


ABSTRACT 

A mathematical model describing the interrelationship ~etween the 

d~ssolve!~ oxyg~n concentration of a river anct its variol!s sources and sinks 

has h2~~n c.c!apt2d for use in a stu1y of the Lower Fox River in ~lisconsin. 

Th: ar.?lysis cssumr::s steady-state conditions a:id describes the longitudinal 

c!i'.:tr·ib·•!:ion of dissolved oxygen in the river from N22nah-M~nasha to Gt'een 

J.;i.y, a r:!ist11:1ce rd aporoximate1y 11.0 mi12s (6ll,.4 km) . 

. -!~2 mo,~r;l \·Jas v2rifil~d -~·o,. 11arinus conditions of viaste loading, r·iver 

-:::::""··<.:ut'.. · ::c! r·iver flo1rJ. The mouel 1-1;:is tlieri used to evaluate the effect 

er i•1;::',.,_ ~ au...;.l itv o·r irn0l ementing int2;--im b~st practicable control technol-

r~quir2d ~y th~ 1972 Amendments to the Feder~1 Water Pollution Control Act 

~~id \\: 0rn2"3 iss:1ed by the l./isc:onsin Df·ifl, re~pectiv~ly. The study in-

' ' 
1,j av::=rage r1issolved oxygen concentration of 4 ta .J mg/l will be maintained 

under mc;st flew con(l"itions. During .:in extr~m;~ fow flol'J and high ti=mpet'aturE! 
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NOMENCLATURE -------

Q coefficient af dam r~~er~tion 

A river cross-sectional are~ 

c = cancentratian of dissc~ :cd oxygen 

ca 

C:b 

ch 1-a 

c:s 

D 

Da 

Db = 

Do 

F 

H 

Hd 

Ka 

Kd 

K,, 

Kr 

L 

La 

N 

p 

p 

Pav 

Q 

R 

s 

sl 

T 

t 

dissolved oxygen ;;:~r;ve c!r·,1 

dissolved l'JXygen helo.'/ '! rl~rn 

c:anc:entration cf rh]ryr0rhyll-n 

saturation value of .~ i :- ~"' ! ,,~,_1 axyqeri 

defi c:it of dissol"'::d a~ygen 

dE!ficit af dissolved ll~Vg~n <1bavE! a dam 

deficit of dissolved oxygQn below a dam 

initial dis?olved cxygen d~ficit 

pen:ent of 1.he ri .'."" ho: co 1 C"""red by sludgE! deposits 

average river depth 

height through 1;hich watt'r falls av~r a dam 

reaE!ration coefficient 

deoxygenati an coefficient 

first order NBOD decay cuefNc:ient 

first order CBOD dec2.y cei.~fficiE!nt 

carbonaceous BOD ( f.RO!:i) d; stributi on 
'l 

initial c:arb nnri.:ec:rs f<C:i' 

gross photosynthetic di:.so1'f.•rl IH\ l]Qrl [lrDdUcti on 

period of algal photo~ynthesis, i.E! .• reriod of daylight 

average d'lny phot·1s.1•i;t 11 '!l r r. pxygen production 

river fl 01·1 ra tE 

brnthi c l1X/1]2n .'il'O: : ,, i . ,, l .... 11) 

bentnic O!(YCJd• L:-1 :r -· (.t• 
- -· 

( 11ril 1 J ·~tr;~} ' ~ 

ti.1·~ r:if t ,·,1\'C: 

> l 'll' ~ rHn:t a ry 

(ft2 ) 

(mg/l) 

(mg/l) 

(mg/l) 

(mg/l) 

(mg/l) 

(mg/l) 

(111g/l) 

(mg/l) 

(mg/l) 

( dec:imal) 

(ft) 

(ft) 

(l/day) 

(l/day) 

(l/day) 

(l /day) 

(mg/l) 

(mg/l) 

(mg/l) 

(mg D2/l-dcty) 

(days) 

(mg/l-day) 

( cfs) 

(mg D2/l-duy) 

2 (gr.i o2 /m -ciay) 

(mg o2 /l-day) 

( oc) 

(days) 

(ft/se~) 

(lhs/t.lay) 

(mil~s) 
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INTRO DU CTI ON 

Gross water pollution has existed in the Lawer Fox River and Green 

Bay, Wisconsin for a number of years. C(ltic~ntr;>tQd in this basin are 

eight urban areas and nineteen pulp ?~d n~~er rr~nufacturers that make in-

tensive use of the river for disposal and assi~1ilation of wastes. The 

"lower river, approximately 40 miles (69.4 km) in length, flows in a north-

easterly direction through a series of 18 locks and dams used for navi-

gatio~ and hydroelectric purposes. The drain~ge area of the basin is 419 

s~uare miles (lDBS sq. km). (See figure l) 

Because of the continuing gross water pollution in the river, the U.S. 

'::nvironmental Protection Agency (EPA) and the Wisconsin Department of 

:~atural 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 nrrlers requiring municipal waste 

sources to remove 90% of the biochemical ox·G-0 ~2mand contained in their 

waste influents. The 1972 Amendments to the Fe~2r~l Water Pollution Control 

Act provide that municipalities sh~ll nrovirle, ns ~ minimum, secondary treat-

ment, and industries shall achieve 11 best pn.ctice.ble control technology 11 

(BPT) by no later than 1977. Under the J\ct, ::-'t\ i:> required to definE! final 

effluent guidelines representiny BPT hy 0ct8h~r 1973. The effluent limits 

for industrial dischargers used in this r;:'.J!"ltt i'\!FI surrmarized in Table 5 

1;J2re derived from interim guirl=line~. i-1 w-., , .. _ .. '~in early 1973 1;1hich ir1ere 

son removal for nunicipalities and "- I~ ' 
·~ I ..:. 

The cc-mbination of 90% 

limitations in Table 5 are 

r~fer-red throughout tr.is repurt as :.r" •I r11"-:-'! '.'~fld~nt limitations." The 

1972 AmendmE'nts also reriuire that ir. :lh'.::-;.1 t . .1 1r,:2ting the municipal and 



i ir.1 iJ r i \J ;i •ti v 3 r 
\ilSCO~SIN 

J'{' 
~ 

/~. 
··--r 

1) - ::?l t-S 

~ \ 

51, 
J4 

;. ., . 
~ ~ 
Ue::§iREEH SAY . 

2:1 ... 

01 P111 01111 

Mnk1un1 

l1llle Rap1lfs Dam 

Aap1de Crothe Dam 

LEGEND 

.. Dam 

I Se1ment Bnundarr 

0 Industrial Dischar1e 

0 Uunic1p1I D1schar1e 

Fi1ure 1 

N 



- ] -

industrial guidelines, the water quality standards must be met. Far the 

Fox River upstream of the upper darn at Appl~toni the water quality standards 

provide for all water uses including fish and aquatic life and recreatianal 

use. These uses require among other parameters that the dissolved axygen 

shall not be lawered to less than 5.0 mg/l at any time. The Fox River from 

;-:ie upper dam at Appleton downstream lo tf,: \fill age of Wrightstown shall meet 

all standards exc::ept that the dissolvea oxygen shall not be lowered to 

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

to less t~an 5.0 mg/l for the remainder of the day. The Fox River below the 

vill<\ge of Wrightstown downstream to the mouth shall meet all standards except 

that th~ dissolved oxygen shall nat be low2red to less than 2.0 mg/l at any time. 

In 1969, the engineering firm of quirk 1 Lawler, and Matusky (QLM) developed 

a marlel of the river for the Wiscansin DNR. The data base used for 

verification of this model was not as camplete as that presently available. 

Extensive river surveys performed during the summers of 1971 and 1972 have 

accumulated enough new data to al 1 en~ a better estimate of certain parameters 

and thus pennit the development of an upd~ted mod~l for the Lower Fox River. 

The purpase of the work presented here was to evaluate the effect on 

the water quality of the Lower Fox River of implementing the proposed effluent 

limitatians for industrial and municip;..l sources and to evaluate if these 

control levels would achieve existing 1-1ater quality standards. 

The scope of the study was ~i~it~ri to developing a steady-state, one­

dimensional model based on availahl2 dt1,t=i arid usin!J an Existing computer pro­

gram. A discussion of the theoretir:-ll hackgrou:··d is presented first, followed 

hy a description of the development c':ld v.~rHic2tion of the model. An 

evaluation of the eff::ct of th~ ~rn·:i; <· i f';"": .· .. ~ 1imit.;itions on \tJater quality 

in the Lower Fox Riv!'.2r is then p•·v·r"' :_c-! 
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MODEL DEVELOPMENT 

Theory 

The dissolved oxygen concentration of a natural water system indicates 

the ~~neral 11 health 11 nf a stream, ~.nd its ability~ or inability, to main-

tain a diverse population of fish and aq~atic 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. Far a fresh water river such as the Lower Fox, 

the advcctive component 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 morl:;l ing the interrelationship 

between thE various 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, 1972) 

cic = - l 13 (gel - Keil - KnN + Ka (C 5 -c) (1) 
rt A ax 

in which 

A river cross-sectional arc~ (ft 2 ) 

C =concentration of dissolved oxyg~n (Do) (mg/l) 

Ca= dissolved oxygen above 1 dam (~g/l) 
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Cb = dissolVE!d oxygen bE!low a dam (mg/l) 

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

Ka = rE!aeration coefficient (1/rlay) 

Ket = deoxygE!nation coefficient (l/day) 

Kn = first ordE!r NBOD dE!cay coefficient (l/day) 

L =carbonaceous BOD (CBDD) distribution (mg/l) 

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

p = gross photosynthetic dissolv~d ~xygen production (mg/1-day) 

Q = river fl ow rati: (cfs) 

R = alga 1 dissolved oxygE!n respiration (mg/1-day) 

51 = bE!nthic oxygE!n uptake coefficiE!nt (volumE!tric) (mg/1-day) 

t = timE! (days) 

x = distantE! downstrE!am (mil es) 

In equation (1) 9 thE! concentration of dissolved oxygen is assumed to 

bE! uniform in the latE!ral and vertical planes. ThE! sourcE!s and sinks may 

be functions of thE!ir own concentrations or the concentration of anothE!r 

substancE!. 

It is usually morE! convenient to introducE! the dissolved oxygE!n 

dE!ficit into thE! E!quations since all v~lues will thE!n bE! rE!fE!renced to a 

zero dissolved oxygen deficit 9 the Sijtur~tion value of dissolVE!d oxygen. 

If DJ thE! dissolved axygE!n dE!ficit (n:c 5 -C) is substituted into eguation 

(1) and if steady state conditions ar~ assumed (i.E!., no change in point 

source wastE! loadings with timE!), the solution is as folloWs 9 given the 

appropriate boundary conditions (0:0 0 at x=o) (Thomann! 1972): 



where 

- fj -

O(x) = (Wd + 00 ) exp( - Ka x/u) 
Q 

+ Ki.1Ji [ ( ) ( ) ] Ka-Kr exp - Kr x/u - exp - Ka x/u 

+ JS.n__~ [exo( - Kn x/u) - exp( - Ka x/u)] t'a-1,n · 

- p 

Ka 
+ R 

Ka 

[l - exp( - Ka x/u)] 

[l - exp( - Ka x/u)] 

[1 - exp{ - Ka x/u)] 

Da =deficit of dissolved oxygen above n dam (mg/l) 

Db= deficit of dissolved o.cyg'!l1 hP.low a clrirn (mg/l) 

Kr= first order CBOD deci:i_:-r C•) "fir.i .. ' ': (i/rl?Ly) 

S1 = benthic oxygen uptak~ (n~·r~:iJnc i
1 

'".J °'; I •l ~ ~ r i C ) ... ,. . (mg/1-day) 

( 2a) 

(2b) 

(2c) 

(2d) 

(2e) 

(2f) 

(2g) 

Wd = dissolved oxygen input Fr ... i .. 1 \..:·Jst-:: s .t ... ce .--1r tributary (lbs./day) 

Xd =spatial location of a ,:::ir: {:·.1](·S) 

The various parts of the solution n.·':! int.t::r:ir.·cr.1i as: 

(2a) point soutce of DO, 1·'-1, i'1< 1r:i.-. 1 ,,~Jue of DO deficit, Do 

(2b) deficit d1:~ to point -_-,.1:.:: "f ,-

(2c) d~ficit d:.ie t·J f·(1fr•t <· 1 •• .-, :··f · 

(2d) rleficit r:hJe to d:strl•' .. : 1!~··:· 

(2e) distrib~t"'ri rt1J .. i :'E'~.) , , 1 i::.1 ··, 

(2.f) distrib,;ted br:::1thic '.J>.·; . .,.•·.ri ~l...:1~•··: :.. ---r-~ct 
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A detailed discussion of each of the mudel components shown in 

Equation (2) is presented in the following sections. In these sections 

a rliscussion of the assumptions u5e<l in d~scrihing the component model 

is presented along with a surmnary of the valu8s Qf the parameters selected 

for use in the verifications and pr~dictions. The model is structured so 

that each af the input parameters may be varied spatially in the river. 

Initial Conditions 

Values for initial conditions of dissolved oxygen, carbonaceous BOD, 

and total nitrogen in the Neenah-~erasha Ch~nnel were obtained either from 

recently available river survey data, or from the results of an extensive 

statistical analysis of dissolved oxyqen 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 to ph~tosynthetic activity of the aquatic 

plants (QLM, 1969). For the model v~~~+ic~ti0ns. observed values of dis­

solved oxygen (all a~ove saturat"i ";';) ,.,, __ ".l .r:.e·L ~-;r t~e model predictions, 

the saturation value was used. 

~JhEre available, initial ca1h· .. n;o,rr-r,.1s Bt'JD values, measured by the Wis­

consin nNR, were used. In tn2 r .. .::~;. i,:':1· ;1-r tht:: :ir-,llyses, an initial value 

of 6 mg/l was chosen bas.-:!d on <;:f :- : ··~ .11 :.::: ;i: ·'s.-1:t::1l in the QLM "itudy 

(QLM, 1969). 

Relatively few measurements r.r' o.::.:.~i c.xidizable nitrogen were available 

for use in the analys·is. A rL"'~·: · -::~· i •·;r. 1'1 isting data suggested that the 

1a l u c:: of l. 0 rng/l ~·/.3.S a reas 1;n at.- ~ . 
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Atmospheric Reaeration 

The atmospheric reaeration coeffici~nt, Ka, was calculated using 

0 1 Connor 1 s formulation (Dobbins and O'Connor, 1958), 

( 3) 

in which, 

µ = average stream v~locity (ft/sec) 

H =average de~th {ft) 

The 0 1 Connor equation forms a reasonable basis for estimating the 

reaeration coefficient for a wide range of depth and velocity conditions 

(average depth ranging from about 1 foot to 30 feet [D.3 m ta 9. l m] and 

average velocities in the range from 0.5 to l.n ft/sec [0.15 m/sec to 

0.49 m/sec]) encountered in the Low~r Fox River. 

The effect of temperature an tn~ reaeration coefficient has been 

experimentally determined to be rE!presentr_.,i r.y 

for T in degrees centigrade. 

Biochemical Oxygen _Dei:nan~ 

(4) 

As shown in Equation (2), tr.- ·-: -,s a ,J1~[.!ridfon r,1ade betw8en the 

oxye1en demand of the c.1rbona.ceou'= ,. · ·i··1 '.~· .- ·1) i11 a w=tste effluent, and 

the nitroger.ous oxygan cterD'illdi1~1 · ·' :..:·::. (r·' ;) r.if tne effluent. 

Carbonaceous GOD 
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a result af axidatian and physical settling of the organic materials. 

Far axidatian alane, as might result fram a soluble organic waste, the 

reaction rate is expressed as Kcf -- the rate of oxidation of the arganic 

substance. The two reaction rates, Kr and Kci. assaciated with the decay af 

CBDD are shawn in Equatian (2b). 

Previaus studies have shown that the primary mechanism for CBOD 

removal is the cxidatian af organic matter (QLM, 1969). Although settling 

of the suspended matter does accur. the rate of removal via this mechanism 

is small compared ta oxidation. For the analysis, the removal rate, Kr, 

was assumed ta be essentially equal to the oxidation rate, l<d. 

Values far the CBOD caefficient, Krl, were taken directly from the 

QL&M report. In that study, Kd was reported to be a function af river flaw 

between abaut 1 ,DOD cfs (l,699 cum/min) and 4,00D cfs (6,797 cum/min) for 

the area from Appleton dam (rnp 32.l) to O~ Per~ dam (mp 7.3). For flaws 

greater than ~000 cfs (6,797 cu m/min) the r~te coefficient was considered 

constant. Beyond De Pere dam, Kd was bd~f1c:r.:i2·nt of river flow and was 

assumed constant at 0.12/day. 

Far the present study, observed flows of about 2,000 cfs (3,398 cu m/min) 

ta 2,500 cfs (4,24B cu m/min) resulted in corresponding deaxygenatian 

coefficients of abaut D.2 ta 0.3/day. 

Lang term (20-day) CBOD measurements were available at several places 

in the river. Fram these measurements, the ~atia of ultimate to 5-day BOD 

was calculated. This ratia varied from 1.29 to 2.36, as shawn in the 

follawing table. 
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Table 1 

Ratio of Ultimate to 5-0ay 

Carbonaceous BOD 

Ratio 
Location CBODu/CBDD5 

QLM Report {1969) Wisconsin DNR (1972) 

Segment 1-13 
Segment 14-18 
Segment 19 
Segment 20-25 
Se!:]mcnt 26-3 2 
Segm2nt 33-40 
SC!gment 41-45 

1. 88 
2. 1 g 
l. 89 
l. 66 
1.89 
2.36 
1. 29 

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

NitrogE!naus SOD 

(Menasha Channel) 1.Bl 

(Rapide Croche Dam) 1.95 
(DePere Dam) 2.35 

The assumption of a first-order kinetics model to describe the process 

of nitrification is a simplification of ?c r~ther complex set of consecutive 

r·2actions. In rE!ality, organic and ammo;1iri. ni"':"'~~en are oxidized through a 

series of reactions, shown below, to nitri~c and nitrate nitrogen. This 

oxidation process draws on the 0Xy'1en rt.::J1dne.s of the river and is in~luded 

as a component in the model. 

The ammonia formed from organic nit; r;.-;;:;··,_, tngether with direct dis-

charges nf am:ncrnia frcm \raste s:::l;:-·c~s. ·;_ ;'>. :· ~~d to nitrite by Nitrosamonas 

bacteria, as follows: 

(NH4)+ + OW + 1.5Dz bacti~ria ~. r + ::··2- + 2Hz0 
4-
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Th--: '-=~:i.:tion rE!qUires 3.43 pounds of n.·~ygen fo"' each pound of arr.mania 

nit~G]en axidized to nitrite. 

T~~ nitrite formed is then oxidized to nitrate hy Nitrahacter as 

fa i "1 OV!~ : 

NG~- + a.so2 bacteria No3-
·- -t-

This n· :ictbn requi re:s 1. 14 pounds of 'JX_y g~n fol' one pound af nitrite 

ni·~.· .~·-·' r· oxidize'"! t,1 ni Lt'at:e. 

Th~ to~al oxy0en consumption in tho nitt'ification process is 4.57 pounds 

of o.v..:,•;i:-n fr,r 2rich ~mmc! of ammonia nitra9,En. Th'...~s, the nitrogenous BOD (NBOD) 

·1s er1~1<il to ~ .. 57 tirne.:. the concentration of ttJtal axidizable forms of 

;iitrog1.::n (amnor~ia + organic nitrogen)_ 

In the present analysis, active nitrogenous oxidation is assumed to 

cornm~~ce in the first segment in the N~enah-Menasha channel. This assumption 

i~ ~on~idereJ valid on the basis of high concentrations of algae and related 

nutri~nts entering the Lower Fox River from Lake Winnebago. 

The rate cc~ffic~ent, Kn, is depend~nt on riv~r tEmperatur~ and the 

crnc::E:"+r3.tion af dissolved oxygen. Under conditions of law dissolved oxygen, 

nitrific~ticn i~ inhibited an~ at values below 1.5 mg/l dissolvEd oxygen, 

nitrificatio·1 c~ases. The maximum rate of nitdficatian at high levels af 

dissol•iec.! oxygen was u.143/day (QLM, 1969). 

lh~ efF~ct of temperature on th2 reaction ratE of nitrification is 

aiven hy 

( [(rr h = (Kn) 20 ( 1. 04) (T-20) ( 5) 

for te1:,1·)er~·wures greater than 1 D0 e. At river tempEratures of 1 ess than lace, 

nitrifir~tiJn is suppressed. 
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Estimates af point source laadings of total axidizable nitrogen 

(NH3-N +organic-NJ were applied to industrial and municipal dischargers. 

A camparisan af ~bserved tatal nitragen values far July 14, l972~with a 

camputed mass balance af tatal nitrogen,is shown in Figure£. 

Phatasynthesis and Respiration 

Lake Winnebago cantributes large cancentratians af algae ta the Lawer 

Fox River in the summer months. The algae and rooted aquatic plants, 

thraugh the processes of phatosynthesis and respiration, serve bath as a 

saurce and a sink af dissalved axygen in the river. In the steady state 

model presented herein, the complex interactions invalved in phatasynthesis 

and respiratian are simplified by relating the chlaraphyll - a concen­

tration in the river ta an axygen saurce term, P,and a sink term, R. 

Chlorophyll - .! measurements at variaus lacations in the river were 

available from recent surveys by Sager and Wiersma. Estimates af the grass 

axygen productian and respiratian due to algae concentratians were made by 

using the empirical relatianship between chloraphyll - .! cancentratian and 

maximum oxygen praductian established by Ryther and Yentsch and reported by 

Di Tara (1969). This relationship is: 

where 

P = a. 25 ch 1 - a ( 6) 

P = grass phatasynthetic dissalved axygen praductian 

(mg 0211-day) 

chl - a= chlorophyll - .! cancentratian (µg/l) 

The relatianship between the algal respiratian rate, R, and chlarophyll 

- a cancentratian is: 
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R = D.025 chl - a (7) 

The average daily rate of photosynthetic dissolved oxygen production, 

Pav, is given by: 

Pav = P 2phr (a) 

where 

p = fractional period of sunlight in a day 

The unfortunate implication is that a constant ratio of P/R = 10 exists 

far all algal populations. This is not true, since the ratio is known ta 

vary considerably. However, comparison of results from this empirical 

relation and data presented in the QLM report from light and dark battle 

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 two verifications of survey 

data and a prediction of 1978 conditions. 



July 28s l 971 

Segment p R 

1-1 l 35.0 3.50 

12-28 28.78 2.BB 

29-33 I 21. 25 2.13 

34-·4D ! l 6. 25 l. 63 

41-45 ll.25 1 . l 3 

TABLE 2. 

SPATIAL VARIATION OF ALGAL OXYGEN PRODUCTION 

AND RESPIRATION (mgD2/l-day) 

June 2.0-2.l s 1973 

Segment p R 

1-14 2.1. 3 2.13 

15-22 21.3 2.. 13 

23 ..,.27 12. 5 l.25 

2B-45 12.. 5 l.25 

Source: Sager and Wiersma, 1972 

(1978 Pr~dictian canditians are estimates) 

1978 Predicti an 

Segment p 

1-14 14.0 

15-22 ll.D 

23-27 8.0 

28-45 6.0 

R 

1.4 

1. l 

a.B 

0.6 

_. 
U'1 



- 16 -

Benthic Oxygen Demand 

The cantinuous discharge af settleable waste material fram municipal and 

industrial saurces far many years has resulted in the formation af sludge 

banks throughout the river. The battam canditians in the river vary from 

rather thick deposits af sludge to relatively shallow deposits of decaying 

organic material fram natural sources such as dead algae. The surface layer 

af sludge, in direct contact with the water, undergoes aerobic deccmpasitian, 

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 af dissalved axygen shown as Sin 

Equati ans ( 1) and (2). 

Values for S were orginally taken from the literature. Thomas (1970) 

reported SOD values of up to 2.3 mgs o2;m2-day in unpolluted sections of the 

Willamette River in Oregon. For sections of the river covered with fresh 

paper mill sludge deposits, values as high as 19.5 mgs o2;m2-day were 

reported, with the average uptake rate in the range from 3.6 ta 9.8 mgs 

Dz/m2-day. McKeown (1968) reported a range of l.S to S.O mgs o2/m2-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 

mgs Dz/m2-day SOD for cellulosic fiber sludge. 

Both Thomas and McKeown describe a rapid decrease in sludge oxygen 

demand as the sludge ages. According to Thomas, within 90 days after de­

composition, the SOD had dropped to half of ~he maximum value at the time 

of deposition. McKeown reported a decrease ta about one-third of the 

maximum 500 within 80 days of deposition. 
,, 
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Based an the above information, a maximum SOD of 5.0 mgs o2/m2-day 

was utilized far mast analyses presented herein. A value af 2.5 mgs Dz/m2-

day was used far predicting future conditions in anticipation af decreased 

loadings af settleablematerials ta the river and af aging af the existing 

sludge deposits in the river. 

Although the average value far the benthic oxygen demand will be about 

2.5 mgs o2/m2-day, it possibly will be higher than this at a few locations. 

Sludge deposition in the Lower Fax River was recently studied by Springer 

(1972). Under most flow conditions, significant sludge deposition was found 

ta occur in segments 6 ta 11 and 2B to 45. Since fresh sludge deposits may 

well settle in these locations in the future, the benthic uptake rate cauld 

be higher than that assumed in the present analysis. 

Subsequent to the development of the present model, the Wisconsin DNR 

conducted laboratory measurements of the benthic oxygen uptake due to sludge 

deposits taken from the river. These studies indicated an uptake range of 

2.5 ta J.2 mgs Oz/m2-day for areas having relatively little sludge. In mare 

grossly polluted areas, SOD values of 6 ta 20 mgs o2/m2-day were measured 

(Wisconsin DNR, 1973). Results of the Wisconsin DNR studies support the SOD 

values taken from the literature and used for the Fax River analysis. The 

measured range of 2.5 to 3.2 mgs Oz/m2-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 adequate 

treatment. 

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

(s)r = (s) 20 (l.o6s)(T- 20 l 

where T is river temperature in degrees centigrade. 

(9) 

Belaw l0°c, the rate decreases mare rapidly than indicated by Equation (9) 

and approaches zero in the range af 0° to 5°C, 

Reaeratian Over Dams 

The reaeration occurring at dams along the river is similar ta the 

natural phenomenon of atmospheric reaeratian and always drives the dissolved 

axygen concentration of the water toward the saturation value. In the Lower 

Fax River, the majar sources af continuous artifical reaeratian are the 

waterfalls over dams located at De Pere (mp 7.3), Little Rapids (mp 13.l), 

Rapide Croche (mp 19.18), and Upper Appleton (mp 32.1). Although there are 

19 dams located an the river, these faur dams were considered ta be the 

significant sources of reaeratian based an observations made by the Wisconsin 

DNR during recent field studies and as clearly indicated in the data shawn in 

Figures 4 and 5. 

For the Mahawk River and Barge Canal in New York State, Mastropietro 

(Mastropietra, 1972) developed an equation similar ta the fallowing for 

reaeration aver dams: 

Da - Db = o.Hd Da 

Da = dissolved oxygen deficit above dam (mg/1) 
Db= dissolved oxygen deficit below dam (mg/l) 

Hd =height through which the waterfalls (ft.) 

o. = empirical coefficient for dam reaeration 

( 10) 
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Mastropietro used an ~ value of 0.037 in his wark. However, for the 

Lawer Fax River, coefficients determined from field data were substituted 

in describing reaeration aver dams. A summary af the dam heights and 

coefficients is presented in Table 3. 

DAM 

De Pere 

Little Rapids 

Rapide Crache 

Upper Appleton 

TABLE 3 

REAERATIDN OVER DAMS 

MI LEPO INT HEIGHT 

7.30 9.B 

l3 .10 6. l 

19. l B 9.4 

32.10 B.D 

{FT.) ~ 

D.037 

0.115 

D.037 

0.065 

Total dissolved oxygen transferred at the various dams could be as high as 

4 ta 5 mg/l if the dissolved oxygen concentration at the dam headwater is 

at, ar near, zera. 

Physical Parameters 

Geometric characteristics af the river, such as average depths, widths 

and crass-sectional areas are necessary ta determine the assimilative 

capacity af the river since these parameters combined with the river flaw 

rate determine velocity. Each of the terms in Equation (2) is a function af 

river velocity. 

Average widths and depths were obtained directly from the QLM report. 

Crass sectional areas in the river were then readily computed fram 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 crass-sectional areas used in the analysis. 

In the development of the model, the Menasha Channel was arbitrarily 

considered as a tributary ta the main branch of the Lawer Fax River entering 

atriver milepoint 37.24 in Segment 6. River flow from Lake Winnebago was 

proportioned 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 ta be 0.54 

of the total river flaw, with the flaw in Neenah Channel being the 

difference, or D.46 of the total river flaw. 

Seiche Effect 

Green Bay, at the mouth of the Lawer Fax River, is sufficiently large 

ta be subject ta a phenomenon similar ta oceanic tides. This phenomenon, 

the seiche effect, will cause lang period ascillatians in the river similar 

ta the waves caused by tides in a caastal estuary. Neither amplitude, 

current, nar dye tracer measurements of any detail were available to fully 

evaluate the effect af the seiche in Green Bay on the Lawer Fax River. 

Aerial phatagraphs obtained during a recent study of (EPA, 1972) thermal 

discharges in Lake Michigan clearly indicate current reversals at about 1.3 

miles fram Green Bay near the confluence of the East River and the Lower 

Fax. Contrary ta the conclusion presented in the QLM repart, it is evident 

that longitudinal 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 resuits of a recent river survey shown 

in FiQure fi. 
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TABLE 4 

PHYSICAL PARJIMETERS 

Crass -Sect i anal 
Area (sq. ft.) 

Mfle Paints Lacatian 

976 

41l21l 

6978 

lilD 

712 

ll 66 

14634 

151l65 

9837 

10032 

3670 

l 67 6 

199B 

619 

3648 

4194 

2661l 

11556 

6592 

l 492 

9!l:J 

900 

38.63 38. l N!!enah Dam - Bergstrom 
Paper (Neenah Channel) 

JB. l 37.62 B"rgstram Pap!!r -
Kimberly-Clark (Lakeview) 

37.62 37.24 Kimberly-Clark -
James Is. 

38.18 37.92 Menasha Channel -
Jahn Strange Paper 

37.92 37.24 Jahn strange Paper -
James Is. 

37.24 36.83 James Is. -
Menasha Lack (Main Riv.,r) 

36.83 36.ll Menasha Lack -
Menasha (9th Street) 

36.IJ 34.B Menasha (9th Stl'l!et) 
Strobe Is. 

34. 8 34. 3 Strobe Is. -
Mud Creek. 

34.3 33.96 Mud Creek -
Grignon Rapids Channel 

33.96 JZ.l 6rig,ian Rapids Channel -
Dam, Wis --Mi ch. P a~ll!r 

32.l 31.65 Wis-Mich. Power -
llam, Fax River Paper 

31. 65 Jll. B Fax River P ~p~r -
!lam, Furnmst Dairies 

30.B 30.56 !lam, farmast Dairies 
Consolidated Paper 

30.56 29.73 cansalidat~d Paper 
Appleton s~wage Plant 

29.73 27.24 Appleton Sewage Plant 
KintJerly-Cl ark (Km.) 

27 .24 26. B Kimberly-Cl ark (Kim. I 
Little Chute (J.,ffersan St 

26.8 26.4 Little Chute - Guard 
Lack, Littl~ Chute 

26.4 25.6 Guard Luck, Littll! Chut:e -
Oam, Ca11tllned LQcks Paper 

25.6 25. l Carmin"d Lacks Paper -
Sanitarium RaJd 

25.l 23.93 sanit~rium R~ad -
Larallette Par• ,raukauna 

23.93 - 23.2 LaFollett~ Park,Kaukauna -
Ti1 i lrnany Paper 

23.2 22.5 Thilmany Pape1-
Lagoans 
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TABLE 4 (ton 't) 

PHYSICAL PARAMETERS 

SetimP.nt De 11th Width Cress-Sectional Mile Points Locatilln 
Ma. (feet) ( feetJ Ama..__(.Sq.ft.) 

24 4.7 l,386' 6514 22.5 - 21.D Lagoons - mile 
point 21.0 

25 7.5 627 4703 21.D - l!l .18 Mile pc1nt 21.D 
Rapide Crache.Dam 

26 4 605 2420 19. lB 17.4 Rap1de Crache ~am -
Pl11n Crt!ek 

27 5.B 502 2912 17.4 - 15.0 Plum Creek - Apple 
r:reek 

28 1.7 575 4428 15.0 - 13. 1 Apple Creek - Dam 
Little Rapids 

29 5.5 _!119 5055 l 3. 1 - 12.6 Dam, Little Rapids -
Last Dauphin State Park 

JO 5 1, 629 8145 12.6 - 12. l Lest Dauphin State Park 
Hickory Greve sanitoriu~ 

31 5.7 1,780 10146 12. 1 - 10.4 Sanitarium - Old Plank Rd. 
DePere 

32 10.3 903 9301 lD.4 7.3 Old Plank Rrl, De.Pere -
Dam, DePere 

33 3.4 11 438 48B9 7.3 6.97 Dam, DePere - U. s. 
Paper Mi 11s 

Ill> 

'~ 34 6.6 1, 640 10824 IUJ7 - 6.25 U.S. Paper Mills -
DePere Sewage Plant 

35 7.4 1,160 8584 6.25 5.7 DePere Sewage P h.nt ..! 

Ashwaub en an Creek 

36 5.6 2,083 11665 5,7 4.B Ashwaubenon Creek -
Out i::hman Creek 

37 5.6 2,715 15204 4.8 4.0 Dutc:hman C:reek -
Reimers Meat Praducts 

38 !I 1.338 l2a42 4.0 3.7 Reimers Meat Prnduc:ts -
fart Howard Paper 

39 13 1,154 15002 3.7 2.63 Fart Haward Paper · 
Parlier Street Gre2n ij2y 

40 21 618 12978 2.63 - 1.3 Parlier Street - Eiist 
River 

41 1 !I 845 16055 1. 3 l.D East River - Chatmin 
Paper Ca. 

42 2a 594 11BBD l.O 0.7 Charmin Paper Ca. -
Grei:!n Bay Packaging .. 43 13 765 9945 0.7 0.33 Green Bay Par.:kaging -
Reiss Caal Co. 

44 16.5 850 14025 0.33 o. 14 · Reiss Caal Ca. -
Green Bay Yacht Club 

45 13 93B 12194 D.14 D.O Green Bay Yacht Club 
Green Bay 

Source: (Quirk, ----
Lawler and Matusky En3in~l'rs, l!.IG'.:l) 
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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 belaw De Pere, rather than decrease, as would be 

expected due ta the magnitude of the waste loads discharged into the river. 

Since the observed phenomena are similar ta tidal effects in a coastal 

estuary, the effect of current reversals, i.e., a seiche, can be accounted 

far in the model by the addition of a term describing the mass flux due ta 

longitudinal dispersion in Equation (1). 

Data were nat available ta permit evaluation af the effect of current 

reversals an water quality predicted by the present model. Since the 

seiche phenomena is nat a continuous occurrence1 as are estaurine tides, the 

integrity of the model reported herein is not affected far situations in which 

the effects of dispersi~n are negligible. 

Survey Data 

Two recent sources of extensive data greatly facilitated construction 

of the model. Sager and Wiersma 1 s 1971 and 1972 study of water quality in 

the Lower Fax River and Green Bay pravidert temperature, dissolved oxygen 

and chlorophyll - ~measurements at ten lr·cations in the river. In 

addition, the Wisconsin DNR canducted stream surveys on the Lawer Fox River 

throughout the summer of 1972, the results of which were made available to 

the EPA. 

Sager and Wierma 1 s data is a result of a single surface grab sample 

taken at locations where the river was con~idered 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 af a rather signifi­

cant gradient in the lateral and vertical planes of the river. demonstrating 

that the river is nat truly a completely mixing system as is assumed in 

a ane-dimensianal model. 

Despite the apparent lack af complete mixing in some partians af the 

riveri the camputed profiles of dissolved oxygen do agree sufficiently well 

with the observed data ta validate the assumption of an approximately 

uniform concentration of dissolved oxygen in the lateral and vertical planes 

in each segment af the river. 

Proposed Effluent Limitations 

The 1972 Amendments to the Federal Water Pollution Control Act changed 

the majar emphasis of water pollution control from water quality standards 

to effluent limitations, regulating the amount af pollutants discharged from 

specific paint sources. The 1972 Amendments required that EPA define the 

11 best practicable control technology currently available 11 for various 

categories of industrial aperations and determine maximum allowable effluent 

limitations. The Act requires that all dischargers provide at least this 

level of treatment and meet existing water quality standards no later than 

July, 1977. 

11Best practicable control technol agy currently avail abl e11 effluent 

limits are in the process af being defined far the pulp and paper industry. 

These limitations will be expressed in terms af pounds of caoo51 suspended 

solids, and other materials allowed ta be discharged per ton af product and 

are being established far the numerous specific operations in the pulp and 

paper industry. These limits were not completed at the time of this evaluation; 

therefore, previously developed 11 interim 11 guidelines (Table 5) were used. 
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These compare very closely to the initial draft of the guidelines being 

developed far the type of papennills located an the Fox River. 

Also, the various municipal waste facilities in the basin are required 

by Wisconsin DNR orders ta achieve a minimum of 90 percent removal of 

influent BOD. These requirements 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 90% BOD removal at 

municipalities and the interim guideline limitations shown in Table 5 are 

the basis far the water quality predictions made in this report. 

A location map indicating the study area, municipal and industrial 

waste sources, and river segmentation, and the dams considered ta be 

significant sources of reaeratian is shown in Figure 1. Table 5 lists 

the various paunt sources in the river by identification nuntier, segment 

and river milepoint. It also gives estimated waste loadings assuming 

implementation af estimated effluent limitations for industries and far 

municipalities. 

Nan-point sources af 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. 
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14 
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17 

17 

l 8 

20 

24 

24 

J3 

J4 

35 

J9 

42 

43 

44 

45 

~-;.ti"111t~d in antic1pat1nn r.f f 1JtlJ .... ~ c 1"'r1it~o1s 

River mile ~aint 

40, l 

J9 . .!l 

J9. 8 

J9 .2 

39 ,8 

39,a 

37, 6 

JB.7 

36,D 

JJ.3 

30,8 

JO, l 

30.D 

29. D 

27.rJ 

2.6. B 

27 .a 

2J' l 

23. a 

7 ,D 

0. 8 

6.2 

3.7 

l. D 

a.7 

D.3 

a. l 

TADl.E 5 

SUMMARY Of ~!ASTE D ISCflARGES 

June 20-21, 1972 Efflu~nt Levels 

Flaw (mgd) 

l. 7 

D. 7 

5, D 

5.4 

2.5 

2.D 

15.2 

D.5 

D.6 

2.4 

l. J 

17.9 

10.D 

11. a 

D.4 

D.4 

B.J 

1.1 

27.l 

3.J 

l. 7 

15.2 

13.7 

2.6 

35.9 

13' s 

CBDD.'lbs/davl 
- 55 

2U 

20057 

640 

7 60 

J47D 

200 

2792 

1805 

299 

52406*** 

2150*** 

1749 D 

90 

167 

3DG95 
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20642 

438 

uaa 

5285D 

47J85 

l7DD 

88466*** 

25481*** 

37l63D 

NBDD (lbs/davl 
55 

46 

22.DD 
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3£87 

16 

J:JD 

2Jll 

D 

6880 

JJ 6J 

1828 

265 

13 a 

SJ D 

854 

2558 

1628 

J667D 

137 

112 

56Jl 

67234 

Prapased Effluent Li ni tat1cns 

Fl aw (mgd) CBDD_s(lbs/day) NBDD (lbs/day) 

J.6 

1. D 

24 .a 

0,4 

D, !i 

a .4 

1.3 

18.D 

14.2 

11. a 

D.6 

a.a 

B,3 

1.2 

19.2 

3.2 

2.2 

22.6 

6,D 

l.B 

5,4 

39,D 

Ta NEENAH-MENASHA S TP 

550 

TD NEENAH-MENASHA STP 

l DOD 

7DDD 

lDD 

935 

90 

60 

4900 

4139 I 

1658 

1 oa 

zaaa • 

2.32 

42.6D 

945 

TD DE PERE STP 

1543 

B5aD 

7DDD 

3150 

4215 

146DD 

67077 

466 

3287 

H 

330 

238 

6880 

JJ63 

265B* 

Z65 

13a 

530 

854 

262.B* 

495J* 

1628 

2157* 

150* 

s1a ... 

5631** 

"' ... 

u•valu~s far "noStewat.er discharges far these facilities were taken from the Refuse Act Permit rrQg;;m ap,1lications and, therefore, rerresent average daily conditions, not those far June ZD-2.l, U72.. 
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RESULTS 

The fallowing analysis demonstrates a reasonable degree af carrelatian 

between observed data and computed results far varying conditions of river 

flow, river temperature and waste loadings. 

Model Verification 

Figures J through 6 depict the comparison between the observed data a~d 

the computed profiles of dissolved oxygen for the river survey data that 

was analyzed. 

Comparisons were made for river flow rates varying from l,340 cfs 

(2i277 cu m/min) ta 2,250 cfs (3,923 cu m/min) and river temperatures ranging 

from 21° to 25°c. 

The comparison shown in Figure 5 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 Fourth of July holiday. The observed data and the 

computed profile bath shaw 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 an the Lawer Fox 

River. 

Also of interest is the observed data shown in Figures 4 and 5. The 

survey data indicate rather high co11cenl.ration gradients of dissolved oxygr:n 

in the lateral and vertical planes at cerLain locations on the river, most 

notably near the Menasha Channel, Appleton Papers, below the Rapide Crache Cctm. 

and near the mouth of the river at Green Ray. Despite the vertical 

stratifir:ation of dissolved oxyri::n due to benthic deposits and the apparent 

lack of complete mixing near waste outfalls i the agreement between the observed 
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data and the computed profile, which assumed an average, and unifann 

concentration, is goad. The observed data shown in Figures 3 and 6 do not 

demonstrate significant gradients since only ane sample (assumed ta be 

representative of a completely mixed system) was taken at each location. 

The observed data far July 14, 1972 shown in Figure 6 possibly 

demonstrate the backmixing 'interaction between the mouth af the Lower Fax 

River and Green Bay. Because of this effect. the distribution of pollutants 

is altEred sa that the concentration of dissolved oxygen occasionally tends to 

increase belaw De Pere. The backrnixing effect, similar to estuarine tidal 

ef~ects, was not considered in the development of this model, since the 

pher.omenan is not a cantinuaus occurrence. 

Model Sensitivity 

Using August 10, 1971 actual conditions, the sensitivity of the model 

to the benthi c oxygen demand, the carbonaceous BOD decay caeffi ci ent and the 

nitrogenous BOD decay coefficient \'Jere ei:a l uated. Table 6 presents the s ensi­

ti Vi !..Y cf the model to these parameters at t_:'!'~e critical locations an the 

river. The analysis indicates that the \vat2r quality is most sensitive ta 

the benthic oxygen demand and the rate of CSOD deoxygenation. The model is 

relatively insensitive ta the variations ~n the maximum rate coefficient for 

nitrif~catian, as can be seen in Table 6. If further refinement of this modE1 

is to be obtained, additional field \'rnrk is 1:eeded to, in mor-e detail, evaluat2 

the sp;:itial distribution of sludgE deposits, the resultant oxygen uptake rat:-, 

and tbe r~~2 rf CBOD utilization. 

Water quali~y Predictions 

The precedinr: analysis demonstrate-:! ·?:he ability of the mor:l2l to 

rerraduce observed dat? for varylng cond~tiu;= of flow, temperature, and ~a~Lt 
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TABLE 6 

Model VErification Sensitivity 

Survey Date - August 10, 1971 

Parameter ·::. p. 35 .Ll m.p.15.0 m.p. O.Q 
' ,, 

------- · Dissolved oxygen (mg/l) ----------------

G~nthic Uptake Rat~ 

S = 2.5 o/rn2-ctay 
• ? 

11':-: -- s.o g/m--day 
s --= rn. o g/m2-c:;i.y 

,,J = •=1. 15/dfly 
... ~:_.-! ~ :1. }:'I c!ay 

Kd = u.60/d.iy 

NBOD Decay Rate 

*Kn = O .14/day 
Kn = O. 2.B/day 
Kn = 0.55/day 

m.p. = mile point from mauth 

*Value used in verification 

lf. 75 
2.24 
C.23 

4.78 
3.24 
c. ~; 2 

3.24 
2.. 7H 
2.07 

2.53 
0. 80 
0.0 

2.79 
c. 80 
o.c 

0. BO 
0.62 
0.49 

0.0 
.o.o 
O'·:~ 

0.0 
o.o 
0.0 
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loadings 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 ta implementation 

of the required effluent limitations far all waste sources on the river. 

Conditions assumed for the prediction represent a fairly extreme 

surrmertime condition with a 7-day lD-year law-flow of 1,127 cfs (l,915 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/l, falling significantly below this in th9 region past De Pere (mp 7.3), 

alt~ough still above 4 mg/l. 

The profile shown in Figure 7 is not me~~t to be a precise forecast 

of future water quality conditions in the Lo1t;E:r Fox River; rather the analysis 

indicates a significantly improved v-1atel" qualE.v as a result of implementing 

thi:: !F;:.jected effluent limitations for pu1rit :;i~urces. 

Th~ shaded area in Figure 7 approx;t:1.1.te.s the average diurnal variation 

to bE ~xpected from algal ph~tosynt~~~:s 1~~ r~spiraticn, and other periodic 

fl11ctuations in parameters sue~ as :~·.-~~-i~ L•p~.;,ke rate and natural background 

co11diti'.Jns of watE~r quality. Th~ vari~~io11 in dissolved O'l.ygen due 

to algal 11ctivity has, in the p.1::;t, ,:verage,1 a.bout 1 t7ig/1 Hi th a range fro111 

1 to 3 mg/l above and below th~ dni l_v -'verag2 concentru.tion as measured by 

tha l~isconsin Department of Natu.·;il Re~u11rc,..:s automatic monitors. It is 

assumed that diurnal variations will occur ~nd~r future conditions, yet it is 

di =~Luit .:J for2cast the magnitude of s;_.,..::1 r. fluctua~io:-i far future condition::;. 
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The predictions are based an the assumption af a linear system. The 

tenns in equations l and 2 assume that the biolagical systems can be 

modeled by linear functions. Hawevers it is realized there exist some 

nonlinear biological feedback mechanisms. For example, the improvement 

in dissolved oxygen in the future may pravide more suitable conditions for 

nitrifying bacteria, and the predicted prafile may be slightly 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 far th~ various significant input parameters with consideration 

given to the effects of decreased waste loading to the river upon each of 

the parameters. A surrunary of the values used in the prediction analysis 

including an approximate occurrence frequency far each parameter and the 

rEng2 of values reported in'the literatur~ is ~ho~n in Table 7. 

Fur~h~r cvi~2nce of the effect of reducing waste loads and the 

resu~tant imr:rovement in water quality is shawn in Figure B. In this 

figure, th~ survey data and model verificatian for June 20-21, 1972 (Figure 

4) is Sl!p~rir.iposed on a model prediction that uses the fl aw and temperature 

conditions that occurred an the survey date. Thus, the prediction in 

Figun~ B indicates what the average dissolved oxygen would have been had 

the proposed effluent limitations been in effect ~s compared ta existing 

loading 12vels. ClP.arlY1 there will be a marked improvem~nt in average dis­

sol11ed oxygen levels in the river1 and existing water quality standards should 

be ac~ieved. 



TA!:\LE 1 

Slli•h"ARY LJF PAilNlETEf<S USEJJ IN STREAM N~ALY!ltS 
r - --
I PREDICTID:-1 
I P.\P.At-J:TER VALllE SENSITIVITY 
I J' ~·ll~ VALUE USED I DCC'JRRliNCE iffiPDRTEll VALUES /,T MILE POINT 
\ f'>Y~·lll(JL] FDR VERIFI:::ATHl~ FOR PRED I CTHlN FREQUENCY FDR FDX RIVER FROM LITERATURE o.o -
I 

(QJ As maasured daily by )Flow -- -- -- -- --tJ.S,G.S. 
j cfs -- 1127 7 day, 10 year -- -- fram 1127 to 2254 
i law flew ll.D. a. = +l.98 

lsludga U11take 

1 
-- 2254 

I 5.0 2.5 2.5 is litarature 
2.5 ta 20 1. 5 ta l!I from 2. 5 t: a 5, a I (,S) gms 02/m2-day va.l ue for unpo!I ut:ed 

dll ,O. = -4.04 mg/l l· strea111s 

!Algal As measurl:ld by 14 maximum M"dian value of 2.a to 45' -- from 1 ta 14 
!Productivity Sager avail ab le data .llD.O. = +2,86 mg/l I (;1'1111:) mg/l-day 

jcnon decay AS r~portcd in QLM. a.IS Lowest cbserved D.124 - 0.6 u. l - a. fi fram O.lr to a.3 
(Kd) l /day M~asurct.l values 0.124 be law because of law without settling AO.a. = -a.SB mg/l ! varied with fla\'l, DeP11.re Dam ::'.'l alv 

·-J 
Flow T c:n1ier at ure I A.s moasurcd an -- See Temp. - a - :n -- . 

I (TJ "C .su.rv!}y date •Z:a:rrelatlan 
i -- 21•c -- -- fro .. 21 to 25 

-- 25'C -- -- llD. O. = -1. 6a mg/l -··-
NBGI) d~cav D.14 maximum o.14 maximum Ne1t availabl~ a.14 a.1 to a.6 from D.14 t.J 0.6 
rKn) l/ da)r As TC'ported in ll.LM AD.a. = -0.31 m.,/l 

1r11itial CBOO As measur!!d ar 6.D SO 'ta llO!\; af values 1 't 0 !I -- f-rom 3.a to fi .o 
Jmg/l 6.a are < 6. () l'\D. a. = -o.sg ma/l 

II:ri tial NBOO Usually 4.fi 4.6 About Sa% 2.3 tc 11.2 -- from 4.6 tc 9.2 
mg/l l!D. o. = -0.17 mg/1 

Initial D.a. As measured on C
5

, the saturation 7D to 90% of the 
C

5 
:!:4 mg/l for initial D.r. = --survey date values are gl'eater C.

5
-:1., AD. a. <D.25 mg/l lr.g/l value 

than C5 at mp :c 

j1ndustrial-Muni1:i As reported ta WDNI<. EPA pl'aducti an -- -- -- for 20% reduction l pal J,aadings Dr EPA guirJelines beyond guidelines 
lbs/day t.D. o . .. +0.48 
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A sensitivity analysis was perfanned on the model prediction to 

demonstrate the range of response ta be expected for various combinations 

af reasanable ranges of the parameters. The results af the analysis are 

shawn in Table B far three critical river milepaints. Inspection of Table 

B would indicate that the Lower Fox River is mast sensitive ta the fallowing 

prirameters (shown in decreasing order of sens~tivity): benthic oxygen 

uptake rate, algal photosynthesis, river flaw, tempErature, and deoxygenation 

rate far CBOD. 

Sensitivity of the prediction ta the benthic oxygen demand is shawn 

in Figure 9. As stated in the previous discussion on benthic oxygen demand. 

all evidence indicates that the average value will be nearer to 2.5 than 

to 5.D gms o2;m2-day 1 once the sources of the sludge deposits are controlled. 

This is due to thE rapid lowering of the uptake rate as the sludge ages. 

Hence, an average oxygen uptake rate for sludge of 2.5 gms o2/m2-day was 

used in the prediction. 

Figure lD shows the sensitivity of the model prediction ta 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 

estimatt;;?d from the chlorophyll-~ data provided by Sager and Wiersma. Far 

comp~risun purposes, profiles equal LD double and one half the calculated 

a'] gal t-xygen prcrlur.tian values were util izerl. These profiles do not 

rerr~je~t L. nurn;3.lly expected situation, but are included ta show the 

rt.n92 cri sensitivity t:::i algal oxygen praduct~an. 
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TABLE B 

Madel Pn:!dictian Sensitivity 

ta Parameter Changes 

Parameter m.p. 35.a m.p. TS",D 

Benthi~ Uptake Rate 

* S = 2.5 g/m2 -day 
s = s.a g/m 2 -day 

Alga'I Pro ciuc:t i vi ty 

C't!UD 

P ~ l/2 P!mg/l-day 
F = r-mg/l-day 
P =2P 1mgfl-dc;,y 

1Jt>Cf)1 ~<1te (Kr = Ka) 

" Kd - 0_ 15/day 
i ~ = I). "3/d.!y 
Kr, "'" '1.6/day 

* ~, = Q.14/day 
Kn = IJ.3/day 
1<.ri = o.~/day 

tni'!:ir.:l csco 

rr.oo 3.G mg/: 
::'800' 6.0 mg/1 
CP,1/l' 9. o mg/l 

~1it~al NBDD 

~ t\BOD' 4.6 mg/lm 
NBDD' = 9.2 mg/l 

1- 4 = ll 27 c:fs 
0 = 2254 cfs 

* -~ - 21 ° c 
I --' Z5°G 

~ -. :1·~7 cf~ 

I = ~ ~c 

5 - ,::; Q/'ll 2 -clay 
<r. - , l5;day 

7.53 
5.35 

5.5C. 
7.53 

11. fi() 

7.53 
5. 91 
3. a 9 

7.53 
6. 71 
5.89 

8.4g 
7.53 
6.55 

7.53 
7.23 

7.53 
6.87 

7.53 
6.07 

6.74 
4,55 

5.39 
Ii .74 
9.44 

15. 74 
'5. :?A 
E.43 

a.74 
5.48 
~.46 

7,24 
fi. 74 
fi.24 

6. 74 
li.62 

5.74 
,- .62 

'i.]ll. 

5.4'3 

I(~ = D.1<t,'d 0 J 

::BOO' = 6.iJ •11Ji'l 
HBQJ' = 4.~ ~c/l 

P 14.0 .. ;:JGz/l-rJa" 
J r1:i 33. ·;3 

m.p. a.a 

4.a!! 
a.as 

1.23 
4.og 
9, Bl 

4.09 
3. 51 
2.4a 

4.a9 
,, .07 
J.13 

4.613 
4.09 
3.49 

4.a!! 
3.92 

4.09 
o.D7 

4.09 
2.49 



Conditio11s: Plapo:;ad Effluent Limits 
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Frec1uency of tkcurrence Below Given Dissolved Oxygen Levels 

Although the set of parameters chosen to generate the prediction 

shown in Figure 7 represent fairly extreme surrrnertime conditions, it is 

recognized that ather combinations of law-flaw and high temperatures 

would result in lower dissolved oxygen profiles. In order ta approximately 

determine haw often lower dissolved ax.vgen profiles would occur as a 

result of variau3 extreme combinations of low-flaw and temperature, 10 

years of daily data from 1961 to 1971 were analyzed. The results of this 

analysis are shown in Table 9 fo~ the normally critical point just above 

De :1erE Dam at mile paint 7.3. The table sho':!s the number of days when 

extreme combinations of flaw and temperature, if used as input parameters 

in the model, would have resulted in a daily average dissolved oX,Ygen 

concentration of less than a given 0~~~1 gen level. 

Daily Average 
DO level 

(mg/l) 

5 

4 

3 

TABLE 9 

Frequency of Occurrence Below Given Dissolved 
Oxygen Levels at Mile Paint 7.3 

Average Number of Occurrences Anticipated Range of 
Below Given Level Observed Below Given Level 

(days/~.-'r~)~~~~~~~~__,(~d~ay~s~/~y~r).__~~-

35 2-71 

8-9 0-32 

0 D 
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SUMMARY 

The E!ffect of the various wastewater inputs on water quality in the 

Lower Fox River can be modeled in a rational quantitative manner. such 

a model was used to evaluate future water quality in the river assuming 

implementation af a propasE!d E!ffl uent program cansi sting of 11 best 

practicable control technalogy currently available 11 (interim E!stimates) 

for industrial waste sources and 90 percent BOD removal far municipal 

wastE! dischargErs as required by the 1972 Amendments to the FedE!ral 

Water Pollution Cantrel Act and by Wisconsin State Orders. The approach 

presented herein has been shown ta offer a reasonable basis far estimating 

the effects on water quality of implementing t.fie proposed effluent 

program in the Fax RivE!r basin. ThE! results of the study indicate that 

if the E!ffluent 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'ne.d in all areas under most 

conditions and will not fall belaw 4 mg/! ir.or~ Lhan 2% of the time. During 

extreme low-flaw and high temperatUrE! situations, the dissolved oxygen 

concentration could drap to about 2 to 3 Mg/1. 
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rlAL 

DISSOLVED OXYGEN STREAM MODEL 

PROG~AMMMED AT HYDROSCIENCE1 INC. t~ESTWD001 NJ,19671 
MuDIFlED BY ANDRE~ STODDA~o. EPA.r "EGION 5 11g721 
Goooooooooooo~ooooooooooo~ooooooowoooooooooooooooooooo•~~•••~aooooooooooo 

DlSCUSSIDN OF MODEL 

THIS PROGRAM DEScRJ9ES THE INTERRELATIONSHIP BETWEEN THE DISSOLVED 
OXYGEN IN A STHEAM AND ITS VARIOUS SOURCES AND SINKS SUCH AS 
ATMOSPHE~IC REAERATIDN ANO THE OXIDATION OF BOD. THE HODEL 
EVALUATE5 THE DAILY AVE~A5C• O~E-UIHENSIONAL SPATIAL P~OFlLE OF THE 
CD~CF.NT~AT[DNS OF DJSSoLVEO OXYGEN AND 6DU UNDER STEADY-STATE CONDITIONS. 
JN lHIS ~ODEL THE DJSPEHSlVE COMPU~ENT OF THE HASS FLUX IS CONSIDERED 
INSIGNIFICANT. THE MODEL 151 THEREFDHE,AD~ECTIVE AND P~EDlcTS THE 
LON~ITUOINAL OISTHIHUTJON OF DISS~LVED OXYGEN AND BOO DUE TD THE EFFECTS 
OF TriE VARIOUS POINT SOURCES OF ~A~TEWATE~ UISCHAHGES1 THIBUTAMIES1 AND 
BAl:KGROUllJD 'tlATER QUALITY cc:~DITIONS IN THE SEGMENT UNDER Cu"-SIOE~ATION. 
THE CO~CENT~ATIDN PROFILES ARE cbNPUiEO ALONG THE LONGITUDINAL AXIS 
OF THE RIVER ANO AME ASSUvEo TO ~E UNlFoRM Iill DEPTH AND ~lDTH IN EACH 
SEGMENT. THE CONCENTRATIC~ AT THE UPSTRE~M ENO OF A SEGMENT IS DET~RMINED 
~y A MASS BALANCE EGIUATIDN, IN THIS EVALU~TIDN THE MODEL USES A NUMBER DF 
8IULDGICAL• PHYSICAL• ANO C~EMICAL CHA~ACTEqISTICS WHICH AHE UNIQUE TO 
THE ST r<E A'l U:; DE P INVEST I GA T I 0 N • 

'.:.OIJl•'Ct::; A/JD srNt~S ':Oi•!'.-dGEl'lfO IN EVALUATING PROFILE OF DISSOLVED OXYGEN 

c~~JbN~CEdus eoo 
NITfHlGENDUS FJDD 
BENTH!C OXYGEN DEMAND 
ALGAL RESPIRATION AND PHDTDSVNTH[SJS 
AT~DSPHl~IC HEAEAATIDN 
HEAERATIDN OVER DAMS 
INPUT FRO~ WASTE SDU~CES AND/DR TRIBITARIES 

INPUT PARAMETERS 

VARIABLE NAME 

ST~EAM= NAME AND LDC~TION OF STREAM 
0

RUNnES= DESCRIPTION OF PART[CULA~ SET OF DATA 
SEGIO= LOCATION OF SEGMENT BY LANDMARKS A~O NUMBER 
co= INITIAL CONCENTRATION r,~ DISSOLVED DKYGEN 
FLOLD= !r-.JITlAL CARBONACEIJL;:; BOD IC8DDJ 
FLIJND=INITIAL t;nr;aG~r~:J'J5 .;QC! 1:-.;::;u~l 
XTDT= I.'Hi!ri:_ '·'!L'::POJ'IJf IJF ST;~[/,•, r~c··_'E:L 
.1C _ ::- - ~l-.1 1 €.A':..:.·JG ,_.,l ... i-.ri~·I 10 .. 1 

XC.j[}t::::: !} ~ )H Oi::Cl~b~Sit;G ··rL.-:Po ··r 

MG/L 
l"!G/L 
Ml>IL 
V.IL=:s 

I 

• 

PAGE DDUl 



FDR.T;-i.~~· 

aoo1 

0DD2 

DODJ 
DOD4 
aoas 

IV G LE'"::::L MAI'N 19131/58 

r, 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c: 
c. 
c 
c 
c 
c: 
c: 
c: 
c 
c 
c 
c 
c 
c 
c 
c 
c: 
c 
c 
r:: 
c 
c 
c 
c 
c 
r:: 
c 
c 

c: 
c 
c 
c 
c: 
c 

NTOT= TCTAL NU~llER OF SE~ifv!ENTS IN SYSTEM 
~C= OD FRO~ WA5TE LOAD AND/DH TRIBUTARY 
WL= C8DD s FROM WASTE sou~cE ANO/DR TRIBUTARY 
~N= Nson FHDH WASTE LOAD A~D/OR TRIBUTARY 
00= RtVER FLOW UPSTREAH OF SEGMENT BOUNDARY 
QA= FLOW OF WASTE SOURCE AND/OR TRJBUTAAY 
HR= AL~AL RESPIRATION RATE 
PMM= ALG~L PHOTOSYNTHETIC oKYGEN SOURCE 
DELTA= INTERVAL OF COM?UTATIDN IN SEGMENT 
FLENG= LENGTH DF SEGMENT 
CONST= +l FDR CONSTANT C:~DSS SECTIONAL AHEA 

IN SEGMENT 
= 0 FUH LINEARLY INCREASING AREA JN 

SEGMENT 
AREA= CROSS SECTIONAL AREA FDH CDNST=•l 
SLOPE= SLOPE DF LINEAR AMEA FUNCTION FDR 

CDNST=a 
FINT= INTERCEPT OF LINEAH AREA FUNCTION AT 

UPSTNEAM BOUNDARY . 
FL= ~ATID OF ULTIMATE r::sno TD 5 DAY CBDD 
FN= RATIO OF ULTIMATE NBuD TD 5 DAY NBOD 
TEM~= STREAM TEHPEHATUHE 
CS= SATURATION VALUE OF DISSOLVED OXYGEN 
hDAM= ~EIGHT DF A DAM IN SEGMENT 
ALPHA=COEFFICIENT FD~ REAEHATIDN OVER DAMS 

CGEF~lClE~TS FOR BRITISH DAM REAERATIDN EQUATION 
A= l.25--CL~AR TO SLIGHTLY POLLUTED WATEH . 

- ~.oo--Pc~LUTED WATER 
~ o.ao--sL~AGE EFFLUENT 

s~ 1.ao--~EI~ ~ITH FHEE F~LL 
- l,30--STEP WEIRS DR CASCAOES 

F~ FqACTIDN DF SLUDGE COVER ON BDTTDM 
fLO~R= C8CO NEMDVAL COEFF AT 20 C 
fLQ~~= C~OD DECAY CDEFF AT 20 c 
FLU~~= NBDD DECAY RATE AT 20 C 
S= OXYGEN UPTAKE RATE FROM BENTHIC DEPOSITS 
DEPTH = AVERAGE DEPTH IN SEGMENT • 

LBS/DAY 
LBS/DAY 
LBS/DAY 
CFS 
MGD 
MG/L-DAY 
MG/L-DAY 
MILES 
MILES 

SQ FT 

SQ FT/MILE 

SQ FT 

DEG C:ENT URADE 
l"lG/L 
FT 

DECIMAL 
) /DAY 
I/DAY 
I/DAY 
GH/SQ HETER-DAY 
FT 

oooaooo~•D~ovoooooaDoo•oooooaooaoooooooaooaooooooaoooooooooaooaoooooooooo 

'· 

DIM~NSION Dl3011FLDLl3011FLDNl30) 1ClJDI 1XXl3011FCFXIJDI I 

lSTREl\Ml2DI 1SEGlD 12011HUNOES 1201 • ' 
~CHUN=3 

NCl"illt~=l AS INITIAL COUNTER FDR SEGMENT SYSTEM OF STREAM MODEL. 
l\NALYSIS FDR LD~ER FOX RIVER USED NCHUN=3 DUE TD SEGMENT SYSTEM 
lN ~LM REPORT. IN EPA AN~LYSIS MENASHA CHANNEL WAS CDNSIDE~ED AS A 
TRIBUTARY TO LO~ER FOX RIVEH • THIS DELETED SEG~ENTS 4-5 USED IN 
OLM HDIJEL 119figl, 

READ 1::: • l '?50 I lSTl=IEAM IKI 1K=l 12D I 
<t..J (-::·:"":=-·1\ u~:·.s; J;::-,~.201 

::.:::.J 1:~ ... -' .. IC~JA'+I 

PAGE DDD~ 



-.J 

. ·. -
·=' 

.. · . .,, 

, ._ _____ ,_ 

FD~T!'\
0

5.N IV G LEVEL 21 MAIN DATE = 7JH1 l?/:!!;·~ 

0 ll 0 6 
ODD7 
0008 
0 D 0 g 
II [)l 0 
II D ll 
a a 12 
o a 13 
0014 

ODIS 
U D l!i 

DD17 
0 01 B 

0 II J1i1 
a a c. 11 

a a 21 

ll D 22 
0023 
0024 
a o 25 
a a 2 & 

DD27 

a a zs 
aoc9 
0 ll 30 

DD 31 
0032 
0033 

0034 
0035 
OOJ~ 

0037 

0038 
C CJ ljl 
0040 
0041 
UD42 
a 1143 
0044 
0045 

c 

lcDl FO~MATIBFlD.21 
WkITE16r1JODl CSTREAMIKI 1K=lt2DI 

lJDO FO~MATllHl1//12DA4,//I 
WFllTElfid2551l~UNDESIKI1K=l12DI 

1255 FOR~ATl/12UA41/I 
910 READ 15112031 cO,FLOL01FLONrhXTOT1XcaOEtNTOT 

1203 FOAMATl~Fl0.211101 
loJ1'llElfid2121 

---
1212 FD~~ATl/ 1 1oo~ooooooooooooo~oooooooooooooaooooooooooooooooooooaoooo 

l••••~•aoaoaooooooooooooooooooooooooaooooaoooo•ooooaoooooaoo1,/J 

~RJTEl&1lJDllCD1FLDL01FLOND1XTOT1XCDDE1NTOT 
1301 FORMAT 11sx, ·--INITIAL COl<DITJDNS--• 1//,BX1 •cn• ,sx.•F,LCL0• 1SX1 

l 1FLDND 11f>X1 1XTOT• 1SX1•XCDDE'16X1 1NTDT• 1/15FlD.2dlDI 
l CONTINUE 

)(:::;;a. 

c DATA INPUT FDR EACH SEG~ENT 
f~EADIS112SDll5EGIDIKl1K::;;l120I .• 
~'~I TE 16 , 14 a 71 Is E G JD 1 KI , K:::;; l , z o I 

c 

1407 FD~~ATl/1•--------------------------------------------------------
1------------------------------------------------------------------2 11/120A41/140Xt, INPUT• 1/I 
READl~·l2Dll -c.~l1-N1QO,QApCS1TEHP 
READIS112Dll DELTA,FLEN~,CONST1AHEA1SLOPE1FINT,HDAM1DEPTH 
REdDIS•l20ll FL1FN•FLDKR1FLOKDtFLDKN,S1F 
PEADl5rl2D21 PMM1RR1A.B1ALPHA 
lY R 1 fE I 5 , 12a1 I 

l .:. 117 F o '1,'1.>. T ~ 1. tl x t' 'lie• , Bx, • wL • , s x. • wN • , ax., • t:;i a' , s x, 1 QA• , sx, • r:s • , l!i x, •TEMP• 
l l -

'tlRJ lE I~ 11201 l \/Cd~L1WNr001QA,i;:S1TEMP 
WR1TEl&i12U<ll 

120B FORMAT l/1SX, I DELTA I .sx. 'FLENG• ,sx, I CONST• 11!iX1 'AREA' .sx, 1 SLDF'E 116X1 
l 1 FH~T 1 diX1 1 HDAt-1• 1SX1 •DEPTH'l 

WRITE!l'i112011 DELTA1FLE~u1CDNST1~REA,SLDPE1FINT1HOAM1DEPTH 
WHITEl~Pl2ag) , 

l2D9 FO~MAT l/1BX1•FL•1BX1 •FN 1 .sx. 'FLDKR• .sx. •FLDKD • 1SX1 •FJ-OKN• ,9x, 15•' 
l CJll, 'F q • 

WRJTEl6•12Dll FL1FN1FLDKH1FLD~D•FLDKN1SrF 
W"'ITElfi112lDI 

1210 FOl'll'11Hl/17X1•PMM 1 ,8X1•Rh 119.<11A•11jX1•8•1SX1•ALPHA•l 
WRITEl&112021 PMM1RR1Ar~1A~PHA . 

c COM~UTATJDN DF ~TMDSPHEAii:: REAERATION RATE IFLC~AI 
FLOKA=l2,9•l IGl::J/AREAl••1.s11a I IDEPTHJ••1-1.si 1 . 
WKJTE15112111FLDKA 

1211 FDHMAT l/1SX1 1FLDKA• 1/1Fla.21 
wiH1E!5t12a~1 

12aei FaR~ATl/14UX1 1 DUTPUT•.11 
WRITE1l'id2DSJ 

1202 FDkMATl4FlC.2,flD,3l 
l .:'.. 0 ~ ~- D ; ,, A T I / I l l x ' I Mp I I l )( I I D F ! ':' ( T I ' 3 x : , TERM l I , 3 'f ' I Tc RM 2 I ' 3 x I I TERM 3 I I 

i. JI\ I ; T::: t<r'! ' I 'j" • I T .... i'!M'.> I ~ J .'I • I Ii:. f(,'·''J t ' ' .. ' • c ':'LIO I f 4 x, I N3 .JD I '6 ..(' I D 0 I '//I 

' , 



fO.< i1.J .. d '1! \JI 

0'146 

0047 
;J 04 p, 
o a to 9 
,, 0 5 0 
u05l 

0052 
0053 
0054 
onss 
0055 
(Jc 5 7 
casa 
0059 
0060 

a o [i l 

- 00~2 

0 ri-;3 

' .J 
a D 51, 
llilE-5 

_, 
DOt.6 
0067 

;,"] 0068 

D Q fl 9 

'.) D a7C 

0071 

..:J D 072 

··, ...... 

DD73 

on74 

,.. .... , .... .. ' 

,. 
I • - ----H ·-·- • - - ·-- .. _"'"'"_._ ___ .. ......., ... __ -~ -- ·-· 

L. .• --~i.. -L' • " .r 
~ I 1 ~ ... ~ p~rc auD4 

r: 
r: 

c 
c 
c 
c 

r: 
c 

r: 
c 

i:: 

r: 

c 
c 
c 
i: 

c 
r: 

c 
c 

i\DJl 1 STME~JT OF HATE rlE.ACTlDr~S TOR S1"R!::AM H:.MPEh1.\TURE 
1'r.OK.1=FLOl(/l~Jl • oz4oo llEMP-20. I 
FLOi,'J =rL 0KO"'1 • 0 4-...c l rt:MP-2 I). I 
rLOt;q:::fLOKR" 1. 04~ 0 ( TEMP-2 a.' 
FLOK1/=FLDKN°l u OB 4 * l TEMP-2 0. t 
S=S~l.D650~ITE~P-20.J 

:rA.55 BAU\NCE l:OMPUTATiaN AT UPST~Ei\M END OF .SfijMENT 

CONVERTS WASTE SOURCE FLOW IN MGD TO CFS 
DA=IJA 0 l.54723 
WC=WC/5.4. 
WL=:.tl/S .4 
WN=WN/5,4 
IH=IHJ•QA 
Cl= !1HJOCQ+WCI /IH 
Dl=CS-Cl 
FlOLl=IQDOFLOLa+Wll/Ql 
FLDNl=lQ0°FLONO•WNl/Ql 

TEST FDR CROSS SECTIONAL AREA FUNCTION 
Jf"(CONSTl2•2,3 
000~000000000000000~~~-~oooo~•~o•o•o~ooo•ooo••o~o••••••••••••o••••••••O•• 

co~STANT CHOSS SECTIONAL ARE~ 
::J l= l 

FLOJA=·IFLO~A~AREA/Ci/l~.41 
FLOJ~=-!FlOKNoA~EA/~l/lG.~I 
fLOJH=-IFLO~RoAREA/Ql/15.41 

lDO 
102 

lDJ 

1a1 

5 

TEST FOR DAM REAEHATIDN £Q TO USE 
IF IHD.t.M-20.l lOOolDIJdDl 
[FITE~P-25,llD21lD21lOl 
IFITENP-lS,llDl1lD31lD3 
co~~UTE DEFICIT USING MCHAWK R. E~UATION 
DEF6=ALPHAUOljOHDAM 
GD TD 6 
ca~PUTE OEFICIT USING HRITISH EQUATION 
Z5= !l,•!0.110A1>8J0fl.•C.a4~0TEMPl-11HDAMJ••r-1.01 
llEn= 01011.-Zfil 

.. 

CD~PUTA.TIDN OF COHPONENT SOURCES AND SINKS aF DD DEFICIT 

DEFICIT OUE Ta POINT SOUMCE OF CBDO 
TER~l=IFLDFLO~ouFLULl/IFLDKA-FLaKRI l•IEXPIFLDJR•Xl-EXPlFLOJA•Xll 

DEFICIT DUE TO POINT SOU~CE OF N8DD 
TEH~?=IFN~FI n~N°r~ONl/IFLOKA-FLOKNllOtEXPIFLCJN•KJ-EXPIFLCJA•XIJ 



.:-- '":'". 

.. ........ 

I . 

,~ 

, . 
.... 

r; 

'", :1.. ~. 

1)!".'FJC l T ~UC: Ta PllHlT SOU>lr-: n~ 11y:,:~D!.'1:r:i '1:'1'Gi r' 
1~~N~~~l~EXPIFLOJA 0 ~1 

'...'"F!CIT DUE ·ro Alijt1l H~~·~- n~ .. HI01ll .".ND ?HOT'JS'tNTH;;3~S 
7.-;,:-~:i=-( IRR-IPMM:!-c., ·.51-3"1' \: • '/FU':i.~l "~ 1 • ··lXl-'ii";,..OJ/1<d I 

'1Cr(C1T DUE TO i1EAEf~l\1"1r.11.1 0 1 'i:;~~ A IJll.M 
f~R~t=-DEFG~!EA~IFLUJA~Xll 

r TOTllL DEFICIT UF DJS::;1L1J::::D OXYGEN 
;7~ ~!il~ TE~Ml+T[qM2+TERM3+TERX~•TE~~5~TE~M~ 

~a~~ C!ll~cs-otII 
~,·.·~ IF!CtJll30tt+0140 
o 1. ; .:: .J 0 C I l J = D -

> '~·I) : 

1> n ns 
[) Q [; 1_, 

0 [J t'> 7 

r : ·: r; 
l ·I -~ ". 
.. ' ~ .. : 

0 'i •' ~ 
0 i,1 .:_)l] 

~ 0 '}·: 

al ei il 
D l iJ l 
0102 

0 ir. 3 
0 1 0" 

0105 
ll l 0 (, 
0107 

c 
~ r.:JMPUT/\TICN OF CBOD AND NSO[I o . .:.-:-;::!i_]i,lnar~ 

c 

40 FLOL!ll=FL~Ll 0 EXPtFLOJR•XI 
FLONIIl=FLDNl•EXPtFLDJNOXI 

C TEST FOR JN~REASING DR DEC~EASIN~ RlVER MILE?OINT 
IFIXCDDEIS~D1S6D1SSD 

c 

550 XXIIl=XTDT•X 
Gu TO 551 

5bC XXIIl=XTDT-X 
55\ CllNTINUE 

lEST fOR fND OF SEG~~NT 
IF (-FLENGJ4,5;5~U 

'' '..::X•C·F.:LTA 
·11-11 Tc. 111 r 11f o A 1 ~.< 111 • o: 1 • , rc. :11' .. ;'i: n ~:,•, -~·;:i::;v,~ , re::. :w: , r· ~-MS. i.: rfM ~ ~ 

lFLOLlll ,FLONIII 1Cll) 
,;_.·~t~J FOH'4~1 l5X11-1FB.21 

l = ! • l 
r.o To 6 

5:.:~ K=FLEriG 
GD TO 6 

'.3 Wt" ITE I fl, 14 a BI XX 111 1 D 411; TEr.t~:l r fCRt"2 ~ "fERi~.'.h TERM4, H:P.MS 1 TEHM(19 
lFLDLlll 1FLDNlll tClll 

~ REINITIALIZATiaN OF BOUNDARY ~ONDITIONS AT IJPST~EAM E~a a~ SEGMENT 

c: 
c: 

I: 
c: 
c 

CO;:C 111 
FLDLU=FLDL 111 
FLONU=FLDNIJI ···1 
XTDT=XXIII 

TEST fDR FINAL SEGHENT IN RIVER SYSTEM 
NCHUN=NCHUN+l 
IFINCHUN-NT0Tll1l1ZO 
ooooa~ooooooaoo~o~oo~ooooooo~o~ooooo~o~uoooo~o~~~D~oooo~o~~·~••o•~~O•Dooo 

LINEARLY INCREASING AREA WJTH CONSTANT SLDrE 
2 I=l 

·~. l • ':. ·.) 



FORTRAN IV G LEVEL 21 MAIN DATE = 731'\l 

D }DB 
(] 109 
D ll D 
a 111 
D 112 
0113 

0 ll 4 
Dl 15 
u 116 

a 117 
U 11 B 

Dll\il. 
0120 
I) 121 

DlZ2 

0123 

Q 12'4 

0125 

0126 

DlZ7 

ll l 211 
012~ 
0 l 311 
IHJl 

a 13Z 
OlJJ 

0134 
D IJS 
DI Jo 
0137 

c 
c: 

c: 

c 

c 
c 
c 
c 

t 
c 

c: 
c 

c 
c 

c 
c 

c 
c 

c 

FLOJN=-IFLOKN*SLDPE/Ql/16,~J 
fLOJR=-tFLOK~OSLQ?E/Ql/l&.41 

9 FDFXIIJ=IXOX•2.•x•xoi12. 

300 
302 

303 

3 D l 

305 

XJA=FLDJA*FDFXIII 
~J~=FLDJN*FDFXlll 
XJR=FLDJR*FDFXlll 

TEST FDR DAM REAERATION EQ TD USE 
IFIHUAM-15.l3D01JD01311l 
lFlrEMP-l'S.IJ!t2t3D21301 
IF 11EMP-2D.lJDl 13D3,JD3 
CD~PUTE DEFICIT USING MDHA~K R EQUATION 
DEFo~ALPHA~Dl*HDAM 

GD TD 305 
co~~UT~ DEFICIT USING BRITISH EQ 
Z 6 = 11 , + I a, l l 1tA *8 *HDAH I • C 1 , + (]. 046 *TEMP I I oa 1-1. U I 
DEF6= Dl*ll.-Hl 
CONTINUE 

·--

COMPUTATION OF CDHPDNENT saURCE~
0

AND SINKS aF DD DEFICIT 

DEFICIT DUE TO POINT SDURcE OF CBDO 
TE~Ml=IFL*FLOKD*FLDLl/IFLDKA-FLDKAl)*IEXPIXJRJ-EXPIXJAll 

DEFICIT DUE Ta POINT SOURCE OF NBOD 
TERH2=1FN°rLDKN*FLONl/IFLDKA-FLDKN) JOIEXPIXJNl-EXPIXJAll 

DEFlClT DUE TO DIST~ICTUTEO 8ENTHIC DEMAND 
TERMj=(S/FLOKAl~tl,-EXPIXJA)I 

CEFlC!T DU[ TD ?nINT SOURCE OF DISSDLVEO OXYGE~ 
TERH4=Dl 0 E~P(XJAI 

DEFICIT DUE TO ALGAL RESPIRATION AND PHOTOSYNTHESIS 
TER~5=l1RR-IPMM~2.~.S/J,1416ll/FLOKAIOl1,-EXPIFLC~A•XJJ .. 
DEFICIT DUE TD REAERATION OVER A DAM 
TE~~~=-DEFo•IEXPIXJAll 

C TOTAL DEFICIT OF DISSOLVED OXYGEN 

c 

~Ill= TER~l•TERM2•TERM3•TERM4•TERMS•TERM6 
Clll=CS-DIII 
IFIClll ISC1EiOdiO 

5[1 CI I I =D, 

c ca~PUTATIDN OF CBDD AND NBOD DISTRIBUTION 

c 

60 FLULlll=FLULl•EXPlXJRI 
FLDNIIl=FLCNl*EXPIXJNI 

c TEST FOR INCREASING DR DECREASING RIVER MILEPDlNT 
1Fl~COO~l~6D,56[J16S[J 

- .-. -c:. ,, 
ai:,li xx 1 ·:: ,~· .-._ T- .. 

19/Jl/58 PAGE DDO!i 
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FORTRAN J1 G LE~EL 21 MAIN CATE = 73141 1'1/Jl/5B 

al 't 2 
0143 
0)44 
0145 
0 l 46 
a 147 
D 148 

{:51 i:OrHINLIE 
c 
C TEST FDR END OF SEGMENT 

lF 111.-FLENGJ lD1S,saz 
10 K=A•DELTA 

\.I F1l T E u> , 14 a !l I xx t I 1 , a tI 1 , TERM l t r ERM z , TE R MJ , TE R 1~ 4 , TERM s , TE R,., Ei , 

lf L UL I J I r FL ON I I J ' r: I I I 
l=l•l 
ca To 9 

502 X=FLENG 
GC TO 9 

zm CONTINUE 
STOIJ 9999 
ENO 

• 

. , . 

PAGE DDCJ7 

--

... . .. . ~ 
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TABLE 2. 

DATA INPUT REQUIREMENTS 

COLUMN 

Card 1-10 11-20 21-30 Jl-40 41-.50 .51-60 61-70 71-BO 

l STRE.r\..~-------------------------(entire field)------------------------------------------------------·-------

2 RUNDES- ------- ---- ---- --------- ( ent.it rs field)-------------------------- -- -------------------- --- -------- - --· 

3 c:o FLCHJJ FLDND XTOT XCODE NTOT 

4. SEGID--------------------------(entire field)--------------------------------------------------------------
5 WC WL WN QO QA cs TEMP 

6 DELTA FLENG CONST AREA SLOPE FINT l:IDAM 

7 FL FN FLO KR FLDKD FLO KN s F 

B PHH RR A B ALPHA 

Nat es: 

(a) Repeat cards four through eight fer total number (NTDT) of segments 
(b) STRE~~, RUNDES, and SEGDJ are alEJha-nuneric variables with 20A.4 fannat, ·data ente:i:.e:~ c:.ol. 1-BO 
(c) NTOT is an integer variable with 12 format in cal • .59-60 
(d) ALPHA is a floating paint variable with FlD.3 fonnat 
(e) All ether variables are floating point with Fl0,2 farmat 

DEPI'H 



1 

ft 

r; -

7 

~I 

.~ 

; 

u. 0 

i:Cll A 

tr. 53 

FL 
l. 8:3 

f"1M 
",>{ ,,., . .. .;) 

I ,,. 
-" 
,_ 1. 7 

1·-~- .. - -·-.. K: ' ..... " I 

'• 

SEGMEllT 1 

UL 

0. (I 

F"LEtlG . 
0.53 

FU 

1. 0 

RR 

2. 13 

UL 

;-:. ~· ~' ~· :1 . 

... •.-c-...... ,...• _-...1 .. w..·-~- --~ .. _,,...___,,,,. _____ _ 

P.IJifDES· 
- -. - , 

rnor 
11 .. t· (!. ij 45 .. 

St::SID 

NEEtmH-Df'..111 - I:Ei-i"J.:i3:1 i<LM ?~IF'EF;'. C.fJ 

l". ... r ., 
I_, ( .~. CS' TEf'IP 

o. 0 l02C~.3 o. f.l 9.2 20.0 .. •. 
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