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ABSTRACT

In this study a one-dimensional dynamic mathematical model was
developed for computer solution of estuarine dispersion problems.
The math model was based on the one-dimensional mass transfer
equation for the longitudinal distribution of a substance in a
variable area estuary. Finite-difference approximations of the mass
transfer equation were used to develop the numerical medel. Several
researchers have used similar modeling techniques, and their work
has been summarized In the Literature Review.

The mathematical model described in this work was applied to
three dispersion problems.

The first problem considered was the distribution of organic
wasteg¢ In the Corpus Christl Harbor Channel. The goal of this
study was to determine the effect of waste discharges on the
organic loading in the Harber Chanmel. Model results showed thatr
wastes are adequately degraded in the channel and do not accumulate
to excesslve levels. These results were compared with fileld data
obtained from sampling rumns in the Harbor Channel.

Design of a surface aeration system for Vince Bayou was the
second application of the math model. The results of this work
showed ghat dispersion and dilution would greatly affect the oxygen
transfer efficlency of a surface aeration system. Dissolved oxygen
levels in the Houston Ship Channel, however, were determined toc be

the controlling factor affecting efficiency of aeration.
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The third application of the computer program was to determine
the effect of inchannel aeration on dissolved oxygen levels and
organic waste concentrations in the Houston Ship Channel. Model
results showed that inchannel aeration would not only improve oxygen
levels in the channel, but greatly reduce the organic leoad discharged
into Galveston Bay. Another conclusion was that tidal flows would
have little influence on the efficiency of a surface aeration system
operating on the Houston Ship Channel.

The one-dimensional dynamic mathematical model may be used
effectively to solve such dispersion problems as considered here.
However, it has other applications, particularly to dynamic modeling,

that were outside the scope of the study.



CHAPTER I

INTRODUCTION AND GOALS

Texas estuaries play an important role in the economy, ecology,
and esthetics of the Gulf Coast. Such estuaries as Galveston Bay
provide the nursing area and home for numerous varieties of marine
life. 1In fact, Galveston Bay is sald to be the most blelogically
productive area in the Gulf of Mexico (8). The most important uses
of our estuaries are transportation, oil production, fishing, and
recreation. However, estuariles are also used to assimilate and
transport vast quantities of liquid wastes from urban and industrial
areas. It is this use that has created a threat to the ecclogy of
Texas estuaries 1Iin recent years.

Urbanization in the Coastal Zone of Texas has stimulated dra-
matic Increases 1n both quantity and variety of waste products dis-
charged. In addition to the easily degraded organic wastes in
sanltary sewage, estuaries receive hydrocarbons, metals, polymers,
pesticides, and other pollutants. Some of these pellutants, such as
cyanide, create an immediate hazard to living oerganisms; while others,
for example the heavy metals, have known chronic effects (1B).

Other problems associlated with the discharge of pollutants into

estuaries are oxygen depletion, cdors, and coloration.

The Style of the Journal of Sanitary Engineering (ASCE) has
been followed.




Studies of estuarine systems have found them to be a complex
blend of physical, chemical, blological, and hydraulic factors. To
adequately predict the effect of waste loads on an estuarine system,
extensive knowledge of the behavior of pcllutants in estuaries is
required., Mathematical models have been employed as an effective
tool in this prediction process. Altheough math models may vary
widely in their complexity and applicability, the one-dimensional
dynamic model can provide the most efficlent description of estuarine

systems in many cases.

Goals
The primary goal of this study was to develop a one-dimensilonal
water quality model suitable for solving estuarine dispersion
problems.
A secondary goal was to apply the model teo actual estuarine
dispersion problema. The problems considered were:
l. Distribution of organic wastes im the Corpus Christi Harber
Channel.
2. Analysils of a surface aeration system for Vince Bayou.
3. Analysis of a surface aeration system for the Houstom Ship
Channel.
The first application of the computer program was to model
biochemical oxygen demand (BOD) in the Corpus Christi Harbor Channel.

The goal of this phase of the study was to calculate velocities




and BOD distributicn in the channel. The model results were to be
compared with field studies of BOD distribution.

Vince Bayou was the second estuarine system chosen for study.
This small bayou feeds the Houston Ship Channel about four miles
downstream of the turning basin. Since its flow is maintained at a
high level by a Houston Light and Power cooling water cutfall, Vince
Bayou has been considered as a site for a supplemental aeration
system. The objective of this phase of the study was to model the
performance of a surface aeration system in Vince Bayou. The results
expected were to be the effects of dissolved oxygen (DO} levels,
flow rates, and temperature on the rate of oxygen transferred by the
proposed aerators.

The third application of the computer program was to model the
effect of an aeration system on the Houston Ship Channel. The
Houston Ship Channel has low dissolved oxygen levels much of the
time due to excessive organic loads from cities, industries, and
urban runcff {19). A supplemental aeration system would not only
raise dissclved eoxygen levels but provide a quality reserve to meet
the demands created by urban runcff or treatment plant upsets (16).
The goal of this final phase was teo design an aeration system,
based on low-flow summer conditions, for the Housten Ship Channel.
Both BOD and oxygen distribution along the channel were to be
determined. The results from the modeling work were to be the effect
of aerator site location on oxygen levels in the Houston Ship

Channel.



CHAPTER 11

LITERATURE REVIEW

Recent One-~Dimensional Dynamic Estuarine Models

Concern for rhe ability of estuaries to adequately assimllate
imposed pollution loeds has created a demand for increased efforts
in the field of estuarine modeling. The use of mathematical models
has provided much of the information needed to predict and explain
estuarine response to waste loads. However, estuaries are intricate
systems, governed by the complex interactions of tidal cycles,
mixing forces, salinity stratification, temperature gradients, and
fresh water flow yateg. Since an exact mathematical representation
of these physical procesees 1s prohibitively complex, math models
must aemploy varying degrees of simplification.

Many types of estuarine math models have been developed. They
differ widely in both complexity and applicability. In terms of
complexity and computer time requirements the hierarchy of estuarine
math models is as follows (22):

1. Three-dimensional

2. Two-dimensional

3. One-dimensional, dymnamic

4, One~dimensional, steady-state

S. Perfectly mixed.

wy




Of these models the one~dimensional dynamic math model combines
application to dynamic (nonsteady-state) studies with the ease in
modeling one~dimensional variatioens.

The one-dimensional model is a significant simplification of the
actual estuarine environment. Tt assumes that ne gradients exist
in the transverse or vertical planes. Thus, it considers only
changes that oceur along the length of the estuary. This type of
approximation may yield reasonable results for some situations and
is a good approximaticn ip many cases, however significant errors
would arise in application to stratified or wide, irregular
estuaries,

An important aspect of any estuarine model is the data used
to represent the prototype system. Particularly important in
estuarine modeling are the values used for the dispersion, decay,
and transportation of pollutants. In addition, an accurate physical
representation of the prototype is required. Therefore, accurate
mathematical representations of estuaries depend on the complexity
of the system under study, the applicability of the math model, and
the accuracy of the data used.

Many significant works have been published recently in the
field of estuarine modeling (9 J(22) (24) (303 (51). Several studies
have employed one-dimensional dynamic models in solving estuarine
dispersion problems. A brief review of these recent research

efforts follows.




Modeling Work of Harleman

Harleman and several co-workers have made significant contri-
butions to mathematical modeling of the behavior of actual estuaries
(23)(24)(25). Although their studies have included many aspects of
estuarine modeling, much of thelr efforts have involved applications
of a one~dimensional dynamic model.

Harleman cites two advantages of one-dimensional models in
comparison with their multi-dimensional counterparts. First, they
have the advantage of mathematical tractability, Second, one-
dimensional models utilize and predict information that is easily
obaerved in actual estuaries (25).

A paper by Harleman, Lee, and Hall (24), describes the appli-
cation of a one-dimensional dynamic model to a variable area estuary,
It was the purpose of this paper "to develop a mathematical model
which accurately describes the advective motion (including the tidal
and fresh water flow) and the longitudinal dispersion term for a
variable area estuary of arbitrary geometry." Model results were
compared with field measurements of dye dispersion in the Potomac
River.

The form of the one-dimensional equation used in this study
was

A 3W WhA 13
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Where: W = weight of dye;
U . = instantaneous longitudinal velocity averaged over the
sectilon;
A = transverse cross-sectional area;
E = longitudinal dispersion coefficient;
P = weight of dye added per unit time; and
Kl = the dye removal coefficient (24).
The term involving 34/5x arises when considering a variable area

estuary. Employing central-difference representations, the following

finite-difference forms of the derivatives were used:
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This finite-difference model was applied to the fresh water
tidal portion of the Potomac estuary. Velocities were approximated

by combining the advective and tidal flows into the equation



= Q£_+ Unginot . . . . . . ... ... (2-6)

Where: A = cross-sectional area;
Qf = fresh water discharge;
<t - instantaneous velocity;

UT = the maximum value of the tidal velocity;

o = tidal frequency; and

t ~ time,
For this study a distance increment of 1,72 miles and a time incre-
ment of 1/24 of a tidal cycle was used. The dispersion coefficient,
assumed constant over the study area, was C.1 square miles per day.

Good agreement between the prototype dye test and the mathe-
matical model was obtained. However, comparisons were made only at
high and low slack conditions since these were the concentrations
reported by Hetling and 0'Connell (24).

The conclusion resulting from this study was that a continuous,
time-dependent solution of the mass balance equation for pollutant
dispersion in estuaries could be obtained through numerical methods.
However, an accurate description of the tidal adveective motion is a

significant factor in determining pollutant distribution (24).

Modeling Work of Hann and Young

A recent study by Hann and Young (22) dealt with mathematical
modeling of water quality parameters in rivers and estuaries. The

major goal of thedr research was to develop computer models which




could calculate vertical and longitudinal mass transport in partially
stratified estuaries. However, both one- and two-dimensional models
were developed and comparisons were made between explicit and
implicit one-dimensional finite-difference techniques.

Hann and Young found that good accuracy could be obtained with
both explicit and implicit models when proper time and distance
increments were used., A Crank-Nicolson implicit model, however, was
found to be more accurate for a wider range of increment sizes.
Although the Crank-Nicolsen method required 1.75 times as much
computer time as the explicit method, it was sometimes more eco-
nomical because it remained stable and more accurate for larger
time increments.

The one~dimensional model developed by Hann and Young was based
on the one-dimensional mass transport equation with constant terms
for cross-sectional area and velocity. The model was applied only
to theoretical dispersion studies in uniform channels.

This one-dimensional implicit modél was used to predict the
distribution of slug loads and continuous sources of nonconservative
substances in an ideal estuary. The results were compared with an
exact solution for a constant width estuary. Excellent accuracy was
obtained for a time increment of 0.0l days and a distance increment

of 0.25 miles (22).
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Modeling Method of Leendertse

J. J. Leendertse (36) has developed a finite-difference formu-
lation based on a grid system that has the location of the flow
situated between the grid point locations for the water levels and

mass concentrations,
Leendertse used the following one-dimensional mass balance

equation for the concentration of a dilute substance:

3 (HC) 3 (QC) E(HDx A%
3t + 3t + b x +8=0 ... ... .....02-D
Where: b = channel width;

H = temporal depth, averaged over the crogs-section;
Q@ = tramsport;
C = mass concentration;

D
X

dispersion coefficient; and
5 = the local source or sink per unit length.
The finite-difference equation at a location m for the mass

concentration was given as

t+l} t+1

At [{hm1+hm+l)/2+£ _{(l'lml+hm4.1)/2+gm}cl

t+l t+l t+1 t t t) = qt+l (ct+l 4 otHl
+ gax [Qr1 (5T + cotd) + gt (Coup ¥ G = Q77 (€7 +C75)

- Qge1 (€5 + €)Y + Fray? [y + (0t + e o (cEH - ot
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Where: h = water surface reference level;

t = tidal variation in the water level; and
£ = varlation from the reference water level.
In this equation three unknown wvalues of the mass concentratiom
t+l 4l t+l
appear, namely Cm+2' Cm s Cm—2' This equation applies for each

segment of the estuary, thus forming a system of m equations, each
with three unknowns. Once boundary conditions and initial concen-
trations are known this system of equations can be solved for the

unknowns concentrations {(36).

Modeling Efforts of Haag and Bedford

Haag and Bedford (17) have alsc developed an implicit one-
dimensional dispersion model for application to estuarine studies.
A unique characteristic of thelr work was the use of wvariable
segment lengths along the estuary. This was done to allow model
results to correspond spatially with fleld studies.

Haag and Bedford applied this model to a study of salinity
distribution in the Hudson River estuary. A 65-mile reach of the

Hudson from Rhinecliff to the Pioneer Boat Club was divided into
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14 segments and modeleg using a constant dispersion coefficient of
200 square metersg per second (17).

Measured and calculated values of the salinity were compared
over a 96~hour Period on an bourly hasls, although there was good
agreement in the magnitude of the gsalindty concentrations there was
considerable scatter in the data. Haag and Bedford attributed this
scatter to significant variations in the actual dispersion forces

(17).

Modeling Methods of Bella, Dobbins, and Grenny

Bella and Dobbins (2) developed a one-dimensional model
applicable to rivers and estuaries. Their modeling technique
applies & mass balance of the stream directly fn finite-difference
terms, Therefore, a direct relationship between the model and
physical process being modeled is established.

In this modeling method the estuary is divided into cells of
equal length and a masse balance is made on each cell ar successive
time increments. During each time increment, the model performs
the following ateps for each cell, starting from the fresh water end
of the channel:

1. Addition of pollutant,

2. Convection,

3. Dispersion, and

4. Decay.
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After each cell has been treated in this manner the time increment
1s increased and the process is repeated (2).

Grenny and Bella (15) applied this model to a study of the
slack water buildup of Rhodamine~B dye in the Yaquina River. The
dye was Injected at a constant rate of 68.1 g/hr (grams per hour)
for 10 hours and over 400 samples were taken. Good comparisons
between the model and the field test were obtained using a distance
increment of 80.5 meters and a time increment of one-twelfth hour.
A variable dispersion coefficilent defined In terms of the velocity
wag found to give the best comparison between model and field
results (15).

Grenny and Bella found that in this portion of the Yaquina
River the wmagnitude of a pollutant concentration depends on the
duration of the slack period, mixing depth of wéter at the outfall,
and the strength of the polluting source. They concluded that
failure to conslder tidal flows can result in a considerable under-

estimate of maximum pollutant concentratioms (15).

Modeling Methods of Thomann

Thomann has also developed an estuarine model that has been
widely used on the Delaware Estuary. Pence, et al. (42) have
described an application of the Thomann model to predict annual
variation of dissolved oxygen in the Delaware Estuary. The basic

form of the mcdel for BOD is as follows:
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dly _ Q-1,x

dt Ve Doedade-n b T S Lkl
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PRl o By w L
v, kel W=y Bl - W
_dkthJk""""""""""'(2‘9)

where: k = the section number;
L = the ultimate carbonaceous BOD concentration;
Q = net flow;
V = volume of the section;
E = an advective coefficient;
E = an eddy exchange coefficilent;
d = the decay rate; and
J = sources of BOD.

Pence et al. (42) found that this model verified past records
of dissolved oxygen concentrations with reasonable accuracy. The
model can be used to analyze hypothetical polluticn centrol measures
with accurate results depending on the wvalidity of assumptions made

and data used (42).
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Limitations to the Applicability of

One-Dimensicnal Models

Several authors have criticised the use of the one~dimensicnal
dispersion equation for estuaries. This criticism 1s based on the
grounds that the one-dimensional approximation is an oversimpli-
fication of the actual processes involved.

Fischer and Holley (13) state that the most important
limitation of the one-dimensional model is that the results describe
dispersion only after complete mixing across the cross-sectionm of
the estuary is achieved. Ward and Fischer (52) have estimated that
from four to forty days are required for transverse mixing in the
Delaware Estuary. If such large initial mixing fimes exist, a
nonconservative material may be substantially decayed before the
one-dimensional approximation becomes valid.

A second limiration of the one-dimensional model is its
restriction to the constant density portion of estuaries. The model
assumes constant fluid density throughout the estuary reach being
studied. Thus, significant longitudinal variations in density
would create some error in the mass balance calculations, Even
more lmpeortant, however, are vertical density variations that are
found in stratified estuaries. Significant errors would be expected
if the one-dimensional model was applied to a partially or fully

stratified estuary.
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Ancther limitation (52) is using steady-state conditions to
describe actual estuarine processes. Large estuaries may require
days or even months to reach equilibrium conditions after a substan-
tial change in the flow. Therefore, using constant flow rates and
constant period tidal changes may be too much of a simplification to

adequately describe an estuarine system.

Dispersion Considerations

The distribution of soluble or suspended materials in rivers
and estuaries can be described mathematically in terms of dispersion
coefficlients. Dispersion, as used in this study, is the combined
effect of all factors that contribute to the spread of materials in
estuaries. Some of these factors are molecular and eddy diffusioen,
transverse and vertical velocity distributions, wind and boundary
shear, density differences, flow rates, and tidal effects (47).
Thus, the dispersion coefficient 1n the math model must approximate
the combined effect of several complex forces occurring naturally
in estuaries.

Prediction and measurement of dispersion coefficlents in
streams and estuaries has been the goal of many research efforts
in recent years (3) (10) (11) (12) (14) (27) (41) (47) (48). Due

to the number of complex factors invelved, no universally applicable
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method has been developed to predict dispersion coefficients. In
fact, there is considerable disagreement between researchers about
the magnitude of the dispersion coefficient in specific cases (24)
(27) (43). 1In general, dispersion studies have been made for
three different flow regions; rivers and streams, the constant
density tidal region of estuaries, and the salinity intrusionm

region of estuaries,
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Dispersion in Rivers and Streams

Dispersion Iin rivers and streams has been shown to be created by
variations in velocity across the width of the stream (10), Stream
width, curvature, and flow rate effect velocity varlations and thus
are important factors in determining the magnitude of the dispersion
coefficient,

Several researchers have developed numerical techniques for
determining dispersion coefficlents in streams. Fischer (12) has
summarized the results of these studies,

Fischer (12} has also studied the effects of bends on stream
digspersion. His findings were that bends cause changes in the
velocity profile which increase dispersion,but concurrent increases
in transverse mixing tend to reduce longitudinal dispersion. There-
fore, no simple relationship between stream and curvature,and

dispersion was found (12).

Dispersion in the Constant Density Tidal Portion of Estuaries

Dispersion in the constant density tidal porticen of estuaries
has been found to depend onm the ratic of the period of oscillation to
the time scale for cross-sectional mixing (27). In many estuaries
the vertical velocity distribution is the primary factor in deter-
mining cross-sectional mixing. Several eguations have been developed
to calculate dispersion coefficients in tidal rivers. Some of

these are discussed below.
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Taylor (50) developed a dimensionless longitudinal dispersion
coefficient for a pipe. This equation was later rewritten in terms

of open channel flow as follows (23):

B 7m0R)E L e

Where: E; = dispersion coefficient in ftr?/sec;
n = Manning roughness coefficient;

U = average velocity; and

Ry, = hydraulic radius.
Harleman (25) has suggested that the Taylor equation be modified

in the following manner for application in estuaries:

5/6

Ep = lOOnUmath P

(2-10)

Where: Umax = the maximum tidal velocity.
Dispersion coefficients estimated from this equation have been used
to model dye studies on the Potomac River with good agreement (26).
In this dye study Hetling and O'Connell (26) used the model
developed by Thomann to study the dispersion of Rhodamine WT dye
released for 13 days in the Potomac Estuary. They found that
dispersion coefficients ranging from 65 to 195 ft2/sec would
adequately reproduce the results of the dye rest,

Prych and Chidley (43) have made an error analysis of the
modeling work of Harleman et al. and Hetling and O'Connell. They

found that deficiencies in the finite-difference methods used

account for the apparent agreement between dispersion coefficients
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calculated by Equation 2-10 and those used in the models. Their
analysis shows that the average longitudinal dispersion coefficient
for the reach of the Potomac River Estuary under {nvestigation is
apout 320 ft’/sec. Prych and Chidley concluded that agreement
between Equation 2-10 and field data is obtalned because of a
compensating error caused by pseudo-disperslon that regults from
the finite-difference schemes used (41),

Holley et al. (27) have developed a method for estimating
dispersion coefficlents in the uniform density region of tidal
waterways. Thelr method follows the same approach used by Taylor
(50) but applied to a uniform, two-dimensional open channel flow
with a linear, osclllating velocity distribution and & counstant
vertical diffusivity. Their analysis appears to give dispersion
coefficients of the same order of magnitude obtained by using the
modified Taylor equation. Furthermore, Holley et al. make a
distinction between eariier math models that considered only fresh
water advective flow and the models of Harleman et al. (24) and
Bella and Dobbins (2) that consider the effects of tidal oscil-
lations. Both types of models contain dispersion terms but the
dispersion coefficients used in the models differ considerably both
in magnitude and in the physical processes they represent.

Segall and Gidlunk (47) have also derived an egquatloa to
determine dispersion coefficlents in tidal flows. Their dispersion
equation defines the spread of a conservative substance discharged

instantanecusly into an oscillating turbulent flow system. The form
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of this equation indicates that dispersion {s strongly influenced
by tidal period and tidal amplitude.

Grenny and Bella (15} found that a variable dispersion
coefficlent defined by Equation 2-11 pave good results when applted

tc a dye study on the Yaquina River.
D= 16,0|velocity| . . . . . . v . v v e e e e e L {2-1D)

Where: D = the dispersion coefficient in m‘/sec; and
Veloclty = measured in m/sec {meters per second).

This equation gives dispersion coefficients similar in magnitude to
those found by Harleman et al. (24) and Hetling and O'Connell {(26).
The model used by Grenny aud Bella also accounted for the numerical
error caused by pseudo-dispersion by subtracting the pseudo-
dispersion coefficient from the dispersion coefficient defined hy
Equation 2-11 (5).

Summarizing, dispersion coefficients in the uniferm density
portion of estuaries may be estimated by the modified Taylor
equation, However, the effects of pseudo-dispersion should be

considered and the model verified by field studies if possible.

Dispersion in the Salinity Tntrusion Portion of Lstuaries

Analytical methods have not yet been developed to predict
dispersion coefficients in the salinity Ilntrusion region of
estuaries. However, the longitudinal variation of salirity,

obtained from field studies, may be used to estimate dispersion



coefficients. Several studies have shown that the longitudinal
dispersion coefficient varies with distance along the estuary
(23)(25)(26). Maximum values occur near the ocean entrance and
approach values for the constant density region at the upstream
limit of salinity (25).

Several empirical methods for determining dispersion coeffi-
clents in the salinity intrusion reglon have been used. Bella and
Grenny (3) discussed several equations based on salinity distribution
which have been used to estimate dispersion coefficients. One

equation 1s based on a steady-state assumption and 1s represented by

DL=—»£.........................(2—12)
Ax
Where: Q = the net seaward flow;
A = crogs-sectional area;
c = the salinity concentration:; and
Ac/Ax = the salinity gradient at a given location.

Glenne and Selleck (14) used tracer studies to determine
dispersion coefficients in San Francisco Bay. After considering
several methods of predicting dispersion coefficients they found

that the only relationship which appears to have merit is
= 3/4
E = const(U UéD) / S 5 )

Where: E = the longitudinal dispersion coefficient;

U = the mean advective velocity;
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Ui = the mean tidal velocity; and
D = the hydraulic channel depth,
However, this equation is applicable only to regions where the
advective velocity has a significant effect on the value of the
longitudinal dispersion coefficient.
Another type of empirical equation has been used for salinity
Btudies on the Rotterdam Waterway. The longitudinal dispersion

coefficlent was determined to be a function of the form
E=13,000(1-—%)3 T T

Where: E = ft2/sec units;
X = the longitudinal distance scale; and
L = the length of the entire tidal region of the estuary (25).
Table 2~1 shows dispersion coefficients defermined for the

salinity intrusion region of estuaries by several researchers.

Peeudo~dispersion

Pseudo-dispersion occurs as a result of using finite-difference
techniques to represent continuous processes. The spread of slug
loads in dispersion models occurs not only by the dispersion term
ugsed in the model but by pseudo-dispersion which results from
assuming that channel segments are prefectly mixed. Thus, pseudo-
dispersion is an inherent error in finite-difference models that

increases the effective dispersion coefficients.
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Bella and Dobbins (2) were among the earliest researchers
to consider the effect of pseudo-dispersion in their model. For
their explicit finite-difference model they found that the total

pseudo-dispersion could be approximated by

U
Dp=5 AK-UAT . v v v o (2-15)
Where: Dp = the total pseudo-dispersion;
U = the advective velocity;
AX = the segment length; and

AT = the time inecrement.

The effect of pseudo-dispersion may be minimized by selecting 4X
and AT small encugh that the pseudo-dispersion is much less than the
actual dispersion or by calculating the pseudo-dispersion for each
time interval and subtracting these values from the actual disper-
sion coefficients (2}.

Prych and Chidley (43) caleulated the pseudo-dispersion term
for a central-difference implicit modeling scheme. They obtained

o u2ar

DP 2

(2-16)

which unlike Equation 2-15 does not show any dependence on the

segment length AX.

Mixing Times

Another consideration in applying one-dimensicnal models to

estuarine dispersion problems is the time required for the
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one-dimensicnal approximation to become valid. In the math model,
pollutants discharged into an estuary are assumed to be completely
and instantaneously mixed throughout the segment volume. 1In actual
practice the time required for complete mixing depends on the
geometry of the estuary and the transverse dispersion rate.

Holley et al. (27) found that vertical and horlzontal dispersion
coefficlents could be estimated for estuaries and used to calculate
mixing times. Table 2-2 shows estimates of vertical and horizontal
dispersion coefficilents in several estuaries.

Fischer (11) has shown that the transverse mixing time for

streams could be estimated from
= 2 —
Tm C.4% fet S -2 VD

Where: Tm = transverse mixing time;
& = characteristic width of the channel; and
e, = the transverse dispersion ccefficient.
Several researchers have pointed out that the one-dimensicnal
model describes dispersion in estuaries only after well-mixed

conditions have been reached (1})(13)(27).




TABLE 2-2%

VERTICAL AND TRANSVERSE DISPERSION

COEFFICIENTS

Location

Hudson Estuary
Hudson, N.Y.
Poughkeepsie, N.Y.

Potomac Estuary
5 miles below Chain Bridge
20 miles below Chain Bridge

Delaware Estuary
10 miles below Trenton
30 miles below Trenton

James River Estuary
5 miles below Hopewell

*After Holley et al. (27)

Vertical Dispersion
Coefficient
(ft?/sec)

22
31

~ W
W

12
17

13

Transverse
Disp. Coeft.
(ft?/sec)

120
35

(= -]
L Ln

58
28

31

27
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CHAPTER III

MATHEMATICAL MODEL
Model Development

The one-dimensional mass transfer equation may be developed
from the principles of conservation of mass. A general form of

the mass balance equation for a particular component is:

Inflow = Qutflow + Accumulation + Decay . . . , . . . . . . (3-1)

A rigorous derivation of the mass transfer equation has been given by
Hapn and Young (22). The most general form of the one-dimensional
mass transfer equation for a nonconservation substance is shown

below (25).

3 (AU 13 (AE aC . ry N Ta (322
FxAUe) T I

|

3
- = +
A at(AC)

Where: A = cross-sectional area;
€ = concentration;
U = velocity;
E = longitudinal dispersion coefficient;
p = fluild density;
r, = time rate of decay of a substance per unit volume;

r = time rate of increase of a substance per unit volume;
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x = longitudinal distance measured aleng the axis of the
estuary; and
t = time measured in any consistent units.
This equatlon is assumed to be valid for unsteady flows within the

restrictions of the one-dimensional approximation (25).

Calculation Techniques

Finite-difference approximations of the partial differential
equation may be made in several ways. TIwo possible choices are the
explicit and implicit formulations. The explicit formulation
expresses unknown concentrations in each segment of the estuary
entirely in terms of known values. The implicit formulation
expresses unknowns in terms of both known and unknown quantities.
Therefore, since the implicit formulation has more than one unknown
in each equation a set of simultaneous equations must be solved for
each time step.

Of these two types of calculation techniques, the implicit
formulation was chosen for this study. Although this method of
calculation requires more calculation time than the explicit method
it offers twe advantages. First, the implicit method allows the
user greater flexibility in setting time and distance increments
because stability requirements are not as strict, Second, the
accuracy of the implicit method is greater than the explicit method

over a wider range of model conditions (22).
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Formulation of the Finite-Difference Equations

The one-dimensional mass transfer equation 1s used in the
following form for this study:

aC aC aC
S - _—— O — AE —_—— + AI,&N . . . . . . " . » -
at ax u A 3x A ax( Bx) B CE (3-3)

In comparison with the most general form of the mass transfer
equation, Equation 3-3 has three differences. First, the cross-
sectional area 1s not considered to be a time-dependent variable.
This 1s an acceptable approximation for deep estuaries with small
tidal changes. The dredged estuaries in Texas fall in this
category. The second difference involves neglecting the variation
of the velocity in the longitudinal direction. This may be a good
approximation in deep estuaries when small distance increments are
used, since velocity changes are gradual along the longitudinal
axls. The third difference is that all source and sink terms are
combined in a BALANCE term that 1is calculated in explicit form.
This change greatly simplifies the form of the sclution equations.
The following central-difference implicit forms of the

differentials in Equation 3-3 were used in this study:

t+l t
X.m (3-4)
e R

ac Ct+l ct+l Ct _ Ct

X m 24% 2A% (3-55

LN
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t+l t+l t+1 t+] t.t t t
UC zA U C A - Ap. UnC A ~ Ap_
haaUm t+T ( m+1 m l)e + —mm mt] m l)(l—e) . (3-6)
A 3x I\ 24% At 28x%
It

SN R o R
~—(AE —) = —7 ( ) ( >

A 0x ax% A 2hx% Ax

m

t

t t | t
1 E + E C - C
¥ 2Ax AX
m
t+i_t+1 t+l . t+1 t+1 t+1
1 Ap "Eq " + Am—-lEm—l)(Cm - Cm—l)e
Attl 24% Ax
m
t_.t o t T t
1 AZE- + _1Em— ~ Cm_
- = mem Aq-1Eg 1)(Cm m l)(l«B) C e . (3=D)
A 2Ax Ax

Theta (8), as used in these equations, determines the final form of
the solution matrix for the set of simultaneous equations, For
example, if 6 = zero all of the unknown terms at t+1 drop out and
an explicit set of m equations 1s formed. For & = one-half a
simultaneous set of equation known as the Crank-Nicolson implicit
formulation is formed. When 9 = one a fully implicit, backward
formulation is obtained,

Equations 3-4 through 3-7 are substituted into Equatien 3-3 and
rearrangement yields the following form of the finite-difference

equation:
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t+ +
a it e @ e @b e L

The coefficients Am, Bm, Gm' and H, are defined as follows:

N uttlace  aeo (A;+1E;+l + A;f%ng%)
2Ax 24%°2 Aé+1
t+1 e+l e+l t+L o+l | e+l b+l
B o= 4w 26 (Am+1 - Am-l) L e (Am+lEm+l * A By y
n 24x At+l 262 AL+
t+l_t+] | L t+l_t+l
o (Am Eq ~ + Am—lEm—l)
ING A;+l
R e
m -
28x  2Ax2 A;+1
t

t t.t t t
- Cm—l) + &tUmCm(l—B) (Am+l B Am-l)
t

oot t Cont1
H = Cy- ﬁtUm(l—S)(
24x Am 24ax

SO At ¢ A by -

at 2hx fi%'4
m

)

t.t t ot t t
_ At(1-8) (AmEm * An-1Em-1y Cm - Cm-1y | garance .

A; 24% Ax

Figure 3-1 shows the matrix form of the set of m simultaneous

equations formed by this procedure.

(3-8)

(3-9)

(3-10)

{3-11)

{(3-12)
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Solution of the System of Equations

This tridiagonal matrix can be solved by Gauss elimination
for the unknown concentrations of the m cells. Imn the Gauss
method the "A" coefficlents in each equation except the first
are eliminated by using the previous equation. This leaves the

t+1

mth equation with one unknown, Cm » which can be solved

directly. The remaining unknowns are solved by back-substitution.

Stability Criteria and Boundary Conditions

Important considerations in formulating an effective cne-
dimensional finite-difference model are stability and appropriate
boundary conditions. Calculation errors in finite-difference
models are generated by the approximating techniques used in

formulating the model. If errors introduced by computer round-off,

inexact initial conditlons, or inexact boundary conditions grow without
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limit the model results become unstable and inaccurate. Boundary
conditions may also introduce significant errors into the
calculations, and can distort the entire concentration profile if

incorrectly formulated (22).

Stability Criteria

During numerical calculations random errors are introduced
in several ways. If the magnitude of these errors decreases with
successive time steps, calculation stability results. Since
the physical and chemical components of the model are determined
by the prototype system only time and distance increments may be
adjusted to achieve stabiliry.

Several equations have been used as a basis for establishing
time and distance increments that will achieve calculation
stability. The most commonly found equation for an explicit

modeling technique is:
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E
14 iy

TEETZ- < (3-13)

Where: E = the dispersion coefficient;
| 4t = the time increment; and
Ax = the distance increment.
The derivation of Equation 3-13 has been shown by Leendertse (36).
However, this result is based on a simple linear case and 1s not
necessarily applicable when systems of equations are involved.

Hann and Young (22) found that stability is assured when the
coefficients of the sclution matrix have values greater than zero.
Using this as a basis they developed the following stability criteria
for a cne-dimensional implicit formulation:

2EX
-

Ax «

(3-14)

2(Ax)? -
At < TEX ¥ (AZED ~ © "ttt ottt e e (3-1%)

Where: EX = dispersion ceefficlent;
VX = velocity; and
KD = decay rate.
Equation 3-15 reduces to

AtEX _
ax)2 RS T & 2. Y

when distance Increments of a mile or less are used since the term
(4x)2KD is much smaller than 2EX. Comparison of Equations 3-13 and

3-16 indicates that the stability requirements for an implicit
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method allow the time increment to be twice that of an explicit
method. This result is verified by the computational experience of
Hann and Young (22).

Table 3-1 shows values of Equation 3-16 as determined from the
studies of several researchers. These values are much less than
one, indicating that considerations other than stability were the

primary criteria for setting time and distance increments.

TABRLE 3-1

STABILITY CRITERIA

LLEX
Researcher | value of {Ax)?
Harleman et al. (24) 0.0014
Hann and Young (22) 0.025 - Q.25
Haag and Bedford (17) D.008 - 0.12
Bella and Dobbins (2) 0.083 - 0.333

Boundary Conditions

The central-difference finite-difference equations developed
in Chapter III require grid concentrations both upstream and down-
stream of the point being analyzed. Therefore, known boundary
conditions must be applied at both ends of the estuary.

At the head of the estuary the condition of no mass transfer
across the boundary may be required. This condition can be
satisfied by using a reflection peint at the upper boundary (See
Figure 3-2). In this situation the end of the estuary is at m = 2
and the reflection concentration at m = 1 is set equal to the first

downstream concentration at m = 3,
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At the open end of the estuary many different boundary
conditions may be used, depending on the pracess being modeled.
Cne methed 1s the constant value boundary. This method assumes
that the concentration beyond the last reach of the estuary has
a constant value during the study period. This situation is
approximated by constant salinity or dissolved oxygen levels at
the ocean end of the estuary. A second method employs a constant
slope extrapolation to determine the m+l concentration at the end
cf the estuary. The assumption here is that a straight line can
be extended from the last two concentrations nearest the boundary.

Figure 3-2 illustrates these different boundary treatments.

Aspects of the Computer Model

This section describes the supporting programs and calcula-

tions used in the computer model.
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Veloclty Calculations

An important par
model is the velocity
flows and tidal flows
for predictive studie
sinusoidal tidal velo
a significant simplif
eliminating the need

The form chosen
damped cooscillating
for tidal elevations

Harleman (31). They

WX
n=a.e cos{gt - k

a k

[+] e} -ux

YT TR BT AT

.4
- eU sin{ot + kx

Where: n = instant

t of the one-dimensional estuarine dispersica
term., This term incliudes both fresh water

. Since these models were to be used primarily

s, constant advective velocities and a

city were used. These approximations represent

ication of the actual estuarine system, thus

for extensive tidal data.

for the tidal computations was that of a

tide in a rectangular channel. The equations

and velocities have been given by Ippen and

are:

x) + & cos(or + k) ... 0. 0. (3-17)

cos(ot - kx + x)
+a) .o s s s e h e e e e e e ey {318

aneous water level;

230 = maximum tidal amplitude at x = o3
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w = damping coefficient;
g = wave frequency;
k = wave number;

u = instantaneous velocity;

h = depth of flow;

C0 = wave preopagation velocity;
ko = wave number; and

o = wave phase angle.

These equations can be applied to real estuaries in finite-
difference form. Each segment of the channel is treated separately
by adding the flow cbrained at the m—lEt segment to the mth segment.

This can be shown by:

QN = QNp_; + W*D*(Equation 3-18) . . . . . . . . . . .. . (3-19)

Where: QN the flow at segment m;
QN _y = the flow at segment m-1;

W

the channel width; and

D

the channel depth,

However, this approximation to the tidal flow introduces a
cumulative error. Table 3-2 shows the magnitude of this error for
a 100-mile rectangular chamnel with 0.25 mile segment lengths. The
error is less than five percent for estuaries which are less than

30 miles in lemgth.



TAELE 3-2

COMPARISON OF MODEL AND THEQRETICAL

VELOCITIES FoOR 4 DAMPED 7O0SCILLATING TIDE

Distance From Theoretical Model Percent
CLOSED END Velocity Velocity Error
(miles) (ft/sec) (ft/sec) %)
Q 0.000 0.000 0.0
5 0.046 0.044 4.9
10 0.093 0.090 2.3
15 0.13% 0.137 1.3
20 0.184 0.183 0.5
25 0.229 0.229 0.1
30 0.274 0.276 0.8 -
35 0.318 0.322 1.5
40 0.360 0. 369 2.3
45 0.402 0.415 3,2 .
50 0.443 0.461 4.1
55 0.482 0.508 5.2
60 0.521 D.554 h.4
65 0.557 0.600 7.8
70 0.592 0.647 9.2
75 0.626 0.693 10,8
80 0.657 0.740 12.6
85 0.686 0.786 14.5
90 0.714 0.832 16.6
95 0.736 0.879 19.0
0.761 0.925 21.5 *

100
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Dispersion Coefficients

Dispersion coefficients may be entered into the math model
either through the input list or by a suitable mathematical
formulation (i.e, Equation 2-14). In this work the dispersion
coefficients are considered to be constant with time. However, they
are corrected for pseudo-dispersion at each time step in the

following manner:

ELN, = EL, - UNGMUN *DELT/2.0 . . . . . o o . o v o oL, (3-20)
Where: ELN = the dispersion coefficient at segment m;
EL = the constant dispersion coefficient

entered into the math model; and

UNm*UNm*DELTKZ.O

the model representation of Equation 2-16

for pseudo-dispersion.

Balance Term

Balance as used in Equation 3-3 includes all of the factors
necessary to compute the mass balance of a substance except
advection and dispersion. Thus, the balance term must account for
mass changes due to inflow or outflows, decay, transfer across the
upper and lower boundaries, and external sources or sinks. In the
model, each of these factors that enter into the mass balance are
calculated individually and combined into terms such as BODBAL {mass

balance on BOD) and OABAL (mass balance an oxygen).
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CHAPTER 1V
MODEL APPLICATION TO THE CORPUS CHRISTI

HARBOR CHANNEL

The first application of the mathematical model was to determine
the distribution of organic waste discharges in the Corpus Christi

Harbor Channel.

Desaription of the Physical and Chemical System

The Corpus Christi Harber Channel is a dredged canal serving
the shipping needs of the Corpus Christi industrial and commercial
area, The channel is closed at its upper end and no continuous fresh
water flows, other than waste discharges, enter the system during dry
perieds. The chamnel is short, relatively straight, and uniform
thus simplifying the modeling process.

Figure 4-1 presents a map of the Corpus Christi Harbor Channel
showing mile designations and segment numbers assigned for the model
inputs. Mile designations start with "0'" at the bay end of the
channel while segment numbers are assigned starting with "1" at the
closed end of the channel. The Harbor channel is about 8.75 miles
long and varies in dredged width from 200 feet at the upper end to
1000 feet at the lower end. The dredged depth is fairly uniform

over the length of the chamnel averaging about 38 feet.
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Waste loads are discharged intoc the Harbor Channel from several
industrial and demestic sources as shown in Figure 4-1. Table 4-1
shows the average and max{imum BOD, (ultimate biochemical oxygen
demand) waste loads discharged ianto the chamnel. This table is based
on self-reporting data for the period February 1972 through January
1573, as compiled by the Texas Water Quality Beard. The BODg (5-day
biochemical oxygen demand) values from the self-reporting data were
converted to BOD, by assuming a first order decay rate of 0.23
per day.

The Environmental Engineering Division of Texas ASM University
has monitored the water quality in the Corpus Christi Harbor Channel
under a Texas Water Quality Board Interagency Contract. Table 4-2
summarizes the BOD, concentrations found in the channel during recent
sampling runs. The 1972 data has been reported by Hann et al. {(21)
and the 1973 data has been published as a continuation of this study.

The data presented in Table 4-2 indicates that there is
congsiderable variability Iin the BOD, concentrations found in the
Corpus Christi Harbor Channel. The May data indicates that BOD
concentrations are well mixed with channel depth. However, April and
March data show stratification; higher BOD values occurring near
the top in April but near the bottom in March. Since the mathe-
matical model used in this study assumes well-mixed conditions exist,
only the May 1973 data was used for comparing field results to

model results.



TABLE 4-1

1972 WASTE LOADINGS* FOR THE CORPUS

CHRISTI HARBOR CHANNEL

Segment Average Loading
(lbs/day)
9 4100
14 10650
18 40
20 290
25 470
28 220
30 150
32 2970

Maximum Leoading
(1bs/day)

9720
25379
230
570
250
630
220

5670

*All loadings based on the BOD, concentration of the

effluent discharges.

47



48

‘mdd Uy syTns21 T1Vx

"6 6°0 [ 8t g
9°9 £z £y c'g i
9°g ¢'T 97 L %9 0°'9 9
£ L 0°'1 <
8% 91 AR "t U
LT £y S
0°g L0 4 0% 1°¢ T°€ Z
£y 5°0 !
7€ 6°0 6°¢€ [ 0
1 TaJods Tols] dop, meliog doj, wuolloq dog
ZL6T Yoiel ZL6T TTady €{6T ABY 2B1TH

TANNVHD OG¥VH ILSIUHD
SNAY0D FHI NI SISXATYNY »qod

Z-% I19VL



49

Modeling Considerations

The Corpus Christi Harbor Channel was divided into 36 quarter-
mile segments for this study. For each segment the average surface
width, cross-sectional area and volume were estimated using Coastal
and Geodetic Survey Map Number 524 (June, 1973 revision).

Table 4-3 shows medeling conditions used in this study.

TABLE 4-3

MODEL CONDITIONS

Parameter Range of Values
Time increment 1400 seconds
Distance increments 0.25 miles
Stability criteria 0.013 - 0.032
Pseudo-dispersion 0.0 - 7.5 ft?/sec
caefficient

Table 4-4 shows the input data to the math model of the
Corpus Christi Harbor Channel. Dispersion coefficients were
estimated by the modified Taylor equation for this constant density
tidal region. Inflows and waste concentrations were determined
from the self-reporting data. At segment 29 a power plant pumps
cooling water out of the channel into Nueces Bay. This is modeled

simply as a negative inflow to segment 29.
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The boundary conditions used in this model were: no mass
transfer at the closed end, and a constant BODu concentration

of 2.2 ppm (parts per million) at the ccean end.
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Model Results

Velocities

Table 4-5 shows the maximum ebb and flocod velocities along
the Corpus Christi Harbor Channel for tidal ranges of one, two
and three feet. The velocities are small because the channel is
short, deep and has very little fresh water inflow. The power
plant intake at segment 29 provides the wost significant factor

affecting flow rates in the Harbor Channel.

Time Response

An important application of dynamic math models is to determine
how conditions change with time. In estuary studies two time
scales become important. When magnitude of the time scale exceeds
that of the tidal cycle, the model describes éhanges due to non-
tidal effects. Using this time scale concentrations will approach
steady values with time. When the magnitude of the time scale is
a fraction of the tidal cycle, tidal effects are considered. In
this case, velocities and concentrations are always unsteady
quantities.

Figure 4-2 shows the response of the Corpus Christi Harbor
Channel to waste inputs using a time scale of cne tidal cycle.
The following model conditions were used:

l. No initial waste concentrations

2. Average 1972 waste inputs.
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3. Dispersien coefficients predicted by Equaticn 3-3.

4. One-foot diurnal tide.

5. Temperature = 18.0 °C.

6. Decay rate = 0.23 per day.

An interesting aspect of Figure 4-2 is the shape of the response
curves. At segments % and 14 concentrations are dominated by waste
inputs and the curves approximate a first order response. However,
at segments 15 and 32 dispersion is the dominant factor and an
S-shaped response curve develops. Another aspect of Figure 4-2 is
the time required for steady-state conditions to develop. Approxi-
mately 10 days are required for concentrations to reach 95 percent of
thelr steady-state values. This Illustrates that considerable error
can be expected when using constant conditions to model estuaries
which may only rarely appreoach steady conditions.

Figure 4-3 shows the tidal variation of BOD, concentrations at
segments 13, 14, and 15. Segment 14 is the discharge point of the
maximum waste load entering the Harbor Channel, while segments 13
and 15 receive waste loads only by the dispersion process. This
figure illustrates the effect of flow direction and velocity en

waste concentrations.

BOD Distribution

Figures 34-4 and 4~5 show low slack BOD , concentrations along the
Corpus Christi Harbor Channel as compared with field results obtained

in May 1973, Model results are based on dispersion coefficients
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predicted by the modified Taylor equation. Figure 4-5 results

are based on dispersion coefficients ten times larger than predicted
by Equation 3-3. The shape of the BODu curves shown in Figure 4-5
compares well with field results but the magnitude of the model
concentrations is about two ppm less than found in the channel.
Although several reasons for this discrepency may be cited, one
possibility is that algae in the channel water exert this additional

demand. The math model did not consider this source of BOD,.

Summary

Velocities in the Corpus Christi Harbor Channel are small. A
net inflow te the channel created by the cooling water pump station
at mile 1.5 is the dominant factor affecting dry weather flow,

Model results indicate that steady-state cqnditions are reached
within about 10 days following significant changes in channel
conditions. Tidal varlations of BOD concentrations are generally
less than one ppm thus tidal influence 1is not significant in the
channel.

The best comparison of model and field results was obtained
using maximum 1972 waste loads and dispersion coefficients ranging
from 160 ftZ/sec at the closed end to 400 ft?/sec at the ocean end

of the channel.
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CIIAPTER V
EVALUATING A SURFACE AERATION

SYSTLM FOR VINCLE BAYQU

Introduction

The Houston Ship Channel has low dissolved oxygen levels much
of the year due to high organic loads from municipal and industrial
wastes. For this reason the Environmental Engineering Division of
Texas A&M University has given consideration to using side stream
aeration in Vince Bayou as a method of adding dissolved oxygen to
the Houston Ship Channel. Inchannel aeration has been used
effectively in similar situations. Appendix IT discusses some of
these applications of inchannel aeratiom.

Vince Bayou is a small tidal stream that enters the Houston
Ship Channel about & miles downstream of the Turning Basin. The
fresh water infloew to Vince Bayou from watershed drainage is
normally less than 20 cfs (cubic feet per second). However, flow in
the last 500 feet before the bayou enters the Houston Ship Channel
may be as high as 700 cfs due to the cooling water discharge
from a power plant operated by Houston Lighting and Power. This
power generating station takes cooling water from the Houston Ship
Channel about 0.25 miles upstream of Vince Bayou and discharges this

water at a higher temperature back inteo the Houston Ship Channel via
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Vince Bayou. Flow can be varied from 300 to 700 cfs depending on
the cooling warter requirements of the power plant.

Figure 5-1 shows the location of Vince Bayou and the Houston
Lighting and Power generating station on the Houston Ship Channel.
This location is near mile station 20 in the Ship Channel. Appendix
II1 describes the physical characteristics of the Houston Ship
Channel and the organic loading imposed on the Channel. Vince Bayou
at this location ranges from 50 to 15¢ feet in width and from &4 to
18 feet deep. The bottom prefile is very irregular.

The unique conditions at Vince Bayou offer several advantages
for using this site to artificlally add oxygen to the badly
polluted Houston Ship Channel. Some of these advantages are:

1. High flow rate maintained at a constant level.

2. Minimal tidal influence.

3. No interference with navigation since the aerators would

not be located on the Ship Channel,

4. Convenient supply of electrical power.

The purpose of this phase of the medeling work was to predict
the oxygenation capacity of a hypothetical surface aeration system

operating on Vince Bayou.
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Model Considerations

Vince Bayou was divided into five 120-feet segments downstream
of the cooling water outfall for this modeling work (See Figure
5-1). Only dissolved oxygen concentrations were modeled and
atmospheric reaeration was not considered in the oxygen mass balance.
Constant oxygen concentrations at both the upper and lower
boundaries were used for boundary conditions., Table 5-1 shows other

conditions used in the modeling work,

TABLE 5-1

MODEL CONDITIONS FOR VINCE BAYOU

Parameter Range of Values

Time increment 124 seconds
Distance increment 120 feet
Dispersion Coefficients 150 - 230 ft?/sec
Pseudo-dispersion

coefficient 6 - 62 ft?/sec
Stabllity Criteria 1,29 - 1.98
Theoretical aerator

efficiency 3.0 1bs/hp hr

Although the theoretical upper limit for stability (1.0) was
exceeded in this study, no evidence of calculation instability was

cbserved in the model results.
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Model Results

The variables considered in this study of surface aeratiom in
Vince Bayou were:

1. flow rate,

2. dissolved oxygen levels in the Houston Ship Channel,

3. temperature, and

4. installed horsepower.

Including such effects as dispersion, boundary conditions, and

tidal influence, the analysis of surface aeration becomes a complex
process. Figures 5-2 through 5-6 result from the application of the
mathematical model to this complex physical system.

Table 5-2 shows tlie computer printout for a particular set of
conditions on Vince Bayou. The model outputs cross-sectional areas,
widths, tidal stage, installed horsepower, actual oxygen transfer
rate, pounds of oxygen added per hour and cxygen concentrations in
each segment. It also shows the number of time steps that have
elapsed since the run was started.

Figure 5-2 shows dissolved oxygen concentrations in Vince
Bayou downstream from the Houston Lighting and Power discharge point.
The curves 2.3 and 0.0 ppm refer to the dissolved oxygen level in the
Houston Ship Channel. Aerators were located at distances of 1290, 240
and 360 feet downstream of the cooling water outfall, corresponding to

segments 2, 3, and 4 as shows in Figure 5-1. Figure 5-2 illustrates
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FIGURE 53-2. DISSOCLVED OXYGEN CONCENTRATIONS IN
VINCE BAYOU
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that dilution and dispersion into the Houston Ship Channel quickly
reduces dissclved oxygen concentrations after the flow has passed
the aerator sites., This dispersion effect greatly increases the
oxygen transfer rate of the aerators by keeping the dissolved oxygen
deficit high. However, the shape of the curves in Figure 5-2 {is
dependent on the boundary conditions used in the model. 1In this
case the boundary Influence is significant and the accuracy of the
results depends on the validity of assuming a constant DO level in
the Houston Ship Channel,

In contrast to the dispersion effect, flow rate has little
influence on the aerator transfer rate as shown by Figure 3-3. In
the range of flows shown, 300-%00 cfs, the effect of flow rate is
dominated by the dispersion effect. Figure 5-3 indicates that normal
changes in the cooling water discharge rate from the power plant
would not significantly affect the efficlency of a surface aerator
system in Vince Bayou.

The most dominant factor affecting oxygen transfer rate in
Vince Bayou, as determined by model results, is the dissolved oxygen
concentration of the cooling water discharge. Figure 5-4 shows the
effect of DO levels on the aerator transfer rate, Based on a surface
aeration system consisting of six 73 hp surface aerators operating
with an theoretical efficiency of 3.0 lbs/hp+hr, the actual oxygen
transfer rate would be about 18 1lbs/hp+hr with zero DO in the
cooling water and about 0.7 lbs/hp-hr with 5 ppm DO in the cooling

water. Figure 5-4 indicates that while the aeration system could
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FIGURE 5-3. EFFECT OF FLOW RATE ON AERATOR TRANSFER
RATE IN VINCE BAYOU
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be expected to add about 900 lbs/hr (pounds per hour) oxygen to
the Houston Ship Channel under optimum conditions, when the DO
level in the channel is 3.0 ppm only about 600 lbs/hr oxygen would
be added and at 5.0 ppm only 300 lbs/hr.

The effect of temperature on aerator transfer rate is shown in
Flgure 5-5. As with the flow rate, the effects of temperature on
oxygen transfer efficiency do not appear to be significant.

Figure 5=6 can be used to estimate the optimum aerator horse-
power for an aeration system on Vince Bayou. It shows the changes
in the overall aerator transfer rate which might result if the
number of 75 hp aerators installed was varied from two to nine.
The sharp slope of the curve between 300 hp (horsepower) and 450
hp indicates that the optimum installed horsepower may be about
300 hp. Therefore, for Vince Bayou, an aeration system consisting
of four 75 hp aerators may produce the most efficient use of

aerator horsepower.
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Conclusions

The actual aerator transfer rate of a surface aeration system
operating on Vince Bayou may range from one to two lbs/hp-hr
depending on conditions at the aerator site. Model results indicate
that the most significant factors that would effect the transfer
rate are dissolved oxygen concentration in the Houston Ship Channel
and the installed horsepower at the aeration site, Flow rate and
temperature would apparently have little effect on the exygen
transfer rate. Based on model results, the coptimum surface
aeration system for Vince Bayou would consiat of four 75 hp aerators -
operating only when dissgolved oxygen levels are leas than about
three ppm in the Houston Ship Channel.

The mathematical model used in this theoretical study could
be employed effectively in conjunction with an actual aeration
system in Vince Bayou. Fleld data could be used to determine
dispersion effects and boundary conditions while model results could
be used to verify oxygen transfer rates determined in field studies. -

Improvements to this modeling effort could be made in several
ways. Flrst, the equations used to model aerator performance could
be verified by applying the model to actual inchannel serarion data
such as that given by YU (57). Second, smaller time and distance
sed. And third, an analysis of the effects of

increments could be W

boundary conditions on the model results could be made.
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CHAPTER VI
SUPPLEMENTAL AERATION OF THE

HOUSTON SHIF CHANNEL
Introduction

The Houston Ship Channel 1s econiomically important because it
carries commercial shipping to the Port of Houston. Tt is also
ecologically important as the primary reciplent of liquid waste
discharges in the Houston area. Partilally treated waste streams from
industries and sewage treatment plants, as well as storm runoff, are
the principal sources of peollution. As a result of these pcllutants,
the ship channel generally has low dissolved oxygen levels and high
concentrations of nutrients and toxic compounds {16){45). Unless
degraded in route, wastes discharged into the Houston Ship Channel
eventually reach Galveston Bay which ig a primary commercial fishery,
recreational area, and nursery ground for aquatic life (8).

Because of its importanceto the ecology of Galveston Bay, the
Rouston Ship Channel has been the subject of much environmental
concern in recent years. Studies have shown that the ship channel’s
natural reaeration capacity is not adequate to assimilate the
cumulative oxygen demand of storm water runoff, bottom deposits,

and untreated waste streams (16 ),
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Although higher levels of waste treatment will significantly
reduce the oxygen demand on the Houston Ship Channel, it has been
projected that the nitrogenous, benthal, and storm runcff demands
will continue to exceed the natural assimiltative capacity (16). For
this reason, supplemental aeration has been glven serious consid-
eration as a means to achieve and maintain required dissolved oxygen
levels in the Houston Ship Channel.

The Gulf Coast Waste Disposal Authority and Texas A&M Research
Foundation (16) have proposed that a supplemental aeration system
be constructed and operated on the Houston Ship Channel, Two
objectives of the proposed aeration system are "to demonstrate the
feasibility and effectiveness of inchannel aeration as a means of
providing failsafe quality management for the Houston Ship Channel"
and "to develop the sclentific and engineering technology needed to
implement inchannel aeration for the Houston Ship Channel."

The Environmental Engineering Division of Texas A&M University
has the primary responsibility for the technical evaluation and
research phase of the proposed aeration system. Preliminary
investigations by the Environmental Division concerning this project
have been directed toward the following goals (16):

1. Determining dispersion and mixing characteristics in the

Houston Ship Channel.
2. Determining flow patterns in the ship channel due to tidal

effects and stratification.
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3. Recording ship traffic and its effect on mixing.

4. Measuring chemical and physical parameters such as dissolved

oxygen, salinity, and temperature.

Several studies have shown that imchannel aeration can be a
practical and economical pethod of replenishing the oxygen of
polluted streams (See Appendix II). In this case, supplemental
aeratioen would provide a quality reserve in the Houston Ship Channel
to overcome treatment plant upsets, spills, residual demand of
treated waste streams, sediment demand, and storm runoff demand.

The goal of this final phase of the model application was teo
provide information concerning the design of an aeration system for
the Houston Ship Channel. The modeling work was based on low-flow,
summey conditions for two reasons. First, well-mixed conditions
in the Houston Ship Channel ocecur during low floﬁ, therefore the
one-dimensional aPproxination becomes valid. Second, summer tempera-—
tures and low flows produce the lowest dissolved oxygen levels in
the channel. An aeration system designed for these extreme

conditions should be adequate on a year-round basis.
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Medel Iaputs

One of the most important aspects of estuarine medeling is an
adequate description of the prototype system. For a large, complex
estuary such as the Houston Ship Channel extensive data 1s needed
to fit the math model to the prototype. The information used in
this modeling effort has been taken from several sources and
describes as nearly as possible conditions existing in the Houston
Ship Channel during summer low flows.

For modeling purposes, the ship channel was divided into 60
quarter-mile segments numbering from the Turning Basin to the San
Jacinto State Park. Average widths, depths, surface areas, cross-
sectional areas, and volumes were determined for each segment using
Coastal and Geodetic Survey Map Number 590 (November, 1970,
revision).

Figure 6-1 shows the temperature, salinity, and benthal decay
rate values used in the model. The temperature data was taken from

a Housten Ship Channel Data Summary by Hann et al. (19)., The

salinity data was reported by Hann (20) and the benthic oxygen
demands were reported by Reynolds et al. (46),

Longitudinal dispersion coefficients for the low-flow conditions
used in the model were assumed to vary from 500 ft?/sec at mile 24
to 1000 ft?/sec at mile 10. These values are less than those

estimated from the salinity profile shown in Figure 6-1.
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Stream discharges and corresponding BODu and DO concentrations
were estimated from United States Geological Survey (USGS) data.
Flows were based on the median July discharge during the period
1699 to 1970 as determined from USGS gauging station data. Table 6-1
shows stream flow information for tributaries to the upper 15 miles
of the Houston Ship Channel. Table 6-2 shows the BODu loading in
lbs/day (pounds per day) for the upper 15 miles of the ship channel
from all sources. This table Is based on self-reporting municipal
and Industrial effluent data for the period December 1971 through

March 1972.

Aspects of the Houston Ship Channel Model

The Houston Ship Chamnnel Model considers mass balances omn
both disscolved oxygen and BODu. The oxygen balance term (OXBAL)

in the math model for segment XK 1s as follows:

OXBAL(K) = ROXA(K) + AAER(K) + REARN(X)

- DECAY(K) - BENTH(X) . . . . . . . . . . (6-1)



TABLE 6&-1

STREAM FLOW DATA

Bayou Flow BOD,, Do
{CFs) (PPM) (PPM)
Buffalo 140 10.1 3.5
White Oak 20 16.1 7.0
Brays 40 7.0 8.0
Sims 25 14.7 5.5
Vince 10 12.0 7.0
Hunting 5 24.5 6.5
Halls B 17.7 7.0
Greens 5 9.4 8.0
Carpenters 20 11.6 7.0
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TABLE 6-2

HOUSTON SHIP CHANNEL BOD, LOADINGS

Segment

14
17
18
19
20
23
26
29
32
i3
36
7
38
44
50
53
55
59

Flow
(CFS)

250
44

114
12

55
10

10
34
21
16
10

10
175

20

BOD,, Loading
(1bs/day)

48,930
1,780
700
23,520
6,230
810
13,300
650
4,220
1.130
120
2,520
3,260
2,780
1,120
770
930
6,040
4,500
_.1.250
124,560
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where: ROXA(K) oxygen added te the segment by inflow;

It

AAFR(K) = artificial source of oxygen;
REARN(K) = atmospheric reaeration:

DECAY {K)

oxygen lost by the decay of dissolved organic
matter (BODU); and

BENTH(K} = oxygen lost by sediment oxygen uptake.
Equation 6-1 units are in ppm/sec (parts per million per second).

Atmospheric reaeration is modeled in the following form:

AR(K) = (0.06 + 3.3*UN(K)f(DEPTHN(K)**1.33))*CF. e e e e e e (B-2)
REARN(K) = AR(K)*(CSAT(K) - CONC) . . . . v v v v « v « v . (6-3)
where: AR(K) = the atmospheric reaeration coefficient in

units of 1/sec (liter per second) at segment K;
UN{K) = the velocity in ft/sec;

DEPTHN(K) = the depth of segment K;



CF = a correction factor for temperature and

salinity;
REARN(K} = atmospheric reaeration for segment K in ppm/sec;
CSAT(K} = saturation oxygen concentration for segment K;

and
CONC = actual oxygen concentratlion in segment K.

The benthal oxygen uptake rate is calculated as:

BENTH(K) = BRC(KI*MW(K)#*DELX . . . « « & « « 4 « + » o « « « [(6-4)

where: BENTH(K) the benthal oxygen uptake rate at segment K

in ppm/sec;
BRC(K) = the benthal demand in ppm/ftZ-sec (parts per
million per feet squared per second);
W(K) = the segment width; and

DELX = the segment length.
The mass balance on BOD, (BODBAL) is the same as used In the Corpus

Christi Harbor Chasnnel study.
BODBAL(K) = RBODA{A) ~ DECAY(K) . . . « + + & v v + o « » . {(8-5)

where: RBODA(K) = BOD, added to the segment by infleow; and
DECAY(K) = BOD, lost by decay.

Loss of BOD, by sedimentation was not considered in the Houston

Ship Channel model although it could be Included as an additional

term in the BOD, mass balance.
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Specific model conditions are shown in Table 6-3. Although
the stability criteria exceed 1.0 for some of the model segments
- no evidence of instability was observed in the actual modeling

work.

TABLE 6-3

MODEL CONDITIONS FOR THE HOUSTON SHIP CHANNEL

Parameter Value
Time increment 2800 seconds
Distance increment 0.25 miles
Stability e¢riteria 0.80 - 1.60
Pseudo-dispersion 0 - 112 ft?/sec
Dispersion coefficients S00 - 1000 ft4/sec

The following boundary conditions were employed in the math
- model.

1. No mass transfer of either BOD,, or DO across the upper
boundary of the model region (Turning Basin),

2, Constant slope extrapolation of BOD,, concentrations below
mile 10.

3. Constant DO concentration of 2.0 ppm at mile 9.5 (San
Jacinto River influence).

- All model results shown are based on a two-foot diurnal tide.
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Results

The results presented in this section are based on a numerical
analysis of inchannel aeratfon in the Houston Ship Channel. Aeration
sites were modeled as 600 horsepower of surface aeration with a
theoretical efficiency at standard conditions of 3.0 lbs/hp+hr.
Oxygen added by surface aeration was assumed to be mixed uniformly
within the quarter-mile channel segments.

The effects of a surface aeration site at river mile 20 on
dissolved oxygen and bilochemical oxygen demand levels in the Houston
Ship Channel are shown in Figure 6-2. One set of curves shows
concentrations that may exist during low-flow summer conditions
without artificial aeration., Under these conditions the channel
has no DO from mile 12 to mile 23 and BOD, concentrqtions range from
33 ppm at mile 20 to 11 ppm at mile 10. The other set of curves
shows concentrations that may exist with an aerator site at mile 20.
The primary effect of this aeration scheme would be to reduce BOD
concentrations along the channel and particularly at mile 20 where
peak concentrations cccur. An aeration site at mile 20 would not
significantly shift DO concentrations upstream of mile 10 and would
raise DO levels only slightly at mile 20.

Figure 6-3 illustrates the possible impact of full scale
aeration systems operating in the Ship Channel. In comparison with

no inchannel aeration, supplemental aeration sites at miles 13 and
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15 would shift the zero oxygen level from mile 10 to mile 16 while
BODu concentrations would be reduced at mile 10 from 11 ppm to & ppm.
The remaining set of curves shows the effect of an aeration system
consisting of four 600 hp aeration sites at miles 13, 15, 20, and

22, This system would substantially reduce BOD, levels throughout
the channel. There would be measurable dissolved oxygen from mile

10 to the Turning Basin even under low-flow summer conditions. The
two ppm DO level would be moved upstream as far as mile 15, creating
a quality reserve that would be adequate to handle demands created
by storm water runoff or treatment plant upsets. These model results
show that inchannel aeration would significantly improve water
quality in the Houston Ship Channel and minimize the effects of
uncontrolled waste discharges.

Figure 6-4 indicates the time period required for changes, such
as supplemental aeration, to be felt throughout the channel. Changes
in the BOD, and dissolved oxygen concentrations at mile 10 are
shown over & 30~day period after supplemental aeration at miles 13,
15, 20, and 22 has begun. For a change of this magnitude, Figure 6-4
indicates that about a month is required for equilibrium conditions
to become reestablished. This long response period implies that
steady-state conditions are probably never obtained in a physical
system as large as the Houston Ship Channel and that significant
errors may be introduced by applying a steady-state analysis to

actual channel conditions.
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Figure 6-5 1llustrates the effect of tidal movement on con-
centrations and velocities in the Houston Ship Channel, The tidal
response curve is for mile 10 with the theoretical aeration site at
mile 20. Figure 6~5 shows that the BOD, concentration at mile 10
reaches a maximum abeout five hours after the peak ebb {(downstream)
velocity while the DO concentration reaches a maximum about two hours
after the peak flood (upstream) velocity. This effect is caused by
tidal movement of better quality water below mile 10 past the obser-
vation point at mile 10.

One of the most important questions to be answered by this
study was: "What effect does tidal flow have on aerator performance
in the Heuston Ship Channel?". Figure 6-6 shows the tidal variation
of dissolved oxygen concentrations and aerator efficiency at mile 13.
These model results show that flow direction and velocity may have
very little effect on aerator efficiency. There is some justifi-
cation for these results because dispersion has a more dominant
effect on concentrations in the Houston Ship Channel during low-flow
conditions than do the tidal velocities. However, the one-dimensional
assumption and relatively large increments used in the model,
probably override actual facters affecting aerator efficiency and
bias the results. Thus, the inadequacies of the mathematical model

may be the major factor in the results shown by Figure 6-6.
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FIGURE 6-5, TIDAL RESPONSE AT MILE 10 WITH AN AERATOR

SITE AT MILE 20




Aerator Transfer Rate
(lbs/hphr)

DO Concentration
(ppm)

Velocity
{(ft/sec)

93

I I I l ] ! ! | ‘
2.1 ]
Aerator Efficiency
2.0 I
o 1)
1.9f— T
1.8 ]
Dissolved Oxygen
2.0L— T
1.9— i
1.8— N
0.4 7
Velocity

0o 2 4 6 8 10 12 14 16
16 16 16 16 16 16 16 16 16

Fraction of Tidal Cycle

FIGURE 6-6. TIDAL EFFECTS ON AERATOR TRANSFER RATE
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Summary

Model results indicate that artificial aeration could be an
effecrive method of supplementing the natural reaeration capacity
of the Houston Ship Channel. Based on low-flow summer conditions,
an aseration system consisting of four aerator sites with 600 horse~
power at each site would significantly improve DO levels in the
channel, Although this aeration system would not be completely
adequate during extreme conditions, it would reduce BOD,, values to
a level which would not degrade Galveston Bay waters.

The Houston Ship Channel was shown to respond slowly to signifi-
cant changes, such as artificial aeration, with steady-state
conditions being reached only after about 30 days. Therefore, the
full effect of an artificial aeration system would require over one
menth te be felt throughout the channel and a full appraisal could
not be made before this response peried.

Model resclts have alsc shown that tidal effects may have little
influence on the efficlency of a surface aeration system in the
ship channel.

This study represents an initial effort to determine quantita-
tively the benefits of supplemental aeration of the Houston Ship
Channel. It has significant limitatiens to its applicability due
primarily to the complex and dynamic nature of organic loadings and

flows in the ship channel,
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Several improvements in the technigues and data used in this
study cculd be made to improve the accuracy of the results. One
improvement would be to make a mere concise estimation of the
magnitude and source of bilodegradable organics entering the Houston
Ship Channel, This estimation should include storm runoff demand,
nitrogenous demands, and an update of organics contributed by waste
treatment plants. A second improvement would be to consider
changes in flow rates, tide heights, and temperatures over a longer
study pericd, Consideration of these changes would require
significantly more data but would be more representative of the

dynamic nature of the Houston Ship Channel.
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CHAPTER VII

SUMMARY AND CONCLUSIONS

The goals accomplished in this study were the development of a
one-dimensional dynamic mathematical model suitable for use in
estuaries and the application of this math model to estuarine
dispersion problems,

The mathematical model developed was based on the cne-dimen-
sional mass transport equation written in finite-difference terms.
An implicit, central-difference form of the finite-difference
equations was used since it offered greater stability and more
flexibility in setting time and distance Increments. This model was
applied to three dispersion problems using a wide range of model
conditions.

The dispersion problems considered were: (1) distribtion of
organic wastes in the Corpus Christi Harbor Channel, (2) design of
an aeration system for Vince Bayou, and (3) aerator performance in
the Houston Ship Chamnel, Based on model results, the following
conclusions may be made concerning these dispersion problems:

1. Corpus Christi Harbor Channel

a. Tidal velocities are small and the hydraulic
characteristics of the Harbor Channel are dominated
by power plant intake at mile 1.3,

b. Tidal variations in BOD, concentrations are generally
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less than one ppm.

The channel response time to majer changes is about
10 days,

The magnitude of the dispersion coefficients in the
Corpus Christi Harbor Channel is approximately

250 ft?/gec.

Aeration system for Vince Bayou

a.

The two most important factors affecting oxygen transfer
rates of the propesed surface aeration system are the
installed horsepower and DO levels in the Houston Ship
Channel.

Dispersion may also have a significant effect on the
oxygen transfer rate because DO concentrations will be
kept low by dispersion into Houston Ship Channel

waters.,

Aeration systems for the Houston Ship Channel

a.

Tidal effects may have little influence on proposed
surface aeration systems in the Houston Ship Channel.
Oxygen levels in the ship channel will be increased by
artificial aeration, but a more significant effect may
be the reduction of waste loads carried into Galveston
Bay.

The response time to a major change in Houston Ship

Channel conditions is about 30 days.
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The one-dimensional dynamic mathematical medel has been shown

to be an effective tool in analyzing these dispersion problems. The

model 1s also applicable to dynamlc estuarine situations that have

not been considered in this study, for instance:

1. Modeling estuarine response to large-scale changes such as
seasonal temperature and flow variations.
2. Modeling diurmal oxygen variations due to photosynthesis
and temperature changes.
However, one-dimensional models are limited to use in well-mixed
systems and adequate results can be expected only when the prototype

syatem correspeonds to the one-dimensional approximation.
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APPENDIX 1I

INCHANNEL AERATION

Upgrading the water quality of rivers and estuaries is a complex
problem facing engineers and scientists today. Probably the most
important factor in maintaining satisfactory water quality is the
degree of treatment of waste effluents from municipal and industrial
facilities. Secondary treatment of waste effluents is now required
and tertiary treatment has received consideration in several
situations. However, higher treatment standards produce much higher
treatment costs and alternate ways to upgrade water quality are
being sought.

Whipple (53) has reviewed some of the methods suggested for
upgrading water quality such as:

1, Storing and treating stormwater runoff,

2. Identifying and treating now-overlooked waste sources,

3. Low-flow augmentation,

4, Diverting peolluted waters around rivers, and

5. 1Instream aeration.
0f these methods Whipple says that "instream areation probably
holds the greatest promise as a supplementary method for upgrading
water quality’(53). In addition, instream aeration will probably
be less costly than tertiary treatment for improving the quality of

receiving waters.



106

Inchannel Aeraticon Studies

Several studies have involved the use of Inchannel aeration as
a means of increasing oxygen levels in polluted waters. A brief

summary of some of these studies follows.

Chicage River Study

In 1962 and 1963 an experimental aeration study was carried
out on the Chicago River by the Metropolitan Sanitary District of
Greater Chicage (44). The aeration system consisted of two 75
horsepower (hp} Yeoman surface aerators mounted on a catamaran.
Oxygen transfer rates were determined at geveral locations, with
dissclved oxygen levels recorded upstream and downstream of the
aerator gite. Flows were calculated from hourly velocity readings
taken at the Chicago Avenue bridge.

Kaplovsky et al. (34) summarized the results of these tests.
They found that the oxygen transfer rate at standard conditions
(20°C, zero DO, and clean water) ranged from 1.49 to 4,56 pounds
per horsepower per hour (lbs/hp+hr). However, the transfer rate was
found to increase dramatically with a change in flow rate from
2800 to 4400 cfs. No explanation was given for this dependence

of transfer rate of flow.




107

Jackson River Study

As part of the pellution abatement program for the Covington
Mill of West Virginia Pulp and Paper, a pilot mechanical aeration
study (4) was conducted in 1963 on the Jackson River. During low
flow and high temperature summer conditions, DO levels were not
sufficient to prevent nuisance conditions in the river. Two 15 hp
mechanical aerators were installed on the Jackson River about
1.8 miles below the Mill cutfall. The experimental study consisted
of taking velocity and DO readings over the cross-section of flow
above and below the aerator site. The results of this study showed
that the transfer efficiency at standard conditions ranged from
1.36 to 3.27 lbs/hp+hr., Also a correlation was seen ro exist
between transfer efficiency and stream discharge, with efficiency

increasing with increasing flow rate (4).

Ruhr River Study

Imhoff (29) has reported on artificial methods used to
influence the oxygen balance of the lower Ruhr River in West Germany.
Oxygen and BOD are critical in this river because the treated waste
water load of some three million population equivalents are dis-
charged into the river and part of the river flow is diverted to
recharge the ground water supply. An oxygen level of 3.5 mg/1l must
be maintained in this diverted stream to prevent quality problems

in the public water supply (29).
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Three aeration devices were installed and operated on the lower
Ruhr River: a compressed air system, a floating surface aerator,
and a power house turbine aerator. Each system was studied for its
reaeration capacity and total cost, The surface aerator system
consisted of two Simcar aeration cones driven by a 150 hp engine.
The oxygen transfer rate achieved by the surface aerators was about
1,5 1bs/hp hr at standard conditions. In terms of total costs the
surface aeration system was half as expensive as the compressed
air system but about 3.5 times as expensive as the turbine system.

Inhoff concluded from his study that it is more feasible to use
artificial aeration than to provide tertiary treatment or secondary

treatment beyond 85 percent removal (29).

Passalc River Study

The potential of iInatream aeration was recently Iinvestigated
by a group of engineers and scientists at Rutgers University (54).
Their work was deslgned to provide cost and effectiveness criteria
for instream aeration systems. Tests on the Passaic River in 1967
and 1968 combined the use of commercially-availlable equipment on a
small polluted river, with scientific investigation techniques and
modern systems analysis (54).

The aeration devices which were tested by Whipple et al. (54)
on the Upper Passaic River, consisted of a 75 hp electrically
driven surface aerator and a diffuser system. The aerator site was

excavated to eight feet and was about 100 feet wide. Oxygen
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tranafer rates determined for the surface aerator ranged from 1.2
te 3.1 1lbs/hp hr at standard conditions. Results obtained also
showed some correlation between flow rate and transfer efficiency.
Whipple et al, suggested that higher stream velocities breakup
recirculation tendencies of aerators thus increasing the amount of
oxygen transferred (54).

Hunter and Whipple (28) used modeling techniques and analog
simulation to describe the BOD-DO relationships in the Passaic River.
Thelr analysis included the effects of stream reoxygenation, photo-
synthesls, benthal oxygen demand, biochemical oxygen demand by both
carbonacecus and nitrogencus compounds, and hydrologic consid-
erations. Hunter and Whipple alsc considered optimal spacing of
aerators In the Passaic River but could not complete this aspect of
the study until a complete analysis of the biochemical oxygen

demand was made.

Delaware Estuary Study

An extensive study of an artificial aeration system in an
estuary was conducted by the New Jersey Department of Conservation
and Economic Development. The results of this study, supported by
an Environmental Protecticon Agency (EPA) grant, have been published
as a Water Pollution Control Research Serles (55) and by Whipple
and Yu (56).

Two years of aeration field tests (1969 and 1970} were conducted

at Camden, New Jersey on the Delaware River, where oxygen



110

deficiency presents a major problem over a 40-mile stretch of the
Delaware River during the summer months. Whipple and Yu found that
to maintain oxygen levels at the adopted standards of 3.5 mg/l by
improving waste treatment would cost millions of dollars, while the
same regults could be achieved by artificial aeration at one-third
this cost (56). Therefore, the economic incentive of using instream
aeration to provide part of the desired oxygen level was a primary
congsideration of this study (56).

The Delaware River at the test site is about one-half mile
wide, 40 feet deep, and has a normal tidal range of six feet. Two
aeartion devices, a diffuser aerator and a 75 hp surface aerator
were Inatalled at the test site. This equipment had previously been
used for the Passaic River study. Results of the oxygen transfer
satudy for the surface aerator showed a transfer rate of 3.06
lbe/hp-hr., Thie was higher than the 2.16 average rate obtained in
the Passaic River tests. Good agreement for the diffuser transfer
rate were found between the two test sites (56).

The Delaware Estuary study also included dispersion tests at
the aerator site. It was found that the aerators were very effective
devices for increasing river turbulence, Whipple and Yu concluded
that optimum aerator site spacing would require an analysis of

dispersion characteristics as well as BOD considerations.
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Aeration of the Thames

A practical application of artificial aeration has recently
begun on the Thames River Estuary in England. A 200 hp Simplex Cone
Aerator has been installed on the Thames River at the outfall at
Thames Board Mills, Ltd. to supply part of the oxygen demand required
by the company'’s effluent. 1In this case, treatment facilities were
impractical because of limited land and high pumping costs. The
aerator has shown an efficiency rating of 2.5 lbs/hp*hr and plans
have heen made to add a second 300 hp unit te fully compensate for

the mill's oxygen demand (1),

Limitations to the Use of Surface Aerators in Rivers and Estuaries

Artificial aeration has been shown tp be an economical and
effective method of raising dissolved oxygen levels in overloaded
rivers and estuaries (32)(33)(38)(55). However, there are several
drawbacks limiting the widespread use of artificial aeration, First,
artificial geration cannot replace effective waste treatment as the
most practical means of reducing waste loads. It can, however,
provide a quality reserve to meet the oxygen demands of storm runoff,
untreated sources, and organic materials not reduced by secondary
treatment. Second, aeration systems for large, polluted rivers
would require substantial construction and operating costs. Third,
surface aerators would limit the use of rivers and estuaries for
navigation, water sports, and dredging. Finally, aesthetic problems

such as noise, foaming, and odors would need to be resolved. These
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limitations, however may be a minor disadvantage in cases where

artificial aeration i1g the only practical means of maintaining

dissolved oxygen leveilg (38),

Aerator Performance

Performance of surface aerators in streams and estuaries
depends on such variables as aerator transfer efficiency, mixing
characteristics of the aerator, stream flow rate, dispersion in
the stream, and the oxygen absorption capacity of the stream.
Because of variables bthe oxygenation capacity of surface aerators

in streams is not well understood (49),
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Aerator Transfer Efficiency

The oxygen transfer efficiency of surface aerators is usually
expressed in pound per horsepower per hour (1bs/hpshr) at standard
conditions. Most commercially-avallable surface aerators are rated
between 3.5 and 4.5 lbs/hp+hr (5). However, practical applications
have ghown that the transfer efficiency may range frowm 1.0 to 4.5
Ibs/hp-hr (5)(34)(54)(56). The average transfer efficiency can be
taken as 3.0 lbs/bp.hr for most applications In streams and estuaries.

The basic equation used to calculate the actusl transfer rate

has hzen given by Eckenfelder (6) as:

Cou - ©
NN By (1l02a 20
8

where: N = oXygen transfer rate at operating conditions;

No = oxygen transfer rate at standard conditions;

t = lagoop temperature, °C;
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€. = saturation DO level at operating conditions;

C, = actual DO level;

C_ = saturation DO of clean water at 20°C; and

& = oxygen transfer ratio.
Susag et al. (49) have investigated the oxygenation capacity of
mechanical surface aeration units under flow-through conditions.
They have suggested two equations for determining the theoretical
oxygen transfer rate in flowing systems. The first, based on the

upstream DO is as follows:

16.77 Qfcd - cu) Cs
ND - (t"'zo)u L S T (11"2)

PE[CW(EE-_'EE) - cu][1.018]

Where: P = the power drawn in kilowatts;
E = the mechanical efficiency of the éerator;
G w the flow rate 1n cubic feet per second;
p = barometric pressure in inches of HS;
Cy = upstream DO concentrations;
Cd = downstream DO concentratlons;
c = saturation DO of clean water at 20°(C;
C_.. = saturation DO level at operating conditions;
t = water temperature; and
% = oxygen transfer ratio.

The second, based on the arithmetic average of the upstream and

downetream DO concentrations is given by:
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16.77 Q[cd - ¢cu) cs

(1I-3)

o (t-20)
PE(Cq, (P57 - (22E)111.018) a

Aerator Mixing Characteristics

McKeown and Buckley (37) have made an extensive study of the
mixing characteristies of surface aerators in basins. One aspect
of their work considered the zone of outward influence exerted by

surface aerators. Table II-1 summarizes their results.

TABLE II-1

AERATOR ZONE OF INFLUENCE

Name Flate Cutward Zone of
Horsepower Influence (ft)
10 90
25 &0
40 - 60 75 - 125
75 100 - 125
100G 150 - 200

Table -1 may be used to estimate aerator spacing within particular
aerator site in a river or estuary. The work of McKeown and Buckley
(37) also showed that the circulation pattern for surface aemators
i1s generally outward bound in the top three feet of the water level

and inward bound below three feet.
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Oxygen Abscrption Capacity

The oxygen absorptiomn capacity of an estuary depends on two
factors. One of these factors is the dissolved oxygen deficit, The
DO deficit is defined as the saturation walue of the water at

existing conditions (csw) less the actual DO level (CL).
Deffeit = C_ - Cp v v v v v o v v e (TI-8)

The saturared DO concentrations depends on the temperature, salinity,
and partial pressure of oxygen contacting the liquid. The second
factor effecting absorption capacity 1s the relative transfer rate
of the aerated liquid. Waste waters have been found to have lower
rates of oxygen transfer than clean water. This can be accounted
for by including the factor u in the transfer equations. Alpha (a)
can be defined as:

Ky, (waste)
o = EZZTGZEE;S T 8 )
Where: KLA = the oxygen transfer rate,
KLA is a function of the liquid film coefficient and the interfacial
surface area generated per unit volume of liquid. Thus o depends
not only on the waste concentration but on the turbulence generated

by the aerator (7).




117

APPENDIX TII

CHARACTERISTICS OF THE HOUSTON SHIP CHANNEL

The Houston Ship Channel is a dredged channel extending from
the Gulf of Mexico to the Turning Basin in downtown Houstom.,
Houston is one of the largest and fastest growing areas along the
Texas Coast in terms of both industrial expansion and population
growth. The Houston Ship Channel serves not only as the main artery
to the Port of Houston but also as the primary receplent of waste
effluents from the Houstou area. These two uses have superceded
the recreational, esthetic, and ecological functions of the ship
channel, and made this waterway one of the most heavily polluted

on the Gulf Coast (45).

Physical Characteristics

Extending from the Gulf of Mexico to Houstom, the Houston Ship
Channel 1s about 50 miles long with an average depth of 40 feet and
minimum dredged width of 300 feet. From the Gulf te the San Jacinto
River, a distance of about 35 miles, the ship channel crosses the
relatively open waters of Galveston and smaller bays. However, in
the 15 miles from the San Jacinte River to the Turning Basin, the
ship channel is an inland waterway, depending on tidal action and

fresh water flow to move pollutants into the bays (Figure B-1).
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The Houston Ship Channel has been classified as a "partially
stratified” estuary by Hann and Young (22). During periods of low
flow the channel may be well mixed vertically by tidal forces,
but during periods of heavy rainfall salinity stratification may
develop. This variability in the salinity structure creates
conditions that cannot be adequately modeled by a one-dimensional
approximation. Therefore, the one-dimensional math model used in
this study is limited to low-flow conditions when stratification

is minimal,

Organic Leoading and Dissolved Oxygen Levels

The Houston Ship Channel receives waste loads primarily from
municipal and industrial waste discharges. Figure III-2 shows the
history of BOD waste loadings on the ship channel (19). The
present decline is an Indication of increased efforts to adequately
treat waste discharges. Although the waste loadings are expected
to decrease even further in coming years, there is a practical
limit to the reduction that can be achieved through waste treatment.
In additien to municipal and industrial waste discharges, storm
runoff from urban areas contributes a significant oxygen demand to
the Houston Ship Channel. A third source of oxygen demand arises
from the decay of bottom sediments. This benthal decay rate alone
may exceed the natural reoxygenation capacity of the ship channel

during summer months.
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As a result of these oxygen demanding wastes, oxygen levels
in the upper 15 miles of the Houston Ship Channel are generally
very low. During the summer mounths, ne DO is found from mile 10
to mile 24 and rarely do dissolved oxygen levels reach two ppm even
with ideal conditions. Figure III-3 shows dissolved oxygen levels

in the Houston Ship Channel during the suamer of 1970 (19).




121

0461

TANNVHD 4IHS NOILSNOOH FBL NO SONIQVOT ILSVM Sgog 40 XYOLSTH ‘Z-TT1T JT4dNOIA

iea}

0961 0661 o%6l 0t6l 0Z61 0161

! _ | _ | |

purmag uv3LAx(Q TEROTEUAYIOTE

001

00T

00t

00Y

(Aep/qT 0T) PROT 93ISEM Q04



122

"""‘Qiﬁismipq.’
IR
SR
RS
00000504

0:0 oY

20”"\\

0 ppm
<2 ppm

»2 PP

.

/
I

Sept =
Junef—

!

)
—
=]
lar

Aug

{syzruoy) awrp

10

12

14

16

18

20

22

24

Location (River Miles Above Morgan's Point)

FIGURE ITI-3. SUMMER DISSOLVED OXYGEN LEVELS IN THE HOUSTON SHIP CHANNEL




123

APPENDIX 1V
COMPUTER LISTING FOR THE HOUSTON

SHIP CHANNEL MODEL

The mathematical models used in this study for the Corpus
Christi Harber Channel, Vince Bayou, and the Houston Ship Channel
are basically similar. Therefore, only the Houston Ship Channel

model 1s presented here.
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