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PROCEDURE FOR ESTIMATING THE WASTE

ASSIMILATION CAPACITY OF A RIVER SYSTEM
CHAPTER I
INTRODUCTION

Little thought was given to river quality conditions in the 19th
century. The only design criteria developed in that period was the
empirical determination that for every population equivalent discharging
to the river a corresponding river flow was needed to keep the river
from becoming blagk and odorous. Perhaps this was adequate for those
early times because it was generally a period of relatively small and
scattered cities, and the pollutional load from one city seldom greatly
affected the river quality or condition when it reached another,

However, beginning around the turn of the century, the Increasing
urban populations and the great industrial growthsAsoon led to the dete~
rioration of the general water quality of many rivers and bxrought about
the need of stream quality analysis and the necessity of treating sewage
and industrial wastes.

Much effort was expended on the development of stream quality
analysis and prediction by the U.S. Public Health Service between the
years 1915 and 1925, and this work was highlighi-d hy the publication in
1925 of the report "A Study of The Pollution and Natural Purification of

1
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fhe Ohio River" by Streeter and Phelps.(l) Their analysis of the effects
of the dissolved oxygen depleting properties of the organic materlal in
sewage and the reaeration, or natural purification, of a rlver has been,
since its publicatlon, the corner stone of the study of stream pollution
and stream quality.

The formulas presented by Streeter and Phelps were developed for
the purpose of predicting the dissolved oxygen content of the river water
as a function of the distance downstream from a point of continual pol-
lutional load. The graph of the values obtained from these equations is
known as the Oxygen Sag Curve or the Longitudinal Dissolved Oxygen
Profile.

As cities have developed and grown and their waste loads increased,
the stretches of rivers between the population centers have proved unable
to assimilate or oxidize all the wastes from one city before receliving
the wastes of the next one. This has required that the oxygen sag curves
be integrated together and has led to the practice of considering as a
single point loading the wastes which may be discharged at several points
along a stream. |

Although this method has worked well for the analysis of stream
oxygen conditions in the past, the size and close proximity of present
day and expected future pollutional loads has prompted an investigation
into a new procedure of analysis which will forecast the ultimate capac-
ity of a river to assimilate waste loadings.

Instead of appl&iﬁg a pollutional load to the river and determining
a downstream oxygen proflles the new procedure entalls assuming a per-

missible dissolved oxygen level throughout the river length and then

[
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determining the pollutional loading throughout its length which would
cause such a condition. In other words for each small segment of the
river, the pollutional load will be determined which would depress the
oxygen level to the minimum allowed value. Thus when these Qalues for
each gegment are summed up for an entire river, they will equal the
total theoretical pollutional load which the river can assimilate.
Since the difference between this allowable loading and any greater
predicted loading must be taken up by treatment or increased river flow,
these results will make it possible to determine future waste treatment
requirements and/or to determine low flow augmentation practices.

The development of the new procedure will consist of three major
parts: (1) the determination of the waste assimilation capacity of a
river not affected by tidess (2) the determination of the waste assimi-
lation capacity for the tidal zone of the river, and (3) an analysis to
correct for non-continuous loadinge.

The procedure is specifically designed for use on digital comput-
ers, and computer programs have been written and utilized for the sev- =
eral applications which will demonstrate the use of the procedure.

The procedure developed in thig dissertation is an outgrowth of a
method used by Reid in estimating future water requirements for pol-
lution abatement fox the U.S. Senate Select Committee on Water Resouxrces.
(2) The Reid procedure was developed as a planning type technique for
an entire river basin. His technique made no provision for the effect
of tides in the tidal zone of the river and had as its primary purpose
the determination of dilution water requirements at different sewage

treatment levels in the basin,
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The new procedure which will be developed hereln is considerably
different from the Reld procedure in tnat it wills (1) evaluate either
a portion of a river, an entire river, or an entire system of rivers,
(2) determine the waste assimilation capacity in terms of pounds of
biochemical oxygen demand (BOD) per day, {3) use different computational
techniques, (4) utilize much more extensive data, (5) evaluate the
effect of tides and salinity in the tidal zone of the river, and (6)
make use of a digital computer to carry out the required calculations.

Although some discussion will be presented concerning other

&€

pollutants than those requiring oxygen, the procedure outlined herein is
directly applicable to only the analysis of oxygen demanding wastes.

In Chapters II and III the theory of the procedure will be dis-
cussed for the non-tidal and tidal zornes respectively. Chapter IV will
discuss the evaluation and modification of the various coefficients
utilized in the procedure. Chapter V will include a discussion of the
availability of existing stream flow data and its modification for use
in the new précedure. Chapters VI and VIT will in turn discus; the
computer techniques and programs and the applications made to the Ohio
River System and the Delaware River. Chapter VIII is the analysis of
the effect of non-continuous pollution loading, and in Chapter IX the

results will be summarized. The appendix includes computer program

notation, flow charts, and computer programs.



CHAPTER II
THEORY -~ RIVER WITHOUT TIDAL ZONE

A rlver ean be considered as a mass of Impure flowing watexr.

From its beginning to ite end it is constantly changing, Watex is
constantly being added and withdrawn, and the multlitude of impurities
are likewise changing in quantity and form under the influence of the
‘various forces of nature.

The good or harm of the various Impuritiee and properties depends
to a large extent on the viewpoint and needs of the beings involved.
The majority of human beings would probably agree that they would like
streams to be clear and cool, to contain the necessary impurities to
support fish, wildlife, and plants, and to be free of the impurities
which cause taste, color, and odor, and those impurities, both chemical
and of 1iving organisms, which endanger hig health. The desirable
relative balance of these various impurities must be arbitrarily set by
man and is a function of his collective effort to maintain this balance.

From man’s, and possibly nature’s, point of view the most Impoxr-
tant impurity which suffers from depletion is the oxygen which is dis-
solved in water., Most of the wastes which are discharged by a popula-
tion consist of material which ultimately will be oxidized in the water

creating an oxygen deficit. Since fish and other aquatic 1ife depend
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on this dissolved oxygen for their air supply, they are elther killed
oxr fozced to leave the area if the dissolved oxygen level falls too low.
Fortunately, the dissolved oxygen 1s replenished by the transfer of
oxygen from the alx at the stream surface and by other gources. The
rates of oxygen use and replenishment are of great impoxrtance in stream
analysis as will be shown latexr, {ther pollutants such ag nitrogenous
material, organic chemicals, heat, radiocactivity, bacteria, toxic
materials, and individual inorganic chemicals are important especially
in localized arecas. Howevers since oxygen depletion ig at present the
controlling stream pollution problem, zingse it is probably the most
difficult to analyze, and since wagte treatment processes are primarily
designed to reduce this pollutant, the procedures of thig dissertation
will deal only with this one pollutant. Occasionally some discussion
will be directed to the other pollutants, especially to the so called
"non~decaying pollutants” which are not assimilated or reduced by the

river and therefore, continue to build up,

Derivation Of Egquations
The basic equation of stream pollution analysis 1s Streeter and
Phelps® differential equation for the oxygen sag curves(l)

4D -

3t KiL ~ KoD

(241)

where D = oxygen deficlency or deficit (P.P.M. or pounds per unit volume)
L = Blochemical Oxygen Demand (BOD) (P.P.M. or pounds per unit

volume)
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K1 = decomposition reaction coefficient (day~l)
Ky = reoxygenation coefficient (day™l)
and t = time (days).

, K1 and Ko are not constants but are coefficients dependent on
geveral varlables. A large part of Chapter IV will be devoted to their
analysls,

In the form shown equation 2.1 is applicable only to a stretch of
river with a uniform flow. Illustration 1 Part A shows equation 2.1
graphically for the case where pollutional load is applied at a single
point., The resultant line between the deoxygenation and reaxygenation
1s the classical oxygen sag curve.

Under the concept of this dissertation a fixed minimum dissolved
oxygen value called the River Quality Standard (RQS) is arbitrarily set.
This RQS 1s usgually set by water quality standards to protect £ish and
aquatic life, An acceptable value which 1s often used ig four parts per
million. The oxygen deficit thus will be the difference between the

dissolved oxygen saturation value and the RQS.
Dpqs = D«O.(saturated) - RQS (2.2)

For a segment of river with no temperature oxr salinity change this

deficit will remain congtant and therefores

d -
a%-fo— KiL - KoDpqs
ox

KIL = KoIRQg - (2.3)

Equation 2.3 states that the waste oxidation is in equilibrium
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with the reoxygenation. L and D can be expressed in several gsets of
units, but the most common are milligrams per liter, parts per million,
and pounds per unit volume of water. Kj and Ko usually represent a
fractional change per daye

Tllustration 1 Part B shows the case where the dissolved oxygen
level is maintained at the RQSe Therefore, the cumulative reoxygenation
equals the cumulative BOD loading.

Assuming L and D in units of pounds per unit volume and congid-

ering a segment with a volume of V units, equation 2.3 becomes:

KqLV = KpDpqgVe (2.4)

Letting LV = Lgeq where ILgeq is the total BOD per day applied to the

segment, equation 2,4 becomes:

Kilseq = KoDrqsV

or

X1
The volume V may be computed as either the mean crosg section
area times the segment length or as the mean flow times the passage

time through the segment. Thust
V = Anean(AL) = Qpean(at)s (2.6)

The formulation of what happens in a river under the condition of
uniform oxygen content can begt be shown by considering a small long-~
itudinal segment of the river. A balance of the river flows in and out

of the segment as is shown below. These flow values are subscripted
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with their corresponding dissolved oxygen contents.
Inflow(RQs) + Added FIOW(Any D.0.) = Outflow(RQs). (2.7)

An oxygen balance may be made for the segment in the same manner.,

Inflow Oxygen + Added Oxygen + Reaeration

= Oxygen Utilized + Outflow Oxygen. (2.8)

These values can all be described mathematicallys thus the equation

becomes:
Q;(RQS) +4Q(Any DO) + KoDpqsV = Kilgeq + Qo(RQS) (2.9)
where Qq = inflow (million cubic feet per day)
Qp = outflow (million cubic feet per day)
AQ = flow change in segment (million cubic feet per day)
V. = volume of the segment (million cublc feet per day)

Ko = reoxygenation coefficient (day~l)

K; = decomposition reaction coefficient (dimensionless)

RQS = River Quality Standard (pounds per million cubic feet or

(P.P.M.)(62.4))

Any DO = dissolved oxygen of entering flow (pounds per million
cubic feet or (P.P.M.)(62.4))

Dpqs = deficit to RQS (pounds per million cubic feet or (P.P.M.)

(62.4))
and  Lgeq = BOD allowed in segment (pounds pexr day).

The second term in equation 2,9 can be revised as follows:

AQ( Any DO)—%&Q(RQS) +AQ(Any DO - RQS). (2.10)
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If the right hand side of this equation is substituted into equation 2.9
and Qo(RQS) subtracted from both sides, the equation may be reduced to

the following form:
AQ{Any DO - RAS) + KyDpgsV + Kilgegs (2.11)

The left hand side of this equation is the total oxygen available for
BOD reduction in pounds per day, and henceforth, it shall be referred to

as AOs Thus by definition:
A0 =AQ(Any DO - RQS) + KpDpgsVe (2.12)

From equations 2.1l and 2.12 the total BOD load allowed in the

segment may be evaluated as:
= A0,
"seg (2.13)

This total BOD allowed in the segment can either flow into the segment
from upstream ox it can be added as a pollutional load within the

gegment. Thus,

Lgeg = Lresidual * Ladded o (2.14)

Letting Lyegidual = HOBOD for hold over BOD and Lygqqeq = ALOAD for

allowable BOD load in the gegment, the equation becomes:
Lgeg = HOBOD + ALOAD (2.15)

where. all units are in pounds per day in the segment. Substituting forx

LSeg in equation 2.13 and solving foxr ALOAD the following is obtained:
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ALOAD = AQ - HOBOD
Ky (2.16)
The general formula for the allowable BOD'in a segment is deve-
loped as follows. Beginning at the start of the river the allowable
BOD loadings may be equated as below. The Kj values are replaced by X

to prevent double subscripting.

Segment 1 = ALOAD; = AO1
K1
Segment 2 = ALOAD, = A02 _ AOp 1-k)
LSRN ST
Segment 3 = ALOAD, = #03 _ (y_, [A02 A0y . ] _ Mo ek
3 G (1-ko) X K1 (1-K1) 2 ( Kl)( Ko)
= A0 A0
=3 (1K) 2
K3 K

The value for segment N then becomes:

Segment N = ALOADy = éQm - (l'KN-l) fQN:l

Ky Ky-1 (2.17)
where AOy = the total available oxygen in segment N
Ky = the Ky value for a particular segment as f (time)

and  ALOADy = allowable added EOD per segment.
The total waste assimilation capacity for the river, SLOAD in
terms of pounds of BOD per day, may be obtained by summing the indivi-

dual segment loads for the entire river. Thus,

N N
SLOAD = » ALOAD; = » [%01 () yA0i-1],
=1 =1 K LR

(2.18)

The purpose of this dissertation is the evaluation of this
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summation to the maximum degree possible with available data. It will
be shown in Chapter IV that this: evaluation can be made in terms of
the river flow, flow velocity, cross sectional area, mean depth, temp-
erature, saturation dissolved oxygen, RQS, and channel glope, all of

which are usually obtainable from existing records.



CHAPTER III
THEORY =~ TIDAL ZONE

A river which flows into a galine body of water exhibiting a
tidal action 1s itself affected by both the tidal action and the
galinity. The rigse and fall of the tides affects both the flow velocity
and the depth of the river, and thls is important because as will be
ghown in Chapter IV the reaeration coefficient Ko ie often a function of
one or both of these parameters. The salinity is important because
density currents are often created between the saline water and the
fresh water and because of the effect of salinity on Kj, Ky and the
gaturation dissolved oxygen content. In order to provide a backgrou;d
for the tidal zone study the next two sections will present discussions
of the tidal phenomena and salinity characteristics regpectively, and
they will then be followed by a digcussion of their effect on waste

assimilation capacity.

The Tidal Phenomena

Tides are a phenomena experienced by the ocean waters and, to a
lesser extenty by inland bodies of water. Tides, which may be described
as the periodical vertical movements of bodies of water, and the
associated tidal currents, or horizontal movements, are caused by the
gravitational attraction between the waters of the earth and the sun,

15
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moon, and planets. The tidal forces produced by these bodies is
directly proportional to the mass of the body and inversely proportional
to the cube of the distance.(3, 4) By computing the relative importance
of these bodies it is found that the moon is 2.25 times more effective
than the sun in producing tides and greater than 10,000 times more
effective than any of the planets.(3) For all practical purposes, only
the tidal forces produced by the moon and sun need be considered.

If the relative motions of the earth, moon, and sun were such that
the moon and sun appeared only on the celestial equator and if these
bodies remained the same distance from the earth, the tidal forces from
each could be resolved into two semidiurnal componentse. Semidiurnal
means twice daily and diurnal cnce daily where daily refers to the solar
or lunar day respectively. aThe lunar period would be one of 12 houxrs
and 25 minutes, and the solar period would be 12 hours and zero minutes.

These forces are resolved into semidiurnal forces, rather than
diurnal forces, because the tide producing force is such that the same
force ig produced both whensthe sun or moon is on the meridian and
when they are 180° removed from it. The tide producing forces can be
assumed as being produced by a real moon, an anti moon, a sun, and an
anti sun.

If these bodies remained on the celestlal equator and remained
equi~distant from the earth, the magnitude of the semidiurnal forces
would vary with the latitudes but they would be the only tide producing
force;.

Unfortunately for tidal predictions these bodies do not follow

the idealized orbits mentioned above. The various variables make
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necegsary the evainiation of a number of tidal components, often as many
as 20 or 30, of which the five most important are: (1) semidiurnal
lunar component, (2) semidiurnal solar component, (3) component for
variation of the moon from the earth, and (4) and (5) components for a
change in the moon's declination.(3) A general tidal cycle has been
found to repeat every 19 years.

The United States Coast and Geodetic Survey 'in cooperation with
similar agencles in other countries is responsible for the collection of
tidal data and for the prediction of tide heights. Thelr estimates of
tidal heights are based on predictions made by the use of tidal theory
and extensive past data fipr points in question. The U.5.C.&8G.S.
pregently lssues tide forecasts for the entlre woxld in four volumes.
These volumes are: Europe and ﬂggg,ggggg.gg,ﬁgglgi (including the
Mediterranean Sea), Eagt Coasts North and South America {including

Greenland)s West Coast, Noxrth and South Americag Central and Western

Pacific Ocean and Indian Ocean. Together they contain daily predictions

" Foxr: 195 reference ports and for over 6000 other ports which are refer-
enced by difference# to the "reference ports«"(5, 6)

Examples of the variation in thé tide from déy to day are shown
in Illustration 2 for representative parts along the Atlantic and Gulf
gbasts of the United States. It will be noted that the range of tide
for stations along the Atlantic coast varies from place to place but
that the type is unifomrmly semidiurnal with the principal variations
following the changes in the moon's digtance and phase. In the Gulf of
Mexico, however, the range of tide 1s uniformly small but the tybe of

tide differs considerably. At certain pofts such as Pensacola there is
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usually but one high and one low water a day, while at other ports such
as Galveston the inequallty 1s such that the tide is semidiurnal around
the times the moon is on the equator but becomes diurnal around the
times of maximum north or south declination of the moon. In the Gulf of
Mexico, conséquently, the principal variations in the tide are due to
the changing declination of the moon. Key West, at the entrance to the
Gulf of Mexico, has a type of tide which is a mixture of semi-daily and
daily types. Here the tide is semidiurnal but there ig considerable
Inequality in the heights of high and low waters. By reference to the
curves 1t will be gseen that where the inefjuality is large, there are
times when there is but a few tenths of a foot difference between high

water and low water.(5)

Tidal Effeqt On Rivers

Where a river runs into the sea its characteristics for a consid-
erable distance upstream are influenced by the rising and falling of
the tide at its mouth. The point where the river surface no longer

rises and falls in the tidal cycle 1s called the head of tide or the
| tidewater point. This point is usually determined by the physical
characteristics of the river and river basin or by man made dams or
other obstructions. For example the tidewater point of the Delaware
River is at a series of rapids at Trenton, New Jerseys and the tidewater
point of the Hudson River is at the base of a dam across the river at
Troy, New York. For some rivers this point changes as the flow in the
river changes.

The tidal height, meaning the difference between mean high and

mean low tides for points upstream from the mouth of a river is..— - -
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dependent on the channel configuration. Often the tidal height upstream
from the mouth is greater than at the mouth. For example, the mean tide
at the Battery in New York Harbor is 4.4 feet while at Troy, New York,
roughly 150 miles upstream on the Hudson River, the mean tide is 4.7
feet. The time of high tide is not the same for upstream locations as
1t is at the mouth of the river. It has often been found that the high
tide progresses upstream at the rate of V = (gH)% where g equals accel~-
leration of gravity and H the depth of the water.(3)

Illustration 3 shows the range of tide or mean tidal height, the
mean tidal elevationy and the time of the high tide at various points
for the Delaware River. The dotted lines show actual valueg for the
river and the solid lines are values obtained by the United States Army
Corps of Engineers in thelr Delaware River Model.(7, 8) This again
ghows higher mean tides at upstream points than those found at the
mouth of the river.

Generally speaking, the volume of a river between high and low
tides congtitutes é volume which 1g filled and emptied each tidal cycle.
A more exacting statement would be that this volume which is filled and
emptied above a particular cross~section is the volume between the
water elevations existing upstream from the section in question when it
is at low tide and that existing when it is at high tide. It ig pos~
gible that channel configurations would require even further modifica-
tion of the above statement to provide the value for the maximum
volume which 1s filled and emptied.

Nevertheless, the water to £ill this volume comes into the segment

+

from either upstream ox downstream and leaves through the downstream
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end. This transfer of water causes tidal currents.

The magnitude of the tidal currents may be obtained in two ways:
measurement and calculation. The caleulation of the tidal current as
a function of time is a lengthy process requiring much stream data and
tide records. Beginning at the tidewater point a segment downstzeam is
selecteds For a given period of time the change in volume 1s computed
as a function of the tidal rise in the time period and the surface
areag before and after the rise. The stream flow is algebraically
subtracted from the change and this givee the volume change across the
lower boundry. The volume change divided by the mean cross sectional
arda glves the average current for the time Intexrval. The process then
continues downstream by segments, where for these segments the total
volume change equals the change ih the segment plus the summation of
the changes of the upstream segment. This procedure is known as the
calculation of cubature.

Sample calculations for two segments of the Delaware River as
prepared by Pillsbury are shown in Illustration 4;(9)

The second method of determining tidal currents is by actual
current measurement. The United States Coast and Geodetic Survey also
collects and predicts tidal currents as it likewise makes tide pre-
dictions« These are publighed yearly as tidal current tables in two
volumes, one for the Atlantic coast of North America and one for the
Pacific coast of North America.(10) In addition to these they also
publish fidal current charts for various bays and rivers.(1l, 12)
These charts and tables give values of the currents as knots per hour

for many stations both for the coast and for tidal rivers in the United



ABBREVIATED FORM OF COMPUTATIONS
MEAN CUBATURE OF DELAWARE RIVER

Based on tide records from Sept 1936 to Feb 1937
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ILLUSTRATION 4

Exampie Cubature Calculations
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States. These values are usually measured in the névigation channels
of the rivers and must be modified to estimate the mean velocity in the
cross section.

At the mouth of the river the currents correspond closely with
the tides. In other words the maximum flood (inflow) curzent osccurs at
about the same time as high tide and the maximum ebb (outflow) at the
time of low tide. Further upstreams however, this is not sgo. Channel
configuration and water slope change thig relationship and the maximum
current occurs before high tides For example, on the Hudson River the
maximum flood current occurs one hour and thirty minutes before high
tide at Poughkeepsie, 75 miles above the mouth, and three hours before
high tide at Albany, 145 miles above the mouth.(3)

Both the tidal change and current change have been found to
approximate the simple cosine curve. Thisg curve is used by the United
States Coast and Geodetic Survey to predict interim values.(6, 10)

Illustration 5 shows the variation in tidal currents from day to
day for several representative ports along the Atlantic and Gulf coasts
of the United States. Flood current 1s represented by the gsolid line
gurve above the zero velocity (slack water) line and ebb currents by
the broken line curve below slack water. The curves show clearly that
the current cycles along the Atlantic coast are semidiurnal while those
on the Gulf Coast are primarily diurnal in nature.

Illustration 6 1s a portion of a tidal cuxrent chart for the

Delaware Bay.(12) This particular chart is for maximum flood tide.



23

10 11 12 13 14 15 16 17 18 19 20

DAY

— —] - —
5 T T T & B) s
n“l- g =11 <q- _nlllll.V n_\\‘\ =
=T b o T4 - ot 2
- = S
s -5 L " ﬁ. . 11" -1 I Ist -
57| = KR R e »
» L] ol oy = b —
= —t=P e g = >
<FH=b =y -] =N P =
ft . <" LD 2
_——— Al'i —~ a1 \ o
- . - - —t Y o
ﬂﬂlv o e 1~ nlj n“l b V A(.ﬁh
- =3 ~ .
- I w - 3
Ll K =n IS 1~ R s sl | o
417 W - | 4t iz g H-F Q 2 -
’lf > <|<]_ | ™~ x| q z « nl
a - o F-l> T » [ 2 - - < - -
Of -~ z Ny
al . - K- 4|9 Sl £ ™ & <]
e = © posi ; ] A o Z 4 ~
HE= = Z| 41 % q7 &l -1 W = L
z rl\ﬁ " -+4-4 M 1> @ H Zl T~ % @ -
o] .1 m o 1~ W [« x| tA-T @ ~ z p
@ [~ 13 i 3 <[], z T wi-| s ™
of ¢ e <| «q7] aldal 2t -1 2] A al |41
[} d -3 - R T o w
» e z ) =l ) Z » ai € w ~~1
[ W = wl gg= 0|l s = = "~ 2 d
\u F= 3= o oy = |~ v x k4 -~ L7 (U]
| —t et 4 : ﬂu\ Of ¢v [ e »id L~
Iu L_.LJ ﬁlv “J L’ A T'
- 7 S . " II- T
4 ~q - P4 3 3
=i Sl & - -1 ol g
llu -~ V =~ Al L m
] B P Ve _ 3 A nd .m
~< <L N -1 ) o
L s =P - =P =T -1 3
-
Ilu J ALV AHu nl - nl Dll.l $
i - 4= [ -
o - T~ b T ll..\ 2 + m
T e o) e - s
A“ - n\ Al\ |t Y\‘ n\ »u»
IV — 4 ad 8 R P~ {. J 4 -
ek = .R = el pJ -~
M. N O - TN ~OQO NN N—_O —~ ™ -0 -« N—O —~N™M N"~QOQO "N MN T O ~NNMm

Lunar data: max, S. declination, 9th; apogee, 10th; last quarter, 13th; on equator, 16th; aew moon, 20th; periges,

224; max. N. declination, 234,

{Flood: Solid line. ~ Ebb: Broken Line.)

[

'l

ILLUSTRATION 5

Typical Current Cuxves
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Salinity Charscteristics

Other than tides another major factor must be congidered in
evaluating the properties of a river which flows into the ocean. That
factor 1s the differencesg between the relatively pure river water and
the more dense saline sea water, Generally the river water contains
only a gmall proportion of pollutants and welghs about 62.4 pounds pex
cubic foot. Sea water on the other hand, containg about 30,000 parts
per million of chemlcal salts which raige the density to about 64.2
pounds per cublic foot. This density difference coupled with other
factors causes estuaries to have various salinity structures and flow
patterns.

The estuary is hexre defined as a semi~enclosed coastal body having
a free connection with the open gea and within which sea water is
measurably diluted with fresh water runoff.

Within most estuaries the fresh water flow exhibitg a considerable
seasonal variation which reflects itself in changes in the distxribution
of salinity in the estuary. These changes in salt content over a yearly
period may be qﬁite large in absolute magnitudey but in considexring
times of lower flows or just a single tidal cycle other factors are
large in proportion to the net time changee.

Pritchard states that the local time rate of change of salt content
1s equal to the gum of the effects of the advective and nonadvective
processes«(13) The advective processes are defined as those processes
in which both salt and water transfer from the sea water to the fresh
water, and the nonadvective processes are those where only salt isg

transferred.
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Asguming that observations have been made of the salt content and
current veloclties within a segment of an estuary over a perlod of one
or more tidal cycles, the salt balance at a givén point within this

segment may be glven as

* :inz Kz%?.-l ¥ 3"%3['@{%3] (3.1)

where X1, X0, and X3 are the longitudinal, verticle, and lateral cooxrd-
Inates respectively. S is the mean galt content averaged over one or
more tidal cycles, and Vj, Vo, and V3 are the three components of the
mean velocity. The temms Kyy Koy and Kz are the eddy diffusivities in
the three coordinant directionss.

It has been stated by Pritchard that in any particular estuary
two or more of the terms on the »ight side of the equation dominate the
salt balance.(13) There exists an approximate dynamic equilibrium
between geveral opposing processesy the result of which is a relatively
glow net time change in galt contégt.

This does not mean that estuarles are always in a steady state,
howevexr, in most cases, two or more of the terms on the xight side of
the equation are each an oxder of magnitude larger than the net rate of
change of salt concentratione.

The estuaries found in the United States were almost all formed
by the drowning of the lower reaches of rivéw valléys« .Howevery these
estuariegs ghow a wide variation in the character of the clrculation

pattern which is the factor which controls the salt balance structure.



29
These types range from the highly stratified salt wedge estuary to the
well mixed vertically homogenous estuary. These different types and
the characteristics found in each will be discussed in turne.

It is assumeéd that the estuary to be considered is an "ideal™
coagtal plain estuary. Thus it is an elongated indenture in a coast-
line with a gingle river source of fresh water at its upper end and a
free connection with the sea at its lower end. It is then assumed that
there 1s in thig ideal estuary an absence of tidal action and other
mixing forces. 1In such a case fresh river water would flow out over
the surface of the sea water and the sea water would protrude under as
a wedge under the outflowing fresh watere.

If the fresh water flow were Infinitely small, if there was no
mixing due to wind or other externalﬁ%orces, and if there was no trans~
fer of salt water across the interface, the salt water wedge would be
‘stationary and would extend to the line where the sea level plane inter-
sected the bottom of the river. Naturally this is a condition which is
not found in nature because some mixing forces always exist.

As the flow in thig idealized system beco%gs greater interfacial
waves will form at the interface between fresh and salt water. At some
critical relative speed these waves will become unstable and break,
leading to an entrapment of some galt water from the salt water wedge
into the upper fresh water layer. It has been found that in this sit~-
uation there is li¥tle or no admixture of fresh water into the salt
water wedge, but only the upward movement of salt water into the fresh
water layer. The upper layer now increases its salt content as it moves

seaward. Since the net salt content at the section approximates a
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steady state within the tidal cycle, there must be an upgtream movement
of saline water.

The hydraulic head of the fresh water and the increased frictional
drag that exists between the two layers restricte the upstream pxo-
trusion so it no longer extends ag faxr upstream as the intersection of
the sea level and the river hottome The greater the river flow the
further downstream the upper edge of this wedge ig founde Within the
wedge increased upgtream flow occurs to compensate for the increased
loss of salt to the upper layer.

It has been shown that the breaking of the waves at the intersur~
face face results in the entrapment of both salt and water mass in the
upper layer but not the converse which would be the entrapment of fresh
water in the galt water. Therefore, the phenomena at the interface 1is
an advective one in contrast to the nonadvective one which would have
been the cage if no net mass had transferred across the interface-.

Once the salt water is in the upper layery 1t is spread through-
out that layer by turbulent mixing which is a nonadvective force. 1In
such an estuarine system the horizontal and vertical advections are the
two dominant terms in the galt balance equation. Therefore, assuming

an instantaneous steady state, the equation would reduce to

= ~y1aS .~ S .
0 1'%)?1 V&ci (3.2)

In other words, if considering the gross salt flux, the vertical
advection (or flow) must be balanced by the longitudinal advection.

Within the top layer the vertical mixing term § . 58 would also
X X2
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be significant.

The mouth of the Mississippl River and the Rhone Rivexr Egtuary
are typical of this highly stratified type of estuary.(13, 14) Such
estuarles occur when elther the ratlo of rlver flow to tidal flow is
relatively large or when the ratio of width to depth 1is relatively
gmall.

Illustration 7 shows a typical longitudinal profile of a highly
stratified estuary and a plot of the zalinity against depth.(15, 16,
174 18) Pritchard calls this highly stratified estuary a type A
estuary.(13)

Illustration 8 is a plot of the flow velocity against depth forx
the condition discussed above in oxder to show the effect of density
currents. If there were no density difference between the séa water
and the river water, the flow would be distributed more or less equally
from top to bottom as indicated by line a, If we consider that there
is a density difference but that no advection is allowed across the
fresh water~galt water inferface, the flow would be confined to the
upper layer as indicated by line b. 1If advection ig allowed at the
interfacey a velocity pattern similar to the one shown by line ¢ deve~-
lops whereby there i1# a downstream flow in the upper layer and upstream
flow in the bottom layer.

Several changes take place when the estuary is exposed to tidal
actione The tidal velocitlesy which must be nearly invariable with
depthy will result in eddy motions as a consequence of both internal
turbulance and boundary induced turbulance. Mixing now occurs between '

the upper fresh water layer and the lower saline layer. 1In this case,
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not only does the salinity of the upper layer increase in the seaward
direction, but also the salinity of the lower layer decreases in an
upstream direction« In addition to this vertical mixing salt water is
gstill advected to the upper layer as in the case of the stratified
estuary.

In this type of estuary there would be three major terms in the
salinity balance équation under steady state conditions. The equation

becomes

_ 48 . s
0= Viéﬁi = VZ5%, + 3&5[%2§§;]' (3.3)

Es¢tuaries of this type are called partially mixed or type B
estuaries.(13, 15)

The net circulation pattern in this type estuary involves flow
volumes many timeg the volume of the fresh water flowe Pritchard states
that the nét outflow can be as much as 40 timesg the river flow with a
corresponding upstream flow of 39 times the river flow.(13) These flows
would be in addition to those detexrmined by cubature calculations.

Illustration 9 shows the longitudinal profile of a partially
mixed estuary and a plot of the salinity for a section of the profile.

The magnitude of the currents in thig type of estuary can be
obtained by plotting the velocities throughout the cross‘section for the
ebb and flood tides for a tidal cycle and then plotting thelr difference.
Tllustration 10 ghows this. The Hudson, Savannah, and Charleston
estuaries are typical of the partially mixed type.(19)

. Although the terms are of second order magnitude in the partially

mixed estuary, there is another factor which acts in this type and
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which betomes increasingly Important in the homogeneous estuaries which
will be mentioned next. This factor is the effect of the earth's
rotation. Thig rotation cauges a slight lateral salinity gradient. In
other words fhe fresh water-salt watex interface 1s not parallel to the
water surface in a cross section but is instead slightly tilted. The
upper layer extends to greater depths and the net downstream flow is
greater on the one side of the estuary than on the other looking down~
gtreame On the United Stateg east coast the right side or southern side
would have the greater fresh water flow.(13, 14)

The thixrd general class of estuaries ig the highly mixed ox¥ homo~
geneoug egtuary. In this type tidal velocitles occur which causge the
salt water and fresh water to be so completel§ mixed that in effect a
vertical homogeneity results. Since this has ogcurred there ¢an be no
vertical transfer of salt by either eddy diffusion or vertical advection
gince thexre is no vertical salinity gradient. There does remain,
however, a longitudinal gradient with increasing salt concentration
toward the sea and in some cases the coriolls or rotation effect men-
tioned above with a higher salt content on one side of the estuary.

If the coriolis effect is evident and assuming a steady state, the

general, equation takes the form

= "Vlﬁ'i - VB%?, + -‘38(3 Eﬁj (3.4)

where the first term is the downstream flow of salt watexr, the second
term 1z the lateral advection of salt water from one side of the estuary
to the other, and the third term igz the eddy diffusion from one gide of

the egtuary to the others
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Pritchard calls this a typr 7 estuary and says that the wider
portion of the Delaware and Raritan estuaries have these characteris~
tics.(13)

In estuaries which are relatively narxrow no upstream advection
develops on one side of the estuary. If such an estuary is sufficiently
mixed to be homogeneous, it is called a type D estuary by Pritchard.(13)
In this homogeneous estuary there is only the longitudinal nonadvective
flux or upstream eddy diffusion to balance the downstream salt flow.

Thug the general efuation reduces to the forms

- .88
- Vlsx sxl[lst] (3.5)

In such an estuary there is no additional flow contributed by the
longitudinal dengity diffexence.

Illustration 11 shows a longitudinal profile of a homogeneous
estuary without rotation effect.

Illugtration 12 shows the velocity characteristics of a vertical
section for an ebb and flow tide and their mean value.

The Delaware, Thames, and Gironde estuaries are typlcal type D
homogeneous estuaries.(14, 20)

The distribution of the longitudinal salinity has been studied by
Aron and Stommel.(21) The equation they developed is for an estuary
with a homogeneous cross section perpendicular to the longiltudinal axis

and a uniform width and cross section. The equation is

g = seF( I"I/X) (3-6)

or in log form
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S
n 2= F(; -1) (347)

where S = ocean salinity (any unit)
s = salinity at any polnt at distance X (same units as §)
L = length of estuary (any unit)
X = distance from upstream end (same units as L)
and F = a dimensionless coefficient dependent on numeroug variables.

It should be noted that eqqation 3,7 is linear in F.

Illustration 13 shows the plot of In S/s vs (L/X - 1) for the
Delaware, Thames; and Gironde estuaries., Although these estuaries do not
have uniform depths and widths, it can be seen from the graphs that for
the middle reaches the plots do tend to be straight lines, A very
straight line was obtained from the Thames River data. The data used
and the values calculated for use in this graph are listed in Table 1.
(7, 14, 20)

In Table 2 the salinities are calculated by means of the Aron-
Stommel equation for an estuary with F value of one and a 30,000 P.P.M.
sea water salt content.

Illustration 14 shows a plot of the salinity versus X/L for the
Gironde and Thames estuaries and the plot of salinity versus X/L for
the egtuary with 30,000 P.P.M. sea water salt content and an F value of
unity. It can be noted that this 1line clésely approximates the

.Delaware line and falls between the Thames and Gironde. Thig is in
accordance with the F values determined from Illustration 12,
The total salt profile moves upstream and downstream with the

tide, but for uniform tide and fresh water flow the mean value will
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TABLE 1

DATA FOR SALINITY ANALYSIS

-~ _Estuary

-

Delaware (U.S.)

Gironde (France)

Thames (England)

L = 350,000 ft. L = 105 KM

XL L/x-1| s S InS/s 8 S 1InS/s s S 1In /s
0 « 0 28,000 + « |+  « 28,000 « 0 30,000 « « |
«1 9.00 270 28,000 4463 |« « 28,000 « « 300 30,000 4.6
«2 4,00 | 1,800 28,000 2,78 |« . 28,000 » o | 2,400 30,000 2.5
+3 2,33 | 4,000 28,000 1.94 900 28,000 3.46 | 7,000 30,000 145
4 1.5 | 64900 28,000 1.40 | 1,600 28,000 2.86 | 12,800 30,000 .84
5 1.0 | 95600 28,000 1.07 | 3,600 28,000 2.05 | 18,000 30,000 51
6«67 |134400 28,000 .74 | 6,200 28,000 1.50 |22,000 30,000 «31
«7 .43 |18,100 28,000 .4% | 12,000 28,000 +84 |26,500 30,000 .12
8 25 |23,500 28,000 +17 [« o 28,000 « . |29,000 30,000 +03
9 L1l ). 28,000 s & | e . 28,000 . o [29,500 30,000 « -

1.0 0 |28,000 28,000 © 28,000 28,000 0 30,000 30,000 O
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TABLE 2

SALINITY VALUE FOR ESTUARY WITH F = 1 AND S = 30,000

X/L L/X~1 In S/s s/s s
0 0
.1 9.0 9.0 8000.0 30
.2 420 440 54,5 550
.3 2.33 2,33 10.25 2,030
4 1.5 1.5 4.48 65700
.5 1.0 1.0 2,718 11,000
.6 .67 .67 1.95 15,400
.7 .43 .43 1.53 19,600
.8 .25 .25 1.28 23,400
9 .11 .11 1.11 27,000

1.0 0 0 0 30,000
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remain in the same place.
The effect of changing the fresh water inflow ig shown in

Illustration 15 which shows the results of a United States Army Coxps

of Engineers study.(7)

The Effect Of Tides And Salinity On
Wagte Assimilation Capacity

Fundamentally the tidal zone analysis presents only three major
differences from the upstream river when congidering the assimilation
capacity for oxygen utilizing wastes. These are: (1) the effect of
tides on flow velocities, (2) the presence and effect of salinity and
salinity density currents, and (3) the flow of water in and out of the
mouth of the river with the ebb and flood of the tide. In considering
other wastes, especially those wastes which are not reduced in the
river, another factor called the flughing time becomes importantc

In considering the first differences, the effect of tides on flow
velocities, the tidal zone can be considered divided into two different
zonese These zones are shown in Tllustration 16 for a typical estuary.
The flrst and most upgtream sectfon, which will be called Zone 1, is
the zone which is affected by tides but where the flow in the river is
sufficiently high to £111 the entire volume of the prism between high
tide and low tide. The tidal effect in this zone is the quickening and
slowing of the river flow velocity during the tidal cycle. This is
11lustrated in the firgt segment of the example cubature caleculations
for the Delaware River, Illustration 4. It can be noted in the example
that at the municipal pier in Trenton, New Jersey, the downstream flow

velocity varies from 2.46 to 1231 feet per gecond with a mean value for
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the six hour period of 1.883 feet per second.

The end ox downstream limit of this Zone 1 is the point at which
a zero downstream flow ocsuxrs at some time in the tidal cycle oxr in
othexr words, 1t 1s the point at which there 1s an infinitely small up-
stream flow at some time during the cyclee At this point the maximum
gtream flow will be twice the mean flow, and the flow in the twelve
hour and 25 minute tidal cycle varies as a cosine function as shown in
Illustration 17.

This variation in velocity has one major affect on waste asgimil-
ation capacity. It is that the vériation of velocity from the mean can
affect the reoxygenation coefficient, Ko.

If the reaeration coeffigcient Ko is a function of the river flow
veloclity raised to a power of less than one, then the coefflcient would
be smaller for this velocity distribution than for a uniform flow con~-
dition. I+ will be shown in the next chapter that this 1s indeed the
case, because the preferred Dobbineg~O'Conner formula ig a function of
the velocity raiged to the & powere The difference in the reaeration
coefficient for the most downstream point is evaluated in Table 3.

From the analysig in Table 3 1% may be seen that i1f the mean
velocity were used at the downstream end of Zone 1, there would be an
over estimation in the weaeration soefficient of 1.0/,90 or llel%e A
velocity of (+90)2 times the mean velocity would give an effective
velocity whish would:yield the proper reaeration coefficlent.

The above development is a speclal cage of the general formula
for thisz zone which i# developed below from Illustration 18.

Tt 1g assumed that the values for the maximum velogity (Vy) and
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TABLE 3

EFFECT OF VELOCITY VARIANCE ON REAERATION
CQEFFICIENT AT END OF TIDAL ZONE 1

End of Segment Mean of
in Degrees Segment X  AX Cos X  1+Cos X (l+Cos X)%AX/ (rv/18)

0

10 5 r7/18  +.997 1,997 1.414

20 18 /18  +.965 1.966 1.403

30 25 rr/18  +.906 1.906 1.380

40 35 /18  +.819 1.819 1.348

50 45 /18  +.707 1.707 1.306

60 55 /18  +.574 1.574 1,255

70 65 17/18  +.423 1.423 1.194

80 75 /18 +.259 1.259 1.122

90 85 /18  +.087 1.087 1.043

100 95 /18  -.087 913 955

110 105 17/18  -.259 741 .861

120 115 /18  -.423 577 . 759

130 125 /18  ~-.574 426 .652

140 135 /18  ~.707 .293 541

150 145 1‘1718 -.819 ,181 425

160 155 /18 -.906 .094 +306

170 165 T1/18 -.965 .03% .187

180 175 +/18  -.003 .055 .055
Total 1 16.206

' 1
Ko Velocity Term = Mean of (1+Cos X)%:VMean% = 16.206(%) #VM)% = J90V)2

L
Effective Velocity = (Ko Velocity)2 = (.90V,2)2 = .81vy
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minimum velocity (V2) are given and that the velocity varles around the

mean value as the cosine cuxrve with s period equal to the tidal cycle.
The actual reaeration coefficient velocity term may be found by
integrating the following function for a % tidal period.
x=1]

Ky(Velocity texm) = ’}(VI + Yy + V1= V2 cos Xj%
X=0. 2 2 (3.8)

The equivalent velocity may then be evaluated as the square of this
term. This integral can be quickly evaluated on the computer by means
of the numerical integration by segments used above for the special
end point case.

In times of relatively low flow Zone 1 is very short in regions
with relatively high tides. This is in part due to the low flow and
in part due to the fact that the head of tide point is usually caused
by some physical feature such as a dam or rapids in the river, and
therefore, immediately below this point there is a sizable mean tidal
change with a considerable tidal prism volume in a short length of
channel. For example, on the Hudson River the head of tide is at Troy,
New York, where the Hudson is dammed.(6) At that point the flow is all
downstream, however, the current records at Albany, New York, less than
ten miles downstream show a considerable upstream flow during part of
the tidal cycle. Similarly the cubature calculations for the Delaware
River show a considerable upstream flow at Fieldsboro, 5.8 miles down-
stream from the head of tide point.

The short length of Zone 1 and the small effect it has on the
tidal pollution assimilation capacity make it unrealistic to try and

re-evaluate the velocities in this zone. It is considered better to
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elther assume that the river flows at its arithmetic mean velocity to
the end of this zone and tolonly consider tidal flow downgtream from
this polnt oxr to choose the initlal seyment from the head of tide long
enough to extend over this point. The latter procedure was used in the
applications made in this dissexrtation.

The second zone of the estuary is the portion in which the river
fresh water flow iIs insufficient to fill the tldal prism and therefore,
a flow reversal occurs whereby water from downstream flows upstream to
fill the pxrisme

A general plot of the flow velocity across a cross section due to
tides and river flow is shown in Illustration 19. The flow velocity
upstream (flood flow) is shown below the zero line, and the‘flow down-
stream (ebb flow) ig shown above the line. Ty 1s the total time of the
ebb flow, and T, the time of the flood flow, and T; + T, the time of
the tidal cycle.

V1 will equal V, only if there is no river flow. Therefore, the
zero line is not to be conslidered as a mean value line. Vi is consid-
ered to vary as the cosine within time T;, and V, is considered to vaxry
as the cosine within Tye Thus the total curve is meerly the joining of

different cosine curves and is not a complete cyclic cosine curve
Vl + V2¢
2

around the line

As in Zone 1 the mean velocities must be adjusted to make pro~
vision for the effect of varying velocity on the reaeration coefficient.
The velocity term of the reaeration coefficient is described for the

two terms as follows:
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7 M,
/ /
, ﬁVlCos ) = viE Of(Cos x)¥ (3.9)

™

Y,
Ko(Velocity Term)V2 = i?(VQCos X)%'= VZ%- ffiCos X)%-
0 0

K2(Velocity Term)Vl

(3.10)

The effective velocity for the ebb and flow velocities is equal

to the squares of the velocity terms of the reaeration coefficient.

Thus V] eff. = [vl% Oﬁ/jTCos x)"a’]’2 (3.11)
and  Vpeff. = [VQ’% Ofyj&os x)%]iz' (3.12)

The net effective mean velocity for the entire segment is:

VMEANg £, = E._;l;l...'._(vleff.>% + T2 (,VQGH.)%]{

T + T T + T (3.413)
1 2 1 2

L

. . ‘
The integral /?(Cos X)2 may be evaluated by numerical integration
0

by segments to be equal to 1.198. Thus the mean value over the mange

0 tofT/2 1s then 1.198/(f/2) or +763. Thus the equations become:
Vi eff. = (4763 V1%)2 = (583 vy (3.14)
Vo effs = 4583 Vp (3.15)

1
and  VMEANgg¢, =[ T1 (583 v)T+ T2 (.588 vz)%]2

Ty + To T1 + To (3.16)

Therefore, 1f the values Vi4 Vo, T1s and T, are furnished, then an
effective mean velocity for use in computing the reaeration coefficient

may be evaluated. Good estimates of these values c¢an be obtained, and
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therefore, the effect of tidal action on flow velocities can be eval~
uated.

Ag mentioned previously, the second major problem encountered in
the tidal zone 1is the effect of salinity and salinity density cuxrrents.

The salinity zone of the tidal portion of a river may include all
or part of the entire tidal zone, although in most cases, 1t covers
only a portion of the Zone 2 congidered in the flow evaluation.

The salinity 1tself affects some of the factors used in deter-
mining the waste assimlilation capacity of the tidal zone. These factors
are the saturated dissolved oxygen content of the water arnd the Kj and
Ko coefficientse These relationships will be discussed at length in
Chapter VI.

The various salinity structures which range from highly stratified
to homogeneous wera discussed earliex in this chapter. Although the
analysis procedures for the tidal zone will be made on the assumption
of uniformly loading each segment to its capacity, the effect of the
saline structures can best be understood by visualizing the structure
and noting the effect of a single pollutional load. This will be
demonstrated for the two structural extremes, the highly stratified and
homogeneous estuaries.

The highly stratified estuary can be idealized as shown in
Illustration 20. Since there is a point of zero longitudinal velocity
between the fresh and salt water layers, the surface of these points for
the river defines an imaginary river bottom. It was shown earlier that
in this type estuary there is a movement of salt water mags from the

bottom layer to the top but not a reciprocal movement.,
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If a single pollutional load 1s discharged into the top level, it
will stay in the top %evel, and as it flows toward the sea, it will be
diluted by the addition of salt water flowii: up through the imaginary
bottoms If the pollutional load were discharged into the bottom layer,
part of the load would be carried immediately to the upper layer because
its carrying water is lighter and warmer than the dense salt water.

The resty however, would remain in the lower layexr and would be trans-
ported upstream with the salt water and be discharged along with the
salt water through the interface into the fresh water upstream from
the original point of discharge.

The advantages presented by this type of estuary in considering
waste assimilation capacity depends on the type of waste considered.
With the decaying wastes such as tha oxygen demanding wastes considered
in the methods of this dissertation, the advantages may be two-fold.

The first advantage is that the presence of the false bottom
makes it plausible to use the depth to the false bottom instead of the
toﬁél depth in the calculation: of the reaeration coefficient. The
second advantage is obtained if the salt water entering a particular
segment has a better water quality than the upper layer. More specifi~
cally, an advantage is obtained if the dissclved oxygen content of the
galt water is higher than that of the upper layer when considering
oxygen depleting wastes.

An advantage accrues to the non-decaying pollutant because the
addition of the mass to the salt water increases its flow velocity
and thereby decreases its flushing time from the estuary.

The homogeneous estuary behaves quite differently. There are no
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zones of density flows only a continually maintained longitudinal
salinity profile. It perhaps can be visualized best by assuming that
the salt ions move upstream and downstream with the tide, but that the
mean location of each molecule does not change. It may be assumed
that density and tidal forces maintain them thus againgt the downstream
flow of fresh water.

Naturally there is probably some actual exchange of the salt ions
with those in other places in the estuary and with the ocean, but the
overall result is small compared to other forces affecting pollution
assimilation capacitye.

In the homogeneous estuary it makes little difference at what
depth pollutional loads are applied since there 1s no vertical salinity
gradient and since tidal action will dispense the pollutant.

Since it is assumed that there are no actual density currents in
a homogeneous estuary, the analysis for waste assimilation capacity in
this zone requires only the flow velocity analysis outlined for Zone 2
of the tidal zone and a correction for the salinity. Since there is no
imaginary bottom in this type estuary, all calculations are made using
the full mean depth.

The computer program written for use for the tidal zone of the
river can be used for either ;he homogeneous ox highly stratified
estuary.

To analyze the homogeneous estuary the mean salinities, actual
mean depth, and river fresh water flow should be furnished to the
computer program along with the other data which will be enumerated in

the discussion of the program in Chapter V.
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For the highly stratified estuary the values furnished for each
segment should be the salinity for the upber layer, the mean depth to
the imaginary bottom, and the total river flow in the top level which
would be a combination of fresh water flow and salt water flow. The
galt water flow entering across the salt water interface into a pazt-
fcular segment can be evaluated by the following analysis.

Congider that a segment has inflow from three sources: (1) a
known downstream flow Fy at Salinity A, (2) a known fresh water inflow
Fo at Salinity B, and (3) an unknown salt water inflow at sea Salinity
C. Consider also that it has an unknown outflow of flow F4 and known

Salihity De The flows can be summed as:
F{ +Fop +Fg = F4 (3.17)
and the salt balance as:
APy + BF, + CFg = IFy,, (3v18)

Since A, B, C, D, Fy, and F2 are known, thig leaves two equations with
two unknowns. Solving for Fgs the salt water flow across the interface,
yields:s

Fg= 1 IED-A)F1+(D-B)F2].

C-D (3.19)

A literature search has not yielded any information on the dis- .
solved oxygen content of the saline layer in the highly stratified
estuarye Also data has not been found to demonstrate whether any excess
oxygen remains with the water as does the salt or whether it transfers

out of the lower layer across the galt water Interface to equalize the
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dissolved oxygen content in texms of percent of saturation. To alle-
viate this problem it I1s assumed that any salinity Inflow has a dis~-
golved oxygen content already equal toys or which has been depressed to,
the River Quality Standard.

In the pollutional analysis of this zone it is assumed that no
wasteg are retained in the lower salinity layer and that no reaexration
or reduction of wastes takes place in this zone.

A partially mixed estuary may be evaluated by analyzing it as
both a homogeneous and a highly stratified estuary and by computing
weighted mean answers.

The degree of stratification (DS) 1s defined as 1 fof the highly.
stratified and és 0 for the homogeneous estuary and may be evaluated
as followse Considering a partially mixed estuary as ghown in Illus~
tration 21 A it is desired to divide it into two estuaries with profiles
ag shown in 21 B and 21 C. C is the ocean salinity. The degree of

salinity may be evaluated as:
ps(C) + (1 -~ DS)(A) =B (3.20)

Since A, B, and C are known,

C~A (3.21)

The use of the above methods and assumptions ylelds a practical
method for estimating the waste asgimilation capacity of the tidal zone

of a rivere.
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CHAFTER IV
EVALUATION OF Ky, K,, AND OXYGEN DEFICTT

As has been discussed in the previous chapters the waste assimi-
lation capaclty of a river is a function of several coefficients. These
are (1) Ky the BOD decay coefficient, (2) K, the reoxygenation coeffi-
cient, and (3) the oxygen deficit in the stream. The coefficients K;
and Ké are rather complex factors for which much time and effort has
been spent trying to evaluate thems The oxygen deficit is the differ-
ence in dissolved oxygen capacity between the saturation value and an
actual or allowable stream conditdone.

The purpose of this dissertation is not to attempt to derive new
evaluations for these variables or to particularly endorse any sﬁecific
theory or formulation. A detailed study has been made, however, of the
various published theories and formulas in an attempt to learn and
utilize current thinking and also to find those formulations which are
adaptable tc the methods for estimating waste assimilation which are

presented in this dissertation.

Evaluation QOf X1
K1s the coefficient of deoxygenation or BOD decay coefficient, is

usually considered as a constant at a fixed temperature although it has
been found to vary with the nature of the pollutant, the relative priox

60
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seeding of the stream with decay bacteria, and with the bacteria compat-
ability of the receiving water.(22) &

Values for Ky have been noted between 16% and 70¥ per day with a
mean value of about 40¥% per day for a seeded river. This reduction in
BOD as a function of time is the actual reduction which has been observ-
ed 'in rivers and is thereby distinguished from the reduction rate
experienced in bottle sample BOD analysis.

A Xy value of 0.345 at 20° Centigrade has been used on the examp-
les and applications pregented in this dissertation primarily because
this 1s the value used by the United States Public Health Sexrvice in
their recent study of Chio River conditions in 1980.(23) This value is
entirely arbitrary, and therefore, if any data is in existance which
would indicate a more accurate value for a particular river, then it
should be used.

The fact that Kj is not more precisely measured will not cause
any great error because Ki is primarily a coefficient referring to the
delaying action or downstream passage of the pollution and for other
than a short stretch of river, it becomes rather insignificant.

Several studies have been made to evaluate the temperature effect
on the Ky coefficient.(l, 24, 27) These studies generally agree that
in the usual range of summertime natural water temperatures, 15°- 30°C.,
that the K;j varies with temperature in accordance with the following
formula although the third decimal is comsiderably in doubt. The

formula is:

k(1) = Ky(20°C.) 1,047{T-20°C) (4.1)
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The Ky value has been found to vary considerably when a receiving
water has a salinity content. Gotaas has studied thlg extensively and
hag determined that in concentrations up to about 23¥ of the salinity
gtrength of sea water‘the Ky value is higher than that for fresh water.
(25) If the salt content increases beyond this point, however, then Kj
falls below the value for fresh water. From an examination of Gotaas'
results, 1t was observed that this relationship could be approximately
represented by the diagram shown in Illustration 22.

Assuming that between a chloride concentration of O and 6 parts
per thousand the function is a parobola, it may be evaluated by the

equation:
Ky (At Salinity §) = Ki(Salinity=0)(1~.01233(5~3.0)2). (4.2)

When the salinity expressed as chloride is greater than 6 parts per

thougand, the function is a straight line and may be evaluated as
Ky (At Salinity S) = Ky(Salinity=0)(1~.021)($~6.0)). (4.3)

K1 may be modified to apply to a period of more ox less than one

day by means of the following formula in which D equals the time in days.
(1= k(D)) = (1~ xp)P
or Ki(D) = 1 = (1 = k)P, (4.4)

Evaluation Of K,

The K, coefficient directly determines the oxygen regenerative
capaclity of a stream, and therefore, the accuracy of its determlination

- reflects directly on the calculated waste assimilation capacity. The
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Ko coefficlent, or reaeratlon coefficient, can be described as the
recovery rate of an existing oxygen deficit expressed as fractional
recovery per day. The deficit may be stated in parts per million,
pounds of oxygen, or other compatable dimensions.

Some authors consider K to relate to the total regenerative
capaclty of the stream from all sources, while others consider K, to
apply only to the reoxygenation obtained from the atmosphere and use
a K3 value to represent other sources of oxygen. These other sources
are photosynthesis, chemicals, methanical reaeration, etc.(24, 26)

It is realized that in many instances the factors which make up
K3 can be very significant. However, methods and formuiation to
evaluate them except by field studies are not available, and these
gources in many cases are not dependable. For instance a dark cloudy
day would severely decrease photosynthesis. For these reasons and
because it is conservative to do so, the K3 components will be ignoredy
in thé considerations of this dissertation. Thus any K3 values which
can in the future be justified may be considered as local advantages
over and above the waste assimilation capacities computed by the
methods herein, | A

K has been formulated by a number of authors, the first of whom
were Streeter and Phelps.(7, 27) Their formulation has been well accept-
edy but the variables which they use are not easy to evaluate and in the
en& depend on the field evaluation of a constant for a particular stretch

of river. Their formula is:

HZ (4.5)
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where Ko = reaeration coefficient (day-1)

i

v

mean velocity of flow (ft./sec.)

H

]

mean depth of water above extreme low water (ft.)

and n and C are coefficients which were obtained by substituting
fleld values of V, H, and K2 from field data. It was found that n
could be expressed as a function of the "mean velocity per five foot

increase in river gage," thus n = L/ 1 where Y equals the increase.
Y - 1-17

The large amount of field work necessary to evaluate this formula
for each stretch of a river has caused several authors to define Ko
in more readily attainable factors.

Probably the first of these was Velz who extended a development
made by Black and Phaqlps based on the laws of diffusion between air and
water.(27, 28, 29) This is based on Fick's Law of Hydro-diffusion:

é—s-:..aq.g-;:-(-

t (4.6)

which states that the rate at which a dissolved substance S is diffusing
across any area g and in the direction of the X axis is proportional to
g and to the rate at which the concentration is changing along the direc-

tion X. Sc is called the concentration gradient, and "a" is known as

X
the coefficient of diffusion. This is analogus to heat flow problems.
Under the water-aixr conditions diffusion brings about an increase
in the concentration of dissolved oxygen at all points below the sur-~
face layer and mathematical manipulation has shown

D, = D, 0,811 (e"K + 9K+ o=25K . ) = p,(0.811 sg)
9 25 (4.7)
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where D, = initial dissolved oxygen deficit (P.P.M.)
Dy = deficit at time t (P.P.M.)
Sx = sum of the continuing serles

and K =72 a t where L = depth and "a" the diffusion coefficient.
412 '

"3" has been evaluated at a mean value of .00153.

To account for turbulence in this concept, it is considered that
there will be a period of quiescent diffusion followed by an instantan-
edus mixing of the entire dépth. The time between these mixes is
dependent on the stream turbulence and velocity.

If the decrease in oxygen deficit, or reaeration, in a body of
water is denoted as R, then R is equal to the difference between the
initial deficit and the deficit at time t. Thus R = D; - Dg» This can

be evaluated as:
R = Dy = Dt = Da(l - 0.811 Sy), (4.8)

Velz states that it has been found that this closely resembles the
empirical relationship Log Ry = 1.85 + 0.5 Log K where R, equals the

reaeration rate per mix at zero dissolved oxygen and where

R = Ry Da .
DO(saturated) (4.9)
For example, if:
Depth L = 10 ft. Mixings = 10 per hour
Temperature = 20 Centlgrade Time per mix = .1 hour

a = 00153 Da = 70%
DO( saturated )

Saturation dissolved oxygen = 9.2
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thens k= X o001533§.1) = 3,77 (1076)
4 (10)

and Log Ry = 1.85 + 0.5 Log 3,77 (1076) ,

Therefore, R, equals .14% of saturation per hour per mix, or 1.4% per
houx with ten mixes per hour. Thisvcan be converted to other units and
thereby equals .51 P,.P.M. diggolved oxygen per day, or .0576 pounds per
1000 cubic feet per day.

From this analysis Velz has prepared the sliding scale nomograph
which is shown in Illustration 23 along with his instructions for its
use.(28) Illustration 24 shows the relationship between mix interval
and depth for the Kalamazoo River. Velz has expressed his belief to the
United States Public Health Service that these mix interval values are
applicable to all fresh water streams except very shallow and swift
ones,(30)

The O'Conner~Dobbing formulas were developed by use of diffusion
theory and the theory of fluid turbulence. The basic development using
the diffusion éheory is similar to Velz' work, but to it 1s added the
turbulence theory and through it an evaluation of the rate of surface
renewal, A somewhat abbreviated development of their formulas is pre-
sented below.(31, 32, 33)

The passage of oxygen from the atmosphere to a body of turbulent
fluid may be described in the most cbmplete and the most general manner
by the Lewis and Whitman two film concept expressed in differential form

similar to Fick's Law of Hydro~diffusion. This leads to the equation

SECRECRR R
$t .DG[SYJl DL%z Pelsy s (4,10)
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oc| = concentration gradient through the gas film
§Y 1
$c] = concentration gradient through the liquid film
Yi2
[{gj = concentration gradient in the body of the liquid
§v14

below the liquid film
Dg = molecular diffusivity of the gas through the gas film

= molecular diffusivity of the gas through the liquid film

v
=
1

(=)
)
i

= eddy diffusion coefficient of the gas in the body of the

liquid,

This equation can be seen to be true if it is assumed that an equal mass

transfers through all three stages in a given period of time.

That the control of the entire process is based on the liquid film

may be seen from the following approximate values of the coefficients:

Dg = 0.70 square feet per hour

D = 0,00008 square feet per hour

and Dy = 50, square feet per hour.
From the above and from other data and references 0O'Conner
concludes:

(1) The liquid £ilm at the water surface is the controlling factor
In the process.

(2) The concentration of the dissolved oxygen may be taken as
uniform throughout the entire body.

(3) The effect of turbulence on the liquid £ilm at the surface
must be evaluated.

From theory which was originally developed for gas absorption

theory by Danckwerts, O'Conner shows that
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K= (pp z )% (4.11)

where K; is the liquid film coefficient, and r is the rate of surface
renewal.

In the equation dD . _i,  which is the recovery rate with no
dT

BOD present, Ko is represented by

Ko = K A
] (4.12)
where A = area through which diffusion occurs
and V = volume of the liquid.

This formula may also be represented as Ko = EL whexe H equals the
H

mean depth. Therefoie, from the above equation for Ki, the following
is obtained:

1
ko= (DL z )z

H (4.13)

For this equation to be applied the rate of surface renewal must
be related to the turbulence of a river and expressed in measurable
parameters.

In turbulent flow, momentum, mass, heat, or any inherent char-
acteristic can be transferred from one layer of the fluid to another.
Therefore, a method of evaluation may be used which detexrmines the rate
at which particles at the surface layer can be replaced by particles
arising from the turbulent motion in the body of’the fluid. The inten-
sity of the turbulence may be defined by some mean measure of the

velocity fluctuations such as V and the scale of the turbulence may be
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defined by the mixing length,f o« The mixing length signifies a distance
which a particle moves from its point of departure from the mean fore-
word motion until it mixes again with the main body of the fluide.
Therefore, only particles within a zone defined by a mixing length from
the surface will affect the renewal of the surface. It may be reasoned
that vertical flow exhibiting small length and high velocity will cause
a greatexr rate of surface renewal than flow of great length and low
velocity., Therefore, particles at the surface are replaced at a rate
directly propoxrtional to the scale of turbulence. Surface renewal may
be considered to take place in a period of time defined by:
t=4

v (4.14)
where the values-of” £ and ¥ are those prevailing in the vicinity of the
surface.

In considering this turbulence O'Conner considers two different
cases, namely isotropic and non-isotropic. An Isotropic river has a
uniform velocity throughout the depth of the stream and is typical of
comparatively deep channels. The non-isotropic condition implies a
vertical velocity gradient and is typical of shallow streams. O'Conner
assumes a five foot mean depth as the dividing line between the two.

For the non-isotropic condition he solves for the surface renewal
value theoretically and arrives at the formula:

ry
r=(Hgs)®
K H (4415)

where g = the acceleration of gravity
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"

S = the slope of the river channel

1

and K = the Von Karmon universal constant which is generally taken

as 4.

Substituting this value of r into the Ko equation yields

1 A 1
Ko = DL H_ 92 Si] [- gz |Dp= S%] 1|,
—% H% H (4.16)

If g = 32.2 ft./sec.2 = 32.2 (86,400)2 ft./day?, then

1 12
Ky = (32.2 (86,400)2)% [DLZ 5?]

(.4)2 Ho/ 4

which equals Ko = 1110 Dﬂ% sz
T (4.17)
In this equation
| D; = coefficient of modular diffusion (sq./ft. per day)

S = slope of river channel (ft./ft.)

H = average depth (ft.)
and K, = the reaeration coefficient (day~1).

The isotropic case has been evaluated by use of measured field
data. It has been found that the mixing length is approximately 10% of
the average depth and that the vertical velocity fluctuation is approx-
imately 10% of the mean flow velocity.(32) Thus,

r=0.,10 V =
0.10 H

V.
H (4.18)

where V is the mean flow velocity.

Substituting in the equatiorn foz KQ yields:
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ey
H_G;Q (4-19)

The coefficient of diffusion, D;, has been found to be equal to
81 (1070) at 20 C.e An example of the use of these formulas for an
1dentical condition is shown below.
Data: Velocity = .51 ft./sec. Slope = 0,167 f£t./1000 £t.

Mean depth = 5.5 ft. Dy at 19°C. =79 (1070)
Non Isotropic Conditlon - Equation 4.7

= (1110 £t3/day®) (79(1076)8t2/hx. )(24 hx/day) %;L1;67/1900 £1 /58 )%

I@—
(5.5 f£t,)3/4
Ko = 1110 (.0436) (.1133) 1
8.4 day
Ko = +651 day™l

Isotropic Condition -~ Equation 4,19

Ky = (73 (1076) £+2/nx)(24 hr/day) (.51 ft./sec.)(86,400 sec./day) *
(5.5 £t.)3/2

KQ = 4707 day“l

The Ky values obtained by the use of the 0'Conner formula have
been compared with K, values determined by field sampling for a number
of rivers. These include the Clarion, Little Ténnessee, Watauga, Scioto,
Holston, French Board, Illinois, and Ohio Rivers and San Diego Bay. The
data from the Little Tennessee, Watauga, Holston, and French Board
Rivers is of special significance« The water considered was oxygen

depleted discharge from reservoirs which contained no oxygen demand
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pollutants. Since obgservations were made at night, there was little or
no error due to photosynthesis.(33)

In a recent study, the U.S. Public Health Service computed Ko
values for a number of stations on the Ohio River using both the Velz
and OfConner methods. Their results showed a close agreement between
the two methods.(23)

The OfConner formulas have been chosen for use in the application
of,this dissertation because the data required for them is available
and because the formulag are easily programmed for digital computex
application. They also can be more easily evaluated in the river tidal
zonee

The reaeration coefficient, Koy ls temperature dependent. The Kp

value at temperature T is expressed as:
° — © A
Ko (T) = Ky (20° C) [e(T =20 .9):" (4.20)

In the past © has lisually been taken as approximately 1.016, but
a recent study by the Tennessee Valley Authority has indicated that
1.0241 is a more accurate value. The latter value will be used in this
dissertation.(1l, 34)

The reaeration coefficlent also changes when the salinity of the
water changes. A recent British study has studied this effect and has
found that the reduction in the rate of aeration due to salinity can be

represented by the formula
Reduction = .059 (Sannity)‘-}i

ox % Reduction = 5,9 (Salinity)? (4.21)
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where the salinity 1s expressed in parts per thousand.(35)

In the future another factor may become very important in
evaluating Ky« Thisg is the effect on reaeration caused by detergents;"
soaps, and oils. Their importance stems from thelr altering of the
surface tension of the water surface. As the discharge of these pro-
ducts to the stream increases it will probably be necesgsary to modify

Ky to show their effect.(36)

The Digsolved Oxygen Deficit
In Chapter II it was shown that the oxygen available foxr waste

assimilatioh could be represented by equation 2.123
20 = AQ(Any DO ~ RQS) + Ky Dpgg V

where AO = available oxygen (1bs./day)
aQ = flow change within the segment (million cubic feet per day)

K
v

‘Ui

reaeration coefficient (day~l)

volume of segment (million cubic feet)

{]

Any DO = dissolved oxygen content of Q (pounds per million cubic

feet or 62.4 (P.P.M.))

H

RQS River Quality Standard (pounds per million cubic feet or
62.4 (P.P.M.))
and  Dpos = DOggpyrated ~ ROS (pounds per million cubic feet or 62.4
(P.P.M.).
All of these terms have‘been discussed or evaluated except the

saturation dissolved oxygen content, the RQS, and the dissolved oxygen

content of the flow change. These will be discussed in turn.
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The solubility of oxygen in water, or synonomously, the saturation
dissolved oxygen content in water, as a function of temperature and
salinity has been discussed considerably in the last few years. Up to

this time the values stated in Standard Methods were generally accepted

as accurate.(37) However, the work of Truesdale and Vandyke, which was
published in 19535, questioned these values.(38, 39)

A recent study made by Elmore and Hayes was published by the
Committee of Sanitary Engineering Research of the American Society of
Civil Engineers, From an extensive series of tests, they arrived at the
formula given below for the solubility of oxygen in fresh water at

temperature T. The Elmore and Hayes formula iss

Dissolved oxygen (P.P.M.) = 14,652 - 0.41022T + 0.0079910T2 -

0.00007777TS (4.22)

The Truesdale formula has a similar form, but it also includes
terms to adjust for the salinity. The salinity S is expressed in parts

per thousand. The Truesdale formula is:

Dissolved oxygen (P.P.M.) = 14.161 =~ 0.3943T + 0.007714T2 -

0.0000646T3 ~ 5(0.0841 - 0.00256T + 0.0000374T2) (
4,23)

In the 25 to 30 degree centigrade range the two formulas have
comperable resultsy however, below that range they differ.

A combination of the two formulas are used arbitrarily in the :
applications made herein. Where there is no salinity, the Elmore and
Hayes formula is useds and where salinity is present, the Elmore and

Hayes formula is combined with the Truesdale salinity correction factor.



78
It is belleved that this procedure will yield results well within

required accuracy limits.

The River Quality Standard is the lowest dissolved oxygen content
which is allowable in a river. This value is usually established by
law or by the governmental agencies charged with the regulation of
stream quality. The particular value established for a river is based
on the desired use of the river and on fish and wildlife considerations.
A dissolved oxygen content of four parts per million 1s generally
accepted ag being adequate to support fish and other aquatic life, and
therefore, this value will be used as the RQS in all the applications
in this dissertation.

The dissolved oxygen content of added flow within a river segment
may be at any value and hence the labeling as Any DO. Since this dis-
solved oxygen content can range from zero for a sewage effluent or
reservoir discharge to saturated, or even supersaturated, for fresh
water inflow, it is necessaxy to either have actual data about this cop-
tent or to make rather general assumptions regarding it. It will be
assumed that all inflow is at saturation in the dissertation applica-
tions.

If the flow change in the segment is negative indicating a loss of
flow, this flow loss would have a dissolved oxygen content equal to the

River Quality Standard.



CHAPTER V

COMPUTER EQUIPMENT AND PROGRAMS USED TO DETERMINE

WASTE ASSIMILATION CAPACITY

The procedures proposed in this dissertation are primarily
designed for use on modern high speed digital computers. It is believed
that-this is one of the first, if not the flrst, application of digital
computers to organic stream pollution.

Two I.B.M. 1620 computers were used on the project. The majority
. of the work was done on the unit furnished by the kindness and courtesy
of the Biostatistics unit of the University of Oklahoma Medical School.
This unit consisted of the 1620 congole, 1622 card read punch unit,
and a 1623 Core storage unit which expanded the machine storage capacity
from 20,000 to 40,000 digitse Illustration 25 shows pictures of a
similar system. The 1620 used on the main campus of the University of
Oklahoma is similar to the one at the medical school except that it
does not have the additional Core storage unit. These units usually
rent commercially for $25 to $35 per hour.

All of the programs were written in the language accepted by the
Fortran With Format compiler for translation into numerical machine
language. As this system of programming is in universal use, it will

not be described here. I.B.M. manuals are available which describe the

e
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ILLUSTRATION 25
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process thoroughly.(40, 41, 42)

Three types of input and output format/are utilized by the 1620,

These are shown below with examples.

. Exprezzerd
Name Designation Numbexr Format in Format
Integer I +100 I4 +100
Fixed Point F +100.0 Fé6.1 +100.0
Fixed Point E +100,0 E10.3 +1.000E+02"

An Integer number i1s merely represented by an I plus the number
of digits. The F type floating point number designated Fé;l indicates
that-the. number requires six spaces, one for the plus sign, one for the
deci@al, and four for the number. The number one after the decimal
indicates one number is to be to the right of the decimal.

The E type designation is an exponentlal type expression. E10.3
means that it will take ten spaces to write the number in E format.
The three means the base number is to have three digits to the right of
the decimal point. The number +1.000E+02 in effect meaps 1.000 x 102
which would also equal 100.0.

All three types of format were uged for program input. Most

output numbers for final programs were Integer and F type numbers.

Data Generating Program ~ Program Number One

As will be discovered later, the computer programs which were
used to evaluate the wasfe agsimilation capagcity of a river were made
ag flexible as possible. As a minimum to operate the program, the only
data needed for a single river is data at the mouth and any upstream

point. If the stream has tributaries, it is further required that no
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two tributaries shall join the main stream unless data is furnished
for a point on the main stream between the mouths of the tributaries.
The program will accept data for segments as short as one mile.

The data available for the Chio River and its tributaries was
for locations varying from 10 to 60 or more miles apart. The data in
these varying segment lengths could have been furnished to the program,
and it would have computed values from this widely scattered data.
However, since there is often a great change in flow and channel pro-
perties in a long segment, it was deemed advisable to select a shorter
segment length and to compute average data for the points between known
data points. It was believed that this would give greatex accuracy to
the program, and it would permit evaluation of allowable loadings fox
shorter lengths within the segment.

The Data Generating Program was written for the purpose of com-
puting this data at in between points and also for computing stream
properties at points where flow was added to a stream at a point
between. two stations. The Data Generating Program also served the
purpose of computing the slope from the elevations of the river channel
at the stations.

The complete Data Generating Program and flow chart are shown in
the Appendix as Program One. In general the computer is instructed to:

(1) Read two data sets of two cards each,

(2) Compute the channel slope between the two data sets,

(3) Punch two cards containing data set one plus the slope,

(4) Test to see if the distance between the two stations is

greater than the desired segment length,



83

(3) If not, read next data set and repeat the process,

(6) 1f length is longer, then compute and punch the data for

each gtation one segment length larger than the previous

station until the distance between stations is smaller than the

segment length, and then read the next data set and repeat the

process.

The switching and storage used to test for and compute the data
for incomplete stations may be observed in the flow chart.

This program is designed to handle only a single river without
any tributaries. Once the data for all rivers in a basin have been
processed in this manner, they are reagsembled in proper tributary
order for use in the Waste Assimilation Program.

As mentioned above, the input and output format from the Data
Generating Program ig the same. In both cagses it consists of two cards
of 72 digits. In processing the program the data cards are preceded
by a singlé card which gives the desired segment length in Format I4,
El2.5, For example, for a ten mile segment length this card would be
punched +010+1.00000E+01 in the first 16 spaces of a card.

The format of the input data and example values are shown in
Table 4. Thig data is for the Pricetown, Ohio station on the Mahoning
River which is the same station which will be used to show data analysis
methods in Chapter VI. Illustration 26 shows I.B.M. cards punched with
thie data,

The flag in digit ten is of use only to the Data Generating Pro~
gram, and 1t merely indicates that the data is complete, It is zero for

complete cards and one for those which are incomplete. Only the total



TABLE 4

DATA FORMAT - WASTE ASSIMILATION PROGRAM

——

Space On

Card Format Information Example
CARD 1
1-3 I3 River Number 006
4-8 5 River Mile 00068
9 Il Zero 0
10 Il Flag 0
11-12 12 River Designation 01
13~24 El2.5 River Mile +6+80000E+01
25-36 E12,5 Temperature +2,30000E+01
37-48 El2.5 River Quality Standard -4.00000E+00
49-60 El2.5 Flow +1.57000E+02
61-72 El2.5 Flow Added At Station  +0.00000E+00
CARD 2
1-12 El2,5 Width +1.93000E+00
13-24 E12,.5 Area +2.07000E+02
25--36 Ei2.3 Elevation +9 .05000E+02
37-48 El2.5 Slope +0.00000E+00
49~60 El2.5 Initial Deficit +0.00000E+00
61-72 El12.5 Added BOD +0.00000E+00
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ILLUSTRATION 26

Input Data Cards

8

e !l



86
flow and channel property data can be incomplete. Digits 11 and 12
indicate whether the river is a main stream (00), primary tributary (01),
or a secondary tributary (02)s River number 6 is the Mahoning River.
Mile 68 1s at Pricetown, Ohio. The output card for this station will be
the same as the input card except the slope will be computed and
punched.

The Data Generating Prograﬁ requires a time of only one second per
data station to read the cards, compute the information, and punch the
output cards. Computer time of only forty minutes was needed to process
the data for the entire Ohio River basin. This time could have been
shortened, but it was desired to punch the main stream, primary trib-
utaries, and secondary tributaries' data on different colored cards to
facilitaté easier agssembly for use in the Waste Assimilation Program.
This required loading the machine language program and Fortran Sub~

routines into the computer three separate times.

Waste Assimilation Program ~ Program Two

The Waste Assimilation Program is designed to compute the total
allowable BOD which a river system without tidal action can assimilate
i1f it 1s continually loaded to maximum capacity throughout its length,

The calculations made for each segment of the river and the
summation for the entire river are those outlined by the theory for the
non~tidal river presented in Chapter II and by the analysis of the
varlous coefficients presented in Chapter IV. The program further in-
cludes rather complicated switching and storage routines which make it
possible for the program to evaluate and integrate together both pri-

mary and secondary tributaries as well as the main stream.
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The program is designed so that it can handle a rivexr basin of
up to 200 streams, each of a length up to 9999 miless» The only limita-
tions are that no tributary can be of a higher order than a secondary
tributary and that two consecutive primary tributaries shall not join
the main stream unless data is furnished for a data point on the main
stream located between the mouths of the two tributaries. This re-
striction likewise applies to the flow of secondary tributaries into
the primary tributariese

The mouth of evéry river and tributary is numbered as mile number
0000, and complete data must be furnished to the computer for this
station. Other stations upstream are numbered in terms of river miles
above the mouth of gﬁe river.

The computer program is designed to begin processing at the up-
stream end of the main stream and to proceed downstream towards the
mouth. Tributaries and sub-tributaries are calculated as they are
reached. In other words, calculation will begin at the head water
of the main stream and will continue downstream until the first txib-
utary is reached. The program will then calculate the values for the
tributary and then return to the main stream.

For the purpose of discussing the program mechanics in the text,
it will be assumed that we are considering only a single river without
tributaries. The switching and storage procedures are shown in detail
in the progiam flow chart in thg Appendix should they be of interest.

The procedure followed by the computer in carrying out the
commands of the Waste Assimilation Program is as follows:

(1) Punch column headings and set answer values equal to zero,
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(2) Read the first data set and type initial conditions,
(3) Read second data set,
(4) Compute average values for the fldw, area, width, velocity,
temperatures, ete. for the segment,
(5) Compute the saturated dissolved oxygen value and the deficit
between it and the RQS,
(6) Compute the detention time of the river in the segment,
(7) set Kl and modify it according to temperature and according
to the time spent in the segment,
(8) Compute Ké from the channel properties using the 0'Conner-
Dobbing formulas and modify it according to the temperature,
(9) Compute the total available oxygen which enters the segment
per day by reaeration and by the addition of flow which has disg-
solved oxygen in excess of the RQS,
(10) Compute BOD load left from previous segment,
(11) compute total BOD which can be applied to this segment,
(12) Compute -the allowable BOD as being equal to the total BOD
minus the previous BOD,
(13) Compute sum of passage time, allowable BOD for river, and
allowable BOD for basin,
(14) Punch river number, river mile, passage time, RQS, allowable
load in segment, sum of loads for river, total-load foi basin,
mean flow, and K2,
(15) store values needed to compute next segments i.e, total BOD
of this segment, K; of this segment, etc., and

(16) Read the next data set and repeat the process until fhe river
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mouth has been reached.

1980 Ohio River Study

The United States Public Health Service has recently completed a
study to estimate the stream conditions of the Ohio River for the year
1980, Since their data for channel conditions and flows, as well as
their results, were available, it was decided to apply this data to the
Waste Assimilation Program to determine the waste assimilation capacity
under these conditions. By so doing a test was provided for the mech-
anics of the program, and a specific check was available for one of the
components of the program, namely the Ko coefficient.

The data was processed through the Data Generating Program to
obtain the data for each ten mile segment length, and this completed
data was then furnished to the Waste Assimilation Program.

It was found that the Ko values computed by the Waste Assimilation
Program agreed closely with those of the P.H.S. study. The program
results indicated that at these flows the Ohio River will be able to
assimilate a BOD load of 3,865,364 pounds in the 974 mile stretch con-
sidered in this program. Assuming 30% sewage treatment this would be
the‘waste load contributed by 22,000,000 people.

The use of the Waste Assimilation Program to process this 1980
data furnished by the U.S. Public Health Service will be referred to
as the 1980 Ohio River Study.

The river flow time was checked by comparing it with a recent

study entitled Time of Travel of Water in the Ohio River, Pittsburg to

Cincinnati, which was published by the U.S. Geological Survey.(43)
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It was found that the values were in good agreement with the ones
obtained in this study.

Additional testing of the computer program was made by means of
a trace routine which printed out the answers of every numerical calcu-
lation made by the computer. This made it possible to quickly and
easily check the results of each program step.

The processing speed of the Waste Assimilation Program has
' proved to be very rapid. It is able to completely process a segment
of the river in eleven seconds. It required only twenty minutes to load
the program into the computer and to process the entire data for the

1980 Ohio River Study.

Tidal Zone Waste Assimilation Program - Program Three

The program used to determine the waste assimilation capacity in
the tidal zone is very similar to the one used for the non-tidal zone.
It has been simplified considerably, however, by the fact that it is -
only to consider a single river and by the elimination of the non
isotropic Ko formula.

Since it will be shown in Chapter VI that data can usually be
obtained or approximated for any point desired in the tidal zone and
since the tidal zone is shorter than most rivers without tides, no Data
Generating Program is provided.

Normally a study of a river with a tidal zone will include the
use of the Waste Assimilation Program for the stretch of river above
the head of tide point and the Tidal Zone Waste Assimilation Program

for the tidal zone. It is desirable to designate the river miles on the
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upstream portion so that the head of tide is river mile zexo.

If this is done, the computer will punch out the total segment
BOD load and the Kj value for the segment above the tidewater pointe.
This information and the river and river basin allowable BOD sums are
then fed ag the first data card to the Tidal Zone Waste Assimilation
Program in order to provide éontinuous analysis for the entire river,
including the tidal zonee.

The input data for the Tidal Zone Waste Assimilation Program
congists of an initial card which gives the K3 value and BOD sums from
the upgtream segment, and two cards for each segment to be considered.
The two data cards for each segment are different in content and format
from those for the upstream river. The format and example values for
the initial card and segment data cards are shown in Table 5.

The 'ebb and flood currents correspond to the Vi and Vo values
which were used in the development of the mean effective velocity as
outlined in Chapter III. Similarly, ebb time and flow time refer to
Ty and T, respectively. The galinity value is furnished as parts per
thousand.

As with the other programs a detailed flow chart and program
1isting are shown in the Appendix. The general steps which the program
commands the computer to do are as follows:

(1) Read upstream values,

(2) Punch column headings and set initial answer values,

(3) Read first data set and type initial conditions,

(4) Read second data set,

(5) Compute average value for flow, area, width, salinity, etc.,
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TABLE 5

DATA FORMAT =~ TIDAL ZONE WASTE ASSIMILATION PROGRAM

Space in Card Format Information Example
INITIAL CARD
1-10 E10.3 " TABOD +3 «657E+04
11-20 E10.3 FKTT +0«375E+00
21=30 E10.3 SLOAD +2.215E+05
31-40 E10.3 TLOAD +2,213E+05
DATA CARD 1
1«3 13 River Number 001
47 I4 River Mile 0100
8- Il . Zexo 0
9~18 El0.3 River Mile +1.000E+02
19-28 E10.3 Temperature +2,700E+01
29~38 E10.3 River Quality Standard  +4.000E+00
39-48 E10.3 Flow +2.851E+03
49-38 El10.3 Flow Added At Station +0.000E+00
59-68 E10.3 Initial D.O. Deficit +3+780E+00
DATA CARD 2
1-10 - EI0.3 Width +1,990E+01
11-20 E10,3 Axea ' +6 « T70E+04
21~-30 E10.3 Ebb Current +L 95DEH00
31~40 E10.3 Time of Ebb . +7 +200E+00
41-~30 E10,3 Flood Current +2.060E+00
51-60 E10.3 Time of Flood 4+5+300E+00

6170 E10,3 salinity +0,000E+00
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(6) Compute effective mean velocity from current and time data,

(7) Compute saturated dissolved oxygen value and the deficit

between it and the RQS,

(B) Compute the detention time of the river in the segment,

(9) set K; and modify it according to temperature, salinity,

and time,

(10) Compute Ko and modify it for temperature and salinity,

(11) Compute the total available oxygen which enters the segment

_per day by reaeration and by the addition of flow which has dis-

golved oxygen in excess of the RQS,

(12) Compute BOD left from previous segment,

(13) Compute total BOD which can be applied to this segment,

(14) Compute the allowable BOD as being equal to the total BOD

minus the previous segment's left over BOD,

(15) Compute sum of passage time, allowable BOD for rivery:and

allowable BOD for river basin,

(16) Punch river number, river mile, passage time, RQS, allowable

load in gegment, sum of allowable load for river, sum of allow-

able load for basin, and Ky,

(17) Store values from this segment needed to compute values in

the next one, and

(18) Read the next data set and repeat the process until the mouth

of the river hag been reaghed.

The Tidal Zone Waste Assimilation Program was checked for arith-
metic accuracy by the use of the trace routines mentioned in connection

with the Waste Assimilation Program. Comparable studies which would
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permit further checking were not found.
The program execution speed was again found to be rapid. A data
set 1g processed in approximately ten seconds, It took less than ten
minutes to load the program and process the entire tidal zone of the

Delaware River.



CHAFTER VI
COLLECTION AND ANALYSIS OF DATA

It is expected that the greatest immediate uge for the methods
propoged in this dissertation will be in the field of water resources
planning., 1In other words these methods will be used to determine the
ultimate BOD loading which a stream can assimilate without violating
the River Quality Standard. This will permit the planning board to
evaluate waste treatment standgzds and flow augmentaéion requirements
for future years. In planning studies of this type it would be too
expensive to actually make river studies to obtain the necessary data,
and indeed one of the major reasons for the develﬁpment of these methods
is to provide planning estimates without astual riveﬁ studies.,

Fortunately, much data is already in existence and is available
for use in such a study. This data is found in the publications and
files of several government agencies, namely the United States Geolog~
fcal Survey (U.S.G.S.), the United States Coast and Geodetlc Survey
(UeS+C.G.5.)s the United States Army Coxps of Engineers (U.S.A.C.E.),
the United States Public Health Service (U.S.P.H.S.), and the Weather
Bureau.

The information necessary to analyzé a particular segment of a

river without tidal action is as followss

95



96
(1) The selection of the gegment length and the location of the
ends of the segment in terms of river miles above the river mouth,

(2) The river flow to be considered,

—

3) The mean depth of the water,
(4) The cross section area,

(5) The mean velocity,

(6)

(7) The water temperature, and
(8)

o

The channel slope,

The initial dissolved oxygen deficit of any added flow.
In the tidal zone of the river the following additiéhal data must
be fyrnished assuming that the salinity portion exhibits homogeneous

type characteristics:

(1) Mean maximum ebb flow through section,
(2) Duration time of ebb flow,

(3) Mean maximum f£lood flow éhzough section,
(4) Dpuration of flood flow, and

(5) salinity.

The above data must be available at enough points throughout a
river basin to provide sufficient accuracy by using average values
between etations. Each of these data requirements will be discussed in

turne.

Segment Length And Rivexr Mile Designation
The length of the segment to be used in the calculation of the

waste agsimilation capacity of a »iver 1s arbitrary, but its selection

should depend on three factors: (1) the abundance and uniformity of the
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available data, (2) the desired accuracy of results, and (3) the cost
of computation.

For example, if fairly uniform data is avallable for sections
ranging from 10 to 30 miles apart on a river, a segment length of 5 ox
10 miles would probably provide sufficiently accurate results at a
reasonable cost. For this same data a 1 mile segment length would not
give much better accuracy, and the cost of computation would be in-
creased B fold or 10 fold. Ify.on’therdther hand, a short river or
tidal zone with extensive data were being considered, a segment length
of 1 or 2 miles might be preferable.

Segment lengths of 10 miles for rivers without tides and 5 miles
for the river tidal zones were used in the Ohio River Basin &nd "
Delaware River studies which will be mentioned in Chaptex VII.

For use in the methods of this dissertation every data station on
a-river, tributary, and sub~tributary must be designated in terms of
river miles above the mouth of its reppective river. For navigable
rivers the U.S. Army Corps of Engineers has already assigned such a
designation, and the river mile number for any point in question can
be read or scaled from thelr river navigation charts.(44)

For some rivers the U.S. Geological Survey has determined the
river mile numbers for their gaging stations, and these values may be
found in their Water Supply Papers in the paragraphg describing the
location of each station. For upstream points for which neither the
Coxrps of Engineers maps orx the Water Supply Papers provide river mile
designationy 1t is necessary to measure or estimate these values from

U.S. Geological Suxrvey topographic maps or detailed highway maps.(45)
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Often special reports which have been published concerning particular
rivers yleld data or river mile location.(2, 14, 46, 47, 48, 49, B0)
In tidal rivers the river mile designation can be read or scaled
from either U.S. Army Corps of Engineers navigation charts or from the

nautical charts prepared by the U.S. Coast and Geodetic Survey.

River Flow

The most extensive data available for stream flow in non-tidal
streams 1s that of the U.S. Geological Survey. This agency currently
maintaing more than 7000 gaging stations on the rivers in the United
States. A gummary of the mean dally flows, mean monthly flows, and mean
yearly flows are published yearly for each of these stations.

For publications and collection purposes the continental United
States has been broken up into 18 regions, each one of which is admin-
istered separately and for which the data ig published in a separate
Water Supply Paper.(5l, 51) The various areas ares

1. North Atlantic slope basins, in two volumes:

A. Noxth Atlantic slope basins, Maine to Connecticut.
B« Noxth Atlantic slope basins, New York to York River.’
2. South Atlantic slope and eastern Gulf of Mexico basins, in two
volumess
A+ South Atlantic slope bagins, James River to Savannah
River.
B, South Atlantic slope and eastern Gulf of Mexico Basins,
Ogeechee River to Pearl River.
3. Ohio River basin, in two volumes:

A. Ohio River bagin except Cumberland and Tennessee River
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basins.
B. Cumberland and Tennessee River basins.

4. St. Lawrence River basin,

3. Hudson Bay and upper Mississippi ﬁiver basins.

6+ Missouri River basin, in two volumes:

A+ Missourl River basin above Sioux City, Iowa,
B, Misgsouri River basin below Sloux City, Iowa,

7+ Lower Migsissippi River basin.

B, Western Gulf of Mexico basins.

9+ Colorado River basin.

10, The Great Basin.

11, Pacific slope basins in California,

12, Pacific slope basins in Washington and upper Columbia River

basin.

13, Snake River basin.

14. Pacific slope basins in Oregon and lower Columbia River basin.

An example of the data that is published yearly for each U.S.
Geplogical Survey gaging statlon is shown in Illustration 27.

Unfortunately the U.S. Geological Survey data is available for
only that portion of the river which is unaffected by tides. Foxr the
tidal zone fresh water flow estimates must usually be obtained by
determining runoff coefficlents for the area of the basin for which the
runoff is known, and then apply this coefficlent to the area of the
basin which contributes runoff to the point considered.

Several other governmental agencies maintain gaginq stations

throughout the United States. The location and jurisdiction of these
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BEAVER RIVER BABIN

T

9'18. Mahoning River at Pricetown, Onhio

. Jocation.=<Lat 41°07150", long 80°58'24", in T.2 X., R.5 W., on left bank a quarter of &
wlle south of Mahoning-Trumbull County 1ine, 0.3 mlle downstream from Milton Dam, hsif
& mlle southwest of Pricetomn, Mahoning County, and 3 milas upstresm from Xale Cresk.

Prainage srea.=~276 sq mi.
Records nyallable.--July 1929 to September 1960. : .

Qage.~-Water-stags recorder, Datum of g3 e ta 905,00 £t above mean sea lsvel, adjustmant
of 1913. Prior to Aug. 14, 1939, starl gage st same site and datum.

Aversge discharge.=~31 yesrs, 356 ofs (unadjusted),

tmma.--n?.xi’l‘:a aigew durh :"i 265:'2)“' Apr. 7 (gage hefght, 7.98 £t); minie
k""—'za. r, 15 , 1, ,
" 029-60; harge, 16,01 fi), frow

60: Kaximum dnchlrfo 770 ¢fs Jan, 25, 1937 {gage height
rnt curve extanded abovs .500 cfa on basie of velosity-area » udfu; ainisus,
0.4 ols Nov. 9, 10, 1041, Peb. 19-231, Dat. 10-31, 1948,

«*~Records « Fiow reguiated by Berlin Reservoir beginning 1942 and Nilton i
E%ﬂou' :hrw(h“g‘ﬁt the mxﬁ'enor mzrd (see p. 129). : .

¢ Baxitions [water years).~-¥SP 788: 1830(K).

Rating tables, water year 1959+40 (?p heighs, in fest, and dissharge,
n per sesond)

aubie fae ,

Get. 1°10 Gev. 13 to Fed. 13 Ped. 14 v0 Bept. 30 O
2.4 172 3.1 %0 1.8 3 3.0 325 .
2.7 245 3.8 480 17 e 6.8 850
3 340 4.0 a8 1.9 & 8,0 1,800

5.0 98 1 122 1.7 1,30
t.8  fot

Discharge, tn cublc feet per sscond, Q.ur year Catober 1950 to Septasder 1960

Day | Oct. Nov. Dec. Jan, Pebd. Kar, Apr. | May June July m.r Sept.,
Iy 198] 387 e <89 w6 126 [13% 80 ﬁ' m ne :
s 193 387 444 448 411 9" 524 30 a2 '
3 193 387 (133 468 %3 9 324 80 80 n2 236 ng
\ ' m 387 (17} 488 363 ¢ 528 80 99 22 236 143 38 1
8 as? “l 48 383 " 230 [ 100 212 23 ng f
[ 242 384 w 488 383 9] 31,400 100 138 212 s 28
7 284 I8¢ 468 383 " 100 «a7¢ =12 236 212
8 261 381 484 4488 383 88 N g 102 17¢ =26 Q2368 Q12
9 284 351 460 488 383 248 139 %0 1871 pid W[ Az
10 354 [12) L1 Jse J-H 1 °” 89 B Y 21! 1n2
11 g_a_ 354 488 41 388 ‘| 300 42 202 o233 s 212 '
S 12 354 488 32 388 36 284 42 200 2N e 22 .
13 366 4 414 ss2 3 1 2% @2 15¢ 235 16 k12
1¢ 363 385 888 414 m .a_ (33 108 23% e g_{
13 38 858 eq) 2l - 40! 103 FE3Y 4 Y
18 366 348 958 411 870 o33 70 40 218 231 24 188
17 3 414 953 414 33 70 40 4585 31 24 189 '
18 11 885 414 4“3 33 70 40 233 21¢ 193
19 383 738 414 4 33 10 40 233 21¢ 191
450 478 4 457 33 70 50 13 233 24 m
2l *360 4“7 4741, ﬁ_& 457 3 70 56 207 233 214 i
T 360 4He 474 457 33 10 -] sl 233 1¢ i
o I 360 444 474 498 457 33 70 56 1 233 214 191
24 360 444 471 496 287 3 70 S6 193 233 Tl 191
s $4¢ N 498 i3 33 70 se 193 33 24 191
{3 3680 €44 47 498 193 33 70 se 32 233 ﬁé p3J9
7 360 d4d (12 498 193 34 70 94 202 1680
8 360 444 468 49¢ 193] 3 70 }ﬁ o 2l \J
29 369 444 468 496 38 74 209 238 212 '
. (113 468 406 n 80 138 200 38 22 178
3N 357) cavaen - 468 498 346 102 238 A L........
Toal) 9,920] 22,865 16,838] 1¢,39¢] 12,448] 2,795 11,7¢4¢] 2,168 6,073 7,081]  6,818] 8,998
)é:_u\ 320 398 s 4 49 0.2 29 9.9 0 e no 200
] - 4 1 3 = : : i N I
Calendar year 1089: Kax 2,220 Min 4.9 Mean 391 Clam = In., -
Vater year 1080-601 Max 2,380 Hin 33 Mean 298 Clam ~ In., =

* Dissharge Beasurnent made on this day. :

ILLUSTRATION 27

Daily Stream Flow Data From A Water ‘Supply Paper.
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stations may be determined by examining the publicatibn Rivexr Basin
Maps Showing Hydrologic Stations.(53)

The flow to be used in a pollution study is usually arbitrary.
Pollution probleme ugually occur at times of low flow ==d high tempera-
tures but as in any project dealing with nature, a degree of consexrv-
ativeness must be fixede

For the applications to be made in this study it was decided that
the lowest mean river flow experienced in the last ten years during a
calendar month from June to October would make a good basis of designe
Since the flows were to be considered at the mean August temperature,'
1t was further decided that 1f the low monthly flow wag in June or Octo-
ber, it would be modified upward to give it credit for 1tg lower temp-
eratures |

The low flow values for the Ohio River basin were obtained in the
following mannere« First the available U.S. Geological Survey gaging
stations on the Ohio River and its primary and secondary tributaries
wére determined. Then for each year during the last teny the monthly
mean flows were examined and the lowest monthly flow and the September
flow wag listeds From these the lowest monthly flow in the last ten
years and the lowest September flow in the last ten years was determined.

If the lowest flow found was for either July, August, or September,
1t was accepted as the low flow. If the lowest flow was for June or
October, 1t was modified upwards by meang of the temperature correction
which will be evaluated later in this chapter. Then the modified June
or October value wag compared with the lowest July to September flow, and

the smallest of these was accepted as the low flowe.
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RIVER FLOW ANALYSIS

RiverssscecesecescsescrorsncncescereseesaseseMahoning-Beaver River Basin
StationtecscssceroseaceensoncscsassesenreasscssceracscrceeeslUeSeGeSe 915
Nearest TOWNtaececesonceecnensssrecssssccsessccssasnsssssssPricetown, Chio
Drainage Area in Square MileSstecoeesesecescssssssccscsasccecensascnese76
Elevation in Feet (gage datum)sessosecscesaseerasscesoaccaassesnedd05.00
Stétion Location is River Mile cececiececoceersvaceersacecncsasecanssebd8

Of the seecveneraocecceiesannsocesssesessessasenessneesBeaver River

Flow Analysis

Watex Mean Flow Lowest Monthly Month of
Yeax in September Mean Flow Lowest Flow
1951 238 195.0 October
1952 244 95.5 - June
1953 226 69.0 Maxrch
1954 157 16.0 March
1955 248 96.1 April
1956 320 76.8 January
1957 241 : 90.6 May
1958 278 69 <4 April
1959 241 102 April
1960 200 6949 May
10 year

Low Flow 137 . Sgptenber

Equivalent Low September Flow in
Cubic Feet pex Second!occccccaco-ooo---oae-a-naooqccqaaocn-aoa-157

Channel Properties at Above Flow
Mean Velocity in Feet per Second: cesesssceccccoscesscsccseenas0a76
Width in Feets eveosvasecrosnreccsiacasensassscocancccsssnseceseal07
Mean Depth in FEets eecesecsssacssecaaascosanscesssanssarssssseladd

Cross. Sectional Area in Square FGEt!a-....;..-...............-.207
) o

ILLUSTRATION 28.

Typical River Flow Analysis Form
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An example of the flow analysis sheet used to summarize the ten
year flow records is shown in Illustration 2B, This analysis for
station 915, Mahoning River at Pricetown, Ohlio, shows a low September
flow of 157 cuble feet per second which also is the low JUly to Octo~

ber: £flpws.

Area, Depth, fhd Velocity

The determination of the channel and flow properties cannot be
arrived at as simply as the flow. This is because the U.S. Geologlecal
Survey is primarily interested in the guantity of water which flows in
a stream and is not necessarily interested in the channel geometry and
velocity characteristics. They are interested in these channel proper-
ties only as a means of determining and evaluating the flow és a fungs!
tion of the height of the gage. In order to properly evaluate this
relationship the U.S. Geological Survey makes periodic measurements of
the channel eross section and corresponding velocities to determine the
flow at the station. For each station the data from these investi-
gations is tabulated on the U.S. Geological Survey form No. 9-207 which
is kept in the district offices. This data is not published, but the
district offices will proy%de coples on request. Sometimes it is
necessary to pay reproduction costs., The 9~207 forms do not directly
yield the information which is needed for the stations, but they do
furnish data from which a graph can be plotted which will yield the
daﬁired information. One difficulty encountered in using this data is
the fact that the U.S. Geological Survey does not use the same cross

gection for all measurements. In other words, the berson making these
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measurements is free to choose the easiest place for the measurement
although 1t may be upstream or downstream from the gage lodcation,
Although this was known, it was found that for the great majority of
stations the measurements were elther made at the same or similar
sections. Sometimes measurements were noted which were completely un-
compatable with the others for a statlon, and these were usually dis~
carded. Illustration 29 ig a copy of a 9~207 form furnished for an
Ohic statlone.

It wag found that if the logarithm of the width and the mean
velocity from the 9~207 forms were plotted against the logarithm of the
flow, smooth curves or straight lines could be plotted through the
points. This permitted the evaluation of the width and mean velocity
for the ten year low month, and from these the cross section area could
be calculated. The graph for the station at Prlicetown, Chio, is shown
in Illustration 30. On this graph it may be noted that almost all the
points cluster closely around the lines drawn.

As noted in the »iver flow analysis for this station, the
equivalent low September flow for this station ig 1357 cublec feet per
second. Projecting vertically from a flow of 137 cubic feet per second
to the veloclity curve, a velocity of 0.76 feet per second can be read
on the left scale. Similarly a channel width of 107 feet is read on the
right scale. Since area equals the flow divided by the velocity, the
area equals 157/0.76 or 207 square feet. The mean depth equals the area
divided by the width, hence 207/107 equals 1.93 feet. By similar manner
these values were determined for over a hundred stations on major rivers

in the Ohio River basin.
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It should be realized that the selection of these measuring sites
as being representative of the entire river may not be completely
valid, but they do provide an indication of the size and character of
the c¢hannel and flow which is better and more easily obtained than any
other avallable information.

The U.S. Army Corps of Engineers publishes detailed navigational
maps for some of the major rivers. These maps include bottom soundings
and contours below the pool elevation. Where these maps are available
crosg~gection profiles may be plotted from the data given.

In the Ohio River basin these maps are available for all of the
Ohio River (scale: 1" = 600 ft.), 79 miles of the Allegheny River
(scales 1" = 400 ft.), 129 miles of the Monongahela River (scales 1"
= 400 ft.), 93 miles of the Muskingum River (mcale: 1" = 416.7 ft.),
80 miles of the Little Kanawha River (scale: 1" = 200 ft.), 95.4 miles
of the KanawhavRiver (scales 1" = 200 ft.), 100 miles of the Big
Sandy~Levisa Fork River (ecales 1" = 200 ft.), 206 miles of the Green
River (scale: 1" = 1000 ft.), several miles of the Barren River (scales
1" = 1000 ft.), 409 miles of the Wabash River (scales 1" = 1000 ft. and/
or 1" = 2000 ft.), and for 236 miles of the White River {scale: 1" =
900 ft.).(44)

The use of these maps have three disadvantages when compared to
available U.S. Geological Survey data. First they usually require more
effort and are not as ascurate. Secondly, the maps are almost all 30
years olds and thirdly, a complete set of these maps for the basin would
cost several hundred dollars.

In the tidal zone of the river, however, the Corps of Engineers
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navigation charts and those published by the U.S. Coast and Geodetic
Survey are very valuable. This is for four reasons. The first is that
they are about the only information generally available, the second is
that except for tidal action, the water surface elevation is nearly
constanty third, the flow characteristics are determined from other
sourcesy and fourth, the shortness of the tidal zone makes such exten-
sive work feaslble.

Illustrations 31 and 32 show sections taken from a U.S. Army
Corps of Engineers Ohlo River navigation chart and a U.S. Coast and

Geodetic Survey Delawarer River chart.,

Channel Slope

The channel slope can easily be approximated by computing the
slope between data stations. It is probably easiest to use the gage
datum elevation for the U.S. Geological Suxrvey gaging stations
although the stream line elevation can be estimated from navigation
and topographical maps. Since the slope is only used in the calculation
of the K, coefficient in watexr of less than five feet mean depth, it can
be ignored for streams known to have a mean depth greater than five

feet. In such a case the slope and elevation should be listed as zero.

Nater Temperature
It was shown in Chapter IV that the saturation dissolved oxygen

capacity, Ki, and Ky are all functions of temperature. Generally,
colder water temperatures make possible greater waste assimilation
capacitye.

Three studies were made regarding temperature in connection with
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this disgertation. The first was an analysis of summer month water
temperatures in Chio, Indiana, and Pennsylvaniag the second was. an
analysis using the compute; to evaluate the effect of lower water temp-
erature compared to increased water flowy ard the third was the effect
of Increased water temperature on the waste assimilation capacity.

The first study was made possible by virtue of a recent practice
followed by the U.S, Geological Survey in the states mentioned of noting
g;a water temperature on the 9~207 form whenever a channel measurement
was made.

The study consisted of determining the average temperaturf for
each summer month for Pennsylvania and for Indiana and Ohio combined.
Over 1000 water tempexature reading were used in determining these

average values, Table 6 is a gummary of the results obtained,

TABLE 6
MEAN SUMMER WATER TEMPERATURES
In&;ana - .Chio -hPen;;ylvania
Temperature in Degrees Temperature in Degrees
Farenheit Ceéntigrade Farenheit Centigrade

July 75.75 24,30 7394 23.3
August 76.64 24.80 74.66 23.7
Septembex 7150 21.95 69 ¢35 20.7
October 60.28 15.70 56 .66 13.7
November 48.97 .9.42 47,03 8.45

From this study it was noted that the water temperatures in Penn-

gylvania were one to two degrees centigrade cooler than Indiana or Ohio,
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The most important information, however, was noting the difference of at
least 6.23 degrees centigrade between the September and October temp-
eratures. This information formed the basis for the second studye

The purpose of the second study was to determine what river flow
increase would give the same increase in waste assimilation capacity as
the 6.2% degree lower temperature mentioned aboves The 1980 Ohio River
Study whieh was used to test the Waste Assimilation Program provided an
excellent means to evaluate thig problem.

The procedure used is as follows: first a set of data cards were
prepared with a temperature 6.25 degrees centigrade below the 25 degrees
centigrade used in the 1980 Ohio River Studys second, another set of
dita cards were prepared in which the flow had been increased by an
arbitrary amount, namely 17,2%s third, the total waste assimilation
capacity was determined by the Waste Assimilation Programg and fourth,
the results were adjusted accordingly.

It was found that the lower temperatﬁre produced an increase in
the allowable BOD loading of 36B,228 pounds per day. It was also found
that the 17.2% incrdase in flow caused an increase of 317827 pounds of
BOD per day. Assuming that the increase caused by flow is approxi-

mately linear, the increase in flow required to equal the decrease in

temperature is etual to 363,228 . =19,
§T7f§§7 (17.2%) = 19.7%,

From this information 1t was decided to increase the low October
river flows by 20% to compare them with the low September flows. The
application of this procedure was discusged earlier in this chapter.

The third temperature study 1s part of the Wabash Study which will

be disgcussed in Chapter VII.
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Although the 9-207 forms did not contain sufficient years of
record to evaluate the maximum summer water temperatures, the records
did show a variance of two to three degrees centigrade above the average
valuese It is assumed that these temperatures were measured in the
daytime. Fry, Churchill, and Elder in the report of a Tennessee Valley
Authority investigation show a chart of temperditure variation for the
entire day for a several day perlod, This chart shows a net change from
high'to low of about two degrees centigrade.(54)

In view of the above it was arbitrarily decided to use a water
temperature of 25 degrees centigrade for the Ohio River and tributaries
above the mouth of the Scioto River, to use 26 degrees centigrade between
the Scloto River mouth and Cineinnati including the Scioto River, and to
uge 27 degrees centigrade below Cincinnati. The only exception to this
was in the vieinity of Youngstown, Ohio, on the Mahoning River where U,S.
Geological Survey measurements ghowed that pollution in the form of
hot water from industrial plants had raised the water temperature con-
giderably, The higher values were used in this case. These assump-
tions are in agreement with the temperature values experienced by
Streeter and Phelps in their study of the Ohio River conducted in 1914,
(1)

In most cases sufficiently accurate water temperature information
can be obtained from the U.S. Geological Survey for use in pollution
analysis work. This data can be obtained from either the district
engineer or the district chemiste.

In the tidal zone regions much temperature data can be obtained

from the U.S, Coast and Geodetic Survey publications which give surface



114
water temperature and salinity.(55) For the Delaware River the temp-
erature was listed for Philadelphia and for the river mouth at Break-
water Harbor. Since the two differed, the temperature difference was
distributed in proportion to the salinity. In other words, if the
salinity was equal to one half of the sea water salinity, it was
assumed that one half fresh water and one half sea water had mixeds-and

therefore, thelr mean temperature would prevail.

Initial Disgolved Oxygen

Water which flows into a river seldom has the same dissolved
oxygen content as the river itself. This inflow may be rainwater, fresh
stream flow, groundwater flow, or even possibly a highly aerated sewage
ox indugtrial waste which has a higher dissolved oxygen content, or it
may' be the discharge from a storage reservolr or a sewage or industrial
waste with a lower dissolved oxygen content. Information for this
deficit on a basin wide basis has not been found to be available.

For the Ohio River studies it was assumed that inflow water was
at saturation dissolved oxygen. For the Delaware River the same was
assumed except that the flow added to the Delaware at Philadelphia was

assumed to be at the River Quality Standaxd,

Tidal Zone Flow Cuxrents

Tides and tidal currents were discussed extensively in Chapter
III. It was pointed out there that in order to properly evaluaté‘the
reaeration coefficient, it was necessary to detemmine the mean maximum
ebb, and flood currents and the time periods for which the river is in

ebb flow and flood flows Mean maximum flow may be explained as being
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the mean flow acting across a river cross section at maximum ebb or
flood flow.

It was further mentioned in Chmpter III that this information
could be obtained in two ways. The first estimate is obtained by
means of cubature calculation from tide helght data throughout the
river length. The second estimate is obtained from main channel
curreny predictions published by the U.S. Coast and Geodetic Survey.
To these two egtimates could be added the third alternative of an
extengive field study, although such an expenditure is out of the
question for a planning level repoxrt.

It was originally believed tha%. calculation of cubature fox the
tidal zone would be impractical becaugse of the extensive calculations
and detailed tidal data regquired. However, after continued study it
wae: found that good tidal data could be approximated from tidal pre-
diction tables and that the calculations could be arranged for digital
computer application. Thus the use of cubature calculations became a
powerful tool for usge in tidal zone analysis.

The tidal data which ig needed for this method is the tidal
height at ebach hour for each station considered for a time periced
exceeding an entire tidal cycle. Since the U.S. Coast and Geodetic
Survey publishag the predicted time and elevation of the tides at its
high and low points, the data for the times between the extreme values
wag determined for each station as follows. To begin wifh, a day was
selected which had a tidal change approximately equal tof the mean tide
change. The time picked for the Delaware River was from midnight to

5300 P.M. on June 26, 1962. The second step was to plot the tidal
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height for the extreme values against time on rectangular coordinant
paper. Then a line approximating the cosine curve was plotted between
the regpective high and low values. This was done by a short cut method
recommended by the U.S. Coast and Geodetic Survey which consists of
drawing a line between the two extremes and dividing it into fouths,
The center point is considered a point on £he curve and likewise are
points lacated one-tenth of the total height difference above and below
the other respective quarter points. From a smooth curve drawn through
these points the tidal height at eagh hour, or fractions thereof, can
be determined. The values were obtained for stations located every five
miles along the Delaware River between Trenton, New Jersey, and Miah
Maul Shoal. Illustration 33 shows the graph prepared as outlined above
for a Delaware River station,

Once these tidal elevations have been determined the calculation
is carried out as illustrated in the sample calculations in Chapter
I1I. The computer program which is used is designed to follow this
example procedure step by step and to punch out the results in the
same formate The flow chart and program includes an initial card to
define the head of tide point and three caxds for each station. Table
7 shows the input items and their format. The widths and cross section-
al area were determined from profiles plottedbfrom U.S. Coast and
Geodetic Survey navigation charts. The river flow used is the ten
year low flow for the Delaware River as determined by the methods out-
lined earxlier in thisg chaptex.

The output from the computer will give the velocity at the differ-

ent times. To determine the maximum ebb and flood currents and the
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TABLE 7

DATA FORMAT - CUBATURE PROGRAM

Space Format Informatlen Ekamplé-

INITIAL CARD
1-10 E10.3 River Mile at +1.305E+02

Head of Tide

FIRST CARD
1-10 E10.3 River Mile +1.300E+02
11~20 - E10.3 Minimum Tide Elevation  +1.000E+00
21-~30 E10.3 Maximum Tide Elevation  +7.900E+00
31-40 E10.3 Width at Low Tide +7.000E+02
41~50 E10.3 Width at High Tide +8.000E+02
5160 E10.3 River Flow +1.828E4+03
61~70 E10,3 Cross Section Area +4.470E+03

at Low Tide

SECOND CARD
1-6 F6.1 Tide Elevation at 12:00 +07.00
7=12 ~ F6al Tide Elevation at 1300 +0%480
13~18 F6.1 Tide Elevation at 2:00 +04 .40
etc. etc, etc. through 8300

THIRD CARD
1-6 F6s1 Tide Elevation at 9300 +06.50
7=12 F6,.1 Tide Elevation at 10300 +07.460
13-18 F6.l Tide Elevation at 11:00 +07.80

etc. etce etc. through 17300
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time of ebb and'flood it 18 negessary to plot.these answers against
time on rectangular coordinant paper and to plot a smpoth curve through
these pointss The maximum currents are meagured vertically from the
line of zero current, and the times are the distances between where the
curve cuts this zero line. Illustration 34 shows the curve plotted
from output data for the stations at Philadelphia, Pa., and Edgemore,
Delaware.

The U.S. Army Corps of Engineers has calculated the cubature for
the Delaware River for mean tide conditions and a flow increasing from
12,000 cubic feet per second at the head of tide point. The results of
their calculations for Philadelphia are also shown in Illustration 34.

The Corps of Engineers results were ugsed in the study of the
waste assimilation capacity of the Delaware River primarily because at
the time the data was needed, the Cubature Program had not been com-
pleted.

The maximum flows obtained from both studies are shown for several
stations in Table 8; The results agree quite closely down to Fort
Miffin at mile 90, although as can be seen in the graph for Philadelphia,
the area under the ebb curve differs. Below Fort Miffin the maximum
value computed by the cubature proéram greatly exceeds the maximum flow
given by the Corps of.Engineers calculationgy however, as ghown in the
graph for Edgemeye, Delaware, the areas under curves are almost the same.

It is believed in view of the'close comparison in area under the
curves and because the 6omputed valuee more nearly approach the cosine
ghape than thoge of the Corps of Engineers that it would be more

accurate to use the values computed by the Cubature Program for waste
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TABLE 8

PART A .
COMPARISON OF EBB CURRENTS

River USCGE. U.S. Army U.S. Army Cubature Ratio: Ratlo
Mile Current Channel Cubature Program Col 4 Col &
Tables Currents Calculations Results Col 2 Col 2

Trenton 130 * e . . .80 AT« e e a
Feldsboro 125 2,36 « s l.11 1,33 47 W57
Burlington 118 2:70 . 2 1.40 1.95 D2 ,T72
Torresdale 108 2.70 P 1.86 2.05 69 76,
Philadelphia 100 2.70 2,70 1.96 1.93 T2 W72
Fort Miffin 9Q 3.72. 2,50 1.95 1.92 52 L,52
Eddystone 82 3.72 3.50 1.86 2.90 .50 ,78
Marcus Hook 77 2,70 2.50 2:00 2.77 «74 1.00
Edgemore 71 2.54 2:45 1,93 2,50 +76 1,00 °
New Castle 64 4,05 2,60 2,05 2,90 .5l .72
Reedy Point 86 3571 2,80 2,03 2,81 +54 .76
Artificial Is. 50 321 3.00 | 2000 3.01 62,93
Woodland Beach 40 3,54 . 0 1.82 2,74 Bl .77
Ship John 38 o . . . 1,90 275 « 0 o s
Elbow of Cross

Ledge- 25 3472 o e o o o o ¢ e e e
14 Foot Bank

Light 15 2.54 s o o e PR e & a0 e
Entrance 0 3421 . s e e« ¢ & e e«

Mean Value W60 W77
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TABLE 8
PART B

COMPARISON OF FLOOD CURRENTS

River USCGS U.S. Army U.S. Amy

Cubature Ratio Ratio

Mile Current Channel  Cubature  Program Col 4 Col &
Tables Currents Calculations Results Col 2 Col 2

Trenton 130 . . T . e e e+ e .
Feldsboro 125 . e . o 1,60 90 . .
Burlington 113 2.20 « . 1,46 1.48 B6  $67
Torresdale 108 .« . - 1497 1e77 o o .
Philadelphia 100 2.70 3.00 2,08 1,80 JTT  +68
Fort Miffin 90 3321 2440 1,95 1.80 61 .55
Eddystone 82 2487 2470 1,89 2.63 66 92
Marcus Hook 77 2.87 2.70 2,08 2.70 72 .94
Edgemore 71 2470 2,80 205 256 W76 495
New Castle 64 3,21 2480 1,98 3.00 71 W94
Reedy Point 56 3.38 3420 1.98 3,01 B9 89
Artificial Is. 50 2+54 2,50 2405 3,02 «81 .
Woodland Beach 40 3,38 .. 1.80 3,00 453 .89
Ship John 35 . . . e 1.80 3.29 .« . .
Elbow of Cross _

Ledge: 25 2420 e . . . s e 8 .
14 Foot Bank @

Light 15 2,20 . e PR A o .
Entrance 0 3.04 . . o s . P e
Mean Value «682 L83
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assimilation studies.

The predicted current velocitles which are obtained from U.S.
Coast and Geodetic Sﬁﬁvey tables and charts are usually for the deep
channele of the river.(10, 12) Thexefore, in oxder to be able to
determine the mean current fox the cross section, a ratio of channel
velocity to mean velocity must be detexmineds To do this the channel
velocities determined from the current tables and from Coxrps of
Engineeré‘ studieg are compared in Table 8 with the mean values obtained
by the cubature calculations for several stations. It can be noted that
there is often congiderable difference between the channel veloclties
shown by the two agencles.

By comparing the averages of the Coast and Geodetic Survey channel
values with the U.S. Corps of Engineers' mean values, it was found that
the mean ebb flow equaled 60% of the maximum ebb current and that the
mean flood flow equaled 68% of the maximum flood flow. The same ratios
for the cubature computed from predicted tides are T7% and 83%. 1In
view of the deviation of the Corps of Engineers' currents from the
cosine form, it is recommended that the higher ratio values of 77% and
83% be used in waste asgimilation capascity studies,

It i1s believed that either of the two methods foxr obtalning the
currents and flow time are satisfactory and that whichever one is

easiest should be used in a given application.,

Salinity
The distribution of galinity in the tidal zone of a river was

discussed extensively in Chapter III. The only accurate way to deter~

mine the salinity and its structure is by measuring it.



124

Since the salinity density currents materially affect shoaling
of channelsy numerous salinity measurements have been made by agencies
interested in navigation. Much salinity data can be obtalned from
various reports and from the district offices of the U.S. Corps of
Engineers.(7, 8, 18)

Salinity at major points and river mouths ecan aiso often be
obtained from U.S. Coast and Geodetic Survey publicafions.(SB) If the
upstream point of salinity intrusion is known in a well mixed estuary,
the Arons and Stommel equation may be applied.(21)

The salinity data which was used for the Delaware River analysis
was that published by the U.S. Corps of Engineers in connection with
thelr model study.(7, 8)

&



CHAPTER VII
APRLICATIONS

1960 Ohio River Basin Study

After the Waste Assimilation Program was completed and tested,
i1t was decided to use it to analyze the waste assimilation capacity of
a complete river basin. The Chio River basin was chosen for several
reasons. First, it is a major river basim which is unaffected by tides.
Second, there has been much interest pald to water quality in this
bagsing and third, most of the major rivers still have stream flow in
dry years. This analysis i1s salled the 1960 Chio River Basin Study
because the channel data and flow properties are those recorded in the
decade ending with 1960.

The greatest effort in making the study was the collection and
reduction of data., This was done in accordance with the procedures
outlined in the previous chapter. Flow data was analyzed for over 130
U,S. Geological Survey gaging stations, and finally 110 stations were
éeiéé%eé £ be usede U.S. Geological Survey 9-207 forms were then
obtained for the last five years for each station. River flow analysis
sheets and graphs of velocity and width were then prepared for each
gtation from the "Water Supply Papers" and 9-207 forms. Additional

river flow analysis sheets were also prepared for the mouths of the

12%
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rivers., Aftex the data was collected and analyzed, 1§ wag punched on
I1.B.M. caxds for use in the computer program.

Needless to say, considerable time and effoxt were needed to
assemble and reduce this data. It is estimated that after procedures
were standardized, data for a basin this size can be collected and
processed in about three man months assuming a 40 hour work weeke.

Several minor details of the study bear mentioning. Only rivers
which had a ten year low monthly flow of over ten cublic feet per second
were ugsed. The head of the river was choseh ag either the point where
the flow was only one cubic foot per second or at the base of an up-
stream dam which regulated flows If thexre was still a large flow at
the upstream station, the head of the river was often conﬁidezed to be
at a distance upstream roughly equal to the square root of the drainage
area. Two procedures were used 1n‘computing the flow at the mouth of
the rivey: where the flow increase in the larger stream was large
enough to allow it, the flow of the last station upstream was increased
in proportion to the larger drainage area at the mouthy where the flow
increase of the largey stream was not so large, the unmodified flow of'
the upstream station was used.

The Tennessee and Cumbexland Rivers were not considered in this
studys Their effect on the overall program was eliminated by consider-
ing them together as a single river one mile long with a River Quality
Standard equal to the dissolved oxygen saturation valuee

Illustration 3% is a map of fhe Ohio River basin,

It was decided to use a segment length of ten miles for this study,

and therefore, the above data was processed thxough the Data Generating
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The Ohio River Basin
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ILLUSTRATION 35 PART B

| The Ohio River Basin
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&
Program to obtain data cards to each ten mile segment. These new cards
comprised the input to the Waste Assimilation Program.

The processing of the data for the entire Ohio River basin in the
Waste Assimilation Program required roughly an hour and 15 minutes.

A summary of the waste assimilation capacities and the correspond-
ing population equivalents for the individual rivers in the basin is
shown in Table 9, The allowable BOD values are in units of pounds per
day. These numbers may be multiplied by four to give the load in
population equivalents.{23)

If the computer output were examined, it would be noted that there
is an occasional negative value shown for the allowable BOD for a small
segment. This occurs because the residual BOD from upstream 1is greater
than the available oxygen in the segment. This condition is brought
about when an upstream segment has an unusually large amount of available
BOD in that segment. A large drop in the Ko values between two segments
will also cause a negati?e value in the lower segment. If it is desired
to determine the actual BOD value for a section which includes a nega-
tive value, the negative value should be averaged algebraically with the
few segments above the negative value. |

One of the major uses of a study of this type would be to deter-
mine sewage and industrial waste treatment criteria. For example, if
the population were gpread over the basin in proportion to the waste
assimilation capacities shown, then the river could purify the wastes
of four times 6,376,000 or 25,504,000 population equivalents. If the
pollution equivalent of population and industry were double this

value, then a minimum treatment of 50% would beé required. This will be
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TABLE 9

SUMMARY OF ALLOWABLE BOD VALUES FOR THE OHIO RIVER BASIN

River Pounds of Population
Number ;i :Rivet~Name BOD per Day Equivalents
1 Chio 3,959,266 5,837,064
2 Clarion 48,355 193,420
3 Kigkimentas - Conemaugh 53,243 212,972
4 Monongahela 239,398 957,592
5 Cheat 32,846 131,384
6 Mahoning =~ Beaver 52,828 211,312
7 Muskingum 78,314 313,256
8 Little Kanawah 5,793 23,172
9 Hocking 19,238 76,952
10 New - Kanawha 308,293 2,033,172
11 Guyandot 20,116 80,464
12 Levisa - Big Sandy 33,392 133,568
13 Scioto 87,570 350,280
14 Miami 80,192 320,768
15 Kentucky 106,419 425,676
16 Green 114,653 458,612
17 Nolin 11,759 47,036
18 Barren 11,160 44,640
19 Wabash 737,836 2,951,344
20 Mississinewa 1,703 6,812
21 White 173,612 694,448
22 Tennessee - Cumberland Assumed O
. Rounded Total for Entire Bagin 6,376,000 25,504,000
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discussed further for the Ohio River basin in Chapter IX.

Wabash River Study

A second study was made on the Wabash River to show the possible
application of the Waste Assimilation Program. The purpose of this
study was to evaluate the effect of increased river flow on the waste
assimilation capacity and to evaluate the effect of increased water
temperature on the waste assimilation capacity.

The first of these studies is important because much consideration
has been given lately to the desire and feasibility of low flow aug~
mentation. This study was carried out in two major stepgs First the
low ten year flow was increased by 50¥% and 100%, and the channel pro-
perties for all three flows were determined from the channel analysis
graphs used in the 1960 Ohio River Basin Study. Secondly data caxds
were prepared for all three conditions and the three sets processed in
the Waste Assimilation Program,

The results of this study are listed in Table 10, Part A. Only
the total allowable BOD loads from above river mile 184 are considered.
From the results it can be noted that the increase in waste assimilation
capacity is equal to about 55% of the increase in flow. This relation-
ship appears to be almost constant in the flow range shown.

The temperature study is important because of the increased use
of river water as cooling water. Since this use raises the temperature
level in the stream, it can materially affect waste assimilation capac~
ity. This is often called thermal pollution. TBe study of temperature
consisted of preparing three data card sets with identical flow character-

isticg but different temperatures of 27, 29, and 31 degrees centigrade
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respectivelye These three decks of cards were then processed through
the Waste Assimilation Program. The results of the temperature study
are listed in Table 10, Part B. Both the Wabash River and its main

tributary, the White River, were considered in this study.

TABLE 10

WABASH RIVER STUDY

Part A
Flow Analysis

River Flow As. % of 10 Year Low

100% 150% 200%
Total Allowable
BOD (10-3) 287.8 365.8 447.4
Mile 466 to 184
Ingrease over
100% value o 27% 55 «5%
Part B

Temperature Analysis

Temperature in Degrees Centigrade

27 29 3]
Wabash 737.8 709 .0 679.3
Total Allowable
BOD (10-3) White 173.6 16545 157,3
Total 91).4 874.5 83646
Pexcent of 27 Degree Value ©100.0% 958,95% 91.78%

In the temperature analysis it can be seen that an increase of
two degrees centigrade caused a 4,05% loss in waste assimilation capac-
I1ty, and a four deéree centigrade increase caused an 8.22% losss For

small temperature changes this can be considered as a 2% loss in waste
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assimilation capacity per degree increase in temperature.

Delaware River Study

The Delaware River Study was carried out to show an application
of the Tidal Zone Waste Assimilation Program and also to evaluate the
necessity of considering tidal action in determining the waste asgimi-
lation capacity of the tidal zone.

The first part of the analysis was the determination of the waste
assimilation capacity of the Delaware River from Barrysﬁille, New
York, to the mouth of the river assuming that there was no tidal effect.
The data upstream from the head of tide at Trenton, New Jersey, was
collected and analyzed in the same manner as for the Ohio River. Down-
gtream from this point, mean depth and cross sectional area were deter-
mined from cross sectional profiles plotted from U.S. Coast and Geodetic
Survey navigation charts.

The second stage of the study was the determination of the waste
assimilation capacity assuming there are tidal effects. The data for
this application was collected and analyzed as discussed in Chapter
VIe

A summary comparing the results of the analysis considexring
tidal action and the analysis which doeg not consider it is shown in
Table 11.

In the zone between Philadelphia and Ship John Shoal the allowable
BOD load assuming no tideg is 560,000 pounds of ROD per day, whereby if
tidal action is assumed, the total allowable load is 3,438,000 pounds
of BOD per day. This is an increase of over 500¥. From this one can

readily see the necessity of considering tidal action in computing the
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waste assimilation capacity of tidal rivers.

TABLE 11

DELAWARE RIVER STUDY - WASTE ASSIMILATION CAPACITY

Assuming Assuming
No Tides Tides
(1bse/day (10~3) (1lbs./day (10-3)
Above Trenton, N.J. 221 221
Trenton to Philadelphia 68 193
Philadelphia to Ship John Shoal 560 3438
Ship John Shoal to Mouth 496 5486
Total 1345 9338

A map of the tidal portion of the Delaware River is shown in

Illustration 36
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CHAPTER VIII
POINT LOAD COMPARISON

The waste assimilation capacity computed for a river by the
methods used in thig dissertation 1s the theoretical maximum for the
river and is based on the assumption that each and every segment is
utilized to the 1limit of its assimilation capacity. The value thus
obtained for each segment and for the river as a whole is actually
equal to the daily BOD loading which would have to be continuously
applied along the river to keep the dissolved oxygen content depressed
to the River Quality Standard.

Since in practice it is not probable that actual BOD loadings
would be spread along the river In the manner necessary to attain the
maximum assimilation efficiency of the river, it is necessary to eval-
uate the effect of non-continuous loading. This evaluati{on has been
called the Point Load Comparison, because in general it may be consid-
ered as the comparison of the point loadings of cities and the continuous
assimilation capacity of the river.

To begin, a single infinitély small gsegment of a river is consid~
ereds If the flow entering this segment hag a dissolved oxygen content
at the River Quality Standard, then the largest load which can be applied

to the segment without violating the RQS downstream is the waste assimi~

137
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lation capacity for the segment. Thus the theoretical maximum point
load would be equal to the waste assimilation capacity. Therefore, the
only way in which a point load larger than the individual segment waste
assimilation capacity can be permitted is for the flow coming into the
segment to have a dissolved oxygen content greater than the River
Quality Standard. In other words, if a city is going to place a point
load on a river for example, by means of a single outfall, then the
water flowing downstream to the point of discharge must have a quality
substantially above the minimum allowable stream condition.

Illustration 37, Part A shows the longitudinal profile of the
dissolved oxygen content of a river upstream and downstream from a point
load application. Upstream from the point labeled 1 on the diagram the
river is loaded with BOD to the extent of its assimilation capacity,
and therefore, the oxygen level remains at the RQS. It should be remem~-
bered that under these conditions dD/dt, the change of deficit with
respect to time, is equal to zero. At Point 1 it is assumed that BOD
loading ceases, and therefore, as the available oxygen exceeds the
residual BOD from upstream, dD/dt becomes negative and the oxygen con-
tent of the water begins increasing. By the time Point 2 is reached
the oxygen level has built up and the deficit correspondingly decreased
to the level defined on the chart as the "Initial Deficit." At this
Point 2 a BOD load is assumed applied to the river which is of such
magnitude that it cannot be assimilated by the reaeration capacity of
the zone immediately downstream from its application, and thus dD/dt
becomes positive and the dissolved oxygen content begins dropping.

The maximum allowable point load that can be applied at Point 2



Saturated D. O.

Nomenclature ?or The Dissolved Oxygen Profile

ILLUSTRATION 37

Point Initial D. O.
Waste Deficit /
Load
" Dissolved
Oxygen
Profi;e .
1 _RQS
X
No D. O. ™ 1
Flow Time
) PART A
__Saturated D. O.
3
La—. D, De Dy . Da'
: Dissolved - -
Oxygen
Profile
® ® ®
RQS R
te
t
trecovery
No D. O.
I-'low.Time PART B Fl_low Time

65T




140

1s the one which causes the dissolved oxygen content downstream to Just
equal, but not go below, the RQSe. The point where the dissolved oxygen
content line touches the RQS line is lakeled Point 3. At this point
dD/dt again equals zero, and assuming the flow 1s the same, the river

1s again at exactly the same condition that it was at Point l. If no
BOD is applied after Point 3, the curve between Point 3 and Point 4 will
be the same as the cuxrve between Point 1 and Point 23 and distance Xj
will equal distance X3. The fact that these two curves are equal is
important because equations exist fo; the curve between Points 2 and 4.

Illustration 37, Part B is the portion of Illustration 37, Paxrt A
between Points 2 and 4 which has been relabeled with the notations used
by Streeter and Phelps in their oxygen profile equations.(1)

The answer which is desired in the point load comparison study is
the ratio of the maximum allowable point load to the total waste assimi-
lation capacity for the distance between Points 1 and 3, This is not a
constant but instead is a function of several variables. Among them are
the initial oxygen deficit and the reaeration coefficient.

Another way of discussing the relationship of the continuous and
point loads is demonstrated by means of Illustrations 38 ard 39,
Illustration 38 shows four oxygen sag curves for a particular stretch of
river., Line‘A represents the curve for a condition where the initial
deficit, Dy, is only a small fraction, 1 D,, of the total deficit
allowed when a point load is added. Line B represents the case where
D; = % Dygs =4 Doy line C represents the case where Dy = .9 Dg3 and
line D is the infinite case or continual loading case in which Dy is

only an infinite amount smaller than D;s In all cases it Is assumed
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that another load equal to the original allowable load is applied when
the river recovers to its original dissolved oxygen condition.

Illustration 39 shows the cumulative totals of the allowable BOD
which is assimilated downstream from the start of these loadings. It
can be noted from these lines that where the initial deficit is smaller,
a larger single load can be applied but that the total load foxr the
stretch of river is greater with more smaller loads and reaches a max-
imum as D, approaches Dg.

The object of the Point Load Comparison Study may be restated as
the evaluation of the area over the curve of a non-continuous loading
as a fraction of the limiting continuous loading. The equations neces-
sary for the evaluation of the Point Load Comparison are developed
below.

As shown in Chapter II the basic equation for the dissolved oxygen

profile is:

D = kL - KD .

dt (8.1)

The general solution of this equation to provide the dissolved oxygen
deficit at any particular distance downstream from a pollutional load

is given by Streeter and Phelps as:

Ky L - - -
D(t) = L2 (7t - Koty 4 p (e7H2F)
Ko-Ky (8.2)
where D{t) = dissolved oxygen deficit at time (t) (P.P.M. or 1lbs. per
day),
t = distance downstream expressed as time of flow (days),
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K3 = BOD decay rate,
Ko = reaeration coefficlent,
Ly = BOD load (P.P.M. or lbs, per day),
and D, = initial deficit (P.P.M. or lbs. per day).

At the point where the oxygen profile touches the RQS line,’dryﬁt =0,
D = D, where D, equals the deficit to the RQS line, and L = L, where L;

is the maximum allowable BOD point load. Thus equation 8.1 becomes
0 = KiLg - KpDg
or KiLe = KD, (8.3)

The change in BOD with respect to time can be defined as follows. Since

the BOD reduction is a first order reaction,

-Kit

.

L(t) =L, e

In this case Ky is the instantaneous rate of BOD reduction.

For the critical time L,
Lo = Ly e Nlfe, (8.4)
Substituting equation 8.4 into 8,3 yieldss

_—_— NN
La—Kl e_ c ’ (8'5)

T, has been evaluated by several authors.(l) Its equation is

= 1 Da
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where f = Ky/K;. Thus substituting 8.6 into 8.5 for T,, the following

expresslon for L, is obtaineds

1 Da
: K1~§TT?*=:I? Infl-(f~1)&
La f DC e 1 La . (8.7)

It should be noted that L, appears on both sides of the equation.

For use in determining the point load comparison coefficient it is
necessary to determine two values from the above equations. They are the
maximum allowable BODy L, and the distance expressed as time to the
point where deficit has recovered to the initial deficits This time is
called the recovery time ty.

The Ly value determined by use of the equation shown above is the
total BOD load which can be applied at the considered point of applica-
tion. This includes both the residual in the stream at that point and
the actual applied load., If a river is considered to have no initial
BOD, the total L value could be applied to the most upstream segments
but each additional point load made at distance ty downstream must be
adjusted for the residual BOD from the upstream loading.

The residual from the upstream load may be evaluated by either of

the two following formulas.

L‘R = La e"'Kltr (8-8)
where Ly = residual BOD (P.P.M, or lbs. pexr day),
Ly = initial BOD load (P.P.M. or lbs. per day),
Ky = instantaneous BOD decay rate,

I

and t, = recovery time.
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or g =Ly 1=~ (1 =gy (8.9)

where Ks'= BOD decay rate per day.

Thus the allowable BOD point load in a segment of length t, equals:

Lp =15 ~ Iy

-Klte

Ly ~Lye

La (1 - e—Kltx)n (8(10)

The allowable total continuous loading can be evaluated by the

methods of Chapter II for this segment of length t, as:

ALOAD = Q +, Ko Dg (8.11)
where Q = river flow. (lbs. per day),
Ko = reaeration coefficient' (day™l),

D¢ = Dpqg = deficit to the RQS valuq. (1bs. per day),
and Qt, = water in the segment (1lbs.).

The Kj term shown in equation 2.5 need not be considered since for
a uniform flow, the residual BOD in and out of the segment are equal.

It is now known that either a point load, Lp, or a continuous
loading, ALOAD, could be assimilated in the segment of length t,. The
point load comparison coefficient, called E for efficlensy, is the ratilo

of this point loading to the continuous loading. Thus,

Lp Ly (1 - ebKItr)
E™ AToap = T Q tg X Do (8.12)

where Lp and ALOAD are both expresged as pounds per day.
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The following steps were used in carrying out the computation of
the point load comparison coefficlent, E, for a particular set of Ky,
Kos Dgs Dgy and flow values, The first step was the calculation of L,
by a method of successive approximations. This was accomplished by
golving for L, assuming that there was no initlal deficit, Dz« Then
uging this value in the right hand side of equation 8.7 a new L value
was obtained, If these two L values did not agree within .1%, a new
value was calculated using the most xecent approximation in the right
hand side., This procedure continued until the desired accuracy was
obtained, at which time the final answer on the left hand side of the
equation was accepted as the true Lz value,

This Lz value could have been obtained from the chart prepared by
Fair and Guyer which is shown in Illustration 40.(56) In this chart a
" ratio of the Ly to D¢ 1s obtained if the Ko/Kj ratio and the Dy/Dc
ratios -are known. This method of obtaining L, was not used because the
sucoessive approximation technique proved to be easily adapted for
computer use, and thus the need for chart reading and for the data cards
required to furnish the L values to the computer were eliminated.

The second stép in the analysis of the point load comparison co~
efficient was the calculation of T, by equation 8.6 which was by direct
substitution since Ly had been determined.

The third step was the calculation of the recovery time tns This
wag accomplished by increasing T, several times and solving for D(y)
each time by means of equation 8.2. One time value was obtained which
gave a larger deficit than Dg3 another time value was obtalned which X

gave a ¥mally deficit than Dy3 the correct answer was known to lie
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somewhere between the two. It was then obtained to a «1% accuracy by
using a half interval method of substitution.

The last step was the determination of efficiency, or synonomously
the point load comparison coefficient, by means of equation 8,12.

Two computer programs were developed to compute the point load
comparison coefficient. The first program was designed to compute the
coefficient for 36 different combinations of Kos Dg» and D, with a fixed
flow and Ky« The second program was designed to compute the coefficient
for ten different flows with K1y Koy D3y @and Dg held fixede The compu-~
tational parts of both programs are identical.

These two programs which are designated Programs 5a and 3b and
their corresponding flow charts are shown in the Appendix.

When the results of Program 3b were examined, it was noted that
" the point load comparison ratio was the same for all ten flows. From
this it is concluded that this ratio is independent of the flow.

Since the initial deficit D, 1s dependent on the time in which
the oxygen is allowed to build up between points, it was decided to
plot the efficiency against the passage time ty for the results obtained
from Program S5be. Since the answers for the different D, values fell on
the same lines, it is concluded that with Ky fixed the efficiency is
a function of only the passage time ty and the reaeration coefficient
Kpe

Illustration‘4l is the graph mentioned above. It can be seen that
if the passage time between loadings t, and Ky are known, the point load
comparison ratio can be easily determinede The passage time may be

determined from the distance in miles between loadings and the mean flow
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velocity of the river by the formula:

Flow Time in Days = _Digtance in Miles
T6.36 (Mean Velocity) * (8413)
For an example of the use of Illustration 41 it is assumed that
loadings 100 miles apart are to be applisd to the Ohio River and that
the mean velocity of the river flow is .25 feet per second. Thus,
Flow Time in Days = 100 = 24,2 Days,
1636 (.25)
Assuming a Ko of «1, a point load comparison coefficient of .58 ls read
from the chart. Therefore, the waste agssimilation capacity determined
from the Waste Assimilation Program must be reduced by 42% to correct
for the point loadings.
Tllustration 42 is a plot of the efficiency against the ratlo of
Dy to D,» From this graph it may be noted that the efflciency approaches
the maximum 1.0 as D, approaches D;» This agrees with the discussion
presented earlier in %He chapter.
The discussion of the point load comparison has been confined to
the river without tidal action. It is considered that the large scale
mixing accomplished by the tidal currents in the tidal zone of the river

make a point load comparison analysis unnecessary in that zone,
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CHAFTER IX
SUMMARY AND CONCLUSIONS

The purpose of thig dissertation hag been the development with
regard to oxidizable wastes of a new procedure for the egtimation of
the waste assimilation capacity of a river system. It was desired that
this procedure should provide an accurate estimate of the waste assimi-
lation capacity for the tidal and non-tidal portions of a river and was
furthermore desired that the procedure should be dependent only on data
which ig readily attainable without actual fileld measurement.

The method chogen for this procedure was a numerical Integration
utilizing small segments of river length. Thisg method had several
advantages which were: (1) the method could be developed from existing
gtream pollution formulas, (2) the waste assimilation capacity for any
group of segments could be summed up, whether they were for a small por-
tion of a river, an entire river, or an entire system of rivers, (3)
digital computer techniques could be easily applied to the method, and
(4) the results given are the ultimate waste loadings which a segment or
segmente can assimilate and therefore, are independent of the location
of population and industrial centers.

The theory of the procedure of analyzing the river by segments was

developed in Chapter II. The corresponding theory to apply the numerical
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integration technique to the calculation of the traditional dissclved
oxygen sag curve was also developed in Chapter II. The latter was
developed primarily as a tool for testing computer techniques against
exlsting studiese.

Chapter IIT included an extensive discussion of the tidal phe-
nomena and itg effect on tidal rivers, particularly with regard to
waste assimilation. From thig discussion on tideg, the methods present~
ed in Chapter II were modified so that they would apply to the tidal
zone of a river exhibiting a homogeneous salinity structure, In addi-
tion, a method was outlined which would also permit the analysis of
river tidal zones exhibiting highly stratified ox mixed salinity
structures.

In Chapter IV various coefficients negesgary for the evaluation of
the formulag presented in Chapters II and III were developed and dis-
cussed, and correction factors were introduced to account for tempexrs~-
ture~and salinity changes.

-In order to test thagfeasibility of the procedures mentioned above
and to evaluate their use 1n actual stream pollution analysis, it was
decided to program the procedures for both the tidal and non~tidal rivers
for uge on an I.B.M. 1620 computer. This resulted in the development of
two major computer programs: the Waste Assimilation Program, and the
Tidal Zone Waste Aseimilation Program. In bxief, the process of these
programs wag to read the data deseribing the channel and flow character-
tstics at two ends of a river gegment and to compute from this data the
waste assimilation capacity of the segment. This process was then

repeated over and over again utilizing the next downstream segment until
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the entire river had been analyzeds The Waste Assimilation Program was
designed to process an entire river system. The tidal zone program,
however, was limited to a single river.

Four majoxr applications were made with these programs. These were
the 1980 Ohio River Study, the 1960 Chio River Basin Study, the Wabash
River Study, and the Delaware River Studye.

‘The 1980 Ohio River Study consisted of the computation of the
waste assimilation capacity for the Chio River using the same stream
data used in a recent U.S. Public Health Service Study. This data is
that anticipated for the year 1980. The results obtained from the
computer indicated a close correlation between the two studies.

The 1960 Ohio River Basin Study was the analysls of the waste
assimilation capacity of 21 rivers in the Ohio River basin at a con-
dition of low river flow. Extenslve data on stream flow was collected
from U.S. Geological Survey files and publicationg and from other minor
gourcese From this data the ten year low flow and the corresponding
stredm channel characteristics were dete;mined. The Waste Assimilation
Program was then utilized to determine the waste assimilation for each
ten mile segment of these rivers and the corresponding sums developed
for each river and the entire basins The results indicate that at the
ideal loading distribution the basin can asgimilzte wastes which have an
equivalent 6,376,000 pounds of biochemical oxygen demand (BOD) per days
This is the average waste loading of a population of 25,504,000 personse.

The Wakash River Study was an extension of a portion of the 1960
Ohio'RiQei”Bé§ih Study to determine the effect of increased river flow

and increased temperature on the waste assimilation cépacity. To do
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this the stream conditions were determined for river flows equal to
100%, 130%, and 200% of the low flows determined in the Ohio River Basin
Study, and all three conditions were processed by the Waste Assimilation
Progr%g. The results indicated that the waste assimilation capacity is
incre;;ed DH5% by every 1¥ increase in river flow., Similarly, a single
river flow condition was processed at three different temperatures.
The results from this study indicated that a one degree centigrade in-
crease in water temperature lowered the waste assimilation capacity by
2%

The Delaware River Study included the use of both waste assimi~
lation capacity programs. Data for both the non-tidal and tidal por-
tions of this river was collected from the U.S. Geological Survey, the
U.S. Coast and Geodetig Survey, and the U.S, Army Coxrps of Engineers.
After being processed thls data was utilized by the Waste Assimilation
Program for the entire river length and by the Tidal Zone Waste Assimi-
lation Program for the tidal zone only. In the river zone affected by
tides it was found that the analysis considering tides indicated a waste
assimilation capacity roughly six times as large as the analysis ignoring
tidal action. This result emphasized the need of considering the tidal
effect,

The waste assimilation capacity concept is based on the assumption
that waste loadings will be made in the individual segment which has
asgimilation capacity. Since in actual practice the condition does not
usually happen, Chapter VIII consisted of an analysis to evaluate non~
{ideal waste loadings.

A numbexr of conclusions may be drawn from the procedures and
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applicationg of this dissextatione.

It has been concluded that adefuate data is presently available
from various sources which can be uged to provide accurate and falrly
detalled egtimates of the waste agsimilation capacity of the rivers of
the Unlted States. This data which is available fox both the tidal and
non~tidal zones of rivers can be obtalned and reduced to usable form
with a nominal amount of effort and expense.

The analysls procedures developed in this dissertation for
analyzing\the oxldizable waste assimllation capacities of rivers with
and without tidal action are based on existing accepted stream analysis
theory. They have a great advantage over the procedures used in current
prastice, becauge whereas the presently used procedureg require the
1dealization of the stream into relatively long stretches with constant
channel flow and reaeration characteristics, the procedures of this
disgertation permit the uge of the actual values to the maximum extent
to which they can be determineds The new procedures are economical in
comparison to previous methods primarily because of thelr adaptation to
digital computex technicuese

The new techniques are very flexible and are accurate within the
limits imposed by present knowledge of the varlous coefficlents used in
the formulas, nsmely the BOD decay coefficlent, the reaeration coeffic-
fent, the saturation dissolved oxygen content, and the minimum allowable
stream dissolved oxygen content.

The basic technique can be modified to conglder other wastes as
time and needs require. In view of the above it 1s concluded that these

procedureeg can become a valuable tool in the field of watéer resources



158
analysis and plannings This major conclusion is supported by the results
of the various applications which have been made of these procedures and
from the additional conclusions which can be drawn from the applications
themselves.

The waste_assimilation capacity values determined by the 1960 Ohio
River Bagin Study and the Delaware River Study, which are discussed in
Chaptexr VII, may be uged as an example to demonstrate how these results
may be uged in determining future waste treatment requirements. Table 12
consigts of predicted populations for the various sub-basing in the Ohilo
River Valley for the years 1980 and 2000. These values were determined
by distxibuting the total basin urban population predictions puklighed
by the Senate Select Committee on Water Resouxces in proportion to the
urban population values for 1940 which were given in a 1943 study of the
Ohio River.(46, 37)

The Public Health Service study of future Chio River conditions
estimates tha% the total pollution load in population equlvalents for
1980 is 2,12 times the urban population, and for the year 2000 it is
2.36 times the urban population.(30)

The pollution loads computed using the above factors for 1980 and
2000 are listed in the first two columns of Table 13, Column 3 consists
of the waste assimilation capacity for the individual sub-basins as
determined by the Waste Assimilation Program, and Column 4 congists of
the waste assimilation capacity values obtalned by assuming that non-
continuous loading requires a 40% reduction in the values of Column 3.

The required degree of treatment may be obtained for a particular

river basin by dividing the waste loading minue the waste assimilation
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TABLE 12
URBAN POPULATION = OHIO RIVER BASIN

Population In Thousands

1940 1960 1980 2000
Chio 32092 2813 8474 11,855
Monongahela 585 1033 1806 2106
Beaver 477 843 1228 1718
Muskingum 398 703 1025 1433
Little Kanawha 0 0 0 0
Hocking 48 85 124 173
Kanawha 176 311 453 634
Guyandot 8 14 21 29
Big Sandy 31 55 80 112
Beioto 448 91 1153 1613
Miami 502 887 1293 1808
Kentucky 96 170 247 346
Green 44 78 113 158
Wabash 1198 2116 3083 4314

Total 7303 12,900 18,800 26,300
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- TABLE 13
OHIO RIVER BASIN WASTE TREATMENT REQUIREMENTS

4 Assimilation Degree
Capacity Waste Loading. of Treatment
. P.E. (10~3) P.E. (10-3) in Percent

Actual Modified 1980 2000 1980 2000

Ohio 15,837 94602 17,968 27,978 47.1 6640

Monongahela 1,088 653 3,192 4,970 79,45 8649

Begver 211 127 2,603 4,054 95.1 9649

Muskingum 313 188 2,173 34382 91.3 94.4

Hocking 77 46 263 408 82.5 88.7

Kanawha 2,033 1,220 960 1,496 0040 18.4

Cuyandot 80 48 45 68 00.0 29.4

Big Sandy 134 80 170 264 529 6947

‘ Scioto 350 210 24444 34807 91.4 94.5
Miami , 320 192 2,TAL 4,266  93.0  95.7
t ’ Kentusky 425 258 524 817 51.3 6848
Green 580 330 240 373 00.0 T1.5
f Wabash 3,683 2,192 64336 10,181 6645 7845

Total Basin 35,071 15,043 39,856 62,064 62.2 75.8
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capaclty by the waste loadinge The treatment requirements for the
rivers in the Ohlo basin expressed in percent are shown in Columns B
and 6 of Table 13 for the years 1980 and 2000. It may be noted that -
the requirements range from 0.0% to 95.1% for the year 1980 and from
11.5% to 96.9¥ for the year 2000 with an average value for the entire
basin of 62.2% In 1980 and 75.8% in 2000.

Table 14 is a similar analysis for the Delaware River. In this
example the predicted waste loading for the Philadelphia standard
metropollitan area 1g considered applied to the stretch of river between
Trentony N. J.y and Delaware City, Delaware, a river distance of 70
miles. The oxidizable waste loading in population equivalents is c¢onsid~-
ered to be 2.0 timeg the population. It is assumed that the combination
of spread out waste discharge and tidal mixing makes it unnecessary to
reduce the waste assimilation capacity to allow for non-continuous
loading. From the results ghown in Table 14 it may be seen that the
degree of treatment in percént required to maintain a four parts pex

million RQS is 45.7% at present, 59.3% by 1980, and 68.4% by 2000.

TABLE 14
DELAWARE RIVER WASTE TREATMENT REQUIREMENTS

1960 " 1980 2000

Population (10~3) 4,310 54750 7,410

Population Equivalents (1073) 8,620 11,500 14,820
Waste Assimilation Capacity

Population Equivalents (10~°) 4,683 4,683 44683

Treatment Required % 45,7 59,3 68ed
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The results determined by the uge of the Waste Assimilation Pro-
gram in the Wabagh River Study have led to conclusions regarding flow
augmentation and thermal pollution. It was shown that for the Wabash
River an increase of 100% in stream flow increased the waste assimi~
lation capacity by 53%. Assuming that this value is valid for the
other sub-~basins in Indiana and Ohio, the low flow requirements as an
alternative to increased waste treatment may be evaluated.

For example, if the maximum economical waste treatment Is esti-
mated to be 90¥% in 1980, the cost of additional high cost treatment
above 90% must be balanced against the cost of low flow augmentation.
In Table 15 the flow increase over the 10 year low flow which is neges~-
sary to raise the waste assimilation capacity to 10% of the total
waste loading has been computed forx eath of the rivers which requlred

over 90% treatment in Table 13.

TABLE 15

FLOW AUGMENTATION ANALYSIS -~ 1980

Waste Waste ~
Waste Assimilation Assimilation Flow
in Lﬁading at Low Flow Required at Augmentation
P.E. (10-3) P.E. (10™°) 90% Treatment Required
Beaver 2603 127 260 189.0%
Mugkingum 2173 188 217 29 .3%
Seioto 2444 210 244 29 . 4%
Miami 2741 192 274 TTeT% .

The thermal pollution which exists in the Mshoning River of the

Beaver River basin has raised the water temperature to about six degrees
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centigrade over the normal water tempeiature.*‘Fiom the regults of the
Wabash River Temperature Study it may be concluded that the waste
asgimilation capacity for oxidizable wastes for thermally polluted pox-
tions of thig river would be about 12% higher if this pollution were
eliminated.

On a basin wide basis the resuits from the 1960 Ohio River Basin
Study can be compared to the results obtained by Reid in his report to
the United States Senate Select Committee on National Water Resources.
(2) Reid has estimated that a river flow of 14,000 million gallons per
day, or 21,658 cubic feet per second, can assimilate 13.17 million pop-
ulation equivalents of waste loading per day. Not considering the flows
of the Tennessee arid Cumberland Rivers the resultg of the 1960 Chio River
Ragin Study assuming a 60¥% efficiency factor for non~continuous loading
indicate- that a flow of 12,340 cubic feet per second can assimilate a
waste loading of 15.043 million population equivalentse

Sinee according to the Wabash River Study the percent increase in
waste assimilation capacity equals «55 times the increase in flow, the
flow and waste assimilation capacity from the 1960 Ohio River Basin Study
can be revised upward so they ¢an be compared with the values of Reid.
The flow increase from 12,450 to 21,658 cubic feet per second is 73.16%,
and therefore, the waste assimilation capacity is increased 40,24% to
equal 21,095 million population equivalents per day. Thus, the results
of this report indicate a waste assimilation capacity roughly 60%
greater than those obtained by Reld. Thie seems reasonable in view of
his conservative assumptions.

Reid furthexr estimated that a flow of 164400 million gallons pex
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day, ox 28,370 cubic feet per second, could assimilate 15.8 million
population egquivalentg per day. The values given for the Ohio River
basin may be modified ts give the corresponding flow for a 13.8 million
population equivalent load. The 8.03% increase in waste assimilation
capacity ig equal to a3 9.14¥% increase in flow, and therefore, the neces-
sary flow becomes 13,686 cubic feet per second. Thus for an equal
waste loading the results of this report require only 54% of the flow
estimated by Reid.

The procedureg presented in thi§ dissertation have utilized
existing data and have provided realistlic estimates of the oxidizable
waste assimilation capacity of rivers which are independent of con-
ditione other than temperature, gtream flow and velocity, and river
channel econfiguration. The applications utilizing the procedureg have
.shown them to be accurate, fast, and relatively inexpensive and have
ghovn that much useful information is gained for use in water regources
planninge It iIs believed that much useful inforxmation could be obtained
by applying thege procedureg to all the majoer river basins in the United

States.,
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Program One

Data Generating Program

The purpose of thls program 1s to compute Ilnput data for segments
between points of known data. It will also compute flow, area, depth,
and elevation for a point of known change in flow located between two
known data pointse See text for a complete description.

Program statements beginning with "C" are comment statement; which

do not affect the program processes.

Program Notatlon Key

ISL Segment length = fixed point number
FSL Segment length -~ floating point number
(1) = m(1) = n(1) River Numbexr

L(2) = m(2) = N(2) River Mile

L(3) = m(3) = N(3) Always Zevo

(4) = M4) = N(4) Complete Data Flag
1(5) = M(5) = N(s) Order of River

A1) = B(1) = ¢c(1) River Mile

A(2) = B(2) = ¢c(2) Temperature

A(3) = B(3) = ¢(3) River Quality Standard
A(4) = B(4) = c(4) Flow

A(8) = B(5) = c(8) Flow Added in Segment
A6) = B(6) = c(6) Mean Depth- of River
A7) = B(7) = c(71) Area of Cross Section
A(8) = B(8) = ¢c(8) Elevation
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A(9) = B(9) = ¢c(9) Slope
A(10) = B(10) = c(10) Initial DeO. Deficit
A(11) = B(11) = c(11) Added BOD
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Flow Chart

st |

{ READ SEGMENT LENGTH |

>{ SET FLAG = 0.0 |

READ FIRST DATA INTO

LOCATION AL

READ SECOND DATA INTO

LOCATION BM

N

-
IS

SECOND DATA

COMPLETE

YES

COMPUTE SLOPE OF CHANNEL
BETWEEN DATA POINTS AND

ENTER IT INTO ZONE AL

G-

PUNCH ZONE

AL
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DISTANCE BETWEEN
DATA POINTS LARGER

THAN SEGMENT

IS DATA

POINT IN BM LAST
FOR THIS RIVER

MAKE SLOPE IN BM

EQUAL SLOPE IN AL

PUNCH ZONE BM

START NEXT

RIVER

TRANSFER
t DATA FROM ZONE

BM TO ZONE AL

FLAG GREATER

READ NEXT DATA

INTO ZONE BM




&5

READ NEXT DATA CARD

INTO ZONE CN

SET FLAG EQUAL TO 1
TO INDICATE DATA

IS IN ZONE CN

COMPUTE COMPLETE

DATA IN ZONE BM

TRANSFER ZONE

CN TO ZONE BM

175

COMPUTE . VALUE FOR
A POINT A SEGMENT
LENGTH DOWNSTREAM

OF DATA POINT AL

STORE THESE VALUES

IN AL
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Program Listing

o DATA GENERATING PROGRAM
o PREPARED BY ROY W. HANN, JR.
o READ SEGMENT LENGTH
110 Read 2,ISL.FSL
"2 FORMAT(14,E12.%)
118 DIMENSION A(11),B(11),C(11),F(2),L(5),M(5),N(5)
of SET FLAG = 0.0
120 F(1)=0.0
C !!.READ.FIRST:DATA
130 READ 34L(1)sL(2)41(3)sL(4),L(5)4A(1)sA(2),A(3),A(4),A(5)
3 FORMAT . {13515,11,11312,E12¢5,E12:5,E12.55 E12.5, E12.5)
131 READ 4,A(6)5A(7)sA(8),A(9)A(10),A(11)
4 FORMAT(E12¢54E12454E12.5,E12,54E12.54E1245)
140 TF(F(1)~0+5)141,141,225
C READ SECOND DATA
141 READS.M(1),M(2),M(3)4M(4)4M(5),B(1)4B(2)4B(3),B(4)sB(5)
142 READ4,B(6)4B(7)sB(8)sB(9)B(10),B(11)
C IF M(4)=0 DATA IS COMPLETE
C IF M(4) NOT = O READ NEXT CARD INTO CN AT STATEMENT 210
150 I8 (M(4)~0) 160,160,210
160 A(9) = (A(8)-B(8))/(5280.% (A(1)~B(1)))
C PUNCH ZONE AL
165 PUNGH ' 3,1(1),1(2),1(3)104)s1(5) A 1)4A(2) ,A(3),A(4) 4 A(5)
166 PUNCH 44A(6)4A(7)sA(8)sA(9),A(10)4A(11)

c IS DISTANCE BETWEEN GIVEN STATIONS GREATER THAN SEG. LENGTH
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175 IS NO, 190 IS YES
189 DIST=5A(1)-B(1)
170 IF(DIST-FSL)175,173,190
IS THIS LAST DATA FOR RIVER 176.°YES, 180 NO
IF (M(2)~0) ERROR,END, NOT END
175 TF(M(2)~0) 176,176,180
176 B(9)=A(9)
PUNCH LAST CARD FROM EM
177 PUNCH3,M(1)4M(2),M(3)4M(4),M(5),B(1),B(2)4B(3),B(4),B(5)
178 PUNCH4,B(6)4B(7),B(8),4B(9), B(10),B(11)
GO TO NEXT RIVER
179 GO TO 100
180 DO 18%-131,5
181 L(1)=m(1)
182 Do 183 1=1,11
183 A(1)=B(1)
180~183 TRANSFER B TO A THEN READ NEXT DATA
184 GO TO 140
190 L(2)=L(2)415L
191 RATIO = FsSL/BA(1)-B(1))
192 A(2)=A(2)+RATIO*(B(2)~A(2))
193 A(4)=A(4)+RATIOX B(4)~B(5)-A(4))
194 A(5)=0.0
195 A(6)=A(6)+RATIO* B(6)~A(6))
196 A(7)=A(7)+RATTIO*(B(7)~A(7))

197 A(8)=A(8)+RATIO B(8)=~A(8))
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226
227

228

230

231

232

178
A(10)=0.0

2 A(11)=0.0

A(1)=A(1)=FSL

101,2,2,8),A(8,9) REMAIN THE SAME

. GO TO 165

F(1)=10

READ NEXT CARD INTO CN
READS;N(1)4N(2),N(3),N(4),N(8),0(1),C(2),C(3),C(4),C(5)
READ 4,C(6),C(7)50(8),C(9),C(10),c(11)

RATIO= (A(1)~B(1))/fA(1)~c(1))
B(2)=A(2)+RATIO*(C(2)=A(2))
B(4)=A(4)+R(8)+RATIO*(C(4)-C(B)~B(5)~A(4))
B(6)=A(6)+RATIO*(C(6)=A(6))

B(7)=A(7)*B(4)/A(4)

B(8)=A(8)+rATIO*(C(8)~A(8))
M(1~5),B(1,345,10,411,) MUST BE FURNISHED BY DATA
M(4)=0

GO TO 160

F(1)=0,0

DO 227 1=1,5

M{1)=N(1)

DO 229 1=1,11

B(1)=c(1)

GO TO 160

228-230 TRANSFER SIDETRACTED DATA FROM CN TO BM
STOP

END
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Program Two

Waste Assimilation Program For A River Without Tides

The purpose of this program is to compute the waste assimilation
gapacity for the streams in a river basine It will also compute the
dissolved oxygen profile of the river if applied BOD loadings are furn-
ishede

Program statements beginning with "C" are comment statements whlch

do not affect the program processese
Program Notatlon Key

ZoneAlLl ZoneAL2 ZoneAl3 ZoneBM

L(1).>  1(e) (11) M(1).  River Number

L(2) L(7) L(12) M(2) River Mile

L(3) L(8) 1{13)  M(3) Always Zero

L(4) 1(9) L(14)  Mm(4) Complete Data Flag
1(5) L(10) L(lS)j M(5) Order of River
A1) A(18)  A(3s)  B(1) River Mile (Miles)

A(2) A(19 A(36) B(2) Temperature (Degrees C)

A(3) A(20

A(37) B(3) River Quallty Standard (pepeme)

A(4) A(21 A(38)  B(4) Flow (Gefese)

A(B) A(22 A(39)  B(5) Flow Added In Segment (Cefess)

A7) A(24 A(41) B('7) Area of Cross Section (sqe ft.)

A(B) A(25

)
)
)
A6) A(23) A(40)  B(6) Mean Depth of River (ft.)
)
) A42)  B(8) Elevation (fte)
)

A(9) A(26 A(43)  B(9) Slope (fte/fte)

B



A(10)
A(11)
A(12)
A(13)
A(14)

A(15)

AC16)

A(17)
ABOD
ADDDO
ADDQ
ADDV

ADEEP

ADO21
ADO22

ALOAD

APBOD
ATEMP
DEF1
DEF2
Do2
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A(27)  A(44)  B(10)  Initial DeOe Deficit (pepeme)
A(28)  A(45)  B(1l)  Added BOD (1lbs/day)
A(29) A(46)  B(12)  Dissolved Oxygen Level (pepeme)
A(30) A(47)  B(13) Previous Segment K1 Value

A(31)  a(48)  B(14) Previous Segment Total Allowable BOD

(1bs/day)

A(32) A(49) B(15)  Total Applied BOD Previous Segment
(1bs/day)

A(33)  A(50) B(16)  Previous Segment Total Basin BOD Load
(1bs/day)

A(34)  A(51) B(17)  Total Passage Time (days)

BOD Added to Segment (lbs/day)

Change in DaOs Level Casued by XTRAO (papeme)

Flow Added in Segment (Gafesa)

Welght of Water Added to Segment Per Day (lbse)

Mean Depth in Segment (fte)

Added Oxygen Per Day with River‘at RQS (1lbs/day)

Added Oxygen for D«Oe Plot

Allowable BOD Load that Could be Added to Previous Segment ...
(1bs/day)

Agtual BOD Applied to Segment = Upstream + Added (lbs/day)
Average Temperature (Degrees C)

Oxygen Deficit to River Quality Standard (pepem.)

Oxygen Deficit to Stream DeOe Level (pepeome)

Dissolved Oxygen Originally in Stream at Given Temperature

(pepeme)



EFBOD
FKIT

FKITL
FK20

FK20T
HOBOD
ORDEF
ORDF2

FTIME

QMEAN

RABOD

RBOD

REO2

REO2P
ROS

SATDO

SEGL
SKT
SK20
SLOAD
SLOPE
TABOD

TLAOP
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Effective BOD Applied to Segment for DeOe Plot (1lbs/day)
Kl Value Adjusted for Time and Temperature
Kl for Previous Segment
K1 at 20 Degrees Centigrade
FK20 Modified for Time in Segment
Residual Allowable BOD from Upstream Segment (lbs/day)
Original Deficit in Inflow Water (pfpim.)
Oxygen Deflcit between Saturated D«O« and RQS
Total Passage of Time (days)
Mean Flow in Segment (Cefess)
Mean Flow in Segment (Gefess)
Residual Applied BOD from Upstream Segment for DaOe. Plot
(1bs/day)
Residual Allowable BOD From Tributary (lbs/day)
Reoxygenation with River at RQS (1bs/day)
Reoxygenation for D.Os Plot (1bs/day)
River Quality Standard for Dissolved Oxygen (pspeme)
Saturation Dissolved Oxygen Content in Water at Glven Tempexne. °
ature (pepsms) '
Segment Length (miles)
K2 at Given Temperature
K2 at 20 Degrees Centigrade
Total Allowable BOD on River Being Considered (1lbs/day)
River Channel Slope (fta/fte)
Total Allowable BOD Loading in Previous Segment (1lbs/day)

Available Oxygen for De.Oe Plot



TLOAD

TOTAO
TRDEF
VMEAN
VOL

XTRAO
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Total Allowable BOD for Entire Basin up to Considered Segment
(1bs/day)
Total Available Oxygen Per Day with River at RQS (lbs/day)
Oxygen Deficit from Tributary (pepem.)
Mean Velocity in Segment (ft./sec.)
Weight of Water in Segment (lbs.)

Excess or Deficit of Reoxygenation @¥er Dxygen Demand (1lbs/day)
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Flow Chart

START

READ NEXT DATA SET

\ INTO ZONE B
PUNCH NAME OF PROGRAM '

READ FIRST DATA SET ARE
INTO ZONE Al DATA SETS FOR SAM
RIVER

SET BASIN BOD SUM TO ZERO

YES

N
=

| COMPUTE MEAN DATA

PUNCH TRIBUTARY ORDER
VALUES FOR SEGMENT

i.ee MAIN STREAM, PRIMARY

OR SECONDARY TRIBUTARY

IF FLAG INDICATES

TRIBUTARY HAS ENTERED

PUNCH OUTPUT
MODIFY DATA VALUES

COLUMN HEADINGS

TO INCLUDE TRIBUTARY

SET INITTAL VALUES

COMPUTE OXYGEN

DEFICITS FOR BOTH

PUNCH INITIAL
RQS METHOD AND
CONDITION VALUES

D.O. PLOT
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PROVIDE K1 AND MODIFY

FOR TIME AND TEMPERATURE

COMPUTE K2 AND

MODIFY FOR TEMPERATURE

COMPUTE AVAILABLE OXYGEN
FOR BOTH RQS METHOD

AND D.O. PLCT

COMPUTE ALLOWABLE

BOD FOR RQS METHOD

COMPUTE BOD APPLIED
IN SEGMENT FOR DaQ.

PLOT

COMPUTE STREAM
| DsO. LEVEL LEAVING

SEGMENT

W/

COMPUTE SUMS

" AND PASSAGE TIME

PUNCH OUTPUT

‘| TRANSFER ZONE B

TO ZONE Al

L READ NEXT DATA

SET INTO B
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STORE SUMS AND

NEEDED ANTECEDENT

VALUES IN Al

DATA IN Al DATA IN Al FOR

Ny
FOR MAIN PRIMARY
STREAM RIBUT AR
YES YES
TRANSFER DATA TRANSFER DATA
IN ZONE Al TO IN ZONE Al TO
ZONE A2 ZONE A3
TRANSFER DATA IN
ZONE B TO Al ¥

TYPE: ERROR

IN CARD ARRANGEMENT

HALT
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IS IS

DATA IN B FOR DATA IN B FOR

AIN STREAM PRIMARY TRIB

YES

PUNCH OUTFLOW TRANSFER DATA IN
VALUES ZONE A2 TO
ZONE Al
TYPE: END OF PROGRAM }(
| ®
SET FLAG
EQUAL 1,0

THIS LAST RIVER

SYSTEM COMPUTE TRIBUTARY

OUTFLOW VALUES

STOP READ NEXT DATA

SET INTO B

TRANSFER DATA IN

ZONE A3 TO ZONE Al
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107
100

1
105

108

115

116

117
260
261

20
262
265

21
266
270

22
271
119
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Program Listing

WASTE ASSIMILATION PROGRAM

DIMENSION A(B1),B(17),L(15),M(5)

PUNCH 1

FORMAT (46H WASTE ASSIMILATION CAPACITY OF A RIVER SYSTEM)
PUNGH 2

FORMAT (28H PREPARED BY ROY W. HANN 'JR.)

FK=K1,SK=K2, ORDEF=INDEF s ,QMEANFMEANQ, VMEAN=MEANV
TLOAD=0.0

READ FIRST SET OF DATA INTO ALl ZONE
READ4,L(1),L(2),1(3)4L{4)L(5)4A(1)4A(2),A(3) 4A(4) 4 A(5)
FORMAT (13,155119115124FE12454FE12e84E1298,E12e5,E1245)
READ B,A(6),A(7),A(8)5A(9)sA(10),A(11)

FORMAT (E12:54E12:54E1245,E12454E125,E1245)

GO TO 260

TF (L{B)=1) 261,263,270

PUNCH 20

FORMAT(12H MAIN STREAM)

GO TO 119

PUNCH 21

FORMAT (18H PRIMARY TRIBUTARY)

GO TO 119

PUNCH 22

FORMAT (20H SECONDARY TRIBUTARY)

GO TO 119

PUNCH 8



120
8
28

121
1121
122
123
124
125
1128
1126
126
127
128

130
131

135
136
137
138
139
140

188

PUNCH 28

FORMAT(4IH RN RM TIME RQS ALOAD SLOAD)
FORMAT( 46Xy26HTLOAD D02 FLOW  K2)
COMPUTEINITIAL SATDO,SET KITTL,TABOD,APBOD,SLOAD,PTIME=0,0
D02=14 ¢652-0+41#A( 2 )+0.008%( ( A(2) ) %9#2,0 ) =0000078% A(2)##3.0)
Do2= D02-A(10)

FKTTL=040

TABOD=0.0

APBOD=0.0

SLOAD=0.0

ALOAD=040

FKTT=0+0

PT IME=010

PUNCH7,L(1 )3 L{2) 4 PTIME,A{3 )y ALOAD,SLOAD,TLOAD, D024A( 4)
KFLAG=0

READ NEXT DATA .

READ4,M(1) M(2),M(3)sM(4)sM(5)4B(1)4B(2)4B(3)4B(4),B(5)
READ 5,B(6)4B(7)sB(8)4B(9)sB(10),B(11)

TEST TO SEE IF THIS THE‘SAMENRIVER AS THE PREMIOUS CARD
180 IS FOR THE SAME RIVER

IF (M(1)~L(1)) 136,180,136

A(12)=D02

A(i3)=FKrrL

A(14)=TABOD

A( 15 )=APBOD

A(16)=SLOAD



C

C

189

141 A(17)=PTIME
135-141 SAVE SUMS AND DATA TO USE WHENDATA IN ALl IS RECALLED
IF NOT SAME RIVER SEE IF RIVER IN ALl IS MAIN, PRIM., OR SEC.
142 TF(L(5)=1) 150,168,144
144 PRINT 6
6 FORMAT(45H EFFOR IN ARRANGEMENT OF DATA STATMENT NO 137)
14% PAUSE
146 GO TO 130
180 DO 131 Ju1,5
151 L{J5)=L(J)
152 DO 153 J=1,17
183 A(J417)=A(J) !
180~153 DATA IN ALl IS FOR MAIN RIVER= TRANS TO A+l7, L+5)
135 DO 1%6 J=1,5
186 L(J)=m(J)
137 DO 158 J=1,17
188 A(J)=B(J)
155~158 TRANS BM TO ALl
READ AND PUNCH NAME OF SECOND RIVER AND READ NEW DATA
159 Go TO 117
165 DO 166 J=1,5
166 L{J+10)=L(J)
167 DO 168 J=1,17

A(J+34 )=A( J)

[s¢

16
165~168 DATA IN ALl IS FOR PRIMARY TRIB.= TRANS TO A+34,L+10,

169 GO TO 155
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180 SEGL= A(1)~B(1)

181 ATEMP=0.5% A(2)+B(2))

182 RQS=A(3)

183 QMEAN=0.5*(A(4)+B(4))

184 ADDQ=B(4)-A(4)

185 ADEEP=0¢3%(A(6)+B(€))

186 VMEAN=0«5%{A(4)/A(7))+0.5%B(4)/B(7))

187 SLOPE=A(9)

188 ORDEF=A(10)

189 ABOD=A(11)
180~189DEFINE VARIABLES NOT PREVIOUSLY ESTABLISHED
COMPUTE OXYGEN DEFICITE
FURNISH RQS IN PPM, ATEMP IN DEG C, D02 FOR LAST SEG FOR DO PLOT

470 SATDO=14 2652041 #ATEMP+ + 00B*{ ( ATEMP)##2, )~,000078%( ( ATEMP)#3, )

471 DEF1=SATDO-RQS
COMPUTE DEF FOR DO PLOT

474 DEF2=SATDO~DO2

190 TF(KFLAG- 0) 191,196,191

191 ORDEF=TRDEF

1191 TABOD=T ARDD+RBOD

192 ABOD=ABOD+TRBOD

1192 ORDF2=SATDO~RQS

1193 Do2=A(12)

1194 FXTTI=A(13)

1195 TABOD=A(14)

1196 APBOD=A(15)

1197 SLOAD=A(16)
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1198 PTIME=A(17)
1474 DEF2=SATDO-DO2
193 KFLAG =0
194 GO TO 480
196 ORDF2=ORDEF
197 GO TO 480
c SUBROUTINE TO COMPUTE K1 FOR RIVER SYSTEM
C FURNISHATEMP IN DEG C, MEAN V IN FT/SEC, SEGL SEG LENGIH IN MILES
C COMPUTE TIME OF PASSAGE THROUGH SEGMENT
C TIME IN DAYS=MILES*5280,/24*3600* MEANV~FT/SEC)
480 TIME=0.06111*SEGL/VMEAN
C K1 PER DAY AT 20C=,34% REPLACE NEXT CARD IF OTHER VALUE DESIRED
485 FK20=0.34%
C HOLD PREVIOUS KITT VALUE
486 FKTTL=FKTT
C CORRECT FOR TIME OTHER THAN ONE DAY
490 FKTT=((1.047)%% ATEMP-20,0) ) ¥ K20
C CORRECT FOR TEMPERATURE
495 FKTT=1.0-((1.0-FKTT )%*TIME)
C SUBR. TO COMPUTE K2 PER DAY BY THE OCONNER DOBBINS METHOD
C FURNISH SLOPE IN FT/FT, ADEEP IN FT, MEANV IN FT/SEC, ATEMPIN DEG C
500 IF(ADEEP~5.0)501,506,506
C NON=-ISOTROPIC CONDITION, K220 MEANS K2 AT 20 DEG C
BO1 SK20=0,9792% ( SLOPE)*¥.25)/( ( ADEEP)#*1,25)
502 GO TO 510

c ISOTROPIC CONDITION
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506

192

SK20=12,96* ( VMEAN**,5)/( ( ADEEP)**1.5)

307 GO TO 510

510

520

821

522

328

526

530

53%
836

540

541

CORRECT FOR™TEMPERATURE

SKT=5K20%( (14024 )*¥(ATEMP=2040) )

SUBR. TO COMPUTE REAERATION IN A STREAM SEGMENT
FURNISH MEAN NQ IN CFS, TIME IN DAYS, DEF1 IN PPM
K2 PER DAY, ADD Q IN CFS, DEF2 IN PPM FOR DO PLOT
INDEF ( INITIAL DEFICIT FOR ADDED Q)

COMPUTE REAERATION AS POUNDS OF GXYGEN= K2* DEF*LB H20/10%%6)
WEIGHT OF WATER IN SEGMENT = (Q/DAY)(DAYS )(Wr/CF)/10%%6
VOL=53+ 391 36*QMEAN*T IME

IF( ADDQ=0.0) 322,523,325

ADD Q=0.0

COMPUTE REAERATION FOR RQS

REO2=S KT#*DEF1 #VOL

COMPUTE REAERATION FOR DO PLOT

REO2P =SKT*DEF2*VOL

COMPUTE ADDED 02

ADDV=5 239 136%ADDQ

ADD 02 IS FUNCTION OF ADDED Q/DAY*DEF

ADO21 =ADDV*{ DEF1~ORDF2)

ADO22. =ADDV*{ DEF2~ORDEF )

COMPUTE TOTAL AVAILABLE OXYGEN IN SEGMENT PER DAY
TOT AO=REO2+AD021

COMPUTE TOTAL AVAILABLE OXYGEN FOR DO PLOT
TLAOP=REO2P+AD022
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THIS IS A SUBR. TO COMPUTE ALLOWABLE BOD LOAD PER SEGMENT
AND ALSO AVAILABLE 02 VS APPLIED BOD FOR DO PLOT
FURNISH TOTAO IN LB/SEG/DAY,KITT/DAY/SEG,TABOD FOR LAST SEGMENT
K1 FOR LAST SEG, APBOD ( APPLIED BOD FOR LAST SEG)
ADDED BOD IN LB/DAY ( ABOD)TLAOP IN LB/DAY FOR DO PLOT
COMPUTE HOLDOVER BOD

60C HOBOD=T ABOD*{ 1 .0~FKTTL)
COMPUTE TOTAL BOD ALLOWED

605 T ABOD=TOT AQ/FKIT
COMPUTE ALLOWABLE LOAD

610 ALOAD=T ABOD-HOBOD
COMPUTE RESIDUAL APPLIED BOD FOR DO PLOT

615 RABOD=APBOD¥ 1.0~FKTTL)
COMPUTE TOTAL BOD APPLIED TO SEGMENT

620 APBOD=RABOD+ABOD
COMPUTE EFFECTIVE BOD APPLIED TO SEGMENT

622 EFBOD=FKTT *¥APBOD
COMPUTE OXYGEN EXCESS OR DEFICIT

625 XTRAO=TLAOP-EFBOD
SUBR. TO COMPUTE CHANGE IN STREAM DO LEVEL
APPLICABLE FOR DO PLOT
FURNISH MEANQ IN CFS, DO2 INPPM, XTRAO IN 1B/DAY
COMPUTE CHANGE IN DO IN LB/MILLION LB=PPM

630 ADDO=XTRAO/(5.39 136 ¥QMEAN)
REVISE DO2

635 D02=DO2+ADDO



636
637
638
200
201
202

203

205

206

207
210

211

212
213
10

216
217
218

219

194
¥ (D02~0.0) 637,638,638
D02=040
GO TO 200
PTIME=PT IME+T IME
SLOAD=SLOAD+ALOAD
TLOAD=TLOAD+ALOAD
Q=QMEAN
ALL SUBR. FINISHED PUNCH RESULTS
ARRANGE FOR EXPONENT OUTPUT IF NEEDED
IF( SLOAD~100000000.00) 206,210,210 )
PUNCH 7,M(1),M(2),PTIME,RQS,ALOAD,SLOAD,TLOAD,D02,Q,SKT
FORMAT (13,18,F7+2,F6+2,F10,1,F10.1,E1043,F6,2,F9,1,F6.,2)
GO TO 216
TF( ALOAD~100000000.00) 211,215,215
PUNCH 9,M(1),M(2),PTIME,RQS,ALOAD,SLOAD,TLOAD,D02,Q,SKT
FORMAT( I3, I5,F7¢24F642,F 104 1,E1044,E10:3,F642,F9 «1,F6.2)
GO TO 216
PUNCH10,M(1),M(2) , PT IME,RQS ,ALOAD,SLOAD,TLOAD,D02,Q,SKT
FORMAT( I35 I3,F702,F6¢2,E10e4,E1044,E1043,F6.2,F9.1,F6.2)
IF NOT LAST CARD IN RIVER TRANSFER B TO ALl AND READ NEXT GARD
SIDETRACTED DATA TO A- 225PRIMARY, 240 SECONDARY
IF (M(2)~0) ERROR, END, NOT END
IF(M(2)=0) 224,224,217
D0218J=1,5
L(J)=M(J)

D0220 J=1,11
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220 A(J)=B(J)
221 GO TO 130

22

P8

IF (M(5)~1)300,225,240
228 DO 226 J=1,5
226 L(J)=L(H5)
227 DO 228 J=1,17
228 A(J)=A(J+17)
READ NEXT CARD
230 GO TO 250
240 DO 241 J=1,5
241 1(J)=L{J+10)
242 DO 243 J=1,17
243 A(J)=A(J+34)
READ NEXT CARD  COMPUTE TRIBUTARY LOAD ON LARGER STREAM
254 GO TO 230
250 KFLAG = 1
COMPUTE 02 DEFICITE AND RESIDUAL BOD FOR TRIBUTARY
251 TRBOD=APBOD¥ 1.0-FKTT)
1251 RBOD=TABOD
252 TRDEF=SATDO-~DO2
253 PUNCH 8
254 PUNCH 28
255 GO TO 130
300 TRBOD=APBOD¥ 1.0~FKTT)
301 TRDEF=SATDO-DO2

302 PUNCH40,TRBOD,TRDEF ,TABOD,FKTT
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40 FORMAT( 5HTRBOD,,E10«345HTRDEF , E10a3y5HT ABOD, E1043,4HFKTT ,E10<3)
303 TYPE 11
11 FORMAT(13H END OF PROGRAM)
304 PUNCH 11
305 STOP

306 END




197
Program Three

Ildal Zone Waste Assimilation Progxam

The purpose of this program is to compute the waste assimilation
,:..;\ac..'.' ‘. PEEHEE BN

capacity of ’éhé tidal zone of a single river. This program does not
provide for a plot of the dissolved oxygen profile.

Program Notatien Key

Zone A Zone B

(1) M(1) River Number

1(2) M(2) River Mile

L(3) M(3) - Complete Data Flag

A1) B(1) River Mile

A(2) B(2) Tempezature (Degrees C.)

A(3) B(3) River Quality Standard (p<psm.)
A(4) B(4) Fresh Water Flow (Cefes.)

A(B) B(5) Added Flow (Gafese)

A(6) B(6) Oxygen Deficit of Inflow Water (pepem.)
A7) B(7) Mean Depth (ft.)

A(8) B(8) Mean Cross Section Area (sq. ft.)
A(9) B(9) Zbb Current (ft./sec.)

A(10) B(10) Time of Ebb (hours)

A(11) B(11) Flood Current (ft./sec.)

A(12) B(12) Time of Flood (hours)

A(13) B(13) Salinity (parts per thousand)

ADDQ Fresh Watexr Flow Added in Segrhent (Cofese)




ADDV
ADEEP
AD021
ALOAD
ATEMP
DEF1
DO2
EBEC
EBET
FKIT
FKITL
FK20
FK20T
FLGC
FLOOY
HOBOD

PTIME

QMEAN
RE02
RQS
SALT

SATDO

SEGL

SKT
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#eight of Added Flow Per Day (lbs/day)
Mean Depth (fta)
Total AQailable Oxygen in Segment Per Day (1lbs/day)
Allowable BOD Load Which Could be Added to Segment (1lbs/day)
Average Temperature in Segment ( Degrees C.)

Oxygen Deficit to RQS (pepeme)

* Dummy Value Not Used in Program

Ebb Current (fte/sec.)

Duration of Fbb Current (hours)

Kl Value Adjusted for Time, Temperaturey and Salinity
Kl for Lést Segment

Kl at 20 Degrees Centigrade

Kl at 20 Degrees Centigrade Modified for Time

Flood Current (fte/sec.)

Duration of Flood Current (hours)

Residual Allowable BOD From Previous Segment (1lbs/day)
Passage Time of Fresh Water without Tide Action (days)
Mean Flow

Mean Fresh Water Flow (Cefese)

Reoxygenation in Segment at RQS (1bs/day)

River Quality Standard for Dissolved Oxygen (pepeme)
Mean Salinity (parts per thousand)

Saturation Dissolved Oxygen for glven Temperature and Salinity
(pepette) |
Length of Segment (miies)

K2 at given Temperature and Salinity




SK20
SLOAD
TABOD
TIME
TLOAD

VMEAN

VOL
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K2 at 20 Degrees Centlgrade

_Total Allowable BOD on Censidered River (1bs/day)

Total BOD Load Allowed in Segment (1bs/day)

Mean Time in Segment (days)

Total Allowable BOD in River System (1bs/day)

Mean Effective Current Velocity for Reaeration Capacity
Determination (fta./sece)

Welght of Water in Segment (1lbse)




START

A4
[ PUNCH NAME OF PROGRAM

READ DATA VALUES FROM

UPSTREAM PORTION OF RIVER

READ FIRST DATA

SET INTO ZONE A

PUNCH COLUMN HEADINGS

SET INITIAL VALUES

NOT FURNISHED

PUNCH INITIAL VALUES

]

READ NEXT DATA

SET INTO ZONE B

200

Flow Chart

Y

COMPUTE MEAN

VALUES FOR SEGMENT

COMPUTE OXYGEN

DEFICIT TO RQS

PROVIDE K1 AND
MODIFY FOR TIME,

TEMPERATURE, AND SALINITY

COMPUTE K2 AND
MODIFY FOR

_TEMPERATURE
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| COMPUTE AVAILABLE |

OXYGEN PER DAY

| COMPUTE ALLOWABLE |

'BOD LOAD IN

SEGMENT PER DAY

COMPUTE SUMS

.|AND PASSAGE TIME

PUNCH OUTPUT

NO TRANSFER DATA FROM
THIS LAST DATA

ZONE B TO ZONE A

YES

PRINT: END OF PROGRAM
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Program Listing

C  WASTE ASSIMILATION PROGRAM =~ RIVER WITH TIDES
o READ LOADS FROM UPSTREAM PORTION |
80 READ 81, TABOD, FKTT, SLOAD, TLOAD
81 FORMAT (E10a3y E10e3, El0e3, E10+3)
99 DIMENSION A(20), B(20), L(3), M(3)
100 PUNCH 1
1 FORMAT(3BHTIDAL ZONE WASTE ASSIMILATION CAPACITY)
105 PUNCH 2
2 FORMAT(28H PREPARED BY ROY W. HANN JR.)
c READ DATA
115 READA4L(1),L(2),L{3),A(1),A(2),A(3),A(4),A(5),A(6)
4 FORMAT(13,14,11,E10.3,131‘o,3,510.3,51o.3,Eio.s,Elo.s)
116 READS,A(7),A(8),A(9),A(10),A(11),A(12),A(13)
5 FORMAT(E10+34E10+34E1034E1023,E1043,E10+34E10+3)
C ' PUNCH HEADINGS
113 PUNCH 8
120 PUNCH 28
8 FORMAT(4IH RN RM TIME RQS ALOAD SLOAD)
28 FORMAT(46X,26HTLOAD D02 FLOW  K2)
121 D02=0.0
1125 ALOAD=0.0
126 PTIME=0.0
127 PUNGHT,L(1)sL(2) ,PIINE,A(3)sALOAD,SLOAD,TLOAD,DOZ;A(4 )

C READ NEXT DATA
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130 READ4,M(1),M(2),m(3),B(1),B(2),B(3),B(4),B(5),B(6)
131 READB,B(7),B(8),3(%),B(10),8(11),B(12),B(13)
c DEFINE AND MODIFY DATA
180 SEGL= A(1)=B(1)
181 ATEMP=0.3% A(2)+B(2))
182 RQs=A(3)
183 QMEAN=O+5%{A(4 )+B(4))
184 ADDO=B(4)-A(4)
*1184 ORDF2=B(6)
1185 AREA=0.5%( A(8)+B(8))
185 ADEEP=0.3% A(7)+B(7))
186 EBBC=0.5%A(Y M43(21))
187 EBBT=0.5%( A(10)+B(10))
188 FLOBC=0.3% A(11)+B(11))
189 FLODT=0.5%(A(12)+B(12))
190 SALT=0.5%( A(13)+B(13))
1190 VNET=QMEAN/AREA
191 VMEAN=(EBBT/( EBBT+FLODT ) )*(( +BE3HEBRC ) #4045 )
192 VMEAN=VMEAN+ FLODT/( EBBT-+FLODT ) )% ( J583%FLODC)#05)
193 VMEAN=VMEAN#%2,0
470 SATDO=)42652-0 +41¥ATEMP+,008%( ( ATEMP ) ##24 )2 000078% ( ATEMP ) #43, )
1470 SATDO=SATDO~SALT 040841002536 #AT EMP+e0000374¥ ( ATEMP)#*%2.0) )
471 DEFI+SATDO~RQS
480 TIMB=0:06111%SEGL/VNET
483 FK20= 0.348
486 FKTTLAFKTT

. 0
‘ I —
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495 FKTT=((1.047 )% ATEMP-20.0))*FK20
o CORRECT FOR SALINITY

1495 SALT2=SALT

1496 SALT= 1e81¥SALT

496 TF(SALT=640)1497,1497,497

1497 IF(SALT=3.0)1498,497,497

1498 SALT=6+0-SALT

497 FKTT=FKITH 12111-,01233% ( SALT=3.0)#%2,0))

498 GO TO 506

499 FXTT=FKTTH 1.0w(:021% SALT-640)))

300 FKTT= 1e0=((1e0~FKIT )T IME)
Cc EVALUATE K2 AND MODIFY

806 SK20=12.96% VMEAN::*,3)/(( ADEEP)#%1,5)

510 SKT=SK20%( (14024 )%# ATEMP=2020))
1510 SALT=SALT2
. 2100 REDUC= 120=0+059 % ( SALT )##0.5)
2101 SKT=SKT#*REDUC
c COMPUTE AVAILABLE OXYGEN

520 VOL=5.39 136 *QMEANST IME

521 IF( ADDQ-0.0)522,525,525

522 ADDQ= 0.0

525 REO2=SKT¥*DEF1*/OL

830 ADDV=5.39136*ADDQ

535 ADO21= ADDV#* DEF1~ORDF2)

540 TOT AO=REO2+ADO21

600 HOBOD=TABOD¥ 1.0-~FKITL)



c
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605 TABOD=TOTAO/FKTT

610

200

COMPUTE ALLOWABLE BOD LOAD
ALOAD=T ABOD~HOBOD
COMPUTE SUMS

PTIME= PTIME+TIME

201 SLOAD=SLOAD+ALOAD

202 TLOAD=TLOAD+ALOAD

203

205
206

Q=QMEAN
PUNCH OUTPUT
TF( SLOAD~10000000000 ) 206,210,210

PUNCHT,M(1),M(2) ,PTIME,RQS,ALOAD,SLOAD,TLOAD,D02,Q  ,SKT

7 FORMAT( I3y I34F72,F6423F10¢1,F10213E10e34F6e23FOa14Fba2)

207
210
211

GO TO 216
IF( ALOAD=100000000+00 211,215,215
PUNCH93M{1) ,M(2) , PTIME,RQS , ALGAD,SLOAD,TLOAD,D0O2sQ  SKT

9 FORMAT( I3y I54F7+23F622yF1021{E1044,E1043 jEE«23F9 « 1,F622)

212
215

GO TO 216

PUNCH10,4M(1),M(2) ,FTIME,RQS ,ALOAD,SLOAD,TLOAD,D02,Q  SKT

10 FORMAT( I35 I5sF723F6223E10¢43E10244E10234F6+24F921,F622)

216 TE(M{ 2RO 28My2045217 T,

217

218

219
220
221
224

DO 218 J=1,3 %
L{J)=m(J)

DO 220 J=1,13

A(J)=B(J)

GO TO 130

GO TO 303



'2.303 TYPE 11
11 FORMAT(1SEND OF PROGRAM )
304 PUNCH 11
308 STOP

306 END

206



The purpose of this program is to compute the mean current
velogities for each hour of the tidal cycle at cross sections of the

tidal zone of a river.

A(1) to
A(18)
B(1) to
(189
D2) to
{17)
AREAL
DELTQ

ELEVL

RFLOW

SDQ

TIDE

TIDEC

207 i

Progaram Four

Cubature Program

Program Notation Key

Mean Tide Elevation in Segment foxr Each Houxr from
Midnight to 5 PaMe

Tide Elevation at Downstream End of Segment for Each Hour
from Midnight te 5 P.M.. |

Tide Change in Segment During Period from One Hour Before
to One Hour After Considered Time

Area of Cross Section at Low Tide (sqe fta)

Volume Change in Segment Per Setond (cue fta)

Elevation of High Tide (fte)

Elevation of Low Tide (ft.)

River Flow (Cefase)

River Mile

Summation of Volume Change Per Second above Downstream
End of Segment (cue fteo)

Mean Tide Elevation during Considered Time (ft.)

Tide Change in Time Period (ft.)

Surface Area per Time Period

Velocity through Cross Section during Time Considered
(£to/sece) |
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w River Width at Time Considered (fts/sece)
WIDEH River Width at High Tide (fta.)
WIDEL River Width at low Tide (fta)

X Cross Section Area at Time Considered (sqe fte)




READ MILE NUMBER

OF HEAD OF TIPE

| PUNCH NAME OF PROGRAM

209

Flow Chart

;

READ CHANNEL

DESCRIPTION

. READ TIDE ELEVATIONS
FOR EACH HOUR FROM

MIINIGHT TO 5 P.Me

INTO B(1-18)

THIS FIRST DATA

YES

SET A(1~18)
EQUAL TO B(1-18)

SET I{1-18)

EQUAL TO ZERO
]
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COMPUTE AVERAGE TIDE

ELEVATION IN SEGMENT

AND STORE IN A(1~18)

-

SET TIME = 0.0

PUNCH HEADINGS |

DO THE NEXT 9 STEPS
16 TIMES USING EACH HOUR'S

DATA FROM 1:00 AM TO 4:00 PM

COMPUTE TIDE CHANGE FROM

TIME - 1 HOUR TO TIME + 1 HOUR

COMPUTE WIDTH AT TIME CONSIDERED—]

COMPUTE SURFACE AREA

PER TIME CHANGE
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\

COMPUTE VOLUME CHANGE IN

SEGMENT PER SECOND

COMPUTE VOLUME CHANGE
UPSTREAM OF SEGMENT

LOWER BOUNDRY PER SEGMENT -

. COMPUTE F&0W ACROSS

LOWER BOUNDRY PER SECOND

COMPUTE CROSS SECTION AREA

AT TIME CONSIDERED

COMPUEE WELDGITY . ACROSS
L BOUNDRY AT TIME CONSIDERED -

‘PUNCH RESULTS

TRANSFER B(1~-18)

~TO A(1-18)




C

Cc
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¥ Program Listing

CUBATURE PROGRAM

11 PUNCH 1

1 FORMAT(42HCUBATURE PROGRAM PREPARED BY ROY W HANN JR)
10 DIMENSION A(18),B(18),D(18)
110 READ 9,PRM

9 FORMAT(E}0.3)

13 KFLAG=L

12 READ34RM,ELEVL,ELEVH,WIDEL,WIDEH,RFLOW, AREAL

3 FORMAT( E10+34F1023,E1043,E10«34E103,E10+3,E1023)

20 READ2,B(1),B(2),B(3),B(4),B(5),B(6),B(7),B(8),B(9)
21 READ24B(10),B(11),8(14),B(13),B(14),B(15),B(16),B(17),B(18)

2 FORMAT(F6224F6229F6224F6e2,F622yF622yF6229F6224F6+2)
22 SEGL=(Riu=PRM)*5280+0

31 IF(KFL@G-l)40,32,40

FLAG TO TELL IF FIRST DATA

32 KFLAG=0

33 DO 34 1=1,18

34 A(1)=B(1)
134 DO 3% I=1,18

35 D( I)=0.0

CHANGE A(I) TO MEAN VALUE

40 DO 41 1=1,18

41 ACT)=(ACT)+B(1))/20

42 TIME = 0.0
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1142 PUNCH 7

1143 PUNCH B
7 FORMAT(36H RM TIME TIDE TIDE CHG V)
8 FORMAT36X,36H DELTA Q Q XSEC AREA V)

43 PO 6B I=2,17
44 TIDEC=A(I-1)~A(I+1)
45 TIMBE=TIME+1a0
46 W=( (( A(T )-ELEVL)/( ELEVH~ELEVL) )% WIDEH~WIDEL) }+WIDEL
47 U=WASEGL/720040
48 DELTQ=T IDECHJ
49 p{ 1)=D(I)+DELTQ
50 SDG=D{I)
. 60 Q=RFLOWSIQ
68 %= A(1)~ELEVL)¥ (W+WIDEL)/240) )}+AREAL
66 V=0/%
67 TIDE=A(I)
B FORMAT(F6e1yF62lyF722yF7225F10¢03F10204F10204F1040,F6¢2)
68 PUNCH®4RM,TIME,TIDE,TIDE,U,DELTQ,Q4X,V
69 PRM=RM
70 DO 71 I=1,18
71 A(1)=B(I)
" 72 TF(RW0.0)100,100512
100 PRINT &
6 FORMAT(14HEND OF PROGRAM)
101 sTOP

102 END
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Prpgrap Flve

Point load Versus Uniform
5s» Iteration on DAy DE. K2
S5ba ITteration on Flow

The Purpose of these programs is to evaluate the reduction which
must be made to the uniform allowable load if BOD loads are applied as
point loadse

Program Notation Key

A,B,C Convenlenge Names for Answers to »Pcrt&nnscﬁfiﬁ,quatinns
ALOAD Allowable Uniform BOD Load for Segment of Length TSEGB
(1bs/day) 8
BODI. Mogified Point Load Value Using BOD2 as Pravious Value
(1bs/day)
BOD2 Initial Guess of Point Load Which May be Applied (1lbs/day)
DA Initlal Oxygen Deficit (pepeme)
DAT Tnitial Deficit (1lbs/day)
DC Oxygen Deficit at Critical Point (papam.)
DFT Dissolved Oxygen Deficit as Function of Time (lbs/day)
EFF Ratio of Point Load to Uniform Load
F Ratlo of K2
K
FKT K1
Q River Flow (Gefese)
RATIO Ratio of Initial Guess and Next Guess is Trial and Error

Solution



" SKT
TC
TSEGA
TSEGB

TSEGC

215
K2
Time to Critical Point (days)
Value Less Than True River Recovery Time {days)
Value Midway Between TSEGA and TSEGC (days)

Value Greater Than True '‘River Recovery Time (days)



Program Ba

[

PUNCH NAME OF PROGRAM |

READ RIVER FLOW

DO THE REST OF THE
PROGRAM 8 TTIMES

DOUBLING K2 EACH TIME

SET IC

DO THE REST OF THE PROGRAM
THREE TIMES INGREASING
IC BY 10 EACH TIME

SET DA

DO THE REST OF THE PROGRAM
THREE TIMES INCREASING

DA BY. 1.0 EACH TIME

216
Flow Chart

SR

Progxram 5b

START

4

| puNcH NAME OF PROGRAM l

READ RIVER FLOW

SET K1 AND K2
DA AND EC

DO THE REST OF THE
PROGRAM 10 TIMES
DOUBLING THE RIVER

FLOW EACH TIME
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NOTE: Program 3a and Bk are identical from this pointe

ASSUME BOD POINT
EQUALS LOAD THAT IS

OBTAINED IF DA=0

T~

SOLVE FOR ACTUAL ALLOWABLE
POINT LOAD

(NOTE: POINT LOAD=

1

F( POINT LOAD))

COMPUTE RATIO OF NEW
VALUE AND INITIAL VALUE

( LARGER/SMALLER)

RATIO GREATER

YES

THAN 101

1

REPLACE INITIAL
GUESS WITH
NEW ANSWER
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NOTEt POINT LOAD IN NOW
DETERMINED TO ONE

PERCENT ACCURACY

SOLVE FOR TIME TO

CRITICAL POINT (TG)

LET TSEGA®IC

DOUBLE TSEGA UNTIL A TIME VALUE IS

FOUND WHICH YEILDS AN OXYGEN DEFICIT [

LESS THAN DA.
THAT YALUE IS CALLED TSEGC AND THE
PREVIOUS MULTIPLE OF THE ORIGINAL
TSEGA REMAINS TSEGA

__k

SET TSEGB=ISEGALTSEGB
2

SOLVE FOR DFT

FIND RATIO OF DFT AND DAT
( LARGER/SMALLER)
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IS

RATIO GREATER > YES DFT GREATER
THAN 1.01 THAN DAT
NOTE: RECOVERY TIME TSEGA=TSEGB
HAS BEEN DETERMINED é)
“TO.ONE. PERGENT ".ACCTIRACY
SOLVE FOR ALLOWABLE
UNTIFORM BOD LOAD
FOR SEGMENT EQUAL [ TSEGC=TSEGB
TO RECOVERY LENGTH

COMPUTE RATIO OF POINT

LOAD TO UNIFORM LOAD

PUNCH RESULTS

| END OF PROGRAM
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Program 53 Listing

100 PUNCH 1
1 FORMAT(22H POINT LOAD COMPARISON)
101 PUNCH 2
2 FORMAT{26H PREPARED BY ROY W HANN JR)
110 READ 10,Q
10 FORMAT( E12+5)
111 FKT=e433
3 FORMAT(13)
124 SKI=0.025
TTERATE ON k2
130 DO 506 K=1l,14
131 KA=K
132 PRINT 34KA
133 SKI=2.0%SKT
134 DC=242
TTERATE ON IC
140 DO 306 L=21,23
141 LA=L
142 PRINT 3,LA
143 DC=DC+120
144 DA=(~0<5)
TTERATE ON DA
150 DO 506 M=3ly33
151 MA=HM

152 DA=DA+1.0
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133 PRINT 3,MA
135 PUNCH 4
4 FORMAT(3BH FLOW K2 ©DC DA POINT LOAD)
136 PUNCH 5
5 FORMAT(38X,34HUNIFORM LOAD EFF SEG TIME RATIO)
280 DAT=5.39134%Q¥*DA
282 F=SKT/FKT
283 TC=LOG(F)
284 TC=(1.0/(FKT¥ F~1.0)))¥*TC
285 BOD2=(FKT¥*IC)
286 BOD2=2."T1B28##B0D2
287 BOD2=5.39 134 ¥ QRDCHF#BOD2
300 TC=F#{1a0%((F~1+0)% DAT/BOD2)))
301 TC=LOG(TC)
302 TC=(1+0/(1+0=F))%*IC
303 TCL=2471828%¢TC
304 BOD1=5439134*DCHF*Q/TC1
305 IF(BOD1~BOD2) 320,325,325
320 TEST=BOD2/BOD1
321 GO TO 326
325 TEST=BOD1/BOD2
326 IF(TEST=1+01)330,330,327
327 BOD2<BODL
328 GO TO 300
330 TC=(1.0/FKT)¥(~TC)

331 TSEGA=TC



332 TSEGB=2.0*TSEGA
333 B=(=SKT ) #TSEGB
334 B=2.71828##B
335 A=(~FKT )*TSEGB
336 A=2.71828%%A
337 C=(FKT*BOD}/( SKT~FKT))
338 DFT=C¥ A-B)+DAT*B
339 IF {DAT=DFT) 340, 350, 350
'340DFT NOT LARGE ENOUGH 380 TOO LARGE
340 TSEGA=TSEGB
341 GO TO 332
350 TSEGC=TSEGB
331 TSEGB;O.S*(TSEGMTSEGC)
382 B=(~SKT )#'SEGB. .. "Z'C/
353 B=2,71828%¥B
384 A=(wFKT )#TSEGB
355 A=2,71828%%A
356 C=(FKT*BOD]/( SKT=FKT))
357 DFT=C¥ A-B)+DAT*B
1357 IF( DFT=0.0)1358,358,358
1358 PRINT 6
6 FORMAT(22HEFFOR NEGATIVE DEFICIT)
358 TF(DAT~DFT )400, 410, 410
400 RATIO=DFT/DAT
401 TF(RATIO~1.01) 500, 5004 405
405 TSEGA=TSEGB
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406 GO TO 351
410 RATIO=DAT/TFT
411 IF(RATIO-1.01) 30O, B0O, 415
Al% TBEGC=TSEGB
416 GO TO 351
C  TSEG HAS BEEN EVALUATED
500 ALOAD=S.39 134 *Q¥DCH#TSEGB¥SKT
501 BODL = BOD1¥ 1.0~(2.71B2B¥# FKT*TSEGB)))
503 FKT=.435
505 EFF=BOD1/ALOAD
1505 RATIO=TC/TSEGB
8 FORMAT(F1041,F6e3,F5¢2yF342,F12¢1,F1241,F6:3,F10.2,F6.3)
506 PUNCHB,Q,SKT ,DC,DA,BODL , ALOAD, EFF ,TSEGB,RATIO
507 PRINT 7
7 FORMAT( 14HREAD NEXT FLOW)
511 GO TO 110
512 STOP
513 END
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Program 3b Listing

100 PUNCH 1

1 FORMAT(22H POINT LOAD COMPARISON)

101 PUNCH 2

2 FORMAT(26H PREPARED BY ROY W HANN JR)

110 READ 10,Q
"10 FORMAT(E12.8)
111 FKI=.435

3 FORMAT(13)
124 SKI=0.l
128 DC=4.2
126 DA=0.3
127 DO 806 K=1,10
128 KA=K .
129 PRINT 3,KA
130 Q=2.0%Q
135 PUNCH 4

4 FORMAT{38H FIOW K2

136 PUNCH 5

IC

DA POINT LOAD )

% FORMAT(38X,34HUNIFORM LOAD EFF SEG TIME RATIO)

280 DAT=5«39134%Q¥DA

282 F=SKT/FXT

283 TC=LOG(F)

284 TC=(1+0/(FKT*¥F=1.0)))¥*C
BB BOD2=2471828%4B0I2

286 BOD2=2.71828#%30D2



287 BOD2%439134#QNDCHEXBOD2

300 TC=F¥{1.0~( (F=1+0)¥ DAT/BOD2)))

301 TC=LOG(TC)

302 TC=(10/(1+0~F))*TC

303 TCl=2.71828TC

304 BOD1=5.39134#*DC*F#Q/TC1

305 IF(BOD1~BOD2)320,325 4325

320 TEST=BOD1/BOD2

321 GO TO 326

325 TESI'?BODQ/BODI

326 JF(TEST~1.01)33%,330,327

327 BOD2=BOD1 |

328 GO TO 300

330 TC={1.0/FKT ) ¥ ~IC)

331 TSEGA=IC

332 TSEGB=2+0%TSEGA

333 B=(~SKT)*T'SEGB

334 B=2.71828%%B

335 A=(~FKT)®TSEGB

336 A=2.T1828%%A

337 C=(FKT*BODL/(SKT~FKT))

338 DFT=C*( A~B)+DAT*B

339 IF (DAT~IFT )340,350,4350
340DFT NOT LARGE ENOUGH 350 TOO LARGE

340 TSEGA=TSEGB

341 TO TO 332
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350 TSEGC=TSEGB
351 TBEGB=0.3% TSEGA+TSEGC)
352 B=(-SKT )*TSEGB
333 B=2.71828%%3
354 A=(-FKT)*TSEGB
335 Am2,'71B28%%A
356 C=(FKT*B0DL/(SKT~FKT))
357 DFT=C*( A-B)+DAT*B
1357 1F(DFT-0.0)13%8,358,358
1358 PRINT 6
6 FORMAT(22HEFFOR NEGATIVE DEFICIT)

358 IF(DAT-DFT)400, 410, 410
400 RATIO=TFT/DAT
401 TF(RATIO-1.01) 500,500,405
405 TSEGA=TSEGB
406 GO TO 351
410 RATIO=DAT/DFT
411 TF(RATIO-1.01) 800, 500, 415
413 TSEGC=TSEGB
416 GO TO. 351

TSEG HAS BEEN EVALUATED
500 ALOAD=5 39 134 #Q#DCHRTSEGB*SKT
501 BOD1=BODI*(1.0=(2.71828%% FXT*TSEGR)))
503 FKI=.435
505 EFF=BOD1/ALOAD

150% RATIO=TC/TSEGB
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8 FORMAT(F10e1,F6e3,FBe2,5522,F1241}F121 ,F6235F10 ¢2,F6.3)
506 PUNCHS,Q,SKT,DC,DA,BOD1ALOAD, EFF ,TSEGB ,RATIO
507 PRINT 7
7 FORMAT( 14HREAD NEXT FLOW)
511 GO TO 110
512 STOP

813 END



