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CHAPTER I
INTRODUCTION

An increased public awareness of pollution of the waters of the
United States culminated in the Federal Water Pollution Control Act
Amendments of 1972 (1). Laws which gave the Federal government the
power to seek an immediate court injunction against polluters endanger-
ing public health or 1ivelihood, also formed a structured pollution
abétement program. The United States Environmental Protection Agency
was -empowered to take direct action, or provide assistance to states
retaining the primary responsibility for the quality of their waters.

The I11inois River in Oklahoma is a river of -unspoiled natural.
beauty, having a drainage area of 1660 square miles in Oklahoma and
Arkansas. Discharges into this river in Oklahoma are presently almost
solely a function of precipitation. Pasture and woodlands occupy the
majority of the basin area, with less than ten percent being harvested
cropland. Tahlequah is the only municipality located in the Oklahoma
part of the basin with a population of -over one thousand.  The beauty
of this wilderness-type area has attracted a growing number of recrea-
tionisté, with canoeing and floating down the river a favorite pastime.

The unspoiled quality of the area has also attracted the developer.
Solitude is an entity that many people are beginning to seek in its
growing scarcity, and a cabin along the banks of the free and easy

flowing I11inois presents the perfect "get away for it all" home.



The quest for this retreat s suggested in a 3000-lot development by
Frates Properties, Inc., near the junction of Flint Creek and the
I11inois River. This development will be larger than any city in the
Oklahoma part of the basin. Controversy has been stirred over the pro-
posed septic tank sewerage system of this development.

Plans were presented in Arkansas for increased use of the organic
waste assimilative capacity of the river for the disposal of municipal
secondary effluent wastes. Two regional wastewater treatment plants
were planned to discharge directly into the I11inois River. Although
the effects of the discharges were not'known, it was qualitatively
decided that Lake Frances, on the I11inois River at the Oklahoma-
Arkansas border, should no Tonger be used for the Siloam Springs water
supply.

A challenge Ties in the opportunity to prevent excessive pollution
of the I11inois River, rather than to pollute and then spend dollars
to clean up the damage. A practical design 1s‘thus required to‘assess
the pollutional capacity of the river and its tributaries. Water
quality planning can become feasible oh]y if it is known to what extent
wastes can be assimilated by the waters and not cause'a detrimental
effect to the 1ife it supports. The pollutional capacity of a stream
depends on many variables, including the hydrology and geology of the
area. - It is these factors that will determiné streémf1ow and the ini-
tial QUa1ity of water in the sfream. ;These characte}istics must be |
known before any type of estimate can be made on pollutional djscharge
limitations into the river course. Some analyses on available data
concerning these characteristics are presented in this study for the

I11inois River basin. The first analysis will be a statistical



determination of Tow flows using available streamflow data, for it is

at Tow flows that a stream will have the least dilution capacity for
assimilation of po]]ution»mater1a1s. The second part will involve cor-
relating the determineq low flows with cross-sections and ratings of
flow versus gage height in order to try to define the area, depth, and
velocity of flow at these gaging stations, as these are affectors of
reaeration rate.

The most common measurement of -a stream's viability is the dissol-
ved oxygen (DO) concentration. It is the dissolved oxygeniin the
stream which supports 1iving organisms in the aquatic environment.
Organic wastes are the pollutional material that have been found to
cause the greatest drain on the oxygen supply of the stream. This is
by biological degradation, or use of the carbon and oxygen for synthe-
sis and respiration of microorganisms.,'This oxygen drain, when existing
in a stream, is in constant competition with oxygen being replenished
by the atmosphere in seeking an equilibrium concentration. Based on
these concepts, mathematical models for predicting the dissolved oxy-
gen levels in a stream were initiated by Streeter and Phelps in 1926
(2). Since this time, modifications of -their methods and new concepts
for predicting the DO profile in a stream have evolved. One new con-
cept of planning for minimum DO Tevels, Buéch's-so]ution for stream
assimilation capacity (3), will be studied in this thesis and compared
to the traditional Streeter-Phelps equation.

Data concerning the I]]fnois River is presently insufficient for
any developmental plans to be made with confidence that the existing
pyramind of 1life would not be upset along the river. It does not seem

practical to allow development and increased industry to expand until a



pollution problem necessitates using more advanced technology to alle-
viate a sityation that may have been prevented by better planning.  Each
state has a reﬁponsibi]ity for basin p]anning‘and monitoring, as out-
Tined in Public Law 92-500. The Environmental Protection Agency
requires environmental impact statements in connection with construc-
tion grants for publicly owned waste treatment facilities, and when
issuing permits for discharges of pollutants from new sources. No
point source discharge is allowed without a permit. The Department of -
Health, Education and Welfare is required to make an environmental-
impact statement for the septic tank sewerage system of the Frates'
Flint Ridge Development. Eventually, someone must start gathering fur-
ther information and data.on the I11inois River basin and initiate a
planning process.

Even if a good data base is obtained and calculations made as to
what discharges can be allowed with the minimum DO concentration main-
tained, a further problem of design still exists. The river translates
special qualities, imitating a wilderness area, that public sentiment
1ncfeasing1y.fee1s is deserving of a public park. Legislation specially
designed for the I11inois River exists in the Oklahoma Scenic Rivers
Act. Federal legislation is being sought to include the river in the
National Wild and Scenic Rivers Act, which would further inhibit devel-
opment a]ong‘the shoreline. But even in this case, parks.attract
people, and too many beop]e pursuing recreational activities on the
river pose an additional pollution problem. |

So, no matter what the type of development, the river must be
understood if it is to remain a viable resource.. This neéessitates

having a data base which will allow planning for future development.



A challenge exists to obtain and translate information on-the I11inois
River basin that will allow plans to be formulated that contain minimal
conflict with existing natural plans. The purposes of this thesis are
to present initial analyses of low flow data on the I1linois River, to
compare Busch's proposed water quality model to the Streeter-Phelps
equation,.and to further define the water quality management problem of

the I1linois River basin.



CHAPTER I1
LITERATURE REVIEW

This chapter consists of five units. First, a summary of avail-
able historical data on the quantity and quality of waters in the
ITT1inois River basin will be presented, followed by a survey of the
methods for statistical analysis of these records in the treatment of
drought flows. The third unit will describe mathematical models avail-
able for predicting the dissolved oxygen profile in a stream. Next will
be a further defining of the problem confronting the I11inois River, by
looking at the development which has taken place and development which
is planned for the basin. Finally, regulations that concern future

water quality planning for the basin will be presented.
A. Available Streamflow Data

The I11inois River basin is located in Benton and Washington
Counties of Arkansas, and Cherokee and Adair Counties of Oklahoma, as
shown in Figure 1. Its source is in the Boston Mountains near Fayette-
ville, Arkansas, from whence it flows westerly across the state, the%
turns southerly to its junction with the Arkansas River. Principal
tributaries include Osage Creek, Ballard Creek, Flint Creek, Barren
Fork, Caney Creek, Muddy Fork, and Evansville Creek.

The topography of the basin ranges from rolling hills to mountain-

ous. The basin has a drainage area of 1660 square miles, of which 900



Figure 1. Map of the I1linois River Basin and Gaging Stations
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square miles lie in Oklahoma. The elevation of -the river varies from
1600 feet mean sea level at the source, to 500 feet mean sea level at
the mouth.

The climate of the area is typified by long, hot summers and
short, mild winters. The average annual precipitation ranges from 44
to 46 inches. Average temperatures are from 50° to 63°F.

There are six United States Geological Survey streamflow gaging
stations in the IT1inois River basin, and are located as shown on a map
of the basin on Figure 1. Pertinent data concerning these gaging sta-

tions is given in the following table:

TABLE I

STREAMFLOW GAGING STATIONS FOR THE ILLINOIS RIVER
BASIN IN OKLAHOMA

USGS Gaging :" Drainage Period of
Station Location Area Record
07195500 IT11inois River, near 635 mi.2 8/55 to 9/73

Watts, Oklahoma

07196000 F1int Creek, near 110 8/55 to 9/73
Kansas, Oklahoma

07196500 ITlinois River, at 959 10/35 to 9/73
Tahlequah, Oklahoma

07197000 Barren Fork, near 307 10/48 to 9/73
Eldon, Oklahoma

07198000 I1Tinois River, near. 1626 4/39 to 9/73
Gore, Oklahoma
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The station near Gore is located below Lake Tenkiller and will nét
be of concern in this thesis.

Daily records of streamflow are published by the United States
Geological Survey in the annual series "Surface Water Supply of the
United States, Part 7" (4), with more recent daily data available in
"Water Resources Data for Oklahoma, Part 1" (5).

Water quality data has been collected at two of the streamflow
gaging stations in Oklahoma--at the Watts station and at the Gore

station--with the following period of record:

TABLE II

WATER QUALITY GAGING STATIONS FOR THE ILLINOIS RIVER
BASIN IN OKLAHOMA

USGS Gaging Period of
Station Analysis Record
Watts
07195500 chemical quality 10/55 to 8/56

10/59 to 5/61
7/69 to present
temperature and

dissolved oxygen 7/69 to present
Gore chemical quality 10/53 to present
07198000 temperature 10/53 to 9/63

Water quality data is reported in the United States Geological
water supply papers, "Quality of Surface Waters of the United States,
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Part 7" (6),,with more recent data-available in "Water Resources Data
for Oklahoma, Part 2" (7).

The chemical water quality of the I1linois River is indicated to
be excei]eht,‘and the waters are of good quality for use in municipal,
agricultural, and most industrial uses. Concentrations of sulfates,
chlorides, and nitrates are usually less than 10 mg/1, and hardness
averages about 85 mg/1 as calcium carbonate. The pH is slightly basic,
ranging from 7.2 to 810i' The sediment load carried by the river is
usually small, and exhibits fast settling charactekistics under quies-
cent conditions. Recent data taken on dissolved oxygen levels indi-
cates that the stream also has excellent biochemical quality.

In 1959, the United States Geological Survey published two reports
on the I11inois River basin. One was a hydrographic survey assessing
the water use and the issuance of water rights on the IT11inois River
and its tributaries made at the request of the City of Tulsa (8). The
other was a compahion report ‘on the magnitude, distribution, and qual-
ity of waters of the I1linois River (9). In this latter report, the
océurrence of Tow flows was studied athahiequah, and atindon on the
Barren Fork. This data will be discussed in the pért of this chapter
on low flows.

In 1969, a water resources planning study was completed by the
Oklahoma State University and the University of Arkansas whichusummar-‘
ized all available hydrologic data on the Arkansas River and its trib-
~ utaries (10). A compact‘commiésionyused this data for aiiocating
reliable conservation storage to the states of Oklahoma and Arkansas.

A follow-up report was‘cdmpieted in 1971 on water quality management

(11).
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B. Low Flow Analysis

The design flow for pollution control is usually based on statis-
tical analysis of historical records of drought flow, for it is at low
flow that the stream will have the least capacity to assimilate organic
waste materials and maintain an acceptable DO concentration. A year is
the basic time unit when dealing with streamflow, and the year is
USua11y defined as from March to April for drought flow analysis in
order to include the dry part of the year as a whole. The extreme low
flow for the year is determined as the average daily flow for drought
flows of various durations; with the low 1-day, 7-day, or 30-day aver- .
age low flow sufficing for many practical applications.

For flood flows, the base time unit of one year yields extreme
values which are independent events, but this condition may not hold
for drought flows. Hydrological factors influencing drodght flow may
extend the period through which completely independent minima may occur.
to over two years for some drainage basins (12). Therefore, some
drought flows determined from records of single years may not truly be
drought flows, or completely independent minima from year to year.

Plotting data on probability paper is the‘most common engineering
treatment of statistical data, and'requires ranking the occurrences for
determining plotting positions. weibu11's plotting position formula is
used for many statistical distributidns and has also been recommended
for extreme value distributions (13). This formula to determine the
probability of an occurrence being less than or equal to a given value
is

p(x) = T (1)
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where m is the rank of the occurrence, n is the total number of occur-
rences, and p(x) is the probability of an occurrence being less than or
equal to x. By ranking occurrences in increasing order of magnitude,
using this plotting position formula and ﬁ]ottingvon,probability paper,
the magnitude of an occurrence‘for any given recurrence interval may be

ob%ained»by

T(x) = 1T (2)
where T(x) is the recurrence interval, or the average return period (in
years) for an occurrence of a giVen magnitude.

Since drought flows are a set of extreme values, the:.applicability
of extreme value theory to drought flows is in order. This theory
assumes that the more extreme values deviate from the mean to a greater
extent than the values below the mean-a skewed distribution exists for
the data. |

Gumbel (14) has modified the extreme value theory developed for
floods for drought flows. Gumbel's extremal value theory.for flood

flows is based on the equation:
p(x) = e™¢ | - (3)

where e is the base of natural logarithms, and y is a function of the
streamflow.
For drought flows, the extreme value distribution developed by

Gumbel becomes a three-parameter distribution_of.the form:

p(x) = exp -[]ﬁfﬁ)é] “ N ()
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where e is the minimum flow approached and is greater than or equal to
zero, while u, x; and o are calculated from the mean (X), standard
deviation (s), and skewness (a) of the distribution.

K test for whether a set of low flow observations conforms to the

extreme value theory for low flows is given by Gumbel:

€20 if R+s (A(a_),- B(m))2 0 (5)

Values of A(a) and B(a) are given in a table developed by Garabedian
for observed coefficiehts'of skewness (14). If froh this test, ¢
assumes a negatiVe value, the theory is not applicable for the data.

A result of application of t%is theory is that the logarithms of
drought flows may be plotted versus the probability of the flow being
less than or equal to a given severity of drought flow on extremal
probability paper. The drought flows are ranked in decreasing order of
magnitude for determining their plotting position. Gumbel's extreme
value theory for low flows is thus referred to as Gumbel's logextremal
distribution. |

The data will plot a straight 1line if the minimum low flow for the
distribution is zero (€=0), and will be concave;downward if the mini-
mum low flow approached is greater that zero (e>0). A concave upward
curve indicates that for the distribution of e<0 and hence the data
does not conform to Gumbel's logextremal distribution for low flows.

Other types of theoretical distributions that have been used to
fit low flow data.are log-normal and Log Pearson Type III. These dis-
tributions are based on three parameters, and are applicable to drought
flows in that they assume a minimum value at one end of the distribu-

tion. The log-normal distribution can be easily applied graphically by
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plotting the logarithms of the data on normal probability. A straight
1ine will be formed if the logarithms of the data are a normal distri-
bution. To fit the data by the Log Pearson Type III method requires
finding X, S; and a, for the distribution (13). "

Fifty-five streams in the State of New York were statistically
analyzed for drought flow distributions by‘1ogrnorma1, Log Pearson Type
ITI, and Gumbel's logextremal value methods of theoretically fitting
data in a study by 0'Connor (15). The streams were selected on the
criterion that the Tength of record must have been longer than twenty-
five years, the stations were to be uniform1y~distrib0ted throughout
the state, and no significant divérsions or .controls on the streams
could be present. The drought flows analyzed were based on the yearly
minimum 7-day average low flows.

Conclusions of the study by 0'Connor were that the parameters
defining the log-normal distribution are more easily understandable and
facilited better understanding of the djstributfon( Also, the length
of record on most of  the streams was shorter than thirty years and was
too short to draw any definitevconc1usions concérning the reliability
of a fit defined by any of the three methods. The log-normal method
of fitting was recommended from the results of the study.

Matalas (16), in a study for the United States Geological Survey,
analyzed the 7-day average low flow distribution of 40 gagfng stations
throughoUt the United States. ThiSVWas,done using theoretical statis-
tical fits of the log-normal, Log Pearson Type III, and Gumbel's log-
extremal value distributions. The Gumbel distribution and the Log
Pearson Type III were found to best fit the data, and were almost syn-

onomous in their fitting of the data.
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Hardison and Martin (17) did a Tow flow frequency analysis for
the United States Geological Survey on 85 stream gaging,stations in
twenty-two states south ofvthe Great Lakes and east of the Mississippi,
but also including Arkansas, Oklahoma, Louisiana, Missouri, and Texas.
The study~was‘done using logextremal probabf]ity paper to define all
of the distributions graphically. The data was p]ofted for several
durations of low flow, varying from the 7-day average to the 274-day
average low flow. The variability of the resu1tin§ curves indicated
that much difficulty would be encountered in attempting to fit a sing]é
theoretical statistical distribution to all of ‘the data at every sta-
tion. The Mountain Fork River near Eagletown, Oklahoma, exhibited a
very steeply sloping, concave upward curve that was not duplicated by
any of the other streams in the study.

~Some of the questions raised in the report by Hardison énd Maktin
were to what extent the slope of the curves depended on the rate of
base flow recession, and to what extent the frequency distribution
was influenced by the length of dry periods. Also, to what extent the
spacing between curves of low flows at different duration periods
depended upon the rainfall that falls during periods of low flow was
asked by the report.

Velz (12)(18) recommends fhe use of Gumbel's logextremal probabil-
ity paper and éxp]ains in detail the application of this method. His
work was done principally on predicting.1ow flows for various water
courses in the State of Michigan. From the results of thesé‘studiés,
he preéented a method for graphically analyzing the case of a concave
downward curve on 1ogextrema1-probability.paper; This is for: the case

when the minimum flow approached is greater than zero from Gumbel's

~
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theory. This method can also be applied to certain cases of flow
regulation.

Rigjs (19) in a survey of the‘fesuits_from various theoretical
statistical and logextremal graphical analyses of drought flows, includ-
ing those cited in this literature review, concluded that:

1) A long streamflow fecord'is best for determining low flow char-
acteristics in a basin. In the absence of a long period of record,
corre]atioﬁ,of the'data with that Qf néighbpring basins to extend the:
period of record is desirable if a goodréorreiation of observed data
exists.

2) Particular basin characteristics define the shape of the fre-
quency curve; no one shape is generally applicable.

3) The effects of basin characteristics and sampling errors are
much greater than errors in fitting a curve to plotted points; thUs,
the use of a theoretical distribution has little if any advantage over
a graphical fit.

Kincannon, Kao, and Stover (11)(20) studied the low flow distribu-
tions of three gaging stations located on Bird Creek and the Arkansas
River in northeastern Oklahoma. The distributions were fitfed using
the Johnsbh SB distribution and Gumbe]'; e*treme value distribution for
lTow flows. VTﬁis was done for the 1, 3;;7, 14, 30,‘60, and 90-day Tow
flows for the streams. Nearly all of the flow diétributions at the
three stations had a lower flow limit of zero. Two cases, the 60 and
90—day low flows on the ArkahSas River, had a 1ower»f16w l1imit greéter
than zero. The Johnson Sg distribﬁtioh gavé’a better fit for the flows
on the Arkansas River, while Gumbel's distribution gave the best fit

for the small flow station on Bird Creek. It was concluded from this
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study that the Johnson Sg distribution, which assumes both an upper and
lower 1imit for the drought flows, gave a better fit of the data.

A low flow analysis was done by the United States Geological Sur-
vey on the Barren Fork at E]don, and the I1linois River at Tahlequah in-
1959 (9). This study was done by plotting the data on logextremal
probability paper;‘ The data was correlated with the White River in
Arkansas in order to extend the period of record. fThe“i_graphs presented
in the report by the USGS show straight 1ine plots at Eldon for the 7-
and 30-day low flow durations, and presents two intersecting straight
lines at an obtuse angle at Tahlequah for the 7- and 30-day average low
flows. The first line was moderately sloping for pkobabi1ities less
than 80 percent, and very. steeply sloping for probébi]ities greate}
than 80 percent. The flows at the 10Lyear recurrence interval for the
7- and 30-day average low flow distributions were determined toibe 12
cfs and 20 cfs, respectively, at Tahlequah and 4.2 cfs and 5.7 .cfs at
Eldon on the Barren Fork. No discussion was given concerning these
plots, and no data points were plotted to define the lines.

The consensus of the work done on 1ow'f10ws is that Gumbel's log-
extremal distribution is the most generally app]itdb]e for Tow flow
data. Plotting the data on logextremal probabi]ity paper.faci]itates
defining this distributiqh. This wasVdoﬁe for the gaging stations at
Tahlequah and Eldon in the‘IilinoiS‘River basin by the United Staieé
Geological Survey,'but was done using 16'years less data,than,isinow
available. An examination of the app]icabi]iiy of»Guhbel's‘iogextremai
theory to stations in the I]]inbisziver bgsin Will be presented in this

'thesis.'
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C. Mathematically Modelling Dissolved

Oxygen Concentrations

| The understanding of the importance of dissolved oxygen in rela-
tion to the ability of a stream to oxidize organic matter owes much to
the pioneer work in sewage biochemistry done in England near the end of
the 19th Century, and continued in America after the turn of the cen-
tury. . Studies on the nature of organic stream se]f-purificgtion were
empirical in that recording stream conditions in analytical terms was
made with no development made toward a‘set of general principles.

The first attempt at mathematically defining stream self-
purification was made by Streeter and Phelps (2). The concepts and
mathematical formulations which they presented are still being used
with Tittle modification in many'inétances even today, although with
much reservation. |

Streeter and Phelps viewed the deoxygenation characteristics of a
stream as the liabilities on a balance sheet, and reéeration as assets
which must be related to time, temperature, and othef physical char-
acteristics of the stream. ‘The governing law they presented for deoxy-
genation was "the rate of biochemica],bxidétion of organic matter is:
proportional to the remaining concentration of unoxidized substance,

measured in terms of oxidizability" (2), or

o dL _
-a-T--K.IL ‘ (6) -

where L is the oxygen demand of the organic substance remaihing,'t is
the time elapsed, and K] is a constant defining the rate at which the

reaction proceeds. On the reaeration side of the balance, the rate of
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oxygen replenishment was found to be proportional to the oxygen deficit
remaining at any time, or
dD _ '
- KZD (7)
where D is the oxygen saturation deficit, t is the time elapsed, and
K2 is a constant affecting the rate of oxygen transfer across the inter-
face. Taking these two factors, deoxygenation and reaeration, and

adding them as on a balance sheet, yields the differential equation:

dD _
ar - K1L - KD (8)

which, when solved, yields the classical Streeter-Phelps equation:

K,L -K,t -K,t -K,t
D = 1a (e LR e 2 ) + Dae. 2 (9)

K2—K]

where Da is the 1n1t1a1.disso1vea oxygen saturation deficit, D is the
saturation deficit at time t, and La is the initial ultimate oxygen
demand, all in mg/1; t'is the time elapsed in days, and K1 and K2 are
the coefficients of deoxygenation andureaeration'in days'],

Though it'is used fh many practical problems, there are many prob-
lems associated with the cohcepts and usage of fhe Streéter—Phe]ps sag
equation. The equation is based on the assumptions‘that

1) the flow is steady and unfform throughout the réach,

2) there is only one source of pollutant discharge per reach, a
point discharge which upon mixing becomes constant in concentration

throughout the cross-sectional aréa of flow,

3) there is only one type of oxygen demand in the reach, and that
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is caused by the point discharge,:

4) oxygen transfer.takes place on]y‘from~the‘atmosphere to the
stream,

5) reaeration and deoxygenation can be defined by first-order
decreasing rate equations, and

6) the coefficients of deoxygenation and reaeration are constant
for -a given reach.

In the second assumption, the value of the initial oxygen demand
will not properly define the amount oflorgénic material in the reach
if there are other inflows, channel scouring, or sedimentation adding
or subtracting organic material. Also, there will be a time and dis-
tance involved in the complete mixing~6f the pollutant which will
depend on stream charactéristics-such as cross-section and velocity.

The third_assumbtidh e1im1ﬁatestthe»existence of abnormal oxygen
demands in the stream such as nitrification, benthnic and sludge depos-
its, immediate oxygen demands such as the oxidation of’hydkogen sulfide,
and biological extraction and accumulation on rocks and shorelines (12).
Photosynthetic organisms can also cause an.abnormal depletign of éxygen
through respiration at night, then produce oxygen by photosynthesis,
serving as.a source of oxygen other than the atmosphere.

In the fifth assumption, experimentation verifies the expressing
of‘reaeration as a first-order decreasing rate.reaction, but serious
doubts are present in the assumption that deoxygenatfon, or oxygen
uptake, proceeds by first-order decreasing rate kihetics. - Studies by
Bhatla and Gaudy (21) show that the kinetics of oxygen uptake in a BOD
bottle (often used for determination of kinetics of oxygen uptake in

the stream) are many times characterized by an early exponentially
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increasing phase similar to a microbial growth curve, then followed by
a plateau and another autocata]ytic-tyﬁe curve; These kinetics for
oxygen uptake which vary for different situations, many times defy
approximation by‘a first-order decreasing rate equation.
| Another inconsistency in this assumption is that oxygen uptake has

been found to vary with the concentration of waste. Jennelle énd Gaudy
(22) have shown that a Monod-type relationship exists between waste
concentration and the rate of oxygen uptake in the exponential phase of
uptake. . Thus, the bottle dilution technique of BOD detefmination should
not be used:to define the rate of oxygeh uptake in the stream except at
that concentration.

Another shortcoming‘in the BOD bottle technique is that deoxygena-
tion may be affected by mixing. WOFk by A11 and Bewtra (23) shows a.
definite indication that oxygen uptake was affectedvby mixing, while
Jennelle and Gaudy (22) noted that mixing played no significant effect
in their studies. Thus, the coefficient of deoxygenation may not truly
describe kinetics of oxygen uptake, and this, coupled with the short-
comings of determination in a BOD bottle, allows that only a compensat-
ing error in the determination‘of‘K2 may describe the true dissolved
oxygen profile in a stream. | |

The sixth assumption is weakened by the fact that in the dynamic
and varying conditions of the environment, the constants will change
with different hydrological cond'itioné° In truth, Ky and K, are not
really constants, but vary with temperéture;\turbu1ence, waste 1oading,
streamflow, weather, and otﬁer factbrs'(24).

Due to these limitations in the Streeter-Phelps equation, there

have been innumerable modifications of this sag equation for determining
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the dissolved oxygen depletion curve in a stream.. Thomas (25) modified
the equation by adding the constant K3, which is indicative of the type
of waste Toading and the quiescence or turbulence of the receiving
water. Camp (26) modified the sag equation to include the effects of
photosynthesis by adding another constant. - Hull (27) derived a modi-
fication intent on e]iminating the need for K], K2, and the time of
travel by incorporating these constants into a single constant. This
modification cannot be used without field data and the realization that
the Streeter-Phelps equation is more of an empirical than rational fbr—
mulation for natural stream purifitafion.' These and othervmodifications
of the sag eqUation>attempt to take into account the effetts of photo-
synthesis, sedimentation, local runoff, plant respiration, and benthal
demands. |

In addition to modifications of the sag equation, many new methods
have been proposed for modelling the DObconcentration jn a stream. .
Churchill and Buckingham (28) developed a statistical method for deter-
mining BOD and dissolved oxygen vé1ues 1h a stream. This method assumes
that the DO level in a stream depends only upon BOD, temperature, and
flow. By solving regression equatidnSFcorrelating data from other '
streams with similar baéin characteristics, ‘a dissolved oxygen profile
can be obtained for a'given organic loading. Second-order rate equa-
tions have been reportéd to model BOD consumptioh data more closely in.
some ‘instances by Young and Clark (29), but thiévhas been shown only
for singular casés, | o |

Other models based on therStreeter-Phelpﬁ equation havé been
introduced which consider variable conditions in a stream. A stoichas-

tic probability model has been developed by Thayer and Krutchkoff (30)
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in an attempt to brackef possib]é stream conditions; while an unsteady
state model has been developed by Di Toro and 0'Connor (31) for show-
ing time variance of conditions at a given point subject to unsteady
flow. A more complete survéy and assessment of mathematical models has
been made by Harper (32) atWashington‘State;Uniygrsity°

The mathematical models mentioned requife eQéJuations of the coef-
ficient of reaeration, K2, and the coefficient of deoxygenation, K].

The modern methods for evaluating K, for stream conditions are empiri-

2
cal formulations expressing K2 as a function of stream depth, temper-

ature, and velocity, of the general form

Ve
Ky = Cﬁﬁ | (10)
where V is the velocity, H is the depth, a, n, and C are constants, and
C depends upon the temperature. TheSe‘equations have_been developed by
Streeter (2), 0'Connor and Dobbins (33), Churchill (34), and Isaacs and
Gaudy (35). Other methods and equations for determining K2 are-avail-
. able. ‘

The constant K1 is evaluated either by the dilution BOD bottle

technique and solving the equation

-K,t
yT=L(1-e]) ()

where Y1 is the oxygen démand remaining“at time~t,.and L is the ulti-
mate BOD, or is evaluated by‘determining,the u1t1mate_BODsrat two
points on the stream and determining the time of travel between these
points, then solving the integrated equation for first-order decreasing

rate deoxygenation
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L, =L._e (12)

where Lb is the downstream ultimate BOD, and La is the initia]éultimate
BOD and t is the travel time between the pointsf

Another usable method for predicting the Db sag is that developed
by Velz (12), which employs a rational method of ‘accounting for the
expense and replenishmant of dissolved oxygen. Forms are set up repre-
senting deoxygenation and reaeration in a reach of a stream. By per-
forming an oxygen balance for each successive reach, a dissolved oxygen
profile can be obtained. This method is'most flexible in taking full |
advantage of detailed waste loading information and other measurements
such as stream depths, widths, and volume, but uSes first-order decreas-
ing rate relationships for reaeration and deoxygénation.

A different approach has been taken by Busch (3) in his method for
stream assimilation capacity. His idea is that a Stream'simaximum
assimilative capacity does hot-depend upon variab]e'conditﬁons, but-
depends only upon the minimum reaeration capacity of the stream. Thus,
there is no reason to even consider the interrelationship of deoxygena-l
tion and reaeration in a water quality management program. His so]utioﬁ
uses the generé] expresSion-for‘gasrtransfer'to a 11quid

M _
dt KLmi-n Drax A4 : (13)

where-M is. the mass of oxygen transferred, KL is the mass transfer
coefficient, Ai is the interfacial surface area, and Dmax is the maxi=
mum allowable dissolved oxygen deficit.

The solution to Busch's equation yields the maximum uniform loading
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rate of an oxygen demand that can be applied and not cause a drop in

the dissolved oxygenvbelow that ‘which 1s a]]qwed;;subject to the worst
stream cond1t1ons of reaerat1on B

| Because of the probab]e fa]]acy of us1ng the dilute, qu1escent

cond1t1ons of a BOD bottle in evaluating K], which may not tru]y des- -
cribe oxygen uptake kinetics in the stream, Peil and Gaudy (36) have
‘proposed a more truly rational approaCh in predicting a stream's dis-
solved oxygen profile. An open jug reactor is used to determine the
oxygen uptake curve for various waste to stream concentrations, and is
stirred at reaeration rates known to not differ significantly from those
of the stream. Then for given stream reaches, when the coefficient of
reaeration is determined from stream crossisections, and critical flows
and waste loadings are knowh, the disso]Ved oxygen profile may be deter-
mined by numerﬁca}]y integrating reaeration,and deoxygenation by replac-
ing the deoxygenation term in the Streeter-Phelps equation with the
determihed“oxygen uptake profile. Resh]ts obtained from the open jug
technique as compared to a simulated stream in which good controls cbu]d
be exercised in regard to temperature; velocity distribution, and sub-
sequently Ké, proved the wohhab11ity of~this method. |

v This section has‘presehted some of the main efforts-made in esti-
mating the effects of discharging organic'pol1utantsv1nto a-watercburse
'The amount of mater1a1 which has amassed s1nce Streeter and Phelps' work
in 1926 is a test1mony to the d1ff1cu1t1es 1nherent in mode11ng the .
“comp]ex natura] phenomena,ef stream se]f—pqr1f1;at1on. ‘Many of the
models are too complex to be usable, or have no’proven advantage,in
fitting actual stream data. For this reason, a simple .concept for

planning such as that presented by Busch would seem to have much merit



27

if it is a usable and practical concept. Comparing this model to a
mathematical model based on the kinetics of oxygen uptake and oxygen
transfer in a stream should be the first step in understanding how

this model differs from the 6thers that have been presented in the past

fifty years.
D. Development in the I11inois River Basin

The main waters of the I11linois Rivér are;blocked by only two dams
in their travels through Oklahoma énd thansas. Tenkiller Ferry Lake
is located about thirteen miTes from the confluence of the I11inois
Rfver with the Arkansas River,‘and was completed by the United States
Army Corps of Engineers in July, 1952. The Take has a storage capacity
of 1,230,000 acre-feet, and was deve]oped'for water supply, flood con--
trol, and hydropower. Lake Frantes’is a small lake located on the
Oklahoma-Arkansas border and serves as the water supply for Siloam
Springs. It has a total storage capacity of 1,930 acre-feet. Several
small lakes have been developed on tributaries of the I1linois River in
Arkansas (37). In January, 1969, in a report to the Arkahsas-Qk]ahoma
Arkansas River Compact Committee, an assessment.of the pkesent,water
use was made in 0k1ahoma,:based on the issued valid watekfrﬁghts.(37);
The determined uses are shown in‘Tab1é ITI.

Tahlequah, population 9,254 (1970 CensUs), and Siloam Springs, -
Arkansas, population 6,009 (1970 Census) are the only two "major" cities
 1ocated‘in the I11inois River~basin in.the Ok]ahomajarea. Tahlequah
uses the I11inois River for a source of water supp]y,vaﬁd discharges
secondaryvmunicipaI waste back to the waters. Siloam Springsﬂdwaws‘its

water from Lake Frances, while disposing of its secondary sewage into
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Sager Creek, a tributary of Flint Creek, 0.5 mile from the Oklahoma
border. There are five other citijes invArkanSas and one industry, ‘Allen

Cannery, presently discharging into tributaries of the I11inois River.

TABLE III
WATER USAGE IN THE ILLINOIS RIVER BASIN IN OKLAHOMA

Municipal and

Industrial Irrigation
I]]inois R1ver 5,000 acre-feet 10,000 acre-feet
Flint Creek - 6,500 acre-feet
Barren Fork - 8,700 acre-feet
Tenkiller Ferry Lake 33,000 acre-feet 700 acre-feet

Farming is a principal land usage fn the Oklahoma part of the
basin consisting of 57 percent of the land area, but only eleven percent
of this is broken for cr@plénd. Much of the area is in pastures and-
woodlands. Perﬁits‘to further deve]op‘water rights have been issued on
8,300 acres of=1and as-ofrJahuary,,1969, with 26,7001acres-suitab1e for
irrigation if.the water were available (37).

A sizable poultry industry has been develbped in northwestern
Arkansas and northeastern 0k1ahoma/along_the coﬁrse of the I11inois
River. The pollution potential associated with runoff from:these poul-

try farms was reported in a study done in Arkansas by Hileman (38).
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This study was a characterization of the waste from-a typical poultry
farm, with the'runoff potential of the waste qualitatively assessed
‘from observations made on watér quality in the area.
| Anothér‘major 1ndustry-fhat has developed in the I11linois River

baéin is that of recreation. Canoeing the gently to swiftly flowing,
clear waters of the I11inois River has become popular from near the
Arkansas border to the City of Tahlequah to the south. - Many canoe
rental shops and stopovers are now along the watercourse, and the num-
ber of canoers has increased greatly over the past several :years.
Thése reaches above Tenkiller are also fishing grouhds, being designated
small-mouth béss fisheries containing large and small-mouth bass, cat-
fish, sunfish, and white bass, among others. Canoeing, fishing, and
camping are pursuits enjoyed by many along this:river.V

In 1955, the City ofvTulsa‘made application to the Oklahoma Water
Resources Board for water rights to dam a portion of the I11inois River
near Tahlequah in order to subp]ement the city's water supply (8).
These rights were not grahted; due~to:two circumstances:

1) no hydrographic or hydro]ogicfdata was available from which to
assess optimum]y the storage capacity_avai]éb]e, and |

2) fhe I11inois Rivér-is an interstate river system and no compact
was in existence between the States of Oklahoma aﬁd Arkansés for deter-
mining how much water was to be a]]bcated to each state (7). Thus, the
hydrographic and hydro]ogib survéys wére made available by the United
States Geological Survey in~1959‘(8y(9), and a repoft to the Oklahoma
and Arkansas Compact Committee wasvsubm%tted in 1969 (37).

In the report to the Compact Committee, the storage capabilities

of five potential reservoir sites were given, of which three were on the
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main stem of the I11inois--a Siloam Springs dam site, Chewey dam site,
and a Tahlequah dam site. ThevUnited_Stateé Army Corps of Engineers
“recommended in 1969 that the City of Tulsa coordinate its plans with
those of the Corps to develop the Chewey dam site, approximéte]y four
miles south of ‘the junction of Flint Creek with the I11inois River (39).
No further plans have been made since 1970 when the passage of the
Oklahoma State Scenic Rivefs Act gave the Governor of the State of
Oklahoma the right to veto any further projects on the I1linois River.
Concern fof<the quality of water in the I11inois River has had its

emergence.from'proposed development both in 0k1ahoma'and Arkansas. In
Oklahoma, Frates Properties, Inc.,‘and7Context Development Co., Miami,"
Florida, have a joint venture‘to se11‘3;000 tracts of land along a 5-
mile, 7000-acre area at the junction of Flint Creek and the I1linois
River in Adai? and Delaware Counties (40). Frates also has an.option to
buy 14,000 ackes dn the bpposite bank of the river. Presently proposed
development had approval of the State Water Resources Board to use |
river water forrconsumptive uses, Which was p1anhed to be returned to
the river by way of septic-tahks as the séwage diéposa] system. Con-
troversy over the effectiveness of septic'tanksiin‘treatﬁng domestic
wastes from-considerations'of the geology of -the agea,.and the poten-
tially de]eteriouS‘imp§¢t of clearing 1and along the riverside, spurred
the I11inois River Consérvation Council, Inc.,-énd.The Scenic Rivers
Association to pursue a 1awsuit naming-thé Department of Housing and
Urban Deve1opment (HUD) astthé defendant. Flint Ridge‘deQelopers were
later included in the suit by the U. S.'Disfrict‘dudge Luther Bohannbn;
Judgé Bohannon's decision on August 2, 1974, delineated that

1) all interstate land sales must be suspended on the Flint Ridge
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development, and

2) HUD must conduct an environmental impact of the development's
effects on the river (41). The decision is currently being appealed.

The controversy over development in Arkansas revolves around two
regional waste treatment plants proposed above Lake Frances, and a
power plant proposed along Little F1int Creek. The plan for regional
waste treatment calls for Fayetteville, Springdale, Rogers, Bentonville,
and several other small towns to be served by a single waste treatment
plant which woyld discharge into the main*yaters of the I1Tinois,
approximately twenty miles above anothek rééiona] plant serving Siloan
Springs, Gentry, Decatur, Gravette, and Sulphur Springs, which would
discharge into the I11inois River just abové,Lake Frances. . The plan
also calls for Siloam Springs to obtéin its drinking water from‘Beaver
Lake, Arkansas, instead of from Lake Frances. The plan recommends that
the I11inois River in Arkansas be re-classified so that the dissolved
oxygen standard would be reduced from 5 mg/1 to 4 mg/1. An alternative
plan calls for several multiple city and single city plants of which
none would discharge into. the main stem‘of the I1linois River--the case
which is presently observed5(42);’ The Environmental Protection Agency
iniunofficia1 statements has shown little inclination tbwa}d approving

the conéepts in Arkansas' Northwest Regional Plan (43).

| Southwest E]ectricfPowér Companyvhasﬁprobosed a power plant to be
placed two miles southwest of Gentry along Lift]e F1int Creek. .Contro-
versy has arisen over the strong possibility that Little Flint Creek
would become dry in the summer -months by -the creation of.a 530-acre
lake at the powerlgeneration’sife. Possible .thermal pollution of this

lake and its effect on surrounding wells, as well as the emission of
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sulfur dioxide into the air are other questions that need to be answer-
ed (44).

How much should the river be used? The waters have been called
vital to Tulsa's water supp]y,,priVate owners of -lands adjacent to the
river intend to build and live there,.recreationists keep increasing in
numbers, and the unknown assimilative capacity of the river is.intended
to be.put to use. The river is being planned for many uses, and in
order to facilitate decision-making, the existing conditions and resil-

ience of the river.needvto be understood.
E. Water Quality Reguylations

The regulations which govern the quality of the I11inois River and
the present proposed discharges into the waters can be grouped into
state and federa1ireguﬂatf6ns.,

The state standards are in-stream standards and may .be found in
"Water Quality Standards for the State of 0k1ahoma,"‘pub1ished by the
Oklahoma Water Resources Board (45). Some of the specffic criteria out-
lined in the standards are.

| 1) historical records shall serve as a guide for mineral quality,
and waste digcharges should not-Tower the qua]fty described by :these
‘records,

2) bacterial concentrations of other than natural origin will be
maintained below 1evels detrimenta1 fo beneficial use, and.numbers are
given for specific caSes in the standards, . |

3) sol{ds and tﬁrbfdity should not be present due to sources of
-other than natural:origin,

4) differential temperature changes from other than natural sources
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should not exceed 5°F. nor cause the temperature to exceed 70°F in
trout streams, 75°F in small-mouth bass Streams, or 93% in warm-water
streams, |

5) the dissolved oxygen concentration should not be Tess than 4
mg/1 except in the vicinity of.a.point discharge when the stream flow
is less than 200vperéent of the waste flow, and

6) pH values below 6.5 or above 8.5 must not be dueito waste
discharges. |

The criteria also include that no waste discharges may be made
below the Tenkiller Dam. | |

Another state regulation previously mentioned is the inclusion of
the IT1inois River in the Oklahoma State Scenic Rivers Act. The essen-
tial element of this act is that the Governor of the State .of Oklahoma
has the right to vetoiany further resérvoir projects along the Il1linois
River and tributaries.

Fedéra1‘regu1ation‘was implemented in 1972 with the passage of the
Federal Water Pollution Control Act Amendments of 1972,4Pub11c:Law 92;
500 (1). This law delineates that water quality standards previously in
effect forvinterstate,watérs will remain in effect, subject to EPA
approval, and intra-staie standards must bé sét by the states .or EPA.
States are a]so.requﬁred-to submif reports to EPA on thé.qua11ty of
waters within their borders. The'fir;tAsUch report was dﬁe on_.January
1,:1975. | |

Water~qua11ty planning for each river basin 1h-ea¢hvstate‘is to
be accomplished within a‘specific-pefiod of fime.) This planning has
been designed to mesh with the national goal of all waters being

suitable for fishing and swimming by mid-1983. This is to be
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accomplished by applying "best practicable" treatment to municipal
waste discharges by 1983, and "best available" technology by 1983 for
1hdustria1 waste discharges. These reéu]étions may-be superimposed by
more strfngent‘contro1s invorder,to meet wafer quality standafds. The
Federal legislation also requiresvenvirOnmentél impact.statemehts in
connection with construction grants for publicly oWned waste treatment
facilities and when issuing permits for discharges of pollutants from-
new sources.

Monitoring of waters is included under Titles I, II, III, and IV
of the Act, with intent to determine compliance with required permits
for all point Soukce discharges into national waters (1). Pr0posed
regulations concerning this monitoring may Be found‘in;the‘Fedéra1l
Register, Volume 39, No. 168 (46). |

The point source control must be integrated into specific basin
plans in each state, as described in Section 303(é) of .the Federal
Amendments (1)., Each basin plan will provide for orderly water quality
management by four steps:

1) 6ut11n1ng‘the plan, .

2) determining priqritiés in implementing the plan,

3) scheduling action, and ’

'4) ‘coordinating planning with the agencies and organizatiohs
involved. | | |

This is a 5-year plan which is to be continuously updafed to
account for'changésiin the bésin situéfion.!«Thé pTan shou]d.provide

1) program design,  |

2) initial analysis of available data, and

3) priority listing of water pollution problems needed to be
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resolved in developing the basin plan.

Another type of federal control that would be specific for the
I11inois River;in Oklahoma would be inc]usioh,of the river in the.
National Wild -and Scenic Rivers Act which would serve to protect the
river from shoreline over-development and po]]utfonv(41);, Senators
Bellmon and Bartlett of Oklahoma are working for the inclusion of the
I119nois River in this Act. The Bureau of Outdoor Recreation is auth-
orized to determine whether the river meets the standards required to
qualify as a national scenic river. The question is whether the
“I11inois River: (also Flint Creek and Barren Fork) has already been
developed to an extent that might exlude it. A time factor is also -
involved in that the workings of the federal bureaucracy seem to be‘
slower than expanding recreational and land déve]obment,,,

Regulations.are available at both the state and federal levels
that would allow water quality planning. App]icabi]ify of these con-

trols is the question that remains to be answered.



CHAPTER III
METHODS OF -STUDY

The methods of study for three separate analyses are presented in
this chapter. The analyses are

1) .evaluation of design low flows by fitting a statistical dis-
tribution to historical records of Tow flow conﬁitions,

2) studies of cross-sections available at the gaging stations for
discerning streamflow characteristics, and

3) a study of Busch's method for stream assimilation capacity as

compared to the Streeter-Phelps equation.
A. Low Flow Analysis

The historical records for discharge measurements at gaging sta-
tions on the I]]ihois River.near Watts (07195500) and near Tahlequah
(07196500), Flint Creek near Kansas (07196000), ana,the Barren Fork at
Eldon (07197000) were the stations analyzed fbr low flows. For each

water year, rather than the»perfod froﬁfMarch to April recommended for
‘ drought flows, the 1dwést'1-day,,7-day, and 30-day average flow was
recorded. These values were then ranked in decreasing order of magni-
tude as kecommended by Gumbé] (13) for his logextremal distribution.
The p1otﬁjhg positions.fbk these rahkéd f]ow§}Were bbtained from the
formu]a;’ plotting position =-m/(n;1), as defined in Chapter II. The

values of flow and the logarithms of the values were then plotted versus

36
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their plotting positions on normal probability paper and extremal prob-
ability for the 7-day average low flows. This was done to find the
best graphical definition of the dfought flow disfributions at the
gaging stations. Parameters to further statistically define each dis-
tribution, such as the mean (X), standard deviation (s), coefficient of
variability (Cv),,and coefficient of skewness (CS) were then calculated
from the data, The distributions defined by these parameters were com-
pared with those defined by the plots on the probability paper. This
type of procedure was also carried out for the 1- and 30-day low flows,
with the step of plotting on different types of probability paper elim-
inated since these distributions paralleled the 7-day average low flow
distributions. The value of drought flow for a 10-year recurrence was
then obtained from the 90 percent probabi]ity,]eve1~dn the graphical

distributions of Tow flows.
B. Correlating Low Flows With Cross-sections

Cross-sections were obtained from the Oklahoma City office of the
United States Geological Survey for the géging stations at Watts,
Kansas, Tahlequah, and Eldon. Also, ratings of discharge versus gage
height in tabular form were obtained. These data are included in
Appendix ‘A.

The cross-seétions and rating tables were used to find the hydraul-
ic depth (H), top width of flow (W), area of f]ow (A), .and the velocity
(V) at the 1-, 7-, and 30-day low flowslfor a>recurrence;interva1 of
ten years for each cross section. This was done by first finding the

gage height corresponding to the value of flow (Q) in question. The

top width was found on the cross-section at the gage height representing
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this flow. The area was calculated as the region between the gage

height at the 10-year recurrence f]ow, and the gage height at zero flow.

hll

The hydraulic depth was then found from the equation, H = A/W. The

Q/A.

- United States Geological Survey quadrangle maps of Watts, Kansas,

i}

velocity was calculated from the continuity equation, V

Welling, and Stillwell, Oklahoma, were used to calculate épproximate'
slopes of the river at the gaging stations. This was done by meésUring
the distance along the river between'contour 1nterva]s,with a map-
measure, then dividing the 20-ft contouh interval on the maps by the
distance to obtain the slope. The scale of the maps was.1:24,000.

These vé]ues‘for the slope were then used along with the’velocity, area,

and wetted perimeter in Manning's equation
2/3 i
_1.49 (A Y

where n is Manning's coefficient of roughness, A is the crd%s-sectiona1
area of flow, WP is the wetted perimeter in feet, and S is-the slope of
the channel. This was done to compare the coefficient of roughness

cohputed for each of the different gaging stations. -

C. Assumptions for Comparison of Busch's Method

to the Streeter-Phelps Equation

In. the comparison of Busch's method for stream assimilation capa-
city with the Streeter-Phelps Sag Equation, the 12.8-mile reach of"
| F1int Creek from the state line to its junction with the I1linois River
was used for the computations. The cross-section of Flint Creek at the

gaging station near Kansas, ‘and the 1-, 7-, and 30-day, 10-year
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recurrence interva] low flows were assumed to be valid throughout the
length of the reach. The data used was thus the cross-sectional results
for H, V, W, and A determinediat these flows. Two mdre flows were
picked at randomvand evaluated for these parameters to aid in illus-
trative purposes. | |

As defined in Chapter II, the Streeter-Phelps equation is

]

K-la [ -K.t -Kt) | Kt
N 1 ) 2
D = KZ'Kl (e -e + Dae (9)

" and Busch's equation for stream assimilation capacity is

dM _
dt - KL(min) Pnax Ai - (13)

where KL = K2xH.
The coefficient of reaeration (K2) was calculated by a formula
developed by Isaacs, Chulavachana, and quart-(47)‘f0r a simulated

stream apparatus at New Mexico State University

ky = 2.833%1.5 (base 10 logarithms) (15)

This was done for all values of flow in order to determine the
minimum KL which was then used in all ca]cu]ationi using Busch's formu-
lation, and the K2 corresponding to this KL(K2 =-H£) for a given flow -
was used in all calculations involving the Streeter-Phelps equation.
The calculated values fof ko from the formula developed by Isaacs, et
al. were converted to a natura] logarithm base by multiplying by 2.303,

and then corrected for temperature by use of the formula
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. (T-20°) P
K2(T) = 1.0241 K.2 (16)

Analysis of the water qué]ity,data,avai]ab]e indicated that the
highest weekly avefage temperature condition that might be expected was
approximately 29°C, o) th1§ value was used in the correction formula.
The value of 29°C was also used in finding the saturation valye of dis-
solved oxygen for the reach. . The efféct of chlorides and suspended
solids on this saturation concentration was considered. to be negligible
as discerned from available water quality data, so this saturation
value was determined direct]y-from,so]ubi]ity tables of oxygen in dis-
tilled water. This value was assumed to be 7.77 mg/1 for all calcula-
tions for both equatibns. The maximum allowable deficit was thus 3.77
mg/1 (7.774— 4,00) for Busch's equatioh.

The initial dissolved oxygen concentration for the Streeter-Phelps
equation was assumed to be 5.0 mg/1 iﬁ all ca]cu]ation5>since;this is
the minimum value allowed for Flint Céeek in the State of Arkansas.
This value made Da in the Streeter-Phe]ps equation 2.77 mg/1 (7.77 -
5.00).

Since no data is available on the}rate of deoxygenation as might
be‘prediéted for possible waste loadings in the future, a constant 6f
deoxygenation was.éssumedvto be 0.23_days'] for all caleulations
involving thg Streetef—Phe]ps equafion, ‘Using other values for K] in
the ca]cu]ations'would change the va1qés in the resh]ts,,but not the
1de§s presented. | M |

The time corresponding to any distance downstream in the Streeter-:
Phelps equatioh was found by thevre1atjon, distance =V x t, where

velocity is.as found from the cross-section for a given flow. The
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computation of the Streeter—Phe]ps.equation was facilitated by a com-
puter program previously developed by this author, and is included in

Appendix B.



CHAPTER IV~
RESULTS AND DISCUSSION

The results and discussion will be divided into three units. The
first unit presents the results from the statistical analysis of the low
flow data. The second presents the correlation of the 10-year recur-
rence interval Tow flows to the cross-sections.--Fina]]y, the comparison
of Busch's method for stream assimi]atfon capacity to fhe Streeter-

Phelps equation will be presented.
A. Low Flow Analysis

Since Tahlequah has the longest period of record (38 years), the
plots made on thfs gaging station for the logextremal, extremal, log-
normal, and normal probability graphs have been shown in Figures 2 and
3 to exemplify the types of distributidns encountered in the I11inois
River basin. These graphs are for the 7-day average low flows. In
Figure 2, the logextremal plot (Gumbel's extremal value theory forylow
f]oWs) shows a concave downward curve that breaks into-a very steeply
sloping portion between the 80 and 90 percent frequency levels. If
assymptotes were to be drawn to this'curve, the 1ines would be similar
to the graphs made in the lTow flow ana1ysis for the 1559 study on the
hydrology of ‘the I11inois River basin by the United States Geolggical
Survey (9). This curve is also similar to the plots made by Hardison

and Martin (17) for the Mountain Fork River near Eagletown,.Oklahoma.

42



Figure 2. Logextremal and Arithmetic-extremal Plots of 7-day
Average Low Flows at Tahlequah (07196500),
n = 38 years
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To fit this data with accuracy using‘a logextremal plot would not be
possible, since the points are scattered in a steeply sloping manner-
for frequencies greater than 80 percent. Also shown in Figure 2 is the
plot ‘of the flows versus frequency on extremal probability paper. This
plot yields a curve which is slightly concave downward for the Tahlequah
gaging Station.

The log-normal plot in Figure 3 yields a .distribution resembling
the Togextremal p]ot in Figure 2. The curve is concave upward, and the
slope becomes very steep for probabilities greater than 80 percent. The
plot of the data on normal probability paper in Figure 3 shows a dis-
tribution that can be fit readily with a straight line. The same con-
clusion was reached for the 1-, 7-, and 30-day low flows at the gaging
stations near Watts, Kansas, and Tahlequah. This fit did not hold tkue
for the Barren Fork near Eldon. The strafght-]ine fits on normal prob-
ability paper;,and,the fact that the Barren Fork distribution was dif-
ferent will be further discussed after presenting the resu1t5.from
analyzing'thé low flows as normal distnibutions at the gaging stations.

The ‘graphs on normal probability paper for the 1-, 7-, and 30-day
Tow flows af the four gaging stations sthdied are presented in . Figures:
4, 5, 6, and 7. Since the data fit a straight Tine for the stations at
Watts, Kahsas, and Tah]equah on normal prQbabi1ity paper, the meén énd
standard;deviatibn were calculated, théﬁ compaked to the meén and |
standard deViationlthat were observed from the best graphical fit of a
straight§1ine; 'The coefficient of variabi]ity‘was'then ca]cu]éted for
both of these cases, and the coefficient of skewness was computed for
the data sets of the 7-day average’flowﬁ since the 7-day average is the

most ‘often used in decreeing a design low flow. These statistical



Figure 3. Log-normal and Normal‘P1ots of 7-day Average Low
Flows at Tahlequah (07196500), n = 38 years
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Figure 4.  The 1-, 7-, and 30-day Average Low Flow Distrib-
utions for Watts (07195500), n = 18 years
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Figure 5. The 1-, 7-, and 30-day Average Low Flow Distributions
for -Kansas (07196000), n = 18 years
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Figure 6. The 1-, 7-, and 30-day Average Low Flow Distributions
for Tahlequah (07196500), n = 38 years
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Figure 7. The 1-, 7-, and 30-day Average Low Flow Distributions
for Eldon (07197000), n = 25 years ‘

Computed from Data.
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parameters are given with the respective graphs.

For the gaging stations at Watts (Figure 4), the theoretical best
fit from the méan and standard deviation did not seem to be as good as
a line drawn to fit the points graphically. The graphical mean was.
Fetermined to be lTower than the computéd“ﬁean for the 1- and 7-day low
flows,.while a good straight 1ine fit of thé:data could not be obsérvedv
with the 30-day average low flows.. A best straight 1ine fit on the
graph yielded a mean which was higher by six cfs than the computed mean
of the data. The standard deviations determined from these best
straight T1ine fits were higher for the three flow distributions than a
theoretical fit of the data would have determined. The coefficient of
variability was thus higher from the graphical determination than that
computed from the data. A high coefficient of variability of 0.60 for
the 7-day average low flow was determined from the graphs; withMcdef-
ficients of variability of 0.62 and 0.65 for the 1- and 30-day average
Tow flows, respectively. The coefficient of skewness was found to be
0.347 for the 7-day average low flow data. This skewness toward the
high flow side is probab]y attﬁibutab]e to the two high flows at the
lowest probabilities that do not fit on the line of the drought flow
trend. As discussed by Velz (12), these may not truly be droughtvf1ows;

The means'ca1cu1ated from the data.fpr the gaging station at
Kansas (F1gure 5) closely define the observed fits on the graphs. he
standard deviations, however, are observed to be greater by the lines
formed from plotting the data than those calculated from the data for
the 1- and 7-day average low flows--8.4 versus 7.1, and 8.1 versus 7.3,
respectively. Two flows at the Towest frequencies for the 30-day

average low flows are much greater than would seem in 1ine with the
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rest of the data, and thus the standard deviation from the graph is
much less than that computed from the data, 10.6 versus 12.8. - Approx-
imate1y the same variability of the-flows at this gaging station is
observed as was noted for the Watts gaging station, Cv being 0.67,
0.60, and 0;54.for the 1-, 7-, and 30-day average low flows, respec-
tively. The coefficient of skewﬁess was calculated to be -0.206, or
the distr@bution,was skewed to the low flow side for the 7-day average
Tow flows.

Thirty-eight years of data have been collected at the Tahlequah
gaging stafion (Figure 6), and the means and standard deviations calcu-
lated for the 1-, 7-, and 30-day average 16w flows are very close to
those graphically observed to be more representative of the trend of
the major population of the data. The standard deviations again seemed
to be slightly greater from a plot of the data fhan those ca]cuiated,
so the greater slopes were used since this yields a slightly more.cbn-
servative estimate of Tow flows for fréquencies greater than 50 percent.
The coefficients of variabi]ity were much like those fdr-Watts and
Kansas, being 0.66, 0.60;-and 0.62 for the 1-, 7-, and 30fday.average
low flows. = The data for the 7-day avérage low flows was skewed slightly
right,.Cs‘calculated to be 0.193. Like-the.stations at Watts and
Kansas, the 1- and 7-day éverage‘1ow.f]ows‘better'defined a straight
line than thé 30-day averége Tow f]ows; For all three gaging'stations,
thé data points were most tightly knit about a 1ine for-the 7-day:averq
age low f]ows. : k |

The Barren ‘Fork at Eldon (Figure 7) exhibited a different type of
plot in that the flows were noticeably skewed from the graphical

analyses. - The coefficient of skewness was calculated to be 5.22 from
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the 7-day average low flows. This data could have been fit by Gumbel's
logextremal theory for drought flows as a limiting flow is approached
at the lower magnitudes of flow for the distribution, Plotting these
data on logextremal probability paper yielded apprdximate]y straight
lines, unlike for the other threefgaging,statidn;. ‘The graphs included
are on normal probabi]ity,papér. The coefficient of variability was
' ca]cu]dted to be approximately 0.74 for all thrée f]ow-distributioﬁs,,
but the meaning of this va]Qe‘is not the same as for the othek three
gaging stations, since the dfstribution is highly skewed. -

Taking the coefficientS'of skewness calculated at the gaging sta-
tions for the 7-day low flows and testing them for fitting a log-
extremal,distribution byvusingfthe test equation proposed by Gumbel

(13) and defined 'in Chapter II of this thesis
> = ol ' > ' '
e=0 if X +S (A(u) - ﬁ(a)) -0 (5)

yields the-résults shown ih Table IV.
These calculations verify the graphical conclusion that the Barren-
Fork at Eldon is the on]y‘gaging‘station that can be fit by Gumbel's
: 1ogextrema1 distribution.or ény distribution for-which a lower limit is
assumed. - Since ¢<0, the data does not Show a.tendency»tO;approach a
miﬁimum flow dt Watts, Kansas, and Tahlequah. The concave upward
curves observed for the plots on log-extremal probability are the indi-
cators that the minimhm 1owvf]ow.is less than zéro for fhese flows.
AhalyZing tHé 1OW‘f10w5‘graphica11y on normal probability paper
seems to be the best way~toféchieve a'gfaphicé] fntefpretation of‘the
low flow distribdtions observed at watts,'Tahlequah,,ahd»Kansas. A

possible reasor that these distributions are nearly normal is the high
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degree -of flow variability of these streams in the Oklahoma hills-~- |
e&treme drought flows in some years being Very much below the mean
drought flow, and a variable base flow that.depe;ds upon the severity of.
drought as well as the physical basin characteristics (19). These dis-
tributions do nof-conform to Guhbe]?s Togextremal theory, and cannot
accurately be treated graphically as distributions apprbaching a mini-

mum flow greater than or equal to zero.:

TABLE IV
TESTING FOR A LOGEXTREMAL DISTRIBUTION

Gaging Station C, X + S|A(a) - B(a)]

Watts

07195500 0.347 -20.0
Kansas

0719600 -0.206 -16.2

Tahlequah

07196500 0.193 -51.9
Eldon '

07197000 5.22 . 11.5

Decisions related to drought flow usually center around a 10-year
recurrence interval, and the Environmental Protection Agency has desig-
i nated that a 7-day average 10-year recurrence low flow should be used

for design purposes. The 1-, 7-, and 30-day averages at a 10-year
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recurrence interval were taken from the graphs at the four gaging

stations. These low flows are listed in Table V.

TABLE V

10-YEAR RECURRENCE INTERVAL LOW FLOWS (cfs)
(fraction of mean low flow in parentheses)

Station .1-day Average 7-day Average 30-day Average

Watts

07195500 12 (0.20) 16 (0.23) 20 (0.17)
Kansas ‘ .

07196000 1.8 (0.14) 3.3 (0.24) 5.8 (0.30)

Tahlequah
07196500 14 (0.16) 20 (0.21) 28 (0.21)

Eldon
07197000 2.3 (0.13) 2.8 (0.15) 3.5 (0.13)

The 10-year recurrence low flows at Tahlequah for the 7- and 30-
day average low flows were determined to be 20 and 28 cfs, compared to
12 .and 20 cfs determined inbthe 1959 United Stafes Géo]ogica} Survey
study (8). The 1959 study was made using logextremal probability paper, -
and with sixteen fewer years of record, whichvexplains-the differences
in the Va]ues obtained. The 10-year recurrence;intérval lTow flows com- -
puted in this thesis were very low compared to usual flows in these
streams, being even less than one-quarter of the mean yearly low flow

for all except the 30-day average low flows on Flint Creek. This:
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characteristic was also indicated by the high coefficient of variabil-
ity calculated for these low flow distributions.

A further quantitative analysis of the 10-year recurrence interval
low flows is made possible by comparing the yields listed in Table VI,
The yield is defined as the ratio of the flow to the drainage area
above the station and can be used to compare the diffefent gaging sta-
tions. It can be seen that at the 7-day average low flows; the flow on
Flint Creek shows the highest yield, 0.030. A higher yield is recorded
at Watts (0.025) than at Tahlequah (0.021) for the 7-day average flow,
with the Barren Fork showing a very poor yield of .0.009. The gaging
stations at Watts and Tahlequah show approximately the same variability
in yield for the different drought flow durations. The‘F1int,Creek
shows a wider variability in yield betwéen‘the 1?, 7-, and 30-day low
flows than Watts ahd Tahlequah, while the Barren Fork neér Eldon shows
little variation‘in yield between the different low flow durations.
This is probably due to a reliable base flow'being the 10-year recurrence:
flow for all three Tow flow durations on the Barren Fork. In studies
done in Michigan, Velz (18) consideréd 7-day average’10-year.drought
flow yields of 0.1 to be very low. The very low yields calculated at
the four gaging stations in the I11linois River basin are indicative of

the severe dry summer periods for which Oklahoma is noted.
B.  Correlating Low Flows With Cross-sections

The results of using cross-sections and ratings of flow versus .
gage height at the four gaging stations to determine channel and flow

characteristics at low flows are given in Table VII.



TABLE VI

YIELD FOR -10-YEAR RECURRENCE INTERVAL LOW FLOWS
cfs/mi2 : '

Station 1-day Average 7-day Average 30-day Average

Watts
07195500 0.019 0.025 0.032"
.Kansas .
07196000 0.016 0.030 0.053
Tahlequah
07196500 0.015 0.021 0.029
Eldon
- 07197000 0.007 0.009 0.011

TABLE VII

CORRELATION OF CROSS-SECTIONS AND 10-YEAR RECURRENCE
INTERVAL LOW FLOWS '
(1-, 7-, and 30-day Average Low Flows)

Low Flow (cfs) A (ftz) W (ft) H (ft) v (ft/sec)

(Watts)(07195500)
12 24.7 190 0.13 0.48
16 . 32.3 190 0.17 0.50
20 39.9 190 0.21 0.50
(Kansas) (07196000) _
1.8 9.4 157 0.06 0.19
3.3 17.3 157 0.11 0.19
5.8 26.7 157 0.17 0.22
(Tahlequah)(07196500)
14 73.0 152 0.48 0.19
20 91.2 152 0.60 0.22
28 111.0 152 0.73 0.25
(E1den) (07197000)
2.3 26.0 186 0.14 0.09
2.8 29.8 186 0.16 0.09
3.5 31.6. 186 0.17 - 0.10
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These studies show that a wide channel is present at all four
Tocations, permitting only a very small effective depth of flow. This
depth varies from 0.06 ft for the 1-day average low flow near Kansas,
to 0.73 ft for the 30-day average'low;f1ow near Tahlequah. The hydraul-
ic depth was equal to the différence in gage height since the cross-
section approximated a rectahgu]ar section due to this very small
effectivé'hydraulic‘depth. |

The velocities of flow on F1int_Creek near Kansas were calculated
to be nearly the same as those of the I11inois River near Tahlequah,
being apprbximate]y 0.20 ft/sec. The Ve]ocities at Watts on the I11i-
nois‘Riverfwere,computed to be more than doub]e’this, averaging 0.5 ft/
sec. The velocities on the Barren Fork near Eldon were much Tower,
averaging approximateiy 0.1 ft/sec. The average slope for the reach
containing the gaging station, and theive]ocity and area.from the cross-
section allowed comparison of the values calculated in Table VII by com-

putation of the coefficient of roughness (n) from Manning's equation

| 2/3
YT U -

Results of these computations for the 7-day average low flows:

showed .

Gaging Station n
Watts (07195500) o 0.027
Kansas (07196000) . | 0.657
Tahlequah (07196500) ' : 0.129

Eldon (07197000) 0.180
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Since all of these cross-sections have approximately the same
characteristics in nearly the same type of terrain, it would be
expected that the n values for the four stations would be about the
same. The value of n at the Watts gaging station is in thevrénge that
would be expected for these watercourses, but the variability of the
computed values allows little comparison of the channel and flow char-
acteristics at the cross-sections. These results question the
reliability of using the cross-sections to calculate the area and vel-
ocity of flow. Another possible reason for the discrepancy.between the
n values is that averaging the slope.between 20 ft cbntour intervals is
too gross, and does not truly give a Fepresentative's1ope at the cross-
sections.

The_K2 values calculated by the use of the formula propgsed by
Isaacs, et al. (47) for the comparison of Busch's method for stream
assihi]ation_to the Streeter-Phelps equétion are presented in this sec-
tion. These ca]cu]ated‘coefficients of reaeration are shown in Table
VIII for the various low flows on the Flint Creek near Kansas. The K2
values were calculated to be very high using the very shallow depths of
less than one foot.. The vé]idity}of using these very small depths in
ca]cu]ating,Kz,va1ues is questionable, since tﬁis depth may not truly
represent the flow characteristics of the stream, and the empirical
reaeration formula was hot‘deve1oped using very shallow depths. varying
from 0.06 to 0.17 ft. The use of these values should prebably be
limited to the comparison that wi11‘befmade of the models for stream

assimilative capacity.
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TABLE VIII
CALCULATION OF'K2 AND KL FOR THE CROSS-SECTION AT FLINT CREEK

_ v
K2 = 2.833 m——s'

Flow (cfs) H (ft) V (ft/sec) K, KL
1.8 0.06 ) 0.19 110.0 6.6
3.3 0.11 0.19 44.1 4.8
5.8 0.17 0.22 26.7 4.5

67.0 0.88 0.47 4.6 4.0
133.0 1.27 0.64 . 3.6 4.6

C. Comparison of Busch's Method to the

Streeter-Phelps Equation

Busch's solution for stream assimilative capacity uses the general
éxpression‘for gas transfer to a Tiquid, as defined in Chapter II
dm _
@& = KL(min) D(max) M - (3)
This equation defines the maximum rate at which -oxygen can be uni-
formly transferred to a reach subject to the worst conditions of reaer-
ation, at the maximum allowable dissolved oxygen defiéit. . The only
kinetics involved in this equation are those used in defining the worst

conditions of reaeration for the reach. The kinetics of deoxygenation

are not involved, since the rate-at which an ultimate biological oxygen
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demand can be satisfied must be constant and equal to the maximum rate
at which oxygen can be transferred. This is if the dissolved oxygen
deficit is to remain constant at its maximum allowable value in the
reach.

A point discharge of an organic loading into a stpeam must be
defined by some type of kinetics of oxygen uptake if the location and
magnitude of the maximum dissolved oxygen deficit is to be found. The
Streeter-Phelps equation was-deve1oped for such a calculation, and con-
siders that the ultimate biological oxygen demand is not constant, but
is decreasing with passage through the reach as biological oxidation
occurs. A series of point dischakges can approximate a uniform loading,
but for a given 1ehgth of reach, a certain magﬁitude of organic load-
ing wi]]vcause a greater maximum dissolved oxygeh.deficitiif it is
applied at a point than if it is divided and distributed throughout the
‘reach,

This.wés shown by - the Streeter-Phé]ps‘equation for the Flint Creek-
reach by first assuming an initial BOD of 8840 1bs/day at the 7-day low
flow of 3.3 cfs for a 20-mile reach. The critical DO value was then
calculated. An initﬁa] BOD of 4420 1bs/day was next assumed for a 10-
mile réach and an artificial waste flow was added containing a biologi-
cal oxygen demand of 4420 1bs/day at the 10-mile point or half-way
through the original 20-mile reach. This artifiqia] waste flow was
added at é very high concentration of 15,400 mg/1 at 0.1 cfs so as not
to alter the flow characteristics of the stream significantly. The
maximum DO sag for'this»cage was calculated. In avsimi]arlmanner, the
reach was then divided into four 5-m11e‘incremeﬁts with 2210 1bs/day of

BOD added,at~the beginning of each increment, then eight 2.5-mile
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increments with 1105 1bs/day of BOD added at the beginning of each

increment. These same calculations were then repeated with the lengths

of all reaches halved. The resu]té are summarized in Table IX. These

results, although subject to many assumptions, show that when a design

waste loading is calculated for a given length of reach, the lower DO

concentration will be producedvby a single point dischargevinto the

reach.

TABLE IX

MAXIMUM DO DEFICITS FROM THE STREETER-PHELPS EQUATION FOR
PROPORTIONAL REACH INCREMENTS AND WASTE LOADINGS

BOD Loadings  Number Length Maximum Distance Down-
at Each Reach of  of Incre- Critical stream to Max.
Increment Incre- ment DO Deficit Critical Deficit
(1bs/day) ments  (miles) (mg/1) (miles)
8840 1 20 5.06 .33
4420 2 10 3.67 ~10.36
2210 4 5 2.96 15.32
1105 8 2.5 2.46 17.76
(reach lengths halved)
8840 1 10 5.06 .33
4420 2 5 4.18 5.34
2210 4 2.5 3.64 7.80
1105 8 1.25 3.15 8.99
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Busch's solution for stream assimilation capacity calculates the
waste loading that can be uniformly applied to a réach of given length.
In his article (3) he states that a shorter length of reach must be
used in the calculations for a point discharge, but no quantitative
definitions of this shorter 1en§th of reach are given. Thus, when a
given length of reach is used in calculating the amount of oxygen that
can unifbrm]y be transferred over the length, the worst conditions--
those of a point source in which the maximum dissolved oxygen deficit
is defined by the competing kinetics of reaeration and oxygen uptake--
are not considered. This can be illustrated by comparing Busch's
method for stream assimilation capacity with .the Streeter-Phelps equa-
tion for the 12.8-mile Flint Creek reach in Oklahoma. The comparison is
accomplished by determining the length of reach necessary for use in
Busch's equation that will yield a BOD loading sufficient to cause the
Streeter-Phelps equation to predict a critical dissolved oxygen concen-
tration equal to 4.0 mg/1 when the loading is applied at a single point.
This analysis was accomplished for the five different flows 1listed for
the Flint Creek cross-section near Kansas. These are listed in Table
VIII, Chapter III. The mass transfer coefficieht, K; s was assumed to

be 4.0 days']

for Busch's equation, sinée this is the minimum‘KL cal-
culated for the five different flows. The Ky used in the Streeter-
Phelps equatibh for any’of the given flows was determined by dividing
this minimum K (4.0) by the depth at that flow. Other assumptions
were given in Chaper III, Methods of Study.r

Busch's equation becomes, considering. units

dM _ -5
Tt = KL (min) * Dpax X W x L x 6.236 x 10 (17)
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dMm _
where 7= 45 in 1bs/day, W is in feet, .and L is the length of the reach
in feet,  This can be converted to a waste concentration in the river

for a given flow by

n

-5
L —d’70=(1']57“° Lyt K, (min) (18)

a dt, Q max L

where Q is in cfs, and La isin-mg/1,

The Streeter-Phelps equation for the critical deficit is

K
where f = Kg . Inserting the La calculated from equation (18), and
1

solving for the case when Dc =D

max® yie]ds

KT '
-I C _ 'l _5 I_‘_ .
o =5 (1.157 x 10 ) W g KLtmin)
21w lfy Plug
tc = K.] an F (1.157 x 10 ) W Q KL(min) ' a9 '.

but also from Streeter-Phelps equation, at the critical deficit

D
_ 1 : a
e TRy {F (HF-” -L:)]
but again substituting the L, calculated from equation (18) yields

| 3 - D.Q
1 | : ‘
t = : an| ]'(f']) (20)
¢ T KT [ ( > '
e 1.157x10° WLDmaxKL(min)H

Setting equation (19) equal to equation (20) and solving, gives
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0.0 -
L= ! [f(]-(f—]) T )]21)
(1.157x10™JWK_ (4 1157107 LD 13K, (i)

Since all of the variables can be determined for a given flow in:

—

equation (21) except L, this equatfon can be solved by iteration for
the value of L in Busch's equation for which the predicted waste load--
ing will cause the critica] dissolved oxygen 1eve1 to equal the minimum
allowable va1ue’from‘comp0tation in the Streeter-Phelps equation.‘ A
summary of . the ca]cuTatidns‘for the Flint Creek cross-section are
inen in Table X. .

From the equation

dMm _

HE""KL(min)_Dmax WL (22)

For a given flow and cross-section, the waste 1oading predicted is
directly proportional to the length of the reach. Thus, the design
1oadin§ calculated by Busch's equation at the 7-day low flow (3.3 cfs)
for a 14.6-mile reach proportionately exceeds that predicted for a
14.5-mile reach, and is proportionatetyless than that predicted for a
17.0-mile reach. But-as shown on TaBle X for a'point=discharge‘at the
beginning of these different reach lengths, the 1dading‘predicted for a
14.6-mile reach of 11,365 1bs/day will cause a minimum dissolved oxygen
concentration of 4;0 mg/1 by the Streeter-Phelps equation,‘ﬁe matter
what the length of the reach may actua]iy be. Thus, ff thé 14.5-mile
reach is used in Busch's formulation for stream asSimi]atibn capacity, -
the dissolved oxygen concentration will stay above 4.0 mg/1 as predicted

by the Streeter-Phelps equation, but if a 17.0-mile reach is used for



TABLE X

LOADINGS FROM BUSCH'S EQUATION USED AS A POINT DISCHARGE IN THE STREETER-PHELPS EQUATION

Reach'length, miles

14.5 mi 14.6 mi- 17.0 mi 37.2 mi. 52.0 mi

Flow | 1bs DO 1bs DO 1bs DO 1bs DO bs DO
(cfs) | BOD/day (mg/1) BOD/day  (mg/1) BOD/day  (mg/1) BOD/day  (mg/1) BOD/day (mg/1)

1.8 11,300 4.00 11,380 3.95 13,250 3.02 29,000 0 40,535 0

3.3 11,300 4.04 11,380 4.00- 13,250 3.12 29,000 0 40,535 0

5.8 11,300 4.19 11,380  4.16 13,250 4.0 29,000 0 40,535 0
67 11,660 5.00 11,740 5.00 13,670 5.0 29,925 4.0 41,825 1.59

133 11,730 5.00 11,810 5.00 13,754 5.0 30,110 4.62 42,085 4.0

1bs BOD/day

DO (mg/T)

calculated from Busch's equation for stream assimilation capacity using length

of reach given

calculated from the Streeter-Phelps equation for a point discharge using the
loading calculated from Busch's equation, and is the minimum or critical DO

concentration for the reach

1L
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the calculation in Busch's equation, the Streeter-Phelps equation pre-
dicts that the dissolved oxygen concentration will be lowered to 3.12
mg/1 at this flow of 3.3 cfs. There is only one reach length which
will cause the DO to sag to the minimum allowable value, and this
length is independeht of the actual length of the reach. .

From the ca]cU]ations; at each flow there is a certain length of
reach associated with this flow for which the design loading calculated
from Busch's equation will cause the Streeter-Phelps equation to pre-
dict a DO concentration of 4.0 mg/1. Since the length of this reach
increases with increasing flow, it can be-ascertained that the desigh
loadings predicted from Busch's equation beéome‘more,conservative for
increasing values of a design low flow for the given cross-section,

For example, if a 14.5-mile reach was actually the length of the reach
and the design flow was 67 cfs, Busch's equation calculates a design
loading of 11,660 1bs of oxygen demand per day, whichkthe Streeter-
Phelps equation predicts would cause no sag in thé dissqlved oxygen
concentration. A BOD loading of 29,925 1bs per day is‘necessary to
cause the dissolved oxygen concentratibnvto drop to 4.0 mg/1, according
to the Streeter-Phelps equation. This corresponds to a reach length of
37.2 miles for the flow of 67 cfs. But if the design flow .for this
14.5-mile reach was 1.8 cfs, the Toading predicted from,Busch'syéquation
would be 11,300 1bs of oxygen demand/day, just 360 1bs less than that
predicted for‘the(flow‘of 67 cfs., - For this cése;‘however,,the Streeter-
Phelps eqdationrpredicts}that~the diéso]ved oxygen concentration would
sag to 4.0 mg/1, the minimum allowable value. The-reasbn for this

observation is that for a given Tength of reach in Busch's equation, the
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.the design waste loading is directly proportional to the width of the
‘water surface on the crbss-section,‘since this defines the minimum
interfacial surface area available for oxygen transfer. Thus, for the
steep bank slopes on Flint Creek, the width varies 1ittle with depth,
and thus the assimilative capacity as predicted by Busch's~formu1atibn
varies little for increasing flows. The Streeter-Phelps equation, how-
ever, predicts that the assimilative capacity for a point source dis-
charge is much less for lower flows than for increasing flows. The
reason for this can be shown from the differential form of the equation

dD _

From this equation, K and the initial value for D (Da) are con--
stant at the instant of discharge of flow in Table X, whﬂ-e-K2 is

inversely proportional to the depth

K, - KL (min)

If it is assumed that at the instant after discharge %%v= 0, or

the DO profile will not sag, the Streeter-Phelps equation becomes

]

Ky g3
- L (min)

but since L, = lQ-Q%iﬂﬂ-where the Toading is the rate of BOD application

K loading _ KL('m1’n) D

1 Q H

a

K (min) D
loading = L m&n a 2
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or the loading rate is proportional to %—.

Since the flow rate increases much faster thah at a linear rate
with increasing depths (by the rating tables in Appendix A), the load-
ing can be increased with increasing depths and still not cause the DO
concentration to sag. This dilution of pollutants with increased flow
rate in the Streeter-Phelps equation has been shown for the specific
case g%—= 0 in order to aid in the_expianation of the ca1cu1afions shown
in Table X; or that the total BOD loading can be greatly incréaséd.with
increasing flow and still maintain a minimUm DO concentration greater
than 4.0 mg/1 by the Streeter-Phelps equation.

Busch's equation does not take into account the fact that dilution
is-going to have an influence on the rate of\change of the dissolved
oxygen deficit for different flow regimes, and thus on the maximum
dissolved oxygen -deficit. The amount of water passing a pointhper unit
time, or the discharge (Q) associated with a given depth, is not con-
éidered;in Busch's formulation except in the determination °f~KL(min)’

Busch's method gives no information concerning the location of the

critical DO deficit, so no comparison can be made with the Streeter-
Phelps equatioanvcomputation of this location. The critical DO defi-
cit was calculated to occur within a half-mile for most of the data
used in the Streeter-Phelps equation. For‘examp1e, at the 7-day aver-
age low flow for a BOD loading at 11,380 1bs/day, the critical DO
deficit occurred .30 mi downstream .in 2.2,hours;. The very shallow
depths and high K2 Va]ues used in the equatibn were the affectors of
this calculated quick sag and recovery.

Thus, these results show two points:

1) For a given flow there is a single length of reach which, when
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used in Busch's equation for stream assimilation capacity, the loading
predicted will cause the dissolved oxygen concentration to sag to the
minimum allowable value, as predicted for a point source by the

Streeter-Phelps equation. This length depends only upoanL( ) and W,

min
so there is no relationship between this reach length and the actual
length of the reach.

2) For a given reach length, the BOD loadings predittedvby Busch's
equation, when applied to a point Eource, are the least conservative |
for lower values of flow as compared to the Streeter-Phelps equation,
because the-velocity of flow or the re]atipn of discharge to depth is
not-taken.into account except for determining KL(minO'

The Streeter Phelps equation was not meant to be used as the best
possible prediction of the DO profile in thesé comparisons;‘itSflimita-
tions have been previously discussed. It was used for the purpose of

1) showing that for a given length of reach, a point discharée
will place the greatest burden upon the oxygen resources of the strgam,»
and | |

2) showing the anomolies that exist between using a kinetic model
to predict the dissolved oxygen profile caused by a point waste dis-
charge and calculating allowable waste loadings for a reach by using a
uniform rate of oxygen tranéfer over the entire reach. |

The concépt of using.only the minimum reaeration capacity of a
stream to predict its assimilative capacity méy be a valid line of
reasoning. Still, incorporating this idea into the kinetics of compet-
ing reaeration and deoxygenation initiated by a point,discharge seems
to be a more rational way to proceed than in designing for uniform load-

ings. Uniform loadings usually come under the heading of natural
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pollution and are nearly impossible to predict. Point discharges are
the vandals that have frequént]y been known to upset natural balances
in a stream when a town or industry discharges its wastes into the
stream. These wastes are predictable and capable of being controlled. .
Further defining the applicability of the general aeration formula as
presented in Busch's "Five-Minute Solution for Stream Assimilation
Capacity," (3) seems necessary if it is to be used in.stream pollution

problems.



CHAPTER V
SUMMARY AND CONCLUSIONS

The distributions of yearly drought flows at the Watts, Tahlequah, -
and Kansas gaging stations on the I1linois River and Flint Creek were
found not to conform to Gumbel's logextremal theory for droughts.

These distributions were only slightly skewed and thus were .best fit by
a:straight 1ine on normal probabi1ity‘paper. Logextrémal‘probab111ty
paper should not be used to define this type of disthfbution, as the
Steep]y sloping, concave ub curve indicates that the minimum low flow
approached is less than zero.

The high degree of variability that was observed in the drought
f]bws»at Watts, Tah]eq@ah, and Kansaér-the coefficient of variability
being greater than 0.60 for the 1-, 7-, and 30-day low flows--and the
physical basin characteristics are thg reason for‘the;near1y:nowma1 dis-
tribution. A different distribution was exhibited by the Barren Fork
at Eldon in that the low flows observed at this station approached a°
minimum low flow.

| The 10-yéar recurrence - low flows atvthese géging sfatfons-are'very
Tow, being less ;han one-fourth of ﬁhe mean drought f1qw-because of the
vhigh variabi]ity from year/to year of thépTow flows. The yiers-ofr
these 10-yeér=kecu¥rence interya]fdrought flows per square'mile of
drainage area are also very poor, being less than 0.06 cfs/mi2 at all

gaging: stations.

77
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The correlation of the 10-year recurrence low flows with the cross-
sections to determine the width, depth, area, and velocity of flow
yielded results that, from the method of determination and by testing in
Manning's equation, were thought to be unreliable. Thus, the only use
of these results was in using the Flint Creek ckoss-sectibn for the com-
parison of Busch's method for stream assimilation capacity to the
Streeter-Phelps equation. -

To apply a given quantity of organic waste matekia1 at a point will
cause the dissolved oxygen profile of the stream to sag to a greater
extent than if the waste is divided and spre$d more uniformly throughout
the reach. Busch's method for stream assimilative capacity involves
calculating the maximum uniform loading rate that a biochemical .oxygen
demand can be applied to a reach of stream. Applying the loading cal-
culated by Busch's formula as a point discharge to be treated by the
Streeter-Phelps equation shows that

1) the actual length of a reach of stream is independent of the
length of reach which when used to calculate a BOD loading by Busch's
equation, this loading applied at a point will cause the dissolved
oxygen concentration to sag to the minimum allowable value, and

2) the dilution capacity of a river or the discharge associated
with a given depth is not totally accounted for in Busch's formulation.

There 15 thus no correlation between the loading that would be pre-
dicted by Busch's equation to mainfain the dissolved oxygen concentra-
tion at acceptable levels, and that predicted by a kinetic model such as

the Streéter-Phe]ps»equation when a point discharge is being considered.



CHAPTER VI
SUGGESTIONS FOR FUTURE WORK

The‘present quality of the waters in the I1linois Rivek basin needs
to be better defined than available water quality data allows. . Routine
sampling, such as monthly samples taken at five or six locations along
F1int Creek and the I]]ihois River, could provide a background in water
qua]ity variability subject to seasonal changes. Emphasis should prob-
ably be given to the months of August, September, and October, when
nearly all of the historical drought f]ows have oécurreds with possibly
a more intensive Samp11ng program-undértakeh‘during these periods Wheh
the qua]ity of~watér with respect fo a stable hydrograph would allow
better correlation of wafer‘quality to the hydro1ogy,of‘thevbas1'.n°
Such a sampling program now undertaken at the Ok1ahoma State University
could allow correlation of the data with the National Weather Service
River Forecast,Hydrology Model which has been calibrated by Ran Martin
at the Oklahoma.State University to béttér fif Tow flows in the I11inois
River basin. Historical water qué]ity‘records for the basin could then
be defined as the function'of hydrological conditions.

Cross-sections at various intervals along the river, and the veloc-
1ty of flow, determined by either tracer studies or.by measurement at
a sing}e‘point,.need‘to be determined so that the hydraulics and thus
the reaeration capacity of -the stream canlbe‘better»defined,,'Then,‘by

predicting the types of loadings, the organic waste assimilative
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capacity of the stream could be predicted by models such as the
Streeter-Phelps equation or-a truly more rational appfoach to deter-
mining.stream DO levels such as that proposed by Peil and Gaudy (36).
Determination of this capacity could play a beneficial role in formu-

lating intelligent plans for the basin.
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APPENDIX A

CROSS-SECTIONS AND RATING TABLES FOR THE GAGING
STATIONS NEAR WATTS (07195500), KANSAS
(07196000) , TAHLEQUAH
(07196500) , AND
ELDON (07197000)
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07195500
GAGE

HE1GHT

IN FEET .0
0,00
1,00 9,0
2,00 140
3,00 378
4.00 715
5.00 1180
6.00 1770
7.00 2470
8.00 3240
9.00 4100
10,00 5060
11,00 6140
12,00 7320
13.00 8660
14,00 10100
15.00 11800
16,00 13500
17,00 15500
18.00 17600
19,00 20700
20,00 24000
21,00. 27600
22,00 32700
23,00 39800
24,00 47900
25.00 57300
26,00 68000

ILLINOLIS RIVER NEAR WATTS,

el

19
159
408
756

1230
1830
2550
3320
4190

5170
6250
7440
8800
10300

11900
13700

15700
17900,

21000

24300
28000
33400
40600

" 48800

58300

o2

30
178
439
798

1290
-19900
2620
3400
4280

5270
6370
7570
8950
10500

12100
13900
15900
18200
21300

24700
28400
34100
41300
49700

59300

EXPALDED RAYING TAB; E

OKLAROUMA

DISCHARGE IN CUBIC FEET PER SECOND

3

41
199
470
841

1340
1970
2700
3480
4380

5370

6480

7690
9090
10600

123&0
14100
16190

18500
21600

25100
28800
34700
42100
50600

60400

W4

53
eze
502
886

1400
2040
2770
-3570
4470

5480
6600
7830
9240
10800

12500
14300
16300
18800
22000

25400
29200
35400
42900
51500

61400

5

65
245
534
932

1460
2100
2850
3650
4570

5590
6720
7960
9390
10900

12600
14500
16500
19100
22300

25800
29600
36100
43700
52500

62500

o6

78
269
567
980

1520
2180
2920
3740
4670

5700
6840
8100
9540
11100

12800

14700

16700
19400
22600

26100
30200
36800
44500
53400

63600

TYPE LOG(SCALE OFFSET = 0.990) RATING NO 13

o 7

92
295
601

1030

1580
2250
3000
3830
4760

5810

6950 .

8240
9690
11300

13000

16900
19700
23000

26500
30800
37600
45400
54400

64600

14900

«8

106
321
636
1080

1640
2320
3080
3%20
4860

5920

‘7070 .

8380
9840
11400

13200

15100

17100
20000
23300

26900

31500

38300
46200
55300

65700

DIFF IN @

- PER
.9 FOOT-GH-
.00 <
123 13140
349 243
675 . 337
11305, ks
1700 590

2390, 702

66900 10697

L8
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07196000

GAGE

HEIGHT

IN FEET .0

5,00
6,00 25
7,00 190
8,00 1070
9,00 2890
10,00 5080
11,00 7460
12,00 10200
13,00 13300
14,00 16700
15,00 20600

UNITED STATES DEPARININT UF INIER Sk

FLINT CREEK
o

34
231
1200
3110

5300
7720
10500
13600
17100

21100

NEAR KANSAS,

2

43
283
1340
3330

5520
7980
10800
13900
17500

21500

6E

iy AL

Sutviy

EXPANDED RATING TARLE

DKL AHGRA

Ty

DISCHARGE 1m CUBIC FEET PER SECOND

3

54
. 354
1500
3560

5750

8240 .

11100
14300
17900

21900

]

67
438
1680
3760

5980
8510
11400
14600
18300

22300

S

80
529
1870
3970

6220

8790
11700
15000
18600

22700

.00

Y

3.0
96
620
2080
4180

6470

9060
12000
15300
19000

23200

Pt b RS DIVISINN

LUG(SCALE

o7

7.1
113
722

2300
4390

6710
9340 -
12300
15700
19400

23600

UFFSET

o8

12
133
- 835
2490
4620

6960

9620
12600
16000
19800

5,50)

9

18
156 -

948
2690
4850

7210

9900
12900
16400

20200,

RATING “NO OF

DIFF IN @
PER
FOOT GH

159
912
1821
2189

2450 -
2736
3112
3445
3856

68
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UNITED STATES DEPARTMENT OF INTEF] 1% = GEOLOGICAL SURVEY =~ WATER RESUURCLES DIVISION

EXPANDED RATING TABLE

07196500 ILLINOIS RIVER NEAR TAHLEQUAH, GKLA. TYPE LUG(SCALE OFFSET = 1,50) RATING NO 12
GAGE . DISCHARGE IN CUBIC FEET PER SECOND : * DIFF IN Q@
HEIGHT : o : PE B
IN FEETY .0 o1 .2 .3 .4 .5 o 7 © .8 .9 . FOOT GH
1.00 .00 1.0 3.1 6.1 10
2.00 15 20 26 .33 40 49 58 . &8 - 78 91 . - 91
3.00 . 105 120 136 153 171 190 212 235 259 28s * 207
4,00 313 343 375 408 442 480 520 562 606 652 ‘407
5.00 700 750 803 857 914 974 1040 1100 1160 1230 ¢ . 600
6.00 . 1300 1370 1440 1520 1590 1670 1750 1840 1920 2010 860
7.00 2100 2190 2280 2370 2470 2570 2670 2780 2880 2990 1004
8.00 3100 3210 3320 3430 3540 3660 3770 3890 4010 4130 . 1149
9,00 4250 4380 4510 4640 4770 4900 5040 5180 5330 5470 1366
10.00 5620 5770 5920 6070 6230 6390 6550 6710 6880 7040 ' T 1592
11,00 7210 7390 7560 7740 7910 8090 8270 8450 840 8830 ° 1807
12,00 5020 9210 9400 9600 9800 10000 10200 10400 10600 10800 19873
13.00 11000 11300 11500 11700 11900 12100 12400 12600 12800 13100 - 2261
14,00 13300 13500 13800 14000 14300 14500 14800 15000 15300 15600 : 2498
15,00 15800 16100 16300 16600 16900 17200 17400 17700 ~ 18000 - 18300 - 2786
- 16,00 18600 18900 19200 19600 - 20000 20300 20700 21100 21500 21900 , 3731
"17.00 22300 22700 23100 23500 23900 26300 24800 25200 125600 7 26100 4212
18,00 26500 27000. 27400 27900 28300 28800 29300 . 29800 30300 - 30700 - 4678
19,00 31200 31700 32200 32800 33500 34200 . 34900 35700 36400 - 37200 6761
20,00 38000 38800 39600 40400 41200 42000 42900 43700 44600 -45500 8435
21.00 46400 47300 48300 49200 50100 51100 52100 53100 54100 55100 9791 .
22,00 56200 57200 58300 59400 60500 61600 62700 63800 65000 66200 11235
23.00 67400 68600 69800 71000 72300 73600 74900 76200 77500 78500 12845
24,00 80200 . 81600 83000 84500 85900 87400 88800 90300 91800 93400 14650
25,00 . 94900 96500 96100 99700 101000 103000 105000 106000 108000 110000 17070
26,00 /112000 113000 115000 . 117000 119000 121000 122000 124000 126000 128000 18489

27.00 130000 132000 134000 136000 138000 140000 142000 145000 147000 149000 20852
28.00 151000 ‘ .

L6
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UNITED STATES DEPARTMENT OF INTERIOR - GEOLUGIGAL SURVEY = WATER RESOURCES DIVISIUN

EXPANDED RATING TABLE

07197000 BARON FURK AT ELDON, OKLA _ TYPE LOG(SCALE UFFSET = 4,00) RATING NG 14
GAGE - DISCHARGE IN CUBIf FEET PER SECOND _ DIFF IN @
HEIGHT : : PER
IN FEET .0 o1 .2 3 4 .5 6 o7 .8 .9 FOOT GH
4.00 .00 1.0 4.1 8.0 13 19 26 .35 46 59 - 713,00
5.00 72 87 103 ©o120 139 161 185 211 239 269 238
6,00 300 330 362 395 431 468 507 548 590 637 403
7,00 685 736 789 843 899 955 1010 1070 1130 1190 575
8,00 1260 1320 - 1390 1450 1520 1590 1660 1730 1800 1870 692
9,00 1940 2020 2090 2160 . 2240 2320 2390 2470 2550 2630 840
10.00 2720 2810 2900 2990 3080 3180 3270 3370 3470 3570 1620
11,00 3670 3770 3880 4000 4120 4240 4360 4490 4610 4740 1203
12,00 4870 5000 5140 5270 5410 5550 5700 5850 6010 6180 1469
13.00 6340 6510 6680 6850 7020 7200 7380 7560 7750 7930 1780
14,00 8120 - 8320 8510 8710 £930 9150 9370 9600 9840 10100 2175.
. ) S L
15.00 10300 10600 10800 11100 11300 11600~ 11800 12100 -~ 12400~ 12600, ~ 2587~
16,00 12900 13200 13500 13800 14000 14400 14700 15100 15400 15800 3296
17.00 16200 16500 16900 17300 17700 18100 18500 18900 19300 . "19800° 4030
18,00 20200 20600 21100 21500 - 22000 22400 22900 23400 23900 - 24400° 4601
19.00 24800 25300 25700 26200 26700 27200 27600 28100 28600 -~ 29100° 5000
20,00 29600 30100 30600 31200 31700 32200 32800 33300 33900 34400 5375

21,00 35000 35500 36100 36700 37300 37900 38500 39100 39700 . 40300 5926
22,00 40900

€6



APPENDIX B

COMPUTER PROGRAM FOR THE STREETER-PHELPS EQUATION
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VENCMS N~

108

95

THE “STREETER-PHELPS EQUAT IUN

[
C THE UNITS ON THE VARIABLES
c BOD=MG/L, DO=MG/L. Q=CFS, TEMP=IENT, VEL=FT/SEC, DEPTH=xFT,
C OISTANCE=MILES,
[
c BL=BOD, DO=DISSOLVED DXYGEN, Q=FLOA RATE, TEM=sYEMPERATJRE
C V=VELOCITY, 4=DEPTH, DIS=)ISTANCE DOM=DOSSOLVED UXYGEN IN
4 THE INTERVAL, SDO=SATURATED DISSOLVED OXYGEMe. PROB=THE PPOBLEM
DIMENSION BL(Z0)+DO(20)+Q820),TEM(20)4V(20)4H(20),D1S(209,DOM(60)
X +SDO(20) (PROBIZ0),TBL2(10),TD2(101TA(LD)
[
[

READ(5,100) (PROB(I)+1=1,20)
100 FORMAT( 20A4)

on

WRITE{ 64101 )PROB -
101  FORMAT(1HL1.20A44///7)
WRITEL6 4300
30 FORMAT(* D.0. DEFICIT IS PLOTTED EVERY 2 MILES*/)
READISe 1 IN2
DO 600 L4=1.N2

c

READ(5¢ 1 IM
C
c THIS DO LOOP INCLUDES CALCULATIONS FOR EACH MINOR STREAM SYSTFEM
4 L5=THE NUNMBER OF THE SIMPLE STREAM SVSTE'!

00 500 L5=]1 M

c
c N=THE NUMBER Jf INFLUENTS YO THE STREAM ¢ |

READiIS«1) N
1 FORMAY (15)

READUS:2) (BLUT),D008),Q€1)TEMII) VT H(I)DIS(E),SOO(T)sI=1,N)
2 FOURMATLBFL0.2)

c
IFIL5.EQel) GD TD 300
. 00 301 J=1,N
c
IF(BL(J).GTaD) GO TO 301
4
BLUEJI=TBL2{J)
DOLII=TD2(SY
QtJ)=TAaLS)
301 CONTINUE
3o NM1l=N-1
[ WUITING OUT TMPORTANT OQRIGINAL DATA ABOUT THE STAFTING RIVERCIURSE

WRITE(6,102100(1)+BLEL1),QUL)sNM1, (DISTID,I=1,N¥41)
102 FORMAT(® OF THE (ORIGINAL STREAM '/' D.0.='¢F5.2+"' MG/Lsy B.0.0.=',
KFBs24' MG/Ly Q=',
XFBua2e% CFS *///4 15, % INTERVALS DaO. DEFICIT PLITTED FROM EFFLUENT
XD ISCHARGE!/* IN MILES® ,/(Fb6.214/77)
A=Q(1)

[ . )
C THIS OO LOOP- INCLUDES THE CALCULATIONS FOP. EACH INTERVAL OF THE ST3kamM
DO 80 I=1,NML
IP1=1+1
C SUMMING THE FLOWS OF ALL EFFLUENTS PLUS THE DRIGINAL SOURCE
A=A+Q(IPL)
FINDING THE AVERAGE VELOCITY AND AVERAGE DEPTH FJOR AN INCFEMENT OF
THE STREAM OF - RIVER
VAV=(VULI#VIIPL) Y/ 2,
HAV=(H{ TYeH( TP L))/ 2.
THE TEMPERATURE IS CALCULATED AT THE PQINT WHERE AN E£FFLJENT IR ANITHER
STREAM MEETS THE ORIGINAL STREAM, AND THE TEMPERATURF IS PROPOR[I [UINAL fO
THE FLOW RATES
VEMP=(TEMIT)I* (A=QUIPL})+TEM(IPLI*Q(IP1))/A
C USING THE AVERAGE VELOCITY,DEPTH » AND TEMPERATUREC WE CALCJLATE THE
C CUEFFICIENTS OF DEOXYGENATION AND REARATIUN (Y1 AND Y2)
CALL VALU(YL.Y2,VAVIHAV,TEMP)
TIMF=(DIS(T1}¢5280,)/(VAV®B6400.)
€ THE DISSOLVED OXYGEN AND BOD ARE CALCJLATED AT FHE POINT OF DISCHARGE OF
C A TRIBUTARY R A DISCHARGE INTO THE STREAM BY A CUMMUNITY
FFETLGVal } GU T 1Y
DI=(OUEII*001Y+D0L2)1%Q(2) )/ A
BLI=(BLOLI*QC L) ¢BLL2)*Q(2)) /A
GU TO lo
THE BOD AND THE DISSCLVED UXYGEN ARE IN PROPORY [UN TO THE FLIw ATES JF
THE KESPECTIVE STREAM OR EFFLUENT HAVING THAT BUD DR DISSULVEN OXYGEN
LEVFL
15 DI=(02% (A=Q(1PL)I+DQCIPLI*QLIPL)I/A
BLLI=(BL 2« (A-QLIP LY d+BLUIPLIRQ{IPLYI/A
16 C=DISCI1*.5
L=C
TF(L.EQ.O) GO TU 19
GU T 21
19 L=1
21 LPL=L+]
DOMLL k=SNOLEY-D1
L THE BUD AND THE DISSOLVED ARE NOW CALEJlATED AT THE END COF THE INTERWVAL
BLZ2=BL LREXP (=Y L1*T [ME)
FOIYLIA0LLI/(Y2=Y D)% (EXP(=YL1*TIME)-EXP (-Y24TIME})
G=DOMI L) *EXP(-Y2¢TIME)
DOMILPL)=FeG
D2=SDO(IPLI=-DGMILPYL)
IFID2.6GE.01 GU TO 22
DOMILPLY=SDOCIN )

[3Xa

ceo

arn

D2=0
C IN THIS DO LOOP THE DISSULVED DXYGEN IS CALCULATED AY FQUAL INCREMENTS
[ ALUONG THE STREAM
22 DO 81 J=2,L
'ZX)

TIM2=Y*(TIME/C)
FeQIYLOBLLD/Z{Y2 =YL L P* (EXP (=Y 127 IM2)-EXP(-Y2*TIM2))
G=NUM(1 I+ EXP-Y2%T [M2)
DOM(J)=F¢+0G
TES=SDOIT1=DCM(J)

IF(TES.GE.OQ) GO TO 81
DOM(J)=SDOLT)



179

185
186
1817
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
2117
218

C
c

[
4

C
[
4

a0 0an o oan oA oa00n

[sEaNa¥aNalel

81

CONT INVE

THE CRITICAL DISSOLVED OXYGEN ODEFFICIT AND THE CRIVICAL TIME ARE

CALCULATED FOR THE INTERVAL
TEST-DUH(Ii'(VZ-Vl.lI(VI.‘BLli
IF(TEST.GT.1)Ga TO 201
F=ALOGI(Y2/YI )*(1.~D0M( 1) *(Y2=-Y1)/(V1*BLL))) "
G=la/(Y2-Y1}
TIMCR=GSF
Fo (LY L¥BLLI/Z(Y2-Y1 ) D *(EXP (- v1tnncn ~EXP(~Y2«TINCR)} )
G=DOM(1 ) *EXP (=Y 2«T [MCR)
DOCR=F +G

THE CRITICAL DISTANCE FROM THE POINT OF DISCHARGE lS NOW CALCULATED WHERE

~THE DISSOLVED OXYGEN DEFICIT IS A MAXIMUM
DISTCR=VAVETIMCR¥86400.

201 WRITE(6+104)00(IPL),BLIIPL).QUIPL)

104

FORMAT(! THE EFFLUENT OR TRIBUTARY*//* Du0u='yF5,2,' MG/, B.0.De
X=",F8.2, " MG/L Q=% ,FBe 200 CFS' 0//) .
WRITE(6410615D0(1}

106 FORMAT(* THE SATURATED DISSOLVED OXYGEN VALUE Al I'I'E POINT OF OlSC

105

50

17

19
70

303
500
60C

20

XHARGE =¢¢F5.3,° HG/L'//)
WRITE(6,105)¥1,v2
FORMAT(Y COEFFICIENT OF DEOXYGENATION, Y1s%,F6,3,/COEFFICIENT OF
XREAERATION)Y2=" oF7434//)
THE RESULTS ARE WRITTEN OUT FOR TWO DIFFERENT CASES~~1) WHEN THE EXISTS
A DISSOLVED OXYGEN DEFICIT MAXYMUM WITHIN THE INTERVAL AND 2) WHEN
THE HAXIMUM 1S AT THE ENDD OF THE INTERVAL
IF(TEST.GT.1)60 TQ 17
IF(TIMCR.GT.TIME) GO TG 17
IF(TIMCR.LT,0) GO TO L7
WRI TE(6,50)DOM(1 ) yDOMCLPL ) +BLLsBL2+ DOCR, DISTCR, T {MCR
FORMAT(* D.Q, DEFICIT AT POINT OF DISCHARGE=!F5.24¢ MG/L'/
X ' D.0. DEFICIT AT END OF INTERVAL='(F5.2,° MG/L'/
X ¢ Bu.0.D. AT POINT OF DISCHARGE=! ¢F8.2,° MG/LY/
X * BeeD. AT END OF INTERVAL=4F8.2,' MG/L'/
X ¢ CRITICAL D.O. DEFICIT=,FS5.2,' MG/L AT¢,Fl2.2,* FEET BELOW POIN
XT OF DISCHARGE',F5.2,% DAYS DOWNSTREAM!)
GU TO 18
WRITE(6,51) DOM(L},DOM(LPL)¢BLLsBL2
FORMAT(¢ D.0. DEFICIT AT POINT OF DISCHARGE=! ;F5,2,° MG/L!/
X % D.0. DEFICIT AT END OF INTERVAL=',F5.2,' MG/L*/
X ¢ B.0.0. AT POINT OF DISCHARGE=' JF802,¢ M5/LY/
X ¢ B.DeD, AT END OF INTERVAL='yF8.2,° NG/L*I
CALL GRAPH{DOM,L)
WRITE (6,70)
FORMAT (1H1)
CONTINUE
READ(S, L)L2

TD2(L2)=D2
TBL2{L2Z)=BL2
TA(L2) =A
WRITE(6,303)L5
FORMAY (//7//+* END OF SYSTEM NO.*+1247///70
CON TINUE
CUNTINUE
sTap
END

SUBRJUT INE VAL{YL,Y2,VAV,HAV,TEMP}

READ(5s L) ISWe1SQeY1yY2
FURMAT(215,2F1042)
THE F1RST TEST VALUE IS A SWITCH 4HICH WILL EQUAL 1 1F WE DO NOT NEED
TU CUPRECT THE COEFFICIENTS VALUE TO OTHER THAN 20 DFGREES C
TE(ISG.EU.1) GU FO 490
YF 154 EQUALS 1 , K2 HAS TC BE SUPPLIED ON A DATA CARD
IFCISK.EQ.1) GO TO 20
2=(SQRT(.000031%VAV* 3500, ) /{HAV¥*]1,5)) #24,
L*l .04 7% (TEMP=20)
¥Y2=Y241.024%%(TEMP-20)

RETURN
END

SUBROUTINE GRAPH(DOM,L)
THIS SUBRJUTINE IS USED ONLY FOR AIDING IN READING AND' INTERPRETING
THE DATA

THIS SUBROUT INE WTLL TAKE THE ARRAY DF DISSILVED DXYGEN DEFICITS IN AN
INTERVAL AND WRITE THEM QUT ALONG WITH A GRAPH REPRESENT ING THESE VALUES

DIMENS ION DUMIL ), G(60+1101+E(60Q)
NDATA AST/LH®/, BLANK/1IH /
DO 2 I=1.1
MAGN IFY ING THE SCALE
E(1)=10.400M(])
K=E{I]
1F(K.EQs0) GO TO 5

CUNTINUE
KPLl=K+1
D0 4 J=KPLl.110
Gl +J)=BLANK
CONTINUE
WRITING OUT THE DISSOLVED OXYGEN LEVEL FOLLOWED BY A REPRESENTATIVE
NUMBER OF ASTERICKS
WRETE(6e6) DOMUIL (G(T,J),J=1,110)
FORMAT{L1HOvF5.2+ ' MG/L'+L110AL)
CONTINUE
RETURN
END
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APPENDIX C

ANNUAL MINIMUM FLOWS AT WATTS, KANSAS,
TAHLEQUAH, AND ELDON
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ANNUAL MINIMUM FLOWS AT WATTS (07195500)

m m/n+1 1?Day 7-Day 30-Day
1 .0527 147 151.2 241

2 .1053 118 145.1 217

3 .1579 92 113.6 184

4 .2106 88 101.3 175

5 .2632 88 91.3 118

6 .3158 86 91.3 116

7 .3683 68 90.7 115

8 4211 67 80.0 113

9 .4737 60" 75.0 105
10 .5264 52 71.8 104
1 .5790 51 64.0 100
12 .6316 46 55.0 97.4
13 .6843 41 53.0 73.5
14 .7369 39 46.7 69.9
15 .7895 33 34.4 56.5
16 .8421 30 32.7 44.2
17 .8948 10 13.8: 20.9
18 9474 10 1.1 14.9

98




ANNUAL MINIMUM FLOWS AT KANSAS (07196000)

99

m m/n+1 1-Day 7-Day 30-Day
1 0527 24 26.3 49.1
2 .1053 22 22.8 46.3
3 .1579 21 22.4 31.5
4 .2106 19 20.4 28.7
5 2632 19 19.4- 25.2
.3158 17 17.7 23.9
7 .3685 16 16.7 23.3
8 L4211 15 15.4 22.6
9 4737 13 13.9 20.7
10 .5264 1 12.0 18.5
1 .5790 10 11.7 18.3
12 .6316 10 11.0 14.7
13 .6843 9.8 11.0 14.7
14 .7369 7 10.8 13.0
15 .7895 7 7.8 12.5
16 .8421 4 4.0 9.9
17 .8948 0.8 0.9 1.3
18 .9474 0.6 0.7 0.73




ANNUAL MINIMUM FLOWS AT TAHLEQUAH (07196500)

100

1-Day

m m/n+1 30-Day
1 .0257 206 221.0 380
2 .0513 183 188.1 309
3 .0770 182 187.7 255
4 . 1026 174 186.6 242
5 .1282 152 159.4 224
6 .1539 144 154.3 215
7 .1795 141 149.0 214
8- .2052 132 147.1 207
9 .2308 122 140.0 175
10 .2565 113 126.0 162
11 .2821 109 116.2 158
12 .3077 107 115.0 155
13 .3333 103 . 113.2 154
14 .3590 102 110.0 152 -
15 .3847 100 109.8 142
16 .4103 .92 108.1 138
17 .4359 91 100.8 130
18 .4616 -89 94.1 125
19 .4872 87 93.5 124
20 .5129 87 92.4 124 -
21 .5385 83 86.4 121
22 .5641 79 84.4 121
23 .5898 78 83.6 121
24 .6154 78 82.3 117
25 .6411 77 81.0. 115
26 .6667 72 73.1 113
27 .6923 69 72.1 105
28 .7180 61 65.1 93
29 .7436 58 60.6 84
30 .7693 51 51.7 78
31 .7949 38 40.7 62
32 .8206 38 39.7 49
33 .8462 30 33.0 45
34 .8718 6 32.0. 45
35 .8975 3.6 6.6 10
36 L9231 1.1 2.4 7
37 .9488 1.0 1.4 5
38 .9744 0.1 0.1 3
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ANNUAL MINIMUM FLOWS AT ELDON (07197000)

101

m m/n+1 1-Day 7-Day 30-Day
1 .0385 42 46 77.

2 .0770 41 43.3 64.9
3 .1154 37 38 55,

4 .1539 36 37.4 50

5 .1923 31 33 44

6 .2308 30 31.1 40.3
7 .2693 27 28.4 39.7
8 .3077 23 24.8 35.3
9 .3462 21 22 33.4
10 .3847 19 20.4 32

11 .4231 18 20.4 31.4
12 .4616 15 17 28.4
13 .5000 13 14.4 25.3
14 .5385 12 13.6 18.1
15 .5770 1 1.1 17

16 .6154 10 1 16.9
17 .6539 9.3 9.6 12.8
18 .6923 8.5 9.3 12.6
19 .7308 7.8 8.7 12.4
20 .7693 6 6 1.7
21 .8077 4.4 5.1 10.2
22 .8462 2.6 2.7 6.6
23 .8847 2.2 2.4 3.2
24 .9231 2.2 2.4 3.1
25 .9616 1.8 1.8 2.0
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