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INTRODUCTION

General Problem

With the enactment of the "Federal Water Po11utioﬁ Control Act
Amendments of 1972" came a series of management programs designed to
restore and maintain the quality of this country's water resources.
One provision of this Act, Section 303e, establishes the means by
which each State is to develop a "continuing planning process" for
water quality management by which it may acquire the regulatory juris-
dictions provided through this Law. Each State's continuing planning
process must establish provisions for each of the following [1]:

1. The establishment of "effluent limitations and schedules
of compliance" which are at least as stringent as the Federal re-
quirements.

2. "The incorporation of all elements of any areawide waste
management plan and basin plans."

3. The establishment of "total maximum daily loads for pol-
lutants.”

4. Development of "procedures to review the planning processes."

5. Indication of "adequate authority of intergovernmental co-
operation."

6. Means for "adequate implementation, including schedules of

compliance, for reviewed or new water quality standards."



7. Methods for "control of disposition of all residual waste
from any water treatment processing."

8. "Establish an inventory and ranking, in order of priority,
of needs for construction of waste treatment works."

The goals of this process are to provide the States with the means by
which they are able to maintain local regulatory authority over the
activities within their State pertaining to their respective water
resources.

Basin planning is a major component of each State's planning
process. It provides a means by which the other aspects of the pro-
cess are brought together. Each basin plan must include [2]:

1. Detailed and major descriptions of each body of water in
the basin.

2. Identification and analysis of all pollutant sources, of
point and non-point origin.

3. A ranking of each segment of water in order of priority
for improvement.

4. An analysis of measures to be taken to improve or maintain
water quality.

5. Establishment of timetables for State actions.

6. Identification of municipalities requiring assistance under
Section 201 Planning.

7. Designating areas requiring comprehensive planning and regu-
lation through Section 208 Planning.

The objectives of each of these planning procedures (303e, 201, and



208) must remain consistent with each other, in that they will ulti-
mately be applied to the formulation of "Level B" planning studies
under Section 209. These Level B studies are to establish compre-
hensive and interdisciplinary water pollution control, land use, and
related environmental programs for regional development on a long
range scope.

In the development of the basin plans, the river system is
divided into segments depending on their level of water quality. If
the water quality is attaining the applicable water quality standards
of that system or these standards will be achieved upon application
of treatment facilities to the various point sources based upon
guidelines set forth by effluent limitations, the segments are clas-
sified as "effluent limitation segments" (EL). However, if the water
quality standards are not achieved upon application of this level of
treatment they are classified as "water quality segments" (WQ). The
effluent limitation guidelines are base level limitations consisting
of best practicable control technology for industrial sources and
secondary treatment for municipal sources. The level of planning
involved with each river segment is dependent upon its classification.
A11 point source discharges within effluent limitation segments are
required to maintain either existing effluent quality or establish
effluent quality equivalent to the effluent limitation guidelines.
Those segments which are designated "water quality" will require de-
tailed analysis to determine the most effective allocation of waste

loads between all point and non-point source discharges, such that



water quality standards are met. The analysis should include all
parameters, chemical and biological, which are in violation of water
quality standards. Each source contributing that parameter to the
segment should be identified and alternative remedial measures con-
sidered. In evaluating the consequences of proposed alternative
waste treatment facilities within the segment and determining the
total maximum loads allowable, mathematical models which simulate

the natural system are introduced. Through the use of these models,
the water quality can be predicted under adjusted conditions of flow,
temperature, and waste loads. Optimum use of the river's assimilative
capacity can thus be achieved through the application of the best

economical and technological treatment facility systems available.

Mathematical Water Quality Models

The basis for the use of mathematical models in simulating water
quality conditions of a body of water is that the model is comprised
of a series of mathematical expressions which represent the signifi-
cant interactions that occur within the system. As the input vari-
ables, or "forcing function," are introduced, these expressions simu-
late the occurrences which would result in the natural system and
produce a corresponding output, or "response function." The‘ability
of the model to properly predict the interactions which occur is de-
pendent upon the complexity of the system under study and the degree
to which these complexities can be defined. Although it is important

to try and account for all changes within the system, it is best to



design the model on the simplest level while still maintaining an
accurate simulation. This provides a means by which the most sig-
nificant variables and expressions can be analyzed and tested for
their reliability without interference of insignificant influxes.
With the application of a complex model composed of expres-
sions that simulate not only the major, but also many of the minor
interactions which occur, there results a variability in the degree
of how these components are modeled. The actual design of the
mathematical expression and how it properly represents its corre-
sponding part in the natural system will determine its overall
influence on the model's output. It is important that the model's
components do not overemphasize their influence on the output and
that they actually represent the degree of importance in the system.
When most models are constructed, they are not always struc-
tured around the system in which they are to be used. Instead, they
are developed upon relationships which can easily be defined, and
which have proven acceptable in other modeling attempts. This pro-
cedure is satisfactory in many instances, since many of the inter-
actions which occur are similar in nature and can be represented by
a generalized expression. In applying a complex model which has been
designed for one system and is being applied to another, it is impor-
tant to determine the degree to which the various components have
influence on the output. This can be done by performing a sensi-
tivity analysis on the variables which are used as input for the

components. This analysis consists of observing the behavior of the



output of the model by fluctuating only one variable and maintaining
the others constant. This parameter is varied throughout the range
of possible values, and at any given value of the parameter, the sensi-
tivity of the system to the parameter is the change in output per unit
change in the parameter [3]. By defining the sensitivity of each of
the variables it is possible to determine if its corresponding com-
ponent in the system model properly represents the system. Through
this form of analysis it is also possible to determine which input
parameters require the most care in defining their values, since any
minor discrepancy in its measurement could result in serious error
in the simulation, and its corresponding output. Since the degree in
accuracy of measurement of many of these variables is difficult to
ascertain, it is important to analyze the variations in output which
could occur if these parameters are not properly measured. One appli-
cation of the analysis of the output is that of waste load allocation
determination. Once the input variables (reaction rates) have been
tested for their sensitivity, they can be tested against combinations
of loadings from the various sources to determine how sensitive they
are in correspondence to the reaction rates. Levels of loading reduc-
tions can then be based upon a set boundary, e.g., the dissolved oxygen
requirement of streams.

It is the purpose of this study to apply these various applica-
tions of sensitivity analysis to the QUAL-II water quality model
utilized by the U.S. Environmental Protection Agency. The version of

the model which will be used was originally designed for the Santee



River in South Carolina with the capability of application to other
river systems. The main concern will be the analysis of those para-
meters which are either directly or indirectly related to the dis-

solved oxygen balance of the river.



LITERATURE REVIEW

The need for mathematical modeling of water quality is related
to the predictive capability of simulating the waste assimilation
capacity of a body of water. The structure of the model is dependent
upon the type of natural water system under study, the complexity of
that system, and the degree of accuracy which is being sought in
simulation.

The two primary classifications of water which are studied are
rivers and estuaries. The primary difference between these two systems
are the temporal and spatial considerations of the movement of water
and its corresponding loadings within them, as well as their mixing

characteristics.

Spatial Dimensions

The simplest system is that of a one-dimensional flowing river
where the mixing characteristics are such that the primary spatial
influence is the advective current, or flow, within the river. The
effect of longitudinal dispersion has been found to be insignificant
in most rivers, and the maximum error induced by ignoring it has been
found to be only 4% using extreme values [4]. The fundamental equa-
tion that governs the transport of material in a non-dispersive system

as this is described as [5]

(Qc) - Ke (1)



where,

water quality variable

time

distance downstream
cross-sectional area
riverflow

first order decay coefficient

RO X ct+ O
w o unwunnn

One assumption which is made with this type of system is that the
mixing is complete such that there exists no concentration gradients
in a lateral or vertical direction. As was discussed by Dougal, et al.
[6], each stream has various characteristics which determine its mixing
capabilities, e.g. stream turbulence, velocities gradient, flow rate,
slope of channel, depth of flow, density currents, and channel rough-
ness and configuration. These variables should all be considered to
some extent when evaluating the validity of the aforementioned assump-
tion.

Estuarine systems are different in that they may have one or two
spatial dimensions (e.g. the longitudinal and vertical dimensions)[5].
A vertical distribution may exist when the fresh water flowing from
the river, being less dense, remains at the surface, while the salt
water having a higher density exists at lower depths. The dispersion
effect in estuaries is frequently the predominant factor in determining
the concentration profile in estuaries [7]. 0'Connor [7] further indi-
cates that "due to the low advective velocities associated with the
fresh water flow and the high dispersion due to tidal action, a mass
of pollution is retained within the estuary for long periods and usually
subjected to intense mixing." Equation 1 can be redefined to include

this dispersion phenomena and would become:
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where,

E = the dispersion coefficient
and the other variables are defined as before. In major rivers,
especially around their confluences with lakes, this dispersion co-
efficient should be evaluated for its significance. Often under these
conditions, there exists a moderate upstream diffusion of pollutant
mass similar to that which occurs in an estuary. Vertical differ-
ences may also occur due to thermal stratification between the lake
and river water temperatures. Therefore, the lower regions of large
rivers should be studied to evaluate the predominance of one or two
dimensional influence. One method proposed by Hydroscience [8] for
evaluation of the dispersion coefficient in tidal rivers is through
analyzing the steady-state profile of chloride concentrations or other

conservative substances.

Temporal Dimensions

Another consideration to be made of the natural water system is
whether its behavior follows steady state or dynamic conditions. Under
steady state conditions the various inputs such as fresh water flow,
effluent discharge rates, and reaction coefficients remain constant
over time producing a corresponding constant output. This exact con-
dition is seldom if ever achieved since there usually exist either
random fluctuations or relatively small variations due to the nature

of the system inputs, e.g. diurnal fluctuations of inflow rates from
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waste water treatment plants. O0'Connor [9] feels, however, that "any
error introduced by accepting this assumption is not significant by
comparison to other variations in the physical system or approximations
in the mathematical model." Conditions of steady-state are normally
approached during periods of low flow in the streams when the stress

on the water quality is at the extreme, thus providing a simplistic
approach to its modeling.

Many natural systems do not remain in a relative steady-state
condition, but have their components vary through time, thus requiring
the system to respond to these fluctuations. This type of input and
response is of a dynamic nature. An example of this input is with the
stream flow when it is regulated by man-made structures. It is impor-
tant to determine the time period with which these variations occur and
evaluate their significance on the modeling being performed. Daily
fluctuations in variables can be ignored if the modeling is concerned
with seasonal or annual simulation exercises. Simulation of shorter
periods, e.g. daily or hourly, would require the modeling to be of a
dynamic nature as would occur with the cyclic flow variations which

occur in estuaries.

Predictive Capabilities of Water Quality Models

There are two groups of water quality models which have varying
predictive capabilities; these are the deterministic models and the
stochastic models. The deterministic models are those which assume

that no random or stochastic element exists within the various inputs
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of the model. This assumption leads to the belief that if the model
components properly represent the natural system, the response can be
predicted exactly [4]. This type of assumption is often made to facili-
tate the modeling exercise, and is satisfactory for many levels, since
the random element involved may be insignificant.

When it is believed that the random variations in the forcing
functions of the system are important, the use of a stochastic model
is required. This incorporates the development of a probabilistic
projection of how the system will respond to the lack of exact pre-
dictability of its components. Several major attempts have been made
to incorporate this stochastic process and have met with varying de-
grees of success [10, 11, 12, 13]. Each of these models is based
primarily upon principles developed through the deterministic models
with varying approaches to incorporate the ability to evaluate the
randomness of the system. One of the major applications with the use
of a stochastic model is the ability to predict the probability and
variation with which the dissolved oxygen (DO) in the system may fluc-
tuate. This is important in that it is the extremes in the DO con-
centrations which can have the greatest effect on the aquatic life
[14). Deterministic models develop an estimated mean value which could
occur under the varying forcing functions, but are unable to evaluate

the variances which can occur.

Dissolved Oxygen Balance--Basic Equation and Components

The basic equation for the analysis of the dissolved oxygen balance
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of a river system follows the principles of mass conservation; that is,
"the time rate of change of mass within the volume plus the net rate of
mass flow in and out of the volume must equal that produced by the
sources and reduced by the sinks,"[7] and follows the format of the
continuity equation. Equations 1 and 2 are examples of this form,
where K has been defined as a sink. This term in the equation can be
positive or negative, depending on the various sources and sinks within
the system. Following properties of equation 1, where the advective
currents have the greatest significance and the dispersion coefficient
is minimal, 0'Connor [7] indicates that certain assumptions must be
considered for this method of calculation to hold true. "The direction
of flow is along the longitudinal axis; and there are no vertical or
lateral gradients of concentration. Turbulent mixing is sufficient

to produce uniform concentration over the cross-sectional area of

flow, but insufficient to cause a significant spreading or distortion
along the flow axis."

Streeter and Phelps [15], through their classic study on the Ohio
River, redefined this general equation with further application to the
dissolved oxygen balance. They assumed there was only one source and
one sink of oxygen. The sink was the biochemical oxidation, or sta-
bilization, of organic matter by bacteria within the river. Reaeration
by atmospheric oxygen was considered the source. The deoxygenation
reaction has been found to be a first order process, in that the re-
actant concentration is reduced as the reaction proceeds, and that the

rate (K]) is directly proportional to the concentration of the bacterial
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substrate (reactant), forming the differential equation

di _
S =KL (3)

where,

oxygen demand at any time

time, days

~ (o r~
o)
]

= deoxygenation coefficient (the rate constant of the
oxidation process), per day

Integration of the equation yields
L(t) = LeKit (4)
where
Lo = the initial oxygen demand, mg/1
If the dissolved oxygen concentration is expressed in terms of the
saturation deficit, that is, the difference between the saturated and

the actual dissolved oxygen concentration at time, t, and temperature,

°C, then
dD _ _dL
dt dt (5)

The determination of the ultimate oxygen demand, L, can be performed
through the application of the biochemical oxygen demand (BOD) test
under guidelines set by the American Public Health Association [16].
Since this analysis can frequently take as long as 20 to 30 days, the
incubation period can be reduced to 5 days. By applying an applicable
conversion number, this 5-day BOD (BODg) can be converted to an ulti-
mate oxygen demand. Velz | 17] has found the ultimate BOD can be deter-
mined by dividing the BODs by 0.68. Although this conversion factor

has come to be fairly standard, values as low as 0.20 have been found

[18].
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Various methods have been proposed for the estimation of the de-
oxygenation coefficient, Kj. Nemerow [19] presents a fairly detailed
explanation of several of the following methods. One of the earliest
and most reliable techniques was devised by Theriault []O] with the
application of the least squares method to a set of BOD data. This
method not only determines the deoxygenation coefficient, but also
calculates a theoretical ultimate BOD. The laboratory BODg data is
tested against the corresponding individual "time of travel" values.
Since this method is highly cumbersome without the use of an advanced
calculating system, other more simplistic deviations have been proposed.
Thomas [21] developed a "slope" method based upon a linear relation-
ship between the rate of change of BOD and the BOD value itself. A
moments method was derived by Moore, Thomas, and Snow [22] by taking
moments of the determined values about the vertical coordinate axis of
the BOD versus time curve. Orford and Ingram [23] found that when the
BOD is plotted against the logarithm of time, the resulting curve is
approximately a straight line. They found that through several mathe-
matical transformations of the equation of this line, the reaction
coefficient can be found. Several other methods have been found to be
fairly reliable within various levels of accuracy; Gaudy [24], Rhame
[25], and Lee [26]. A comparison of results through the use of several
of these methods has been presented by Nemerow [19]. He found that
based on data for a tannery waste, the Ky values can vary from 0.113/day
to 0.210/day, with calculated ultimate BOD values ranging from 3850 to

5200 ppm. Due to this large range in predicted values, it is important
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that not only proper laboratory techniques be used in derivation of the
baseline data, but that complimentary methods be used in calculation of
the reaction coefficients.

The deoxygenation rate is a function of temperature and of the
ability for bacteria to decompose the organic matter. Various authors
[17, 6, 27] have agreed that the correction for temperature in this
reaction is

K = Kagog X 1.047T-20 (6)
where,

KT = deoxygenation coefficient @ temperature °C, per day

Kog = corresponding rate @ 20°C, per day

T = temperature, °C
The ability for bacterial oxidation of the organic matter directly af-
fects the value of Kj. Lower values of Ky indicate that the substrate
is complex in molecular structure and difficult for bacteria to break
down to utilize as a nutrient and energy source, with a corresponding
relationship for high values of Kj. Early studies [15] set a typical
value of K; for domestic waste water at 0.23 at 20°C, although moderate
variations were noted. 0'Connor [7] indicates that the value of K,
for a domestic waste water is dependent on the degree of treatment and
the nature of the material with typical values being

Raw: 0.35
Settled: 0.40
Treated: 0.25

and that as much as a + 0.10 per day variance can occur. Another author
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[28] found that at 20°C, Ky could vary from 0.023 for some industrial
wastes to about 0.69 per day for others which are readily oxidizable.
Concerning the deoxygenation rates of river water, 0'Connor |7] indi-
cates that, "the coefficient is usually less than the coefficient of
an undiluted sample. It appears that the greater the flow the lower
the value of the coefficient. Furthermore, the coefficient tends to
decrease in the downstream direction indicating the disappearance of
the more readily oxidizable substances, the occurrence of foods, and
the progressive resistance to oxidation of the more stable end pro-
ducts." Thomas [29] evaluated the deoxygenation rates in various
types of streams and indicated that a range of from 0.06 to 0.36 could
occur where there were no toxic wastes present in them.

Bennett, et al. [3] reviewed many of the discrepancies which can
occur between evaluating the Ky by means of the bottle test following
techniques set by the American Public Health Association versus the Kj
which would actually be occurring in the stream. The concern was
focused on the ability of a "diluted and seeded sample incubated in
the dark under quiescent conditions at a constant temperature being
able to simulate the behavior of a slug of water of similar size under
dynamic stream flow conditions." Various studies which were used as
precedents were by Owens and Edwards [30] and Gannon [31] which related
the degree of turbulence with Ky and found that Ky increased as the
agitation increased. This increase in turbulence maintains a suspen-
sion of the organic matter which enables increased bacterial oxidation.

Symons [32] and Hull [33] have determined that the increase in surface
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to volume ratio of the BOD bottle over that in the natural system
enables increased bacterial growth, thereby raising the BOD value.
Another problem with the bottle technique is that it does not allow
for the possible decrease in the respiration rate of organisms associ-
ated with decreased DO concentrations [30]. Owens and Edwards [30]
a]sd indicated that when the algal biomass is significant, the bottle
BOD would be higher due to the respiration of the algae. In the
stream, the algae would negate this effect by the photosynthetic
process which would not be occurring when the bottle tests are being
incubated in the dark. As previously discussed, the deoxygenation
rate in the stream has been found to decrease in the downstream direc-
tion of flow. The period of these changes of K; is normally shorter
than the 5-day incubation period of the bottle test, thus the labora-
tory K rate does not represent the natural system. The temperature
also changes during the normal daily cycle in a stream, and this is
not properly simulated by the bottle test which is kept at a constant
temperature (20°C). It has been recommended by Hull [33, 34] and Camp
[35] that the bottles be darkened and incubated in the stream at the
point of collection to overcome this possible error.

As mentioned earlier, the only source of oxygen which Streeter
and Phelps [15] considered was "the physical absorption of oxygen from
the atmosphere by the flowing stream."[3] The rate of reaeration has

been shown to be directly proportional to the saturation deficit

dD _ _
= KD (7)
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where,

D

oxygen deficit, mg/1

t = time, days
K2 = coefficient of reaeration, per day, base e

through integration becomes

D = Doe K2t (8)
where,

D, = initial dissolved oxygen deficit, mg/1

0
The dissolved oxygen balance can be determined by combining the two

independent processes, represented by equations 3 and 7 to become

D= KL - KD (9)
with the terms as defined previously. Equation 9 describes the DO
balance as the rate of change of the dissolved oxygen deficit with
"time of travel" downstream being a function of the rate of oxygen
utilization by oxygen-demanding substances and the rate of oxygen

replenishment from the atmosphere. By combining equations 4 and 9 and

integrating,

D = %%%%i[e'Klt - e'Kzt] + Dae'Kzt (10)

with terms previously defined, thus becoming the noted Streeter-Phelps
equation for determination of the dissolved oxygen deficit in streams
containing oxidizable compounds.

Numerous theories have developed in recent years for predicting
the coefficient of reoxygenation of natural streams. A1l of the theories

are based around the foundation of measuring the degree of turbulence
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that occurs within the stream. As explained by Tsivoglou [36], "the
oxygen transfer from the atmostphere into the water can take place only
at the air-water interface that exists at the stream surface, and this
interface is constantly and randomly changing (being replaced or re-
newed) due to turbulent mixing of the flowing water. Hence, for any
specific degree of oxygen depletion, the rate at which oxygen can be
gained by the flowing water is directly proportional to the rate at
which the water surface is being replaced from below by turbulent mix-
ing. Since the structure of turbulence is too complex for direct
measurement, various approaches have been developed for making in-
direct calculations.

Early attempts in predicting K2 were through indirect means by
use of the Streeter-Phelps equation, wherein all of the other terms in
the equation were obtained from known data, resulting in a defined
enumeration of the reaeration rate that would have been required to
produce the observed dissolved oxygen profile. This method of deter-
mination is open to serious error due to the fact that the values
used in the other terms of the equation are not always exact, nor are
all of the other influences which affect the DO profile capable of
being predicted properly.

Predictive models have been developed based upon various hydrau-
lic properties of the river system. The earliest model was by Black and
Phelps [37] and was based in terms of molecular diffusion, stream depth,
and a "mixing period"[36]. Since then, many approaches have been used

in cbnstructing predictive models. Several detailed summaries [38, 36,
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3] have been made reviewing these concepts and procedures used in their
development. Therefore, only a cursory review with supporting discus-
sion of the major methods will be covered.

0'Connor and Dobbins [39] developed an equation based on concepts
from the field of fluid turbulence and on assumed relationships defin-
ing the rate of surface renewal. Two flow categories were specified
and an equation was developed for each. Those streams which were cate-
gorized by non-isotropic turbulence (Chezy C less than 17) had the
equation

(. 480 p 1/251/4
2" H5/4

x 2.31 (11)

where,
D_ = the coefficient of molecular diffusity, sq. ft/day
S

slope of the stream channel, ft/ft

H = average depth, ft

Camp [28] estimated D for oxygen at 20°C to be approximately 2.03 x

10-5 cmz/sec. These types of streams show a pronounced vertical velocity
gradient. For a Chezy C greater than 17; isotropic turbulence is as-

sumed to exist, as in deep channels, and is represented by

(= LAE g (12)
2 2.31 W2
where
V = the mean velocity of flow
Two reaerationmodels have been suggested based on considerations
of the difference between the rate of entry and the rate of loss of

gas (oxygen) molecules from a surface layer of liquid (water)[40, 41].
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Tsivoglou [41] concluded that the ratio of the mass-transfer coeffici-
ents for the simultaneous transfer of two gases is directly propor-
tional to the first power of the ratio of their molecular diffusities
[3]. He stated further that the ratio of gas transfer coefficients
was a constant within the Timits of experimental error for the range
of temperatures and turbulence conditions which were studied. Appli-
cation was made of this theory for the determination of the reaeration
rate. The two gases to be monitored are oxygen which will be trans-
ferred from the air to the liquid phase, and krypton-85. Upon deter-
mination of the gas-transfer coefficients for these two gases, calcu-
lation of the natural reaeration can be made even in the presence of
pollution and photosynthetic effects. This method was field tested
and developed through several studies; Tsivoglou, 0'Connell, Walter,
Godsil, and Logsdon [43], Tsivoglou, Cohen, Shearer, and Godsil [42],
Tsivoglou [41], and Tsivoglou and Wallace [36].

As describbed by Bennett, et al. [3], "the technique uses an
instantaneous injection of three tracers at a point upstream from the
reach over which the reaeration coefficient is to be measured. The
tracers used are: 1) a fluorescent dye, the purpose of which is to
enable field personnel to follow the movement of the other tracers;

2) tritiated water, which is used as a conservative dispersion tracer;
and 3) the radioactive tracer gas, krypton-85, which is used to measure
the gas transfer capacity of the flow. The transfer capacity of the
flow for the tracer gas is obtained from the relative concentrations

of the gas and tritiated water tracers at the two ends of the reach."
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The tracer gas transfer coefficient is found by
(13)

where C is concentration, t is flow time, G and L are subscripts re-
ferring to the krypton and tritium tracers respectively, "b" and "a"
are subscripts for respective downstream and upstream monitoring sta-
tions, and Kg' is the gas-transfer coefficient of the tracer gas. The

reaeration rate, K2, can be obtained through conversion

3

~0.83 (14)

Kg

The value 0.83 was found by Tsivoglou [41] to be the gas-transfer

ratio between krypton and oxygen. This ratio must be assumed to be a
constant; independent of temperature, flow conditions, and the presence
of pollutants.

Most of the other major studies concerned with means by which the
reaeration coefficient can be determined are based on semi-empirical or
empirical equations based on relationships between the mass-transfer
rate and various hydraulic properties. Several of these prediction
equations were based on studies done in artificial flumes. An example
is given by Thackston [44] whose data yielded through regression

analysis

Kp = 0.000125 (1 + FO-5) x 2.31 (15)
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where,
F = Froude number
U = shear velocity, fps
H = depth, feet

The Froude number is characteristic of the flow regime in the river.
The importance of the inclusion of this variable is questionable,

therefore it has frequently been removed yielding

K, = o.ooo125-g- x 2.31 (16)

Variations in depth during the study were simulated from 0.05 to 0.23
feet.

Isaacs and Gaudy [45] utilized a circular tank with rotating
walls to simulate streamflow. Simulation studies covering velocities
from 0.55 to 1.63 fps, and depths from 0.50 to 1.50 feet were made

yielding

Ko = 3.0563 _U__x 2.31 17
2 372 (17)

with terms as defined previously. A similar study by Negulescu and

Rojanski [46] performed in a recirculating flume resulted in

Kp = 1.423 D, (103 x 2.31 (18)
where,
D, = longitudinal dispersion coefficient, ftz/day
and the other terms are defined as before. Their study covered ranges
in depth from 0.164 feet to 0.492 feet, and velocities from 0.656 to

1.903 fps.
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A study done in England by Owens et al. [47] used the disturbed-
equilibrium method for determination of K, by deaerating the streams
with the addition of sodium sulfite and a cobalt catalyst. Their
studies were performed on six different streams with flows, velocities,
and depths ranging from 1.50 to 36.2 cfs, from 0.13 to 1.83 feet per
second, and 0.34 to 2.44 feet, respectively. Multiple regression
analysis of their data yielded

Ky = 9.41 L’?;:_z.x 2.31 (19)
HT.

with terms as defined earlier.

As Tsivoglou [36] relates, the most comprehensive empirical field
study was performed by Churchill et al. [48]. Their studies were car-
ried out below dams where the dissolved oxygen level of the outfall was
reduced due to thermal stratification in the dam impoundments. Vari-
ables included in the regression analysis were flow, velocity, mean
depth, energy slope, resistance coefficient, fluid density, fluid vis-
cosity, surface tension, molecular diffusion coefficient, and a vertical
diffusion coefficient. The flow conditions which existed ranged in dis-
charge from 952 to 17,270 cfs, mean depth from 2.12 to 11.41 feet, and
velocity from 1.85 to 5.00 fps. The equation that the authors recommend

to use based on their data is

0.969
K, = 5.026 U x 2.31 (20)

H1.673

with terms as defined before.
Langbein and Durum [49] combined the data from several previous

studies to determine their predictive equation
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U
K = 3'3 2.3

with the same defined terms.
The previously discussed equations are based upon a temperature
of 20°C and must be converted to the ambient conditions of the natural

system. This conversion is expressed as follows

Kp = Kpg x 81720 (22)
where,
KT= reaeration coefficient @ T°C
K20= reaeration coefficient @ 20°C

6 = 1.0241 (1.016 to 1.04)

The value of 6 is generally defined as 1.0241 by Elmore and West [50],
but has been found to vary by others.

As these predictive models have shown, the reaeration coefficients
vary depending on the hydraulic properties of the stream which deter-
mine the rate of mixing and the rate of renewal of the gas-liquid inter-
face. It has been found that depth has a greater significance on the
coefficient than does velocity [49] as can be seen in Table 1. 1In
larger streams, as the depth increases it overshadows any minor increase
in velocity, thus lowering the reaeration rate.

The presence of various pollutants has been shown to reduce the
reaeration capacity of that system. Tsivoglou [36] found reduction in
the coefficient, K,, to increase as the concentration of the detergent
surfactant linear alkylate sulfonate (LAS) increased, and that at a

constant concentration, the reaeration rate decreased as the turbulence
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Table 1. Variations of the Reaeration Coefficient with Size of Stream!
Average Average Computed
Stream Discharge - Average Velocity Coefficient
Order cfs Depth, ft fps K2, per day
1 0.6 --- --- ---
2 2.8 --- --- ---
3 14 0.55 1.2 9.3
4 65 0.95 1.6 5.5
b 310 1.8 1.8 2.6
6 1500 2.7 2.0 1.8
7 7,000 5.0 2.5 1.0
8 33,000 12.0 3.0 0.37
9 160,000 25.0 4.0 0.19
10 700,000 45.0 5.0 0.10
Tsource: Langbein and Durum [49] as reported by Dougal et al. [6].



28

increased, where it would be the most beneficial. His studies also
indicated that the reaeration capacity was adversely influenced in
stream reaches which received discharges from municipal waste treat-

ment facilities.

Dissolved Oxygen Balance--Advanced Systems Equation

As previously discussed, the Streeter-Phelps theory is based on
the assumption that there are only two major processes occurring within
the dissolved oxygen balance of a stream; these are the stabilization
of organic matter by bacterial oxidation and the replenishment of oxy-
gen into the system through surface reaeration. This description of
a natural river system's dissolved oxygen balance has been expanded
with the work of Dobbins [51] and others. This work has indicated
that there are several other factors which can affect the BOD-DO
relationship in a stream. These are:

1. The removal of BOD by sedimentation and absorption.

2. The addition of BOD along the reach by the scour of bottom
deposits or by the diffusion of partly decomposed organic products
from the benthal layer into the water above.

3. The addition of BOD by diffuse source runoff.

4. The removal of oxygen from the water by diffusion into the
benthal layer to satisfy the oxygen demand in the aerobic zone of this
layer.

5. The removal of oxygen from the water by the purging action

of gases rising from the benthal layer.



29

6. The addition of oxygen by photosynthetic action of phyto-
plankton, periphyton, and fixed aquatic vascular plants.

7. The removal of oxygen by the respiration of plankton, peri-
phyton, and attached plants.

8. The continuous redistribution of both BOD and DO by longi-
tudinal dispersion.

Along with these influences listed by Dobbins [51], several other
relationships have been brought out. The importance of nitrogenous
oxygen demand (NOD) has been reviewed by Wezernak and Gannon [52, 53],
Gannon [31], and DeMarco et al. [57]. Velz and Gannon | 58] have
shown the relationship of biological extraction to the DO balance.

Many of these aforementioned reactions are coupled, that is, the out-
put from one system component is the input for another. By combining
these various elements of the river system and relating all to a single

variable, the DO deficit, gives the following equation

D = Dy exp[-(K é&] (23) a
Ky X X
+ ['Kz———K: (exP["(Kc U)] = exp['(KZ U)] )]Lo b
+[ Ko (expE &y )] - expE(Ky 1)1 "
KL - Kn nu U Lo

Ky X
e (1-expl-(Ky 7)1)

K
-[WC(EXPE(KC P2 eol-(k P d
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- (1-exp[-(K 1)) R "
+ (1-exp[-(K $)]) R_FZL f
+ (1-exp[-(K, %)J) % g

where all of the terms have been defined previously except

x = distance

first order carbonaceous BOD decay coefficient
first order nitrogenous BOD decay coefficient

initial nitrogenous BOD

LRD = total distributed carbonaceous BOD source

P
R

gross DO production by photosynthesis

DO utilization by plant respiration

SB = DO sink due to benthal demand

The various terms of the solution are interpreted as

a.

b.

g.

initial value of DO deficit

deficit due to point source of carbonaceous BOD
deficit due to point source of nitrogenous oxygen deman
diffuse source addition of BOD along the reach
reduction of the deficit due to photosynthesis

deficit due to algae and plant respiration

distributed benthal demand effect

Equation 23 is representative of the predominant factors encountered

in one-dimensional rivers, with exclusion of diffused source input of

nitrogenous oxygen demand and the addition of deficits along the stream.

Any of the variables on the right-hand side of the equation could



31

predominate, and the others dropped without serious error. Each of
the variables fluctuates in significance in the overall expression
dependent upon the properties and behavior of the natural system.

The importance of nitrification, benthal influences on the DO balance,
and the effect of algal communities on the river system are reviewed

in the following sections.

Nitrifiction

The role of nitrification in the aquatic system is only one part
of the influence nitrogen compounds have, with others being the affect
of ammonia reacting with residual chlorine and producing chloramines,
and the utilization of ammonia and nitrates by algae and aquatic
vascular plants as a nutrient source. However, focus has been cen-
tered around the nitrification process due to its direct influence on
the dissolved oxygen balance.

Municipal and industrial waste treatment facilities are respon-
sible for the discharging of various forms of nitrogen compounds; e.g.
organic nitrogen (proteins, amines, urea), ammonia, nitrite, and
nitrate. The quantity of each of these forms is dependent on the
process which occurs within the industrial or municipal boundaries,
and the form of treatment which is utilized. The organic nitrogen
compounds are broken down through hydrolytic and microbial reactions
yielding ammonia and simpler organic nitrogen forms. Painter [59] sum-
marized three pathways in which organic nitrogen is broken down to
ammonia: 1) from extracellular organic nitrogen containing compounds,

chemically or biochemically; 2) from living bacterial cells during
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endogenous respiration; and 3) from dead and lysed cells. It is
possible for the simpler organic nitrogen forms to be directly in-
corporated into the metabolic pathways of bacteria and plants, both
~algal and vascular [60]. Many of the organic nitrogen compounds from
municipal waste water treatment plants are fragments of proteins
(amino acids) and can be readily utilized by bacteria. Whereas, many
of the organic nitrogen compounds from industrial sources are of a
more complex structure and are not readily incorporated.

The actual nitrification process is associated with the step-
;;se oxidation of ammonia to nitrates with nitrites being an inter-
mediary compound. This biochemical reaction is performed by bacteria

of the family Nitrobacteriaceae of the order Pseudomonadales. The

two genera normmally isolated are Nitrosomonas and Nitrobacter, the

former containing ammonium oxidizers and the latter nitrite oxidizers.
These bacteria are obligate autotrophs in that they derive their

energy solely by the oxidation of their respective inorganic nitrogen
compounds. The Nitrobacter bacteria convert approximately three times

as much substrate as Nitrosomonas, thereby having the latter form

being the controlling factor in the overall process. This also ac-
counts for the fact that nitrite is normally low in concentration,
since it is rapidly oxidized to the nitrate form. On a stoichimetric
basis, when all the nitrogen forms are expressed as N- nitrogen, the
conversion of ammonia to nitrite requires 3.43 mg/1 of oxygen which
is subsequently converted to nitrate which requires 1.14 mg/1 of

oxygen. It has been found in recent experimentation [52] that due to
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this being a bacterial reaction, there is not a 100% efficiency in the
transformations due to the synthesis of ce]T matter. Their findings
yielded values of 3.22 mg/1 of oxygen and 1.11 mg/1 of oxygen for the
oxidation of ammonia and nitrite, respectively.

The effect of variations in environmental conditions has been
reviewed by Wild, et al. [55], Painter [59], DeMarco et al. [57], and
Alexander [61]. The most comprehensive of these [59, 61] summarizes
the environmental factors as follows:

1. The rate of ammonia oxidation is primarily affected by the
existence of an adequate population of nitrifying bacteria. If the
population is lTow or non-existent, a lag period will result before
nitrification proceeds. Since this lag period corresponds to the time
required for nitrifiers to replicate and is indirectly temperature
dependent, the effect of temperature has been analyzed. Zanoni [62]
found that with temperatures below 15°C, lag periods of up to 15 days
occurred. Camp [28] indicated that nitrification is suppressed to
negligible levels below 10°C.

2. The nitrification rate is directly related to the level of
turbulence within the stream. Lower nitrification rates are associ-
ated with areas of lTow turbulence.

3. The presence of organics in the samples have shown several
effects on the ammonium oxidation rate:

a. If the initial ammonia nitrogen was not completely assimi-

lated by the heterotrophic bacteria (decomposing carbonaceous

BOD) during organic oxidation, simultaneous oxidation of
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carbonaceous and nitrogenous matter can take place without
influence on the initial rate of nitrification provided

that enough of the nitrifying population was present in the
sample. Standard forms of secondary treatment, e.g. trick-
ling filter and activated sludges, provide a system by which
nitrification can start. Therefore, the effluent from these
levels of treatment have already begun the oxidation of the
nitrogen compounds and a nitrifying population is introduced
into the river system by means of it.

If the ammonia nitrogen was completely assimilated during
organic oxidation, nitrification could not begin until some
ammonia nitrogen was released back into the solution by the
death and lyse of heterotrophic bacteria.

In either a or b, when the ammonia was eliminated from the
solution and the only source of ammonia for nitrification
was from cellular organic nitrogen, the nitrification rate
was controlled by the cell death rate, which is usually very
slow.

The optimum pH for nitrification is 8.3. A 50 percent reduc-

tion in this rate occurs at pH less than 7.0 and greater than 9.8.

5.

Nitrifiers are strict aerobes, thus requiring sufficient

concentrations of dissolved oxygen to be present. The reaction rate

decreases below DO levels of 2.0 mg/1. For all practical purposes,

the process is assumed to be completely suppressed at levels below

1.5 mg/1.

If anaerobic conditions occur, denitrification occurs
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resulting in the reduction of nitrates primarily to free nitrogen (Nz)
with lower levels of ammonia and nitrous oxide produced.

6. The carbon source for nitrifying bacteria is usually carbon
dioxide or bicarbonate [8] which is seldom of short supply in limiting
the nitrification process.

The reaction kinetics for the nitrification process are frequently
represented by a decreasing first-order reaction, similar to the car-

bonaceous oxidation demand

N
db” - kN (24)

where the terms have been defined previously. This mathematical de-
scription is only valid when the population of nitrifying bacteria is
not a Timiting factor in the process. When the populations of Nitro-

somonas and Nitrobacter are below the optimum level for nitrification,

the kinetics equation should be developed around quantification of
their biomass, their growth rate, and the concentration of their re-
spective substrates. Thomann et al. [63] has reviewed some of the
considerations which should be made. Two studies which have used this
approach are Stratton and McCarty [56] and Wezernak and Gannon [53].
Other methods of modeling this process have been studied by Thomann
et al. [63] including the use of sequential reaction models, incorpora-
tion of a lag period within the system's equation, and feedback models.
Various methods have been proposed for the determination of the
reaction rate of nitrification, K,. This rate can be evaluated through
the use of the standard BOD bottle test with application of a nitri-

fication inhibitor that suppresses the activity of the autotrophic
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nitrifiers. Heterotrophic nitrifiers are normally not affected by this
process, but their significance in the overall nitrification process

is considered minimal [60]. Studies [64, 65, 61] using different in-
hibitors have yielded varying degrees of success. Examples of chemi-
cals which have proven to be the most reliable through these studies
are 2-chloro-6- (trichloromethyl) pyridine, allythiourea, and a marketed
product labeled "N-Hib." Other chemicals have been analyzed but have
shown to degrade and thereby become ineffective with sample incubation
periods of over 10 days. A duplicate sample is processed identically
without the inhibitor. By comparing the oxidation curve of the two
samples, it is possible to differentiate between ultimate oxygen de-
mand and carbonaceous oxygen demand with the difference between them
being due to nitrogenous oxygen demand. One benefit of the bottle
test is that it is possible to determine the lag period and when it
occurs.

Another approach has been to perform a mass-balance of the vari-
ous nitrogen compounds within the study area, and monitor their trans-
formations. Personal experience of the author has shown that this
method is extremely difficult when studying any large system, in that
all sources and sinks must be adequately monitored, e.g. diffuse
source loadings, side tributaries, discharges from industries or muni-
cipalities, and biological influences.

Since the nitrification process is biologically dependent, varia-
tions in temperature can affect its rate significantly. Temperature

coefficients which have been found to be representative are [62]



37

&

Ky x 1.0977-20 Range 10°-22°C (25)

K = o x 1.203 x 0.8777-22 Range 22°-30°C (26)

Values for K, for ammonia oxidation have been found to be 1.47, 1.68,
and 1.84 [56]; 0.24 [27]; 0.1 and 0.512 [63]; and 1.6 [17], all of
which have been converted to 20°C and are in units/day. The higher
reaction rates are indicative of high nitrogenous BOD relative to the
carbonaceous fraction, optimum river temperatures, and the existence
of an established population of nitrifiers. The reaction rate for
nitrite oxidation has normally been higher, 4.90 [56] and would re-

flect the behavior of the bacteria involved.

Benthal Influence

As 0'Connor [7] acknowledges, "when considering the stabiliza-
tion of organic matter in natural streams, distinction should be made
between those factors which affect its removal without necessarily
utilizing oxygen and those which simultaneously remove the material
and oxygen in a consistent fashion. In the first category are such
physical phenomena as sedimentation, scour, and gas transfer from
volatilization, while the second includes the various forms of chemi-
cal and biological oxidation." It is extremely difficult to differentiate
between these various forms of reduction in carbonaceous BOD, there-
fore a term, K., has been designated to represent all means of removal.
This term equals the overall BOD deoxygenation coefficient (Kq) plus

that rate of removal of BOD by physical means while not exerting an
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oxygen demand (K3). The former coefficient is comprised of the de-
oxygenation rate of free flowing water (K1) along with a value attribu-
table to biological extraction (B) first considered by Velz and Gannon
[58]. Biological extraction accounts for that BOD which is removed
through absorption by benthal bacterial and fungal growths, e.g.

Sphaerotilus. Differences which have occurred between laboratory

values of K; and that found for K. in the stream can be due to the
occurrences related to K3 and B. These discrepancies have been dis-
cussed by Thomas | 29], Camp [35], Dobbins [51], Velz and Gannon [58],
and others.

The overall affect which biological extraction (B) has on the
dissolved oxygen is believed to be related to the depth of the stream,
the level of turbulence, and the type stream bed. The degrees of
depth and turbulence are associated with the diffusion rate which would
control the rate of transfer of the organic matter to the biological
growths. The type of stream bed determines the potential for biologi-
cal growths to occur. Rocky stream beds are more stable than sand and
gravel, thus enabling larger growth of biological organisms, thus a
greater transfer of BOD would occur. The influence of biological ex-
traction is frequently combined with the term K3, due to the difficulty
in obtaining accurate measurements of it by itself.

" Bottom deposits are formed in several ways depending on the types
of wastes being discharged into the water. These are: a) the deposi-
tion of settlable solids from the wastes (allochthonous), b) deposi-
tion of solids which have formed through flocculation and coagulation

of suspended and colloidal solids within the stream (autochthonous), and
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c) development of biological growths [66]. With the incorporation of
levels of secondary treatment for municipal waste treatment plants,
the importance of the first source of deposits has been minimized.
Settlable solids normally are considered to settle out when the stream
velocity falls in the range of 0.60 to 1.0 fps. Resuspension of the
deposits occur when the velocity increases to between 1.0 to 1.5 fps.
[17].

Although the immediate BOD of the free flowing water is reduced
by the settling of solids, the uptake of dissolved oxygen by these
deposits still occurs through "1.) diffusion of the anaerobic decomposi-
tion products of the deposit into the overlying water; 2.) diffusion
of DO from the overlying water into the aerobic zone of the deposit; and
3.) resuspension of the solids through scouring or volatilization from
anaerobic decomposition" [3]. Normally, those periods of resuspension
of the solids through scouring is during periods of high flow when
the water quality is not at its most critical condition. Though con-
sideration must be made for the fraction of these solids which will
eventually settle upon attaining the proper hydraulic conditions.

The importance of the influence of resuspension of solids on the BOD
was shown by Berg [67] and Edwards and Rolley [68], where the BOD
greatly increased upon resuspension. The first process was considered
to be the most important through a study by Fair, Moore, and Thomas
[69]. Since the aerobic zone in benthal deposits is usually quite
small, 1 cm, its overall influence is minimal [7].

The rate of addition of BOD to the free flowing water was evaluated
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by Camp [35] and was termed, m. "In situ measurements of this rate
involve the submersion of a bell jar device on the bottom and then
measuring the oxygen uptake over time. Laboratory measurements are
conducted by removing a sample of the river bottom (preferably undis-
turbed), placing the sample in a large vessel with oxygenated water.
DO reduction overtime is a measure of the uptake of the bottom muds
L70]. Numerous investigations have been involved in measuring this
rate; Baity [71], Davison and Hanes [72], Hanes and Irvine [73],
McDonnell and Hall [74, 75], Mills [76], Oldaker et al. [77], Rudolfs
[78], and Fair et al. [69]. Thomann [70] summarized several of these
studies to present typical va]uegxfor various classifications of
river bottoms and presented in Table 2. In order to obtain SB in
equation 23, the areal benthal oxygen deman, assuming complete vertical
mixing of the overlying water, must be divided by the mean depth

0, uptake (gm/m2-day)

Sg = H (27)
Correction for temperature variations can be made by
(Sghr = (Sg)yg x 1.0657-20 (28)

for temperature ranges of 10-30°C. Below 10°C the effect of Sg decreases
faster than represented by equation 28 and approaches zero at tempera-
tures from 0 to 5°C [70].

The affect of depth of the sludge deposits has been debated, with
many contradictory results. Bennett and Rathburn [2] reviewed several
studies and reported McDonnell and Hall's [75] conclusion that the con-

sumption rate was independent of the depth of the deposits. Baity [71]
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Table 2. Average Values of Oxygen Uptake of River Bottoms

Uptake (gms 0o/m2-day) @ 20°C

Approx.
Bottom Type and Location Range Average
Sphaerotilus--(10 gm dry wt./m2) - 7
Municipal Sewage Sludge--Outfall Vicinity 2-10.0 4
Municipal Sewage Sludge--"Aged" 1-2 1.5
Downstream of Qutfall
Cellulosic Fiber Sludge 4-10 7
Estuarine mud 1-2 1.5
Sandy bottom 0.2-1.0 0.5

Mineral soils 0.05-0.1 0.07
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and Fair et al. [69] found that the DO uptake rate, w, was dependent
on the depth, dp, of the deposit
w = a]dM0-485 (29)

where aj is a constant.

Algal and Vascular Plant Influences

The presence of benthic algae, phytoplankton, and aquatic vascular
plants in a river system have several influences on the dissolved oxy-
gen balance, either directly or indirectly: 1) they can increase the
DO concentrations during the day through the process of photosynthesis,
2) they can decrease the DO concentration at night when the process
of respiration predominates, 3) they can uptake nutrient, e.g. ammonia,
which would possibly lower the oxygen level through the nitrification
process, and 4) if they become too abundant, they can "choke" the
river bed and affect the hydraulics of the river thus altering the
natural stream reaeration mechanism. The degree to which these influ-
ences are imposed on the system is dependent on the quantity and types
of algae or vascular plants present. In conjunction with each other,
the former two processes develop a diurnal variation in the DO con-
centration with the highest levels at midday during periods of maximum
sun intensity with minimum values of DO during predawn hours.

The process of photosynthesis occurs in those organisms which
contain 1ight absorbing pigments which are capable of utilizing sun-
light in an electron transport series to form organic compounds in cell
synthesis from inorganic substances, primarily carbon dioxide and

water, with oxygen being liberated in the process. The most common
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pigments associated in photosynthesis are the chlorophylls; a, b, and c.
Other 1light absorbing pigments are carotenoids, phycocyanin, and phyco-
erythrin. Each of these groups of pigments are capable of absorbing
wavelengths of 1ight over specific bands between the range of 400 to

700 nm [79]. The latter groups of pigments, along with chlorophylls

a and b are called accessory pigments, in that upon absorbing the

energy they transfer it to chlorophyll a, which is the primary location
of photosynthesis in the cell. The predominant forms of chlorophyll

a which carry on photosynthesis are P690 and P700 which are an extremely
small fraction of the total chlorophyll normally present in the cell
[80]. Each group of algae has its respective arrangement of these pig-
ments. Diatoms (Chrysophyta) possess both chlorophyll a and c, green
algae (Chlorophyta) contain chlorophyll a and b, while blue-green algae
(Cyanophyta) possess only chlorophyll a. The arrangement of the ac-
cessory pigments varies with the specific type of algae. Some algae

are capable of adapting their respective quantities of these pigments

to optimize their absorption capabilities of light. This phenomenon. has
been called chromatic adaptation [81].

The rate at which photosynthesis proceeds within an aquatic system
is dependent primarily on the sunlight intensity, but is also affected
by cell age, nutrient levels, DO concentration, and water temperature.
The concentration of chlorophyll within the cell is only limiting at
lTow light intensities [82]. This author also states that "at light
saturation, where the overall rate of photosynthesis is determined by

the rates of enzymatic processes, it is by no means a simple matter to
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find any relation between the concentrations of the pigments active in
photosynthesis and the rate of photosynthesis." This view has been
supported by Parker [80] who indicates that the measurement of chloro-
phy11l a in algae is at best a measure of algal biomass, but not produc-
tivity. Although this opinion is becoming more common, the reference
of productivity to chlorophyll a content is still fairly common prac-
tice. In a review of autotrophic indices by Weber [83], the percentage
of cell structure being represented by chlorphyll a ranged from 0.2% to
2.5% depending on environmental conditions and the types of algae.
These values are substantiated by Collins [84] who indicates that the
maximum percentage of cell structure under optimum environmental condi-
tions would be between 2.5 and 3.0.

The maximum rate of photosynthesis, in terms of carbon fixation,
based on chlorophyll content has been estimated to be approximately 13
mg carbon fixed per mg chlorophyll a under uptimum conditions [85]. Using

Chlorella vulgaris under varying light conditions, Steeman Nielson [82]

obtained the rates of 0.49 and 0.42 mg C fixed per mg chlorophyll per
hour at the illumination of one calorie per m? per second. Myers and
Krate [86] found that 1.2 mg C is assimilated per mg chlorophyll a

using the blue-green alga Anacystis nidulans under similar 1light con-

ditions.

The rate of photosynthetic respiration varies widely depending on
environmental conditions from 0.5 gm/mz/day to greater than 10 gm/m2/day
[70]. This author further noted a possible relationship between respira-

tion and chlorophyll a.
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R(mg/1/hr) = 0.001 (chlorophyll a)( ug/1) (30)

The reliability of the photosynthetic process as being beneficial
to the dissolved oxygen balance has seriously been questioned. The
debate centers around the availability of oxygen production during
critical flow conditions. Imhoff and Fair [87] and Camp [28] feel
that this process should not be relied on since its effects will not
always be present at adequate levels during the warmer months when it
is needed. The sensitivity of this process to environmental variables;
e.g. turbidity, cloud cover, and temperature, have shown that it should
not be depended upon [88]. These aqthors have further studied this
phenomenon and have concluded that in streams where the primary source
of photosynthesis is associated with benthic algae and rooted vascular
plants, that.the overall effect of photosynthesis is detrimental to the
dissolved oxygen balance. They base these findings on the premise that
the dissolved oxygen which is produced is in a different volume of river
water than the DO which is utilized during periods when respiration pre-
dominates. Therefore, the DO level can be reduced to an extremely low
level. They found that in rivers which are deep and slow, phytoplankton
are the predominant form of photosynthesizers. The oxygen which is pro-
duced and utilized by them remains in the same mass of water, and the
DO concentration does not decrease to abnormal levels, although the
spatial location does vary through time. Merritt et al. [89] feel that
whether or not this process can be depended upon, its importance dic-
tates the includance in all oxygen balance studies of streams where
diurnal variations in DO occur. This philosophy is supported by Hull

[34] who states that the controversy lies with the significance of the
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process and not whether it should be included in the simulation of the
DO balance. An example of the significance of the oxygen generation
through photosynthesis versus surface reaeration was shown by Camp [35],
where it was found that 67 percent of the DO was furnished by photo-
synthesis, and that this process must be considered. Most of the more
recent models which have been developed include an expression for the
photosynthetic process [9, 28, 51, etc.].

Many methods have been developed for measuring the influence of
the photosynthetic process on the dissolved oxygen balance. Thomann
[70] summarizes several of these to be: 1) light and dark bottle tech-
nique, 2) the use of photosynthetic chambers, 3) evaluation of diurnal
DO measurements, and 4) the use of radioactive carbon techniques. The
light and dark bottle technique consists of collection of water samples
at several distances and depths at a point in a river to properly repre-
sent the cross section. Each of the samples is split into three por-
tions; one is placed in a transparent glass bottle, another in a glass
bottle which is opaque, and a third is used for DO analysis. The light
and dark bottles are incubated at the point of collection in the river
for a specified period. Upon the completion of the incubation period,
these samples are analyzed for dissolved oxygen. The rate of the photo-
synthetic process is

P =Cy - Cyr (31)
and the respiration rate is

Rg = Cqi - Caf (32)
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where,

C = dissolved oxygen concentration, mg/1

P = photosynthetic rate

R = gross respiration rate

1 = Tlight bottle

d = dark bottle

i = initial DO concentration

f = final DO concentration
Several problems with this technique have been brought out by Symons
[32] as being an unnaturally large surface-to-volume ratio in the
bottles, the lack of mixing in the bottles, inhibition of vertical mi-
gration of plankton, the lengthy incubation period, and the actual
removal of the water samples from the river which might alter the
physiological capabilities of the plankton. Another limitation to
this technique is that it measures only planktonic influences and not
benthic.

Several of these restrictions have been overcome with the use of
photosynthetic chambers. A study by Stay et al. [90] showed that the
chambers can separate the effects of photosynthesis, diffusion, and
respiration according to their relationship to benthic and planktonic
organisms. Procedures for determining the actual rates is similar to
those used in the light and dark bottle technique.

Analysis of the diurnal DO measurements has mainly centered around
work performed by Odum [91] and has been called the "upstream-downstream"

method. The basis for the procedure is evaluating the differences of
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the dissolved oxygen balance at the beginning and end of a stream reach.
A plot is constructed of the changes in DO against time. The area under
this curve for the period between sunrise and the time near sunset when
that DO concentration is repeated, multiplied by the flow of the stream,
and divided by the surface area between the two stations, gives the net
rate of oxygen production per unit area. By dividing this value by the
mean depth, the rate is translated into terms of concentration. The
respiration rate can be determined in a similar fashion by plotting the
DO concentration during the nighttime hours against time. It is assumed
that respiration and atmospheric reaeration are the only processes
occurring and that their rates remain constant during this period. The
rate of oxygen production by photosynthesis is determined from the dif-
ference between the observed net rate of oxygen production and the rate
of respiration. It is assumed that respiration occurs at the same rate
in the day as at night [92].

Radioactive carbon techniques involve the use of a radioactive
isotope of carbon, and monitoring its uptake through carbon fixation

in the photosynthetic process.



METHODS AND MATERIALS

Description of Study Area

The South River is located in the Shenandoah Valley of northern
Virginia. It originates in the southwest corner of Augusta County and
flows in a northeasterly direction to where it joins the North and
Middle Rivers near Port Republic in Rockingham County. The river is
characterized by a coarse-trellis drainage pattern having few feeder
streams and a low gradient resulting in frequent meandering of the
stream. The stream channel is relatively wide and shallow with varia-
tions between riffles and "pooled" areas occurring. A sandy to rocky
stream bed prevails through most of its length. Seasonal variations
in stream flow occur through gradual transitions.

The drainage area of the South River along its 52.3 mile length

is approximately 235.9 square miles. Much of the watershed is moun-
tainous forests with the bottom lands converted to agricultural use.
A U.S. Geological Survey gaging station near Waynesboro (No. 0162600)
indicates an average daily flow of 134 cfs at that point with a pro-
jected 7-day-10-year low flow of 27 cfs. Based on the Tow flow con-
ditions, areal contribution of surface water is approximately 0.18
cfs per square mile during these periods [94].

Although there are several small communities along the river,

the city of Waynesboro is the only one which has developed into an

49



50

industrial center. This city, with a population of 16,707, has several
major industries located within its city limits; a synthetic fiber
manufacturing plant owned by E. I. DuPont Co. and Crompton-Shenandoah
Co., a fabric dye processing plant, as well as numerous smaller indus-
trial firms. The city of Waynesboro's waste water treatment plant,
along with the DuPont Co. and Crompton-Shenandoah Co. are the principal
sources for direct waste water discharges to the South River. Through-
out most of the remainder of the watershed there are moderate levels
of diffuse source pollution such as agricultural runoff. Several
recent studies have been made in attempts to delineate the differences
in point and non-point sources of pollution with the South River basin
[94 and 95].

The city of Waynesboro is serviced by a separate sewerage system,
although there are many storm sewers which are connected to the sani-
tary sewers. This significantly increases the sewage flow during wet
periods due to infiltration and the storm sewer connections. There
are approximately 12,000 domestic connections and 10 industrial sources.
The average daily flow has been around 2.6 mgd, increasing to 3.5-4.0
mgd during wet weather, which approaches the design capacity of 4.0
mgd. The treatment plant consists of a barscreen, two comminutors,
degritter, raw sewage 1ift station, venturi meter with two high-rate
stone media trickling filters and 100 percent recirculation capability,
two secondary sedimentation tanks, chlorination, a primary and secon-
dary heated sludge digester, vacuum filter, sludge drying beds, and a

retention basin for overflows during peak flow periods [93]. Plant
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operation maintains an effluent quality within the design capabilities.
Current BODg loadings are around 287 pounds per day.

The E. I. DuPont Co. manufactures three synthetic fibers: cellu-
lose acetate, orlon acrylic, and lycra spandex. Their waste treatment
facilities are of the activated sludge type and contain the following
unit operations: retention, neutralization, blending, and preaeration,
cooling, mixing with recycled sludge, aeration in four aeration tanks,
clarification in four clarifiers preceding discharge to the river [93].
The daily flow rate ranges from 6.6 to 9.1 with a design capacity of
approximately 10.7 mgd. Their sanitary waste is discharged to the
city sewerage system. There are four separate discharges from the
plant, with three of these discharging cooling water, resulting in
only one source of loading on the river. Approximately 770 pounds
per day of BOD5 is being discharged.

The Crompton-Shenandoah Co. is engaged in the dyeing and finish-
ing of pile fabrics made of natural and synthetic fibers. Their waste
treatment facilities are comprised of an equalization basin, an
aerated lagoon, and a final clarifier. Their discharge rate is about
2.0 mgd and is discharged through a single outfall having an average
8005 loading of 50 pounds per day.

Under previous provisions [18] various loading rates have been
designated for most of the constituents of these three discharge
sources. These allowable loading rates were set on the basis of
maintaining a dissolved oxygen level of 5.0 ppm and meeting other

applicable water quality standards. The flow rates utilized in these
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determinations were based upon design capacities of the respective
sources. Table 3 contains a listing of these provisions. The allow-
able loading rates for ammonia-N and organic nitrogen from E. I.
DuPont Co. will be determined upon the completion of field studies on
the South River being performed during the summer of 1975.

The South River has been divided into three stream segments in
the Potomac-Shenandoah River Basin Water Quality Management Plan [93]
under guidelines set by the U.S. Environmental Protection Agency. The
upper South River from mile point 52.3 to 27.3 has been designated as
effluent limitation in that existing water quality standards are being
maintained throughout this section of the river. From river mile 27.3
to 7.3, the South River has been classified as a water quality segment
due to violations in the water quality standards. It is in this area
where the waste loadings of E. I. DuPont Co., Crompton-Shenandoah Co.,
and the Waynesboro STP occur. The primary problems associated with
this area are high values of ammonia-nitrogen, total (Kjeldahl)
nitrogen, phosphorus, fecal coliform, and low dissolved oxygen levels
during Tow flow periods. The remainder of the South River, river mile

7.3 to 0.0, has been designated effluent limitation.

Model Description

The water quality model used for the sensitivity analysis of the
South River was the QUAL-II, developed by Water Resources Engineers,
Inc. for the U.S. Environmental Protection Agency [96]. The version

of the QUAL-II which was utilized was the one applied to the Santee
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Table 3. Summary of Allowable Waste Loadings for E. I. DuPont,

Crompton-Shenandoah, and Waynesboro STP

on the South

River
Flow 8 Total
Source (mgd) BODg NH3-Na Org-N2 Phosphorus
b b
E. I. Du Pont Co. 10.7 600 -—- --- 84
Crompton-Shenandoah 2.0 200 23 20 10
Waynesboro STP 4.0 250 66 66 120

3Units are in pounds/day.

bLoadings which have not yet been determined.
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River Basin in South Carolina. This version of the model was further
modified by Meta Systems, Inc. to include an option for the inclusion
of organic nitrogen. Provisions have also been incorporated by the
USEPA-Region 2 District Office to account for incremental runoff along
the stream reaches.

The QUAL-II water quality model is designed to simulate the be-
havior of chlorophyll a, nitrogen (organic, ammonia, nitrite, and
nitrate), phosphorus, carbonaceous BOD, benthic oxygen demand, dis-
solved oxygen, coliforms, and conservative substances under steady-
state conditions. Any combination of these model components can be
simulated depending on the type of analysis being performed. If algal
concentrations are being simulated and either nitrate or phosphorus or
both are not being simulated, the program assumes that the parameters
not being simulated are not limiting. The following discussion of
the model is based around information from the Computer Program Docu-
mentation for the Stream Quality Model QUAL-II [96].

The mathematical expressions utilized in the QUAL-II were de-
rived from an integration of the advection-dispersion mass transport
equation for all water quality constituents being modeled. The equa-
tion includes the effects of advection, dispersion; individual con-
stituent changes, and sources and sinks; for any constituent, ¢, and

can be expressed as
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ac _ AAD 5D L 2(AT)
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where,
¢ = concentration
x = distance
t = time

= cross sectional area

>
x
[

]
-
|

U = stream velocity

S = source or sink

= dispersion coefficient

oX

d
dx + (Aydy) g+

(33)

The various mathematical expressions used to represent the models

components are as follows:

Dissolved oxygen:

92 = Kp(0*-0) + (agu - ago)A-KyLy-Ky/Ay - a5 By Ny - agBy2

where,

0 = dissolved oxygen concentration, mg/1

0*

a3 = the rate of oxygen production per unit of algae (photo-

synthesis), mg0/mgA.

the saturation concentration of dissolved oxygen at the
local temperature and pressure, mg/1

a = the rate of oxygen uptake per unit of algae respired,

mg0/mgA

ag = the rate of oxygen uptake per unit of ammonia oxidation,

mg0/mgN

ag = the rate of oxygen uptake per unit of nitrite nitrogen

oxidation, mg0/mgN

=
N
1

the reaeration coefficient, day-! (base e)

(34)
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u = the Tocal specific growth rate of algae, day']

the local algal respiration rate, day‘]

o =
A = algal biomass, mg/1

Ky = the decay rate for carbonaceous BOD, day-1 (base e)
Ly = the concentration of carbonaceous BOD, mg/1

Kq = constant benthic uptake, mg/day/ft (base e)

A, = average stream cross sectional area, ft2

By = rate constant for the biological oxidation of ammonia
nitrogen, day-1 (base e)

N1 = concentration of ammonia nitrogen as nitrogen, mg/1

Bp = rate constant for the biological oxidation of nitrite
nitrogen as nitrogen, day-1 (base e)

N2 = concentration of nitrite nitrogen as nitrogen, mg/1

Carbonaceous BOD:

dLq
& b -kh (35)

where,

K3 = the rate of loss of carbonaceous BOD due to settling,
day-1 (base e)

Benthic Oxygen Demand:

dL
—2 = K, /A 36

where,

Lo = benthic oxygen demand, mg/1

Organic Nitrogen:
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concentration of organic nitrogen, mg/1

=
o
]

= rate constant, day'] (base e)

™w
o
|

Ammonia Nitrogen:

dN

Tie = oA - BNy + og/A, + BN, (38)
where,
a; = fraction of respired algal biomass which is resolubilized
as ammonia nitrogen by bacterial action, mgN
mgA
o1 = benthos source rate of ammonia nitrogen, M N

ay-ft

Nitrite Nitrogen:

dN,
aT = BNy - BN, (39)

Nitrate Nitrogen:

dN3
Phosphorus:
4P - a0h A+ o,/A (41)
dt - 2R - ax 0o/ Ay
where,
a, = fraction of algal biomass that is phosphate phosphorus,
m P
mg A

o, = benthos source rate for phosphorus, day-Tt

P = phosphorus concentration, mg/1
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Chlorophyll a:

Chlorophyl1l a is considered to be directly proportional to the
concentration of phytoplanktonic algal biomass. Algal biomass is
converted to chlorophyll a through

C= aoA (42)
where,

a, = conversion factor

C = chlorophyll a concentration, ug/1 thus the growth and pro-
duction of algae (chlorophyll a) is

%=uA-pA-fDlA (43)
where
oy = local settling rate for algae, ft/day
D = average stream depth, feet
The local specific growth rate of algae is coupled to the availability

of required nutrients and light.
~ N3 P 1. K+L

”:“N3+KN'P+KP'W]"WD (44)
where,

1 =Amaximum specific growth rate, day']

L = local intensity of light, Langleys/day

A = light extinction coefficient in the fiver, f-1

Kns Ko K] = empirical half-saturation constants; mg/1, mg/1,
Y
Langleys/day
Coliforms:

dF
at - -K5F (45)
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where,
Kg = coliform die-off rate, day-1 (base e)
F = coliform concentration, 1000/100m1
A11 temperature dependent reactions are converted to ambient conditions

by means of
X = dpg 0TS (46)

where,

XT = value of the variable at local temperature, T

XTS = value of the variable at standard temperature, Tg

6 = empirical constant for each system variable

The QUAL-II model can be applied to any one-dimensional river
system. The river is first subdivided into reaches, having "uniform"
hydraulic properties. Each is further subdivided into elements of
uniform distance, such that all reaches contain an integer number of
elements. These elements are the computational increments which the
model uses for the step wise integration of the mathematical equations.
Hydraulic data, reaction rate coefficients, initial conditions, and
incremental runoff are assumed constant for all computational elements
within a reach.

The structure of the QUAL-II model consists of one main program,
QUAL 2, and twenty subroutines. Details on the individual subroutines

and the main program can be found in "Computer Program Documentation

for the Stream Quality Model, QUAL-II"[96].
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QUAL-II Application to the South River

In applying the QUAL-II water quality model to the South River,
those subroutines which have either a direct or indirect relationship
to the dissolved oxygen balance and the nitrification process were
utilized. Two series of analyses were performed; the first followed
the format that was used by the U.S. Environmental Protection Agency
in their modeling of the South River, and the second incorporated
the algae and phosphorus subroutines along with the initial series.
The first set of sensitivity analyses were made to evaluate the exist-
ing application techniques, while the latter was performed to find if
the model was sensitive to influences from the presence of algal
biomass.

The information of the watershed which is required to operate
the model is found in Table 4. The values of these parameters are
primarily those which were set by the U.S. Environmental Protection
Agency through their calibration and verification analysis between
the data and the structure of the model. A brief description of how
these values were devised, according to the respective types, is as

follows:

Watershed Characteristics--Physical

The South River, from mile point 24.3 to the confluence with the
Middle and North Rivers, was divided into twenty stream reaches each
with relatively consistent hydraulic properties. The first reach
begins immediately above the influences of the discharges from E. I.

DuPont Co. and Crompton-Shenandoah Co. Since there are no major
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Table 4. Data Requirements for Operation of the QUAL-II Model

Parameter Name Units Value(s)

Watershed Characteristics - Physical

Number of reaches - 20
Number of headwaters - 1
Number of waste loads - 3
Computational element size mile 0.1
Critical flow areal contribution cfs/sq.mi. 0.18
Hydraulic Characteristics
Mannings roughness coefficient - 0.030
Velocity calculations, V = aQb
example, Reach 1, a - 0.2916
b - 0.3120
Depth calculations, D = aQb
example, Reach 1, a - 0.177
b - 0.469
River System Characteristics
Headwater:
Flow cfs 27.0
Temperature (2) OF(°C) 77.0(25.0)
Dissolved Oxygen (2) mg/1 (%sat) 8.4(100.0)
BOD (ultimate) mg/1 1.5
Organic Nitrogen mg/1 0.25
Ammonia Nitrogen mg/1 0.10
Nitrite Nitrogen mg/1 0.01
Nitrate Nitrogen mg/1 0.47
Phosphate-phosphorus mg/1 0.03
Chlorophyll a ug/1 5.00
Side Tributaries:
Drainage area per reach sq. mi.
example, Reach 1 5.00
Temperature (2) OF (O¢) 77.0(25.0)
Dissolved Oxygen (2) mg/1 (%sat) 7.5(90.0)
BOD (ultimateg mg/1 1.5
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Table 4--Continued

Parameter Units Value(s)

Side Tributaries (cont)

Organic Nitrogen mg/ 1 v 0.25
Ammonia Nitrogen mg/ 1 0.05
Nitrite Nitrogen mg/1 0.01
Nitrate Nitrogen mg/ 1 0.60
Phosphate-Phosphorus mg/1 0.03
Chlorophyll a ug/1 5.00

Reaction Rates

Deoxygenation coefficient, Ky (1)  day-] 0.6,0.5,0.4,0.3
Carbonaceous BOD settling rale, K day-] 0.0

Reaeration coefficient, K day‘1 0.5
Predictive equation (Ozgonnor, 1958) K, = ﬁQm!%_s_ x 86,400
: _ 2 Dl.
Predetermined, K, = aQ

example, Regch 1, a 0.990

b 1 0.463

Organic nitrogen reaction rate, KORG day_] 0.08

Ammonia nitrogen reaction rate, KNH3 day_] (1) 1.2,1.0
Nitrite nitrogen reaction rate, KNO2 day 5.0
Benthos source rate of BOD mg/day-ft 0.0

Point Source Characteristics

DuPont
Flow cfs 16.5
Dissolved Oxygen mg/1 2.0
BOD (ultimateg mg/ 1 44.0
Organic nitrogen mg/1 12.95
Ammonia nitrogen mg/1 11.48
Nitrite nitrogen mg/1 0.01
Nitrate nitrogen mg/1 0.98
Phosphate-phosphorus mg/1 0.94

Crompton-Shenandoah
Flow . cfs 3.08
Dissolved Oxygen mg/1 4.0
BOD (ultimate) mg/1 10.3
Organic nitrogen mg/1 1.2
Ammonia nitrogen ma/1 1.4
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Table 4--Continued

Parameter Units Value(s)
Crompton-Shenandoah (cont)
Nitrite nitrogen mg/1 0.10
Nitrate nitrogen mg/1 1.90
Phosphate-phosphorus mg/1 0.60
Waynesboro STP
Flow cfs 6.16
Dissolved Oxygen mg/1 4.00
BOD (ultimate) mg/1 61.1
Organic nitrogen mg/1 2.00
Ammonia nitrogen mg/1 10.00
Nitrite nitrogen mg/1 0.20
Nitrate nitrogen mg/1 4.00
Phosphate-phosphorus mg/1 3.60

Coefficients Related to Algal and Bacterial Activity

Oxygen Uptake by organic nitrogen

Oxygen Uptake by ammonia oxidat}o?
2

Oxygen Uptake by nitrite oxidatZO?
2

Oxygen Production by algae

Oxygen Utilization by algae

Nitrogen Content of algae

Phosphorus Content of algae

Algal maximum specific growth rate

Algal respiration rate

Nitrogen half saturation constant

Phosphorus half saturation constant

Light half saturation constant

Average light intensity

Ratio of chlorophyll a to algal

biomass
Algal settling rate
Light extinction coefficient

mg 0/mg N
mg O0/mg N

mg O/mg N

mg 0/mg A

mg O/mg A

mg N/mg A

mg E{mg A
day_,

day

mg/1

mg/1
Langleys/min.
Langleys/min.

>
o
oo o, OO O0CoOoOOoOMNMNOOCOCO ~

-—

ug Chl-a/mg A
ft/day
foot

w o

(1) values decreased in a downstream direction.
(2) Vvalues different than USEPA original application.
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tributaries to the South River only one headwater was designated. The
point sources attributable to E.I. DuPont Co., Crompton-Shenandoah, and
the Waynesboro waste water treatment plant are the three primary sources
of pollutant loadings and are being included for allocation analysis of
waste loadings. A computational element distance of 0.1 mile was set

in accordance with the requirement of an integer number of elements in
each stream reach. The areal contribution of surface flow during criti-
cal flow conditions was found by dividing the area of the watershed

(150 sq. mi.) by the 7-day-10 year low flow of 27 cfs.

Hydraulic Characteristics

The Mannings roughness coefficient of the stream bed was set at
0.030 being representative of streams of "regular" flow conditions with
some stones and weeds present. Velocity and depth relationships to the
corresponding flow conditions were determined by manual stream flow
measurements by the Virginia State Water Control Board (SWCB). These
measurements were used for determination of the length and locations

of the stream reaches.

River System Characteristics

Headwater: The seven day-10 year low flow was calculated by the
U.S. Geological Survey using the log Pearson type III frequency analysis
based on data over a 23 year period collected at gaging station No.
0162600 near Waynesboro. The temperature of the headwater flow was
set at 77°F being representative of stream conditions during critical
flow months. The dissolved oxygen was set at 8.4 mg/1 indicating

100 percent saturation conditions. The concentration levels of organic
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nitrogen (0.25), ammonia nitrogen (0.10), nitrite nitrogen (0.01),
phosphate-phosphorus (0.03), and ultimate biochemical oxygen demand
(1.5) were set based on sampling data collected by the SWCB during the
summers of 1973 and 1974 at Route 664 upstream of the city of Waynes-
boro. Based on studies performed by DuPont, the ultimate BOD was
found to be the BODg multiplied by a conversion factor of from 2.0 to
5.0 and was set at 3.0 by the USEPA [14]. This conversion of the 5
day BOD to an ultimate BOD was utilized in all calculations of the
BOD Toadings. The chlorophyll a concentration of 5.0 mg/1 was deter-
mined based on levels found to be representative of streams with
"normal" background levels of nutrients.

Side Tributaries: The drainage area for each of the stream

reaches was determined from an analysis of topographic maps by the

SWCB and USEPA. The waters of the tributaries were set at 77°F to
parallel that of the headwaters. Dissolved oxygen was set at approxi-
mately 90% saturation to properly represent conditions of streams re-
ceiving minor diffuse source pollution. This was the same reasoning

in the determination for concentrations of BOD, ammonia-nitrogen, organic
nitrogen, nitrite nitrogen, nitrate nitrogen, phosphate-phosphorus, and

chlorophyll a.

Reaction Rates

The deoxygenation coefficients, K1 at 20°c (0.6, 0.5, 0.5, 0.3)
found by the USEPA to give the "best fit" of the data during their
calibration of the model to the system. The decrease in rate in a

downstream direction not only formed the "best fit" but follows the
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principal of decreasing "K" rates in a flowing system due to the de-
crease in readily oxidizable substrate [7]. Using data collected by
DuPont during the summer months of 1973 and 1974, a linear regression
analysis following the techniques developed by Theriault [20] resulted
in an overall stream length deoxygenation rates varying from 0.289 to
0.609 with a mean value of 0.455 with a standard deviation of 0.111.
These values correspond fairly well with the range developed by "best
fit" by the USEPA. The reaction rates for organic nitrogen, ammonia
nitrogen, and nitrite nitrogen were determined by the USEPA in a similar
approach as was used for K] yielding 0.08, 1.2-1.0, and 5.0, respec-
tively. Through linear regression of ammonia nitrogen and organic
nitrogen data collected by the SWCB during the summer months of 1973
and 1974, a mean ammonia nitrogen oxidation rate of 0.362 was found
with a standard deviation of 0.091 (range 0.217 to 0.495 at 20°C);

a mean reaction rate for organic nitrogen was calculated to be 0.043
with a standard deviation of 0.023 (range 0.015 to 0.069). In deter-
mining the oxidation rate of ammonia nitrogen, consideration was not
made for the production of ammonia through the decomposition of organic
nitrogen, since its rate was so small and the fact that not all of the
organic nitrogen was converted to ammonia nitrogen. The reaeration
coefficient, Kos for each stream segment was calculated in either of
two ways. Sixteen of the stream reaches had their values of K2 calcu-
lated by application of 0'Connors and Dobbins' [39] predictive equation.
The remaining four reaches (1, 3, 4 and 10) utilized the equation

Ky = aQ® (47)
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where,
a = coefficient of reaeration
b = exponent of reaeration
Q = stream flow, cfs

This equation was applied to these stream reaches since it yielded better
correlation to natural data during the calibration analysis by the USEPA.
The use of O'Connor and Dobbins formula for reaeration prediction by

the USEPA was based on calibration analysis and past experience with

its application. The settling rate of carbonaceous BOD, K3, was set

at 0.0 based on the existing levels of treatment which are incorporated
at the various sources. This treatment theoretically removes nearly

all of the settleable solids in the effluent which normally are the
fraction of BOD which settle out and form benthal deposits. Correspond-
ing to this theory, the benthal source rate of BOD, m, SB’ or K., has
been initialized at 0.0 signifying that there are no existing benthal

deposits.

Point Source Characteristics

The flow rates of the various point sources are based upon the
design capacity of their respective treatment facilities according to
their NPDES permits. The chemical characteristics are based upon sam-
ples collected by the USEPA, SWCB, and the entities themselves with the
following exceptions: Crompton-Shenandoah Co. has their levels of
organic nitrogen, ammonia nitrogen, and phosphate-phosphorus based on
maximum levels which can be discharged under provisions of their NPDES

permmit. This same basis was used with the concentrations of organic
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nitrogen and phosphate-phosphorus for the Waynesboro waste water treat-

ment plant.

Coefficients Related to Algal and Bacterial Activity

Since the breakdown of organic nitrogen is primarily a hydrolytic
reaction, there was considered to be no oxygen utilization in the pro-

cess. Ammonia oxidation by Nitrosomonas on a stoichimetric basis

utilized 3.43 mg/1 of oxygen per mg ammonia nitrogen. However, it was
found that due to this being a biological reaction and not being 100
percent efficient, only 3.22 mg of oxygen were utilized [52]. Due to
the same principle concerning the oxidation of nitrite by Nitrobacter,
the oxygen utilization was reduced from 1.14 mg oxygen uptake to 1.11
mg oxygen.

Due to lack of actual data concerning the algal populations in
the South River and their respective behavior, values for those para-
meters used in the algal subroutine were estimated upon data collected
from literature review. This data does not represent the system under
study but does enable generalized definition of the values which could
possibly occur in the South River. The values discussed below are
representative of possible occurrences and are being used to develop
a "controlled" set of values to be used later in the sensitivity
analysis of the algal subroutine.

A common value for the ratio of chlorophyll a to algal cell bio-
mass was found to be .015 or 1.5 percent [83, 84, 85]. Based on this
value and the fact that the 1.31 mg of oxygen are produced per mg chloro-

phy11l a [82] in a common Green algae, it was determined that approximately
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0.021 mg oxygen would be produced per mg of algal biomass. Since this
value represents the production of oxygen by a single species of algae,
it must be understood that it is only an estimate and not necessarily
representative of a natural heterogeneous community. A photosynthetic
to respiration ratio for a stream would be 1.3, therefore this value
was used to obtain the rate of oxygen utilization through respiration
by algae as 0.016 mg oxygen per mg algal biomass. Again this is only
an estimate and is being treated accordingly in its application within
the model. A review of the various levels of nitrogen and phosphorus
content in various classes of algae was presented by DiToro et al. [97],
listing common values of 0.06 and 0.021 mg of nitrogen and phosphorus,
respectively, per mg algal biomass. The value for nitrogen content was
substantiated by Fogg et al. [79]. Both of these, along with Larsen

et al. [98], also indicated that the maximum specific growth rate could
be about 2.4 per day. DiToro and his colleagues also presented ranges
for algal respiration rate, nitrogen half-saturation constants, and
phosphorus half saturation constants with possible values of 0.12 per
day, 0.05 mg/1, and 0.01 mg/1, respectively. The value of the respira-
tion rate was approximated by using 0.005 day']°C'] at 25°C of the sys-
tem. The average light intensity was set at 450 Langley/day based on
a typical value by Velz [17] for this approximate latitude and time of
year. Based on this sunlight intensity, the 1light half saturation
constant was calculated by multiplying the average sunlight intensity
by a factor of 0.52. This factor was determined by data presented by
Larsen et al. [98] who found that the total daily ratiation which one-

half the maximum value of the fractional reduction in specific growth
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rate is achieved was 150 ly/day at a sunlight intensity of 288 ly/day.

Sensitivity Analysis of Existing Model Format--Series I

Sensitivity analysis was performed on the various reaction co-
efficients and the critical rate of discharge. Each of these variables
were tested through a range of possible values for the system being
simulated. These ranges were determined by analysis of the existing
data or by values which were found to be representative in other studies.
During each analysis, only that variable which is being analyzed was
varied. This enables a direct comparison of outputs from the different
variable values to be made. The model variables which were analyzed
and the ranges in which they were tested are presented in Tables 5 and
6. The reaction coefficients related to oxygen demanding substances
and those involved in the oxidation of nitrogen compounds along with
the critical rate of discharge are listed in Table 5. The reaction
rates were made to decrease in a downstream direction for the deoxygena-
tion coefficient and the oxidation of ammonia nitrogen to represent the
decrease in the substrate concentrations. The basis for the develop-
ment of these variables ranges will be presented during the discussion
of the results. The variations in the reaeration coefficients through
the use of different prediction equations is listed in Table 6. Stream
reaches 1, 3, 4, and 10 utilized the equation, K2 = aQb, due to its
better simulating the system during the USEPA's calibration analysis.
Due to difficulties in adequate representation of these equations, a
limitation of these equations as they apply to small streams was found

by the USEPA. Therefore, they introduced a conditional equation for



Table 5.

Input Variables Utilized in Sensitivity Analysis--Series I, of the South River, Virginia

Variable Range

Variable Name Units Symbol minimum common max imum
Deoxygenation Coefficient day'] Ky 0.30 0.25 0.60 0.50 0.80 0.70
0.20 0.15 0.40 0.302 0.60 0.50
Organic Nitrogen Reaction ]
Rate day” KORG 0.04 0.082 0.12
Ammonia Nitrogen Reaction
Rate day-! KNH3 0.20 0.20  0.50 0.45 1.20 1.002
Nitrite Nitrogen Reaction
Rate day-1 KNO, 1.00 5.002 8.00
Carbonaceous BOD Sink
Rate day~! K3 0.00% 0.03 0.05
Benthal Oxygen Demand mg/day-ft m or Sp 0.002 5.30 15.91
Critical Rate of Discharge cfs/sq.mi. --- 0.004 0.100 0.1802

3yalues used by the USEPA in their calibration and verification analysis.

LL



Table 6. Variations in Reaeration Coefficients, K2, through Application of Different Predictive

Equations on the South River, Virginia

Reach Number

Model 1* 2 3* 4* 5 6 7 8 9 10*

0'Connor and Dobbin [39] 5.679 2.523 3.595 7.860 0.912 6.095 2.476 1.854 1.268 1.702
Churchill, et al. [48] 5.679 1.140 3.595 7.860 0.583+ 4.081 1.162 0.840 0.530 1.702
Owens, et al. [30] 5.679 2.706 3.595 7.860 0.755 8.341 2.658 1.859 1.159 1.702
Thackston [44] 5.679 1.004t 3.595 7.860 0.583t 1.523 0.960 0.792 0.635 1.702
Langbein & Durum [49] 5.679 1.004% 3.595 7.860 0.583* 2.960 0.960 0.792 0.635 1.702
Maximum Value 8.341 2.706 3.222 10.186 0.912 8.341 2.658 1.859 1.268 1.859
Minimum Value 1.523 1.004 0.962 1.947 0.583 1.523 0.960 0.792 0.635 0.792

* . . . .
Reaeration coefficients predefined
set corresponding to similar values

through application of Kp = aQb, minimum

generated by 0'Connor and Dobbin formula.

*If K, < 2.0/depth, then K, = 2.0/depth.

and maximum values

L



Table 6--Continued

Reach Number

Model 1 12 13 14 15 16 17 18 19 20
0'Connor and Dobbin [37] .222 0.529 7.116 13.436 6.324 1.526 0.532 1.840 0.371 15.326
Churchill et al. [48] .931 0.436 5.192 13.162 4.362 0.800 0.416 0.841 0.355 14.625
Owens et al. [30] .781 0.436 10.186 22.954 8.826 1.431 0.416 1.845 0.355 26.855
Thackston [44] .962 0.436 1.947 4.858 1.819 0.800 0.416 0.783 0.355 5.030
Langbein and Durum [49] .597 0.436 3.728 8.832 3.432 0.800 0.416 0.783 0.355 9.388
Maximum Value .222 0.529 10.186 22.954 8.826 1.526 0.532 1.845 0.371 26.855
Minimum Value .962 0.436 1.947 4.858 1.819 0.800 0.416 0.783 0.355 5.030

€L
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the reaeration coefficient which stipulates that if K2 is less than 2.0
divided by the mean depth, then K2 is set equal to this latter value.

The value of 2.0 was determined by studies performed by 0'Connor, and
enables the reaeration coefficient to be a greater value than would be
predicted by the original predictive equations. Sensitivity analysis

was performed on maximum and minimum values for each stream as deter-
mined by the five equations.

The loading rates of the three point sources which were used during

the analysis are based upon data collected by the SWCB. The flow rates

are based upon design capabilities of the respective facilities.

Sensitivity Analysis of the Algal Subroutine--Series II

Due to the lack of quantitative data concerning the algal popula-
tion and how they interact in the South River ecosystem, theoretical
data was obtained through the literature to represent those values for
variables which are included in the algal subroutine. A listing of the
variables used and the ranges which were found to possibly occur are
listed in Table 7. Although these values do not accurately represent
the South River, they do develop values in a similar magnitude as
would be expected to be found, thus enabling a test of sensitivity of

each of the variables.

Variations in Waste Load Allocations

Upon evaluating the sensitivity of the input variables previously

mentioned, various loading rates from E. I. DuPont Co. and the city of



Table 7. Variables Utilized in Connection with Algal Subroutine.

Variable Name

Variable Range

Units Symbol minimum common max imum

Ratio of chlorophyll a to ug Chl-a

algal biomass mg A ALPHAQ 2.000 15.000 30.000
Fraction of algal biomass

which is nitrogen mg N/mg A ALPHA1 0.027 0.060 0.091
Fraction of algal biomass

which is phosphorus mg P/mg A ALPHA2 0.004 0.021 0.033
Oxygen production per unit

of algal growth mg 0/mg A ALPHA3 0.009 0.021 0.865
Oxygen uptake per unit

of algal growth mg 0/mg A ALPHA4 0.007 0.016 0.670
Maximum specific growth

rate of algae day~! GROMAX 1.000 2.400 4.000
Algae respiration rate day-1 RESPRT 0.100 0.120 0.170
Light extinction coefficient foot-1 -- 0.200 0.600 1.222
Nitrogen half saturation constant mg/1 CKN 0.014 0.050 0.130
Phosphorus half saturation

constant mg/1 CKP 0.006 0.010 0.025
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Table 7--Continued

Variable Range

Variable Name Units Symbol minimum common max imum

Light half saturation
constant Langleys/min. CKL 0.069 0.156 0.208
Light intensity Langleys/day -- 200.000 450.000 600.000

9L
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Waynesboro waste water treatment plant were tested with those variables
which were found to be sensitive in their influence within the model.
The object of this exercise was to see what levels of pollutants would
be allowable with respective variations in the sensitive variables.
The variables which were tested, the deoxygenation rate, the ammonia
nitrogen oxidation rate, and the reaeration rate were grouped together
into three categories as before which are representative of the ranges
which were found possible for these parameters. The groupings and respec-
tive values were derived from Tables 6 and 7. These three variables
were tested together within these common categories in order to analyze
the extreme influences which they would have through additive inter-
actions between each other. Those chemical loadings for these two
sources which were analyzed were ultimate biochemical oxygen demand,
ammonia nitrogen, and organic nitrogen. It is these parameters which
affect the dissolved oxygen balance through oxidation of ammonia nitro-
gen, or carbonaceous organics. The level of reduction with each of the
variables was found by determining that concentration of the constituent
which maintained dissolved oxygen level throughout the length of the
South River of 5.0 mg/1 allowed by the applicable state water quality
standards. The chemical loading rates of Crompton-Shenandoah Co. were
not tested due to their present attainment of effluent quality guidelines
and to the fact that their loading of oxygen demanding substances was
minimal compared to the other two point sources.

One assumption which was changed during this analysis was that the

ultimate BOD for the city's waste water treatment plant effluent was set
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at 2.0 times the 5-day BOD, rather than 3.0 which was used by the USEPA.
This change follows consideration of the waste involved and follows
closer consensus of the literature. Due to variations in the ratio of
ammonia nitrogen to organic nitrogen in the DuPont effluent, a standard

of twice the ammonia nitrogen concentration was set for organic nitrogen.



RESULTS

Sensitivity Analysis--Series I

Presentation of the sensitivity analysis results is made in the
form of two sets of graphs. The first of these relates the response
of the simulation of the river system to application of the various
sets of parameters which were listed in Tables 5 and 6. The abscissa
represents the mile points along the river's length flowing in a down-
stream manner, with mile point 24.3 being the beginning of the simu-
lation of the first reach and 0.0 being the point of confluence with
the North and Middle Rivers. E. I. DuPont Co. discharges their ef-
fluent at mile point 24.2 and Crompton-Shenandoah Co. discharges their
effluent at mile point 24.1. The city of Waynesboro waste water treat-
ment plant discharges at mile point 22.5. The graph's ordinate repre-
sents the various chemical concentrations in milligrams per liter.
These graphs are presented in Figures 1 through 13. Only graphs which
depicted a difference in the concentration of dissolved oxygen, bio-
chemical oxygen demand, and ammonia nitrogen are presented. Based upon
these figures a ranking of the influence of these parameters on the
DO is made in Table 8. The input parameters are ranked in order of
decreasing effect on the DO (i.e., the first variable listed had the
greatest effect and the last parameter the least effect). Correspond-

ing to the applicable ranges of these parameters, the reaeration rate,
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Table 8. Ranking of Effect of Input Variables on DO on the South

River, Virginia over a Specified Range of Variables

Rank Variables

1 Reaeration Rate, K,

Oxidation Rate of Ammonia Nitrogen, KNH;
Deoxygenation Rate, K

Areal Flow Contribution

Oxidation Rate of Nitrite Nitrogen, KNO»
Organic Nitrogen Reaction Rate, KORG

N O o BAAWwWwN

Carbonaceous BOD Settling Rate, K3, and Benthos Source
Rate of BOD, K4
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the oxidation rate of ammonia nitrogen, and the deoxygenation rate were
quite sensitive to variations, in that order of severity. The areal
flow contribution, the organic nitrogen reaction rate, and the oxida-
tion rate of nitrite nitrogen were only mildly sensitive. The car-
bonaceous BOD settling rate and benthal oxygen demand, when applied
together, were basically insensitive in their response within the

model over the tested ranges.

As previously mentioned, the range of reaeration rates for the
stream reaches was based upon the application of the five different
predictive equations. The response in relation to the dissolved oxygen
concentration is presented in Figure 12 showing variations which would
occur through their use. Based on these results, a set of minimum and
maximum values were found for each reach and analyzed against the pre-
dictive equation formulated by 0'Connor and Dobbin [37], Figure 13.
This was done not only to test the sensitivity of this parameter in the
model, but to relate the variations which could occur through applica-
tion of the different equations. The reaeration model devised by Owens
and Gibbs [47] usually produced the maximum amount of reaeration.
Whereas, that equation by Thackston [44] normally produced the lowest
reaeration capacity, although exceptions were noted in both cases.

The second set of graphs, Figures 14 through 19, present the
effects of variations of the different variables and how they affect
the oxygen deficit in the middle of the sixth reach. This stream seg-
ment was chosen since it represents the approximate critical point of

the dissolved oxygen concentration in the "sag curve." This method of
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Figure 18, Effect of Variations of the BOD Settling Rate, K-,

and Benthal Oxygen Demand, Kgq» ON the Oxygen Deficit
Midway in Reach 6.
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analysis enables one to evaluate the significance of the parameter values
through portions of the tested range and to see how sensitive a given
value would be. As Figures 14 and 16 show, there was a very signifi-
cant change in the oxygen deficit as the deoxygenation rate decreased
below 0.6 per day and the ammonia nitrogen oxidation rate below 1.0 in
the system being studied. Figures 15, 17, 18, and 19 indicate that
through the ranges tested there was only a minor change in oxygen defi-

cit at the critical sag point as the respective parameters were varied.

Sensitivity Analysis--Series Il

During the sensitivity analysis of the different parameters within
the algal subroutine in conjunction with the rest of the model, it was
found that through the ranges tested, Table 7, there was very little
response, if any, on the dissolved oxygen concentrations. This would
indicate that this subroutine is very insensitive within the model under

these conditions.

Variations in Waste Load Allocations

Upon applying the three sets of reaction rates to the model, it
was found that distinct relationships existed in allowable loading rates
of BOD, ammonia nitrogen, and organic nitrogen. During the evaluation
of the loading rates for E. I. DuPont Co., the effluent concentrations
of Waynesboro's STP were set at 40 mg/1 ultimate BOD, 2.0 mg/1 ammonia
nitrogen, and 2.0 mg/1 organic nitrogen. These concentrations were
based upon levels which could be achieved by a properly operated secon-

dary treatment plant with a nitrification-denitrification unit. A
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summary of possible loading rates for E. I. DuPont Co. based on the
three reaction rate sets is shown in Table 9 and presented graphically
in Figure 20. The "common" set of reaction rates yielded the least
restrictive set of required loading rates to maintain the 5.0 mg/1 of
DO within the South River. The most restrictive loading rates were
correlated with the application of the "maximum" set of reaction rates.
In order to maintain an ammonia nitrogen concentration of 3.0 mg/1, it
was found that the BODy could vary from 6.4 to 20.0 mg/1. Equally
broad ranges were found with other levels of ammonia-nitrogen.

In evaluating the consequences of lowering the STP's BODu load-
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