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ABSTRACT

Those factors which affect the dissolved oxygen
response in a natural stream were investigated. Field and
laboratory experiments were conducted on the Rideau River
to determine the magnitude of these stream constants and
the methods of collecting data through these experiments
were assessed. A mathematical expression was developed to
simulate the effect of the stream constants on the bio-
chemical oxygen demand, nitrogenous oxygen demand and the
dissolved oxygen deficit on a 19.9 mile stretch of the Rideau
River. The results of the simulation were compared with
existing observed data.

A general methodology for developing a water
quality model was suggested, applicable to any natural
stream. Through analysis of experimental results, conclusions
and recommendations were made regarding existing methods of

data collection for determining stream constants.
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CHAPTER 1
INTRODUCTIOR

1.1 Water Quality Modelling

The use of rivers and streams to dispose of
domestic and industrial wastes has always been a necessity
because it has not been technologically possible nor
economically feasible to totally recycle or purify effluents
before they discharge into a natural body of water. Dis-
charges of these waste materials usually result in a
deterioration of water quality in local areas and, if the
gquantities and concentrations are sufficiently high, may even
affect a major portion of an entire river.,

Since 2ll domestic and most industrial effluents
exert a biochemical oxygen demand (BOD) as well as nitro=-
geneous oxygen demand (NOD), the dissolved oxygen (DO) water
quality parameter is a good indicator of the presence of
oxidizable waste in a stream. In addition to oxygen being
an indication of oxidizable material and also being relatively
easy to measure accurately in situ, and since all stream flora
and fauna are dependent upon it the DO is one of the mosd
important stream parameters to study. Thus, if increasing
demands are made on the oxygen resources of major rivers,
drastic and tragic ecological consegquences may result.
Although technology cannot yet economically eliminate the
cause, it can reduce the effect that pollutants have on the

aquatic environment through better water quality management,..



To manage our water resources more effectively it
is not sufficient to simply set universal effluent standards
for industrial and domestic wastes since the response of
stream functions will vary for each river, being dependent
upon the hydrological, climatic, nutrient and biological
conditions as well as the dilution factor of the stream and
the nature of the waste itself. Consequently, each major
river which serves a large industrial and urban centre should
be studied individually so that effluent criteria may be
determined for each river.

The task of setting such individual standards is
immense and an efficient tool is reguired to produce accurate
and precise information on water quality data with a minimum
of data input and which will shed insight on the input-output
relationships of the complex system of stream response. One
such tool is the mathematical model which is now used by
many investigators to perceive ways and means of improving
the water quality of streams serving large urban and industrial
centres. O'Connor et al (57) developed a mathematical model
to simulate the behaviour of BOD, NOD and DO in the Delaware
River Estuary and utilized the results to suggest methods of
improving water quality through the amelioration of effluent
discharge characteristics and low water flow augmentation.

However, in development of a mathematical model
several stages must be considered which attempt to inter-

relate. all model variables with various technological,



economic, social and other factors. The stages which must
be considered include:

1. Definition of the objectives of the model,

e.g. whether it will be with regard to water
qualitv, a dissolved oxygen or bacteria dis-
tribution model.

2. Observation of the system to be modelled and
extraction of the most important and sensitive
functions which will adequately describe the
real world conditions.

3. Formulation of the mathematical expressions
and inputting of the data coliected from the
real world.

Lk, Evaluation of the precision and accuracy of
the model by comparison of the model predictions
with real world conditions.

Attempting to validate the model often requires

returning to the third stage and reapraising the inputted

data or it may even require returning to the second stage

and questioning the assumptions made in selecting the functions,
(the stream constants in the case of a water quality model) as
being the most sensitive and.important. Generally, there 1is

a continual feed back from the real world to the model re-
sulting in refinement of the system constants and possibly

the model itself. However, this trial and error or iterative
process should not be construed as a simple manipulation of

the model (such changes may simply duplicate the errors made




in collecting the data or in constructing the model). In
fitting the model to existing data, care must be taken so
that it does not merely become a description of the events
described by the data and thereby loses its ability to pre-
dict future conditions. In other words, the model must have

a certain degree of generality.

1.2 Purpose and Scope

The purpose of this study was to outline and test
a methodelogy for developing a mathematical water quality
model for a natural stream. The model development was
accomplished by formulating a mathematical expression, deter-
mining the values of the constants in the equations from data
collected from a stream, selecting a method for solving the
equations to obtain BOD, NOD and DO profiles and comparing
predictions with observed data.

The study emphasized the manner in which the stream
constants are evaluated since adequate and essentially

identical forms of the equations for the BOD, NOD and DO

profiles have been developed by several investigators (7,13,57).

The existing methods of solving the equations all give approxi-
mately the same solutions differing only in analytical or
numerical procedures.

In the final analysis of most water quality models,
however, the overall validity of the mndel is found to be

dependent upon the accuracy of the values assigned to the



constants which in turn are dependent on the methods of
collecting, analyzing and interpreting the data from the
stream.

This investigation 1s part of an overall study to
eventually model the Ottawa River. However, to reduce the
amount of collected data required in determining a methodology
for the development of a water quality model, a 19.9 mile
stretch of the Rideau River was selected (see Figure 3.1 for
map showing section of river studied). A major advantage in
selecting the Rideau, apart from it having approximately one
hundredth the flow of the Ottawa, was that a thorough survey
of the cross section profiles of the river had been under-
taken and completed in the summer of 1970, whereas similar
extensive data does not exist for the Ottawa. Also, in
regard to the Ottawa River, very little water quality and
hydrologic data are available. Another major reason for
selecting the Rideau River over the Ottawa is that personnel
and financial resources greater than those available would
be necessary to collect the extensive quantities of data
required for simulation of the Ottawa, whereas such resources
were relatively available for a study of the smaller Rideau.
However, the overall hydrological and biochemical constants
should be the same for both rivers although differing
significantly numerically. The Ottawa is a relatively fast
flowing river with low algal population, whereas the Rideau

is a very sluggish stream (almost a series of impoundments)




with numerous dams %o control the water level for navigation,
and very high populations of algae and rooted plants. In
spite of these differences, 1t must be recalled that one of
the requirements of any model is generality so that it can
adequately simulate more than one set of conditions that may
exist in a system. Thus, the formulation of a model for the
Rideau and any recommendations that can be made regarding
the methodology for the development of the model should be
applicable to the Ottawa.

It must be emphasized that due to the scope of
this study and the time and financial limitations involved,
only sufficient data were collected to determine the dominant
and most significant stream mechanisms and to estimate the
relative numerical values of the various stream constants.
Consequently, the Rideau was surveyed extensively only in
reaches that typified the different conditions found in the
river, e.g. values for dispersion were obtained only in the

most and least sluggish reaches in the river.




CHAPTER 2

MODELLING STREAM RESPONSE

To simulate the DO water quality response of a
stream receiving a pollutant, it 1s essential that all the
factors which may influence that response be examined
individually. Consequently, before any experimental work
commenced, a review was made of existing research which had
been undertaken to describe and evaluate the various stream
mechanisms affecting stream DO. A review was also made of
the analytical and numerical procedures for solving the
equations which mathematically represent DO as a function of

the stream mechanisms.

2.1 TFactors Affecting Stream DO Response

The following sections contain a review of the
existing literature on those stream characteristics which the
DO water quality parameter 1s dependent upon, what they are
contingent upon and the methods by which they are evaluated.
These characteristics include bottom sediments, longitudinal
dispersion, stream velocity, rate of organic removal, nitri-
fication, weirs and impoundments, photosynthesis and

respiration, and atmospheric reaeration.

2.1.1 Bottom Sediments
In lakes, reservoirs, and sluggish streams and

during periods of low discharge in normally fast flowing




rivers, suspended organic material may settle out and de-
compose upon the stream bottom. During spring runoff, scour
may occur on these sludge banks, transporting material
further downstream to more sluggish regions where it again
settles. When low flow conditions return, settling may
resume 1in the previously scoured areas. The occurrence of
scouring and deposition continually changes and renews the
composition of the bottom sediments.

If these sediments contain sufficient quantities
of organic material, a substantial demand for oxygen on the
overlying water can be exerted because of bacterial oxida-
tion. Hanes and Irving (32) have reported that up to 50% of
the total oxygen demand exerted on several streams and lakes
was due to the sediments. In addition to creating problems
with DO, a high degree of anaerobic benthic decomposition
can produce methane and hydrogen sulphide resulting in not
only odour problems, but also floating mats of sludge.

Organic decomposition in sediments occurs somewhat
differently than the decomposition of organic material in
the overlying water. Benthal decomposition is accomplished
almost totally by anaerobic bacteria within the sediments
with the exception of a very shallow upper layer of perhaps
several centimeters which is aerobic. Products of anaerobic
decomposition diffuse into the overlaying water and exert a

chemical or biochemical oxygen demand or both.



Fair (19) stated that the most important factor
affecting the benthic oxygen demand i1s the nature of the
sediment itself. He concluded that the oxygen uptake is
essentially independent of the oxygen concentration of the
overlying water, provided it is aerobic, and is controlled
by temperature and the rate of diffusion of oxidizable
material from the interior of the deposits to the overlying
water. Baity (2) and others (8,59,60) reached similar con-
clusions in their studies of stream sediments. Ogunrombi
and Dobbins (59) in their work have emphasized that benthal
decomposition must be expressed in terms of two distinct
processes: oxygen consumed in the aerobic layer of the sedi-
ments and BOD released to the overlying water.

Other studies have shown that the activity of
bottom dwelling invertebrates such as molluscs, insect larvae
and sludge worms can constitute a major exertion of benthal
oxygen demand. Edwards (17) concluded that oxygen uptake was
essentially independent of sediment depth, but contrary to
the above studies was dependent on the oxygen content of the
overlying water. He determined that this was due to the
activity of oxygen dependent invertebrates which burrow into
the sediments and draw in currents of water for respiration.
Later, Edwards and Rolley (18) concluded that the oxygen
consumption was independent of depth, at depths greater than
only 2 cm despite findings that animal life may exist to a

depth of 20 cm in loose sediments (66).



The above are rather important observations, for
McDonnell and Hall (L49) in experiments similar to Edwards (17),
determined that microbial respiration accounted for 45% to
48% of the benthal demand while invertebrate respiration
accounted for 52% to 55% of the demand. The reason for the
discrepancy between the two views on what influences the
oxygen uptake in sediments appears to be the manner in which
both groups of experiments were performed. Studies which
concluded that the oxygen uptake rate was independent of
oxygen concentration in the overlying water were performed
using synthetic sludges. The other group of investigators
used natural sediments or those seeded with macroinvertebrates.

Studies to determine the magnitude of the oxygen
uptake rates on synthetic sludges, composed of organic and
inert soil material have been undertaken in the laboratory.
Fair (19) found the rates of benthal decomposition to be
between 1% and 5% of the rates of bacterial oxidation which
exist in polluted waters. In somevwhat similar experiments
Ogunrombi and Dobbins (59) calculated rates varying between
7% and 18%. From their data the benthal oxygen demand rates
were calculated to be .0792 and .041 gms of oxygen per square
meter of sludge surface per day for samples of 7.42 cm and
2.42 cm depth respectively.

Oldaker et al (60) on samples taken Ffrom natural
river sediments at several distances below sewage outfalls

computed the demand to be between 0.25 and 1.0 gm/sq.m/day



depending on the depth and composition of the deposit. Quirk
and Eder(6L4) measured oxygen uptake rates in the laboratory
on natural sludges consisting mainly of paper mill solids.
The average oxygen uptake rates of disturbed and undisturbed
samples were 1.217 and 2.664 gm/sq.m/day, respectively.

A1l the above research was performed on synthetic
sediments or on sediments removed from the stream bottom and

probably did not accurately simulate 1

situ conditions.

0'Connell (54) has developed an in situ benthic respirometer
which covers a portion of sediment with a closed semi-cylinder,
recirculates river water over the sediment, and by noting the
change in oxygen concentration in the water with time, the
uptake rate may be determined. The use of such a respirometer
would probably give more realistic benthal rates than experi-

ments on disturbed samples.

2.1.2 Longitudinal Dispersion
The manner in which a tracer is diluted and

transported downstream is a function of two hydraulic
characteristics of the stream: dispersion and convection. In
a one-dimensional system, longitudinal dispersion is a function
of velocity gradients, and molecular and turbulent diffusion.
The latter two mechanisms constitute but 1% or less of the
total dispersion in uniform turbulent flow (36). The magni-

tude of the convective transport i1s dependent on stream

velocity.




To mathematically describe the behaviour of a
conservative tracer subject to dispersion and convection,

Taylor (TL4) developed the following one~dimensional equation:

2
2y u L= ¢ (2.1)
99X
where ¢ = concentration of tracer

t = time

u = mean streanm velocity

DL = longitudinal dispersion coefficient

x = distance

This equation was originally formulated to apply to conditions
in a cylindrical pipe but has been used by many researchers

to describe tracer behaviour in natural streams. Consequently,
subsequent works on the study of the transport mechanisms in

a natural stream have been hased largely on equation 2.1.

The solution for equation (2.1) for an initial tracer dis-

tribution concentrated in the plane x = 0 at time t = 0 is
given by
M (x—ﬁf)z
c(x ,t) =————— e hDLt (2.2)
A wDLt
where M = total mass of tracer
A = the cross-sectional aresa normal to x

However, some serious criticisms of equation (2.1)

have been made based on some evident discrepancies between




the time concentration curve, which is Gaussian or skewed
right normal, predicted by equation (2.2), and that which
actually results from tracer studies (see Figure 2.1).
Thackston, Hays, and Krenkel (75) maintain that equation (2.1)
does not accurately describe the mixing phenomena that occur
in natural streams and feel that equation (2.2) can only
approximate the time concentration curve. What equations (2.1)
and (2.2) fail to predict is the long trail of tracer which
occurs after the:main slug of tracer has passed downstream.
This effect, which shows up as a long tail on the observed
time concentration curve of Figure 2.1 tends to 1increase the
moment arm of the curve,

To simulate convection and dispersion in natural
streams Hays (34) has developed the dead-zone model. This
model accounts for the presence of sections of the river,
outside the main stream, which receive tracer material when
the main slug passes by and then slowly release. it with time.
However, Sayre (69) points out that there may be some
difficulty in obtaining the mass transfer coefficients and
geometry of the dead zones to predict their effect.

Another view of the transport mechanism is that
held by Fischer (22,23,24) who states that after a tracer is
released into a stream an initial period of convection exists
during which there are considerable two and three dimensional
variations. Furthermore, these multi-variations are not
described by the equation of Taylor (T74). The length of this

convective period is defined by the following equation:
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Y
L=1.8 & < (2.3)
H u
where IL. = the distance downstream
c
2 = the characteristic length of the channel
(the distance from the point of maximum
velocity to the most distant bank)
RH = the hydraulic radius
u* = the shear velocity
4 = mean stream velocity

The shear velocity may be calculated by

#
u =V gR,Se (2.4)
where g = gravitational constant

Se = slope of the energy gradient
After the convective period there is a period of diffusion
and equation (2.1) is again valid for describing the mixing
phenomena in this region.

Whether or not any of the methods that have been
proposed give a correct dispersion coefficient can be checked
by using a routing procedure suggested by Fischer (23),
whereby the observed downstream time concentration curve is
compared to a predicted curve using the dispersion coefficient.
If a good fit does not result, the coefficient can be adjusted
accordingly. However, the routing procedure can only be used
for areas far enough downstream from the release of tracer to
be in the convective zone and it assumes that the correct time

concentration curve is Gaussian.



The many analytical methods for determining DL are
based on one or more of the following assumptions:

i) +that the time concentration curve is
Gaussian (74);

ii) the effect of dead zones which produce the
die-off tails in the observed concentration time curves will
not significantly distort the results (22);

iii) +that the solution to equation (2.1) is not
significantly affected by the existence of a convective
period (3L4).

To determine DL by analytical methods requires
that some type of tracer study be conducted in the stream.
However, these studies tend to be somewhat expensive and
consequently, many empirical relationships, based on the
basic hydraulic parameters of the stream, have been developed
to circumvent the need for a tracer study. Bansal (3)
summarizes formulae developed by various investigators and
has himself suggested a semi-empirical model to evaluate DL'
Nevertheless, it is generally agreed in the literature that
the following expression suggested by Krenkel is perhaps the
best.

3L _0.3

D. = 6.39 HY 'SV ® (2.5)

L
where E = HSeg
H = mean depth of stream
Tt must be realized that no empirical equation can adequately

represent all the parameters which affect dispersion.



Consequently, such formulations should be used only to obtain

estimates of DL'

2.1.3 Rate of Organic Removal
The rate of removal constant for BOD from a river,
commonly designated Kr’ is dependent on the mechanisms of
sedimentation and oxidation. The rate constant for sedimenta-
tion, K3, is primearily a function of stream velocity, particle
size, and particle density. The rate constant for oxidation

of BOD, K is governed by a biochemical mechanism and is a

1>
function of temperature, stream turbulence, and the characteris-
tics of wastes and microorganisms in the stream (16).
Immediately downstream of a waste input, suspended
solids are usually present which will be removed from the
streamflow, primarily by sedimentation rather than oxidation,
and deposited on the bottom to decompose benthally. Beyond
this zone of sedimentation, the removal of organics from the
streamflow will occur primarily through oxidation. The rate
of oxidation of organic material in a stream was originally
thought to be the same as that determined through the standard
BOD bottle tests. The stream values for the BOD reaction rate
constant, Kl’ were normally found to be not more than 0.1 at
20°c (40). However, Kittrell and Kochtitsky (L0) observed
that there was a great difference between the laboratory
reaction rate and that which existed in a stream, with the

stream reaction rate constant being much greater than the

laboratory rate constant. The manner in which they calculated



Kr consisted of determining the ultimate
sections downstream from a waste source.

molecular equation

4L

at | Kb
it was found that
L
-1 _A
Kr T log LB

BOD at two or more

Using the mono-

(2.6)

(2.7)

where L, and L_ are the ultimate BOD at an upstream and down-

A B

stream station, respectively, and "t" is the mean time of

travel of the pollutant between stations.

Gannon (28) and

Lordi and Heukelekian (4L4) in noting the difference between

the laboratory BOD and river BOD rates suggested that the

discrepancy was due to turbulent mixing.

Camp (8) suggested a method similar to that of

Kittrell and Kochtitsky (40) but included terms to account

for, not only the effects of the addition of BOD along the

stretch, but also the loss of BOD by sedimentation. For

steady state conditions, the BOD values between two points,

A and B, in a river are related by the following equation:

L. =1 - Lo (K Kt s
B A ZK1+K3) Kl+K3

(2.8)

where La is the rate of addition of ultimate BOD along the

stretch. If .. and L. are determined from the standard BOD

A B

bottle tests and L is solely due to benthic decomposition

which can be measured by methods outlined in section 2.1.1,



Kl and K3 can be calculated. However, since Kl is not the
laboratory reaction rate and since it is virtually impossible
to measure K3, separate values for Kl and K3 are difficult
to determine.

In addition to being affected by sedimentation
and oxidation, Kr is also temperature dependent. Streeter

and Phelps (72) have found that the effect of temperature

could be expressed by

_ (T-20°C)
K., = K.50908 (2.9)
where Kr2OoC = the reaction rate at 20°C
T = the stream temperature in oC
0 = the temperature coefficient

The range of values reported for 0 vary between 1.00 and 1.075
for lower (4°C) to higher temperatures (30°C and above),
respectively. An average value of 1.047 is generally used

for temperatures near 20°¢.

2.1.4 Nitrification
Nitrification is a series of reactions in which
ammonia is oxidized to nitrite and in turn nitrite to nitrate

by the nitrifying bacteria Nitrosomonas and Nitrobacter,

respectively. Both genera of bacteria are strict aerobes and
below apn oxygen concentration of 3 ppm, the reactions become
oxygen dependent (57). The stoichiometric relation of oxygen

to ammonium nitrogen shows that 4.57 moles of oxygen are



required for complete oxidation of one mole of ammonia
to nitrate.

Ammonia may be discharged directly into a stream
through industrial waste inputs and agricultural runoff or
result from the bacterial degradation of proteins and urea
in a domestic waste discharge. Therefore, in streams that
receive domestic, industrial, or agricultural discharge,
nitrogen compounds are present, assimilated by bacteria which
require oxygen, and must be considered in calculating the
oxygen balance of a stream.

Several methods are available to account for the
effect of nitrogenous loadings on the oxygen balance of a
stream. The simplest method considers the equivalent oxygen
demand of the nitrogenous loadings as a BOD-like input into
the dissolved oxygen equations and nitrification as a first
order reaction. The nitrogenous oxygen demand (NOD) can be

estimated by

"NOD = 4.57 (Org-N + NH, - N) (4s) (2.10)
where Org-N = total organic nitrogen
NHB—N = gmmonia nitrogen

This equation assumes that a nitrogenous waste 1is
totally in the organic nitrogen and ammonia form and that the
hydrolytic reaction of the organic nitrogén to ammonia is
similar to the biochemical reactions of converting ammonia

to nitrate. The nitrogenous river reaction rate can be



calculated using a method similar to that for determining
Kr as outlined in section 2.1.3. 1In this case, only the
second stage of the BOD curve at each section in the stream
is considered. By conducting two sets of BOD determinations
on one sample and adding methylene blue, a nitrifying bacteria
inhibitor, to one set,two curves can be obtained (55). One
curve would show the first stage BOD only and the other would
give the second stage BOD. By subtracting the first stage
curve from the second, the NOD can be found.

For one-dimensional non-steady state systems with
constant coefficients the equations describing the distribu-

tion of NOD and DO deficit are given by

2
3 L oL
oL a — N
at——DL 5 —u—-—ax-KN Ly (2.11)
3 X
and
2
3Dy 3Dy  _ 3Dy
——8—E=DL 5 - u aX-K2 Dy + KLy (2.12)
0X
where LN = the ultimate NOD
KN = piver reaction rate constant for the
oxidation of NOD
K2 = the reaeration coefficient
DN = oxygen deficit due to NOD

The derivation of these equations will be shown in section
2.2,
For a more intensive study of nitrification each

reaction from total organic nitrogen through to nitrate

|



formation should be considered individually. Thus, the
description of each component of the nitrification process
can be represented by an equation similar to equation (2.11)
where LN would be replaced in succession by organic ammonia,
nitrate, and nitrate nitrogen loadings, creating four simul-
taneous partial differential equations. If denitrification
is assumed to be neglible (NO3+NOé+N2) and that no forms of
nitrogen are lost through the system, e.g. to the bottom
sediments, three equations result and three separate reaction
rates are required.

Wezernak and Gannon (79) have developed a method to
predict the NOD in a stream by measuring in situ the rates of
reaction for NH3 and NOQ. The method is very simple and
requires sampling at only three stream stations. However, its
validity has been questioned (U47) since it uses the Robertson
growth equation to describe the formation of oxidized pro-
ducts and assumes that initial bacterial concentration in a
stream is insignificant.

Stratton and McCarty (T7l) have developed a method
of determining reaction rates of formation of nitrite and
nitrate. Their method is based on the Monod theory of the
growth of biological organisms and although the method may
be the most superior in theory, the various reaction parameters
must be determined by laboratory batch tests. Thus it is

questionable if the results represent conditions found in a

flowing stream.



Pence et al (62) have used the following empirical

formulations, derived by regression analysis, to approximate

the nitrogen decay rate.

K. = 0.00475 — 0.00184T + 0.000326T°

N ; ) (2.13)

- 0.000017T” + 0.000000LT9T

vhere T is the stream temperature in degrees centigrade.
This formulation was developed and used in a study on the

Delaware River Estuary.

2.1.5 Photosynthesis and Respiration

In very sluggish rivers in which organic decay
exerts an oxygen demand, the major source of oxygen replenish-
ment may come from the photosynthetic activity of the river
flora. Not only can photosynthesis be the major source of
oxygen, but because of its dependence upon light, can cause
serious oxygen depletion during darkness when photosynthesis
stops but the consumption of oxygen through plant respiration
continues. Low oxygen levels because of plant respiration
have resulted in fish kills in the Rideau River (65).

The rate at which the river flora produce oxygen 1is
dependent primarily upon light intensity, nutrients, water
temperature, and turbulence. Light intensity has been found
to have the greatest effect on oxygen production. In fact,
the rate of oxygen production versus time curve has the same
shape as the incident light versus time curve (58). All of

the above variables are in turn dependent upon seasonal and

"



climatic conditions, waste input, land use, and hydraulic
conditions. These factors, therefore, make it very difficult
to model oxygen production by photosynthesis to cover .all
possible variable conditions. However, since light intensity
is of a much greater significance than the other variables,
most models consider it as the sole independent variable
during steady state conditions when determining diurnal
fluctuations in dissolved oxygen due to photosynthesis.
O'Connor and DiToro (55) have developed the
following equation to predict photosynthetic oxygen production
assuming that the photosynthetic source is representable by a

half cycle sine wave which repeats periodically each day:

[e2]
2P )
P(t) =P {= - n_Z: by cos[2mn(t-t_-P/2]} (2.1k)
for t -p < t <1t -1
s s
and
P(t) =0 (2.15)
for t - p <t <t -1
s S
by = cos(nwp) 5 5 .1
(n/p)° - (27n)
where P(t) = the rate of photosynthetic oxygen production
Pm = the maximum rate of photosynthetic oxygen
production
ts = time at which the source begins
P = the fraction of the day over which the

source is active.



The above equation is a Fourier series and bN is
the Fourier coefficilent of the nth term in the series

If photosynthetic oxygen production is due primarily
to rooted plants and periphyton (attached algae), Pm may be
found by modelling all the other parameters which affect
stream dissolved oxygen and, by trial and error manipulation
of Pm’ fitting the calculated values with observed values.

In streams where pelagial (free floating) algae
dominate the floral community to the exelusion of rooted
plants, photosynthesis can be measured in situ and included
in the dissolved oxygen model directly. The methods used to
obtain oxygen production include measuring the oxygen change
in light and dark bottles incubated in a stream over a period
of time (67,70); measuring the amount of carbon,, isotope in
light and dark bottles incubated in a stream over a period of
time, and determining the oxygen produced stochiometrically
(67,70); and, measuring the chlorophyll content in the stream
and relating it to oxygen production (67,70).

The carbonlh method is the best where sensitivity
is required and there is a low concentration of algae in a
stream. However, it does regquire relatively expensive
instruments and the preparation of carbon,, isotope in solution.
The method of direct oxygen measurement is the most inexpen-
sive and gives good estimates of gross and net photosynthesis
and respiration when algal concentrations are sufficiently

high to change the oxygen concentration measurably over a

short period of time, usually less than twelve hours.
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Using the light and dark bottles for the two methods
has disadvantages as noted by Hull (38). Turbulent stream
conditions are neglected and the growth of periphyton results
with the presence of the glass surface. It is also believed
that heterotrophic organisms (bacteria and fungi) and protozoa
may respire more quickly under high light intensities (T76).
These errors can be minimized to some extent by limiting the
incubation period to four hours or to some period when the
change in oxygen is measurable. Thus, instead of one incuba-
tion period during the photo period, several shorter periods
could be used.

The determinastion of oxygen production through
chlorophyll measurement is the least reliable method.

Ryther (68) reported that Manning and Juday found that 1 mg
of chlorophyll related 6 to a mean production of 6.7 mg of
oxygen per hour. However, one problem is that many plants
develop more chlorophyll when grown in the shade than when
exposed to bright light and different species of plants have
different amounts of chlorophyll per unit biomass (68).

Bain (1) has used this.method of determining photosynthesis
and respiration and obtained some degree of agreement between

observed and calculated data.

2.1.6 Effects of Weirs and Impoundments
The portion of the Rideau River that was studied
contains three, free type weirs where the water has an un-

broken fall from the sill to a pool below. The existence of
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weirs act as a point source or sink of dissolved oxygen
depending on whether the upstream water is undersaturated

or supersaturated with oxygen. The following empirical
equation has been developed by Gameson et al (27) to esti-
mate the transfer of oxygen at a weilr from the atmosphere to

the stream or vice versa:

Yp = 1.0 + 0.11 ab(l + o.oh6T)HW (2.17)
wvhere Yo = ratio of upstream oxygen deficit to down-
stream oxygen deficit at a water temperature
of T°¢C
a = a water quality constant
b = a weir coefficient dependent upon the amount
‘of turbulence created by the welr
Hw = height which the water falls.

Values of b have been found by Gameson et al (27) to be
unity for a free fall weir and for slightly polluted water,
a has been found to be 1.25.

| The effect of impoundments behind the weirs is to
lessen the atmospheric reaeration rate considerably because
of increased depth and lower velocities than in the sections
upstream of the reservoir., However, with the long retention
times nutrients carried in by the inflowing water and
released by organic decay in the reservoir may stimulate
algal productivity. Thus, oxygen replenishment may come
mainly through photosynthetic activity. The effect of wind

is also increased due to increased surface area. In most
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deep reservoirs, thermal stratification occurs during the
summer months and if the outlet water from the reservoir 1is
from the hypolimnion, downstream water quality may be

adversely affected.

2.1.7 Reaeration

The only physical method by which a stiream may
replenish the oxygen resources that have been depleted through
organic decay is by atmospheric reaeration. This important
mechanism has been intensively studied and several formulations
have been developed based on physical parameters of streams
to predict the atmospheric reaeration coefficient, Kz.

O0'Connor and Dobbins (56) were the first to predict

K2 using a method based on rational analysis. Two semi-
empirical formulatlions were developed, one for isotropic
turbulence assumed when the Chezy coefficient was greater
than 17 and another for non-isotropic turbulence when the

Chezy coefficient was less than 1T. These formulae are

given, respectively, as

k., = u (2.18)

>.303 132

and 1/2 g 1/b

_ M
k, = 480 v (2.19)

where D. = the molecular diffusivity of oxygen

X, = atmospheric reaction rate to the base 10

A o sms—

s

RUTCRTIRLY

PORTLYY YEVI)




Churchill et 2l (9) studied thirty different and

relatively unpolluted streams in one geographic area (the

Tennessée Valley) and using a method of statistical correla-

tion analysis arrived at the following formulation:

5.026 30-969

2 H1.673

Dobbins (13) employing a similar rational
used in his paper with O'Connor developed

formulation which is written as

(2.20)

approach to that

a more complex

0.12 ¢, AE3/8cotn ’

ko = 3?2 B?/e
Ch H Ch
and E = 30.0 S' u
where CA and Ch = constants dependent upon the Froude
number

A and ¥ = temperature dépendent constants
s! = glope of the energy gradient in ft

per 1,000 ft.

Through laboratory studies and the use of data

from field studies, Isaacs and Goudy (39) found that
u T-20
= 3. .02h1 2.22
Ky (qpo) = 3+739 372 (1.0241) ( )
where kQ(To) = gtmospheric reaeration rate toO the base

o
10 at a water temperature of T C.

Thackston, Hays and Krenkel (75) derived semi-

(2.21)

empirical relationships for k2 by consildering velocity and

A A o et e e



depth, longitudinal dispersion, shear velocity, energy
expenditure, and the Froude number. These relationships

were determined using field data and computing the constants
for each relationship by a least squares method and
employing the algorithm proposed by Marquardt (46). Thackston,
Hays and Krenkel (75) felt that the most practical formulation
and the one least affected by errors in hydraulic parameter

measurement was

31 Y2 seg
X 0.000125(1.0 - [7E§} 2S8 (2.23)

H

Thackston, Hays and Krenkel's fofmulation appears
to be the most accurate since it was found that the presence
of dead zones, flow discontinuities and extra lateral shear
had no apparent effect on the predicted value of k2. Also
the effect of an error in measuring u and H is minimized
since the former appears to the one half power and the latter
to the guarter power. However, the drawback to the eguation
is that at low Froude numbers associated with deep and
sluggish streams, the constants developed in the formulation
became indefinite.

As shown in Isaacs and Gaudy's equation, k2 1s also
dependent on temperature and this relationship is usually
given by

(T-20°)
kym® = Ky_pgog © (2.2h)

Thus, with increasing temperature, k, will increase but not
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as rapidly as K?, the rate constant of organic removal, which
“has a similar relationship to describe the effect of tempera-
ture change. Dobbins (13) and Metzger (50) maintain that 6 is
not constant as Isaacs and Gaudy presume, but is a function of
stream turbulence and temperature range, with 8 decreasing
with increasing mixing conditions.

Other factors such as wind and surface activelagents
affect k2 but high variability in their occurrence make their
effect extremely difficult to simulate. Wind action is an
especially important factor affecting reaeration rates in
sluggish river sections and impoundments. The continual
agitation of the water surface by the wind in these sections
would producé a relatively high replenishment of the oxygen
resources of the stream. But, an absence of wind, for a pro-
longed period, could result in critically low oxygen levels.

While the above procedureskwere developed to predict
k., in streams, Tsivogiou et al (76) have developed a method of

2

measuring k, in situ. The method consists of injecting and

measuring a fluorescent dye, tritium, and Krypton 85, a radio-.
active chemically inert gas, in a stream. The reaeration rate
is found by finding the Krypton 85 loses and relating it to the
relative transfer capabilities of oxygen and Krypton. Although
this procedure would be too expensive in material and personnel
to carry out on ﬁost'stream studies, it is mentioned here be-
cause proper in situ measurements are more reliable than wvalues
obtained from general formulae. This procedure is especially
valuable for determining what k, would be under ice cover, &

condition not covered by the above mentiomned formulations.
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2.2 The Stream Response Model

If all the factors which influence water gquality are
known, a mathematical expression can be formulated. A techni-

que used by O'Connor et al (57) to develop such an equation

for a one-dimensional system is tc consider a mass balance

about an elemental volume in a stream

i.e. VAA = Inflow-Outflow * IS (2.25)

where V = volume within the element
AC = change in concentration in the element over

a period of time
¥S = sum of the source and sinks, e.g. if the
concentration, C, represents oxygen some
sources would be reaeratidn and photosynthesis
and some sinks would be bacterial oxidation of
BOD, benthal demand, and respiration.
Mass inflow and outflow result from the two transport mechanisms,
convection and longitudinal dispersion. Both terms can be formu-

lated mathematically and equation (2.23) can be expanded to

VAC = QcAt - DL A%% A% [inflow convection and dispersion)]
- Q(c-ig Ax)At - D A(ﬁg N (ii)]Ax At] [outflow convection
ox L ox 9x "ox and dispersion]
t IS VAt [sources and sinks] (2.26)
where Q = stream flow
A = stream cross section area

Noting that V — AAx and dividing equation 2.2k by V and At

gives



de _ o 2°c _ Qe
5t LL 2 A ax * 8 (2.27)

as At - 0 and Ax > O

Equation 2.27 describes any conservative or non-conservative
water gquality parameter. If this equation is to represent

dissolved oxygen behaviour equation 2.27 could be expanded

to give
dc 3%¢ Q dc :
= = Dp . by =t K (cs—c) % K L-K Lo+ P y=R + By (2.28)
where CS = gaturation concentration of DO, ppm
I, = BOD at any time t, ppm ,
Bd = oxygen demand of bottom sediments, ppm per day

Similarly, BOD behaviour may be represented by equation 2.27

giving
aL 32L Q 3oL
=D - iy - (K rED LI, (2.29)
9x
where La = addition of BOD by diffusion from the bottom

sediments and local runoff in ppm per day
By making the necessary simplifying assumptions
as stated in Section 2.1.4, the behaviour of the NOD can be

represented by

2
oL 3 L 3L
N _ N_9 __N _
5% — 2L "7 "4 3x - Swtm * Tay (2.30)
X
where LaN = agddition of NOD by diffusion from the bottom

sediments and local runoff in ppm per day.



- 34 -

These basic equations describing the behaviour
DO, BOD and NOD have been studied and used extensively in
various modified forms by O'Connor et al (5T7), Pénce et al

(62), Dobbins (13) and others.

2.3 Solution of the Mathematical Model

Analytical solutionsto the equations developed in
Section 2.1 can be found only for steady state conditions
where no variations with time are considered of,for‘cértain
simplified cases of unsteady state where dispersion is
ignored. Dobbins (13), Camp (8) and O'Connor et al (57)
have given solutions for these cases.

Parameters in streams are generally time varying
as well as spatially varying. Fbr these more complex systems
the dissolved oxygen and BOD equations can only be solved
using numerical procedureé. Dresnack and Dobbins (1k),

Bella and Dobbins (5) and Pence et al (62) have used the
method of finite differenceSto obtain-solutions to the
equations containing variable parameters and longitudinal
dispersion. However, there are stability problems (48) as
well as oscillation, skewness and dispersion errors (6).
These errors may be eliminated or minimized by a judicious
choice of the size of the spatial and temporal increments.
guymen (30,31) has developed g finite element
solution method for the equation of =a conservative substance

in flowing water. The method can be extended to include



equations for non-conservative substances such as BOD and
dissolved oxygen. The method is always stable but con-
vergence is dependent upon the ratio of Eh/DL, where h 1is
the length of the finite elements. The smaller the ratio
the slower the convergence to the exact solution. Thus,
for small dispersion coefficients, h would have to be
impractically small to retain acceptable accuracy. When
dispersion is small and can be neglected, Di Toro (11) has
found that the method of characteristics is the best for
solving the BOD and dissolved oxygen equations. The basis
of this method is that the partial differential equations
can be reduced to two ordinary differential equations, one
describing the position of the slug with time (plug flow
must be accepted since dispersion 1is neglected), and the
other describing the concentration with time, due to the
sction of the sources and sinks. The solution of the
ordinary differential equations can be found using standard

pnumerical integration technigues.
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CHAPTER 3

EXPERIMENTAL METHODS AND CALCULATION

OF THE STREAM CONSTANTS

Having discussed the factors which influence
stream response, it now remains to determine the magnitude
of the stream constants. Consequently, experiments for
determining the oxygen demand and BOD diffusion rates from
the sediments, dispersion, mean stream velocity, deoxygenation
rate constant, photosynthesis, and respiration were performed

in situ on the Rideau or in the laboratéry. Values for the

other stream constants, atmospheric reaeration rate, effect
of weirs and impoundments, and nitrification were taken from

the literature sources reviewed in the previous section.

3.1 Sediment Evaluation

An in situ measurement of the effect of the bottom
sediments on the dissolved oxygen and BOD concentration 1is
no doubt superior to carrying out tests on disturbed sedi—
ments. However, because of time and finanecial restraints,
it was not possible to have an in situ respirometer con-
structed for the study and tests were made on disturbed
samples in the laboratory.

Samples of the river sediments were taken with an
Eckman dredge throughout the section béing studied, except

where the bottom was too rocky or the sediment too coarse



for the dredge to pick up. On each sediment sample the
five day BOD, dry solids, volatile solids, total organic
nitrogen, and ammonia nitrogen were determined. Test pro-
cedures were followed as outlined in Standard Methods (70)
with the exception of the BOD determinations: the sediments
in the bottle were not continuously stirred and kept in
suspension. The description of the sediments and their
composition are given in Tables A-1 to A-L of Appendix A.

In order to determine benthal oxygen demand and
diffusion of BOD from the sediments to the overlying water,
four sediment samples were taken from the reaches between
Black Rapids Dam and Mooney's Bay for analysis in the
laboratory. Samples were taken near the inlet and outlet to
Mooney's Bay, at the outlet of Nepean Creek and several
hundred yards above Uplands sewage treatment plant (see
Figure 3.1 for map‘location). The sediments obtained,
ranging from very coarse sand to extremely fine silt, were
believed to be representative of the sediment material
existing throughout the strefch of the river being studied.

To measure the benthal oxygen demand and the BOD
diffusion, an experimental apparatus was set up as shown in
Figure 3.2. A portion of each sediment was placed in an air
tight plexiglass cylinder to a depth of approximately two
inches and aerated water pumped through. The fact that there
was complete mixihg in the cylinders was ascertained Dby
observing the diffusion of dye that was introduéed into each

cylinder before any sediment samples had been placed inside.
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Initially, the dissolved oxygen and BOD of the
influent and effluent were determined daily, but the large
quantity of BOD determinations made daily analysis unwieldly
and, consequently, tests were performed every second day.
Although testing on alternate days resulted in a longer period
of microbial sctivity in the BOD bottles than desirable, it
was thought that these effects would be minimal.

Readings for the first two days were not recorded
in order to negate influences that any suspended material
might have had on the BOD résults. After two days 1t was
felt all the suspended material had been flushed out of the
cylinders and tests were thén conducted for eighteen dayé.

The results are given in Tables A-6 to A-10 of Appendix A.
Oxygen uptake rates were obtained by plotting the cumulative
axygen consumed by the sediments with time. The slope of the
resulting line was taken as the oxygen uptake rate (see

Figure 3.3)+. A method similar to that used to determine the
uptake rate was employed to determine the rate of diffusion

of BOD. However, a more aéymp%otic curve resulted (see.
Figure 3.L4). Beéause they were disturbed samples, the initial
period was felt to be one of aajustment and. the latter period
of constant slope was taken as being more representative of
what was occurring in the actual stream regarding BOD diffusion.
The oxygen uptake.ratés and thé rates of BOD diffusion of the

samples are given in Table 3.1.
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Sample BODg Volatile 0, Uptake BOD Diffusion
No. gms Op Solids gm/sq.m/day gm/sq.m/day
per kgm % Dry Wt
v.S .
1-8 119.0 2.35 0.298 ~ 0.06235
2=9 39.9 0.76 0.204 0.052
3-8 72.6 0.87 0.196 0.052
hos 13.3 0.62 0.306 L. .0;08puted

TABLE 3.1 - BODsg, Volatile Solids, Op Uptake and BOD
Diffusion Values of Rideau River Sediments
It was thought that the higher the five day BOD of the
sediment, the greater would be the oXygen uptake rate and
rate of BOD diffusion. As shown in Table 3.1 this was not
verified. Sample U-S had the highest uptake and diffusion
rates. Sample 3-S5, with a higher five day BOD than.
sample 2-S, had a lower oXygen uptake rate. The variation
in the data from test to test may be due to a number of
factors. After placing samplke 48 in the cylinder it was
probable that the porosity was very high resulting in a deep
aerobic layer and hence affecting the oxygen uptake rate.
Another contributing factor tec the variation may be due to
significantly different invertebrate activity in each
sample. Numerous molluscs were observed in all four sampies.
The intention of the above tests was to relate the

benthal oxygen demand and the diffusion of BOD to the sediment
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characteristics that were determined for all the sediments,
i.e. five day BOD, volatile solids, ete. However, based on
the above results and on those obtained by other researchers
cited in Section 2.l.i;it would appear that data obtained
using disturbed samples cannot be related to in situ sediments
with & great deal of accuracy. The manner of deposition and
invertebrate activity, two important factors affecting uptake
rates, cannot be duplicated in laboratory tests. The oxygen
and BOD values obtained are, nevertheless, useful in obtaining
the relative magnitude of the oxygen demand of different types
of sediment found in the Rideau River and they compare
favourably with values in studies quoted in Section 2.1.1.

The oxygen demand and diffusion rates of the sedi-
ments in the other reaches were estimated by comparing the
physical appearance of the dredged samples to those that were

studied in the laboratory.

3.2 Longitudinal Dispersion and Mean Stream Velocity

Dobbins (13) has stated that in most natural
streams dispersion can be neglected when modelling BOD and
dissolved oxygen without causing appreciable error. However,
it was felt that dispersion could be significant relative to
the extremely low mean flow velocities found in the Rideau
River. It was also thought that the mean flow velocity
would be appreciably different from the discharge velocity
(Q/A) and should therefore be determined by current meter

measurement or a tracer study.
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Two sections of the river were selected for the
tracer studies (see Figure 3.1). One section, having a
narrow channel and sharp bends, was located between Mooney's
Bay and Black Rapids Dam while the other, located just below
Kars, had a wide channel with a gradual bend. These stretches
of river typified the morphology of the entire river section
studied.

Three fluorescent dyes were considered: pontacyl
brilliant pink B, rhodamine B and rhodamine WI. Based on
quality and cost comparison of the dyes as stated by seversal
sources, (25,37,81) rhodamine WT was selected for use in the
tracer studies. Wilson (81) and Hudspith (37) give detailed
descriptions of the procedures for fluorometric dye tracing.

The fluorometef used to measure the dye tracer was
a Turner, Model 111, equipped with a 50 cc flow-through door.
Transparent vinyl garden hose (0.5" I.D.) was connected to
the inlet and outlet of the flow=through door. Both the in=-
let and outlet hose were covered with three to four feet of
black tape from the door to prevent sunlight from entering
the fluorometer. The far UV lamp and the No. 540 primary
filter and No. 590 secondary filter were used as recommended
for rhodamine WT (25).

To continuously monitor the fluorometer readings,

a Bsusch and Lamb 10 mv VOMS variablé spéed‘chart recorder
was employed. Sincé all measureménts were takeh ih a boat, a

2500 watt gasoline generator was required to power the pump
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and instruments. The inlet and outlet hoses were attached

to the fluorometer so that the flow was pulled rather than
pushed through the fluorometer to eliminate interference due
to bubbles. Figure 3.5 shows a schematic layout of a typical
monitoring station set up.

On the recommendation of Hudspith (37) a 240 volt
amp constant voltage transformer was used to damp out any
voltage fluctuations to the recorder and fluorometer. Des-
pite the use of a transformer of this size, the chart speed
was found to vary, indicating that the transformer was not
able to keep a constant voltage. The variation in.chart
speed of this recorder was not noticed duriﬁg laboratory use.
To overcome this proBlem3 the correct time was marked on the
chart every ten minutes of operation;

Two fluorometers were used in the study: one was
employed in the field while the other remained in the
laboratory. The laboratory fluorometer was equipped with a
single sample cell and had been calibrated prior to use.
Figure 3.6 shows the calibration curve for the single cell
sample fluorometer. To determine the concentrationé of the
dye from field recordings, grab samples were taken every ten
or fifteen minutes during tracer measurement on the river
and the time: and chart readings noted. The concentration of
the grab samples were determined with the laboratory flporo-
meter. A correlation curve between chart. readings and grab

sample concentration for each monitoring point was then made
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(Figures 3.7 and 3.8). This procedure was used because it
was felt that the field fluorometer would be subject to
jarring and sudden shutdowns and start ups during power
stoppages to refuel the generator, thus affecting the cali-
bration and readings of the instrument. The drawback,
however, with this procedure was that rhodamine WT could
- not be measured at concentrations less than approximately
2 ppb with a single sample cell, whereas with a 50 cc flow-
through door, much lower concentrations could be detected.
As suggested by Wilson (81), the fluorometer was
the last instrument to be turned on and always had a warm
up time of not less than two hours before any portion of the
injected tracer began to flow past. a monitoring point.
The amount of dye requiréd for éagh study was:
determined using the following formula de#eloped by

O'Connell (29).

1/2,.5/12
M=CA,(nX) H3 (3-1)‘
1.1 x-10
where M = mass of dye in grams
Cc = expectéd concentration at the furthest down-

stream station in ppb

n = Manning's coefficient of stream roughness

x = distance in feet between the point of dye
injecetion and the-monitoring’point furthest
downstrean

H = mean stream depth in feet
4
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A = cross-=section ares of the stream at injection

point in square feet.

The calculated dye quantity was diluted ﬁo several
gallons with tap water and released as a line source by
discharging it from a boat moving at a constant speed across
the river and as close to perpendicular to the stream flow
as possible. The release points and the two measuring points
in each study were chosen so that they could be pinpointed
on existing topographic maps and the distances between them
determined.

Only one point in the cross section was mohitored
for dye at each‘station. The two monitoring stations set up
in each section were 0.296 and 1.1 miles from the injection’
point in Study No. 1 and 0.454 and 0.770 miles from injection
point in Study No. 2. DLband the mean velocity of tracer, u,
were determined by the method of moments developed by
Fischer (23) and described in Section 2.1.2. Despite the
eriticism of Thackston, Hays and Krenkel (75) that the method
will likely give high DL values, the method is extremely easy
to use, well suited for digital computation and should give
s reasonable approximation of the order of magnitude of D -
With two concentration time curves from two monitoring points,
it is possible to check the value of DL by the routing method
and alter it accordingly, to give a more accurate correlation

between the observed and predicted downstream curve.



The mean time of travel of the tracer cloud was

calculated from the following eguation:

€A=§%—i Loty (3.2)
where EA = mean time of passage past the monitoring
point A
n = number of points considered on the time
concentration curve
c; = concentration in ppb recorded at time ti.

The following equation gives the variance of the

time concentration curves:

o 1
A Te. It
1

¢

B PO

c., = tA (3.3)

2 . . : . .
where o is the variance of the time concentration curve

A .
for monitoring point A.
The mean stream velocity u was determined by
dividing the distance between stations by the difference in
fimes of passage. The dispersion coefficient, DL’ was com-

puted from

—2 02 - 02
p, =% 228 (3.4)
L 2 T -3
A B
2 2 _ . . .
where Op and op = variances of the time concentration
curves at the upstream and downstreanm
stations, respectively
?A and EB = mean time of passage of the tracer cloud

past each

station.
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The time concentration curves for each monitoring
station are plotted in Figures 3.9° and 3.108. The shape of
the curves clearly shows the effect of dead zones within
the river. For example, the curve at station 3 has a major
and minor peak. The cause of the minor peak was assumed to
be due to a relatively large slug of dye entering a dead
zone and then guickly released back into the main stream
lagging behind the principal mass of dye by several minutes.
The rather undulating nature of curves 2 and 3 also indicate
the effect of dead zones. Curve 1 is quite close to Gaussian
probably because there were no major dead zones between the
monitoring station and the injection point.

The computer programme used to evaluate DL and u
is given in Appendix B. The computed values of DL and u

are given in Table 3.2.

Discharge 3 Dy,

Section Velocity Q/A . .0
ni/day mi/day miz/dey
1-T ' .699 2.82h . 0245
2-T .384% 1.70k L0151k

TABLE 3.2 Dispersion and Convection Values

Once. u was found, the length of the convective period was
determined to check whether the monitoring points were in

the diffusive length. Using equation 2.3 the lengths of the
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convective periods in both sections were determined and are

shown in Table 3.3.

* —

Section n Rh u u 2 Le
ft £t /min ft/min 't mi
1-T - 0.02 10.65 19.8 x10~2 10.356 150 9.h1
2.7 0.03 11.79 10.25x10'2 6.266 250 16.20

TABLE 3.3 Lengths of Convective Periods with Hydraulic
Values Used in its Determination

The high values of L and the difference between
the mean velocities and the daily discharge velocities is
believed to be due to the numerous dead zones in the sections
and very low velocity gradients in the lateral and vertical
directions. .The effect of these dead zones could be seen as
the tracer approéched-the first monitoring stations in each
section. Figure 3.11 shows the outline of the tracer slug
as it approached the first monitoring point in the first
section, approximately two hours after injection, and as it
approached the second station several hours later. It can
be seen that the effective area of flow is considerably less
than the average area of the section. The discharge velocities
were calculated to be 24.8% and 22.6% of the mean velocities
of the tracer cloud found in sections one and two,
respectively. Consequently, to determine the mean stream
velocity of other reaches using stream flow and cross section

area, the average discharge velocity was divided by 0.248

%
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FIGURE 3./l — OBSERVED TRACER PATTERN
STUDY NO. I



except in the reach around Kars where the discharge velocity
was divided by 0.226.

O'Connor (L45) has indicated that if the quantity
KrDL/EQ is between 0.0 and 0.1, dispersion may be neglected.
For the sections studied, these ratios were found to be
.000596 and .000872. Since they were very much less then 0.1,
dispersion was assumed to be insignificant, inspite of
earlier beliefs to the contrary.

‘ The magnitudesof DL that were determined were felt
to approximate the dispersion characteristics found in the
Rideau even though both monitoring points were in the con-
vective zones. To accurately measure dispersion, it would
have been necessary to measure vertical and lateral points
in the river at each station which was not possible under the

_equipment and personnel limitations of this study.

3.3 River Reaction Rate Constant

To\determine Kr’ water samples were taken at two
stations downstream from the town of Kemptville. The sections
were chosen sufficiently close together éo that the addition
of BOD between stations was insignificant, the biochemical
characteristics of the stream load remained constant, and the
stations were far enéugh downstream from the Kemptville area
so that removal by sedimentation was assumed to be complete
end that all BOD removal between stations resulted solely

from oxidation.



Samples at each station were taken only minutes
apart, the mean time of travel having not yet been deter-
mined by dye studies. However, it was felt that the BOD
profile between the two points was relatively constant. The
samples were collected and taken to the laboratory and stored
in a cold room overnight prior to analysis. The following
day the samples were subjected to the standard BOD tests with
one to five day BOD's being determined. Using this data and
the method of moments developed by Moore et al (52) the
ultimate BOD at the upstream station was computed as 3.35 ppm
and at the downstream station, 2.34 ppm (see Appendix C for
BOD results).

The mean travel time was determined by dividing the
distance between stations, 2,37 miles, by the mean stream

velocity which was estimated by
u=Qq/A x 1/.226 (3.5)

where Q, the stream flow, is 150 efs; A, the average cross

3 sg ft; and, the

section ares between stations, is 9.1 x 10
value .226 was determined by dye tests to be the ratio of
cross-section velocity to mean stream velocity near Kars.

Mean travel time is therefore 1,990 days. Using equation 2.6

in Section 2.1.3

N log 3.35 - log 2.34 (3.6)

= 95’ b .
Hence, Kr 175 per day to the base e



3.4 Measurement of Photosynthesis and Respiration

To obtain an approximation of the magnitude of
oxygen production through photosynthesis in the Rideau River,
the light and dark bottle technique (70) was used in four
locations. The locations selected were at Mooney's Bay,
below the Long Island locks where the river was relatively
fast flowing, shallow and free of rooted plants; approximately
‘one mile upstream of Kars where the water was sluggish, in a
deep channel with shallow areas containing an abundance of
rooted plants; and at the mouth of Kemptville Creek wheré the
channel was cho¥éd . with weeds (see Figure 3.1 for mapv
location). |

At each station the bottles were placed at four
depths. Since the zone of highest production usually occurs
in the top three feet of the euphotic zone, samples were
placed at depths of half a foot, one and a half feet, and
three and a half feet. The fourth set of bottles was placed
near the bottom of the euphotic zone.

The depth of the euphotic zone was found by multi-
plying the Seechi disc reading by two. Verduin (78) has
quoted sources which give values for the multiplication factor
varying from 2.5 to 5.0. However, these values were found in
studies on lakes where algal concentrations are not homo-
geneous. In the Rideau it was assumed that the turbulence

was great enough to give a homogeneous algal distribution.
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A Meyer sampler was used to collect samples at the
four different depths at which the light and dark bottles
were incubated. To obtain the initial and final dissolved
oxygen concentrations in the bottles, the Winkler method as
outlined in Standard Methods (70) was employed. All samples
were fixed in the field and brought back to the laboratory
for titration.

Only one light and one dark bottle were used at
each depth and were left in the water for 24 hours to ensure
that the oxygen production and respiration would be measure=-
able. This was not necessary and in fact magnified any erros
caused by conditions cited in Section 2.2.h.

The results from these field tests are given in
Appendix D. The respiration and gross photosynthetic oxygen
production are plotted versus depth. It is assumed that
there is zero oxygen production beyond the euphotic zone
but that respiration is constant throughout the cross section
because of a uﬁiform algal concentration due to turbulence.
To determine the average daiiy photosynthetic oxygen pro-

duction, G and respiration, R, the curve was integrated

SIe
with depth. Table 3.4 gives the calculated values.



G.P

Section AV R G'PAV/R
ppm ppm

Mooney's Bay (1-PR) 0.455 0.8L45 0.539
Below the Long

Island (2-PR) 2.46 0.99 2.48
Upstream of Kars

(3=PR)- 0.298 0.50k 0.591
Near Kemptville :

Creek (L4-PR) 0.15 0.205 0.731

TABLE 3.4 Average Daily Photosynthetic Oxygen
Production and Respiration

It is interesting to note that the G‘PAV/R ratio
is 2.48 below Long Island while at Mooney's Bayvit is .539.
The low cxygen production at Mooney's Bay may be caused by
the pumps continually flushing out the beach areas and
producing convection currents in the bay which transport
the algae in and out of the euphotic zone. Since the
aphotic zone is much greater in area than the euphotic zone
the respiration rate should be higher than the photosynthetic
rate.

The other two sections studied were in areas where
Ithere was a large concentration of rooted plants. The low
rates of oxygen production and respiration indicate small
algal concentrations. Thus it would seem that either rooted
plants or algae dominate an area to the relative exclusion

of the other. TFor a first approximation of G'PAV’ the values

#2
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found below the Long Island Locks were taken to hold for the
entire river under study except for Mooney's Bay where the
value obtained through field data was used.

The values obtained for the ratio of G.PAV to R
in the Rideau compare favourably with values obtained by
O'Connor and Di Toro (55) from studies on several rivers in
the United States .and Europe. Although the rivers studied
were much smaller than the Rideau and rates for G'PAV and
R were generally much higher, the ratio of these two values

varied between 0.32 and 2.0,

3.5 Selection of the Other Stream Constants

As previously stated, those constants that were
not evaluated through laboratory or field experiments, were
determined by the use of semi-empirical formulations dis-
cussed in the sections of Chapter 2.dealing with the factors
which affect stream response.

Since no data was collected to obtain reaction
rates for nitrification, equation 2.13, developed by Pence
et al (62) from their study on the Delaware River Estuary,
was used in the model.

To describe the effect of weirs, equation‘Q.lT
was employed. The effects of a thermocline were neglected
in the model. No thermocline was observed in Mooney's Bay,
due to the large recirculating pumps installed by the City

of Ottawa to flush beach areas with cleaner water from the
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middle section of the bay. There was a thermocline at
the Long Island impoundment at approximately a depth of
twelve feet; but, since the average depth in the impound-
ment was 14.33 feet, it was thought that its existence did
not significantly affect water quality. Values of 1.0 and
1.25, respectively, have been assumed for the empirical
constants b and a found in equation 2.17 which was used to
estimate the transfer of oxygen at the weirs.

The atmospheric reaeration rate, k2’ was deter-
mined by equation 2.23 developed by Thackston, Hays and
Krenkel (75). The terms in the egquation, such as mean

stream velocity and depth, were obtained through the field

studies.
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CHAPTER L
THE WATER QUALITY MODEIL FOR THE RIDEAU RIVER

The identification and evaluation of the stream
constants of the Rideau River have been determined, a
mathematical expression describing their effect on the oxygen
response of the river has béén developed, and methods for
solving the equation discussed. Thé next sfep is to synthesize
this information and devélop a specific model for the Rideau
River, generate water quality data,and evaluate its validity

through comparison with existing data.

4,1 Mathematical Répresentatioﬁ of the Rideau River

The stream flow ana Watér levels of the Rideau River
are closely cohtrolléd by thé Fédéral Départmeﬁt of Transport
for the purposé of navigatioﬁ. Cohsequéntly, there are three
dlfferent hydrologlc perlods during the year. To increase the
upstream reservoir: -capacity for sprlng runoff the water levels
are lowered during the fall producing low water levels with low
stréam flow. During spring runoff the watér levels and
stream flow are high aﬁd iﬁ thé summér the levels are maintained
at sufficient héight for ﬁavigation.. Extremely low but constant
flows predomiﬁate durihg thé summér périod, with the occasional
short periods of'highéf flows dué to storms. To model the
Rideau River for yéar round conditions, it would be necessary

to collect the required physical, chemical, and biological data
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during the different periocds of flow. In this study, data
was collected during the summer and consequently, only summer
conditions were simulated.

The data from thé Department of Transport gauging
stations at Merrickville, 21 miles above the town of Kars,
and at Long Island indicate that the stream flow during the
summer varies between 150 cfs and 200 c¢fs. Thus, tributary
inflow only balances evaporation loses between Merrickville
and Long Island. Since the ohly tributary of significance
between Long Island and Moohey's Bay is the Jock River, which
is almost dry during thé summér with an estimated flow of 3 cfs,
it was assumed that the.flow iﬁ this sectioh remained the same
as aboﬁe Loﬁg Islaﬁd; Watér quality data oh the Rideau River
is very meagér. The Ontario Water Resources Commission (OWRC)
does collect monthly data which include dissolvéd oxygen, BOD,
temperature, total kjéldahl ﬁitrqgéﬁ, ammonia, nitrite and
nitrate nitrogen measureméhts. Withih the section of the
river being studiéd, thére are three locations where sampling
is done: at the town of Kars, 6.3 miles downstream of Kars,
and at the Black Raﬁids dam. No attempt was made by the OWRC
to measure the same slug of water at these stations since
there is only two hours between the time of sampling at each
station, and the actual time of travel is in the order of
approximately 2.5 days.

It was assuméd that thé BOD and NOD concentrations

at Kars resulted from discharges in the Kemptville area,
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seven miles upstream, and the waste loads were well mixed
throughout the main stream flow. The concentrations at Kars
were assumed to be steady. Having assumed steady state con-
ditions, and dispersion to be insignificant, the solutions
to equations 2.28 to 2.30 can be determined analytically and

have been found by Dobbins (13) and Camp (8) to be:

i) for BOD
-K t Le K t
I = Loe r 4 T (L - e ) (L.1)

ii) for NOD

L
a
L= To e ¥t &+ =K (1 - &%) (L.2)
N N Ky
iii) for DO deficit
K L
D = Doe Kot + L (Lo - —g‘-)('e_Krt - e-Kzt)
K.-K K
2 r r
K Lg,
- K.t -K_t
b i (1-e7%2%) 4 gl (Loy - 0 (eTW e )
2ty 2"ty N
K. L .
N a P
- K _t
* T (1 - ¢ Koty 4 Eél (L -e27)
2N 2
R -K,.t By K.t
2 (1 - e2") 4= (1 - e 27) (L4.3)
Ky Ky

In the above formulation