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ABSTRACT

A mathematical model describing the intarrelationship between the
dissolved oxygen concentration of a river and its various sources and sinks
has bzzn zdaptad for use in a study of the Lower Fox River in Wisconsin.
Th: an2lvsis pssumes steady-state conditions and describes the longitudinal
dict-ibotion of dissolved oxygen in the river from Nzanah-M=nasha to Green
Jay, a distance of aporoximately A0 miles (64.4 km).

The modzl was varifiad o~ various conditions of waste loading, river
Tavcatyer . - ad river flow.  Tha model was then used to evaluate the effect
op wato - au4ality of imnlementing intarim hest practicable control technol-
goy “iTi.ent Vimitatieqs for industrial discharasrs and 90 psrcent 30D re-
mave | Tran mpmicinal waste ccources, as an estimale of levels of treatment
rzquirad v th= 1972 Amnsndments to the Federal Yater Pollution Contral Act
Ny nrrees issued by the disconsin DMR, respectively. The study in-
dicaied thet imromentation of the abov: n9tTuent Timits will kesult in a
significant improvomont in water quality in tne Lewar Fox River. A daily
average dissolved oxygen concentration of 4 to 3 mg/) will be maintained

under most flow conditions. During an extrem2 low flow and high temperature

situation, tne dissolved oxyqgsn cen-hirition could dror to 2 to 3 mg/l.



TABLE OF CONTENTS

LIST OF TABLES
LIST OF FIGURES
NOMFNCLATURE
INTRNDYUCTION
MODEL DEVELODPMENT
Theory
Initial Conditions
Atmospheric Reaeration
Biochemical Oxygen Demand
Carbonacecus BOD
Nitrogencus BOD
Photosynthosis and Respiration
Benthic Oxygen Nemand
Raaeration Over Dams
Physical Parameters
Sieche Effect
Survey Data
Proposed Effluent Limitations
RESULTS
Modal Verification
Model Sensitivity
Water Quality Pradiction

requency of Occurrence Below Given Dissolved Oxygen Levels

10

12

18
15
20
23
24
27
27
3z

3z



SUMMARY
ACKNOWLEDGEMENTS
REFERENCES
APPENDIX
Program Listing
Cocumentation

Input - Output

44
45
46
48



LIST 0F TABLES

TALE PAGE
1 Ratio of Jltimatz o farboniceuus K0OD 10
2 Snatial Variation of Algal Oxygen Froductirn and

Respiratinn 15
3 Reserition 0:er Dam: 18
4 Physical ParameZers 21-72
9 Summary of Veste Discharges 26
5 Model Verificetion Sensitivity 33
7 Summary of Medal Input [t 37
| Mod=1 Prediction Sensitivity 4n
5 Freguency uf Occurrence Ralow Given Dissolved Oxygen

Lavels at Mile Point 7.3 43



LIST OF FIGURES

FIGURE PAGE
1 Map of the Lawer Fox River 2
2 Mass Balance of Total Nitronen 13
3 Model Verification, Aucust Y0, 1071 28
4 Model Verification, Jure 20-21, 1§72 23
5 Model Verification, July 5-5, 1772 30
§  Model Verification, July (1 17372 3
7 Model Predictinn, 1672 35
8 Comparison of [378 Pradizting Conditions to

June, 1972 Survey Nata 33
9 Sensitivity to Benthic txrry + owid 4

10 Sensitivity to Algal Ox»qss - onction 42



Cp =

chl-a =

wd =

Xd'-'

NOMENCLATURE

coefficient of dam reaeration

river cross-sectional area

concentration of disse’l scd axvgen

dissolved pxygen ahnve = dew

dissolved nxygen heloy & dam

concentration of chloraphyll-a

saturation valus of Jirunlvai oxygen

deficit of dissolvad axvgen

deficit of dissolvod oxygen abave a dam

deficit of dissolved oxygesn below a dam

initial dissolved cxygen deficit

percent of Lthe ri,o> hoito 1 crvered by sludge deposits
average river depth

height through which water falls over a dam

reacration coefficient

deoxygenation coefficicnt

first order NBOD decay coefficient

first arder CBOD decay coafficient

carbonaceous BCGD ({RORG) dist:ibutinn

initial carbnrnacecus RZP

nitrogenous JCT {&M30) distirbutivg

gross photosynthatic dizsolved nqagen production

period of algal phatosynthesis, i.e., period of daylight
average daily photosynth2tic cxygen production

river flow rate

alpal dissnlvad nnvnen vosoireation
benthic awwgen opea 2t T e (A1)
bentnic oaygen uateie cr- 7ot o Tunluretriz)

river teneraturs

tiva of rrave:

avarige cisor v oih

dissnle~d oxyezp 3 2 U0 0 0 o o av tpibutary
distence i o

spatial rmatac

(ft?)

(mg/1)

(mg/1)

(mg/1)

(mg/1)

(mg/1)

(mg/1)

(mg/1)

(mg/1)

(mg/1)
(decimal)
(ft)

(ft)

(1/day)
(1/day)
(1/day)
(17day)
(mg/7)

(mg/1)

(ma/1)

(mg 03/1-day)
(days)
(mg/1-day)
(cfs)

(mg 07/1-day)
(gm 0/n-day)
(mg 0,/1-day)
(°c)

(days)
(ft/sec)
(Ths/day)
(wites)

{miles)



-1 -

INTRODUCTION

Gross water pollution has existed in the Lower Fox River and Green
Eay, Wisconsin for a number of years. Concentreted in this basin are
eight urban areas and nineteen pulp and naner manufacturers that make in-
tensive use of the river for disposal and assiriilation of wastes. The
lcwer river, approximately 40 miles (69.4 km) in Tength, flows in a north-
easterly direction through a series of 18 Incks and dams used for navi-
gation and hydroelectric purposes. The drainage area of the basin is 419
square miles (1085 sgq. km). (See figure 1)

Because of the continuing gross water pollution in the river, the U.S.
“nvironmental Protection Agency (EPA) and the Wisconsin Department of
Natural Resources (DNR) initiated a series of enforcement actions against
the various industrial and municipal waste dischargers in the Lower Fox
River basin. The Wisconsin DNR has issued arders reguiring municipal waste
sources to remove 90% of the biochemical ox:n.r dezmand contained in their
waste influents. The 1972 Amendments to the Fe-“:ral Water Pollution Control
Act provide that municipalities shall provide, As 2 minimum,secondary treat-
ment, and industries shall achieve "best practicable cantrol technology"
(BPT) by no later than 1977. \Under the Act, E™A i3 reguired to define final
effluent guidelines representing BPT hy Octrhev 1973, The effluent limits
far industrial dischargers used in this rennrt and summarized in Table 5

an

waere derived from interim guid=Tlines iv v by "% p early 1573 which were
develnnad in anticipaticn of the 1972 Amawet - The cembination of 350%
BOD removal for municipalities and iFe icous'vist limitatiens in Table 5 are
referrad throughout this rapcrt as ¢+ " 0 =4 «fflyent limitations." The

1972 Amendments also require that in  Jii’.:on fo maeting the municipal and
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industrial guidelines, the water guality standards must be met. For the

Fox River upstream of the upper dam at Appleton, the water guality standards
provide far all water uses including fish and aquatic 1ife and recreatinonal
use. These uses require among other parameters that the dissolved oxygen
shall not be lawered to less than 5.0 mg/1 at any time. The Fox River from
the upper dam at Appleton downstream ito ti2 Viilage of Wrightstown shall meet
a11 standards except that the dissolvea cxygen shall not be lowered to

less than 3.0 mg/1 during any consecutive 8 hours of a 24-hour period nor

to less than 5.0 mg/1 for the remainder of the day. The Fox River below the
Village of Wrightstown downstream tu the mouth shall meet all standards except
that the dissolved oxygen shall not be Towared to less than 2.0 mg/1 at any time.

In 1969, the engineering firm of Quirk, Lawler, and Matusky (QLM) developed
a modz]1 of the river far the Wisconsin DNR. The data base used far
verification of this model was not as complete as that presently available.
Extensive river surveys performed during the summers of 1371 and 1972 have
accumulated enough new data to allow a hetter estimate of certain parameters
and thus permit the development of an updated mod=1 for the Lower Fox River.

The purpose of the work presented here was to evaluate the effect on
the water quality of the Lower Fox River of implementing the proposed effluent
limitations for industrial and municipal sources and to evaluate if these
contral levels would achieve existing water quality standards.

The scope of the study was limited to develnping a steady-state, one-
dimensinnal model based an availshles dats and using an existing computer pro-
gram. A discussion of the theoretical backgrousd is presented first, followed
hy a description of the development end varification of the model. An
evaluation of the effact of the prosrici 7. L limitations on water quality

in the Lower Fox River is then pireees Lea
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MODEL DEVELOPMENT

Theory

The dissolved oxygen concentration of a natural water system indicates
the general "health" nf a stream, and its abjlity, or inability, to main-
tain a diverse population of fish and aguatic life. The conservation of
mass forms the basis for the fundamental relationships which describe the
temporal and spatial distribution of dissolved oxygen in the natural water
system. Both the net flux into and the effect of various sources and sinks
within a unit volume of water determine the change in dissolved oxygen con-
centration with time. For a fresh water river such as the Lower Fox,
the advective compenent of the flux is much more significant than the dis-
persive component. Hence, the dispersive term was neglected in the
development of the model.

An understanding of the overall effect of the complex interactions among
the system parameters can be gained by mordiz1ing the interrelationship
between the varjous sources and sinks and the dissolved oxygen concentration
in the river. The specific equation is developed by a mass balance employing

the continuity equation and takes the following form: (Thomann, 1572)

3c = - 13(0c) - K4L - KyN + K5 (Cs-C) (1)
At A 3x

- SY(x,t) + P(x,t) - R(x,t) + Ky(Cy - Cp)

in which
A = river cross-sectional arca (ft2)
C = concentration of dissalved oxygen (Du) (mg/1)
Ca = dissolved oxygen above 3 dam (mg/1)
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Ch = dissolved oxygen below a dam (mg/1)

Cs = saturation value of dissolved oxygen (mg/1)

Ky = reaeratijon coefficient (1/day)

K4 = deoxygenatinn coefficient (1/day)

K, = first order NBOD decay coefficient (1/day)

L = carbonaceous BOD (CBOD) distribution (mg/1)

N = nitrogenous BOD (NBOD) distribution (mg/1)

P = gross photosynthetic dissolved nxygen production (mg/1-day)
Q = river flow rate (cfs)

R = algal dissolved oxygen respiration (mg/1-day)

S! = penthic oxygen uptake coefficient (volumetric) (mg/1-day)
t = time (days)

X = distance downstream (miles)

In equation (1), the concentration of dissolved oxygen is assumed to
be uniform in the lateral and vertical planas. The sources and sinks may
be functions of their own concentrations or the cancentration of another
substance.

It i5 usually more convenient to introduce the dissalved oxygen
deficit into the equations since all values will then be referenced to a
zero dissolved oxygen deficit, the saturation value of dissolved oxygen.
If D, the dissplved oxygen deficit (D=C.-C) is substituted into equation
(1) and if steady state conditinns ar~ assumed (i.e., no change in point
source waste loadings with time), the solution is as follows, given the

appropriate boundary conditions (D=Dy at x=o) (Thomann, 1972):



D(X) = (_MQE.F DD) EXP( - Ka X/U)

+ %f:%ﬂ [exp( - K, x/u) - exp( - Kg x/u)]

+ ég&%# [exp( - Kn x/u) - exp( - Kg x/u)]

%ﬁ [1 - exp( - Kz x/u)]

+ R

Ea [1 - exp( - Kq x/u)]
+3

ra L1 - axp{ - K3 x/u)]

1

{Da - Dp) expl - Kylx - xq)/ul

(za)

(2b)

(2c)

(2d)

(2e)

(2f)

(2g)

where
Dy = deficit of dissolved oxygen above a dam (mg/1)
Dy = deficit of dissolved o«vusn helow a dam (mg/1)
Kp = first order CBOD decav ry “fici: -7 {1/4ay)
5 = henthic oxygen uptaka co-cciziont {v P owteic) (mg/1-day)
Wd = dissolved oxygen input frow wista s.twce ar tributary (1bs./day)
Xq = spatial location of a <ar {niles)
The various parts of the sojution a-» inter;w . tod as:
(za) point source of DO. 'Yy, 2 1nir. o+ vilue of DO deficit, Dp
(2h) deficit due to point w~wvi> ~F 0 )
(2c) d-ficit due ta point oo of -
(2d) deficit due to distrie. : 3len’ . synthesis
(2e) dAistribited aljoi vess oo tinn o
(2f) distributed benthic ony.en dop-n 2 Fuct
(2g) deficit change due ts ~ - ratr~o fre o spillways over darms
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A detailed discussion of each of the model components shown in
Equation (2) is presented in the following sections. In these sections
a discussion of the assumptions used in descrihing the component model
is presented along with a summary of the valuas of the parameters selected
for use in the verifications and predictions. The medel is structured so
that each of the input parameters may be varied spatially in the river.

Initial Conditions

Values for initial conditijons of dissolved oxycen, carhonaceous BOD,
and total nitrogen in the Neenah-Merasha Channel were obtained either from
recently available river survey data, or from the results of an extensive
statistical analysis of dissolved oxygen and carbonaceous BOD data presented
in the report prepared by Quirk, Lawler, and Matusky, Engineers.

Generally, the initial concentration of dissolved oxygen was at or above
saturation at Neenah-Menasha due tc phntosynthetic activity of the aguatic
plants {QLM, 1969). For the model vo~:+ications, cbserved values of dis-

Y

salved oxygen (all abave saturati-a} n.~

(1]

Jaed.  Frr the model predictions,

<l

the saturation value was used,

Where available, initial carb-nacreds BOD values, measured by the Wis-
consin DNR, were used. In the ruome o2 of the aralyses, an initial value
of 6 mg/1 was chosen basad on t- :ainz m»neoptod in the QLM study
(QLM, 1369).

Relatively few measurements o+ o2 oxidizable nitrogen were available
for use in the analysis. A rcvi: <7 iar esisting data suggested that the

/alue of 1.0 mg/1 was a reascnac!- ..



Atmospheric Reaeration

The atmospheric reaeration coefficient, K, was calculated using

0'Connor's formulation (Dohbins and 0‘Connor, 19%8),

- 1/2 (3)
K, (1/day) = 12.9u
a a7
in which,
u = average stream velocity (ft/sec)
H = average denth {ft)

The 0'Connor eguation forms a reasonahle basis for estimating the
reaeration coefficient for a wide range nf depth and velocity conditions
(average depth ranging from about 1 foot to 30 feet [0.3 m to 9.1 m] and
average velocities in the range from 0.5 to 1.A ft/sec [0,15 m/sec to
0.49 m/sec]) encountered in the Lowsr Fox River.

The effect of temperature on the reaeration coefficient has been

experimentally determined to be represented by
(Ka)T = (Ka)g, (T,Dkﬂ)(i‘?”) (4)

for T in degrees centigrade.

Biochemical Oxygen Demand

As shown in Equation (2), tr- s s a Jistincticn made between the
oxydgen demand of the carbonaceous - - -i+1 f0+"7) ip a wiste effluent, and
the nitrogerous oxygen demandiag ¢ -~ 228 (00 Y of tnz effluent.

Carbonaceous BOD

The rzmoval rate of carbor:ceo s evguanis ~atter, expressed as Kq, is
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a result of oxidation and physical settling of the organic materials.

For oxidation alone, as might result from a soluble organic waste, the
reaction rate is expressed as Ky -- the rate of oxidation of the urganic
substance. The two reaction rates, K. and K4, assnciated with the decay of
CBOD are shawn in Equation (2b).

Previous studies have shown that the primary mechanism for CBOD
removal is the oxidation of organic matter (QLM, 1869). Although settling
of the suspended matter does occur, the rate of removal via this mechanism
is small compared to oxidation. For the ana]y%is, the removal rate, K,
was assumed to be essentially equal to the oxidation rate, K4.

Values for the CBOD coefficient, ¥4, were taken directly from the
QLAM report. In that study, Kd was reported to be a function of river flow
between about 1,000 cfs (1,699 cu m/min) and 4,000 cfs (6,797 cu m/min) for
the area frum Appleton dam (mp 32.1) to B2 Pere dam (mp 7.3). For flows
greater than 4000 cfs (6,797 cu m/min) the rate coefficient was considered
constant. Beyond De Pere dam, K; was incependent of river flow and was
assumed canstant at 0.12/day.

For the present study, observed flows of about 2,000 cfs (3,398 cu m/min)
to 2,500 cfs (4,248 cu m/min) resulted in corresponding deoxygenation
coefficients of about 0.2 to 0.3/day.

Long term (20-day) CBOD measurements were available at several places
in the river. From these measurements, the ratio of ultimate to 5-day BOD
was calculated. This ratio varied fram 1.29 to 2.36, as shown in the

following tahle.
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Table 1

Ratio of Ultimate to 5-Day

Carbonaceous BOD

Ratia
Location CBODu/CB0ODg
QLM Report (1969) Wisconsin DNR (1972)
Segment 1-13 1.88 (Menasha Channel) 1.BI1
Segment 14-18 2.19
Segment 18 1.88
Segment 20-25 : 1.66
Segment 26-32 1.89 (Rapide Croche Dam) 1.95
Segment 33-40 2.36 (DePere Dam) 2.35
Sopment 471-45 1.29

Source: Quirk, Lawler, and Matusky, Engineers, 1969

Nitrogenaus BOD

Tne assumption of a first-order kinetics model to describe the pracess

of nitrification is a simplification of a rather complex set of consecutive

raactions. In reality, organic and ammenia nitv~ogen are oxidized through a

series of reactigns, shown below, fto nitrite and nitrate nitrogen. This

oxidation process draws on the oxyien reonarces of the river and is included

as a component in the model.

The ammonia formed from organic nit:rnass,

charges nf ammonia frcm waste saurcas, 5. ™.

hacteria, as follows:

(NHg)"+ OH™ + 1.50, bacteria ;- |

tngether with direct dis-

.":xd to nitrite by Nitrosomonas

1757 + 2H,0
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Th~ »=action requires 3.43 pounds ot nxygen fo~ each pound of ammonia
Aitrogen oxidized to nitrite.

T2 nitrite Tormed is then oxidized to aitrate by Nitrohacter as
fellows:

NG~ + 0.502 bacteria N3~
~ >

This reactionreguires 1.14 pounds of oxyoen for one pound of nitrite
nit,;:m:p nXidized to nitrate.

Th= total oxyuen consymption in the nitrification process is 4.57 pounds
of oxy5=n for each ~ound of ammania nitrogen. Thus, the nitrogenous BOD (NBOD)
is enaal to 4.57 times the concentration of tntal oxidizable forms of
nitrogen (ammoma + organic nitragen).

In the present analysis, active nitrogenous oxidation is assumed to
commzrice in the first segment in the Neenah-Menasha channel. This assumption
iz considered valid on the basis of high concentrations of algae and related
nutriants entering the Lower Fax River from Lake Winnebago.

The rate ccafficient, K, is dependznt on river temperature and the
cencertration of dissolved oxygen. Under conditions of Tow dissolved oxygen,
nitrificeticn is inhibited and, at values below 1.5 mg/1 dissolved oxygen,
nitrificating ceases. The maximum rate of nitrification at high levels of
dissoived oxygen was U.743/day (QLM, 19A3).

The effact of temperature on the reaction rate of nitrification is
given ny

(k)7 = (Xn)po(1.04)(T-20) (5)

I
for tenperatures greater than 10°C. At river temperatures of less than 10°C,

nitrification is suppressed.
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Estimates of point source loadings of total oxidizable nitrogen
(NH3-N + organic-N) were applied to industrial and municipal dischargers.
A comparison of abserved total nitrogen values for July 14, 1972,with a
computed mass balance of total nitrogen,is shown in Figure 2.

Photosynthesis and Respiration

Lake Winnebago cnptributes large concentrations of algae to the Lower
Fox River in the summer months. The algae and rooted aguatic plants,
through the processes of photosynthesis and respiration, serve both as a
source and a sink of dissaned oxygen in the river. In the steady state
model presented herein, the complex interactions involved in photosynthesis
and respiration are simplified by relating the chlorophyll - a caoncen-
tration in the river to an oxygen source term, P,and a sink term, R.

Chlorophyll - a measurements at various locations in the river were
available from recent surveys by Sager and Wiersma. Estimates of the gross
axygen production and respiration due to algae concentrations were made by
using the empirical relationship between chlorophyll - a concentration and
maximum oxygen production established by Ryther and Yentsch and reported by

Di Toro (1969). This relationship is:

P=0.256rchl - a (6)

where

o
n

gross photosynthetic dissolved oxygen production

(mg 03/1-day)

chl - a = chlorophyll - a concentration (ug/1)

The relationship between the algal respiration rate, R, and chlorophyll

- a concentration is:
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R =0.025 chl - a (7)

The average daily rate of photosynthetic dissolved oxygen production,
Pay. is given by:

Py = P 2p/7 (8)
where

p = fractional pericd of sunlight in a day

The unfortunate implication is that a constant ratio of P/R = 10 exists
for all algal populations. This is not true, since the ratio is known to
vary considerably. However, comparison of results from this empirical
relation and data presented in the QLM report from light and dark bottle
measurements agree reasonably well and so lend confidence in the empirical
relation used in the analysis.

Table 2 shows the spatial variation of maximum gross algal oxygen
production and respiration used in preparing twn verifications of survey

data and a prediction of 1978 conditions.



TABLE 2
SPATIAL VARIATION OF ALGAL OXYGEN PRODUCTION
AND RESPIRATION (mgD3/1-day)

July 28, 1971 June 20-21, 1973 1978 Prediction
Segment P R Segment F R Segment F R
1-1 35.0 3.50 1-14 21.3 2.13 | 1-14 14.0 1.4
12-28 28.78 2.88 15-22 21.3 2.13 15-22 11.0 1.1
29-33 21.2% 2.13 23-27 12.5 1.25 23-27 5.0 0.8
34-40 16.25 1.63 28-45 12.5 1.25 28-45 6.0 0.6
41-45 11.25 1.13

_EL_

Source: Sager and Wiersma, 1972

(1978 Prediction conditions are estimates)
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Benthic Oxygen Demand

The continuous discharge of settleable waste material from municipal and
industrial sources for many years has resulted in the formation of sludge
banks throughout the river. The bottom conditions in the river vary from
rather thick deposits of sludge to relatively shallow deposits of decaying
organic material from natural sources such as dead algae. The surface layer
of sludge, in direct contact with the water, undergoes aerobic decomposition,
during which dissolved oxygen resources are depleted from the overlying water.
Assuming that the river is vertically well mixed, this benthic or sludge oxygen
demand (SOD) is the distributed sink of dissolved oxygen shown as S in
Equations (1) and (2).

Values for S were arginally taken from the literature. Thomas (1970)
reported S0D values of up to 2.3 mgs Uz/mz-day in unpolluted sections of the
Willamette River in Oregon. For sections af the river covered with fresh
paper mill sludge deposits, values as high as 13.5 mgs Uz/mz-day Were
reported, with the average uptake rate in the range from 3.6 to 9.8 mgs
Uz/mz—day. McKeown (1368) reported a range of 1.5 to 5.0 mgs Uz/mz-day
for sludge deposits from pulp and paper mill wastes at various locations.
Review of other literature (Thomann, 1972) indicates a range of 4 to 10
mys Uz/mz—day S0D for cellulosic fiber sludge.

Both Thomas and McKeown describe a rapid decrease in sludge oxygen
demand as the sludge ages. According ta Thomas, within 90 days after de-
compusition, the 50D had dropped to half of the maximum value at the time
of deposition. McKeown reported a decrease to about one-third of the

maximum SOD within 80 days of deposition.
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Based on the above information, a maximum SOD of 5.0 mgs Uz/mz—day
was utilized for most analyses presented herein. A value of 2.5 mgs Dz/mz-
day was used for predicting future conditions in anticipation of decreased
loadings of settleable materials to the river and of aging of the existing
sludge deposits in the river.

Although the average value for the benthic nxygen demand will be about
2.5 mgs Dz/mz—day, it possibly will be higher than this at a few locations.
Sludge deposition in the Lower Fox River was recently studied by Springer
(1972). Under most flow conditions, significant sludge deposition was found
to occur in segments 6 to 11 and 2B to 45. Since fresh sludge deposits may
well settle in these locations in the future, the benthic uptake rate could
be higher than that assumed in the present analysis.

Subsequent tn the development of the present model, the Wisconsin DNR
conducted Taboratory measurements of the benthic oxygen uptake due to sludge
deposits taken from the river. These studies indicated an uptake range of
2.5 to 3.2 mgs 0y/mé-day for areas having relatively little sludge. In more
grossly polluted areas, SOD values of 6 to 20 mgs Dz/mz-day were measured
(Wisconsin DNR, 1973). Results of the WisconsinDNR studies support the S0D
values taken from the literature and used for the Fox River analysis. The
measured range of 2.5 to 3.2 mgs Dz/mz-day for areas relatively free of
sludge deposits supports the assumption made in evaluating future conditions
that the average SOD will be near these values after installation of adeguate
treatment.

Effects of river temperature on the benthic oxygen uptake rate can be
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approximated in the 10° tu 30° range by

(S)1 = (S)z0 (1.065)(T-20) (9)
where T is river temperature in degrees centigrade.
Below 10°C, the rate decreases more rapidly than indicated by Egquation (9)
and approaches zero in the range of D° to 5°C,

Reaeration Over Dams

The reaeration occurring at dams along the river is simiiar ta the
natural phenomenan of atmospheric reaeration and always drives the dissnlved
oxygen concentration of thé water toward the saturation value. In the Lower
Fox River, the major sources of continuous artifical reaeration are the
waterfalls over dams located at De Pere (mp 7.3), Little Rapids (mp 13.1),
Rapide Croche (mp 19.18), and Upper Appleton (mp 32.1). Although there are
19 dams Tocated ogn the river, these four dams were considered to be the
significant sources of reaeration based on observations made by the Wisconsin
DNR during recent field studies and as clearly indicated in the data shown in
Figures 4 and 5.

For the Mohawk River and Barge Canal in New York State, Mastropietro
(Mastropietro, 1972) developed an equation similar to the following for
reaeration over dams:

Da - Dp = oHy Dy (10)
D, = dissolved oxygen deficit above dam (mg/1)
D, = dissolved oxygen deficit below dam (mg/1)

height through which the waterfails (ft.)

T
[=8
n

empirical coefficient for dam reaeration

=]
1]
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Mastropietro used an o value of 0.037 in his work. However, for the
Lower Fox River, coefficients determined from field data were substituted
in describing reaeration over dams. A summary of the dam heights and

coefficients is presented in Table 3.

TABLE 3

REAERATION OVER DAMS

DAM MILEPOINT 'HEIGHT (FT.) o
De Pere 7.30 9.8 : 0.037
Little Rapids 13.10 6.1 0.115
Rapide Crache 19.18 9.4 0.037
Upper Appleton _ 32.10 8.0 0. 065

Total dissnlved oxygen transferred at the various dams could be as high as
4 to 5 mg/1 if the dissolved oxygen concentration at the dam headwater is
at, ar near, zero.

Physical Parameters

Geometric characteristics of the river, such as average depths, widths
- and cross-sectional areas are necessary ta determine the assimilative
capacity of the river since these parameters comhined with the river flow
rate determine velocity. Each of the terms in Eguation (2) is a function of
river velocity.

Average widths and depths were obtained directly from the QLM report.
Cross sectional areas in the river were then readily computed from this

information. River segments used in the model presented in this report,
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were those used in the QLM study. Table 4 presents the average depths, widths,
and cross-sectional areas used in the analysis.

In the development of the model, the Menasha Channel was arbitrarily
considered as a tributary to the main branch of the Lower Fox River entering
at river milepoint 37.24 in Segment 6. River flow from Lake Winnebago was
propartioned between Menasha and Neenah Channel by a consideration of the
respective dam spillway dimensions and current measurements taken during
stream surveys. Flow in Menasha Channel was calculated by QLM to be 0.54
of the total river flow, with the flow in Neenah Channel being the
difference, ar 0.46 of the total river flow.

Seiche Effect

Green Bay, at the mouth of the Lower Fox River, is sufficiently large
to be subject tn a phenomenon similar to oceanic tides. This phenomenon,
the seiche effect, will cause long period oscillations in the river similar
to the waves caused by tides in a coastal estuary. Neither amplitude,
current, nor dye tracer measurements of any detail were available to fully
evaluate the effect of the seiche in Green Bay on the Lower Fox River.

Aerial photographs obtained during a recent study of (EPA, 1972) thermal
discharges in Lake Michigan clearly indicate current reversals at about 1.3
miles from Green Bay near the confluence of the East River and the Lower
Fox. Contrary to the conclusion presented in the QLM report, it is evident
that Tongitudinal backmixing does appear to significantly alter the dis-
tribution of pollutants in the river below De Pere at certain times. The
effect of backmixing can be seen in the results of a recent river survey shown

in Figure 6,
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TABLE 4

PHYSICAL PARAMETERS

Segment  Depth  Width Cross-Sectional Mile Points Location
No. (feet) [feet) Area (gn £t )
1 2 4BA 976 38.h3 3a. Neenah Dam - Eergstrom
Faper (Neenah Channel)
2 z2.5 1,608 4020 8.1 37.62 Bergstrom Paper -
Kimberiy-Clark (Lakeview)
a k| 2,326 6978 37.62 i7.24 Kimberly-Clark - :
James Is.
4 2 308 10 3a.18 37.92 Menasha Channel -
John Strange Paper
[ 2 356 712 37.392 37.24 John Strange Paper -
James Is.
[ 4 2,918 1166 37.24 36.83 James Is, -
Menasha Lock (Main River)
7 4.5 3,282 14634 3683 36.0 Menasha Lock -
Menasha (3th Street)
B 5.5 2,733 15065 36.0 4.8 Menasha (9th Street)
Strobe Is.
g g 1,003 9R37 34.8 34.3 Strobe Is. - !
Mud Creek
10 9.6 1,045 10032 34.3 J3.86 Mud Creek -
Grignon Rapids Channel
11 6.6 556 3670 33,96 32.1 GErignon Rapids Channel -
Dam, Wis--Mich, Power
12 ] 415 1676 32.1 31.68 Wis-Mich, Fawer - '
Dam, Fax River Paper
13 1.5 444 1998 31.6% 30.8 Fox River Fapcr -
Dam, Formost Dajries
14 1.6 3487 619 Jo.8 30.56 Dam, Formost Dairies
_ Consolidated Paper
15 5.8 529 3648 a0.56 29.73 Consolidated Paper :
Appleton Sewage Plant :
16 6.7 626 4194 29.73 27.24 Appleton Sewage Plant
Kimberly-Clark (Kim.)
17 1.3 [:[1] 2660 27.24 26.8 KimberTy-Clark (Kim.)
Little Chute (Jefferson St
18 6.7 680 4556 26.8 26.4 Little Chute - Guard
Lock, Little Chute
19 6.4 1,030 6592 26.4 25.6 Guard Lock, Little Chute -
Dam, Combined Locks Paper
20 2.8 533 1432 25.6 25.1 Comhined Locks Faper -
Sanitorjum Road
21 6.3 RE3 3444 25.1 23.33 Sanitorium Raad -
LaFalletie Part ,¥aukauna
22 6.0 150 901 23.93 23.2 LaFallette Park,Xaukauna -
Thilmany Paper
23 6.0 150 903 23.2 72.8 Thilmany Paper

Lagaons
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TABLE 4 (Con't)
PHYSICAL PARAMETERS

Seqment  Depth Wi dth Cross-Sectional Mile Paints Locatinn
“ Na, {feet) {faet) Area (59.ft.) -
24 4.7 1,386 £514 22.8 - 21.0 Lagnons - mile
point 21.0
25 7.5 627 4703 21.0 - 15.18 Mile point 21.0
Rapide Croche.Dam
26 4 605 2420 18,18 - 17.4 Rapide Croche Bam -
. Plum Creek
27 5.8 snz 2912 17.4 - 15.0 Plum Creek - Apple
Creek
28 1.7 578 4428 15.0 - 13.1 Apple Creek - Dam
Little Rapids
28 5.5 918 5085 13.1 - 12.€ Dam, Little Rapids -
Lost Dauphin State Park
30 5 1,629 Bl45 12.6 - 12 Lost Dauphin State Park -
Hickory Grove Sanitorium
31 5.7 1,780 10148 12.1 -~ 10.4 Samitorium - 81d Plank kd.
DePere
3z 10.3 ik ] 330 10.4 - 7.3 01d Plank Rd, DePere -
Dam, DePere
33 34 1,438 4BH3 1.3 - 6.97 Dam, DePere - U. S,
Faper Mills
34 g.6 1,640 10824 6.37 - 6.2% .5, Paper Mills -
; DePere Sewage Plant
35 7.4 1,160 B5B4 6.25 - £&.7 DePere Sewage Plant <
Ashwaubenon Creek
3F 5.6 2,083 11668 57 -~ 4.8 Ashwaubenan Creek -
Dutchman Creek
a7 5.6 2,718 15204 48 - 4.0 ODutchman Creek -
Reimers Meat Products
kt:| g 1,338 12042 4.0 - 3.7 Reimers Meat Products -
Fart Howard Papzr
35 13 1,154 15002 3.7 - 2.83 Fart Howard Paper -
. Parlier Strest Grean By
40 21 R18 12978 2.63 - 1.3 Porlier Street - East
River
41 19 845 16058 1.3 - 1.n East River - Charmin
Paper Co.
42 20 594 11880 1.0 - 0.7 Charmin Paper Co. -
Green Bay Packaging
43 13 765 9945 0.7 - 0.33 Green Bay Packaging -
Reiss Coal Co.
44 16.5 E50 14025 0,33 - 0.14 - Reiss Cpal Ca. -
Green Bay Yacht Club
45 13 934 12134 0.14 - .0 Green Bay Yacht Club
Green Bay
Source:

(Quirk, Lawler and Matusky Enginccrs, 1969)
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Because of the backmixing effect, the distribution of pollutants is
altered such that the concentration of dissolved oxygen occasionally
tends to increase below De Pere, rather than decrease, as would be
expected due to the magnitude of the waste loads discharged into the river.

Since the observed phenomena are similar tn tidal effects in a coastal
estuary, the effect of current reversals, i.e., a seiche, can be accounted
for in the model by the addition of a term describing the mass flux due to
longitudinal dispersion in Eguation (1).

Data were not available to permit evaluation of the effect of current
reversals on water gquality predicted by the present model. Since the
seiche phenomena is not a centinuous occurrence, as are estaurine tides, the
integrity of the model reported herein is not affected for situations in which
the effects of disperS§ion are negligible.

Survey Data

Two recent sources of extensive data greatly facilitated construction
of the model. Sager and Wiersma's 1971 and 1972 study of water gquality in
the Lower Fox River and Green Bay provided temperature, dissolved oxygen
and chlorophyll - a measurements at ten lrcations in the river. In
addition, the Wisconsin DNR conducted stream surveys on the Lower Fox River
throughout the summer of 1972, the results of which were made available to
the EPA.

Sager and Wierma's data is a result of a single surface grab sample
taken at Tocations where the river was considered to be well mixed. The
data furnished by the Wisconsin DNR represents several measurements of
dissolved oxygen across the width of the river at numerous locations on the

river.
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Observation of the data indicates the existence of a rather signifi-
cant gradient in the lateral and vertical planes of the river, demonstrating
that the river is not truly a completely mixing system as is assumed in
a one-dimensional model.

Despite the apparent lack of complete mixing in some portions of the
river, the computed profiles of dissolved oxygen do agree sufficiently well
with the observed data to validate the assumption of an approximately
uniform concentration of dissolved oxygen in the lateral and vertical planes

in each segment of the river.

Proposed Effluent Limitations

The 1972 Amendments to the Federal Water Pollution Control Act changed
the major emphasis of water pollution contrnl from water quality standards
to effluent limitations, regulating the amount of pollutants discharged from
specific point sources. The 1372 Amendments required that EPA define the
"best practicable control technology currently available" for various
categories of industrial operations and determine maximum allowable effluent
limitations. The Act requires that all dischargers provide at least this
level of treatment and meet existing water guality standards no later than
July., 1977.

"Best practicable control technology currently available" effluent
limits are in the process of being defined for the pulp and paper industry.
These 1imitations will be expressed in terms of pounds of CBODg, suspended
salids, and other materials allowed to be discharged per ton of product and
are being established for the numerous specific aperations in the pulp and
paper industry. These limits were not completed at the time of this evaluation;

therefure, previously developed "interim" guidelines (Table §) were used.
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These compare very closely to the initial draft of the guidelines being
developed for the type of papermills located on the Fox River.

Also, the various municipal waste facilities in the basin are required
by Wisconsin DNR orders to achieve a minimum of 90 percent removal of
influent BOD. These reguirements compare closely with the minimum Federal
requirements of secondary treatment for municipalities as defined in the
promulgated regulations (40 CFR 133).

The proposed effluent limitation represented by 30% BOD removal at
municipalities and the interim guideline limitations shown in Table 5 are
the basis for the water quality predictions made in this report.

A Tocation map indicating the study area, municipal and industrial
waste sources, and river segmentation, and the dams considered tn be
significant sources of reaeration is shown in Figure 1. Table 5§ lists
the various pount sources in the river by identification number, segment
and river milepoint. It also gives estimated waste loadings assuming
implementation of estimated effluent limitations for industries and for
municipalities.

Non-point sources of BOD and other pollutants, primarily from urban and
rural runoff, were not evaluated in detail in this report. At certain
times of the year, these sources may contribute significant amounts of waste
loads to the river, although the extent of this contribution has not been

established.



TADLE &
SUMMARY OF WASTE DISCHARGES

dJune 20-21, 1972 Effluent Levels Froposed Effluent Linitations

Nurber Source Seament River mile goint Flow (mgd] CEOD {1hs/day NEOD (1bs/day
1. Kiroerly -Clark (Neenah) Z 0.1 Hu;‘.:mg“ EHUD%”::—IELJW—EL?ﬂ“ T "EE"“i”E"‘S"“)S”’ ( l
2. Kimberly-Clark (Badger Globe) 2 35.9 0.7 263 46 . '
kN Bergstorm Paper 2 39,8 5.0 20057 2200 "
4, Kimberly-Clark (Lakeview) k| 9.2 5.4 640 466 3.6 £50 466
5. Gilbert Paper 5 33.B R 0 n TO NEENAH-MENASHA STP
6. John Strange § 33,8 2.0 750 0 1.0 1000 [
7. Neenah-Mepasha STP [ 37.8 15.2 3470 1287 2.0 7000 izez
B. Geurge Whiting 7 ia.7 0.5 200 16 0.4 100 16
9. Meriasha Sanitary District 44 ] 36.0 0.5 2782 310 0.6 335 330
10. Aiverside Paper 14 3.3 2.8 1805 274 0.4 90 238
11. Forerast Foods 14 30.8 1.3 20 o 1.3 &0 , o
12. Consclidated Paper 15 0.1 17.9 52ApGTae 6BED 18.0 4900 l BEEQ
13. Appletcr 5TP 16 30.0 10.0 2150%** 3163 14.2 4139 ! 3363 \
14. Kirberiy-Clark (Kimberly) 17 29.0 1.0 17480 1828 1.0 1658 2658
15, Firterly STP 17 2.9 0.4 90 265 0.8 100 265
16. Litsle Coute STP 18 26.9 0.4 167 130 0.8 m 130
17. Eppleton Papers 20 27.0 B.3 10695 530 B.3 2000 530
1E. Kaukzuna STP 24 21,1 1.1 144 BS54 1.2 232 : BS4
19. Thilrany Paper 24 23.0 27.1 20642 2568 13.2 4260 2625*
20. Nicolet Paper kK| 7.0 1.3 438 0 1.2 345 4953*
21. I.S. Paper 14 6.8 0 ' . 0 To DE PERE STP
22. DePere STP 35 F.2 1.7 1180 1628 2.2 1543 1628
213, Fort Howard Paper kL] 1.7 15.2 52850 0 22.6 B50D " 2157%
24. Charmin Paper 42 1.0 13.7 . 47385 36670 6.0 7000 . 1316+*
25. Green Bay Packaging 43 0.7 2.6 1700 137 1.8 3150 150*
26. Anerican Can 44 0.3 i5.g BH4GEY** 112 5.4 4215 Ih 510«
27. Green Bay Matrg STP 45 0.1 13.5 2541+ 5631 39.0 14600 5631%+
TOTAL HASTE 13AD . 371630 o S
*+ Reoresents infarmatina from NPOES permits ’

** titimated 'n anticipation of future corditieas

*v*Yalues for wastewater discharges far these facilities were taken from the Refuse Act Fermit r-eqrsm applications and, therefore, rerresent average daily conditions, not those for June 20-21, 1972.
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RESULTS

The following analysis demonstrates a reasonable degree of correlation
between observed data and computed results for varying conditions of river
flow, river temperature and waste Joadings.

Model Verification

Figures 3 through 6 depict the comparison between the observed data and
the computed profiles of dissolved oxygen for the river survey data that
was analyzed.

Comparisons were made for river flow rates varying from 1,340 cfs
(2,277 cu m/min) to 2,250 cfs (3,823 cu m/min) and river temperatures ranging
from 219 to 250C.

The comparisan shown in Figure & for the data collected on July 5 and 6,
1972 is of particular significance since several of the pulp and paper mills
were shut down for the Faurth of July holiday. The observed data and the
computed profile both show a significant improvement in water quality as a
result of decreasing some of the waste loads to the river. The good agreement
between the computed profile and this particular set of data lends confidence
in the ability of the model to predict future water quality conditions as a
result of implementing the proposed effluent limitations on the Lower Fox
River.

Also of interest is the observed data shown in Figures 4 and 5. The
survey data indicate rather high conceniration gradients of dissolved nxygen
in the Tateral and vertical planes at certain locations on the river, most
notably near the Menasha Channel, Appleton Papers, below the Rapide Croche Lam.
and near the mouth of the river at Green Bay. Despite the vertical
stratification of dissolved oxynzn due to benthic deposits and the apparent

lack of complete mixing near waste outfalls, the agreement between the observed
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data and the computed profile, which assumed an average, and uniform
concentration, is good. The observed data shown in Figures 3 and 6 do not
demonstrate significant gradients since only one sample (assumed to be
representative of a completely mixed system) was taken at each location.

The observed data for July 14, 1972 shawn in Figure 6 possibly
demonstrate the backmixing ‘interaction between the mouth of the Lower Fox
River and Green Bay. Because of this effect. the distribution of pollutants
is altered so that the concentration of dissolved oxygen wccasionally tends to
increase below De Pere. The backmixing effect, similar to estuarine tidal
effects, was not considered in the development of this model, since the
pheramenon js not a continuous opccurrence.

Model Sensitivity

Using August 10, 1971 actual conditions, the sensitivity of the model
to the benthic oxygen demand, the carbonaceous BOD decay coefficient and the
nitrogenous BOD decay coefficient were evaluated. Tabhle 6 presents the sensi-
tivicy of the madel to these parameters at tree critical Tocations on the
river. The analysis indicates that the water quality is most sensitive to
the benthic oxygen demand and the rate of CEQD deoxygenation. The model is
relatively insensitive to the variations {n ine maximum rate coefficient for
nitrification, as can be seen in Tahle 6. I¥ further refinement of this model
is to be obtained, additional field work is nzeded to, in more detajil, evaluatz
the =patial distribution of sludge deposits, the resultant oxygen uptake rati:,
and the rate cof CRBOD utilizatian.

Watar Quality Fredictions

The preceding analysis demonstrated che ability of the model to

rerraduce observed data for varving conditivi: of flow, temperature, and waste
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TABLE 6
Model Verification Sensitivity

Survey Date - August 10, 1971

Parameter ~,p. 35.0 m.p.15.0 m.p. 0.0

————— - Dissolved oxygen (mg/1) ---=-c=-m=m-ca--

Benthic Uptake Rate

5 = 2.5 g/ml-day 4.75 2.53 0.5
*5 = 5.0 g/m2-day 224 0.80 00"
5 = 10.0 g/mé-cay .23 0.0 ?:
CLoh Necay Rete
Wi = 0,15 /day 4.78 2.79 0.0
U= )40 /day 2.24 C.ED 0.0
Kd = 0.60/day £.62 0.0 0.0
NBOD Decay Rate
*p = 0.14/day 3.24 D.80 0.0
Kn = 0.28/day 2.78 0.62 0.0
K, = D.55/day 2.07 0.49 0.0

m.p. = mile point from mouth

* Value used in verification






- 34 -

1loadings in the river. The verified model was then used to evaluate the
improvement in water quality as a result of implementing the proposed
effluent limitations.

Figure 7 depicts the average response of water quality to implementation
of the required effluent Timitations for all waste sources on the river.

Conditions assumed for the prediction represent a fairly extreme
summertime condition with a 7-day 10-year low-flow of 1,127 cfs (1,315 cu
m/min), a stream temperature of 21°C, and relatively low algal populations
in the river. The daily average concentration of dissolved oxygen is about
6 mg/1, falling significantly below this in the region past De Pere (mp 7.3),
although still above 4 mg/1.

The profile shown in Figure 7 is not meant to be a precise forecast
af future water quality conditions in the Lovier Fox River; rather the analysis
incdicates a significantly improved water qualiv as a result of implementing
the prnjected effluent limitations for puint sources.

The shaded area in Figure 7 approxiviates the average diurnal variation
to be axpected from algal photosynth-5ie 257 respiraticn, and other periodic
fluctvations in parameters such as tevchic upiake rate and natural background
conditions of water quality. The variztion in dissolved oxygen due
to algal activity has, in the past, csveraged about 1 mg/l with a range from
1 to 3 mg/1 above and below th: daily sverags concentration as measured by
tha Wisconsin Department of Naktu.al Re:uircas automatic monitors. It is
assumed that diurnal variations will occcur undz2r future conditions, yet it is

di *#i-.uit .o fToracast the magnitude of such & fluctuetion for future conditions.



[ amdy Aeg uz2ig weyj szjip

uDI3ELIEA

[BWINIP | "E3URRE Koy
aleloAy

S L = /R R L T E——

/3w (Gfy QoEN SLEnohin
I/3w g's :qogs TUTRIIT poCTlCEY ()R nojEjlolcidun
|/3w 06 ‘00 . .
STO[JIFUTTY [eTT] R S Vi 5 g oo

S47 LTiL -NEE ekl

o

/7/1 . |

(1/9%) uadkxg paajossig

Ly

> = . M l-r
w‘.-t\.t‘ _ - b wa s %

L -

EEPROIMELE tanam mans war pares
' » g

=



- 36 -

The predictions are based on the assumption of a linear system. The
terms in equations 1 and 2 assume that the biological systems can be
modeled by linear functions. However, it is realized there exist some
nonlinear biological feedback mechanisms. For example, the improvement
in dissnolved oxygen in the future may provide more suitable conditions far
nitrifying bacteria, and the predicted profile may be s1lightly less than
that shown in Figure 7. The effect of reduced waste discharges on algal
growth and the resultant effect on water quality may also alter the pro-
jected profile shown in Figure 7, but the extent of this alteration is
uncertain.

The prediction shown in Figure 7 represents the best estimates
available for the various significant input parameters with consideration
given to the effects of decreased waste loading to the river upon each of
the parameters. A summary of the values used in the prediction analysis
including an approximate occurrence frequency for each parameter and the
rengz of values reported in the literature is shown in Table 7.

Further pvidence of the effect of reducing waste loads and the
resuitant imnrovement in water quality is shown in Figure 8. In this
figure, the survey data and model verificatien for June 20-21, 1972 (Figure
4) is svrerimposed on a model prediction that uses the flow and temperature
conditions that occurred on the survey date. Thus, the prediction in
Figure B indicates what the average dissolved oxygen would have been had
the proposed effluent 1imitations been in effect as compared to existing
loading lavels. Clrarly, there will be a marked improvement in average dis-
solved oxygen levels in the river, and existing water guality standards should

be achieved.
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TARBLE 7

SIMMARY OF PARAMETERS USED IN STREAM AVALYSIS

PREDICTION
PARAMETER VALUE SENSITIVITY
| i DB VALUE USED i OCCURRENCE REPCGRTED VALUES AT MILE POINT
L _[SYNBOL) FOR VERIFICATION FQR PREDICTION FREQUENCY FOR FOX RIVER FROM LITERATURE 0.0
Flew (Q) As measured daily by - - -— - _—
. U.5.G6.5.
cfs - 1127 7 day, 10 year -- - from 1127 to 2254
low flow AD,O, = +]1.98
- 2254
. - 2.5 is literature
?gudgc Ugt;ﬁi s 5.0 2.5 value for unpolluted 2.5 to 20 1.5 to 18 irng 2;5 :uni.ﬂ
(5) gms Up/m”-day streams 0.0, = -4.04 mg/1
Algal As measured by 14 maximum Median value of 2.0 to 4§ e from 7 to 14
Productivity Sager available data AD.O. = +2,86 mg/1
() mg/1-day
Coal decay As reported in QLM. 0.15 Lowest cbserved D.124 - 0.6 1,1 - 0.6 from 0.1F to 0.3
(Kd) 1/day Measured values 0.124 below hecause of low without settling AD.O, = -0.58B mg/f1
varied with flaow. DzPere Dam Tlow
Tecaperature As measured on - See Tenp. - Flow n - 31 - -
(t) °c survey date *Zorrelation
- 71°r - —— fram 21 to 25
- 25°C - -— AD.O, = -1.60 mg{l_
NBOD decay 0.14 maximum 0.14 maximum Not available 0.14 0.1 to 0.5 from 0,14 t5 0.6
{Kn) 1/day As reported in QIM AD.D. = -0,31 ma/1
Initial CBOD As measured or 6.0 50 to B0% of values 1tos - from 3.0 to §.0
e/ 1 6.0 are < 6.0 AD.O. = -0.58 mg/l
Iritial NBOD Usually 4.6 4.6 About 50% 2.3 to 11.2 - from 4.6 to 5.2
mg/l AD.D. = -0.17 mg}'l
Initial 0.0, As measured on €., the saturation 70 to 90% of the r *a mg/1 -— for initial D.C. =
survey date value values are greater 5 Co-2, AD.D, <0.25 mg/l

l'E/l

than Cg

at mp <€

Industrial-Munirci
pal Loadings
1hs/day

As reported to WONR
or EPA

EFA production
guidelines

For 20% reduction
beyond guidelines
AD.D. = +0,48

-LE..
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A sensitivity analysis was performed on the muodel prediction to
demonstrate the range of response to be expected for various combinations
of reasonable ranges of the parameters. The results of the analysis are
shown in Table 8 for three critical river milepoints. Inspection of Table
B would indicate that the Lower Fox River is most sensitive to the following
parameters (shown in decreasing order of sensitivity): benthic oxygen
uptake rate, algal photosynthesis, river flow, temperature, and deoxygenation
rate for CBOD.

Sensitivity of the prediction to the benthic oxygen demand is shown
in Figure 5. As stated in the previous discussion on benthic oxygen demand,
all evidence indicates that the average value wi]l_be nearer to 2.5 than
to 5.0 gms Dz/mz-day, once the sources of the sludge depesits are controlled.
This is due to the rapid Towering of the uptake rate as the sludge ages.
Hence, an average oxygen uptake rate Tor sludge of 2.5 gms Dzlmz—day was
used in the prediction.

Figure 10 shows the sensitivity of the model prediction to variations
in gross algal oxygen production. The middle profile, which is the same
as that shown in Figure 7, uses average algal oxygen production values
estimated-frnm the chlorophyll-a data provided by Sager and Wiersma. For
comparisch purposes, profiles equal te double and one half the calculated
algal ctxygen preduction values were utilized. These prafiles do not
renrasent © normilly expected situation, but are included to show the

rangz 07 sensitivity to algal oxygen production.
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TABLE 8

Madel Prediction Sensitivity

ta Parameter Changes

Parameter m.p. 35.0 m.p. 15.0 m.p. 0.0
Benthic Uptake Rate
* S = 2.5 g/m?-day 7.53 6.74 4,09
5= 5.0 g/m*-day g.35 4,55 0.08
Algal Productivity
P=1/2 Plmg/1-day 5.56 5.39 1.23
d F = P'mg/1-day 7.53 6.74 ¢.09
P =2P'mg/1-day 11.63 9.44 a.a1
CBuD Decry Rate (K = K4q) ’
Kq - 0.15/day 7.53 G.74 4.09
id= 0.3/dey 5. 91 5.24 3,51
ke = d.&8/day 3.39 €.43 2.40
NBo> Lacev Ratz
* k4 = U.14/day 7.53 a.74 4,09
Ks = 0.3/day 6.77 .48 “.07
kn = 0.%/day 5.88 (.46 3.75
Tnitial C30D
¢0D = 3.C mog/! g.449 7.24 4_88
« TRON' = 6.0 mg/i 7.583 6.74 4,09
CpuN' = 9,0 mg/1 f.55 .24 3.49
T7it%al NROD
+ NBAD' = 4.6 mg/Im 7.53 6.74 4.09
N30D' = 5.2 mg/1 7.23 f.62 2,92
Rivar Flow
* L= 1127 cfs 7.53 5.74 4.09
) = 2254 cfs 6.87 /.62 o.07
Tewsz ature
¥ T - 21°C 7.53 qg.74 4.09
| = 25°C 6.07 5.44 2.49
*Ez ., Gen~'ilione:
Do 797 s K+ = 0.14/d=,
T =077 CB2D' = 6.0 wg/1]
S - 1.3 gq/m%-day NBSD' = 4.4 me/d
la - 5,15/ day P=14.0 .90z/1-nav
3 mn 33,53
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Frequency of Occurrence Below Given Dissolved Oxygen Levels

Although the set of parameters chosen to generate the prediction
shown in Figure 7 represent fairly extreme summertime conditions, it is
recognized that nther combinations of low-flow and high temperatures
would result in lower dissolved oxygen profiles. In order to approximately
determine how often lower dissolved oxygen profiles would occur as a
resylt of various extreme combinations of low-Tflow and temperature, 10
years of daily data from 1961 to 1971 were analyzed. The results of this
analysis are shown in Table 9 for the normally critical point just above
De Pere Dam at mile point 7.3. The table shows the number of days when
extreme combinations of flow and temperature, if used as input parameters
in the model, would have resulted in 2 daily average dissolved oxygen

concentration of less than a given oxygen level.

TABLE 9

Frequency of Occurrence Below Given Dissclved
Oxygen Levels at Mile Pgint 7.3

Daily Average Average Number cf Occurrences Anticipated Range of
DO level Below Given Lavel Observed Below Given Level
(mg/1) (days/vr) (days/yr)

5 35 2-71
4 8-9 0-32
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SUMMARY

The effect of the various wastewater inputs on water guality in the
Lower Fox River can be modeled in a rational quantitative manner. Such
a model was used to evaluate future water guality in the river assuming
implementation of a proposed effluent program consisting of "best
practicable control technology currently available" (interim estimates)
for industrial waste sources and 90 percent BOD removal for municipal
waste dischargers as required by the 1372 Amendments to the Federal
Water Pollution Cantrol Act and by Wisconsin State Orders. The approach
presented herein has been shown to offer a reasonable basis for estimating
the effects on water quality of implementing the proposed effluent
program in the Fox River basin. The results of the study indicate that
if the effluent limitations are implemented, there will be a significant
improvement in water quality, and a daily average dissolved oxygen con-
centration of 4 to 5 mg/1 will be mainta‘*nad in all areas under most
conditions and will not fall below 4 mg/} more than 2% of the time. During
extreme low-flaw and high temperature situations, the dissalved axygen

concentration could drop to about 2 to 3 mg/1.
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LAL LR LA RUEVE-L. 5 RN E'Y X-2 T8 ¥ 7 F YT HAL ndHDIIBIDPRARST BUARD TR L ADOBIdOONDOD

DISSOLVED DXYGEN STREAM MODEL

PROGRAMMMED AT HYDROSCIENCEy INC. 1 WESTWOOUD) NJ{196T) -
MODIFIED BY ANDREW STODDARDs EPA» REGION 5 (13972)
IGbo#bﬂﬁﬂﬂ##&;###b@dbﬂb#hdGb#ﬂ#ﬂbﬁbbonﬁéﬁbﬂﬁéﬁné&iiiﬁi‘f}ﬂiﬂ#lﬂﬁiﬁﬁ##ﬂ'ﬂ.

DISCUSSION OF MODEL

THIS PROGRAM DESCHISES THE INTERRELATIONSHIR BETWEEN THE DISSDLVED

OXYGEN IN A STREAM AND ITS VARIDUS SQURCES AND SINKS SUCH AS

ATMOSPHERIC REAERATION AND THE OXIDATION OF 8OD. THE MODEL

EVALUATES THE DAILY AVERAGC+ ONE-DIMENSIONAL SPATIAL PRUFILE OF THE

CONCENTRATIONS OF DISSOLVED OXYGEN AND KoD UNDER STEADY-STATE CONDITIONS.

IN THIS MODEL THE DISPERSIVE COMPUNENT OF THE MASS FLUX IS CONSIDERED
INSIGNIFICANT. THE MODEL IS5: THEREFOHEADYECTIVE AND PREDICTS THE

LONGITUDINAL BISTRIBUTION OF DISSOULVED DXYGEN AND BDD DUE To THE EFFECTS

OF THE VARIDUS POINT SOURCES OF WASTEWATER DISCHAHMGES:) THISUTARIESy AND

BACKGROUND WATER QUALITY CCHDITIQNS IN THE SEGMENT UNDER CUNSIDEWATION,

THE CONCENTRATION FROFILES ARE COMPUTED ALONG THE LONGITUDINAL AXIS

OF THE RIVER AND AHE ASSUYED TQ BE UNTFORM IN DEFTH AND wWIDTH IN EACH

SEGMENT, THE CONCENTRATICN AT THE UPSTREAM END OF A SEGMENT IS DETERMINED

BY A MASS BALANCE EQUATION. IN THIS EVALUATICON THE MDDEL USES A NUMBER OF
I0LO5IcALs PHYSICALY AND CHEMICAL CHARACTERISTICS wHICH ARE UNIQUE To

THE STREAM UNLDER INVESTIGATION.

bbaﬂ?ﬂﬂiiﬂJﬂ#wbnP*dﬂeﬁ4§uﬁﬂIﬂiﬁﬂQﬁ#ﬁGbﬂDiﬂﬂéﬂﬂﬁﬁﬁﬁiﬂﬁﬁbﬂﬂﬂﬁﬁDiﬂﬁﬂﬂﬂﬁbbiﬁ.

SOUMZES AND SINKS TORGIDERED IN EVALUATING PROFILE OF DISSOLVED QOXYGEN

T CARIONACEGUS BOD

NITRUSENQUS ROD '
BENTHIC OXYGEN DEMAND

4L GAL RESPIRATION AND PHOTDSYNTHES1S

ATMOSPHERIC HEAERATION

HEAERATION OVER DAMS -

INPUT FROM WASTE SDURCES AND/OR TRIBITARIES '

[
ﬂﬁﬂ!ﬂﬂbﬂﬁﬁﬂﬂﬂﬁiﬁﬂbﬂﬁﬂﬂﬂﬂﬂﬂﬁﬁﬂﬁﬁ*ﬂbblﬁ#iﬂﬁﬂiﬁﬂIﬁhﬁdﬂﬁiﬁﬁﬁﬁﬁﬂﬂillﬂﬂi..Q..I.

INPUT PARAMETERS p

r'!
VARTABLE NAME UNITS
STREAM= NAME AND LOCATION OF STREAM

"RUNDES= DESCRIPTION OF PARTICULAH SET OF DATA
SEGID= LOCATION OF SEGMENT BY LANOMARKS AND NUMBER

CO= INITIAL CONCENTRATION GF DISSOLVED OXYGEN MG/L N
FLOLO= INITIAL CARZONACEOLS BOD (CENRD) MG/L
FLOND=INITIAL MITROGENQUS =GO [NBUD) MG/L

ATOT= INITIAL ~ILZIPOINT OF STREAM MoDEL wILZS

“o = T P oVEAVUING MELRPGING

NDonpnonNnonNnoaonononNononNnonNnOoOaonOooPNOnNanNnnDonaOehoOonNAoOnNOnNON

XCIbg= & FIA DECREASING “ILIPQ *T
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apgoe

0003
0004
0p05

Iv 6

LEMIL

nonNAonpoOoOoOoOoOnNnmMoOonDnNoOonnnnNoaodaoonQnnnNOononneePOOO0O0nOGn

nononnon

Lo

Z1 MAIN DATE = 73141
NTOT= ToTAL NUMBER QF SEGMENTS IN SYSTEWM
wC= D0 FROM WASTE LDAD AND/ODR TRIBUTARY
WL= CBOD 5 FROM WASTE SQURCE AND/GR TRIBUTARY
WN= NBON FROM WASTE LDAD AND/DH TRIBUTARY
Q0= RIVER FLOW UPSTREAM OF SEGMENT BOUNDARY
QA= FLOW OF WASTE SOURCE AND/DR THIBUTARY
RR= ALGAL RESPINATION RATE
PMM= ALGAL PHOTOSYNTHETIC UMYGEN SOURCE
DELTA= INTERVAL OF COMPUTATION IN SEGMENT
FLENG= LENGTH OF SEGMENT
CONST= +1 FOR CONSTANT CHDSS SECTIONAL AKREA
IN SEGMENT
= 0 FOR LINEARLY INCREASING AREA IN
SEGMENT

AREA= CRADSS SECTIONAL AREA FDR CONST=el
SLOPE= SLOPE OF LINEAR AHEA FUNCT1ON FOR

CONST=C
FINT= INTERCEPT OF LINEAH AREA FUNCTION AT

UPSTHEAM BOUNDARY
FL= QATIO OF ULTIMATE CHJD TO 5 DAY caob
FN= RATIO OF ULTIMATE NBuD YO 5 DAY NBOD
TEMP= STREAM TEMPFERATURE
CS5= SATURATION VALUE OF DISSOLVED OXYGEN
hDAM= HEIGHT 0OF A DAM IN SEGMENT
ALPHA=COEFFICIENT FOR REAERATION OVER DAMS
CCIFFICIENTS FOR BRITISH DAM REAERATION EQUATION
A= 1.25--CLEAR TO SLIGHTLY POLLUTED WATEH
..Dcw-"JhLuTED WATER
U0.30~--SLwAGE EFFLUENT
l.un—-wﬁzn #ITH FREE FalLl
1,30~~-STEP WEIRS OR CABCAOES

Wllﬁll

F= FRACTION OF SLUDGE CAY¥ER ON BDTTOM
FLOKKR= CRAOD REMOVAL COEFF AT 2D C

FLOXR= CADD DECAY COEFF AT 20 C * *

FLUKN= N3ZOD DECAY RATE AT 20 C

5= OXYGEN UPTAKE RATE FROM BENTHIC DEFOSITS
DEPTH = AVERAGE DEPTH IN SEGMENT

AR ALLEEL L ELE LR R IRy LYy Yy Yy Y Y Y Y Y Y Y Y T Y X Iy
. - . L -

DIMENSION D(30)yFLOL(30)sFLON(30),C(30)yXX(30],FOFX(3D)

ISTREAM(20) »SEGID 120) yRUNDES I20) «
NCHUN=3

197317548 PAGE 0002

LES/DAY

LBS/DAY

LBS/DAY -
CFS :
MGD -
MG/L-DAY ‘
MG/L-DAY

MILES

MILES

SQ FT
SQ FT/MILE

Sa FT

DEG CENTIGRADE
MG/L
FT

DECIMAL

1/DAY

1/DaY

1/DAY

GM/5Q METER-DAY
FY

NCAUN=1 AS INITIAL COUNTER FOR SEGMENT SYSTEM OF STREAM MODEL. '
ANALYSIS FOR LOWER FDX RIVER USED NCHUN=3 DUE TO SEGMENT SYSTEM .

IN QLM REPORT. IN EPA ANALYSIS MENASHA CHANNEL WAS CONSTIDEWED AS A

TRIEBUTARY TO LOWER FOX RIVER ., THIS DELETED SEGMENTS 4-5 USED IN

OLM MODEL (1963),

READ(5-1250) (STREAMIK]) 'K=1320)
DAY LTSRS UMY OB 150504 20)
POt T (2IA%)
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FORTRAN IV

0008
goo?
oocs
0pos
oplo
o0ll
oole
col3a
o0ol4

anls
Dole

0ol7
oole

0aol19
goen
goel

guze
00Z3
0024
0025
ogz2se
pn2?

ooze
L)
0030

Lp3l
po32
0033

op34
0035
np3s
0o37

opaa
o003’
C040
LY
Voag
I % B
0044
0045

’

- - -—-- e dam et = e~ - . - . .

G LEVEL 21 MAIN i DATE = Tals4l 1273/ °

1201 FORMATIAFL1D.2)
WHITE 16»1300) {STREAM(K) sK=1420)

1300 FORMATIIHL»//1»20R477)
WRITE(611255) (RUNDES (K) sK=1y20) )

1255 FORMAT(/y2U0A44/)} T —

910 READIS«12031COFLAOLOYFLONO,XTOTsXCODESNTOT -

1203 FORMAT(SF10.2s110)
WAITE(641212)

1212 FUHHAT (/| loﬂﬂﬂﬂébﬂcﬂoﬂiﬂbi')GQ-:QG!GGG.GQQ!GGQQGB!QOID‘IGGGQ.Q#GGGﬂﬂﬁi
1#0##461 L X} ﬂ{ﬁﬂ#cobﬂ##ﬂi#bﬁdﬂﬂibﬂﬂﬁ#i!GQQ#GQQGQ&G!QQIQGQQ&IQQI '/j
WRITE 16»1301)COsFLOLOyFLOUND XTOTyXCODE«NTOT

1301 FORMAT (15Xs'=~INITIAL CONDITIONS==1y//»BXs1C01 45Xy IFLOLOY ) 5X,
1YFLOND 'y 6Ky 'XTOTVsSK) | XCODE Y 96X 'NTOT ', /ySFL10.2yI10)

1 CONTINUE
A=0.
c
c DATA INFUT FDR EACH SEGMENT
READ (5)1250) (SEGID (K) yK=142D)
WAITE [641407) (SEGID(K) yK=1420)
1407 FOAMAT |/l mmm e e e e e e -——————————— m——————— m————

V17 120A85 /54D s 1TINPUTI 7]
READ(5+120]1) WC«WLyWNyRDsQA)CS«TEMP
READ[5+120]1) DELTASFLENGYCONSTsAREASSLOPE) FINT»HDAM)DEPTH
RE&AD(5+11201) FLyFNYFLOKR(FLOKDsFLDKNsSIF
RE&D (5y1202) PMMyRRIA-B1ALPHA
WRITE(6s1207)
107 FO&HAT[/-SXy'HC'UEXD'NL'13X0'WN'|EX||UU'vBKu'QA'!BXl'CS'IGII'TEHP'
1) .
WRITE (691201} UCyWLIWNIQOI1QAYCSs TEMP
WRLTE[6y1203)
1208 FORMATI/)5X) I DELTA ' »SXFLENGY ySXs "CONST? y&X) VAREA? y5X¢ "SLOPE! 065X »
1'FINT! 96Xy "HDAMI 35Xy 'DERTH! )
WRITE(69120)1) DELTAYFLEMNGsCONSTsAREA,SLOPEsFINTsHDAMyDEPTH
WHITE (5)1209) .
1209 FOHMAT(/uEKu'FL'IEKl'FN'lSKl'FLUKR"5X|'FLUKD'15X|'ﬁ}UKN'|9K"5'!
15Ky 'F 1)
WRITE[6«1201) FLIFN«FLOKH«FLDKDsFLOKNyS»F
WRITE(G6y1210) .
1210 FUHMATI/-TK|'PMM';EX|'Rh';9K||A'|9X|'E‘|5K|'ALPHA'l “
WRAITEL6+1202) PMMsRRsA»H s ALPHA

€ COMPUTATION OF ATMOSPHERIC REAERATION RATE (FLOKA)
. FLOKA=12.5%((QJ/AREA) &% (,5))% [ (DEPTH] @@ (=1,5))
WRITE (651211) FLOKA
1211 FORMAT /45K 'FLOKA' s/ Fl0-21
WAITE (§+1206)
1206 FORMAT(/yv40Xs *DUTPUT Y »/)
WRITE (6+1205)
1202 FOKMAT (4F10.2+F10,3)
1203 FOOAT (/) 11X» 'MP 141Xy 9D FICITI43X; 'TERMI'537 4 VTCRM27 53X | TERMI 1,
LA TR F AR VTLRMO s 3Ry P TERMAY g+, PCT 0D o4 Xy INDIDV 46 L4 1001 44/)

C.

Ve e LT RS TAIT L ATT T Mo/ Lenay
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0047
Joser
gao49
1054
w05}

ops52
0ps53
g0s54
goss
005§
aasr
oosa
0059
DoAD

o0g6l

npsz
0053
ap6s
QuRs

b0L&
Qga7?
0048

0o6&as
oo7a

go7l

povr2

pp73

0074

LRrad

aonono

[z Nyl

ana

aa anoan

v«

100
loz

103

101

c. nEL Biie = Ta141
5= (S UCPTH®  A0435) ) oF

ADJUSTMENT UF RATE REACTIOMNS FOR STREAM TEMPERATURE
FLOKA=FLOKA®1.D249% (TEMP=20.)

FLOWO=FLOKO®1.04%2 (tTEMI=20.)
FLOKR=FLOKR4), 0473 (TEMF=-20.)

FLOKI=FLOKN®].08%°% (TEMP-20.}

5=571.065%4¢|TEMP~20,])

TAS5 BALANCE COMFUTATION AT UPSTPREAM ENC OF .SEGMENT

CONVERTS WASTE SOURCE FLOW IN MGD TO CFS

RA=LA®] .54723

WC=WC/5.4 *
WL=wWL/S.4

WN=WN/5,4

Ql=QU+Q3A

Cl=(uD2Ca«wC) 70l

Dl=cs5-cl - -t
FLOL1=(QD®FLOLO+WL) /Q1

FLONI= (QO®*FLONG+WN)/Q1

TEST FOR CAROSS SECTIONAL AREA FUNCTION
IF(CONST)24+243

- F T

19731753

090#§G§bb§°ﬂﬁﬂ§bﬁ§ﬂWGQOG#EDQQGBGﬁDG9ﬂﬂﬂﬂﬁﬂiQQGGQBQOODDGGGGQGODQ.D.I.!.D..

COMSTANY CHOSS SECTIONAL AREA
I=1
FLOJA==(FLOKAZ#AREA/QL1/L16.4)
FLOUN== (FLOKNPAREA/RL/16.4)
FLOJR==[FLOKR®AREA/QL/168.64)

TEST FUOR DaM REAERATION FQ TO USE
IF |4DAM=20,)1D04100,101
[F(TEMP-25,11024102+101
IF(TEMP=-15,)1D1+103,103
COMFUTE DEFICIT USING MOMAWK R. ERQUATION '
DEF6=ALPHA¢YD12HOAM . P
G0 TO &

COMPUTE DEFICIT USING HRITISH EGQUATION

2= (l.+(0.012AH)9(],+0. 046°TEMPI‘HDAM1'°! 1. o:

DEF&= D1®(l,-26) '

COMPUTATION OF COMPONENT SOURCES AND SINKS OF DO DEFICIT

DEFICIT DUE To POINT SOUACE OF CBOD

TERM1=(FL®*FLOKD*FLOL1/ IFLDKA=FLOKR)) & [EXP IFLOJR®X)-EXP (FLOJA®X)])

DEFICIT DUE YO POINT SOURCE OF NEOD

——
~

TEMMZ=(FN?F| "KN°FT_ON1/ [FLOKA - FLGKNIIQ!EXP(FLUJN'KI-EKPIFLOJA'KIJ

Lol OUE T GY O RLUNTED TONTHTS DR
T SR ey ey

Farf ou0e

T



v I S WAIN CAld = T3aL 1 4°3/57
o OCFTCIT DUE TO POIMT SQUATS NF NTZ=01YTH AYYgr
e TERMLSUIREXP (FLOJA® A
(. CUFICIT DUE TO ALBAL KeEST “\lTIBN AND PHOTNSYMTHISRS
LY Trimb={ [RR=IPMM2Z., .53, 1 1 v\ /F ORI MY ~EXFIrLdda—h))
< TCFICIT CUE TC REAERATLION QVES A DAM
vCTe FERME==DELFOo%* (EAF [FLUJA*X)) R N
[ -
r TOTAL DEFICIT UF DISEALYED OXYGEN
LT D01l = TENMLI+TERMZ « TERMI+TERM « TERMS-TERME
LRy Ciy)=€5=-D1(1)
RPN IF(C(TI}30s40440
GL 2 A9 cin=n.
c
[ CIMPUTATION OF cBOD AND NBODR D, S72I0UTION
N 0 FLOLI{IV=FLULLI®EXP(FLOJR=-X])
Uig FLUNIII=FLDNQ*EXF(FLDJN“KI
C
[ TEST FOAR INCREASING BR DEEHEASINa R1IVER MILEPODINT
0nas IF IXCODE)IS605604550
PR 550 XX{I)1=XTOT+X
QpaT GL TO 551
2008 S6C XX(L)=XT0T=X
YNBSS S51 CONTINUE
- TEST FOR EMD OF SEGKMEMT
(IO IF «-FLENGI4,3;500
TR & "=X'DFELTA -
[EEA, MRITELO 1408 AT oD, s TuMt: JERMSy TORMI ) TR THA 3 7O MS ~ TE{MS
fFLAL(I) s FLONTI)sC LI
Douvny 2703 FORMATI5%y11FE,2) =~- - .-
A i=1-1
T GD To 6
w9l 5431 K=FLEMG
09T GG TU &
WIVEY) 3 WRITE[64160BIXKXLI) DALY sTERN Le TERY2 s TERMIy TERMS 2 TERPMS y TERMG »
1FLOL (1) FLONII) vC (1) \
c
. c REINITIALIZATION OF BOUNDARY COWDITIONS AT URSTREAM END 0F SEGMENT
DT co=ci(1)
21460 FLOLO=FLOL (T .
Dyl FLUND=FLONI(]) “\
tro2 XTOT=XX(I) . ! !
. - - C
. .t TEST FOR FINAL SEGMENT IN RIVER SYSTEM
0103 . , NCHUN=NCHUN+1
0104 IF INCHUM=NTOT)1s1y20
C -2 2-Z- 2R Y T-¥ X X-X-0-B-X-¥.X. 3 - X-0 E-F- X 2 27 - L2133 0 3TE.T-7-F-F TR Y It B W T W 2008808400 380800
C
C LINEARLY INCREASING AREA WITH CONSTANT SLOTE
0105 - 2 I=1
0l06 KD=F: VT/SLU”L

D107 R NP I DR - e

Y
-

"e



FORTRAN IV 6

0108
a109
0110
o1ll
011z
0113

0114
0115
ulls

a117
v1ld

0113,
D120
n1zl
0122
0123
0124
0125
0126

0127

0128
0l2s
gl3p
0131

a13z
0133

0134 .
0135
01386
0137

LEVEL
8
C
C
300
doz
C
303
c
301
305
c
c
c
C
c
C
c
c
c
c
c
c
C
c
C
c
50
C
c .
&0
c
=
650

LY

21 MAIN DATE = T3alsal 15/31/58

FLOJUN==(FLOKN®*SLOPE/41/i6.4]

FLOQJR==(FLUKR®SLOPE/QL1/16.4)

FOFXII)=(X?Xe2.9X22%0)/2.

XJA=FLDJA®FOFX (I}

AIN=FLOJN®FOFXI]) ~
NJR=FLOJR*FOFXI]I)

TEST FOR DAM REAERATION EQ TO USE

IF (HDAM=15,)300+300,30]

IF (TEMP=25.)302+302y301

IF (TEMP-20,)301,303,303

COMFUTE DEFICIT USING MOHAWK R EQUATION
DEF&6=ALPHA“D1®HDAM ’

GO To 305 .
COMPUTE DEFJCIT USING BRITISH ER
Z6=11.+(0.11°*APB*HDAMI ®#(]1,+0.0462TEMP| ) o4 (=1,.0)
DEF&= D1%(1.-26)

CONTINUE

COMPUTATION OF COMPONENT SUURCES AND SINKS DF DD DEFICIT

DEFICIT DUE TO POINT SODURCE OF CBOD
TERMI=(FL®*FLOKD®FLDLY/ (FLDOKA=FLOKR)})#® [EXP (XJR} -EXP (XJA))

DEFICIT DUE To POINT SOUKCE OF NBOD
TERM2= (FN®FLUKNeFLONL/ (FILOKA=~FLOXN) ) 8 (EXP {XINI=EXP [XJA))

DEFICIT DUE TO DISTRINUTED BENTHIC NEMAND e
TERMA={S/FLOKAI“ (1., =EXP(XJA)]

CEFICIT CUC TO POINT SOURCE OF DISSOLVED OAYGEN
TERM4=D] ¢EAP (XJA)

DEFICIT DUE TO ALGAL RESFIRATION ANO PHOTOSYNTHESIS
TERMS= [ (RR~(PMM®2.%.,5/3,1416) ) /FLOKA)® (1 .~EXP (FLOJA®X) ]

DEFICIT DUE TO REAERATION OVER A DAM '
TEKMb==DEF&® (EXFP (XJA]

TOTAL DEFICIT UOF DISSOLYED DXYGEN

D(l1= TERMI+«TERM2+TERM3+TERM4+TERMS « TERM6 y
E111=CS=DI]] A
IFICIT)I50+60460

crri=o0, .

CUMPUTATION OF CBOD AND NBOD DISTRIBUTION
FLOL(X)=FLUL1=EXP (XJR)
FLONI[I)=FLUNL<EXP (XJN)

TEST FOR INCREASING OR DECREASING RIVER MILEPOINT
1FIXACNDE)E60,66D0,650
KXiIi=#7"0" ¢

L Tt S
- -

FERSEENNNE SN

PAGE 0006



FORTRAN I¥ 6 LEVEL 2] MAIN

Caild

9138
Blsn
aja}

0142
0163
0144
0145
U166
0167
0l48

c
c

51

10

o2

ra

CONTINUE

TEST FOR END OF SEGMENT
IF IX-FLENG) 1054502
K=X«DELTA

DATE = 73141

19731758

WRITE(6+1608) XX{X)+D(X) s TERMLy TERMR2 s TERM3» TERM4 s TERMS » TERMS

IFLULET) »FLONTIDSCL])
I=I+1

ca 1o 3%

X=FLENG

GO YO %

CONTINUE

SToP 9985

END

-I‘l

-t

i’

PAGE 0007
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TABLE 2

DATA INPUT REQUIREMENTS

COLIMN

Card 1-10 11-20 21-10 31-640 4150 51-60 61-70 71-B0
1 STREAM- === === mm = e e mmmm m e (entire field)-=mmm=-mm-mm=cmmmmmmmmmammmmmm—mmmemmmmme e R ———m————
2 RUNDES~m=m === = mmm S (entire fleld)emmmmmmmne ————— am——— R emmmmemmmmmmmm——mcmmm————————
3 Co FLOLO FLOND =~ XT0T XCODE NTOT

4 SEGID=mmmm e mem e m e (entire field)eememmmemmceccmccdc e ccmeec e e derme s e e mEmEa s me————————
5 we WL WN QU QA cs TEME

6 DELTA FLENG CONST AREA SLOFE FINT HDAM  DEPTH

7 FL FN FLOKR FLOKD FLOKN 5 F

8 MM RR A B ALPHA

Notes:

(a) Repeat cards four through eight for total number (NTOT) of segments

(b) STREAM, RUNDES, and SEGID are alpha-numeric variables with 20A4 format, ‘data entered col, 1-80
(c) NIOT is an inteB®r wvariable with I2 format in col. 53%-60

(d) ALPHA is a floating point variable with F10.3 format

(e) All other variables are floating point with F10.2 format
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SAMPLE OUTPUT




P T P

.

cQ

ic-

'

- PRI

Ll

SRR ED ARG B

< IMNIT LAl

FLOLu
ut {-0¢

£t i

SEGMENT 1

e LI
0N

>

-

o X
r

FLENG
§.53

FM
1,00

RR
17

3¢ 4

:‘Jt‘x&l:ﬂ ‘o

~enp B

"UK‘.' a on T,

sy o

LOTPVEIRS-LAKL

TR T R

(ORI B LA

LeMp
TLEY

i
1

Yt
0-“

CCNST
lel0

FLOKR
G.310

»
-

0.7

XTaT
J0.E3

Ik Tk 1 T A % S 1 T

g0
10¢8.360

AREA
976.00

FLOXD
0.310

-]
0.0

XCSDE

Ra.0

ANPUY

$1L0PE

n.f

FLOKN
g.1lé

ALPHA
0.0
DUTPUT
TERM3 = TSfAMa

0.0 .00

K N
WOUMNES O

B e o e T T 34 D S T e L A

s ooEer o
wow NR
¥ | 8 LR A

NTDT

45

1EMP
0,00

HCAM
Ulu

in
am

TERME TERHG

<
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LS 2
ﬂ_‘:‘;

FE SIS YRR}

o
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DEATH

2402

N3ID ac .

ir-60 10.00 . N

due10 ~Ta37 .10 0,05 d.12 2062 =ua13 g 95 11.8% 9«77
o o e 5 L B (6 00 P B £ 2 I O W R RIS W 0 S T o gt R O O €55 o e S B VO O O T S 3T i o 0 S o S P S L 0K 590 IR S W0 D A T O A o 0 0 40 S S O S i O i A Oy O IR 0 S 0 o O s e

SEGHENT 2.

Wil
2C0AT5.5¢

ki [

WN
230] .6y

CONST

QD
1428,30
ARES
vZ.. 0

P S|

INPUT

B

TEMP

25.00

- r
-

‘

JEP A
¢a.F
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tal .40 Y.l 12 L T 1 )
A R A v L F e
.‘2"’—‘\} 1025 U-n ;-I.G
Mt =
- 0f
QYUY E
AN L A TERMI YERe2 TE2 0 C RS Y7 AMS TIRES DGL snhh ap T e
0.3 6a.09 0.0 o, 0.1 & ot (R (P 1% .08 FRERS Bula
a1l 5.19 a2l 0.U5 07 & A% =04k’ 0.8 13 B2 Lef] a0l
T S g £t | 3 TR W o S5 3 e A 200 O W W sy [ A W S R sy T U S O Ser & DA AN AT BA YT WL MR BT TS RS Ea T £~ SRk S LTLS AL SRV Rl TOERMT Y (rSRWReav LSS O #S oy W o O TR S kb N R Y B T S W s 30 R e W 0 PR S S X R s T

SEGMENT 4b .

INPUT

wC Wl WN a0
112.00  23381.00 38J1.00 2243 10 (-

i LS TEMP?
i Vo d 0.0

Jieo

DELTA FLENG CONST AREA S QR Finl HDAM CEPTI ‘
0,1¢ D.14 1.00 1219£.00 Job 4.0 [UNI 13.5¢0

L TN FLOXR FLdn Tt 5 F
5 1.00 U.12 0l Jefn 5 I lefie

PHM RA A 3 v
iZz.5u 125 ol g.3 G

LT

nnrauy L oa .

MP DEFICIY TERML TERNMZ TEAM] TCAMS TCRIES TIRME cacy NAQD 0aq

0.14% 6.21 0.0 U.0 0.4 5,1 3.0 [ .74 8,7y 2.95 *
Ga.17 “p.12 1.0 20463 B.75 2.9}

=0.,00 6429 0,15 0,06 J.06
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