 25 00 x0 002 we 000
0035 00 o0 00 ¥o 000
00.45 00 400 004 LK ool
00.55 00 00 008 08 0ot
01.0500 600 006 k1) 001
011700 iy 098 Xo 0 0¢
01 2500 300 009 » ool
013500 %00 010 00 000
014500 100 0 o1l 20 090
020100 e o 013 no 004
020500 1200 on ns 004
021500 1v0 014 350 0ng
022800 1400 01s 370 o1t
023500 1500 016 0 009
024500 160 C o117 s o1t
02:55 00 1700 0.18 s o1l
030500 1800 01y 37 ¢l
03 1500 1900 021 369 010
03 2500 2000 oxn »o 014
03 3500 2100 623 »O 014
034500 200 024 a0 7 018
03 5500 2300 028 490 73 (]
04 05.00 Au00 026 a0 7 020
04 1500 2500 or “o 75 022
042800 2600 08 “s 76 022
04 3500 2700 09 440 7 023
044500 800 G 30 “o 77 [irdd
04 5500 2900 oM a0 84 08
05 05 00 000 022 20 84 028
0651500 3i00 033 ®o 96 029
052500 300 035 w0 LE] 029
053500 3300 oM 10 92 0¥
054500 Moo 037 310 92 [
05 55 00 3500 038 ‘o 99 039
06 05 00 30 0 039 (IR 100 039
06 1S 00 3700 040 "o 99 037
06 25 00 180 0 041 889 29 0¥
06 35 00 3%00 042 %" 102 041
06 45 00 400 0 043 L2 108 04
06 $5 00 4100 [/ET) s 104 043
0705 00 4200 45 5 n 1 é& )44
071500 4300 046 sa0 108 043
072500 400 048 se0 ws 043
073500 4500 049 (X} 196 044
074500 4600 050 @0 s 043
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APPENDIX 2: WOLF - RESNICK MODEL
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PILTERS AND CLEARWELL (140 ML/d)
WOLP-RESNICK MNODEL: C/Cosl-exp( -A*(T-B8))

ITEZRATION L08$ PARAMETER VALULS
0 0.63025590+00 0.31200D+01
1 0.2539767D+00 0.2086D+01
2 0.2079244D+00 0.18270+401
3 0.2076854D+00 0.1801D+01
4 0.2076588D+00 0.1807D+01
L3 0.20765880+00 0.1807D+01
6 0.2076588D+00 0.1807D+01
DEPENDENT VARIABLE IS c/Co
SOURCE SOM-0F-SQUARES DF  MEAN-SQUARE
REGRESSION 27.999 1 27.999%
RESIDUAL 0.208 [} 0.005
TOTAL 29.008 42
CORRECTED 4.137 41
RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.993
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.950
PARAMETER ESTIMATE
A 1.807 (NON LINEAR REGRESSION)
B 0.73 (DETERMIDE GRAPHICALLY)
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PILTERS AND CLEARWELL (180 ML/d)
WOLP-RESNICK MNODEL: C/Cosl-exp(-A*(T-B))

ITERATION 1088 PARAMETEIR VALUZS
0 0.2041478D+00 0.12000+01
1 0.20411350400 0.1191D+01
2 0.20409870+00 0.1194D+401
3 0.2040987D+00 0,1194D+401
DEPENDENT VARIABLE IS c/Co
SOURCE SUM-OF -SQUARES DF  MEAN-SQUARE
REGRESSION 29.776 1 29.776
RESIDUAL 0.204 45 0.005
TOTAL 27.329 46
CORRECTED 3.266 45
RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.993
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.938
PARAMETER ESTIMATE
 § 1.194 {NON LINEAR REGRESSION)
B 0.62 (DETERMINED GRAPHICALLY)
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CLARIFIER ¥O0.2 (180 ML/d)
WOLF-RESNICK MODEL: C/Cos=l-exp(-A*(T-B8))

ITERATION 088 PARMETIR VALUES
0 0.26721620-01 0.1600D+01
b 0.2669448D0-01 0.1606D+01
2 0.2669416D-01 0.1605D+01
3 0.26694160-01 0.16050+01
DEPENDENT VARIABLE IS c/Co
SOURCE SUM-OF-SQUARES DY MEAN-SQUARE
REGRESSION 11.397 1 11.397
RESIDUAL 0.027 34 0.001
TOTAL 11.799 35
CORRECTED 3.0609 M
RAW R-SQUARED (i-RESIDUAL/TOTAL) = 0.998
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.991
PARAMETER ESTIMATE
A 1.608 (NON LINEAR REGRESSION)
B 0.2¢ (DETERMINED GRAPRICALLY)
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RESERVOIR NO.2 (141 ML/d)

WOLF-RESNICK MODEL: C/Co=l-exp(-A*(T-B))

ITERATION LOSS
0 0.2541460D400
1 0.2541207D+400
2 0.2540645D+00
3 0.2540638D+00
4 0.2540638D0400

DEPENDENT VARIABLE IS
SOURCE SUM-OF-SQUARES

REGRESSION 52.801
RESIDUAL 0.254
TOTAL 52.409
CORRECTED 4.466

RAW R-SQUARED (1-RESIDUAL/TOTAL)
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED)

PARAMETER ESTIMATE
A 1.537
B 0.04

PARAMETER VALUES

0.1530D+01
0.15420+01
0.1537D0+01
0.15370401
0.15370401

C/Co

DF  MEAN-SQUARE

1
81

82
81

52.801
0.003

(NON LINEAR REGRESSION)
(DETERMINED GRAPHICALLY)
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RESERVOIR NO.2 (167 ML/d)

WOLF-RESNICK MODEL: C/Co=l-exp(-A*(T-B))

ITERATION L0ss PARAMETER VALUES
0 0.2472576D+00 0.15800401
b 0.24717270+400 0.1594D+01
2 0.2471364D+00 0.1589D0+01
3 0.2471364D+00 0.1589D+01

DEPENDENT VARIABLE IS

SOURCE SUM-OF -SQUARES

REGRESSION 60.743
RESIDUAL 0.247
TOTAL 59.209
CORRECTED 4.272

RAW R-SQUARED (1-RESIDUAL/TOTAL)
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED)

PARAMETER ESTIMATE
A 1.589
B 0.02

C/Co
DF MEAN-SQUARE

1 60.743
87 0.003
88
87

L

(NON LINEAR REGRESSION)
(DETERMINED GRAPHICALLY)
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RESERVOIR WO.1 (180 ML/d)
WOLP-RESNICK MODEL:

ITERATION 1088
0 0.74374400-01
1 0.7436906D-01
2 0.74369000-01
3 0.74369000-01

DEPENDENT VARIABLE 18
80URCE SUM-0P-SQUARES

C/Cosl-exp (-A%(2-3))

PARAMETER VALUZS
0.18700+01
0.1868D+01
0.18660+01
0.1868D+01

C/Co

DY MEAN-SQUARE

RRGRESSION 42.291 1 42.291
RESIDUAL 0.074 67 0.001
TOTAL 42.030 68
CORRECTED 4.526 67
RAN R-SQUARED (1-RESIDUAL/TOTAL) = 0.998
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.984

PARANETER ESTINATE
A 1.868
B 0.22

{NON LIWEAR REGRESSION)
(DETERNINED GRAPRICALLY)
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RESERVOIR NO.l1 (230 ML/d)
WOLF-RESNICK MODEL: C/Co=l-exp(-A*(T-B))

ITERATION 108s PARAMETER VALUES
6 0.9053236D-01 0.22200+01
1 0.90524730-01 0.2224D+01
2 0.9052469D-01 0.2224D+01
3 0.9052469D-01 0.2224D+01
DEPENDENT VARIABLE IS c/Co
SOURCE SUM-OF-SQUARES DF  MEAN-SQUARE
REGRESSION 33.572 1 33.572
RESIDUAL 0.091 47 0.002
TOTAL 33.587 48
CORRECTED 2.693 47
RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.997
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.966
PARAMETER ESTIMATE
A 2.224 (NON LINEAR REGRESSION)
B 0.16 (DETERMINED GRAPHICALLY)
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RESERVOIR NO.3 (179 ML/d)

WOLF~RESNICK MODEL:

ITERATION Loss
v 0.14572870+00
1 0.1457164D+00
2 0.14571310+00
3 0.14571310+00

DEPENDENT VARIABLE 1S

SOURCE SUM-OF-SQUARES
REGRESSION 5$5.877
RESIDUAL 0.146
TOTAL 56.39¢6
CORRECTED 4.808

RAW R-SQUARED (1-RESIDUAL/TOTAL)
(1-RESIDUAL/CORRECTED)

CORRECTED R-SQUARED

PARAMETER ESTIMATE
A 1.683
B 0.01

C/Co=1l-exp(-At(T-B))

PARAMETER VALUES

0.1680D+01
0.1685D+01
0.1683D+01
0.1683D+401
C/Co
DF MEAN-SQUARE
1 55.877
81 0.002
82
81

REGRESSION)
GRAPHICALLY)

(NON LINEAR
(DETERMINED
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RESERVOIR ¥0.3 (198 ML/d)

WOLF-RESWICK MODEL: C/Corl-exp(-A*(2-B))

ITERATION 1088 PARAMETER VALUES
0 0.2035537D+400 0.15900401
1 0.2029001D+00 0.1632D+01
2 0.20250050400 0.1616D+01
3 0.2025001D+00 0.1616D+01
4 0.2025001D+00 0.1616D+01
DEPENDENT VARIABLE IS C/Co
S0URCE SUM-OF-8SQUARES DY MEAN-SQUARY
REGRESSION 26.949 1 26.949
RESIDUAL 0.203 57 0.004
TOTAL 26.113 58
CORRECTED 3.29¢ 57
RAN R-SQUARED (1-RESIDUAL/TOTAL) =

CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) =

PARAMETER ESTIMATE
A 1.616
B 0.01

{NON LINEAR REGRESSION)
(DETERMINED GRAPZICALLY)
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RESERVOIRS WOS. 1,2,3 (170 ML/d)
WOLP-RESNICK MODEL: C/Cos=l-exp(-At(2-3))

ITERATION 1088 PARAMETER VALURS
0 0.7016456D-01 0.1600D+01
1 0.700853120-01 0.1596D+01
2 0.7008490D-01 0.1596D+01
3 0.7008490D-01 0.1596D+01
DEPENDENT VARIABLE IS C/Co
SOURCE SUM-0F-SQUARES DF MRAN-SQUARE
PEGRESSION 212.603 1 212.603
RESIDUAL 0.070 298 0.000
TOTAL 210.994 299
CORRECTED 17.94 298
RAN R-SQUARED (1-RESIDUAL/TOTAL) = 1.000
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.996
PARAMETER ESTINATE
A 1.59¢ (NON LINEAR REGRRESSION)
B 0.11 (DETERNINED GRAPEICALLY)
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APPENDIX 3: REBHUN - ARGAMAN MODEL
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FILTERS+CLEARWELL (140 ML/d) - REBHUN-ARGAMAN MODEL

Regression’ About 80% of the Deta (Log O 1=-1)
The Non-Zero C/Co Started at 003
Intercept=ioge p/(1-p 0.6228 >>>>>p=  S39N%

siope=(-)ioge [(1-0)(1-p)= -0 8536 >>>>>d= -23 8%

202

REAL CORRECTION CALCULATION
CICo o-Ti)Td_log(1-C/Co) (To-TiYTd CICo!
0.0 0.00 073 #
0.00 . 000 054
0.00 0.2¢4 0.00 <t 042
[<Xe ¢} 030 0.00 4Q .27
000 0.35 000 % 2.32
0.00 041 0.00 03¢ 028
000 046 0.00 027 on
0.00 0.51 0.00 L 7] 0.18
0.00 0587 0.00 0.16 0.14
0.00 062 0.00 0.1¢ 0.08
0.00 0 88 0.00 -0.05 005
L 0 0.73 0.01 0.00 000
0. 0. 0.02 005 005
0.14 084 £07 0.1 008
0.14 0.89 007 0.16 014
0.18 095 08 o 018
027 1.00 0.14 027 £0.23
033 105 0.18 032 £28
046 1.11 027 038 032
056 1.16 035 043 037
058 122 038 049 042
066 127 047 054 046
069 132 080 059 -0.51
056 138 035 065 085
074 143 058 070 060
083 1.49 078 076 065
076 154 06t 084 069
090 169 -1.02 086 -0.74
o087 165 088 0.92 078
095 1.70 -127 097 083
084 176 - -t 1.03 088
085 1.88 -1.27 116 099
087 203 -088 130 -1.11
08s 216 082 143 12
101 230 -300 157 -134
096 243 -144 170 -145
102 257 -300 184 -157
102 270 -300 197 -1.68
102 284 -3.00 21 -1.80
098 2987 173 22 -191
091 316 -106 243 -208
098 324 -1.73 251 -215
095 338 -127 265 2%
096 365 -1.44 292 -249
097 378 -1.56 305 -261
107 392 300 318 272
108 405 -300 332 -284
108 415 -300 342 -292
1.09 432 -3.00 359 -307
089 4 46 £84 373 -318
100 459 -2.87 386 -330
100 486 -287 414 -383
1.04 497 -300 424 -362
Regresson Statistcs
Multiple R 093
R Square 086
Adjusted R Squar 080
Standard Error o1
Obsarvations 17.00
Analyns of Vensnce
L4 um of Square Mwen Squsre F nce F
Regression 100 1.15 115 10146 454
Residual 16 00 018 oot
Total 17.00 133
Cosfficents _ Stendard Emmor t Statiatc Pvahw  Lower 95% Unper 95%
Intercept 0.00 A #N/A #NA TN A
xi -085 005 -1676 ¢ 00 -0.96158 -0 74569



FILTERS+CLEARWELL (180 ML/d) - REBHUN-ARGAMAN MODEL

REAL CORRECTION CALCULATION
CiCo o-Ti)/Td _log{1-CxCo) (To-TiYTd CICO)
oo l gg l 000 062 I gg I Regression: About G0% of the Dats (Log 0.1=-1)
[ 0)] 0.00 055 . The Non-Zero C/Co Started st 0.03
0ao 014 000 L4 02 Interceptzioge p/(1-p 03049 »>>>>px  41.2%
000 on 000 o041 020 slope=(-)ioge /(1-d)(1-p)= 0.4913 »»>>>>¢= .50.5%
001 028 000 034 017
001 034 000 £28 014
001 X3 000 021 010
000 048 0.00 014 o7
0 00 0.55 000 0.07 003
L N | 001 000 0.00
. 002 ©o7 003
o1 076 005 014 007
017 3.\ 008 0 010
.19 0.%0 £.06 028 014
02 o7 0.1 0.34 017
03¢ 103 021 041 020
048 1.50 028 04 024
048 117 027 058 027
05¢ 124 038 062 030
081 1.3 0 41 069 034
o067 138 £ 48 0.78 037
059 145 0.3¢ 083 041
074 182 £0.58 090 O
079 159 068 097 047
oe7 188 049 103 051
074 172 059 110 054
082 .79 074 117 088
082 188 074 1.2¢ 081
078 103 068 1.31 L64
o8 200 073 138 Lo6s8
[eX:}} 207 073 145 on
087 224 090 1.82 080
088 24 082 179 088
083 258 076 197 097
o8 278 068 214 -1.05
o8s 293 083 2N -113
083 310 <115 248 -1.22
083 328 -115 266 -1.30
083 345 -1.186 283 -1.39
087 362 -0 90 300 -1.47
087 371 080 317 -156
080 3907 -1.01 334 -164
092 414 -1.07 382 -173
085 431 082 360 -181
092 448 -1.07 386 -1.80
095 468 -130 403 -1.88
096 483 -1.36 421 207
096 500 -136 438 <215
092 517 -1.07 455 -224
068 534 -17¢ 472 232
080 52 -1 01 490 241
064 569 -1.19 s07 -249
080 586 -101 5.24 -257
087 803 088 541 -268
oas 821 081 559 274
_Muinn Statistcy
Muttiple R 0.84
R Square o8s

Adjusted R Squar 084
Standard Error on

Observations 2700
Anglys:s of Vanence
o Sum of Square _Mesn Square F __ignificance F
Regression 100 21n 21 185 82 0.00
Residual 28600 029 00t
Total 2700 240
Casficerts  Standert Ermor { Stebstic P-vaise Lower §5% Upper 85%

Intercept 000 WA #N/A #N/A #N/A #N/A

x1 040 002 27851 000 053 045

203



CLARIFIER NO.2 (180 ML/d) - REBHUN-ARGAMAN MODEL

204

REAL CORRECTION CALCULATION
C/Co o-Ti)/Td__log(1-C/Co) (To-TiyTd X
0.00 0.0 000 £.22 Regression: About 30% of the Data (Log 0 1=-1)
0.00 0.0 0.00 0.18 0.14 The Non-Zero C/Co Started st 0.03
0.00 0.06 000 0.16 0.12 intercept=loge p/(1-p 0.1562 >>»>>p= 26 5%
0.01 0.08 0.00 0.14 0.10 siope={-)ioge /(1-d)(1-p)= 07263 >»>»>g= 187%
0.01 010 0.00 0.12 0.08
0.00 013 0.00 0.09 0.07
0.00 0.1$ 0.00 £0.07 0.05
0.00 017 0.00 0.05 0.03
0.00 0.20 0.00 -0.02 0.02
| | 0.02 0.22 -0.01 0.00 0.00
0.07 0.24 0.03 0.02 £0.02
0.08 027 0.03 005 003
009 0.29 004 0.07 0.05
013 031 -0.06 009 0.07
0.13 034 006 012 -0.08
0.18 0.36 .08 0.14 £10
0.20 038 010 0.16 0.12
027 041 014 019 014
027 043 0.14 o1 015
0.30 04s 0.15 [ x 017
031 0.48 0.16 026 019
0.34 05s0 -0.18 028 -0.20
037 0SS 020 033 -024
0.42 0s7 023 035 025
043 0.59 -0.24 0.37 027
045 062 0.26 0.40 -0.29
048 0.64 029 042 0.30
0.49 066 -0.30 044 032
051 069 03 0 47 034
0.55 0714 035 062 0.38
062 080 0.4 058 -0 42
063 086 043 0.64 -0 46
068 093 -0 50 0.71 062
071 098 -0.54 0.76 055
077 105 064 083 060
077 110 0.64 oes 064
080 1.19 0.70 0.97 070
082 1.24 075 1.02 074
0.86 1.30 085 1.08 079
087 136 088 1.14 -083
0.92 1.53 -1 11 131 095
098 N <126 1.49 -108
1.00 188 -3 00 166 -121
1.00 207 -300 185 -134
Regression Stalisics
Muttiple R 1.00
R Square 099
Adjusted R Squar 096
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FLOW SPLIT ANALYSES FOR RESERVOIR NOS. 1, 2, AND 3.
Note 1) oli of messutements for Length snd Ares a1¢ BEsad Cn site plan Grewng
2) trevel ome based on 190

INLET ANALYSES
inlett
Fiows 1700 Mg
. 118.1 m*¥Ymn
iniet 2
L of pipe= M40 m (from iniet1 to Inie2)
D of pipe= 21m
A of pipes= 35 me2
Time trevei= 129 min (150 Iniet2 - 150 Inlet1)
Veloctys 27.2 mymin
Flows $4.2 m*¥min
Flow Spiit
Cell 1= 239 m“VUmin 2 %

Celt 283= 84 2 M *¥min. 80 *
Aggumes 1) spit Cofl 283 » 38% & 42% (check the sssumption (ater)
2) niet protie 3= inlet profiie 2 with shit

intet 3
L of poe= $0m (trom inlet2 to Iniet3)
D of pipe= 2tm
A of pipe= 35 m*2
Flows 42.6 m*¥Ymin
Velocty= 16.3 m/min
Time trove!s 03 min {sht of wniet 2 and inlet 3)
Time Anglyses
T10 from Convergence = 137 min
Time Travei
Pipe System-iniet1 70 m Total Volumes 2631 m*3
Fipe inigt1-Otet2 40 m Pipe To= 23 mn
Pipe Outiet 283-Outiett 270 m
Pipe Outiet 1-Convergence 80 m
Ta = 9033

Totat= 226 min

OUTLEY ANALYSES (CHECK THE ASSUMPTION)

Convergence
t50= 488 min
Outlet 1
L of pipes O m {from Qutlet1 to Convergence)
A of pipe= 38 mr2
Fiow= 236 m*¥Ymin  (assumad Fiow Iniet = Outiet)
Velocry= 6.8 m/min
Time traveix 117 min
Checking Time= 488 0 min
Correction Tines 4763 min — CiCos 061
Outiet 2
L of pipe= 340 m {from Outiet 2 to Convergence)
A of pipex 21 ma2
Flows 44 9 m*Vmin
Velocttys 21.4 m/min
Time trevel= 159 min
Checking Time= 438 C min
Corrsction Time= 4721 mn — CiCo= 057
Outlet 3
L of pipe= 350 m {trom Outliet 3 to Convergence)
A of pipe= 21 m*2
Flows 493 m*¥min
Velocty= 235 m/min
Time travels 149 min
Checking Twne= 488 min
Comection Times 4731 MmN ~— CiCos 052 or 048

Total C/Cox %Flow(1)xC/Co(1) + %Flow(2) x C/Co(2) + WFiow(3) x C/Co(3)
- 0% ———  cmor= 1 %
{out of 0.50) {assumption accepted 1)

Nots  assuming an fmoc data st t=355 min , teking interpolation for data
between t=335 min (C/Co=0 44) and 594 min (C/Co=0 53)at t=47
ghves C/Co= 048
Totsl C/Co= 054 —— error = 7 %

(out of 0 50)
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STANDARD Na SOLUTION TESY

Reading No. 0 mg/L Na S§mg/L Na 10omg/LNa 1mg/LNa 20mg/LNa

1 0.0 328 8.5 815 98.5
2 0.0 325 68.5 80.5 98.0
3 0.0 3.0 §8.5 81.0 99.0
4 0.0 3.0 58.0 817, 885
S 0.0 S5 58.5 80.5 985
6 0.0 3.0 §8.0 805 90.5
7 0.0 3285 58.0 815 90.0
8 0.0 330 8.5 81.0 98.5
9 0.0 3.0 §8.5 81.0 885
10 2.0 335 §85 81.0 $9.0
11 0.0 330 8.5 80.5 885
12 0.0 33.0 59.0 800 8.0
13 0.0 33.0 585 81.0 88.5
14 0.0 RS 9.0 81.0 995
1S 0.0 35 §8.5 81.0 99.0
16 0.0 338 8§85 815 88.5
17 0.0 33.0 585 805 98.5
18 0.0 330 59.0 810 995
19 0.0 3285 5§9.0 815 99.5
20 0.0 335 59.5 81.0 99.0
21 0.0 335 59.0 815 995
2 0.0 330 59.0 815 99.0
23 0.0 335 9.0 815 100.0
24 0.0 330 58.5 820 89.0
25 0.0 33.0 §9.0 81.0 98.5
26 0.0 328 §8.5 81.0 88.5
27 0.0 330 88.5 80.5 988
28 0.0 33.0 59.0 81.0 99.0
29 0.9 335 $9.0 810 99.0
30 0.0 3385 59.5 81.0 995
Average 0.0 33.1 88.7 81.0 99.0
Stand. Dev 0.00 0.36 0.36 0.43 0.43
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Abstract

In a local area Asynchronous Transfer Mode network (LATM), interconnections
of switches using high-speed links make up the topology of the network. As
the number of variables involved is quite large and the interconnection of these
switches is quite complex, a method has to be devised so that a topology that
satisfies traffic requirements and is cost effective can be obtained.

This thesis describes a method for devigning the topology of a local area ATM
network. The method is based on the concept of an ATM pipe. Using these ATM
pipes, a logical LATM topology is first created, from which the final physical
LATM topology is derived. An advantage of this method is that it produces a
topology that satisfies given traflic requirements while trying to minimize the cost
of the network. This method consists of two parts. The first part involves the cal-
culation of the ATM pipe sizes. A Multiclass Heterogeneous On/Off Sources Fluid
Flow model (MCFF) is used for this calculation. The second part is the derivation
of the actual physical topology. The main technique used here is heuristic-based
algorithms. The effectiveness of both part one and two are examined, and their

results presented.
This method successfully generates network topologies for LATM networks.
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Chapter 1

Introduction

Since the invention of the telephone, the world has taken a great leap forward in
communications. At present, millions of miles of communication lines span the
entire globe serving billions of people in hundreds of countries. And with the
advent of present day technologies in digital computing, the world of communica-
tion is witnessing a transition from the old low-bandwidth voice-based networks
to high-bandwidth multipurpose all digital networks. No longer are the networks
carrying only voice traffic; data, still images, and video as well as other multime-
dia traffic is becoming a vital and integral part of everyday traffic that is being
sent over communication networks. This is evident as the number of voice net-
work users grow at an annual rate of 3% whereas data network users increasc at
an astonishing 20% annually [37).

With this explosion in the number of new users and thus new networks, present
day communication networks are getting more and more complex as more and
more networks of different technologies and functionalities are being deployed.
Network planning and designing is no longer an exclusive role to large corpo-
rations or telephone service providers, but an important and vital part to all
organizations however big or small, that envisage the use of communication net-
works. Foresight, expertise, and careful planning is indispensable so that the
communication network that results satisfies not only present day requircments
but future usages and/or expansions as well.

This thesis is about network design, specifically for obtaining the topology for



local area Asynchronous Transfer Mode (LATM) networks. We shall begin with
this chapter, by discussing some general topics on network design. Next, a brief
overview on Asynchronous Transfer Mode is given. Finally, the problem definition
and an objective to this thesis will be presented.

1.1 Network Planning and Design Issues

The role of network design involves various issues. Although every organization is
different in terms of size, usages and requirements, several issues are common to
many of them. A good reference that discusses these issues can be found in [16].

We present a brief discussion of the network planning and design issues here.

1.1.1 Justification

Before a new network is installed, it is important that the need for such a network
is justified. Various facts needs to be considered to justify owning a new network,
including costs of hardware, installation, network maintenance technicians and
administrator, as well as the forecasted network usage. For example, it might be
more economical for certain organizations to lease services or lines from common
carrier companies, instead of owning one themselves. This is especially true for
organizations that are geographically wide-spread; installing long distance cables
and equipment just to serve a single organization may very well be too expensive.

Often alternative solutions exit in lieu of installing a network. A network
designer should always forecast the would-be traffic usage for the new network
carefully. If the projected traffic is too small, applying alternative solutions might
be better than purchasing a new network. For example, for rare transfers of small
amounts of data, one can download them with a modem or even transfer them

physically in magnetic tapes or diskettes.

1.1.2 Security

As organizations put more and more computers onto their network, unauthorized

individuals no longer need to have access physically to a machine to gain access



to restricted information. Information theft may cause serious harm to the well-
being of a company, for example, a financial institution. A culprit may log on to a
machine from far away, or even out of the country to attempt to gain unauthorized
access into the system. It becomes harder to bring the culprits to justice, even if
they have been discovered in their act, since they are physically far away.

Therefore, security measurements have to be taken to ensure the privacy of the
networks. For example, more stringent access validation systems can be employed,
and traffic to and from network gateways can be monitored. Repeated login
failures should flag an alert to the system administrators for possible unauthorized
entry.

In addition, care has to be exercised in choosing the type of network that is
acquired. Some types of networks are more susceptible to unauthorized access
than others. As a rule of thumb, networks that broadcasts wirclessly, for example
radio networks and satellite links can be eaves-dropped easily, and thus is more

susceptible to security problems.

1.1.3 Network Architecture

As there are a wide variety of network technologies in the market, it becomes hard
to choose a network architecture to use. Each of the network architecture has
advantages and disadvantages of their own. Each of them differs in functionality
and price.

As to which architecture is the most suitable, there is no specific answer to this
question. Some applications can only run on certain types of network architecture,
while others work on a wide range of different networks. For example, constant
bit rate voice works best with networks that support synchronous transfers such
as the Fiber Distributed Data Interface II Network (FDDI-II); it does not wo:k
well with networks that exhibit variable delays (for example, Etheruet).

Another factor to consider is expandability of the network architecture. Some
networks can be expanded (scaled) more easily than others with increase demands
on traffic. One such network is the switched Asynchronous Transfer Mode (ATM)
networks, where the aggregate bandwidth of the network can be expanded casily
by adding in new switches and links, as compared to a DQDB network where



the extension of bandwidth can only be done by obtaining another network and

connecting these networks by bridges.

1.1.4 Manageability

As networks grow bigger and more complex, the need for a network architecture
that is manageable becomes crucial to the everyday operations of the network.
A network that is assembled from toc many types of equipment from multiple
vendors with different standards and formats may become too complex in order
to function effectively. Segmentation and assembly of packets may be performed
more often than necessary due to the different formats and standards of different
equipment. Hence, the increase in overhead, and subsequently the degrading in
network performance. A network having too many different types of equipment
also needs more staff to maintain the network, since more people need to be
trained to handle different types of network components. This represents more

cost to maintaining the network.

1.1.5 Reliability

While most networks sold today are relatively reliable compared to a couple of
decades back, questions of reliability of networks are still important for certain
kinds of networks. In fact, reliability in local networks is becoming a more and
more important consideration [25]. As an example, airline flight control equipment
requires availability $9.99999% of the time. That means communication networks
for flight control equipment has to achieve a downtime of less than 4 seconds per
year. Other organizations that rely heavily on the usage of networks may find
that reliability of their networks is important. A network failure can possibly
result in a loss of thousands or even millions of dollars in business.

Some networks on the market are more reliable than others. For example,
FDDI with iis dual ring architecture is able to reconfigure the secondary ring in
case the primary ring fails. Also, mesh networks can be more reliable than fixed
topology networks (ring or star) since a link failure in a mesh network can be

easily coped by rerouting the traffic via other paths to the destination. It is up to



the network designer to determine which level of reliability is needed, and hence

which network is more suitable.

1.1.6 Cost

Perhaps the one of the most important factors in influencing the decision of pur-

chasing which type of network is cost. It is one of the major issues in network

design [28]. The actual cost of acquiring a network can be quite complex. How-

ever, the cost can be divided into the following categories:

Hardware Cost. Depending on the technology in use, this can be the cost
for switches, multiplexers,concentrators, terminators, diagnostic equipment,

copper wire, fiber-optic cables, coaxial cable bridges and gateways, ctc.

Software Cost. To have the network operational, certain software has
to be installed. For example, communication software, network mouitoring

software, network administration software, etc.

Installation Cost. Included in this category is the cost related for in-
stalling hardware and links. This includes labor cost as well as other costus
related to installation. For example, putting up conduits or special en-
casements for fiber-optic cables, or installing fire-proof material to protect

communication lines.

Facility Cost. This category includes the cost for locating hardware or
links at premises. For example, a room with special ventilation for locating
switches, or wiring closets for link distribution. Sometimes, this cost can be
the dominant cost for the network. An example is if rights of way over other

peoples property have to be purchased in order to install links/equipment.

Maintenance Cost With the network in place, regular maintenance is
required to keep the network functioning effectively. The maintenance cost
includes the cost of employing/training maintenarnce technicians as well as

replacements of failed or unfunctional equipment.

(&)



1.2 Network Planning and Design Life-cycle

Figure 1 shows a diagram of the life-cycle of network planning and design. This
life-cycle can be divided into two parts: long term planning and design, and short
term planning and design. Long term planning and design involves planning and
designing aspects of the network that exerts long lasting effects to the cperations
or structure of the network, whereas short term planning and design mainly deals
with semi-temporary redesigning or reconfiguration of the network to satisfy short

term changing traffic usage requirements.

1.2.1 Tl.ong Term Planning and Design

Long term network planning and design starts with forecasting the usage char-
acteristics of the network in the long term. Usage characteristics include what
applications will be used, and the type and amount of bandwidth that is required
to run these applications as well as any other service requirements associated
with these applications. Usage characteristics also include the expected number
of users in the long run. Other issues such as reliability, security and manageabil-
ity are considered as well.

After the long term forecasting or planning stage, the network designer sur-
veys the available technologies or soon to be available technologies (for reasons
of future compatibility). Information on prices and functions of each types of
technology is collected and considered. Questions to be considered include com-
patibility between existing standards and equipment and/or future standards and
equipment.

With one or a collection of desired technologies in mind, the network designer
sets out to design the network. Simple networks such as a token ring network or
an ethernet network do not require much designing except for the wiring plan for
terminals and peripherals that connect onto the network. Other more complex
networks such as switched ATM networks or interconnection of networks require
more designing to yield a network with the desired functions. Various tools and
techniques such as simulation tools, queueing theory and optimization techniques

are applied to assist in the designing process. The focus of this thesis is here,
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specifically on topology design for switched LATM networks.
Next, the actual purchasing, implementation and installation of the network
is done. Some testing is also done in this phase to ensure that the newly installed

network is functioning properly.

1.2.2 Short Term Planning and Design

Short term network planning and design, on the other hand is performed in an on-
going basis. This process begins with the regular monitoring or short term forecast
of network usage statistics. Changes in usage statistics or network requirements
are mostly short-lived but the need to fine tune the network persists.

The short term network planning and design process can be divided to the

following:

o Software Update. By updating or fine-tuning of the software in the topology,
some improvements in network performance is achievable. For example, by
using software to changing the buffer configuration or cell priority scheme,

network efficiency can be improved.

o Topology Tuning/Reconfiguration This involves a small change to the net-
work topology, physical or logical. Physical changes include non-major
rewiring of the topology. Logical changes include optimization and rerout-
ing traffic to new paths. Some work has been done in this area for ATM

networks. Interested readers can refer to [24, 32]

o Short Term Hardware Upgrade/Installation Work in this category involves
putting in temporary hardware to support short-term increase in traffic
or workload. For example, additional multiplexers and concentrators can
be installed in to improve link utilization, or adding in additional links to
increase bandwidth. Typically, this involves a minor reconfiguration of the

topology as well.



1.3 ATM: The Asynchronous Transfer Mode

The Asynchronous Transfer Mode (ATM) is a fast packet switching transfer mode
promising great flexibility and support for future bandwidth demanding applica-
tions. Since the CCITT (The International Consultative Committee for Telecom-
munications and Telegraphy) adopted it as the transfer mode for Broadband Inte-
grated Services Digital Networks (B-ISDN) [6], much attention has been focused
on research in this area.

B-ISDN is perceived to be an all purpose network [31}, promising support for
traffic of all bandwidths, including low bandwidth traffic (e.g., voice, telefax, low-
speed data, etc.), medium bandwidth traffic (e.g., video telephony, hi-fi sound,
etc.) and high bandwidth traffic (e.g.,medical imaging [27], high-quality vidco
distribution, etc).

A characteristic of ATM is its small cell size (53 bytes). Having a small cell size
permits statistical multiplexing, hence more efficient utilization of the links. Also,
small cell size reduces packetization delay. Another characteristic of ATM is that
it is connection-oriented, that is, prior to sending traflic, a virtual channel (VC)
is set-up between the source host and the destination host. A virtual channel
identifier (VCI) is allocated, and switches route cells based on this VCI. Another
identifier is also used along with the VCI. It is the virtual path identifier (VPI). A
virtual path is essentially a predefined path in an ATM network. Virtual channels

can join in a virtual path so that they can be switched more efficiently as one.

1.3.1 The ATM Layers

The ATM functionality can be divided into three layers [5]:

1. The Physical Layer. The first function of the physical layer is to ensure that
bits are transmitted correctly onto or received correctly from the physical
medium while the second function involves mapping the reconstructed bits

to the transmission systern used.

2. The ATM Layer. This layer is responsible for multiplexing and demulti-

plexing of cells, cell header addition and extraction, VCI translation and

9



access flow control.

3. The ATM Adaption Layer The main function of the adaptation layer is
to provide additional service on top of that already provided by the lower
layers. The main aim is to be able to provide different quality of services
for different traffic.

1.3.2 Quality of Service

One of the most powerful features of ATM is its ability to provide different quality
of services (QOS), that is providing d:fferent levels of services for different traffic.
For example, voice traffic which is more tolerant to cell loss can specify a higher
degree of cell loss, as compared to data traffic. In addition, some traffic requires
slightly different services than others. For example, video or voice traffic are
sensitive to cell delay jitter, whereas users of data traffic may not care about the
jitter in cell delay as long as all the cells arrive within a reasonable time. Basically,
QOS can belong to one of three types [3]: deterministic (e.g., maximum delay
time to be 500ms), statistical (e.g., cell loss rate to be 107°) and best effort (e.g.

unguaranteed cell delivery).

1.3.3 ATM Hardware

ATM is mainly a switched network, although some proposals have been made for
a ring ATM network [34]. Links connect switches with hosts or other switches.
ATM links transmit at a certain fixed speed, for example 155Mbps. However,
multiples of the link speed can be achieved by combining more than one links
together. Each ATM switch contains a number of input ports, where cells arrive,
and a number of output ports where cells are sent. At the heart of the switch
is the switch fabric that takes care of routing which cell to which output port.
Since more than one cell can contend for the same output port, buffers are built
in to temporarily store the cells that awaits their turns to be sent. Figure 2
shows a conceptual diagram of an ATM switch with output buffering. For a good

introduction to ATM switches, interested readers can refer to [37, 33].
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Figure 2: A Conceptual Diagram of an ATM Switch with Output Buffering

1.3.4 Local Area ATM Networks

The ATM standard is still evolving. With many aspects of ATM still being un-
clear it is not surprising that the earliest deployment of ATM networks will be in
the local area. As local area networks are usually owned by a single organization,
certain functions of the network can be relaxed, for example, congestion control
or traffic policing. In addition, the number of users in a local area network envi-
ronment is smaller, and the amount of traffic is less. Therefc re, implementations
in a smaller scale are usually done first in a local area environment prior to the
metropolitan or wide area networks environments. Because of this, local arca
ATM Networks are receiving considerable attention, and some first-generation

LATM products have already appeared in the market.

1.4 Thesis Objective

Consider the following scenario:

A network designer is faced with the challenge of designing a local arca
network. Due to the flexibility and power of ATM he has decided to
use ATM as the transfer mode for his local area network. With past

usage statistics and careful forecast, he has projected the would-be
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traffic requirements (most traffic are multimedia, each with different
QOS requirements). He has also obtained information about the cost
and characteristics of the LATM switches and links currently on the
market. After much consideration, he has decided that the 16x16 and
32x32 switches from company z, and the 64x64 switches from company
y are the best buy, and therefore should be used. He has also found
out other information on costs, such as labor cost for installing links,
and cost for putting in conduits to protect the fiber-optic links. His
company has also allocated a few locations specifically for locating
the switches for this new network. Under direct orders from the Chief
Executive Officer, his network must cost as little as possible while
satisfying all traffic requirements. He sits down and begins to ponder
on some questions in his mind: How many switches shall he purchase,
and which ones? How can he connect the switches so that the desired
traffic requirements can be satisfied? And the most important of all,
how can the resuliant topology be both functional and as cheap as
possible? After a while, he realizes he has the answer to the above
questions in onc of the books on his shelf. He walks to the shelf,
reaches out and pulls out the thesis entitled ..... ‘A Methodology for

Designing Local Area ATM Networks’.

The objective of this thesis is to propose a methodology for solving such a
problem. Specifically, this method enables a designer to design a LATM topology
that is cost effective while satisfying the requirements of complex ATM traffic.

Problem Formulation

Given the above objective, we can formulate the LATM network design problem
as an optimization problem as follows:

Given:
1. Network traffic requirements.

2. Information on usable ATM switches, for exanipic, the switch sizes and

costs.



3. Information on ATM transmission links.
4. Locations of user sites.
5. Candidate locatiun sites for switches.

6. The cost associated with installing these switches and links.
Minimize:
1. Total Topology Cost z,

where z is the cost of switches and links in the topology plus the cost of

installing these switches and links.
Over The Variables:

1. Switch number and their corresponding sizes.
2. The location of these switches.

3. The number of links in the network and the interconnection of the switches

with these links.

4. The paths that route the traffic.

1.5 Thesis Organization

This thesis is organized as follows. In the following chapter, Chapter 2, a review
on some past literature in the area of topology design is given. Several distine-
tive methods of topology design are outlined there. Next, Chapter 3 presents an
outline of our proposed method for LATM topology design. Phase I of our pro-
posed method is included in that chapter. Some results of verifying our Phase |
method is presented and discussed. In Chapter 4, the second half of our proposed
method, Phase II is presented. The effectiveness of our Phase Il method is also
examined in this chapter by the discussion of experimental results that we have
performed. The conclusions arrived at due to this work are presented in Chapter
5. The pros and cons of our proposed method is discussed along with possible
improvements and future works. Finally, appendices are included at the end of

this thesis for interested readers.
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1.6 Summary

In this chapter, an introductijon to network planning and design was given. Var-
jous aspects and issues of network planning and design were discussed. We have
also given an overview of the Asynchronous Transfer Mode, which is the type of
transfer mode used in the networks targeted in this thesis. The scope and objec-
tive of this thesis was also presented alongside a formulation of the problem to be

solved in this thesis.
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Chapter 2

Related Work

While there is little literature for topology design in LATM, much literature exists
in the area of topology design in general. In this chapter, we present an overview
of several papers that include a wide variety of approaches and techniques for
topology design. A brief discussion of each paper is done in relation to their
suitability for usage in designing switched LATM networks.

2.1 Topology Design using the Steepest Descent Method

In [11], Gerla, Monteiro and Pazos proposed a method for designing a packet-
switched network embedded in a backbone network, and later for reconfiguration
of ATM networks [32]. This method involves a concept called “express pipes”.
An “express pipe” is a logical concatenation of several links that carries traffic
from a source node and a destination node. These pipes are derived from the
underlying backbone network.

The problem is formulated as an optimization problem, where the variables are
the routing of the “express pipes” and the capacities of these pipes, subject to the
capacity constraints imposed by the underlying facility network. Gerla, Monteiro
and Pazos chose to optimize the average delay of packets in the network. In doing
so, they used an M/M/1 model for modeling both the trunk queuing delays and
switch delays. By modeling the switches as two nodes of infinite capacity joined

by a link of capacity equal to the switch capacity multiplied by the average packet
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length, the average delay of the topology is approximated by
1 f
z = - ) = 2.1
A :4;1 C.— fu (2-1)

where M is the number “express pipes”, f, is the flow on pipe u, and C, is the ca-
pacity of pipe u. This objective function is minimized with the the constraints im-
posed by the underlying backbone. Using Frank-Wolfe’s steepest descent method
[29] , the best feasible direction of descent can be found taking the gradient of

the objective function, that is
min V= (Cﬂ, f-l) : (Cv, f) (22)

where (C*-1, f¥~1) is an initial solution of pipe capacities C and pipe flow f. The
gradient [30] of a function is the vector of partial derivatives of that function. By
rewriting the equation with the constraints, the problem boils down to a minimum
path problem. Gerla, Monteiro and Pazos subsequently applies a modified version
of Dijkstra’s [2, 14] minimum path algorithm to solve the problem.

2.1.1 Analysis

Using the Steepest Descent optimization technique, Gerla, Monteiro and Pazos
in [11] succeed in deriving a logical ATM network (Express Pipe) topology from
an underlying ATM backbone network while minimizing the total delay for the
network. The delay is calculated from the delays in the links and switches. Al-
though this work deals with ATM topology design, it does not build a network
from scratch since they assume that there is an underlying backbone network on
which the new topology is derived.

A major drawback of their work is that the links and switches in the network
are modeled using M/M/1 queues in order to make the problem more tractable.
This is inaccurate for ATM traffic, as ATM traffic is highly complex. The delay
in most ATM switches are more accurately modeled by M/D/1, G/D/1 or other
queueing models as found in [33, 22, 8, 7, 20, 38, 13, 4, 36]. Another downside to
this work is that there is no exact concept of virtual circuits being incorporated

into the design process. The traffic from one host can travel to another host via
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more than one route. As mentioned in the previous chapter, ATM is a connec-
tion oriented protocol, cells belong to a single session are not allowed to travel
by multiple routes to the destination. This is necessary so that the cell arrival
sequence can be maintained.

In general, this work produces topologies that are optimal. However, due to
some of the assumptions that are made, their method is not suitable for our ATM

networks.

2.2 The Mentor Algorithm for Topology Design

Kershenbaum, Kermani and Grover in [17] provide a different, more heuristic
approach to topology design. Although the solution is not specifically for ATM
networks, it is for mesh networks and ATM networks that utilize switches do
turn out to be meshes in general. Given the locations of the nodes and the
traffic requirements between each source and destination, the algorithm comes
up with a minimal cost topology. Unlike the work of Gerla, Monteiro and Pazos
in their work in the previous section, who chose to optimize on a performance
measure. Kershenbaum, Kermani and Grover try to minimize the cost of the
topology instead, assuming that the performance of the network is ‘satisfied’ by
allowing the capacity of the links to be utilized up to a certain level as defined
by the topology designer. The reason is that bottlenecks occur and performance
deteriorates when links are over-utilized. By keeping the traffic flowing in the
links under an acceptable level, reasonably good network performance can be
expected.

The first step of Kershenbaum, Kermani and Grover’s method is to come
up with an initial topology. This topology is an appropriate spanning tree thadt
results in the total link lengths of the network as well as the individual path
lengths of destinations being reasonably low. As pointed out by the authors, the
networks with the shortest total lengths (minimum spanning trees) will usually
result in networks that have longer individual path lengths [16, 17]. while networks
with the shortest individual path lengths will usually have a higher shortest total

lengths. A special heuristic algorithm has been devised to balance out these two
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effects, so that both individual path lengths and shortest total lengths of a network
can be kept low at the same time. The heuristic algorithm is a modification of
Prim’s Minimum Spanning Tree (MST) [2, 14] algorithr~ and Dijkstra’s minimum
path algorithm. Given a node as the center of the topology, the algorithm selects
candidate nodes to be included into the tree starting at the center node like
the Prim’s MST algorithm. However, instead of including nodes that have the
shortest link ! from the edge of the tree, the algorithm includes the node that has
the shortest link plus a times the distance from the center node. The center node

is determined as the node having the least center of mass

M,’ = Zcijwj (2.3)
J

where ¢;; is the cost of connecting nodes ¢ and j, and

w; = Z Tik + Tkj (2.4)
k

is defined as the total traffic requirements in and out of node j.

The next step involves changing the topology by putting in direct links. A
direct link between a source and destination is warranted if the total traffic that
flows between this source and destination (link utilization) reaches a minimal
level, defined as a portion of a link capacity. If the flows exceed a certain level,
more links will be added or alternately a portion of the traffic will be routed by
another path. However, since the utilization levels of links depends on the routes
of many source-destination pairs, the traffic requirements are sequenced by using

a dependency matrix [17].

2.2.1 Analysis

In this work, a heuristic method is applied to successfully create a topology that
attempts to minimize both the shortest total lengths and individual path lengths
at the same time. The heuristic that they apply is a modification of Prim’s MST
algorithm and Dijkstra’s minimum path algorithm.

While this work manages to generate a topology that is low cost, the cost
function in [17] is a little too simple, as it considers the cost of the links as the
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only cost. Other cost such as switching components, or installation costs are not
considered. Another downside to this work is that the authors assume that the
switches in the network can be connected with any number of links, that is the
switches have unlimited capacity. In reality, we know that this is impossible.
Furthermore, like the previous paper, the traffic from one host to a destination
can travel through multiple paths to a destination.

In conclusion, this work utilizes a simple heuristic method to design a network
topology. However, since the method is not specifically geared for ATM networks,
we can not apply this work to solve our problem.

2.3 The Simulated Annealing Optimization Technique

In [9], Ersoy and Panwar propose a method for designing interconnected LAN-
MAN networks. The objective is to find a minimum delay spanning tree topology
for interconnected networks. Instead of using M/M/1 to model the delay of the
network, Ersoy and Panwar use M*/M/1 queues {12] with batch Poisson Arrivals.

The objective function to minimize is

1 N N N
T = :/—(Z MXE[T)+ 33 zihii X E[T)) (2.5)

i=1 i=1j=1

where E(T;] is the expected delay in LAN i, E[T};] is the expected delay in the

bridge connecting LAN ¢ and LAN j, and z;; = 1 if LAN ¢ and j is connected

and equals to zero otherwise. X is mean number of packets in a batch arrival.

The expected value of delay for each M*/M/1 queue is
X

T AX)

p(l — =%)

where A and yu are the arrival rate and service rate respectively.

E[T] =

Ersoy and Panwar proposed the Simulated Annealing Optimization Technique
to be used for searching for the solution to this problem. Annealing is a thermal
process for obtaining low energy states of a melted solid by slowly cooling the
solid. Kirkpatrik, Gelatt and Vecchi [18] first applied an algorithm simulating the

annealing process to a combinatorial algorithm. The advantage of the simulated
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annealing technique is that it avoids getting caught in a local minima by accepting
a cost-increasing transition in the search process. That is, in searching for the
global minima, a transition from solution i to j is accepted with probability

xp(-—[Cost(j) - Cost(i)]) @7)

[

p=e

where ¢ is a control parameter that regulates the probability of acceptance. By
reducing ¢ towards zero gradually, the probability of accepting a cost-increasing
solution decreases. The stopping criterion for simulated annealing is that when
the cost does not change after decrementing the control parameter a fixed number
of times. This number has to be large enough so that a good part of the search

space has been visited.

2.3.1 Analysis

Ersoy and Panwar in their work [9] provide a very elegant method to avoid getting
stuck in local minimas using the Simulated Annealing method. This method is
generally applicable to any problem that involves searching through a state space
to locate a solution. However, like [11] a major downside to their method is the
usage of a batch arrival M*/M/1 queue instead of more complex ATM queueing
models [33, 22, 8, 7, 20, 38, 13, 4, 36] to model the traffic behavior in the network.

In, short, since this work is mainly for interconnection of MAN LANs with
bridges, it cannot be applied directly to solve our problem. However, the Simu-
lated Annealing method is a general search algorithm. Therefore the chances of
adapting it into a design problem, including that for ATM networks, is promising.

2.4 The Add Heuristic and Cluster Heuristic for Topol-
ogy Design

The Add algorithm [16] is a classic algorithm for topology design, initially for
attacking the celebrated warehouse location problem. Hsieh, Gerla, McGregor
and Eckl adopted and modified this algorithm in [15] for designing the backbone
of large packet networks. Specifically, it was used for optimal location of backbone
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switches in these networks. Given the location of user sites and relevant traffic
requirements for each user site, the problem involves determining the number and
location of switches to which user sites connect so that the cost of the backbone
topology is minimized. The cost function given by [15] is:

AR+ b
D=ZZ£—’—'—’€+—)+N><F (2.8)
3 7

where ¢ is the cost per mile per unit bandwidth per month, r;; is the traffic
requirement from ¢ to j, b is the line overhead (protocols, etc.), R is an estimate
of the average link length, p is average utilization, N the number of switches, and
F is the average fixed cost per switch.

The modified add algorithm works by weighing the savings achievable by hom-
ing a user site to a switch candidate location, instead of homing the user site to
an imaginary site which is the center of mass[16] (COM) of the un-homed sites.
At each iteration, a new center of mass is calculated, and with it the sites that
have positive savings are homed to a new switch which is located at the switch
candidate location that achieves the most savings. The homing process during an
iteration of the add algorithm will stop when the switch to which the homing is
done, is full. The center of mass of two sites[16] is calculated by:

wik; + w;T;

T =
w; + w;
wiyi + w;y; .
. = —— 7 2.9
Yi w; + w, ( )

where (z4,yx) denotes the COM location of sites located at (z;,y;) and (z;,y;).
w, denotes the traffic weight of site r, which is simply the total traffic that flows
in and out of site r.

A second algorithm that is proposed in [15] is the cluster algorithm. The
cluster algorithm attempts to minimize the cost of the whole backbone topology
by minimizing the local access cost of each site. By partitioning the user sites
into NV clusters, the sites can be homed to a switch located at the COM of the
partition containing the sites. At the beginning of the algorithm, the.two sites
that are closest together are clustered and located at the COM of the two sites,

then at each iteration, the same process is applied to the clusters that arc closest



together. To avoid having clusters that are too big or too small, a threshold Z is
defined. The merging of clusters is only alloweq if the merging does not exceed
a threshold Z. At the end of the algorithm, sites that are belong to one cluster
will be served by a switch dedicated to that cluster.

2.4.1 Analysis

In this work [15], Hsieh, Gerla, McGregor and Eckl used two very simple heuristics
to produce the topology of a network. The Add Heuristic incrementally chooses
the best location to home a switch, whereas the Cluster Heuristic attempts to
produce a low cost backbone network by minimizing the local access cost for each
site. These algorithms are good for their simplicity. However, this is alsc the
downside. This is especially true for the cluster algorithm, where sites are homed
to switches without really considering where the traffic needs to be sent.

Unlike the work from the previous sections [11, 9, 17], The authors utilize a
more realistic cost function that takes into consideration link and switch costs.
However, like [17, 11, 9] a drawback of [15] is that the traffic is too simple com-
pared to current ATM traffic. Traffic is merely specified as some amounts of
bandwidth. Another drawback to this work is that the links that they assumed
are bidirectional, which is not true for ATM networks.

In general, this work has some good points, specifically the relatively realistic
cost function, and simple heuristical algorithms. However, problems do exist for

applying this method to an ATM environment.

2.5 Summary

In this chapter, we have presented some research work in the area of topology de-
sign each with their own distinctive solution techniques. The solutions presented
in these related works are not immediately applicable to the problem that we are

pursuing because

¢ The topology design methods are based on either very simple traffic re-
quirements or none at all. Most papers assume that some r traffic units are
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needed for some source-destination pairs without really providing any rea-
son. This is not adequate as traffic that flows in an ATM network consists
of different traffic types each with its distinct requirement.

o Traffic behaviors in the networks are approximated using M/M/1 queueing
models which is inaccurate in the ATM environment. This is especially
undesirable when the objective cost function which is based on the M/M/1
medel is optimized to produce the final topology.

e Non-ATM specific hardware is assumed. Most papers assume that switches
have infinite capacity, that is, infinite number of links can be connected to
the switch. Some methods assume that the links are bidirectional, which is

untrue in ATM networks.

o Possible multiple paths exists for ATM traffic. In ATM, to maintain correct,
sequence of delivery, traffic belonging to one session is required to travel
in a single path. Most papers in topology design have no mechanism to
incorporate this requirement, hence allowing more than onec path to carry

traffic of one session to the destination.

Nevertheless, these works are valuable to us, as we have learnt many funda-
mental ideas from them. Specifically we adopted the idea of a pipe logical neiwork
as the starting point for topology design. We also design our heuristic programs

to be greedy, similar to the heuristics in the previous work.



Chapter 3

The Pipe Based LATM
Topology Design Methodology

3.1 Introduction

Using the problem formulation in Chapter 1 we present here a novel approach for
designing a switched local area ATM network topology. This approach is unique
compared to past related work in that it produces a low-cost LATM network while
guaranteeing certain quality of service requirements much needed by complex
multimedia ATM traffic.

There are two phases to our method. Phase I of our method deals with de-
termining the effective multiplexed traffic for each source host-destination host
pair. With the knowledge of the effective multiplexed traffic, the quality of service
requirements can be guaranteed. The main QOS measurement that we use is cell
loss probability. Each source-destination host pair sends traffic down a logical
channel, which we termed an ATM pipe. A network of these ATM pipes will
be fed into Phase Il as input. Phase II generates the actual switched ATM net-
work. It consists of three heuristic-based optimization techniques which attempt
to minimize the cost of the final topology.

In Section 3.3, we will describe Phase I of our Pipe-based LATM Design
Methodology. This is an analytical method and we call this the Multiclass Het-
erogeneous On/Off Sources Fluid-flow Model. We will present the details of this



method in Section 3.4. We will also present the results of the simulation study
that we have carried out to verify the correctness of this analytical method.

3.2 The ATM Pipe, What is It?

An ATM pipe is a logical, unidirectional pipe that delivers AT'M traflic from one
host machine to another (Figure 1). It is analogous to a water pipe in everyday
life. At one end of this pipe, water (ATM traffic) enters the pipe through the
opening and exits at the other end. Since there is only one opening, the amount
of fluid in the pipe is directly proportional to the rate of inflow into the pipe.
Let’s say that congestion in the pipe will cause leakage and hence fluid loss. With
knowledge of the pipe size and rate of inflow, the amount of fluid loss will be
determinable. Therefore, by using pipes with the right sizes, we can determine
the exact fluid loss that may occur.

Using this concept, we can assign an' ATM pipe to each source-destination
pair to carry traffic. Since the amount of traffic that travels in the pipes is unique
to each source-destination pair, the pipe sizes are also different for cach source-
destination pair. Similarly each source-destination pair may have a different loss
rate. An example of a network consisting of ATM pipes is shown in Figure 2.
This is a network that consists of 4 hosts, and each host communicates with each
other, hence, the fully connected graph.

Before the ATM pipe network can be used, a corresponding physical LATM
network has to be designed (Figure 3). Since more than one physical network can
be created from a single ATM pipe logical network (using different combinations
of switches and wiring of the links, etc.), techniques have to be applied is that
the physical network that is created is both functionally equivalent to the logical
network and cost effective. In devising this physical LATM nectwork, special
attention is made to utilize ATM-specific components (for example, AT'M switches
and point to point links). This is essential as our aim is to produce a truly A'TM
network.

In the physical LATM network, the logical ATM pipes are essentially imple-

I"Theoretically, more than one pipe can be assigned to each source-destination host pair

-
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mented as permanent virtual paths. With these virtual paths, a set of links or
a concatenation of links and switch ports are dedicated to serving each virtual
path, so that the effective bandwidth is equivalent to the pipe size. Hence, given
the ATM pipe network, the physical topology construction algorithm then de-
cides on the number and dimensions of the switches and the interconnection of
these switches with other switches/hosts. The routing of the virtual paths are

also computed alongside.

The Power of the ATM Pipe Concept

The power of the ATM pipe concept is its ability to separate the performance
aspects and the topology optimization aspects for building a network. While it is
not uncommon for topology designers to optimize on performance [16, 9] rather
than the cost of hardware, we have chosen the latter as it is hard to optimize on
both performance and cost at the same time. By having a pipe between a source
and destination, and producing a network based on these pipes, we are essentially
producing a ‘no wait’ network since there is always enough bandwidth (because
of the pipes) to handle the traffic, as long as all the hosts do not transmit beyond
their pipe sizes. Since all traffic goes in its own pipe, there will essentially be no
congestion at all. Furthermore, some other QOS requirements can be implicitly
solved. For example, the delay jitter (that is caused by cells’ contention for the
same output port) will be virtually eliminated. Within the network, delay is
limited to fixed delays of switching time and propagation delay in the links.

In this work, we will adopt the traffic loss probability as our main QOS require-
ment (as our network is a local area network, we assume that the end-to-end delay
is satisfied, since it is extremely small). This loss probability will be specified by

the network designer when he/she calculates the required pipe sizes.

3.3 PHASE I: Generating the ATM Pipe Network

The ATM pipe Network is simple. It can be represented by a graph G =< V, E >,
where V = {v;|t = 1,2,...N} is the set of vertices, and £ = {¢;|j = 1,2,...M}
is the set of directed edges for graph GG. Each vertex v; corresponds to a host
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machine, and each edge e; corresponds to an ATM pipe that flows from a source
s(e;) to a destination d(e;). Each ATM pipe e; has a capacity denoted by ¢(e;).
In practice, graph G will most likely turn out to be a fully connected graph, since
all hosts will most likely wish to communicate with all other hosts. Figure 2 is
an example of a fully connected ATM pipe network G.

To complicate things a little, the traffic from a host machine to a destination
machine is a multiplexed stream of traffic produced by possibly more than one
process in that host. Also each stream of traffic generated by these processes are
non-identical. In order to produce the right pipe size for the edges, we propose an
analytical method to determine the pipe sizes. We call this method the Multiclass
Heterogeneous On/Off Fluid Flow Model.

3.4 The MCFF Fluid-flow Model

The Multiclass Heterogeneous On/Off Sources Fluid Flow Model (hercinafter re-
ferred to in short form as MCFF) is a burst scale model of traflic generated by
multiple sources. It approximates the arrival of data cells as continuous streams
of fluid which arrive at fixed rates. The fluid is then ‘drained’, at a rate deter-
mined by the size of the pipe through which these streams of fluid flow?. Since
the arrival and service rate of this fluid is fixed, the Fluid-Flow Model is also
known as the Uniform Arrival and Service (UAS) model.

The UAS Fluid-Flow model was first introduced in a paper by Kosten [20]
in 1974, and later improved upon by Anick, Mitra and Sondhi in [I]. Since
then, it has gradually gained popularity as a method for modelling traffic in
communication networks, including ATM networks. Examples of such efforts can
be found in [4, 39, 21, 26, 7].

In 1988, Tucker [39] applied the UAS Fluid-Flow model to model the effects
of a speech multiplexer, specifically for obtaining the loss probability as well
as the cumulative distribution function of the buffer queue-length. In Tucker’s
paper, a number of identical speech sources generate data that are fed into a

multiplexer. We have adopted and modified Tucker’s method to model the effects

2Hence, the name Fluid-Flow Model



of multiplexed ATM communication sessions, rather than that of multiplexed
short talk-spurts as originally done by Tucker. During a communication session, a
source transmits its data at a fixed rate. We call this rate of arrival the intensity of
the flow. The major advantage of our method over Tucker’s method is that sources
can be non-identical, that is, heterogeneous instead of homogeneous. Essentially
what that means is that sources can possess different traffic characteristics instead

of being uniform. For _omparison, a summary of Tucker’s method is included in

Appendix A.
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Figure 4: The Fluid-Flow Model

Figure 4 shows a conceptual diagram of the MCFF fluid-flow model. Sources
at the entry end of the ATM pipe alternate between two states, that is the On
state, and the Off state. We assume that the On and Off periods are exponentially
distributed. During the On period, traffic flows through a policing mechanism,
into a buffer, and then is transmitted onto an ATM pipe en route to the destination
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station. The function of these policing mechanisms is to ensure that sources do
not violate the maximum bandwidth that they are supposed to transmit.

3.4.1 The Mathematical Analysis of MCFF

The main objective for the analysis of MCFF is to find out the size of the ATM
pipe c shat is just large enough to satisfy the usages of the traffic sources. With
knowledge of the parameters for the sources and the classes to which they belong,
and a particular ¢, we are then able to calculate the loss probability using MCFI".
Ideally, we want to be able to calculate the pipe size given a loss probability,
however through experimentations, we can find pairs of ¢ and loss to obtain our
desired pipe size.

This loss probability is expressed as a quality of service requirement by the
pipe designers. Since MCFF approximates the traffic as fluid, there is no concept
of packetization. Hence it cannot model the short-term fluctuations in the buffer
into which cells arrive.

As shown by Tucker in [39], state equations that form Markov Chains are
first derived while taking into account the fluid change in the buffer. At equi-
librium probability, these state equations generate differential eqnations. These
differential equations are then solved, and subsequently used to cilculate the loss
probability of the fluid.

Parameters

Given N traffic sources, each of which belongs ‘o onec of R classes such as voice,
video and data, we can model the arrival of the traffic from these sources as

individual bursts with the following parameters:

Mean on period = puJ! (3.1)
Mean off period = AJ! (3.2)
Flow intensity = 1, (3.3)

where u is the class to which each these sources belong. Note that a burst is

actually a communication session and the intensity of the flow denotes the amount
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of bandwidth (in Mbps) dedicated for use by that session.

The MCFF Markov Chain

The Markov Chain [19] has been used widely to study exponentially distributed
analytic problems. Figure 5 shows a diagram of the transitions in and out of a
state in the Markov Chain used in MCFF. The Markov chain models the On/Off
sources as a birth-death process, where a state in the Markov chain describing
the number of On sources in each class can move to another state with certain
rates, prompted by an arrival (birth) and departure (death) of an On period. Let

S = {s1,52,83,...,SR} (3.4)

be a state S where s,,1 < u < R denotes the number of traffic sources in class u

that are in the On period. Relative to S, we define adjacent states to S as

S(Su+) = {slas2y""su+17"'ssﬂ}7 ISUSR
S(su—) = {s1,82,-..,8.—1...,8r}, 1<u<R (3.5)
Let 7{S;, S;} =transition rate from state $; to state S;. Since the inverse of a

mean is the rate, the birth and death rates of the Markov Chain can be defined

as

r{S(su+), S} (su+ 1)pu
r{S(sy—), S} = (wy—su.+ DA,

or alternately,

7'{.9,5(8.6—)} = Sujly
7{S,S(su+)} = (wy— su)Ay

where w, denotes the number of sources belonging to class u. The flow rate out

of state S would be the summation of all rates moving out of state S.

R
T‘{S} = ;{su/‘u + (wu - su)/\u}
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Figure 5: The General Heterogeneous On/Off Sources Markov Chain
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Note that the birth and death rates prevent S from moving to an invalid state,
that is a state where (s, —1) € S(sy—) is less than zero or where (s, +1) € S(s,+)
is greater than w,. This is so because the transition rates r{S, S(s,—)} = 0 when
sy = 0 and r{S, S(su+)} = 0 when s, = w,.

Deriving the State Equations

As mentioned in [39], the state equations are set by noting the buffer queue

behaves in the following manner

1. If the fluid inflow rate > the outflow rate ¢, the buffer queue increases
steadily at a rate of (inflow rate - ¢). When the queue limit m is reached,

the queue will remain at its limit.

2. If the fluid inflow rate < the outflow rate ¢, the buffer queue decreases
steadily at a rate of (c - inflow rate). When the queue reaches empty, it will

stay empty.
3. If the fluid inflow = the outflow rate ¢, the queue level in the buffer does
not change.
Define Ps(t,2),Vs, € §,0 < s, < w,,] S u < Rt >20,m >z >0 be
the probability that given that the number of sources in the On state are S, the
content of the buffer is not more than z at time ¢, with a buffer limit of m, we

obtain,

R
Ps(t + At, z) = Z_:[PS(S.,_)U,JU —(B(S(sy—)) — c)At}r{S(s,—),S)} At
+PS(su+){t’$ - (B(S(Su—{-)) - C)At}T{S(Su—}-), S)}At]
+Ps{t,z — (B(S) — c)At}(1 — r*{S}At) 4+ o{At)
O<z<m (3.6)

where B(S) is the aggregate rate of input fluid. That is

R

B(S)=)_su(iu),s. € S

u=1
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From (3.6). moving the Ps{t,z — (B(S) — c)At} term to the left hand side,
dividing both sides by At,
Ps(t + At,z)  Ps{t,z — (B(S) — o)At}
At - At -

R
Y [Psg—y{t,z = (B(S(su~)) = ) At}r{S(su—), S)}

u=l1

+Ps(s,+){t, T — (B(S(su+)) — )&t} {S(su+), 9)}]

~Ps{t,z — (B(S) — c)At}r*{S}

0<z<m (3.7)

approximating the L.H.S. and letting At — 0, Equation (3.7) becomes

6Ps(t, ) + (B(S) — ¢)Ps(t,z)
&t éz

R
= D [Psiun)(t,2)r{S(su+), 5}

u=1

+Psau-y(t, )r{S(su—). S}

—Ps(t,z)r*{S}

O0<zr<m (3.8)
At equilibrium probability (t — oo), the first term on the L.H.S is equal to zcro.

Defining Fs(x) as the equilibrium probability that with the number of On sources

in each class = s,,s, € S, the buffer content is less than or equal to z,

R
(B(S) _ C)dFS/d-T — Z[Fs(’u+)($)7'{5(su+)v S}
u=1
+ Fsoumy (@)1{S(su=), §}]
—Fs(z)r{S}
0<z<m (3.9)

State Equations in Matrix Form

Since the number of On sources in class u,1 < u < R can take a value from 0 to
Wy, the total number of possible values for S is z = f=1(wu + 1). Therefore, we
have a total of = differential equations. We can write the differential equations in

matrix form,

DdF(z)/dz = MF(zx) 0<z<m (3.10)
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where D = diag(TH — ¢). T is defined as a z x R matrix of all possible values
for S. Each Column T ; in T corresponds to class j of S. Hence, each row is a
possible set S. Later, we shall use T; as a value of S interchangeably. We call
the matrix T a Truth Matrix. One example for T can be

[0 0 o 0 ]
1 0 0 0
2 0 0 0
T = |w 0 0 0 (3.11)
0 1 0 0
1 1 0 0
| W1 w2 w3 - WR ]
H is an R x 1 column matrix of intensities, i.e. (i1,%2,...,2r)7, and c is the

outflow rate.
M, which is evident from equation (3.9) is a z X z matrix of inflow transition

rates, that is
r{S(sy—),S}, if T =85, T; = S(s,—)
r{S(su+),S}, fTi=8T; = S(s,+)
-r*(T:), ifi=j
0 otherwise
1<u<R (3.12)

We can then use the eigenvalues and eigenvectors method to solve for F.

Solving the State Equations

Eigenvalues and Eigenvectors An eigenvalue « is said to be a value that
when multiplied with a vector k of size n, produces a result which is the product

of an n x n matrix A multiplied with the vector k. That is,

ak = Ak (3.13)
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By rearranging (3.13) to
(A-alk =0 (3.14)

where I is an identity matrix of size n x n, we can find values for o and hence k,
by solving for the roots of the characteristic polynomial of equation (3.14), which
is obtained from solving

det(A —al) =0 (3.15)

The roots of the characterictic polynomial are the eigenvalues for (3.14). With
each of these eigenvalue, a vector k can be computed from equation (3.14). This
vector k is known as the eigenvector corresponding to the eigenvalue from which
k is computed.

We rewrite equation (3.10) as

dF(z)/dz =D 'MF(z) 0<z<m (3.16)

By assuming F to be of the form e**k, we can obtain the eigenvalues and their

corresponding eigenvectors by solving the characteristic equation
det(D'M —al) =0 (3.17)
The general solution as shown in [39] will be in the form of
F(z) = a1e*%ky + a2¢*¥ky + aze™ kg + - - + a,e“ k., O<z<m (3.18)

By setting the proper values for the system of F(x)’s, the coefficients a;,1 <
J < z can be found by standard numerical algorithms. These values are defined
by setting boundary conditions.

The Boundary Conditions

The contents of the buffer varies according to the rate of input of fluid, that is
the rate of inflow of data into the buffer. Let us define Fs as the probability that
the number of active sources in each class is S, and Fs(z) as the probability that

the contents of the buffer is greater than z,0 < £ < m, given that the number of

3
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active sources in each class is 5. We also define Fs(z) as the probability that the
contents of the buffer is less than or equals z,0 < < m, given that the number

of active sources in each class is S. We then get,

Fs = Fs(z) + Fs(z) (3.19)
Fs is simply
- R 8 w,—s, wj;
Fs = Hpj q; , S; €8 (3.20)
i=1 Sj

where p; is the probability that a source belonging to class j is on, and g; is the
probability that it is off, which can be specified as the ratio of the On or Off mean

over the summation of the two. In other words

o N
P N
g = 2
Aj + ke
= 1- P; (3.21)

w:
and 7] denotes w; choose s;.
85
By defining boundary conditions, the set of differential equations can be solved.

The boundary conditions are set observing the fact that

1. If the rate of input is greater than the rate of output, that is (T;H--¢) > 0
then the contents of the buffer will always be increasing. The buffer in this
case will never reach its empty state. Therefore we can set Fs(0) = 0.

2. If the rate of input is less than the rate of output, that is (T;H —¢) < 0
then the contents of the buffer will always be decreasing. The buffer in this
case will never reach its limit. Fg(z) will be = 0, hence Fs(m~) = Fs.
Stirctly speaking, since the state equations does not apply when the buffer
is at its limit m, we can set the x to m~ = lim,_,,.. Nevertheless, we are

able to calculate Fs(m™) by setting £ = m in (3.18).

38



Calculation of the Loss Probability

With the set of linear differential equations solved, the equilibrium rate of fluid
loss can be obtained by simply multiplying the probability of the buffer held at its
limit, for all possible combinations of S, with the net rate of inflow to the buffer.

Total Loss = S (T; H — ¢)Frr, (z) (3.22)
i=1
The loss probability is expressed as the ratio of total rate of fluid loss over total
rate of fluid inflow. Since each source belonging to class j is in the active state
A;/(Aj + uj) of the time, the total rate of inflow is
R Aj
Total Flow = —_—
2 Aj+ 1

i=1

Jw;i; (13.23)

Hence, the loss probability is obtained by

Total Loss

Loss Probability = Total Flow

3.4.2 The Computation of MCFF

The analysis of MCFF was computed on a Sun4 computer using the MATLARB
math package. As pointed out by Tucker, the €/ term can overflow easily for
positive eigenvalues. This can avoided by solving for a;c® instead of just a, in
equation 3.18. This is alright because we need both «; multiplied with ¢ to
calculate Fs(z) in equation 3.18.

An advantage to using MATLAB is that computations can be programmed
easily. However, the disadvantage is that we we have no knowledge to the al-
gorithms and implementation of the routines. Thus, results might may be less

accurate for extremely large or small numbers.

3.5 Simulation Study

To verify the accuracy of the MCFI mathematical analysis, we have performed a
simulation study. In the simulations, the loss probability of the ATM pipes were

recorded and compared with those obtained by the MCFF analysis.



We have chosen to model the arrival of ATM traffic in our simulations as
continuous streams of fluid with no concept of cell packetization. The reason
for doing this is two fold: The first reason is that since we are modelling entire
communication sessions as a burst, where on average up to 1.8 Gigabytes of data
can betransmitted. In this case, the effects caused by packetization at the physical
layer is most likely negligible. The second reason is that we do not wish to assume
any particular transmission scheme for the physical layer, since the packetization
in these schemes vary extensively. For example, the SONET transmission scheme
packs ATM cells into its 810-byte frames whereas TAXI transmits ATM cells
raw without additional packetization. In future research, if the effects on the
cell-scale as well as burst-scale need to be studied, additional analytic methods
can be adapted. TFor example, Kroner, Eberspacher and Theimer [21] applied
the fluid-flow approximation in conjunction with an M/D/1-S sub-model while
Liao and Mason [26] used the fluid-flow approximation with a G/D/1 queuing
sub-mode] for modelling the effects at both the burst and cell levels.

In each simulation run, over 10 million events are generated and the resultant
loss probability measnred. An event is essentially an arrival of an On or Off period
for any of the N sources. We have divided each run into a hundred batches, and
the loss probability in each batch is recorded. Since the simulations start with
all sources being off and the buffer empty, a warm-up period of 3000 events is
passed before any real measurements begin. This is done so that the system
reaches a state of equilibrium and the transient effects eliminated. The mean
loss probability  and its corresponding 95% confidence interval are subsequently

calculated with the following formulas:

_ 2T
T =
n
95% Confidence Interval = % zy_o)7- i—
n
=2
g2 = XIS (3.25)

where z; the loss probability for batch ¢, S; is the standard deviation associated
with the mean , n is the number of batches which is 100, and for a 95% confidence

interval zy_, /2 is equals to 1.96.
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3.5.1 Simulation Parameters

The parameters involved in the simulations are:

o Pipe Sizes. This is the rate that the i1put traffic are transmitted onto the
links, expressed in Megabits per second (Mbps).

e Buffer Size. This is the size of the buffer that holds the traffic before being

sent out to the network, expressed in seconds®.

o Number of Classes and their Related Parameters. In our case, the number of
classes is 4, and the related parameters are the number of sources in a -lass,
the mean On and Off periods in each class (in seconds), and the intensity

for associated with a class(in Mbps).

The values for the pipe sizes range from 0.05 Mbps to 34 Mbps depending on
the -ate of inflow of the traffic. The values for the buffer size range from 0.5 to
3.0. However, since the buffer value directly determines the maximum queuing
delay 4 possibly experienced by the traffic, we have chosen to fixed buffer size to
0.5 seconds for most simulations.

3.5.2 Class Parameters

To make our simulations as realistic as possible, we have chosen 4 of the most

common types of traffic for ATM networks. They are:
o File Transfers (FT)
o Constant Bit Rate Voice (CV)
o Video Telephony (VT)

o Video Retrieval (VR)

3The equivalent buffer size in bits can be converted easily by multiplying the buffer size in
seconds with the line transmission rate (i.e, the pipe size)

4Some traffic especially real-time traffic such as video and voice are sensitive to delays expe-
rienced in the transmission. These traffic will be rendered useless if they are kept too long in a
buffer. Therefore, this value should not be too large.
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The corresponding intensities and On/Off means for the above classes are pre-
sented in the following table. These parameters are taken from [35]. Note that the
parameters vary greatly from one class to another. For example, the File Transfer
class has a relatively short On mean of 1 second compared to the Video Retrieval
class with an On mean of 3 minutes. In addition, the Video Transfer class has
the highest intensity at 10Mbps, compared to the intensity for the Constant Bit
Rate Voice class at 64kbps which is 156 times smaller.

[ Class Type [ On mean (s) | Off mean (s) | Intensity (Mbps) |
File Transfer (FT) 1 333.333333 2
Constant Bit Rate Voice (CV) 100 1250 0.064
Video Telephony (VT) 100 5000 10
Video Retrieval (VR) 180 1801.8018 10

Table 3.1: The Four Traffic Classes

3.6 Simulation Results

Simulations for multiclass traffic are run. A total of 8§ mixes from 2 sets with
different number of traffic sources are defined. Mixes in the first set contain a
total of 6 traffic sources from the 4 classes, whereas the second set contains a total
of 10 traffic sources. The number of sources in each of the 4 classes for set one is

shown in Table 3.2, whereas the number of sources in each of the 4 classes for set

two is shown in Table 3.3

[ Class Type [Miz1 | Miz2 | Miz3 | Miz 4|
File Transfer (FT) 1 1 3 1
Constant Bit Rate Voice (CV) 1 1 1 3
Video Telephony (VT) 1 3 1 1
Video Retrieval (VR) 3 1 1 1

Table 3.2: Set One Multiclass Traffic Mizes (6 sources)

As we can see in Tables 3.2 and 3.3, the number of sources in each class are
chosen so that one of the classes dominate the traffic. This is done so as to

examine the effects these classes have on the loss probability.



[ Class Type [ Miz 1 [ Miz2 [Miz3 [ Mir 4]
File Transfer (FT) 1 2 6 2
Constant Bit Rate Voice (CV) 1 1 1 6
Video Telephony (VT) 2 6 2 1
Video Retrieval (VR) 6 1 1 1

Table 3.3: Set Two Multiclass Traffic Mizes (10 sources)

The results of the simulation runs along the results obtained from the MCI')®
analysis for set 1 are shown in Figure 6 and set 2 in Figure 7. In these two
figures, the traffic loss probability is plotted against the pipe sizes ranging from
6 Mbps to 20 Mbps. The buffer size is set at 5.0 seconds. As we can sece, the
graphs shows that the results from MCFF is extremely close to that obtained by
simulation. All of the points generated with MCFF lie within their cerresponding
95% confidence interval obtained from the simulation runs. This means that
MCFF is very accurate.

It is interesting to note that in Figure 6 mixes 3 and 4 exhibit almost identical
loss probabilities for the same pipe size. While Mix 3 and Mix 4 have the same
composition for the VT and VR classes, Mix 3 has 3 sources in the I'T class, and
1 in the CV class, whereas Mix 4 has only 1 in the IFT class and 3 in the CV
class (Table 3.2). With three sources in the FT class generating an intensity of 2
Mbps each, Mix 3 should exhibit more loss for the same pipe sizes as compared
to Mix 4 which has three sources in the CV class generating at a mere 64kbps
each. The reason lies in the lengths of the On mean and the Off means for the two
classes. Although file transfers use up 2 Mbps each, their average session time
is much shorter than that for the CBR Voice. In short, if we define the effective
intensity of a class as the original intensity multiply by the fraction of the time a
source is active, then the two mixes will show similar effective intensity. We show

a calculation of this:
Effective Intensity = Original Intensity x Fraction of On Time (3.26)

where the fraction of On time is simply the probability of a source being On,
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which is

. . Mean On Period
= 927
Fraction of On Time Mean On Period + Mean Off Period (3.27)

The resultant fraction of on time for the FT class is 2.99 x 10~3 and that for tie
CV class is 0.074. Hence, the effective intensity for FT and CV are 5.98 x 1073
and 4.74 x 10~2 respectively, which are very close. Table 3.4 shows the effective
intensities for all classes. From Tables 3.2, 3.3, 3.4 and Figures 6 and 7, we can
see that classes that have higher effective intensities have higher loss probabilities.

[ Class Type [ Effective Intensities (Mbps) ||
File Transfer (FT) 5.982053 x 1073
Constant Bit Rate Voice (CV) 4.740740 x 1073
Video Telephony (VT) 0.1960784
Video Retrieval (VR) 0.9082644

Table 3.4: The Effective Intensities for the Four Clusscs

3.6.1 Single Class Traffic

To further examine the accuracy of MCFF, we have conducted simulations for
the special case of one class, that is the case of homogeneous traffic. For each
of the classes FT, CV, VT and VR, two sets of simulation runs are run with
different pipe sizes. The first set contains 5 sources and the second contains 10
sources in a class. Again, the traffic loss probabilities in each run are obtained
and subsequently plotted with the results from the MCFF computations.

In Figures 8 to 11, the results for homogeneous FT, CV, VI' and VR tralfic
are plotted. Again, we find that the all loss probabilities computed with MCI'F
lie within their corresponding 95% confidence inte: vals obtained from the simula-
tions. The results suggests that the MCFF mathematical analysis is indeed very

accurate.

3.6.2 Effects of Pipe Multiplexing
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With the traffic from the various sources multiplexed onto the ATM pipe, the
effective bandwidth will be less than that without multiplexing. This represents
savings that is achieved by multiplexing traffic. We define the savings as the ratio
between the multiplexed bandwidth i.e. the pipe size, and the unmultiplexed
bandwidth, i.e. the aggregate intensities for all sources.

Savings from Multiplexing = —n—c— (3.28)

u=1 Sulu

where c denotes the pipe size, s, denotes the number of sources in class u, and
i, denotes the intensity for class u. We have plotted the savings against the loss
probability for the 5 source runs and the 10 source run for homogencous traflic.
They are shown in Figures 12 and 13.

As is evident from the graphs, the more savings that one desires, the more
traffic losses will occur. In addition, the exponential shape of the savings curve
suggests that the initial savings achieve the most reductions in traflic loss prob-
abilities. Another interesting observation is that the more sources that share the
same pipe, the more savings that one can achieve. This can be seen from the
Figures 12 and 13. In Figure 12, where the traffic from 5 sources are multiplexed
into a single pipe, for the loss probability of 5 % (VR traffic), the savings achieved
is approximately 65%. However, at the same loss probability for the 10 source
traffic multiplexing case (Figure 13), the achieved savings an increase of 10% to
more at 75%. This can be explained by the individual buffer / shared buffer
analogy. Multiplexing traffic sources is analogous to pooling buffers together for
sharing. The more buffers that are pooled together the more efficient that the
buffers can be utilized. Therefore, what this means is that unless for other rea-
sons, one should always try to multiplex as many sources together in a single pipe,
instead of multiplexing them in more than one pipe, as doing this will achieve

more savings.

3.7 Limitations of the Verification

As is evident from the graphs that we have verified the loss probabilities of the
MCFF model range down to about 1073, while ATM loss probabilitics can be as
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low as 10~'%. The reason for this discrepancy is twofold: The first reason is that
to verify the loss at the range of 107!° will probably require special rare event
simulation techniques so that meaningful results can be obtained. The second
and probably the more dominant reason is that the we do not have a knowledge
of how the computation p~ckage that we used, MATLAB, is implemented. For
a set of differential equations, MATLAB generates only one eigenvalue with its
corresponding eigenvector, while a set of differential equations can have more than
one set of eigenvalue and eigenvector. We find that for small loss probabilities, we
have to scale the eigenvalues and eigenvectors to obtain the loss probabilities that

match the simulation results, hence, defying the whole purpose of verification.

3.8 Summary

In the chapter, we have presented an overview of the Pipe Based LATM Topology
Design Methodology. A detailed description of Phase I of this methodology is also
described. Phase I essentially deals with the calculation of the sizes of ATM pipes,
which are the fundamental building block of our topology design methodology. We
presented a analytical method, the Multiclass Heterogeneous Fluid-Flow model
(MCFF), for calculating the pipe sizes.

Details of simulation runs for single class and multiclass traffic for verifying
the correctness of MCFF were presented. And the results suggest that the MCFF
analysis is very accurate, as all points calculated with MCFF lie within the 95%

confidence interval of their corresponding simulation results.
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Chapter 4

Phase II: Physical Topology

Construction

4.1 Introduction

Given that the pipe sizes of each soucce-destination pair have been computed
using the method presented in the previous chapter, and hence the ATM pipe
network has been derived, we are set to construct a physical LATM topology
based on these pipes. We present a method in this chapter for constructing such

a topology.

4.2 Overview of Phase I1

Phase II of the topology construction methodology applies a heuristical algorith-
mic approach to coustructing a feasible topology. Heuristics, loosely defined as
rule-of-thumbs have long been applied to topology design problems. [16] provides
a overview to some heuristics algorithm used in topology design.

The physical topology construction algorithm starts off by generating a fea-
sible topology based on the given pipe requirements. Then, applying heuristic
algorithms, we try to improve the design of the initial topology by decreasing the
cost of the topology. Note that the initial topology is already a feasible topology
since it satisfies the given ATM pipe network. An advantage to this approach
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is that the topology is kept feasible throughout the whole process of Phase II.
Therefore, no time is wasted on examining topologies that are non-feasible!. This
dramatically cuts down on execution time.

Phase Il can be divided into three parts. They are:

e Part I: Initial Topology Construction. In this part, an initial feasible topol-
ogy is created given the pipe requirements. At this point, only the number,
type and interconnections of these switches have been determined. As to
the location of these switches, they will be handled by Part III.

o Part II: Topology Improvement. In this part, heuristical algorithms are
arplied to reduce the size of the initial topology, and hence the cost of
the topology. Each iteration of the algorithm results in a topology that is
feasible. We consider three different algorithms for this part. They are:

1. Random.

2. Erhaustive.

3. Neighborhood.
Each algorithm will be discussed in detail in Section 4.4.

o Part Ill: Topology Location. The resultant topology from Part 11 is a feasible
topology at the logical level, that is each component of the topology has
not been assigned a location in the real world. Since the location of these
components directly affect the cost and the performance of the topology,
their locations must be assigned in a way that is in some sense optimal.

There are two algorithms considered for Topology Location. They are:

1. Random.

2. Anchoring.

These algorithms will be presented in detail in Section 4.5.

"Topologies that do not satisfy the traffic constraints as defined by the given ATM pipe
network



4.2.1 Switched ATM Network Requirement

The method that we present in this chapter is specifically for LATM networks,
therefore certain assumptions exist so that the topology that is generated with
this method is indeed an ATM network. In particular, the main network hard-
ware consists of ATM switches. Links connect these switches with hosts or other
switches. Each port on these switches is either an input port or an output port.
The traffic that travels on these links goes only in one direction. We also assume
that the multiplexed lines originate from or terminate at a switch or host, since if
the multiplexed lines originate from or terminate at more than one switch or host,
the cell sequence will not be maintained which is a violation of the requirement
of ATM. All links in our topology have the same transmission speed, so that no

additional buffers need be installed in the switches to prevent cell loss.

4.2.2 The Cost Function

Like [15], we choose the cost of hardware and links as the main costs for onr
topology. Note that theoretically the cost function can be anything subject to
the definition of the network designer.

In this thesis, we have chosen to include the four most common cost for a
network topology. That is, the switch cost and the cost for installing the switch,
the link cost and the cost for installing the links.

Switch cost and link cost make up the hardware cost for the network. ‘The link
costs can include the cost of fiber-optic cables or unshielded twisted pair copper
wires depending on the speed of transmission and the technology in use. Costs for
installing links can include fiber splicing cost, as well as purchasing and installing
conduits or any facilities to hold the links.

For the first two parts of the topology construction method, we defined the

following formula for calculating the cost of the topology

W
z = I NCT+ 3 cap(le)DuC" + I* K + 1T N, (1.1)

k=1 s
The first two terms are the total switch and link costs, whereas the last two terms

are the installation costs for the switches and links; N, is the number of switches
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of type s, CT is the cost of a single unit of switch type s, cap(li) is the capacity
of link lx, C* is the cost per unit length per unit capacity of a link. /* and I7
are the cost of installing a link and installing a switch respectively while K is
the number of links in the whole topology, and S is the total number of switch
types. A link is defined as a connection between a switch and a host machine,
or in between switches. Therefore, a link can make up of physically one or more
transmission lines. I, is an approximated average length of a link in the topology.
For Parts | and II, an approximation of the link lengths is used instead of the
real link lengths since the locations of the switches in the topology will not be
set until Part 111. We define D, to be simply tlie average link distance between
hosts and switch candidate locations, and between switch candidate locations. It
is given by :

Zh ZC (1(11'7 C) + Ec Zc d(C, C) ({ 9)

hxc+cexe -

D,

where h i, the number of hosts, ¢ is the number of switch candidate locations,
d(i, j) is the distance in between switch candidate location 7 and switch candidate
location j. Note that d(»,r) is the distance between switches located at the
same switch candidate location. In practice, this distance can never be zero,
however, if the distances of d(7,j),7 # j is comparatively much larger, then we
can approximate d(r,r) with 0.

At the end of Part I1I, since the locations of all switches in the topology have
been assigned, we can calculate the cost of the topology by the following rewritten

form of equation 4.2:

N
z o= S NCT+ 3 cap(l)diCE+ IFK + TSN, (4.3)
s k=1 S

where di is the real length of the link .
4.3 PART I: Initial Topology Construction

The objective of the initial topology construction algorithm is to generate a local

arca ATM topology that satisfies the pipe requirements as given to it by the
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network designer. It works by creating an ATM subtopology for each source host
and each destination host, and joins all these subtopologies into a larger functional
ATM topology. Note that a source host and a destination host can be located
on the same host machine, as typically a host machine does not only receive but
send information as well. The root of this sub-topology is a source host or a
destination host.

The initial topology construction algorithm starts by connecting a source host
to a switch with a link. Note that this link can consist of more that one physical
link depending on the bandwidth of each single physical link?. For example, if
the total capacity needed for a link is 305 Mbps and the transmission speed for
each physical link is 100 Mbps, then a total of 4 transmission lines giving a total
of 400 Mbps is needed to implement this link. Inside each of these link flows the
traffic of one or more pipes. The algorithm then tries to assign a separate link to
each of the pipes that come out of the switch. If the number of desired output
links exceeds the maximum allowable switch size, the algorithm will combine some
of the pipes into a single link, attach the link to a new switch and attempt to
separate the pipes there. The algorithm will repeat until all pipes are assigned to
a single link. Figure 1 to 5 shows how this algorithm works.

Given that a source, say source host 1, needs to transmit traffic to all other
hosts in a 5 host network, it sends its traffic in 4 ATM pipes (Figure 1). Each
pipe(l,j), 2 < 7 < 5 from source host 1 to destination host j has a size which is
described in fractions of a transmission line. The algorithm first attaches a switeh
to the source host with a link as shown in Figure 2. Since all pipes originating from
host 1 travel through this link, the capacity needed for this link is the summation
of the capacities of all the pipes that flow in this link. The number of actual
transmission lines required is the ceiling of the summation of all pipe sizes. In
this example, the capacity required is 2.4, hence the number of transimission lines
required is 3.

The algorithm then attempts to assign one link per pipe at the output ports
of switch 1 (Figure 2). Since the total number of transmission lines required

(summation of the ceiling of each pipe) is 5 which is greater than the largest

2to avoid confusion, we shall from now on refer to a physical link as a transmission ine
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Source Host

Destination Hosts

Figure 1: Host 1 on a five host network needs to send traffic to the four other hosts

(assuming no traffic to itself)

Source Host

Num Links
= £ pipe(l.r), 2<=r<=S5
4 x 4 Switch 1 =24
(max switch size) L 1 =30
0s." y
g 0.2 1 06
y y N
2 3 San 5

Traffic To Destination Hosts

Figure 2: Host 1 is altached to switch ! and algorithm altempts to assign the each

output pipe to a single link.



Source Host

4 x 4 Switch
(max switch size)

Pipe(1.3)+pipe(1.5)

="0.2406

Switch

Traffic To Destination Hosts

Figure 3: The number of links required ezcceds the mazimum swileh size, therefore a
pipe combination heuristic is applied to combine some pipes logether, A now switeh is
atlached to the link that carries the combined pipe.

Source Host

4 x 4 Switch
(max switch size)

'_pipc(l.3)+pipc(l.5) B

pipe(1.2) ="0.2+006"

~ -

0.5

pipe1 3" “pipect.s)”

0.2
¥

. 06
AR

-

Traftic To Destination Hosts

Figure 4: Algorithm attempts to assign the oulput pipes to a single link and suceecds.
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Figure 5: The resultant subtopology for source host I.
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Figure 6: The resultant subtopology for destination host 2.
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Source Host
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Figure 7: Combining subtopologies together,



available switch size (the largest allowable switch has only 4 input ports and 4
output ports), the algorithm combines more than 1 pipe into a link to reduce the
number of required lines to fit switch 1. The choice of which pipes to combine is
defined by an algorithm which will be described in the next subsection.

By combining pipe(1,3) with pipe(1,5), we reduce the total required output
lines to 4, hence satisfying the constraint imposed by switch 1 (Figure 3). A new
switch is attached to the link that contains pipe(1,3) and pipe(1,5), as shown in
Figure 3. The algorithm then attempts to assign one pipe to a link for pipes (1,3)
and (1,5) (Figure 4). Since the total required links is 2, which is smaller than 4,
the algorithm succeeds. With only 2 input lines and 2 output lines used, switch
2 can be a 2 x 2 switch instead of a 4 x 4. The resultant subtopology is shown in
Figure 5.

The algorithm is repeated for each source host and destination host. A
subtopology for destination host 2 is shown in Figure 6. At the leaves of these
subtopologies are links containing just cne pipe each. Each of these links from a
source host subtopology can be matched with a corresponding link from a destina-
tion host subtopology. In Figure 5, the leaf links containing pipe (1,2) corresponds
to the leaf link containing pipe (1,2) in Figure 6. Therefore, when the topologies
to which these links belong combine, these two links will be combined into one,
as illustrated in Figure 7. The final combined topology for a 5 host network, can
look like the topology in Figure 8. Each source host are labeled with a number
preceeded by the letter ‘S’; each destination host by a ‘D’, each switch by the
letters ‘SW’, and each link by the letters ‘L’.

4.3.1 Choosing which pipes to combine

As mentioned in the previous subsection, if the number of transmission lines
required exceeds the maximum allowable switch size, pipes that should normally
flow separately in different links are put together in one link, so that the effective
number of transmission lines fit within the maximum switch size constraint. We

present the algorithm that we used to select which pipes to combine.
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Figure 8: A fully combined 5 host initial topology. Source hosts are labeled with numbers
preceded with an ‘S’, destinations hosts with a ‘D’, and swilches with an ‘SW’.
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The Switch Combination Algorithm

The heuristic employed in this algorithm is that savings in the number of trans-
mission lines can be achieved if two pipes whose fractional part of the pipe size
when added together is at most one, are combined into one link. For example,
given two pipes a and b, with a having pipe size 1.3 and b 2.5, if the two pipes
are put into one link, then the total pipe size is 3.8, and hence the total trans-
mission lines required will be the ceiling of 3.8. That is 4 lines. This represents
a savings of one line, because if the two pipes were to put in separate links, then
the effective transmission lines required will be the ceiling of 1.3 plus the ceiling
of 2.5, which is 5 lines.

The algorithm starts by determining the desired savings needed. Then at each
iteration, it chooses two pipes to combine. To increase its chances of combining
pipes, the algorithm first chooses a pipe having the biggest fraction. It then looks
for another pipe with the biggest fraction that when combined with the first pipe
produces a savings of one line. The algorithm then repeats the previous procedure
until the desired savings are achieved.

Figures 9 to 14 illustrates how this algorithm works. There are 5 pipes. The
total number of transmission lines required is the summation of the ceilings of all
the pipe sizes, that is 6 lines. Let’s assume that the maximum allowable switch
size is 4, a total of 2 savings are needed. The algorithm starts by looking for the
pipe that has the biggest fraction. The algorithm finds pipe 1 which has size 1.9
(Figure 9). The algorithm tries to find another pipe that can be combined with
pipe 1. Since none can be found, algorithm looks for the pipe that has the next
biggest fraction. Pipe 3 which has a size of 0.7 is selected (Figure 10). There are
two pipes, pipes 4 and 5 that can be combined with this pipe. Algorithm chooses
the pipe 4 that has the bigger fraction and combines the two pipes (Figure 11).
A savings of one line is achieved. The algorithm looks for a combinable pipe that
has the biggest fraction. Pipe 2 is selected (Figure 12). This time only one pipe
(pipe 5) can be combined. Therefore algorithm combines pipe 2 with pipe 5. A
total desired savings of 2 lines are achieved. Therefore the algorithm exits.

In essence, this algorithm functions like the First-Fit Decreasing Bin Packing

Algorithm [10] that packs to one unit. In general, the number of savings from
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Pipes |1 |2 |3 (4 |5

Capacity ((19)] 05| 07] 03] 02

Figure 9: Algorithm finds the pipe size (1.9) with the biggest fraction. This pipe is
discarded as no other pipe can be combined with this.

Pipes {1 |2 |3 |4 |5
Capacity 119 | 05| (07| 03| 02

| S

Figure 10: Algorithm finds the pipe with the next biggest fraction (0.7). Two other pipes
can be combined with this pipe (pipes { and 5).

Pipes {1 |2 |3 +4 |5

Capacity 119 05|07 03] 02

¢
+

Figure 11: Algorithm chooses pipe 4 as it has the bigger fraction among the two. The
lwo pipes are combined.

Pipes |1 |2 [3 +4 |5

9@ 10 |02

Figure 12: Since desired total savings is not reached. Algorithm looks for the biggest
combinable pipe.

Capacity

—




Pipes |1 |2 [3+4 |5

Capacity {19(@5)| 10 | 02

S |
+

Figure 13: Only one pipe (pipe 5) can be combined with the chosen pipe (pipe 2),
therefore combine them.

Pipes |1 |3 +4 [2 +5
Capacity |19| 1.0 0.7

Figure 14: A total of 2 savings is achieved. Therefore algorithm ezits.

combining of pipes can be further maximized when we pack to u units, where u

is a non-zero positive integer. However, we did not implement this and this is left

as future improvements.

4.4 PART II: Topology Improvement

The aim of the topology improvement part is to find an equivalent topology that is
less expensive than that produced by the initial topology algorithm. An equivalent
topology is defined as a topclogy that satisfies the same pipe specifications as the
topology to which it equals.

The topology improvement applies the concept of gradual improvement, that is
at each iteration, the algorithm changes the topology according to some heuristics,
so that some savings can be achieved. In essence, this concept is similar to the hill-
climbing mathematical optimization method [30]. That is, with each iteration,
the solution to the cost function gets closer to optimality. Topology changes are
done through the intelligent combining of switches Savings are achieved when

links rearrange or combine, and the number of switches reduces.

4.4.1 Savings Through Switch Combination

When switches combine, savings are achieved. Specifically
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e Total switch cost is reduced as the total number of switches are reduced.
Switches that have wasted capacity can be combined so that fewer switches

are needed.

o The number of links are reduced when switches that have the same imme-
diate descendants or ancestors combine. This can be scen in Figure 15.
Switches 1 and 2 have the same immediate descendants, switches 3 and 4.
The total output transmission lines required for switch | and 2 is 14. When
the two switches 1 and 2 combine, since two of the links out of the four can

be combined with the other two, the total required lines have fallen to 12

al
gﬁ
~

3 4 3 [dl

requires 2 less physical hinks

Figure 15: Link capacities reduced when switches that have the same descendants com-
bine.

o Links are eliminated when switches combine with their immediate ances-
tors or descendants. For example, in Figure 16, when switch 1 combines
with switch 2, the link carrying pipe a disappears. The total number links

required in the topology is reduced.

¢ Links are eliminated and/or have their capacities reduced when self-loops
that occur as a result of switches combining are stripped. This can be scen
in Figure 17. When switch 1 combines with switch 3, a self-loop occurs with
pipe b and ¢ flowing out of the newly combined switch through switch 2,
and back into the newly combined switch. This sclf loop is stripped and

through stripping, links are either reduced in size or totally climinated.
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Figure 16: Links eliminated when switches combine with immediate ancestors or de-

scendants
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Figure 17: Reduction of link sizc and elimination of links as a result of swilches com-
bining.




4.4.2 Topology Improvement Algorithms

We have devised three algorithms to perform topology improvement. These pro-
grams each have their own way of choosing which switches to combine and hence
the amount of savings achievable. Each algorithm is presented with its pseudo-

code.

1. RANDOM. The Random improvement algorithm essentially picks two
switches randomly. Then it checks to see if the switches are combinable
or not. If the switches are combinable, then they will be combined. T'he

algorithm exits when z number of combining attempts results in failure.

While(less than x iterations has elapsed since the last
successful combination}{
Randomly choose 2 switches in the topology;
If(the two switches are combinable)

Combine them;

o

EXHAUSTIVE. The Exhaustive algorithin in each iteration, finds the
two switches that when combined will give the greatest savings. This is a

greedy algorithm in that it attempts to achieve the most overall savings by

maximizing on the savings in each iteration. This implies more intelligence

in the algorithm for building the topology.

While(last iterations successfully combines 2 switches){
Find the savings achievable by all valid combinations of
any two switches;

Combine the two switches;

3. NEIGHBORHOOD. The Neighborhcod algorithm essentially combincs
a switch with another from its neighborhood that when combined will give

the greatest savings. A neighborhood of a switch is defined as all immediate
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ancestors and descendants of the switch, as well as the immediate descen-
dants of these ancestors, and the immediate ancestors of these descendants.
A switch can not be combined with itself.

The motivation behind the neighborhood algorithm is that combining switches
with its neighbors can most likely result in more iinks being reduced in size
or eliminated (as illustrated in the last section). This facilitates further

combination with other switches may result in a cheaper topology.

While(less than x iterations has elapsed since the last
successful combination){
Randomly choose a switch in the topology;
Find all the neighbors of this switch as defined
by the neighborhood function;
Find the neighbor that when combined with the
switch will give the most savings;

If(such neighbor is found) combine them;

4.5 PART III: Topology Location

The topology generated from Part 11 is a feasible topology. However, this topology
is logical as the actual locations of the switches are not assigned yet. The topology
location algorithm takes care of allocating the switches to the switch candidate
locations. As the locations of this switch directly affect the lengths of the links to
which this switch connects, the total cost of the topology is directly affected by
the placement of these switches. Two algorithms are devised for performing this
task.

e RANDOM. This algorithm randomly assigns a switch to a switch candi-

date locations. This algorithm is run as a basis for comparison.

While(not all switches have been assigned){

Randomly choos2 a switch candidate location;
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Assign the switch to that location;

e ANCHORING An anchored switch is a switch that has been assigned a
location. At each iteration of the anchoring algerithm, a to-be-anchored
switch is chosen randomly. If there are links connecting this switch to other
anchored switches, the total lengths of all these links are calculated, with the
to-be-anchored switch taking the location of each of the switch candidate
locations in turn. Otherwise, pick another unanchored switch. Hence, the
location of the switch candidate location that produces the shortest total
length will be chosen as the location to which the to-be-anchored switch

will be anchored. A host is considered as an anchored switch.

While(not all switches have been anchored){
Randomly choose one unanchored switch;
If(there are at least one anchored switch
connected to it){
For all switch Candidate locations{
Find the total distances of all
links connecting the unanchored
switch with other anchored switch,
assuming that the unanchored
switch is located at the current

switch candidate locations;

¥

Assign the unanchored switch to the
location resulting in the sho.itest

total distance.



4.6 Experiments for Phase II

To evaluate the workings of the algorithms proposed for Phase II, we have imple-
mented all of them, and combinations of them (meaning one from Part II and one
from Part III) and in a program. With this program, we performed experiments
to examine the effectiveness of these algorithms in accomplishing their functions.

4.6.1 Parameters

At the start of each program run, a number of parameters were read in. These

parameters are:

e Number of Hosts. This is the number of hosts in the network. Values for

this parameter are 5,10, or 15.

o Pipe Sizes. These are values calculated with the MCFF analytical method
presented in the previous chapter. The pipes sizes are expressed in terms
of multiples of the line transmission speed. For example, for a 45 Mbps
pipe transmitted on a 150 Mbps link, the pipe size will be specified as
45/150=0.30. In thc experiments, the smallest pipe size that we used is 0.1
and the largest is 18.3. The number of pipe sizes in a network of N hosts is

N x (N — 1), assuming no self traffic.

¢ Number of Types of Switches and Their Corresponding Sizes. Cur-
rently, the switches are all symmetrical n X n types, that is, they have the
same number of input and output ports. However, this can be changed
easily to accommodate n x m switches. The Switch sizes that were used in

our experiments range from 14 to 200 ports.

o Switch Costs As of the time of writing, most switches in the market are
listed with the price per port (about $1000 - $2000). We have adopted this
method of pricing our switches. However since prices change so rapidly, we
have decided to omit real dollars as the unit of cost. Rather, we assign the
cost for a port as 1 unit and price all other costs (e.g. switch installation,

link costs, etc.) relative to that.



o Switch Installation Cost. The cost of installing switches. In practice,
since this cost differs from case to case (for example, if special facilities such
as air-conditioning need to be installed with the switch), we simply fix this
value to 0.3.

¢ Line Cost. This is expressed as price per transmission line per meter.
Again, this value can vary depending on the type of physical medium
(twisted pair, fiber optics, etc) used. Here, we fix “his value to 0.005 (for a
$2000 per port switch, this works out to about $13 per nicter).

e Link Installation Cost. Like the switch instaliation cost and link cost,
the link installation cost also varies in real life. Here, we fix this to 0.1.
Recall from the previous sections that a link can consist of more than one
transmission line and normally they are installed as one. Therelore, we
assume that the same link installation cost applies regardless of how many

lines there are within the link.

¢ Number of Switch Candidate Locations. These are the places where
switches can be installed. The number of switch candidate locations used

ranges from to 3 to 8.

o Distance Between Switches and Hosts or Other Switches. This
is the length of the cable that connects a host with a switch or a switch
with another switch. The network designer determines the values for these,
Although alternately we can take in actual coordinates of hosts and switch
candidate locations as input and let the program calculate the distance, we
chose not to do that, since a link often does not take the simplest route to

its destination.

4.7 Experimental Results

Experiments of our Phase Il program were run on a Silicon Graphics Iris Indigo

Workstation. As mentioned before, we have examined 3 sizes of networks, namely,



the 5-host network, 10-host network and 15-host network. For the 5-host and 10-
host network, a total of 4 sets of runs were carried out. Each set contains two
different classes of pipe parameters with the same mean pipe sizes. The nipe sizes
in one class are skewed and the other are not skewed. This also applies for the
15-host network. The only difference is that instead of 4 sets, only 2 sets were

run.
We calculate the skewness of the pipes with the following formula which was

taken from {23]
E{(p; — p)°]

v = ——TS'T)-S-/—2—- (4.4)
where p; is a pipe size, p is the mean pipe size and S? is the variance of the pipe
sizes. The pipe mean and skew values for the experiments are listed in Tables 4.1
and 4.2. Note that the smallest pipe mean is 0.5 and the largest is 3.0, whereas

the smallest skew value is 2.68 and the largest is 4.593.

[ Set | 5 Hosts [ 10 Hosts |
1. Mean: 1.5 Mean: 1.5 [ Mean: 1.5 Mean: 1.5
Skew: 3.112 | Skew: 0.0 | Skew: 3.217 | Skew: 0.0
2. Mean: 3.0 Mean: 3.0 | Mean: 3.5 Mean: 3.5
Skew: 3.574 | Skew: 0.0 | Skew: 3.21 | Skew: 0.0
3. Mean: 2.0 Mean: 2.0 | Mean: 2.0 Mean: 2.0
Skew: 2.68 | Skew: 0.0 | Skew: 2.808 | Skew: 0.0
4. Mean: 0.5 Mean: 0.5 | Mean: 0.5 Mean: 0.5
Skew: 3.091 | Skew: 0.0 | Skew: 4.593 | Skew: 0.0

Table 4.1: Pipe Mean and Skewness (5 and 10 Hosts)

l Set ] 15 Hosts ,
1. Mean: 1.5 Mean: 1.5
Skew: 3.117 | Skew: 0.0
2. Mean: 3.0 Mean: 3.0
Skew: 3.542 | Skew: 0.0

Table 4.2: Pipe Mean and Skewness (15 Hosts)
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4.7.1 Part I: The Initial Topology Construction

In each run, we recorded the cost of the initial topology. We find that in gen-
eral, the more hosts there are in a network, the bigger the initial topology will
turn out to be. This is so because more links and switches will result since the
initial topology construction algorithm assigns a switch to cach source host and
destination host by default regardless of the input pipe sizes.

Figure 18 shows an example of an initial topol gy generated from one of our
runs, that is the 5-host, Set 2, Skewed Pipe run. Each source host and cach des-
tination host is connected to a switch. Note that switch 4, which is not attached
to any host, is part of the subtopology belonging to source host number 3. It is
created because the total needed lines (for the output of switch 3) exceeded the
maximum switch size.

At the conclusion of each experimental run, we have also verified links and

paths to make sure that the initial topology is a feasible topology. That is, it

contains all pipes that were given as the input, and that the maximum number of

lines required for a switch does not exceed the maximum switch size. We find that
the topologies that were generated by the initial topology algorithm are indecd
feasible. As our algorithm is designed to maintain the feasibility of the topology,

this checking is done mostly as a check on the implementation,

4.7.2 Effects of Skewness On the Initial Topology

Table 4.3 shows the initial topology costs gathered for the 5 and 10 host runs.
In there, the results of both skewed and non-skewed costs are shown. The bigger
cost of the two are enclosed in brackets.

From the table, we can see that number of times that the results from the
skewed runs exceeds the results froin the non-skewed runs are exactly the same
as the other way round. This suggests that the skewness of the pipe sizes does
not appear to have a direct influence over the cost of the initial topology. This
is contrary to our intuition. One explanation could he that the difference in
pipe sizes (hence the skewness) is not really the main factor that influences the

number of switches and links that were used in the topology. The main factor is



Figure 18: The Initial Topology for the 5 Hosts,Set I, Skewed Traffic Run
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5 Hosts 10 Hosts
Skewed | Non-Skewed | Skewed | Non-Skewed

7. | 36557 (37639) 170068 | (183852)
2. | (38819) 36833 326597 | (330553)
3. | 47474 (48195) | (197312) 156395
7. | (12213) 11192 (76878) 75689

Table 4.3: The Initial Topology Cost (The Bigger Cost is in Brackcts)

most likely dependent on the fractions of each pipe. For example, consider the
following two sets of pipes S; = {1.0,1.0,1.0,1.0,1.0}, S, = {0.1,0.1,0.1,0.1,4.6}.
Both sets have the same mean (1.0). The values in Set S are identical (ske. ness
0), hence it has lower a skewness than Set S;. The number of transmission lines
needed for Set S; will be the summation of the ceiling of each pipe value. that is
5 lines. However, the number of transmission lines needed for Set S is 9 lines.
The more transmission lines needed the bigger the initial topology will most likely
turn out to be, since more switch expansions need to be done (For example, if the
maximum switch size is 8, then Set S; will be able to fit into one switch while Set
S, will not). This is an example where a set of pipes with lower skewuess results
in a chieaper topology.

On the other hand, if we have a set of pipes, Set S3 = {3.0,0.5,0.5,0.5, 0.5} and
Set Sy = {1.1,1.1,1.1,1.1,0.6}. Again, both of them have the same mean (1.0).
However, S; with a higher skewness (the minimum difference of the individual
pipes with the mean is 0.5 for Set S3, whereas the mazimum difference between
the individu:.] pipes and the mean for Set Sy is only 0.4) requires 7 lines, whercas
S, with a lower skewness requires a total of 9 lines. This is an cxample where
the set of pipes with a higher skewness results in a cheaper topology. This is the

opposite of the results that we get from the previous example.

4.7.3 Part II: Topology Improvement

In the experimental runs, we have examined the performance of the three topology
improvement algorithms. Figures 19 to 21 show an example of the results obtained

from applying these algorithms to the initial topology in Figure 18. From the
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figures, we can see that reduction in topology sizes have been achieved using the
topology improvement algorithms. Both the Random and Exhaustive algorithms
have managed to reduce the number of switches in the initial topology from a
total of 11 to 6, whereas the Neighborhood algorithm managed to reduce it down

to just 5 switches (Figure 21).

4.7.4 Repeated Calculation

Due to the fact that the both the Random and Neighborhood topology improve-
ment algorithms depend on random selections of switches to combine, the resul-
tant topologies generated with these two algorithms will vary from one run to
another. Therefore to more accurately determine the performance of these two
algorithms, we have applied the same algorithm a total of 70 times for each run.
The mean and the 95% confidence interval of the topology cost are then obtained
and plotted.

Figures 22 to 25 shows some of the plots that we have obtained. They are for
the 5-host runs and 15-host runs. Since the results of the 10-host runs are identical
to the 5-host runs, we chose not to include them. As evident from the figures, most
of the time the Exhaustive algorithm produces the cheapest topology, followed by
the Neighborhood algorithm, then the Random algorithm. This seems to confirm
that the ‘intelligence’ that is built into the Exhaustive and Neighborhood does
generate good topologies. Note that since the results in Figures 22 to 25 show
that the confidence intervals of the bars in the same column do not overlap, we

can be fairly sure that the differences are significant.

4.7.5 Part III: Topology Location

Liie Part 11, both of the topology location algorithms rely on random numbers
to work. Therefore, we have run each Topology Location Algorithm 70 times for
each input, so that the mean and 95% confidence interval can be obtained.
From the figures, we have found tlat in all cases the Anchoring algorithm pro-
duces a topology that is less costly than that produced by the Random topology

location algorithm. This differencs in performance can sometimes be as high as
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Figure 19: The Improved Topology Using the Random Algorithm

44



Figure 20: The Improved Topology Using the Ezhaustive Algorithm
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Figure 21: The Improved Topology Using the Neightorhood Algorithm
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Figure 22: Comparisons of the Topology Improvement algorithms jor a 5 Host Network
with Skewed Traffic
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Figure 23: Comparisons of the Topology Improvement Algorithms for a 5 Host Network
with Non-Skewed Traffic
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Figure 24: Comparisons of the Topology Improvement Algorithms for ¢ 15 Host Network
with Skewed Traffic
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Figure 25: Comparisons of the Topology [mprovement Algorithins for a 15 1. ik

with Non-Skewed Traffic



