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THE IMPACT OF GREATER PEORIA SANITARY DISTRICT 
AMMONIA D I S C H A R G E S ON ILLINOIS RIVER WATER Q U A L I T Y : 

PART 2 

by Thomas A. Butts and Dana B. Shackleford 

INTRODUCTION 

The Illinois Pollution Control Board (IPCB) and the Illinois 
Environmental Protection Agency (IEPA) are concerned about 
a m m o n i a - n i t r o g e n ( a m m o n i a - N ) in surface water because it can be 
toxic to fish under certain conditions and b e c a u s e its 
b i o - o x i d a t i o n can depress dissolved oxygen (DO) c o n c e n t r a t i o n s . 
The IPCB and IEPA have formulated and published rules and 
regulations to control ammonia-N c o n c e n t r a t i o n s in w a s t e w a t e r 
effluents and surface w a t e r s of the state. G e n e r a l l y , these 
rules and regulations are designed to directly safeguard the 
water quality of receiving s t r e a m s . H o w e v e r , one special rule 
somewhat arbitrarily limits a m m o n i a - N c o n c e n t r a t i o n s in e f f l u e n t s 
from treatment plants handling 5 0 , 0 0 0 or more raw p o p u l a t i o n 
equivalents (PE) discharging to the Illinois W a t e r w a y to 2.5 mg/l 
during April through O c t o b e r , and to 4 mg/l at other times. 

The Greater Peoria Sanitary District (GPSD) treats a raw PE 
considerably in excess of 5 0 , 0 0 0 . C o n s e q u e n t l y , the G P S D 
approach to ammonia-N removal is predicated on and dictated by 
this r e s t r i c t i o n . H o w e v e r , GPSD o f f i c i a l s question w h e t h e r 
adherence to this rule is essential for achieving or m a i n t a i n i n g 
stream water quality standards below the plant o u t f a l l . A study 
(Butts et a l . , 1985) was conducted by the Water Quality Section 
(WQS) of the Illinois State Water Survey (ISWS) during the summer 
and fall of 1984 to study the relationship between G P S D a m m o n i a - N 
discharges and possible violations of IPCB standards o u t s i d e an 
allowable m i x i n g zone defined through use of a fluorescent tracer 
dye. This study showed that the effluent standard of 2.5 m g / l , 
as applied to the GPSD effluent during w a r m summer p e r i o d s , is 
unjustified and severely r e s t r i c t i v e . Effluent c o n c e n t r a t i o n s of 
10 mg/l of ammonia-N could be routinely discharged during periods 
when the water temperatures are above 15°C, the lowest 
temperature encountered during the 1984 study. H o w e v e r , nothing 
was known about mixing and dispersion of the effluent with the 
river at water temperatures below 15°C. 

C o n s e q u e n t l y , a cold weather study was conducted by the W Q S 
of the ISWS between November 1985 and April 1986 to gather data 
for d e v e l o p i n g criteria for defining a cold weather m i x i n g zone 
and for assessing the impact of G P S D effluent ammonia d i s c h a r g e s 
outside the prescribed mixing area. This report d e s c r i b e s the 
findings and conclusions of the cold weather study and 
supplements and expands on the detailed information presented in 
the w a r m weather report. 
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G e n e r a l Information 

The Greater P e o r i a S a n i t a r y District sewage treatment plant 
is located south of Peoria with the effluent d i s c h a r g i n g to the 
Illinois W a t e r w a y at river m i l e 160.1 (see figure 1 ) . It is a 
h i g h - r a t e activated sludge plant that uses the Kraus p r o c e s s of 
returning digested sludge to the a e r a t i o n system. Special 
treatment is p r o v i d e d for ammonia-N r e m o v a l : the secondary 
effluent is passed through 84 rotating biological c o n t a c t o r s 
w h i c h support a large p o p u l a t i o n of n i t r i f y i n g b a c t e r i a . Deep 
tertiary sewage ponds are used to remove s u s p e n d e d solids (SS) 
and some biochemical oxygen demand ( B O D ) . The effluent is 
c h l o r i n a t e d . 

The plant is d e s i g n e d to handle an a v e r a g e h y d r a u l i c load of 
37 m i l l i o n gallons per day ( m g d ) . The p r e l i m i n a r y and primary 
treatment f a c i l i t i e s can handle a m a x i m u m flow of 154 mgd, of 
w h i c h 60 mgd can be routed through the s e c o n d a r y treatment p h a s e . 
The a v e r a g e annual dry w e a t h e r flow is about 25 m g d . The a v e r a g e 
design w a s t e loading is a p p r o x i m a t e l y 120,000 p o u n d s per day of 
5-day BOD ( a p p r o x i m a t e l y 7 0 6 , 0 0 0 P E ) and 132,000 p o u n d s per day 
of s u s p e n d e d s o l i d s . 

In the past, the plant received heavy industrial w a s t e loads 
from three major i n d u s t r i e s : Pabst Brewing C o m p a n y , H i r a m W a l k e r 
D i s t i l l e r y , and B e m i s Bag C o m p a n y . These w a s t e s w e r e highly 
o r g a n i c and w e r e composed m o s t l y of c a r b o n a c e o u s m a t e r i a l . 
P r e s e n t l y only Bemis is o p e r a t i n g . Pabst B r e w i n g has shut down, 
and the H i r a m W a l k e r D i s t i l l e r y has been taken over by Archer 
D a n i e l s M i d l a n d ( A D M ) for the p r o d u c t i o n of commercial grade 
alcohol. 

R e g u l a t o r y Implications 

IEPA rules and r e g u l a t i o n s p e r t a i n i n g to effluent d i s c h a r g e 
and stream water q u a l i t y s t a n d a r d s are c o n t a i n e d in State of 
Illinois Rules and R e g u l a t i o n s . Title 3 5 : E n v i r o n m e n t a l 
P r o t e c t i o n , S u b t i t l e C: W a t e r P o l l u t i o n , C h a p t e r 1: Pollution 
Control Board, dated F e b r u a r y 1, 1986. Five s e c t i o n s within 
these rules and r e g u l a t i o n s are pertinent to a m m o n i a - N relative 
to general water u s e . These a r e : 

Section number Subject 
3 0 2 . 2 1 0 S u b s t a n c e s Toxic to A q u a t i c Life 
3 0 2 . 2 1 2 Ammonia N i t r o g e n and U n - i o n i z e d Ammonia 
3 0 4 . 1 0 5 V i o l a t i o n of Water Q u a l i t y S t a n d a r d s 
3 0 4 . 1 2 2 N i t r o g e n 
304.301 E x c e p t i o n s for Ammonia N i t r o g e n Water 

Q u a l i t y V i o l a t i o n s 
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Figure 1. Study area and vicinity map 
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Four of the five s e c t i o n s are related to stream water 
qu al ity s t a n d a r d s ; the e x c e p t i o n is rule 3 0 4 . 1 2 2 , which 
a r b i t r a r i l y limits ammonia d i s c h a r g e c o n c e n t r a t i o n s irrespective 
of r e c e i v i n g stream water quality c o n d i t i o n s . The four general 
rules are designed to limit effluent ammonia d i s c h a r g e s only to 
the d e g r e e needed to meet s t r e a m s t a n d a r d s . In contrast, 
p a r a g r a p h a) of Section 3 0 4 . 1 2 2 s t i p u l a t e s : 

No effluent from any source w h i c h d i s c h a r g e s to the 
Illinois R i v e r , the Des P l a i n e s River d o w n s t r e a m of its 
c o n f l u e n c e with the C h i c a g o River System or the Calumet 
River System, and w h o s e u n t r e a t e d w a s t e load is 5 0 , 0 0 0 
or m o r e p o p u l a t i o n e q u i v a l e n t s shall contain m o r e than 
2.5 mg/l of a m m o n i a - n i t r o g e n as N during the m o n t h s of 
April through O c t o b e r , or 4 mg/l at other t i m e s . 

Only three g o v e r n m e n t a l a g e n c i e s o p e r a t i n g s e w e r a g e w o r k s 
fall under this rule. They are the M e t r o p o l i t a n Sanitary 
D i s t r i c t of Greater C h i c a g o ( M S D ) , the City of J o l i e t , and the 
G r e a t e r P e o r i a S a n i t a r y D i s t r i c t . T h e s e three a g e n c i e s must 
comply w i t h the above regulation even in the a b s e n c e of e v i d e n c e 
that s t r e a m water s t a n d a r d s are being v i o l a t e d . 

Some j u s t i f i c a t i o n exists for limiting a m m o n i a - N 
c o n c e n t r a t i o n s in the e f f l u e n t s from the various M S D plants and 
J o l i e t . Butts et a l . ( 1 9 7 5 ) showed that a m m o n i a - N loads 
o r i g i n a t i n g above river m i l e 2 7 3 , near the junction of the Des 
P l a i n e s and K a n k a k e e R i v e r s , must be reduced s i g n i f i c a n t l y if 
d i s s o l v e d oxygen levels are to be improved down to C h i l l i c o t h e 
( m i l e 1 7 9 ) . Oxygen s u p p r e s s i o n also o c c u r s in the L a G r a n g e pool 
b e l o w P e o r i a , but two recent s t u d i e s (Butts et a l . [1981] and 
B u t t s et a l . [1983]) indicate somewhat indirectly that present 
G P S D a m m o n i a - N d i s c h a r g e s p r o b a b l y have m i n i m a l effect on the DO 
r e s o u r c e s of the L a G r a n g e p o o l . B u t t s et a l . ( 1 9 8 1 ) showed that 
during dry, w a r m 7-day, 10-year low flows the oxygen demand was 
57 percent c a r b o n a c e o u s , 13 p e r c e n t n i t r o g e n o u s (ammonia-N 
o x i d a t i o n ) , and 30 percent sediment oxygen d e m a n d . A B O D - D O 
model study c o n d u c t e d by Butts et a l . ( 1 9 8 3 ) reveals that, for 
7-day, 10-year low f l o w s , the time of travel b e t w e e n C h i c a g o and 
P e o r i a is so great that most of the c a r b o n a c e o u s and n i t r o g e n o u s 
demand w o u l d be exerted b e f o r e it reaches the Peoria area. 
C o n s e q u e n t l y , the residual C h i c a g o area loads combined with the 
G P S D inputs are so small that they have very little impact on 
L a G r a n g e pool DO r e s o u r c e s . 

The q u e s t i o n that needs to be r e s o l v e d , based on the facts 
p r e s e n t e d a b o v e , is w h e t h e r the r e s t r i c t i v e l i m i t a t i o n s imposed 
upon the G P S D treatment plant as set forth in p a r a g r a p h a) of 
S e c t i o n 3 0 4 . 1 2 2 are essential in p r e v e n t i n g water quality 
standard v i o l a t i o n s in the Illinois River b e l o w P e o r i a during the 
m o n t h s of November through M a r c h . This study was d e s i g n e d and 
implemented to answer this q u e s t i o n . The 1984 w a r m w e a t h e r study 
(Butts et a l . , 1985) a n s w e r e d this q u e s t i o n for the m o n t h s of 
April through O c t o b e r . 
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Scope and Purpose of Study 

The primary p u r p o s e of this study w a s to d e t e r m i n e the 
m a x i m u m ammonia c o n c e n t r a t i o n s w h i c h w o u l d be p e r m i s s i b l e in the 
G P S D - t r e a t e d effluent for the m o n t h s N o v e m b e r through M a r c h to 
e n s u r e that: 

1. Illinois River water a m m o n i a - N levels are not raised to 
levels w h i c h are toxic to n a t i v e fish as s p e c i f i e d in 
Sect ion 3 0 2 . 2 1 0 . 

2. Illinois River a m m o n i a - N water q u a l i t y s t a n d a r d s are not 
violated as s p e c i f i e d in S e c t i o n 3 0 2 . 2 1 2 . 

To a c h i e v e these two g o a l s , m i x i n g zones had to be defined 
as d i c t a t e d by the IPCB's Rules and R e g u l a t i o n s ( 1 9 8 6 ) . During 
the w a r m w e a t h e r study, fluorescent dye was used to trace the 
m i x i n g and d i s p e r s i o n c h a r a c t e r i s t i c s of the effluent w i t h the 
river. The use of the dye was p r e c l u d e d during this study 
b e c a u s e of potential freezing c o n d i t i o n s . The dye injection pump 
and dye storage tank would p r o b a b l y freeze during w i n t e r 
o p e r a t i o n s . C o n s e q u e n t l y , two a l t e r n a t i v e m e t h o d s w e r e selected 
for use in c h a r a c t e r i z i n g m i x i n g . One was to take a d v a n t a g e of 
the s i g n i f i c a n t d i f f e r e n c e s between the effluent and river 
t e m p e r a t u r e s during cold w e a t h e r . An e x a m i n a t i o n of historical 
data showed that t e m p e r a t u r e d i f f e r e n t i a l s during the coldest 
parts of January and F e b r u a r y often exceed 13°C. The o c c u r r e n c e 
of t e m p e r a t u r e d i f f e r e n t i a l s in the area of the outfall would 
therefore appear to be useful in d e f i n i n g m i x i n g z o n e s . 

T e m p e r a t u r e , h o w e v e r , can change in an open e n v i r o n m e n t by 
m e a n s other than m i x i n g and d i s p e r s i o n , for e x a m p l e through heat 
transfer and c o n v e c t i o n . A c o n s e r v a t i v e s u b s t a n c e was needed to 
back up and s u b s t a n t i a t e the t e m p e r a t u r e d a t a . An additional 
e x a m i n a t i o n of h i s t o r i c a l data showed that a s i g n i f i c a n t 
d i f f e r e n c e usually e x i s t s between river and effluent c h l o r i d e 
c o n c e n t r a t i o n s . D u r i n g the winter these d i f f e r e n c e s usually 
range between 200 and 600 m g / l . T h e r e f o r e , c o n s e r v a t i v e 
c h l o r i d e s w e r e m e a s u r e d and compared w i t h f i e l d - m e a s u r e d river 
water t e m p e r a t u r e s . If the temperature data a p p e a r e d inadequate 
or m i s l e a d i n g , the c h l o r i d e information w o u l d be used to d e f i n e 
or c h a r a c t e r i z e e f f l u e n t m i x i n g during the w i n t e r . 

The u l t i m a t e goal w a s to integrate the cold and w a r m w e a t h e r 
data into one c o m p l e t e data base for d e v e l o p i n g m i x i n g zone 
p r e d i c t i o n e q u a t i o n s w h i c h would be a p p l i c a b l e over a w i d e range 
of physical c o n d i t i o n s . 

A c k n o w l e d g m e n t s 

This study was s p o n s o r e d and p a r t i a l l y funded by the Greater 
Peoria Sanitary D i s t r i c t . The work w a s p e r f o r m e d under the 
general s u p e r v i s i o n of the acting Chief of the Illinois State 
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Water S u r v e y , R i c h a r d S c h i c h t . S a m p l i n g was c o n d u c t e d under very 
a d v e r s e physical c o n d i t i o n s . Field c r e w s had to c o n t e n d with 
freezing and windy w e a t h e r , ice f l o e s , and h a z a r d o u s barge 
t r a f f i c . Those who d e s e r v e extra special m e n t i o n for doing this 
a r e : H a r v e y A d k i n s , Dave G r e e n , Dave B e u s c h e r , Jud W i l l i a m s , and 
John M a t h i s . 

Jim Kelton did the art and g r a p h i c s w o r k . Linda Johnson 
typed the original m a n u s c r i p t , Gail Taylor edited the report, and 
Dave H u l l i n g e r s u p e r v i s e d and/or p e r f o r m e d laboratory a n a l y s e s . 

Special thanks are extended to the staff of the G P S D who 
c o o r d i n a t e d G P S D and ISWS a c t i v i t i e s and o b l i g a t i o n s needed to 
make the study a s u c c e s s . 

M E T H O D S AND P R O C E D U R E S 

W a t e r quality and m i x i n g zone s a m p l i n g runs w e r e s c h e d u l e d 
to take place s i m u l t a n e o u s l y during the cold w e a t h e r period 
e x t e n d i n g from November 1, 1985 through M a r c h 3 1 , 1986. H o w e v e r , 
b e c a u s e f a v o r a b l e river flows and t e m p e r a t u r e s c o n t i n u e d past 
March 31, the sampling period was e x t e n d e d to April 2 2 , 1986. 
Using t e m p e r a t u r e and/or c h l o r i d e s as a tracer in place of the 
f lu orescent dye reduced laboratory w o r k s i g n i f i c a n t l y and 
p e r m i t t e d the ammonia samples to be c o l l e c t e d during m i x i n g zone 
s a m p l i n g . In c o n t r a s t , during the w a r m w e a t h e r study water 
quality s a m p l i n g had to be delayed until a day or two after the 
m i x i n g zone data w e r e c o l l e c t e d . 

Runs w e r e c o n t e m p l a t e d for G P S D e f f l u e n t d i s c h a r g e rates of 
2 0 , 2 5 , 3 0 , 35, 40, 45, 5 0 , and 55 m g d . All sampling was to take 
place during p e r i o d s when the river t e m p e r a t u r e s w e r e 13°C or 
less; the goal was to c o n c e n t r a t e on g r o u p i n g the runs into an 
8°C to 13°C range and a 0°C to 5°C r a n g e . The m a x i m u m d e s i r a b l e 
river flow was 10,000 c f s . 

Field S a m p l i n g 

S a m p l i n g locations w e r e d e t e r m i n e d and water s a m p l e s were 
c o l l e c t e d by using the p r o c e d u r e s d e v e l o p e d and employed during 
the w a r m w e a t h e r dye tracer s t u d y . S i n c e the w a r m w e a t h e r 
results c l e a r l y showed that the m i x i n g zone e x t e n s i o n was limited 
by the IPCB's r e q u i r e m e n t that no m i x i n g zone shall contain more 
than 25 percent of the stream c r o s s - s e c t i o n a l area or flow 
v o l u m e , s a m p l i n g was limited to p o i n t s a p p r o x i m a t e l y 1000 feet 
d o w n s t r e a m of the outfall a r e a . As it turned out, ice floes and 
adverse w e a t h e r c o n d i t i o n s would have p r e v e n t e d longitudinal 
sampling m u c h farther d o w n s t r e a m than this even if it w o u l d have 
been n e e d e d . 

F i g u r e 1 shows the study location and the extent of the w a r m 
weather study. This figure is a slight m o d i f i c a t i o n of figure 1 
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p r e s e n t e d in the report on the w a r m w e a t h e r results (Butts et 
a l . , 1 9 8 5 ) ; the new revised figure shows the outfall 
c o n f i g u r a t i o n and d i s c h a r g e locations m o r e a c c u r a t e l y . F i g u r e 2 
shows the immediate cold weather sampling area in m o r e d e t a i l ; 
this figure s u p e r s e d e s figure 14 p r e s e n t e d in the w a r m w e a t h e r 
report. The original figure showed an incorrect p o s i t i o n i n g of 
the second and third outlet c h a n n e l s : they w e r e shown 
a p p r o x i m a t e l y 150 feet too far d o w n s t r e a m . This error did not 
affect the reported results b e c a u s e all the data c o l l e c t i o n s and 
results were referenced to the bank s t a t i o n i n g , w h i c h was 
c o r r e c t . Shore and offset stakes w e r e reestablished d o w n s t r e a m 
to station 1 0 + 5 0 . P e r i o d i c a l l y , m a n y of the shore stakes w e r e 
d e s t r o y e d by ice and had to be r e p l a c e d . 

The sampling routine c o n s i s t e d of: (1) c o l l e c t i n g s a m p l e s 
and m a k i n g temperature m e a s u r e m e n t s in the three main e f f l u e n t 
c h a n n e l s , (2) c o l l e c t i n g river a m m o n i a and chloride b a c k g r o u n d 
samples and m a k i n g temperature m e a s u r e m e n t s u p s t r e a m of the 
o u t f a l l , and (3) m a k i n g m e a s u r e m e n t s and c o l l e c t i n g s a m p l e s in 
the m i x i n g zone a r e a . T e m p e r a t u r e m e a s u r e m e n t s were taken again 
m i d w a y through and at the end of the run in the three e f f l u e n t 
c h a n n e l s and at the end of the run at the b a c k g r o u n d s t a t i o n s . 
C h l o r i d e and ammonia samples w e r e also taken at the end of the 
runs in the effluent channels and b a c k g r o u n d stations after the 
initial two runs w e r e completed in N o v e m b e r . Unlike in the dye 
tracer study, p r e d e t e r m i n e d m i x i n g zone sampling locations w e r e 
not used. The w a r m effluent p r o v i d e d an easily d e t e c t a b l e m i x i n g 
p a t t e r n w h i c h could be followed and used to e f f i c i e n t l y e s t a b l i s h 
a p p r o p r i a t e sampling and m e a s u r i n g p o i n t s . 

Figure 3 shows the boat, e q u i p m e n t , and crew p r e p a r e d to 
start a run. The boat w a s secured in the outfall channel b e t w e e n 
most runs since boat launching w a s impossible at the local boat 
ramps during the cold w e a t h e r . Some damage occurred to the boat 
and equipment over the course of the study as a result of 
v a n d a l i s m and ice f l o e s . A w i n c h was placed on a boat on the 
bank near location 4 (figure 2) for use in pulling the boat 
u p s t r e a m against very strong effluent c u r r e n t s . 

F i g u r e 4 shows sampling in p r o g r e s s at station 0 + 5 0 . W a t e r 
samples were collected by using the d o w n r i g g e r - p u m p i n g s y s t e m 
d e v e l o p e d for use during the dye tracer study. For this study, 
the intake line was shortened so that flushing time was reduced 
to about 10 s e c o n d s ; 20 to 30 s e c o n d s were allowed to e l a p s e 
before a sample was taken. S a m p l e s were collected in 2 5 0 - m l 
plastic b o t t l e s . C o l l e c t i o n p o i n t s w e r e selected on the basis of 
t e m p e r a t u r e r e a d i n g s . A p p r o x i m a t e l y 178 c h l o r i d e and 25 to 28 
a m m o n i a - N samples could be handled and analyzed in the laboratory 
per run. Initially only about 60 c h l o r i d e samples could be 
h a n d l e d , but after the first run this number a p p e a r e d 
i n s u f f i c i e n t , and laboratory f a c i l i t i e s w e r e s t r e a m l i n e d and 
laboratory help added so the output could be tripled. 
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Figure 2. Schematic of GPSD outfall delta showing sampling points 
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Figure 3. Sampling crew preparing to make run 

Figure 4. Winter sampling in river 
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T e m p e r a t u r e m e a s u r e m e n t s were m a d e by using a YSI model 5739 
t e m p e r a t u r e - o x y g e n probe attached to a YSI model 58 
t e m p e r a t u r e - D O m e t e r . The a c c u r a c y of the temperature probe was 
checked in the laboratory over a range of 5°C to 20°C against a 
Bureau of S t a n d a r d s - q u a l i t y m e r c u r y thermometer and found to be 
w i t h i n 0.1°C over this temperature range. 

Ice floes and, at times, barge traffic greatly interfered 
with s a m p l i n g . Note that the scene depicted in figure 4 e x h i b i t s 
little ice on the river in the study area. H o w e v e r , m a s s i v e ice 
jams could build up in a m a t t e r of 10 to 15 m i n u t e s . Figures 5 
and 6 show m a s s i v e ice floes which showed up almost instantly as 
sampling was being completed at station 1 0 + 0 0 . F i g u r e s 4, 5, and 
6 are p h o t o g r a p h s taken on the same day. 

The United S t a t e s Geological Survey (USGS) flow gage at 
K i n g s t o n M i n e s (river m i l e 145.5) was read early each m o r n i n g 
before a run was m a d e . The readings in feet w e r e c o n v e r t e d to 
flow with a flow rating table supplied by the U S G S . Official 
flow data will not be a v a i l a b l e from the U S G S until November or 
December 1986; c o n s e q u e n t l y , in some instances the flow rates 
used in this report will differ slightly from those which will 
e v e n t u a l l y be p u b l i s h e d . 

W h e n runs required effluent flows in excess of 30 mgd, the 
G P S D had to store sufficient effluent in their r e t e n t i o n lagoons 
so that a p r e s c r i b e d flow rate could be m a i n t a i n e d from 8:00 a.m. 
to 3:00 p.m. Sampling usually started around 10:00 a.m. and 
ended between 2:00 and 3:00 p.m. Sampling s c h e d u l e s were 
c o o r d i n a t e d with storage a r r a n g e m e n t s so that storage time would 
be minimal to prevent s i g n i f i c a n t cooling of the e f f l u e n t during 
very cold c o n d i t i o n s . An effort w a s m a d e to provide as great a 
t e m p e r a t u r e differential as practical between the effluent and 
the river. 

L a b o r a t o r y A n a l y s e s 

After arrival at the laboratory, the 250-ml water samples 
w e r e iced overnight and a n a l y z e d immediately the next m o r n i n g for 
a m m o n i a - N and c h l o r i d e s . C h l o r i d e d e t e r m i n a t i o n s w e r e m a d e by 
using the a r g e n t o m e t r i c m e t h o d (Standard M e t h o d s ) w h e r e b y 
p o t a s s i u m c h r o m a t e is added to the samples and titrated with 
0 . 0 1 4 1 - n o r m a l silver n i t r a t e . 

The d e t e r m i n a t i o n of p e r m i s s i b l e a m m o n i a - N levels in the 
river requires a k n o w l e d g e of both ambient t e m p e r a t u r e s and pH. 
B e c a u s e of freezing c o n d i t i o n s , field d e t e r m i n a t i o n of pH was 
impractical and was not a t t e m p t e d . To fulfill the needs of this 
study, pH readings taken on river samples c o l l e c t e d twice a week 
by ISWS personnel at river m i l e 161.6 were used. 

S a m p l e s for a m m o n i a - N d e t e r m i n a t i o n were d i s t i l l e d with 
sodium h y d r o x i d e by using a Buchi model 320 steam generator with 

10 



Figure 5. Sampling boat at station 10+00 hemmed in by ice 

Figure 6. Two winter sampling hazards - ice floes 
and barge traffic 
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the d i s t i l l a t e c o l l e c t e d in a boric acid s o l u t i o n . A p o r t i o n of 
the d i s t i l l a t e was retained for c o l o r i m e trie a n a l y s e s using the 
H a r w o o d and Kuhn p h e n o l - h y p o c h l o r a t e m e t h o d . 

Data P r e p a r a t i o n and R e d u c t i o n 

P r e s e n t i n g the results of a m i x i n g zone and d i s p e r s i o n study 
in a c o n c i s e and m e a n i n g f u l way is d i f f i c u l t b e c a u s e so m a n y 
v a r i a b l e s exist that m o d i f y basic natural m i x i n g p h e n o m e n a in a 
large river s y s t e m . T h e o r e t i c a l m o d e l s do not appear to be any 
m o r e a p p l i c a b l e to the data g e n e r a t e d d u r i n g the cold w e a t h e r 
study than they did for the data g e n e r a t e d during the w a r m 
w e a t h e r s t u d y . 

The p r i m a r y m e t h o d of data d i s p l a y used in this report is 
the use of areal i s o - p l o t s ( c o n t o u r s ) that show e f f l u e n t 
t e m p e r a t u r e r e s i d u a l s (in terms of p e r c e n t a g e s ) in the s a m p l i n g 
area, and the use of a m m o n i a - N and c h l o r i d e residual p e r c e n t a g e s 
in s t a t i s t i c a l r e g r e s s i o n a n a l y s e s . The " c o n t o u r i n g " p r o c e d u r e 
is the same as the one d e v e l o p e d for d e p i c t i n g m i x i n g zones u s i n g 
the f l u o r e s c e n t dye t r a c e r . C o n t o u r p l o t s w e r e d e v e l o p e d for 
s u r f a c e , 1-, 3-, and 8-foot d e p t h s down to s t a t i o n 10+50 for all 
c o m p l e t e d s a m p l i n g d a t e s . To e n a b l e the d e v e l o p m e n t of c o n t o u r s 
at any depth based on the o b s e r v e d t e m p e r a t u r e m e a s u r e m e n t s , 
s t r a i g h t - l i n e e x t r a p o l a t i o n was used to e s t i m a t e the t e m p e r a t u r e s 
at 1-foot depth i n c r e m e n t s between m e a s u r e d v a l u e s . H o w e v e r , 
very few i n t e r p o l a t e d data w e r e r e q u i r e d for c o m p l e t i n g the cold 
w e a t h e r p l o t s since t e m p e r a t u r e r e a d i n g s w e r e taken at 1- to 
2-foot d e p t h i n t e r v a l s t h r o u g h o u t most of the study a r e a . 

The p l o t s are all in terms of p e r c e n t a g e s computed on the 
b a s i s of the r e l a t i o n s h i p of ambient t e m p e r a t u r e s m e a s u r e d w i t h i n 
the m i x i n g zone to those m e a s u r e d in the e f f l u e n t c h a n n e l s . The 
c h a n g e in e f f l u e n t and b a c k g r o u n d t e m p e r a t u r e and chemical v a l u e s 
over the p e r i o d of time required to c o m p l e t e a run w a s 
c o m p e n s a t e d for by using s t r a i g h t line i n t e r p o l a t i o n . Thi s w a s 
done on a computer by using the f o l l o w i n g a l g o r i t h m : 

w h e r e Pt = the f r a c t i o n o b s e r v e d in the m i x i n g zone at the time t 
T t = the t e m p e r a t u r e , a m m o n i a , or c h l o r i n e ( p a r a m e t e r ) 

v a l u e o b s e r v e d in the m i x i n g zone at time t 
T b i = the initial b a c k g r o u n d p a r a m e t e r value o b s e r v e d at 

time t b i 
T b

1 = the incremental change in the b a c k g r o u n d p a r a m e t e r 
v a l u e s = 
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w h e r e T b e = the end b a c k g r o u n d p a r a m e t e r v a l u e o b s e r v e d at 
time t b e 

T e i = the initial w e i g h t e d a v e r a g e e f f l u e n t p a r a m e t e r 
v a l u e s = 

w h e r e f1 , f2, f3 = flow w e i g h t i n g f a c t o r s g i v e n in 
table 1 for e f f l u e n t c h a n n e l s 1, 2, 
and 3 C f i g u r e 2) 

T e l i, T e 2 i, T e 3 i = the initial e f f l u e n t p a r a m e t e r 
v a l u e s o b s e r v e d at time t e i 

T 1 = the i n c r e m e n t a l c h a n g e in the e f f l u e n t p a r a m e t e r e 
v a l u e s = 

w h e r e T e e = the end w e i g h t e d a v e r a g e e f f l u e n t p a r a m e t e r 
v a l u e s = 

w h e r e T e 1 e, T e 2 e, T e 3 e = the end e f f l u e n t p a r a -
m e t e r v a l u e s o b s e r v e d at 
t ime tee 

The w e i g h t i n g f a c t o r s f 1, f 2, and f 3 used are listed in 
table 1. T h e y are rough e s t i m a t e s b a s e d on c h a n n e l w i d t h and 
d e p t h s and s u r f a c e v e l o c i t i e s m e a s u r e d for 2 0 - , 3 5 - , and 5 0 - m g d 
f l o w s . T h e s e w e i g h t i n g f a c t o r s , a l b e i t s o m e w h a t c r u d e l y d e v i s e d , 
are s u f f i c i e n t l y a c c u r a t e for use in this s t u d y s i n c e the 
t e m p e r a t u r e , a m m o n i a - N , and c h l o r i d e v a l u e s v a r i e d l i t t l e b e t w e e n 
the c h a n n e l s on m o s t d a t e s . 

R E S U L T S 

Ten s u c c e s s f u l runs w e r e c o m p l e t e d b e t w e e n e a r l y N o v e m b e r 
1985 and m i d - A p r i l 1 9 8 6 . An a d d i t i o n a l run w a s a t t e m p t e d on 
J a n u a r y 2 0 , 1 9 8 6 , but w i t h about o n e - t h i r d of the s a m p l i n g 
c o m p l e t e d , the c r e w w a s f o r c e d off the river by an ice jam. The 
p h y s i c a l c o n d i t i o n s under w h i c h the ten s u c c e s s f u l runs w e r e m a d e 
are s u m m a r i z e d in table 2. The w a r m w e a t h e r c o n d i t i o n s are 
i n c l u d e d in the t a b l e for c o m p a r a t i v e p u r p o s e s . N o t e that the 
river flows w e r e c o n s i d e r a b l y lower d u r i n g the w a r m w e a t h e r 
s t u d y . The w a r m w e a t h e r a v e r a g e and m e d i a n flow v a l u e s w e r e 
7,771 cfs and 7,834 c f s , r e s p e c t i v e l y , w h e r e a s the cold w e a t h e r 
v a l u e s w e r e 1 2 , 6 2 5 cfs and 1 0 , 7 4 5 c f s , r e s p e c t i v e l y . D u r i n g the 
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Table 1. Effluent Channel Flow Weighting Factors 

Table 2. Mixing Zone and Dispersion Run Dates 
and Physical Conditions on Those Dates 

Discharge Pool Peoria Dam Operation 
GPSD River Stage Wickets Valves Needles 

Da t e (mod) ( c f s ) (msl) Down Open In 

Warm Weather Data (From Table 14 [Butts et al., 1985]) 

7/12/84 37 10,156 440.48 0 6 0 
7/19 30 8,661 440.22 0 6 0 
7/31 25 7,820 440.12 0 6 0 
8/07 20 7,106 439.98 0 0 0 
8/14 40 8,394 440.38 0 6 0 
8/21 35 7,848 439.68 0 6 0 
8/28 45 6,088 439.47 0 0 51 
9/11 55 7,572 440.81 0 0 0 
9/18 50 5,224 440.56 0 0 63 
10/23 30 8,837 440.43 6 6 40 

Cold Weather Data (new) 

11/05/85 40 17,540 439.98 134 0 0 
11/13 35 21,060 441.11 134 0 0 

1/09/86 25 10,920 440.38 0 6 0 
1/13 20 10,570 440.29 0 6 0 
1/16 45 9,446 440.35 0 6 0 
1/21 55 11,320 440.73 0 6 0 
1/23 30 18,430 439.81 117 6 0 
2/18 50 10,020 440.55 0 6 0 
4/16 35 8,535 440.56 0 6 0 
4/22 40 8,411 440.49 0 6 0 

Note: Maximum number of wickets is 134 

14 



cold w e a t h e r study all 134 P e o r i a dam w i c k e t s w e r e d o w n on two 
d a t e s and 117 w e r e down on a n o t h e r . No w i n t e r f l o w s w e r e low 
e n o u g h t o w a r r a n t n e e d l e p l a c e m e n t b e t w e e n r a i s e d w i c k e t s . 
A l t h o u g h the o v e r a l l w i n t e r flow c o n d i t i o n s w e r e not i d e a l , the 
w i n t e r r e s u l t s w e r e s a t i s f a c t o r i l y m e l d e d w i t h the w a r m w e a t h e r 
d a t a by u s i n g only the w i n t e r data that w e r e c o l l e c t e d w i t h i n the 
summer d a t a flow r a n g e . T h i s s e l e c t i v e p r o c e s s will b e a d d r e s s e d 
in d e t a i l later. 

O v e r 4 1 0 0 t e m p e r a t u r e r e a d i n g s w e r e t a k e n . A l o n g w i t h these 
r e a d i n g s , 1402 c h l o r i d e and 2 7 7 a m m o n i a - N s a m p l e s w e r e c o l l e c t e d 
and a n a l y z e d in the l a b o r a t o r y . The d a i l y r e a d i n g and c o l l e c t i o n 
t o t a l s are p r e s e n t e d in t a b l e 3 and are s u m m a r i z e d as to 
l o c a t i o n . 

T h e m i x i n g z o n e a m m o n i a - N r e s u l t s in terms of c o n c e n t r a t i o n 
and r e s i d u a l p e r c e n t a g e s are g i v e n in A p p e n d i x A. The river 
b a c k g r o u n d and e f f l u e n t r e s u l t s are d e t a i l e d in t a b l e 4. A g o o d 
r a n g e and s a t i s f a c t o r y b l e n d of river w a t e r t e m p e r a t u r e s w e r e 
a c h i e v e d . Good t o e x c e l l e n t e f f l u e n t - r i v e r t e m p e r a t u r e 
d i f f e r e n t i a l s o c c u r r e d d u r i n g e i g h t of the ten s a m p l i n g d a t e s . 
The d i f f e r e n t i a l s d u r i n g the two April runs w e r e o n l y f a i r , but 
they w e r e a d e q u a t e t o s a t i s f a c t o r i l y d e f i n e the m i x i n g z o n e . The 
m i n i m u m , a v e r a g e , and m a x i m u m d i f f e r e n c e s w e r e 3 . 2 2 ° C , 9 . 3 6 ° C , 
and 1 3 . 2 0 ° C , r e s p e c t i v e l y . The g r e a t e s t d i f f e r e n c e s w e r e 
o b s e r v e d d u r i n g J a n u a r y . 

R i v e r a m m o n i a - N b a c k g r o u n d levels i n c r e a s e d s i g n i f i c a n t l y a s 
w a t e r t e m p e r a t u r e s d e c r e a s e d ( t a b l e 4 ) . O n N o v e m b e r 5 , 1 9 8 5 , the 
level w a s only 0.18 mg/l at a river w a t e r t e m p e r a t u r e of 9 . 6 ° C , 
w h i l e on J a n u a r y 13, 1986 the river a m m o n i a - N b a c k g r o u n d level 
i n c r e a s e d to 1.47 mg/l w h e n the w a t e r t e m p e r a t u r e d r o p p e d to 
a b o u t 0 . 2 ° C . The river b a c k g r o u n d c h l o r i d e levels a l s o i n c r e a s e d 
s e a s o n a l l y but only m o d e r a t e l y . The e f f l u e n t a m m o n i a - N l e v e l s 
a l s o i n c r e a s e d s i g n i f i c a n t l y d u r i n g the h e i g h t of the cold 
w e a t h e r . The e f f l u e n t c h l o r i d e l e v e l s r e m a i n e d f a i r l y u n i f o r m 
t h r o u g h o u t w i t h the e x c e p t i o n of t h o s e o b s e r v e d on F e b r u a r y 18, 
1 9 8 6 . The c h l o r i d e v a l u e b a l l o o n e d t o 7 1 2 mg/l a f t e r h a v i n g 
c o n s i s t e n t l y been in the m i d - 2 0 0 mg/l r a n g e . T h i s v a l u e 
r e f l e c t e d i n c r e a s e d s t r e e t runoff due to the use of salt for s n o w 
removal the p r e v i o u s d a y . 

T h e c o n t o u r p e r c e n t p l o t s b a s e d o n r e s i d u a l t e m p e r a t u r e 
v a l u e s c o m p u t e d by u s i n g e q u a t i o n 1 are p r e s e n t e d in A p p e n d i x B. 
P l o t s are p r e s e n t e d for s u r f a c e , 1-, 3-, and 8-foot d e p t h s for 
e a c h of the ten r u n s , r e s u l t i n g in a total of 40 f i g u r e s . The 
p l o t s are g r o u p e d b y d a t e . 

T h e s e p l o t s are very e f f e c t i v e in s h o w i n g the e f f e c t s of 
high river flows on m i x i n g . On b o t h N o v e m b e r 5, 1 9 8 5 , and April 
2 2 , 1 9 8 6 , the e f f l u e n t d i s c h a r g e s w e r e 4 0 m g d ; h o w e v e r , the 
N o v e m b e r run w a s m a d e at a time w h e n the w i c k e t s w e r e down ( t a b l e 
2) and the flow w a s over t w i c e as g r e a t as the f l o w d u r i n g the 
April run w h e n the w i c k e t s w e r e u p . The high N o v e m b e r river flow 
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Table 3. Number of Samples Collected and Number of 
In-situ Readings Taken 

Temperature Chloride Ammonia-N 
Readings Samples Samples 

Date B.G. Eff. Mix. B.G. Eff. Mi x. B.G. Eff. Mix. 
11/05/86 16 6 300 11 3 74 2 3 20 
11/13 16 6 350 4 3 81 2 3 20 
1/09/86 30 6 350 4 6 139 2 6 16 
1/13 6 6 350 4 6 148 2 6 19 
1/16 8 9 400 5 6 139 1 6 18 
1/20* 3 6 100 3 3 50 1 1 12 
1/21 8 9 350 6 6 112 2 6 19 
1/23 8 9 400 6 6 138 2 6 19 
2/18 8 9 350 3 6 94 1 6 21 
4/16 16 9 450 16 6 150 3 6 18 
4/22 16 9 500 16 6 142 4 6 18 

Totals 135 84 3900 78 57 1267 22 55 200 
* Partial Run - Forced off river due to ice floe 

B.G. = River background 
Eff . = Effluent 
Mix. = River mixing zone area 
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T a b l e 4 . R i v e r and E f f l u e n t C o n d i t i o n s 
O b s e r v e d d u r i n g C o l d W e a t h e r S a m p l i n g 



a p p e a r s t o h a v e s h e a r e d the e f f l u e n t ' s t r a n s v e r s e m o v e m e n t , 
p r e v e n t i n g s i g n i f i c a n t m i x i n g i n the s t u d y a r e a (see 0-foot p l o t s 
for b o t h d a t e s ) . T h e N o v e m b e r f i g u r e s h o w s e s s e n t i a l l y p a r a l l e l 
c o n t o u r lines w h i c h hug and f o l l o w the s h o r e l i n e , w h i l e the 
A p r i l 22 lines p r o j e c t m u c h f a r t h e r o u t w a r d in a b u b b l e - l i k e 
f a s h i o n . The 2 0 p e r c e n t c o n t o u r line e x t e n d e d past s t a t i o n 9 + 5 0 
on N o v e m b e r 5, but t h i s s a m e p e r c e n t c o n t o u r e x t e n d e d o n l y to 
s t a t i o n 3 + 5 0 o n A p r i l 2 2 . 

The f i g u r e s g i v e n in A p p e n d i x B w e r e u s e d to d e t e r m i n e the 
m a x i m u m t r a n s v e r s e e x t e n t of the 1, 2, 3, 5, 7, 10, 15, and 20 
p e r c e n t c o n t o u r s w i t h i n the s t u d y a r e a . The d i s t a n c e s d e r i v e d 
from the c o n t o u r p l o t s for b o t h the w a r m and c o l d w e a t h e r s t u d i e s 
are t a b u l a t e d i n t a b l e 5 . T h e s e d i s t a n c e s r e p r e s e n t the m a x i m u m s 
o b s e r v e d , i n d e p e n d e n t o f d e p t h . M o s t o c c u r r e d a t the s u r f a c e , 
but s o m e o c c u r r e d at e a c h of the o t h e r t h r e e d e p t h s r e p r e s e n t e d 
by the p l o t s . The r i v e r t e m p e r a t u r e s l i s t e d in t a b l e 5 r e p r e s e n t 
the a v e r a g e of the b e g i n n i n g and e n d i n g v a l u e s , and t h o s e for the 
e f f l u e n t are a v e r a g e s o f the f l o w - w e i g h t e d b e g i n n i n g and e n d i n g 
v a l u e s . The i n f o r m a t i o n in t a b l e 5 w a s u s e d to s t a t i s i c a l l y 
g e n e r a t e the r e g r e s s i o n ( p r e d i c t i o n ) e q u a t i o n s u s e d i n e v a l u a t i n g 
and d e f i n i n g the t r a n s v e r s e e x t e n t o f the m i x i n g z o n e . 

The r e s u l t s o f the c o l d w e a t h e r r e g r e s s i o n a n a l y s e s a r e 
g i v e n in t a b l e 6. For c o n t o u r p e r c e n t a g e s 1 t h r o u g h 5, o n l y the 
e f f l u e n t (q) and river (Q) f l o w s w e r e s i g n i f i c a n t l y c o r r e l a t e d t o 
the m a x i m u m t r a n s v e r s e d i s t a n c e s l i s t e d in t a b l e 5. H o w e v e r , the 
m u l t i p l e c o r r e l a t i o n c o e f f i c i e n t s w e r e o n l y m o d e r a t e l y h i g h . T h e 
f o r m u l a t i o n is t h e o r e t i c a l l y c o r r e c t in that the d i s t a n c e s a r e 
d i r e c t l y r e l a t e d t o the e f f l u e n t d i s c h a r g e r a t e and i n v e r s e l y 
r e l a t e d to the river f l o w r a t e . The e q u a t i o n s listed in t a b l e 21 
of the w a r m w e a t h e r r e p o r t ( t a b l e 7 of this r e p o r t ) s h o w that 
river t e m p e r a t u r e and river f l o w a r e the two m o s t s i g n i f i c a n t 
i n d e p e n d e n t v a r i a b l e s for c o n t o u r p e r c e n t a g e s 1 t h r o u g h 5 for 
river t e m p e r a t u r e s a b o v e 1 5 ° C . 

For the 7 , 1 0 , 1 5 , and 2 0 p e r c e n t c o n t o u r s , the m a x i m u m 
t r a n s v e r s e d i s t a n c e s a r e s h o w n t o b e d i r e c t l y r e l a t e d t o e f f l u e n t 
d i s c h a r g e r a t e s and i n d i r e c t l y t o r i v e r t e m p e r a t u r e ( T ) . T h i s i s 
the s a m e g e n e r a l r e l a t i o n s h i p found t o r e p r e s e n t the w a r m w e a t h e r 
c o n d i t i o n s for t h e s e s a m e p e r c e n t a g e s ( s e e t a b l e 21a o f the w a r m 
w e a t h e r r e p o r t , t a b l e 7 a o f this r e p o r t ) . T h e c o r r e l a t i o n s for 
the 7 t h r o u g h 20 p e r c e n t c o n t o u r s a r e h i g h , as s h o w n by the 
v a l u e s g i v e n in t a b l e 6. N o t e , f r o m t a b l e 5, that the e x t r e m e 
o b s e r v e d v a l u e s can b e c l o s e l y p r e d i c t e d b y u s i n g the e q u a t i o n s 
r e p r e s e n t i n g c o n t o u r p e r c e n t s 7 t h r o u g h 2 0 . H o w e v e r , the use of 
t h e s e p r e d i c t i o n e q u a t i o n s i s l i m i t e d b y the e x t r e m e c o n d i t i o n s 
u n d e r w h i c h they w e r e d e v e l o p e d , a s w a s the c a s e for the w a r m 
w e a t h e r e q u a t i o n s . 

T o a c h i e v e m o r e f l e x i b l e and e n c o m p a s s i n g e x p r e s s i o n s all 
the c o l d and w a r m w a t e r d a t a p r e s e n t e d in t a b l e 5 w e r e c o m b i n e d 
t o f o r m p r e d i c t i o n e q u a t i o n s a p p l i c a b l e for r i v e r t e m p e r a t u r e s 
f r o m 0 ° C t o 3 1 ° C . C o m b i n i n g all t h e s e d a t a , h o w e v e r , p r o d u c e d 
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Table 5. T r a n s v e r s e D i s t a n c e s (D) of C o n t o u r P e r c e n t a g e s 
from Shore S t a k e s , a n d E f f l u e n t and River F l o w s and T e m p e r a t u r e s , 

for W a r m and Cold W e a t h e r S a m p l i n g Dates 



Table 6. Summary of Cold Weather 
Mixing Zone Equations 

Corr. Extreme D-values (ft) 
Contour Coeff. Computed Observed 
Percent Prediction Equations. D= R Max. Min. Max. Min. 

1 262 + 5.0q - 0.012Q 0.724 436 109 525 180 
2 208 + 5.0q - 0.009Q 0.711 407 118 510 170 
3 221 + 4.2q - 0.009Q 0.659 376 115 495 160 
5 229 + 2.5q - 0.0080 0.754 299 111 320 150 
7 130 + 1.8q - 5.7T 0.860 228 100 250 130 
10 110 + 1.8q - 6.3T 0.892 207 73 225 90 
15 105 + 1.2q - 5.4T 0.858 170 67 200 80 
20 120 + O.lq - 3.9T 0.883 124 77 135 75 

q = 55 20 
Q = 8411 21060 
T = 0.25 11.54 

D = Contour projection distance from shore stake (ft) 
q = GPSD effluent flow rate (mgd) 
Q = River flow rate (cfs) 
T = River temperature (°C) 
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Table 7. Summary of W a r m Weather Mixing Zone Prediction E q u a t i o n s 
(Table 21 of warm weather report [Butts et a l . , 1985]) 



p o o r q u a l i t y p r e d i c t i o n e q u a t i o n s . C o r r e l a t i o n c o e f f i c i e n t s 
r e l a t i n g D to q, t, Q a n d T w e r e v e r y low, r a n g i n g f r o m a b o u t 0.4 
to 0 . 6 . A c l o s e e x a m i n a t i o n of the c o l d w e a t h e r d a t a r e v e a l e d 
the r e a s o n for t h i s : four of the ten c o l d w e a t h e r r i v e r flows 
w e r e s i g n i f i c a n t l y h i g h e r than the m a x i m u m s u m m e r f l o w , a n d two 
o f the r e m a i n i n g six w e r e s l i g h t l y g r e a t e r . C o n s e q u e n t l y , the 
u n a b r i d g e d w i n t e r d a t a , w h e n i n c l u d e d w i t h the s u m m e r d a t a , 
p r o d u c e d d i s t o r t e d a n d m i s l e a d i n g r e s u l t s w h e n s u b j e c t e d t o 
statistical analyses. 

T o a c h i e v e m e a n i n g f u l r e s u l t s , o n l y the f i v e s e t s o f w i n t e r 
d a t a w h i c h i n c l u d e d r i v e r f l o w s w h i c h fell b e l o w o r s l i g h t l y 
a b o v e the s u m m e r e x t r e m e h i g h v a l u e w e r e i n c l u d e d i n the 
a n a l y s e s . The J a n u a r y 13, 1 9 8 6 , f l o w o f 1 0 , 5 7 0 c f s w a s i n c l u d e d 
but the J a n u a r y 9, 1 9 8 6 , f l o w of 1 0 , 9 2 0 c f s w a s not so as to 
a v o i d w e i g h t i n g the o v e r a l l d a t a too h e a v i l y at the h i g h e r end of 
the f l o w s p e c t r u m . T h e F e b r u a r y 1 8 , 1 9 8 6 , f l o w o f 1 0 , 0 2 0 c f s w a s 
o n l y s l i g h t l y less than the m a x i m u m w a r m w e a t h e r v a l u e o f 1 0 , 1 5 6 
c f s , and w a s i n c l u d e d . T h e o t h e r d a t a s e t s s e l e c t e d w e r e t h o s e 
for J a n u a r y 16, A p r i l 16, and A p r i l 2 2 , 1 9 8 6 . S i n c e low f l o w s are 
m o s t c r i t i c a l , i.e., low f l o w s p e r m i t g r e a t e r t r a n s v e r s e m i x i n g , 
p r e v e n t i n g d i s t o r t i o n s at low f l o w s is c r i t i c a l to this a n a l y s i s . 

T h e p r e d i c t i o n e q u a t i o n s d e v e l o p e d b y c o m b i n i n g the five 
w i n t e r d a t a s e t s c o n t a i n i n g the lowest r i v e r f l o w s w i t h all ten 
s u m m e r d a t a s e t s a r e s u m m a r i z e d i n t a b l e 8 . T h e r e s u l t s i n d i c a t e 
that all four i n d e p e n d e n t v a r i a b l e s a r e s i g n i f i c a n t u n d e r e x t r e m e 
t e m p e r a t u r e c o n d i t i o n s . G o o d c o r r e l a t i o n s w e r e p r o d u c e d o v e r a l l , 
and m a x i m u m and m i n i m u m o b s e r v e d c o n d i t i o n s c o u l d b e 
s a t i s f a c t o r i l y s i m u l a t e d . I n f a c t , the e x t r e m e o b s e r v e d v a l u e s 
for the t h r e e m o s t i m p o r t a n t p e r c e n t s ( 1 0 , 1 5 , and 2 0 ) w e r e 
m a t c h e d e x t r e m e l y w e l l b y u s i n g the e q u a t i o n s . O f equal 
i m p o r t a n c e is the fact that the e q u a t i o n s a p p e a r to p r o v i d e 
r e a s o n a b l e e s t i m a t e s for 7 - d a y , 1 0 - y e a r low f l o w c o n d i t i o n s 
( 2 , 9 6 4 c f s ) , a l t h o u g h t h i s f l o w v a l u e i s s i g n i f i c a n t l y lower than 
the m i n i m u m o b s e r v e d v a l u e o f 5 , 2 2 4 c f s . 

D I S C U S S I O N 

T h e e q u a t i o n s l i s t e d in t a b l e s 7b and 8 p l a y a c r i t i c a l role 
in a r r i v i n g at s o l u t i o n s for u s e in m e e t i n g the two p r i n c i p a l 
o b j e c t i v e s o f this s t u d y . The r e s u l t s o f c o m b i n i n g the w a r m and 
c o l d w e a t h e r d a t a can be u s e d to e s t a b l i s h t r a n s v e r s e l i m i t s of a 
m i x i n g z o n e b a s e d u p o n c e r t a i n c o n s t r a i n t s . O n c e t h o s e l i m i t s 
h a v e b e e n a s c e r t a i n e d , m a x i m u m e f f l u e n t a m m o n i a - N c o n c e n t r a t i o n s 
can b e d e t e r m i n e d w h i c h w i l l not c a u s e s t a n d a r d v i o l a t i o n s 
o u t s i d e the m i x i n g z o n e a s l i m i t e d b y the 2 5 p e r c e n t f l o w / a r e a 
r e q u i r e m e n t , a n d w h i c h w i l l not b e t o x i c t o f i s h . T h e f o l l o w i n g 
s e c t i o n d i s c u s s e s t r a n s v e r s e d i s t a n c e l i m i t a t i o n s . A d d i t i o n a l 
d i s c u s s i o n o n l o n g i t u d i n a l d i s t a n c e s a n d a r e a l l i m i t a t i o n s o f 
m i x i n g z o n e s is then p r e s e n t e d . T h i s d i s c u s s i o n is b a s e d on 
c r i t e r i a d e v e l o p e d f r o m d a t a c o l l e c t e d d u r i n g the w a r m w e a t h e r 
s t u d y . 
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T a b l e 8. S u m m a r y of M i x i n g Zone E q u a t i o n s D e r i v e d by U s i n g 
Ten W a r m W e a t h e r D a t a Sets and Five Cold W e a t h e r D a t a Sets 



T r a n s v e r s e D i s t a n c e L i m i t a t i o n s 

The e q u a t i o n s listed in table 8 r e p r e s e n t linear 
r e l a t i o n s h i p s b e t w e e n river t e m p e r a t u r e , e f f l u e n t t e m p e r a t u r e , 
e f f l u e n t flow, and river flow and the m a x i m u m t r a n s v e r s e 
p r o j e c t i o n of a c e r t a i n residual e f f l u e n t p e r c e n t . These types 
of s t a t i s t i c a l l y d e r i v e d e q u a t i o n s are g e n e r a l l y limited to use 
w i t h i n the p a r a m e t r i c v a l u e range in w h i c h they w e r e d e r i v e d . 
H o w e v e r , in this c a s e , an a d d i t i o n a l c o n s t r a i n t a p p e a r s -- the 
r e l a t i o n s h i p b e t w e e n river and e f f l u e n t t e m p e r a t u r e has to be 
c o n s i d e r e d . A v e r a g e e f f l u e n t t e m p e r a t u r e s d u r i n g s a m p l i n g ranged 
from 10.47°C to 2 8 . 0 ° C , and a v e r a g e river t e m p e r a t u r e s ranged 
from 0 . 3 3 ° C t o 3 1 . 0 ° C (table 5 ) . W h i l e m a t h e m a t i c a l l y c o r r e c t , 
the s o l u t i o n s to e q u a t i o n s using an e f f l u e n t t e m p e r a t u r e of 
1 0 . 4 7 ° C in c o m b i n a t i o n w i t h a river t e m p e r a t u r e of 31°C are not 
r a t i o n a l . T h e r e f o r e , to p r o v i d e r a t i o n a l input c o m b i n a t i o n s of 
e f f l u e n t - r i v e r t e m p e r a t u r e s , a r e g r e s s i o n e q u a t i o n w a s d e v e l o p e d 
r e l a t i n g e f f l u e n t t e m p e r a t u r e to river t e m p e r a t u r e , based on the 
20 data sets g e n e r a t e d d u r i n g both the w a r m and cold w e a t h e r 
s t u d i e s . The e x p r e s s i o n is: 

t = 0 . 4 6 4 T + 12.02 (2) 

w h e r e t = e f f l u e n t t e m p e r a t u r e in °C 
T = river t e m p e r a t u r e in °C 

The c o r r e l a t i o n c o e f f i c i e n t for the 20 data sets is 0 . 9 7 ; 
t h e r e f o r e the e q u a t i o n s will g i v e good logical m a t c h u p s of 
t e m p e r a t u r e s . N o t e that w h e n the river t e m p e r a t u r e is 0°C the 
e f f l u e n t t e m p e r a t u r e will p r o b a b l y be a r o u n d 12°C. 

T r a n s v e r s e p r o j e c t i o n d i s t a n c e s w e r e c o m p u t e d o n the b a s i s 
o f seven t e m p e r a t u r e data s e t s : ( t = 3 0 , T = 3 1 ) , ( t = 2 4 , T = 2 5 ) , 
( t = 2 1 , T = 2 0 ) . ( t = 2 0 , T = 1 5 ) , (t=17, T = 1 0 ) , ( t = 1 4 . T = 5 ) , and (t = 12. 
T = 0 ) ; four river flows (Q): 2 9 6 4 ( 7 - d a y , 10-year low f l o w ) , 
5 0 0 0 , 7 5 0 0 , and 1 0 , 0 0 0 c f s ; and e i g h t e f f l u e n t f l o w s : 2 0 , 2 5 , 
3 0 , 3 5 , 4 0 , 4 5 , 5 0 , and 5 5 m g d . The t e m p e r a t u r e set v a l u e s w e r e 
d e r i v e d by using e q u a t i o n 2, w i t h the e x c e p t i o n of the ( 3 0 , 3 1 ) 
c o m b i n a t i o n and the ( 2 0 , 15) c o m b i n a t i o n . An e x a m i n a t i o n of the 
G P S D t r e a t m e n t plant o p e r a t i n g r e c o r d s from 1978 t h r o u g h 1985 
r e v e a l e d that the m a x i m u m e f f l u e n t t e m p e r a t u r e was 3 0 ° C and that 
this peak v a l u e o c c u r r e d only o n c e , on July 2 8 , 1 9 8 3 . The 
m a x i m u m river t e m p e r a t u r e r e c o r d e d d u r i n g the ISWS t w i c e - w e e k l y 
s a m p l i n g over m a n y y e a r s is 3 1 ° C . C o n s e q u e n t l y , to e x a m i n e the 
e x t r e m e c o n d i t i o n the ( 3 0 , 3 1 ) c o m b i n a t i o n w a s i n c l u d e d in the 
a n a l y s e s . The ( 2 0 , 1 5 ) c o m b i n a t i o n r e s u l t e d from a slight 
c o m p u t a t i o n a l error u s i n g e q u a t i o n 2; t s h o u l d equal 19 w h e n 
using a T of 15 in e q u a t i o n 2. H o w e v e r , the ( 2 0 , 1 5 ) c o m b i n a t i o n 
is r e a l i s t i c and r e p r e s e n t a t i v e s i n c e its p r o b a b i l i t y of 
o c c u r r e n c e is h i g h . The r e s u l t s are p r e s e n t e d in t a b l e s 9, 10, 
11, and 12 for the four river flow c o n d i t i o n s . The c o m p u t a t i o n s 
w e r e t e r m i n a t e d w h e n the c o m p u t e d D - v a l u e s g r e a t l y e x c e e d e d the 
2 5 0 - f o o t d i s t a n c e w h i c h has been e s t a b l i s h e d as the point in the 
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river cross s e c t i o n , at the e f f l u e n t l o c a t i o n , w h i c h r e p r e s e n t s 
25 p e r c e n t of the river flow. 

The i n f o r m a t i o n p r e s e n t e d in tables 9 through 12 p r o v i d e s a 
good b a s i s around w h i c h a f l e x i b l e m a n a g e m e n t s c h e m e can be 
d e v i s e d and i m p l e m e n t e d . For i n s t a n c e , the most c r i t i c a l or 
limiting s i t u a t i o n o c c u r s w h e n an e f f l u e n t w i t h a t e m p e r a t u r e of 
30 C d i s c h a r g e s to the river d u r i n g a 7-day, 10-year low flow 
s i t u a t i o n (table 9 ) . T o p r e v e n t p o s s i b l e s t a n d a r d v i o l a t i o n s 
o u t s i d e the m i x i n g z o n e , e f f l u e n t d i s c h a r g e rates of 45 mgd or 
less w o u l d have to be a d h e r e d to if the 20 percent c o n t o u r is 
a c c e p t e d as the o u t e r m o s t m i x i n g zone b o u n d a r y . If the 15 
p e r c e n t c o n t o u r is a c c e p t e d as the outer limit, the G P S O w o u l d be 
limited to a d i s c h a r g e rate in the range of 30 to 35 m g d . 
G e n e r a l l y , d u r i n g e x t r e m e l y low f l o w s , such as the 7-day, 10-year 
v a l u e , the e f f l u e n t - r i v e r t e m p e r a t u r e c o m b i n a t i o n s have only a 
m o d e r a t e effect on the v a r i a b i l i t y of " D . " 

D u r i n g higher river f l o w s , the e f f l u e n t l i m i t a t i o n can be 
l i b e r a l i z e d g r e a t l y Ctable 1 2 ) . E f f l u e n t flow rates of 55 m g d 
could be t o l e r a t e d at the ( 3 0 , 3 1 ) c o m b i n a t i o n if a 15 or 20 
p e r c e n t m i x i n g l i m i t a t i o n is a c c e p t e d . By limiting the e f f l u e n t 
flow rate to 35 mgd and a s s u m i n g a 1.5 mg/l s t a n d a r d [ p a r a g r a p h s 
d) and e) of S e c t i o n 3 0 2 . 2 1 2 of the IPCB's R u l e s and 
R e a u l a t ions], the m i x i n g zone could be e x p a n d e d to the 3 p e r c e n t 
c o n t o u r , w h i c h w o u l d a l l o w an e f f l u e n t a m m o n i a - N c o n c e n t r a t i o n of 
50 m g / l . At an e f f l u e n t flow rate of 55 m g d , the e f f l u e n t 
a m m o n i a - N c o n c e n t r a t i o n w o u l d be limited to a p p r o x i m a t e l y 10 
m g / l . 

T a b l e s 9 through 12 can be v i e w e d as a type of q u a l i t y 
control c h a r t , and m a n a g e m e n t of the a m m o n i a - N e f f l u e n t q u a n t i t y 
can be d i c t a t e d by their use as s u c h . For e x a m p l e , s u p p o s e on a 
g i v e n day the G P S D is d i s c h a r g i n g 17 mg/l of a m m o n i a - N at a rate 
of 40 mgd and at a t e m p e r a t u r e of 2 4 ° C . The p r o b a b l e river 
t e m p e r a t u r e is 2 5 ° C a c c o r d i n g to e q u a t i o n 2 (a d i r e c t river 
m e a s u r e m e n t w o u l d be b e t t e r ) . The flow at P e o r i a , e s t i m a t e d from 
the K i n g s t o n M i n e s rating c u r v e , is 8 0 0 0 c f s . R e f e r e n c e to the 
( 2 4 , 2 5 ) , 40 mgd row in table 11 i n d i c a t e s that an e f f l u e n t 
c o n c e n t r a t i o n of 2 1 . 4 mg/l a m m o n i a - N could be t o l e r a t e d w i t h o u t 
v i o l a t i n g the 1.5 mg/l s t a n d a r d [ p a r a g r a p h s d) and e) of S e c t i o n 
3 0 2 . 2 1 2 of the IPCB's R u l e s and R e g u l a t i o n s ] . Since only 17 mg/l 
are being d i s c h a r g e d the s y s t e m could be c o n s i d e r e d under 
c o n t r o l . 

T a b l e 13 c o n t a i n s i n f o r m a t i o n on o b s e r v e d e f f l u e n t a m m o n i a - N 
c o n d i t i o n s and their r e l a t i o n s h i p to s t r e a m s t a n d a r d s for 
c o n d i t i o n s s p e c i f i c to both w a r m and cold w e a t h e r s t u d y d a t e s . 
H i g h to e x t r e m e l y high e f f l u e n t levels could have been t o l e r a t e d 
d u r i n g the cold w e a t h e r p e r i o d s w i t h o u t v i o l a t i n g s t r e a m 
s t a n d a r d s . On J a n u a r y 16, 1986, a r e l a t i v e l y high c o n c e n t r a t i o n 
of 15.06 mg/l of a m m o n i a - N w a s b e i n g d i s c h a r g e d , but c o n s i d e r i n g 
all f a c t o r s it w a s not even c l o s e to the theoretical t o l e r a b l e 
level of 2 5 0 . 3 9 m g / l . 
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30 31 55 349 283 
50 327 264 
45 305 246 
40 351 284 227 
35 330 263 209 
30 309 241 190 
25 288 220 172 
20 348 267 198 153 

24 25 55 306 245 
50 284 226 
45 263 208 
40 283 241 189 
35 262 220 171 
30 332 241 198 152 
25 314 220 177 134 
20 296 199 155 115 

21 20 55 301 240 
50 280 221 
45 258 203 
40 275 237 184 
35 254 215 166 
30 334 233 194 147 
25 316 212 172 129 
20 298 191 151 110 

20 15 55 329 262 
50 307 243 
45 286 225 
40 316 265 206 
35 295 243 188 
30 384 274 222 169 
25 366 253 200 151 
20 348 232 179 132 
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Table 9. Computed Effluent Transverse Projections Using 
Equations Presented in Table 7 

Q = 2964 cfs 



17 10 55 325 257 
50 303 238 
45 282 220 
40 307 260 201 
35 286 239 183 
30 387 265 217 164 
25 369 244 196 146 
20 349 223 174 127 

14 5 55 321 252 
50 299 233 
45 278 215 
40 299 256 196 
35 278 235 178 
30 390 257 213 159 
25 273 236 192 141 
20 354 215 170 122 

12 0 55 332 260 
50 311 242 
45 289 223 
40 315 268 205 
35 294 246 186 
30 416 273' 225 168 
25 398 252 203 149 
20 380 231 182 131 

t = GPSD effluent temperature (°C) 
T = River temperature (°C) 
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Table 9. (Concluded) 



30 31 55 323 262 
50 301 243 
45 341 280 225 
40 320 258 206 
35 299 237 188 
30 331 278 215 169 
25 313 257 194 151 
20 295 236 172 132 

24 25 55 280 224 
50 258 205 
45 273 237 187 
40 252 215 168 
35 297 231 194 150 
30 279 210 172 131 
25 261 189 151 113 
20 282 243 168 129 94 

21 20 55 275 219 
50 254 200 
45 265 232 182 
40 317 244 211 163 
35 299 223 189 145 
30 281 202 167 126 
25 263 181 146 108 
20 294 245 160 125 89 

20 15 55 303 241 
50 282 222 
45 306 260 204 
40 285 239 185 
35 349 264 217 167 
30 331 243 196 148 
25 313 222 174 130 
20 295 201 153 111 
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Table 10. Computed Effluent Transverse Projections Using 
Equations Presented in Table 7 

Q = 5000 cfs 



17 10 55 299 236 
50 277 217 
45 297 256 199 
40 276 234 180 
35 352 255 213 162 
30 334 234 191 143 
25 216 213 170 125 
20 298 192 148 106 

14 5 55 295 231 
50 273 212 
45 289 252 194 
40 268 230 175 
35 355 247 209 157 
30 337 226 187 138 
25 319 205 166 120 
20 301 184 144 101 

12 0 55 306 239 
50 285 221 
45 305 263 202 
40 284 242 184 
35 381 263 220 165 
30 363 242 199 147 
25 345 221 177 128 
20 327 200 156 110 

t = GPSD effluent temperature (°C) 
T = River temperature (°C) 
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Table 10. (Concluded) 



30 31 55 290 237 
50 325 269 218 
45 320 304 247 200 
40 298 302 283 226 181 
35 278 294 262 204 163 
30 282 259 266 241 183 144 
25 283 257 239 248 220 161 126 
20 286 263 233 220 230 199 140 107 

24 25 55 278 247 199 
50 257 226 180 
45 268 236 204 162 
40 276 250 215 183 143 
35 256 232 194 161 125 
30 259 237 214 173 140 106 
25 267 235 217 196 152 118 88 
20 296 247 210 198 178 131 97 69 

21 20 55 270 243 194 
50 249 221 175 
45 270 248 200 157 
40 287 252 207 178 138 
35 267 234 186 157 120 
30 274 248 216 165 135 101 
25 282 249 228 198 144 114 83 
20 317 262 225 209 180 123 92 64 

20 15 55 310 271 216 
50 289 249 197 
45 320 268 228 179 
40 302 268 228 179 
35 284 226 185 142 
30 289 266 205 163 123 
25 298 270 248 184 142 105 
20 274 250 230 163 120 86 
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Table 11. Computed Effluent Transverse Projections Using 
Equations Presented in Table 7 

Q = 7500 cfs 



17 10 55 302 266 210 
50 281 245 192 
45 323 260 223 174 
40 305 239 202 155 
35 287 218 180 137 
30 300 269 197 159 118 
25 281 251 176 137 100 
20 288 261 232 155 116 81 

14 5 55 294 262 206 
50 274 240 187 
45 326 252 219 169 
40 308 231 198 150 
35 290 210 176 132 
30 312 272 189 155 113 
25 292 254 168 133 95 
20 303 273 236 147 112 76 

12 0 55 310 274 214 
50 289 252 196 
45 352 268 231 177 
40 334 247 209 159 
35 316 226 188 140 
30 298 205 166 122 
25 318 280 184 145 103 
20 299 262 163 123 85 

t = GPSO effluent temperature (°C) 
T = River temperature (°C) 
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T a b I e 1 1 . ( C o n c l u d e d ) 



an 31 55 308 258 212 
50 273 287 236 193 
45 255 266 215 175 
40 265 213 237 245 193 156 
35 348 241 193 219 224 172 138 
30 328 217 193 219 224 172 138 
25 308 192 154 183 182 129 101 
20 288 168 134 165 161 107 82 

24 25 55 317 249 239 240 215 174 
50 292 230 221 219 193 155 
45 268 210 203 198 172 137 
40 352 243 191 185 177 150 118 
35 332 219 171 167 156 129 100 
30 312 194 152 149 135 107 81 
25 292 170 132 131 114 86 63 
20 272 145 113 112 93 64 44 

21 20 55 331 260 241 232 210 169 
50 307 241 223 211 189 140 
45 282 221 205 190 167 132 
40 367 258 202 187 169 146 113 
35 347 233 182 169 148 124 95 
30 327 209 163 151 127 103 76 
25 307 184 143 133 106 81 58 
20 287 160 124 115 85 60 39 

20 15 55 291 273 238 191 
50 282 273 252 217 172 
45 331 263 255 231 195 154 
40 306 243 237 210 174 135 
35 282 224 219 189 152 117 
30 372 258 204 201 168 131 98 
25 352 233 185 183 147 109 80 
20 332 209 165 164 126 88 61 
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Table 12. Computed Effluent Transverse Projections Using 
Equations Presented in Table 7 

Q = 10,000 cfs 



17 10 55 294 264 234 186 
50 276 243 212 167 
45 274 258 222 191 149 
40 321 254 240 201 169 130 
35 297 235 222 180 148 112 
30 272 215 204 159 126 93 
25 367 248 196 186 138 105 75 
20 347 223 176 168 117 83 56 

14 5 55 297 256 230 181 
50 305 279 235 208 162 
45 285 261 214 187 144 
40 336 266 243 193 165 125 
35 312 246 225 172 144 107 
30 287 227 207 151 122 88 
25 382 263 207 189 130 101 70 
20 362 238 188 171 109 79 51 

12 0 55 323 272 241 189 
50 305 251 220 171 
45 311 287 230 198 152 
40 292 269 209 177 134 
35 343 272 251 188 155 115 
30 219 253 233 167 134 97 
25 294 233 215 146 112 78 
20 392 270 214 197 125 91 60 

t = GPSD effluent temperature (°C) 
T = River temperature (°C) 
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Table 12. (Concluded) 



T a b l e 1 3 . R e l a t i o n s h i p b e t w e e n M i x i n g Z o n e L i m i t s And A m m o n i a - N S t a n d a r d s 
d u r i n g M i x i n g Z o n e S a m p l i n g D a t e s 



The s t a n d a r d s w e r e not closely tested during either the w a r m 
or cold w e a t h e r d a t e s . H o w e v e r , table 13 indicates that s i n g l e 
digit m a r g i n s did occur on the w a r m weather dates of September 
11, September 18, and October 2 3 , 1984, w h e r e a s d o u b l e - and 
triple-digit m a r g i n s occurred for the remaining 17 d a t e s . The 
smallest m a r g i n s of 6.73 mg/l and 6.94 m g / l , which o c c u r r e d on 
September 11 and September 18, 1984, r e s p e c t i v e l y , are 
substantial but n e v e r t h e l e s s are dwarfed by the r e s p e c t i v e 
m a x i m u m w a r m and cold weather m a r g i n s of 149.49 mg/l and 793.21 
m g / l . The effluent d i s c h a r g e rates were 55 and 50 mgd on the two 
r e s p e c t i v e September dates Ctable 5 ) . C u t t i n g the S e p t e m b e r 11 
rate back to 40 mgd would have p e r m i t t e d an effluent a m m o n i a - N 
c o n c e n t r a t i o n of over 21 mg/l to be d i s c h a r g e d . A similar case 
could be m a d e for the September 18 s i t u a t i o n ; i.e., e f f e c t i n g a 
r e d u c t i o n in the effluent flow rate would increase the t o l e r a b l e 
effluent a m m o n i a - N level. 

The implementation of one of several m a n a g e m e n t s t r a t e g i e s 
could p r o v i d e a s s u r a n c e s that s t r e a m a m m o n i a - N s t a n d a r d s are not 
v i o l a t e d if GPSD effluent s t a n d a r d s are relaxed s i g n i f i c a n t l y . 

The simplest and most easily a d m i n i s t e r e d m a n a g e m e n t 
s t r a t e g y would be an a c r o s s - t h e - b o a r d adoption of the 20 percent 
contour as the m i x i n g zone limitation for all s i t u a t i o n s and 
c o n d i t i o n s . Such an a d o p t i o n w o u l d limit summer effluent 
a m m o n i a - N c o n c e n t r a t i o n s to a p p r o x i m a t e l y 7.5 m g / l ; w i n t e r 
l i m i t a t i o n s would range from about 7.5 mg/l to 40 m g / l . This 
w o u l d e s s e n t i a l l y p r o v i d e a 9 9 . 9 9 percent p r o b a b i l i t y that water 
q u a l i t y s t a n d a r d s would not be violated under any c i r c u m s t a n c e s 
(see the 20 percent columns in tables 9 through 1 2 ) . This plan 
could allow increased d i s c h a r g e rates to be effected during wet 
w e a t h e r c o n d i t i o n s . 

Another relatively simple and easily a d m i n i s t e r e d scheme 
w o u l d be to limit the effluent d i s c h a r g e rate to a m a x i m u m value 
and to store volumes g e n e r a t e d by e x c e s s i v e f l o w s . For e x a m p l e , 
the s t i p u l a t i o n could be m a d e that the m a x i m u m d i s c h a r g e rate 
w o u l d be 40 m g d . An e x a m i n a t i o n of tables 9 through 12 reveals 
that the 15 percent contour would assure c o m p l i a n c e s under most 
c o n d i t i o n s when a s s o c i a t e d with an effluent d i s c h a r g e rate of 40 
m g d . This would permit a summer effluent c o n c e n t r a t i o n of about 
10 mg/l and a winter range of about 10 to 53 m g / l . 

The most c o m p r e h e n s i v e plan, but the one most d i f f i c u l t to 
a d m i n i s t e r , would be to adopt a flexible quality control p r o g r a m 
w h e r e b y daily d i s c h a r g e rates could be adjusted to m a t c h the t, 
T, q, and Q values to prevent standard v i o l a t i o n s for effluent 
a m m o n i a - N c o n c e n t r a t i o n . For e x a m p l e , on a given d a t e , a s s u m e 
that the following c o n d i t i o n s p r e v a i l : t = 24°C, T = 2 5 ° C , q = 
40 m g d , Q = 3000 cfs, and effluent a m m o n i a - N = 14 m g / l . F r o m the 
IPCB's Rules and R e g u l a t i o n s the river standard is shown to be 
1.5 m g / l . From table 9, row ( 2 4 , 2 5 ) - 4 0 and the 15 percent 
residual column, the p e r m i s s i b l e effluent c o n c e n t r a t i o n is 
d e t e r m i n e d to be 10 mg/l ( 1 . 5 / 0 . 1 5 = 10 m g / l ) . Since the ambient 
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level is 14, the s t r e a m s t a n d a r d s w o u l d c l e a r l y be v i o l a t e d . By 
i m m e d i a t e l y r e d u c i n g the d i s c h a r g e rate to 30 m g d the p e r m i s s i b l e 
e f f l u e n t c o n c e n t r a t i o n could be i n c r e a s e d to 15 mg/l ( 1 . 5 / 0 . 1 0 = 
15 m g / l ) as r e f e r e n c e d to row ( 2 4 , 2 5 ) - 3 0 and the 10 p e r c e n t 
r e s i d u a l c o l u m n of t a b l e 9. 

For this s c h e m e to be m a n a g e a b l e , d a i l y river flow and 
t e m p e r a t u r e i n f o r m a t i o n w o u l d h a v e t o b e r e a d i l y a v a i l a b l e . 
R o u t i n e field d e t e r m i n a t i o n s of river t e m p e r a t u r e s could be 
c i r c u m v e n t e d by d e v e l o p i n g a p r e d i c t i o n e q u a t i o n s i m i l a r to 
e q u a t i o n 2 from l o n g - t e r m r e c o r d s . T h i s c o u l d be d o n e by 
m a t c h i n g the 20 y e a r s of t w i c e - w e e k l y river r e a d i n g s taken by the 
ISWS w i t h t h o s e r e c o r d e d on the G P S D o p e r a t i n g r e p o r t s over the 
same p e r i o d . River f l o w i n f o r m a t i o n w o u l d h a v e to be o b t a i n e d 
f r o m the U S G S or the C o r p s of E n g i n e e r s . C o n t r o l c h a r t s , s i m i l a r 
to t h o s e p r e s e n t e d as t a b l e s 9 t h r o u g h 12, w o u l d h a v e to be 
p r e p a r e d for 1 0 0 0 - c f s river f l o w i n c r e m e n t s f r o m 3 0 0 0 to 1 0 , 0 0 0 
c f s , and for 1°C e f f l u e n t t e m p e r a t u r e c h a n g e s . 

At this p o i n t , a d i s c u s s i o n is n e e d e d of the a m b i g u i t i e s 
that a p p e a r w h e n the D - e q u a t i o n s p r e s e n t e d in table 8 are used 
under c e r t a i n c o n d i t i o n s . C e r t a i n e x t r e m e c o m b i n a t i o n s o f d a t a 
c a u s e s o m e o v e r l a p p i n g of the r e s u l t s . As an e x a m p l e , in table 
12 in the ( 3 0 , 3 1 ) rows for q - v a l u e s equal to or g r e a t e r than 40 
m g d , i n c o n s i s t e n c i e s o c c u r in the c o n t i n u i t y of d i s t a n c e s for the 
r e s p e c t i v e c o n t o u r p e r c e n t s . T h i s fact s h o u l d not b e c o n s i d e r e d 
a s e r i o u s f l a w in the use of these e q u a t i o n s , in that the point 
has a l r e a d y b e e n m a d e that s o m e a n o m a l i e s m a y o c c u r w h e n m a k i n g 
p r e d i c t i o n s b a s e d on p e r i p h e r a l data used in the d e v e l o p m e n t of 
r e g r e s s i o n e q u a t i o n s , o r w h e n u s i n g d a t a o u t s i d e the d e v e l o p m e n t 
b o u n d a r i e s . In any e v e n t , the i n c o n s i s t e n c i e s g e n e r a l l y a p p e a r 
for c o n d i t i o n s w h i c h w o u l d not n o r m a l l y be i n c l u d e d in any of the 
g e n e r a l m a n a g e m e n t s c h e m e s p r e s e n t e d . 

S o m e d i s c u s s i o n s h o u l d be g i v e n on the use of t e m p e r a t u r e 
d i f f e r e n c e s as a m e a n s of d e f i n i n g the m i x i n g z o n e d u r i n g the 
w i n t e r . T a b l e 14 has been p r e p a r e d to aid in this d i s c u s s i o n . 
C o r r e l a t i o n and r e g r e s s i o n c o e f f i c i e n t s h a v e b e e n g e n e r a t e d for 
e a c h d a t e . G o o d t o e x c e l l e n t c o r r e l a t i o n s e x i s t b e t w e e n the 
t e m p e r a t u r e and c h l o r i d e p e r c e n t a g e s , i n d i c a t i n g that each of 
t h e s e p a r a m e t e r s can be used r e l i a b l y to p r e d i c t the o t h e r . 
H o w e v e r , the r e g r e s s i o n c o e f f i c i e n t s i n d i c a t e that the 
t e m p e r a t u r e p e r c e n t a g e s are a l w a y s lower than the c h l o r i d e o n e s . 
T h i s is not u n e x p e c t e d s i n c e c h l o r i d e s a r e c o n s e r v a t i v e 
s u b s t a n c e s w h i l e t e m p e r a t u r e is d i s s i p a t e d in the o p e n 
e n v i r o n m e n t in w a y s o t h e r than by m i x i n g . H o w e v e r , the fact that 
a g r e a t m a n y t e m p e r a t u r e p o i n t s w e r e a v a i l a b l e for d e v e l o p i n g the 
p e r c e n t a g e c o n t o u r p l o t s a p p e a r e d to be an a d v a n t a g e w h e n 
c o m p a r e d to u s i n g the m o r e a c c u r a t e but m u c h less n u m e r o u s 
c h l o r i d e d a t a . Over three t i m e s a s m a n y t e m p e r a t u r e r e a d i n g s a s 
c h l o r i d e a n a l y s e s w e r e a v a i l a b l e ( t a b l e 3 ) . T h i s r e q u i r e d less 
data e x t r a p o l a t i o n and p l o t t i n g i n t e r p r e t a t i o n in g e n e r a t i n g the 
c o n t o u r p l o t s p r e s e n t e d in A p p e n d i x B. 
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Table 14. Regression Relationships between Chlorides ( C I ) , 
Ammonia-N ( N H 3 ) , and Temperature (T) 

(Residual P e r c e n t a g e s ) 



T a b l e 14 also c o n t a i n s r e g r e s s i o n r e l a t i o n s h i p s d e v e l o p e d 
b e t w e e n a m m o n i a - N and t e m p e r a t u r e , and a m m o n i a - N and c h l o r i d e s . 
The c o r r e l a t i o n s b e t w e e n the a m m o n i a and t e m p e r a t u r e p e r c e n t a g e s 
are h i g h , and those b e t w e e n a m m o n i a and c h l o r i d e s are even 
h i g h e r . The e x p r e s s i o n d e v e l o p e d from all 188 a m m o n i a - N and 
c h l o r i d e data sets can be used w i t h great r e l i a b i l i t y to p r e d i c t 
a m m o n i a - N c o n c e n t r a t i o n s by r u n n i n g q u i c k , i n e x p e n s i v e , and 
r e l i a b l e c h l o r i d e tests on river w a t e r . Any m o n i t o r i n g p r o g r a m 
a s s o c i a t e d w i t h a r e l a x a t i o n of the a m m o n i a - N e f f l u e n t s t a n d a r d s 
s h o u l d c o n s i d e r this fact. 

L o n g i t u d i n a l D i s t a n c e and Areal L i m i t a t i o n s 

S i n c e the c o l l e c t i o n of data for use in d e f i n i n g the 
l o n g i t u d i n a l extent of m i x i n g w a s not f e a s i b l e during cold 
w e a t h e r , the longitudinal and areal c r i t e r i a d e v e l o p e d for w a r m 
w e a t h e r p e r i o d s will be r e v i e w e d , and their r e l e v a n c e and 
a p p l i c a b i l i t y to cold w e a t h e r c o n d i t i o n s will be d i s c u s s e d . The 
e q u a t i o n s p e r t i n e n t to this d i s c u s s i o n are p r e s e n t e d in table 7b 
( t a b l e 21b of the w a r m w e a t h e r r e p o r t ) . Two t y p o g r a p h i c a l e r r o r s 
w h i c h o c c u r r e d in table 21 of the w a r m w e a t h e r report have been 
c o r r e c t e d in table 7 of this r e p o r t : the m a x i m u m D for the 2 
p e r c e n t contour has been c h a n g e d from 545 to 5 6 5 , and the equal 
sign b e t w e e n 1345 and 73T in the 10 p e r c e n t contour e q u a t i o n for 
L has been c h a n g e d to a m i n u s s i g n . 

Both the t r a n s v e r s e ( D - v a l u e ) and the longitudinal C L - v a l u e ) 
d i s t a n c e p r e d i c t i o n e q u a t i o n s , d e r i v e d from the s t a t i s t i c a l 
a n a l y s e s of the w a r m w e a t h e r d a t a , are p r e s e n t e d in table 7. 
Included are the m a x i m u m and m i n i m u m p r e d i c t e d d i s t a n c e s and the 
m a x i m u m and m i n i m u m o b s e r v e d d i s t a n c e s . G o o d a g r e e m e n t o c c u r s 
b e t w e e n the v a l u e s . The m a x i m u m p r e d i c t e d d i s t a n c e s for both 
t r a n s v e r s e and longitudinal d i r e c t i o n s are c o n s i s t e n t l y g r e a t e r 
than the o b s e r v e d ones b e c a u s e the o b s e r v e d low t e m p e r a t u r e did 
not occur in a s s o c i a t i o n w i t h either the low river flow or high 
e f f l u e n t flow. The results m e r e l y d e m o n s t r a t e what is likely to 
h a p p e n if this t e m p e r a t u r e - f l o w c o m b i n a t i o n should o c c u r . The 
m i n i m u m p r e d i c t e d and o b s e r v e d v a l u e s show good a g r e e m e n t since 
the o b s e r v e d m i n i m u m v a l u e s w e r e r e c o r d e d d u r i n g c o n d i t i o n s close 
to those for w h i c h the m i n i m u m p r e d i c t e d v a l u e s w e r e c a l c u l a t e d . 
The a p p r o x i m a t e limits of their u s a g e a r e : T = 15 to 3 1 ° C , Q= 
5 0 0 0 to 1 1 , 0 0 0 c f s , and q = 20 to 55 m g d . 

As e v i d e n c e d by the array of e q u a t i o n s d e v e l o p e d and the 
v a r i a b l e o u t p u t p r o d u c e d , the m i x i n g zone cannot be c o n s i d e r e d a 
s i n g u l a r e n t i t y . It is a c o n s t a n t l y c h a n g i n g p h e n o m e n o n , w i t h 
the d e g r e e of c h a n g e g o v e r n e d by f l u c t u a t i o n s in the i n d e p e n d e n t 
v a r i a b l e s w i t h i n the p r e s c r i b e d l i m i t s . 

The areal extent of the m i x i n g zone must fall w i t h i n the 
p r e s c r i b e d area of an e q u i v a l e n t 6 0 0 - f o o t - r a d i u s c i r c l e . The 
m i x i n g zone c o n f i g u r a t i o n can take v a r i o u s a r b i t r a r y g e o m e t r i c 
forms to include this a r e a . An u l t r a c o n s e r v a t i v e e x a m p l e w o u l d 
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be to d e f i n e the zone as a r e c t a n g l e w i t h the short side being 
the t r a n s v e r s e p r o j e c t i o n s and the long side the l o n g i t u d i n a l 
p r o j e c t i o n s for given contour p e r c e n t a g e s as d e r i v e d by u s i n g the 
e q u a t i o n s p r e s e n t e d in table 7. The r e c t a n g u l a r concept w o u l d 
r e d u c e the longitudinal extent of the z o n e , but it w o u l d e x t e n d 
the t r a n s v e r s e p r o j e c t i o n u n i f o r m l y a l o n g the longitudinal a x i s . 

A s e c o n d , somewhat liberal concept w o u l d be to f i g u r e the 
area in terms of a t r i a n g l e similar to that p r o p o s e d by B u t t s et 
a l . ( 1 9 8 4 ) . The t r i a n g u l a r area concept p r o b a b l y fits the 
t h e o r e t i c a l c o n f i g u r a t i o n m o r e c l o s e l y than any other g e o m e t r i c 
d e s i g n for the higher p e r c e n t a g e c o n t o u r s . The w a r m w e a t h e r 
c o n t o u r plots revealed that c o n t o u r s 5 percent or g r e a t e r fit a 
t r i a n g u l a r model b e s t . The contour lines for these p e r c e n t a g e s 
g e n e r a l l y tended to tail off d o w n s t r e a m , e v e n t u a l l y t e r m i n a t i n g 
d i r e c t l y at the s h o r e l i n e . The c o n t o u r s for p e r c e n t a g e s b e l o w 5 
appear to fit a r e c t a n g u l a r model better as they tend to fan out 
d o w n s t r e a m b e c a u s e of d i s p e r s i o n and d i l u t i o n . 

A c o m p r o m i s e b e t w e e n the two e x t r e m e areal c o n c e p t s 
e x p l a i n e d a b o v e w o u l d be to c o n s i d e r the zone as a t r a p e z o i d 
h a v i n g an a v e r a g e end height equal to 75 p e r c e n t of the 
t r a n s v e r s e p r o j e c t i o n s d e r i v e d by using the e q u a t i o n s p r e s e n t e d 
in table 7 a . The 75 percent f i g u r e is d e r i v e d on the b a s i s that 
the d o w n s t r e a m t r a n s v e r s e p r o j e c t i o n is 50 p e r c e n t of the 
t r a n s v e r s e p r o j e c t i o n at the o u t f a l l c a l c u l a t e d by using the 
table 7a e q u a t i o n s . 

N o t e , as e v i d e n c e d by the c o n t o u r s p r e s e n t e d in A p p e n d i x B, 
that the u p s t r e a m m i x i n g zone t e r m i n u s is well d e f i n e d . A large 
w a t e r intake conduit p r o j e c t s several feet a b o v e the normal pool 
w a t e r level at s t a t i o n 0 + 0 0 and acts as a barrier to e x c e s s 
m i x i n g m o v e m e n t in an u p s t r e a m d i r e c t i o n . C o n s e q u e n t l y , a m i x i n g 
zone i n c o r p o r a t i n g a d o w n s t r e a m t r i a n g u l a r or t r a p e z o i d a l 
d i s p e r s i o n p a t t e r n should include a small r e c t a n g u l a r areal 
s e c t i o n in the immediate area of the o u t f a l l . The l o n g i t u d i n a l 
base s h o u l d run b e t w e e n s t a t i o n s 0 + 0 0 and 5 + 0 0 . The t r i a n g u l a r 
or t r a p e z o i d a l area should be c o m p u t e d on the basis of a right 
t r i a n g l e w i t h the base s t a r t i n g at s t a t i o n 5 + 0 0 and t e r m i n a t i n g 
at p o i n t s d i c t a t e d by the e q u a t i o n s p r o v i d e d in table 7b. 
A l t h o u g h this fact w a s p r e s e n t e d in the w a r m w e a t h e r r e p o r t , the 
actual m i x i n g zone a r e a s p r e s e n t e d in table 22 of that report did 
not include this c o n s i d e r a t i o n . The m i x i n g zone a r e a s p r e s e n t e d 
in this report do take this fact into c o n s i d e r a t i o n . 

R e c o g n i t i o n w a s given to the fact that the s h o r e l i n e 
i m m e d i a t e l y b e l o w the outfall is not straight but forms a 
l a r g e - r a d i u s , convex a r c . E s s e n t i a l l y then the s t r a i g h t line 
l o n g i t u d i n a l bases a s s i g n e d to either the r e c t a n g u l a r , 
t r i a n g u l a r , or t r a p e z o i d a l c o n c e p t s act as cords a c r o s s this a r c . 
This i n t r o d u c e s some error in the total m i x i n g zone area -- the 
total is s l i g h t l y u n d e r s t a t e d since the area b e t w e e n the cord and 
arc is not included. H o w e v e r , b e c a u s e the arc is so large this 
area is r e l a t i v e l y small and e n c o m p a s s e s a very s h a l l o w 
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n e a r - s h o r e v o l u m e . For the sake of s i m p l i c i t y and a p p l i c a b i l i t y , 
a s t r a i g h t - s i d e d g e o m e t r i c c o n f i g u r a t i o n should be used to d e f i n e 
the m i x i n g zone since it does not s i g n i f i c a n t l y e x a g g e r a t e the 
a c c e p t a b l e zone in this s p e c i f i c s i t u a t i o n . 

The m a x i m u m a r e a s e n c o m p a s s e d by the v a r i o u s contour 
p e r c e n t a g e e l e m e n t s for the three s u g g e s t e d g e o m e t r i c s h a p e s are 
p r e s e n t e d in table 15. In r e v i e w i n g the t a b u l a t e d r e s u l t s . the 
fact that a 6 0 0 - f o o t - r a d i u s c i r c l e has an area equal to 1,130,973 
ft should be kept in m i n d ; the v a l u e s under the dashed lines in 
the table indicate a r e a s less than this v a l u e . A t r i a n g u l a r 
model fits the areal s p e c i f i c a t i o n s for p e r c e n t a g e s of s l i g h t l y 
a b o v e 5 or g r e a t e r ; a t r a p e z o i d a l model fits for v a l u e s s t a r t i n g 
s o m e w h e r e b e t w e e n 8 and 10 p e r c e n t ; and a r e c t a n g u l a r model fits 
for v a l u e s s t a r t i n g s l i g h t l y a b o v e 10 p e r c e n t . 

The g e o m e t r i c a r e a s b e l o w s t a t i o n 5+00 are c o m p u t e d on the 
b a s i s of a longitudinal d i s t a n c e equal to L = 350' since L is 
r e f e r e n c e d to station 1 + 5 0 . To each g e o m e t r i c area b e l o w 5+00 
the r e c t a n g u l a r area equal to D x 5 0 0 ' is a d d e d . 

The m a x i m u m areas r e s u l t i n g from a d h e r e n c e to the 25 percent 
s t r e a m flow or s t r e a m c r o s s - s e c t i o n a l area r e q u i r e m e n t for the 7 
to 20 percent c o n t o u r s have a l s o been revised and p r e s e n t e d in 
table 15. These v a l u e s w e r e o b t a i n e d by s e t t i n g the a p p r o p r i a t e 
D - e q u a t i o n s in table 7a equal to 2 5 0 feet for a t e m p e r a t u r e , T, 
of 3 1 ° C and s o l v i n g for the e f f l u e n t flow, q. These q - v a l u e s , 
along with T = 3 1 ° C , w e r e used to solve for the a p p r o p r i a t e 
L - v a l u e by using the e q u a t i o n s in table 7b. The computed 
q - v a l u e s for the 7, 10, 15, and 20 p e r c e n t c o n t o u r s w e r e , 
r e s p e c t i v e l y , 53, 59, 5 8 , and 62 m g d . The e f f l u e n t flow rate is 
a m a n a g e a b l e v a r i a b l e w h e r e a s river flow, Q, is not, nor does it 
appear in the L - e q u a t i o n s in table 7b. T h e r e f o r e , the 
d e t e r m i n a t i o n of L - v a l u e s and s u b s e q u e n t m a x i m u m areas for D = 
2 5 0 ' is not p r a c t i c a l for c o n t o u r i s o - p e r c e n t s of 1 t h r o u g h 5. 

Table 16 has been p r e p a r e d to p r o v i d e an idea of the 
m a g n i t u d e of the m i x i n g zone a r e a s being dealt w i t h during cold 
w e a t h e r c o n d i t i o n s w h e n river flows are c o m p a t i b l e w i t h the w a r m 
w e a t h e r river f l o w s . For three of the five c o m p a t i b l e d a t e s , the 
d o w n s t r e a m or longitudinal d i s t a n c e , L, could be d e t e r m i n e d from 
the a p p r o p r i a t e plot in A p p e n d i x B for all eight contour 
d e s i g n a t i o n s . Even the 1 p e r c e n t l i m i t a t i o n for these d a t e s fell 
well w i t h i n the 1,130,973 ft 2 l i m i t a t i o n of the 600-foot radius 
c i r c l e . The critical 10, 15, and 20 p e r c e n t l i m i t a t i o n s for all 
five dates included only a small f r a c t i o n of the p e r m i s s i b l e 
a r e a . The m a x i m u m area of 1 9 6 , 0 0 0 f t 2 , w h i c h o c c u r r e d on January 
16, 1986 for the 10 percent c o n t o u r , included only about 17 
percent of the p e r m i s s i b l e m i x i n g zone a r e a . C o n s e q u e n t l y , the 
c o n c l u s i o n can be reached from these facts that the cold w e a t h e r 
m i x i n g zone is c o n s t r a i n e d almost e n t i r e l y by the 25 percent 
a r e a / f l o w limitation as set forth in p a r a g r a p h c) of S e c t i o n 
3 0 2 . 1 0 2 of the IPCB R u l e s and R e g u l a t i o n s . 
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T a b l e 15. Areal Extent of M i x i n g Z o n e s for V a r i o u s W a r m - w e a t h e r l s o - d y e 
P e r c e n t a g e C o n t o u r s 



T a b l e 16. O b s e r v e d M i x i n g Z o n e D i m e n s i o n s for the Five Cold W e a t h e r D a t e s 
That H a v e F l o w s C o m p a t i b l e w i t h W a r m W e a t h e r F l o w s 



C O N C L U S I O N S 

The r e s u l t s of the cold w e a t h e r study and of the c o m b i n e d 
cold and w a r m w e a t h e r s t u d i e s lead to the f o l l o w i n g c o n c l u s i o n s : 

1. T e m p e r a t u r e can be used as a r e l i a b l e m i x i n g zone tracer 
w h e n the e f f l u e n t and river w a t e r t e m p e r a t u r e d i f f e r e n t i a l 
is at least 3 ° C . A slight error in a c c u r a c y r e s u l t s from 
the use of t e m p e r a t u r e due to the d i s s i p a t i o n of heat by 
m e a n s other than m i x i n g . H o w e v e r , the loss in a c c u r a c y is 
m o r e than m a d e up for by an i n c r e a s e in p r e c i s i o n . M o r e 
p r e c i s e l o c a t i o n s of i s o - t e m p e r a t u r e p e r c e n t c o n t o u r s are 
m a d e p o s s i b l e b e c a u s e m a n y m o r e t e m p e r a t u r e m e a s u r e m e n t s can 
be r e c o r d e d than a n a l y s e s m a d e for other t r a c e r s such as 
c h l o r i d e s and f l u o r e s c e n t d y e s . 

2. The m a x i m u m t r a n s v e r s e d i s t a n c e (D) of the m i x i n g z o n e in 
the v i c i n i t y of the G r e a t e r P e o r i a S a n i t a r y D i s t r i c t ( G P S D ) 
o u t f a l l is d e p e n d e n t upon four f a c t o r s : the e f f l u e n t 
t e m p e r a t u r e (t) and e f f l u e n t flow rate (q) and the river 
t e m p e r a t u r e (T) and river flow rate ( Q ) . P r e d i c t i o n 
e q u a t i o n s w e r e d e v e l o p e d e q u a t i n g these four f a c t o r s to the 
1, 2, 3, 5, 7, 10, 15, and 20 p e r c e n t e f f l u e n t residual 
p e r c e n t d i s t a n c e s on the b a s i s of five of the ten cold 
w e a t h e r data sets and all ten w a r m w e a t h e r data s e t s . F i v e 
of the cold w e a t h e r data sets w e r e not used b e c a u s e the data 
w e r e o b t a i n e d d u r i n g e x c e s s i v e river f l o w s . 

3. The p r e d i c t i o n e q u a t i o n s form a r e l i a b l e b a s i s for 
a s s e s s i n g t r a n s v e r s e m i x i n g d i s t a n c e s . M i x i n g in the 
v i c i n i t y of the G P S D outfall is limited by the 25 p e r c e n t 
c r o s s - s e c t i o n a l area or flow v o l u m e r e q u i r e m e n t c o n t a i n e d in 
the m i x i n g zone d e f i n i t i o n o u t l i n e d in the I l l i n o i s 
P o l l u t i o n C o n t r o l B o a r d ' s (IPCB) R u l e s and R e g u l a t i o n s . 
L i m i t s under w h i c h the p r e d i c t i o n e q u a t i o n s w e r e d e v e l o p e d 
a r e : t = 1 0 . 4 7 ° - 2 8 ° C , T = 0 . 3 3 ° - 3 1 ° C , q = 2 0 - 5 5 m g d , and Q 
= 5 , 2 2 4 - 1 0 , 5 7 0 c f s . 

4. The p r e d i c t i o n e q u a t i o n s a p p e a r to p r o d u c e r e a s o n a b l e 
r e s u l t s for 7-day. 10-year low flow river c o n d i t i o n s (2964 
c f s ) in c o n j u n c t i o n w i t h c r i t i c a l l y high river and e f f l u e n t 
t e m p e r a t u r e s of 3 1 ° C and 3 0 ° C . r e s p e c t i v e l y , a l t h o u g h these 
v a l u e s fall o u t s i d e the limits under w h i c h the e q u a t i o n s 
w e r e s t a t i s t i c a l l y d e r i v e d . For this e x t r e m e c o n d i t i o n , 
e f f l u e n t a m m o n i a - N c o n c e n t r a t i o n s of 10 mg/l could be 
t o l e r a t e d if the e f f l u e n t d i s c h a r g e flow rate w a s limited to 
35 m g d or l e s s . 

5. At no time d u r i n g the w a r m or cold w e a t h e r study w e r e the 
IPCB's river w a t e r q u a l i t y s t a n d a r d s v i o l a t e d o u t s i d e the 
m i x i n g zone Cas d e f i n e d by this s t u d y ) even though e f f l u e n t 
a m m o n i a - N levels as high as 15.06 mg/l w e r e o b s e r v e d . Under 
the study c o n d i t i o n s , summer d i s c h a r g e c o n c e n t r a t i o n s 
r a n g i n g from 7.14 mg/l to 1 4 9 . 9 2 mg/l could have been 
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t o l e r a t e d w i t h o u t v i o l a t i n g s t a n d a r d s ; d u r i n g w i n t e r 
c o n d i t i o n s , d i s c h a r g e c o n c e n t r a t i o n s r a n g i n g from 2 4 . 8 2 m g / l 
to 8 0 0 . 7 3 mg/l could have been t o l e r a t e d . The 7.14 m g / l 
m i n i m u m summer level o c c u r r e d d u r i n g a 5 0 - m g d d i s c h a r g e 
r a t e . If this d i s c h a r g e rate w e r e r e d u c e d to 40 m g d , a 
1 5 . 0 - m g / l e f f l u e n t a m m o n i a - N c o n c e n t r a t i o n could be 
t o l e r a t e d w i t h o u t v i o l a t i n g s t r e a m s t a n d a r d s . A 2 1 . 5 m g / l 
e f f l u e n t c o n c e n t r a t i o n would h a v s bee a c c e p t a b l e at q = 20 
m g d . 

6. The e f f l u e n t a m m o n i a - N s t a n d a r d s can be l i b e r a l i z e d 
s i g n i f i c a n t l y w i t h o u t v i o l a t i n g s t r e a m a m m o n i a - N s t a n d a r d s 
d u r i n g either the summer or w i n t e r m o n t h s . T h r e e m a n a g e m e n t 
s c h e m e s are p r o p o s e d w h i c h w o u l d e n s u r e that s t r e a m 
s t a n d a r d s are met at all t i m e s . One is a rigid 
a c r o s s - t h e - b o a r d plan w h i c h s p e c i f i e s that the m i x i n g z o n e 
be limited by the 20 percent c o n t o u r and that w o u l d set 
summer d i s c h a r g e s at 7.5 mg/l and w o u l d a l l o w w i n t e r 
d i s c h a r g e to range f r o m 7.5 to 40 m g / l . The second s c h e m e 
w o u l d limit the G P S O e f f l u e n t d i s c h a r g e rate to 40 m g d , 
t h e r e b y s e t t i n g the summer e f f l u e n t limit at 10 m g / l and 
a l l o w i n g w i n t e r limits to range from 10 to 53 m g / l . The 
third s c h e m e is a f l e x i b l e plan u s i n g d a i l y river and 
e f f l u e n t c o n d i t i o n s t o d i c t a t e s p e c i f i c a c c e p t a b l e a m m o n i a - N 
level at a g i v e n t i m e . It w o u l d i n v o l v e the d e v e l o p m e n t of 
e x t e n s i v e q u a l i t y c o n t r o l c h a r t s . If p r o p e r l y a d m i n i s t e r e d 
it w o u l d a l l o w up to 15 mg/l of a m m o n i a - N to be d i s c h a r g e d 
d u r i n g w a r m w e a t h e r p e r i o d s . 

7. The cold w e a t h e r m i x i n g zone a r e a s a p p e a r to be limited by 
the 25 p e r c e n t s t r e a m c r o s s - s e c t i o n a l a r e a - f l o w v o l u m e 
r e q u i r e m e n t p r e s e n t e d in the IPCB's R u l e s and R e g u l a t i o n s . 
S u f f i c i e n t i n f o r m a t i o n was c o n t a i n e d on the cold w e a t h e r 
p e r c e n t a g e c o n t o u r p l o t s t o d e t e r m i n e l o n g i t u d i n a l d i s t a n c e s 
for d e v e l o p i n g m i x i n g a r e a s . The m a x i m u m a r e a for the 10 
p e r c e n t c o n t o u r c o n s t i t u t e d only about 17 p e r c e n t of the 
p e r m i s s i b l e m i x i n g zone a r e a . 
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