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A B S T R A C T 

T h e d i s s o l v e d o x y g e n ( D O ) c o n c e n t r a t i o n s i n the 7 4 - m i l e - l o n g 
P e o r i a pool ( I l l i n o i s R i v e r ) are g r e a t l y i n f l u e n c e d b y T a i n t e r 
g a t e f l o w r e l e a s e s at the S t a r v e d R o c k lock and d a m l o c a t e d at 
the h e a d of the p o o l . A s t u d y w a s c o n d u c t e d to d e t e r m i n e if 
d o w n s t r e a m D O r e s o u r c e s can b e i m p r o v e d b y m a n i p u l a t i n g the 
T a i n t e r g a t e o p e n i n g s t o i m p r o v e a e r a t i o n . N i n e t e e n c a l i b r a t i o n 
runs w e r e m a d e d u r i n g the s u m m e r a n d e a r l y fall of 1 9 8 5 to 
d e t e r m i n e the e f f e c t s s e v e r a l v a r i a b l e s h a v e o n a e r a t i o n . T h e 
f a c t o r s e v a l u a t e d w e r e : river f l o w , h e a d l o s s , w a t e r q u a l i t y , 
diel D O v a r i a t i o n s , g a t e s u b m e r g e n c e , g a t e o p e n i n g h e i g h t , a n d 
n u m b e r of g a t e s o p e n . A s t a t i s t i c a l e v a l u a t i o n of the d a t a 
r e v e a l e d that the a e r a t i o n e f f i c i e n c y is d i c t a t e d p r i m a r i l y by 
the g a t e o p e n i n g h e i g h t ; i.e., the d a m a e r a t i o n c o e f f i c i e n t w a s 
found to be d i r e c t l y p r o p o r t i o n a l to the s i z e of the o p e n i n g . 
The a e r a t i o n c o e f f i c i e n t for a g a t e o p e n 4 feet is four t i m e s 
g r e a t e r than that for a g a t e o p e n 1 f o o t . A g a t e m a n a g e m e n t p l a n 
w a s d e v e l o p e d that u s e s g a t e o p e n i n g m a n i p u l a t i o n t o i m p r o v e 
d o w n s t r e a m D O s w i t h o u t c o n f l i c t i n g w i t h n a v i g a t i o n a l i n t e r e s t s . 

D e s c r i p t o r s : W a t e r Q u a l i t y , W a t e r P o l l u t i o n E f f e c t s , W a t e r 
P o l l u t i o n A b a t e m e n t , W a t e r M a n a g e m e n t , D a m 
A e r a t i o n , D i s s o l v e d O x y g e n 
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A E R A T I O N C H A R A C T E R I S T I C S O F S T A R V E D R O C K D A M 
T A I N T E R G A T E F L O W C O N T R O L S 

by T h o m a s A. B u t t s and H a r v e y R. A d k i n s 

I N T R O D U C T I O N 

T h e 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 ( I P C B ) d i s s o l v e d o x y g e n 
( D O ) s t a n d a r d s , as a d m i n i s t e r e d by the I l l i n o i s E n v i r o n m e n t a l 
P r o t e c t i o n A g e n c y ( I E P A ) , are not b e i n g met c o n s i s t e n t l y a l o n g 
s e v e r a l m a j o r r e a c h e s of the I l l i n o i s W a t e r w a y . U n d e s i r a b l y low 
D O levels still occur r o u t i n e l y , p a r t i c u l a r l y d u r i n g low s u m m e r 
f l o w s , in s p i t e of the fact that h u n d r e d s of m i l l i o n s of d o l l a r s 
h a v e been e x p e n d e d over the last 20 y e a r s to r e d u c e p o i n t s o u r c e 
w a s t e l o a d s . G e n e r a l use w a t e r q u a l i t y s t a n d a r d s a r e a p p l i c a b l e 
t o the I l l i n o i s W a t e r w a y b e l o w the 1-55 b r i d g e . S e c t i o n 3 0 2 . 2 0 6 
of S u b p a r t B of the IPCB R u l e s and R e g u l a t i o n s C 1 9 8 6 ) s t a t e s : 

D i s s o l v e d o x y g e n C S T O R E T n u m b e r 0 0 3 0 0 ) shall not b e 
less than 6.0 mg/l d u r i n g at least 16 h o u r s of any 24 
hour p e r i o d , nor less than 5.0 mg/l at any t i m e . 

D i s s o l v e d o x y g e n s u r v e y s c o n d u c t e d in the P e o r i a pool by the 
W a t e r Q u a l i t y S e c t i o n ( W Q S ) o f the S t a t e W a t e r S u r v e y ( S W S ) 
d u r i n g the s u m m e r s of 1982 and 1983 s h o w that DO c o n c e n t r a t i o n s 
o f t e n drop b e l o w 5.0 mg/l even d u r i n g r e l a t i v e l y high s u m m e r 
f l o w s . In the L a G r a n g e pool b e l o w P e o r i a , c o n c e n t r a t i o n s as low 
as 3.5 mg/l w e r e o b s e r v e d d u r i n g 1983 s u m m e r low f l o w c o n d i t i o n s . 
S i m u l a t i o n s m a d e b y u s i n g the W a t e r Q u a l i t y S e c t i o n ' s b i o c h e m i c a l 
o x y g e n d e m a n d ( B O D ) - D O c o m p u t e r m o d e l h a v e c l e a r l y d e m o n s t r a t e d 
that s i g n i f i c a n t i m p r o v e m e n t s in DO l e v e l s c a n n o t be a c h i e v e d by 
r e q u i r i n g a d d i t i o n a l o r g a n i c w a s t e load ( B O D ) r e d u c t i o n s a t the 
p o i n t s o u r c e s . M o s t t r e a t m e n t p l a n t s a l o n g the w a t e r w a y are 
p r e s e n t l y a c h i e v i n g 90 to 95 p e r c e n t BOD r e d u c t i o n s . In 
a d d i t i o n , s i n c e 1971 a m m o n i a input to the w a t e r w a y ( a n o t h e r c a u s e 
o f o x y g e n d e p l e t i o n ) has b e e n r e d u c e d over 5 0 p e r c e n t . 
A d d i t i o n a l t r e a t m e n t w o u l d not p r o d u c e a c o m m e n s u r a t e i m p r o v e m e n t 
in DO l e v e l s . T h e o n l y p l a n t a l o n g the w a t e r w a y a m e n a b l e to a 
l a r g e - s c a l e u p g r a d i n g is the M e t r o p o l i t a n S a n i t a r y D i s t r i c t of 
G r e a t e r C h i c a g o C a l u m e t p l a n t . B u t t s e t a l . ( 1 9 8 3 ) have s h o w n 
that u p g r a d i n g the e f f l u e n t of this p l a n t to 7 m g / l B O D and 2 
m g / l a m m o n i a w o u l d i m p r o v e the DO level in the c r i t i c a l r e a c h of 
the P e o r i a pool by o n l y 0.6 mg/l d u r i n g low f l o w c o n d i t i o n s . 

C a u s e of the P r o b l e m 

T h e r e a s o n the i m p r o v e m e n t in DO has not been c o m m e n s u r a t e 
w i t h the r e d u c t i o n of w a s t e i n p u t s is that the w a s t e a s s i m i l a t i v e 
c a p a c i t y of the w a t e r w a y has b e e n d r a s t i c a l l y r e d u c e d due to the 
p h y s i c a l a l t e r a t i o n s of the n a t u r a l s t r e a m channel over the last 
5 0 y e a r s . D a m c o n s t r u c t i o n , d r e d g i n g , and c h a n n e l i z a t i o n h a v e 
s l o w e d f l o w s and i n c r e a s e d w a t e r d e p t h s , t h e r e b y r e d u c i n g the 
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n a t u r a l r e a e r a t i o n c a p a c i t y , i.e., the a b i l i t y of the w a t e r to 
r e p l e n i s h o x y g e n f r o m the air that has been lost to b i o l o g i c a l 
o x i d a t i o n . A l s o , the p o o l s and d e e p e n e d c h a n n e l s h a v e c r e a t e d 
s e d i m e n t t r a p s . T h e s e t r a p p e d s e d i m e n t s o f t e n e x e r t a 
s i g n i f i c a n t s e d i m e n t o x y g e n d e m a n d ( S O D ) . I n s o m e p o o l s , the 
r e a e r a t i o n c a p a c i t y is b a r e l y a d e q u a t e to s u p p l y the o x y g e n 
n e e d e d to s t a b i l i z e the S O D . 

G e n e r a l E f f e c t s o f D a m s 

D a m s are b u i l t a c r o s s s t r e a m s for a m u l t i p l i c i t y of r e a s o n s 
r a n g i n g f r o m a e s t h e t i c s (as e x e m p l i f i e d by small c h a n n e l d a m s in 
p a r k s ) t o f l o w and n a v i g a t i o n c o n t r o l . R e g a r d l e s s o f the p u r p o s e 
of the d a m , all a f f e c t w a t e r q u a l i t y to s o m e d e g r e e . T h e 
m a n i f e s t a t i o n s can b e b o t h p o s i t i v e and n e g a t i v e , and s o m e 
e f f e c t s m a y b e s u b t l e and i n d i r e c t w h i l e o t h e r s m a y b e o b v i o u s 
and d i r e c t . 

O n e o f the m o s t o b v i o u s and d i r e c t e f f e c t s d a m s h a v e o n 
w a t e r q u a l i t y is the c r e a t i o n of a b r u p t c h a n g e s in d i s s o l v e d 
o x y g e n ( D O ) c o n c e n t r a t i o n s . W h e n p o t e n t i a l D O p r o b l e m s a p p e a r 
likely in the e s t a b l i s h m e n t of a n e w d a m , d e s i g n c o n s i d e r a t i o n 
s h o u l d b e g i v e n t o m a x i m i z i n g a e r a t i o n e f f i c i e n c y , and a t 
e s t a b l i s h e d s i t e s o p e r a t i n g p r o c e d u r e s s h o u l d b e g e a r e d t o 
m a x i m i z i n g r e a e r a t i o n in a p r a c t i c a l m a n n e r . 

D i s s o l v e d o x y g e n c o n c e n t r a t i o n s m u s t b e m a i n t a i n e d a t o r 
a b o v e r e g u l a t o r y s t a n d a r d s t o p r o m o t e b a l a n c e d , h i g h - q u a l i t y 
a q u a t i c e c o s y s t e m s . A n a q u a t i c e n v i r o n m e n t c o m p l e t e l y d e v o i d o f 
DO is r e f e r r e d to as a n a e r o b i c w h i l e a s y s t e m w h i c h is c a p a b l e of 
s u s t a i n i n g e v e n a trace of DO is r e f e r r e d to as a e r o b i c . T h e 
q u a l i t y of f i s h life is o f t e n a g o o d i n d i c a t o r of a e r o b i c 
c o n d i t i o n s . S o m e " r o u g h " f i s h , s u c h a s c a r p , b u l l h e a d s , and 
b o w f i n , can s u r v i v e for e x t e n d e d p e r i o d s at DOs less than 1.0 
m g / l . L e s s h a r d y " r o u g h " fish such a s b u f f a l o f i s h , d r u m , and 
gar can e x i s t c o m f o r t a b l y in w a t e r s w i t h D O s in the 2.0 to 4.0 
m g / l r a n g e . W a r m w a t e r g a m e f i s h , s u c h a s c r a p p i e , l a r g e m o u t h 
b a s s , and w h i t e b a s s , n e e d s u s t a i n e d D O c o n c e n t r a t i o n s o f 5.0 
m g / l o r g r e a t e r t o s u r v i v e . O t h e r g a m e fish s u c h a s w a l l e y e , 
n o r t h e r n p i k e , and small m o u t h b a s s n e e d s u s t a i n e d D O l e v e l s i n 
e x c e s s o f 6.0 m g / l w h i l e s o m e cold w a t e r s p e c i e s , like t r o u t , 
need DO l e v e l s of 7.0 m g / l or g r e a t e r to p r e v e n t s t r e s s . 

Not o n l y can f i s h e s be c a t e g o r i z e d by DO n e e d s , but the 
o r g a n i s m s o n w h i c h t h e s e v a r i o u s f i s h c l a s s e s feed e x h i b i t 
c o m m e n s u r a t e D O n e e d s . For e x a m p l e , m a y f l i e s , o n w h i c h trout a n d 
w a l l e y e feed h e a v i l y , n e e d D O l e v e l s g r e a t e r than 5.0 m g / l t o 
f u n c t i o n . S l u d g e w o r m s , o n the o t h e r h a n d , c a n s u r v i v e i n 
a n a e r o b i c b o t t o m m u d s and are h e a v i l y u t i l i z e d a s a s o u r c e o f 
food by the lowly b u l l h e a d . 

To f u l l y a p p r e c i a t e the need for an e f f i c i e n t a e r a t i o n 
d e s i g n or o p e r a t i n g p r o c e d u r e at a d a m s i t e , a p e r s o n n e e d s to 
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u n d e r s t a n d the b a s i c e c o l o g i c a l and e n v i r o n m e n t a l c o n s e q u e n c e s 
d a m s h a v e o n a q u a t i c s y s t e m s . W e i r s and d a m s c r e a t e p o o l s w h i c h 
h a v e D O l e v e l s i n h e r e n t l y a b o v e o r b e l o w t h o s e n o r m a l l y e x p e c t e d 
in a f r e e - f l o w i n g s t r e a m of s i m i l a r w a t e r q u a l i t y . If the w a t e r 
is n u t r i e n t - r i c h but not g r o s s l y p o l l u t e d , e x c e s s i v e algal 
g r o w t h s c a n be e x p e c t e d to o c c u r in the p o o l s , r e s u l t i n g in w i d e 
f l u c t u a t i o n s o f d i u r n a l D O l e v e l s . A l s o , s u p e r s a t u r a t i o n m a y 
o c c u r in the p o o l s d u r i n g the d a y , r e s u l t i n g in w i d e f l u c t u a t i o n s 
of d i u r n a l DO l e v e l s . 

T h i s s u p e r s a t u r a t i o n m a y o c c u r d u r i n g the day b e c a u s e o f 
algal cell p h o t o s y n t h e s i s , w h e r e a s d u r i n g the n i g h t a l m o s t total 
d e p l e t i o n m a y o c c u r b e c a u s e of the r e s p i r a t o r y n e e d s of the 
a l g a e . E s s e n t i a l l y the p o o l s act a s b i o l o g i c a l i n c u b a t o r s for 
p l a n k t o n . H o w e v e r , in the a b s e n c e of s u s t a i n e d p h o t o s y n t h e t i c 
o x y g e n p r o d u c t i o n , D O c o n c e n t r a t i o n s m a y o f t e n fall b e l o w d e s i r e d 
l e v e l s s i n c e the w a s t e a s s i m i l a t i v e c a p a c i t i e s o f the p o o l s are 
o f t e n m u c h lower than t h o s e of f r e e - f l o w i n g r e a c h e s of the s a m e 
s t r e a m . S e v e r a l f a c t o r s a c c o u n t for t h i s . 

O n e is that the p h y s i c a l r e a e r a t ion c a p a b i l i t y of a pool is 
m u c h lower than that of a f r e e - f l o w i n g r e a c h of s i m i l a r l e n g t h . 
R e a e r a t i o n is d i r e c t l y r e l a t e d to s t r e a m v e l o c i t y and i n v e r s e l y 
r e l a t e d t o d e p t h . C o n s e q u e n t l y , s i n c e p o o l i n g d e c r e a s e s v e l o c i t y 
and i n c r e a s e s d e p t h , n a t u r a l p h y s i c a l a e r a t i o n in a pool p r o c e e d s 
at a m u c h s l o w e r r a t e . B u t t s et a l . ( 1 9 7 3 ) s h o w e d that for the 
R o c k R i v e r in I l l i n o i s the a v e r a g e r e a e r a t ion c o n s t a n t for an 
1 1 - m i l e pool w a s o n l y 11 p e r c e n t of the a v e r a g e of the one 
c a l c u l a t e d for the p r e c e d i n g 1 1 - m i l e u p s t r e a m f r e e - f l o w i n g r e a c h . 

T h e p r o b l e m of low a e r a t i o n r a t e s in p o o l s is c o m p o u n d e d by 
the fact that m o r e o x y g e n is used in the pool than in a 
f r e e - f l o w i n g r e a c h s i n c e the d e t e n t i o n t i m e is i n c r e a s e d as a 
r e s u l t o f lower v e l o c i t i e s . T h i s e n a b l e s m i c r o o r g a n i s m s 
s u s p e n d e d i n the w a t e r and m i c r o - and m a c r o o r g a n i s m s i n d i g e n o u s 
to the b o t t o m s e d i m e n t s in the p o o l s to u s e m o r e of the DO 
r e s o u r c e s in a g i v e n a r e a to s a t i s f y r e s p i r a t o r y n e e d s . The 
d e t e n t i o n time in the a f o r e - m e n t i o n e d R o c k R i v e r pool w a s 2.23 
d a y s c o m p a r e d w i t h the f r e e - f l o w i n g r e a c h time of travel of o n l y 
0.68 d a y s . 

A l s o , d a m s p r o m o t e the a c c u m u l a t i o n o f s e d i m e n t s u p s t r e a m . 
If t h e s e s e d i m e n t s are p o l l u t e d or laden w i t h o r g a n i c m a t e r i a l , 
a d d i t i o n a l s t r a i n is put on the DO r e s o u r c e s s i n c e the q u a n t i t y 
of o x y g e n n e e d e d to s a t i s f y s e d i m e n t o x y g e n d e m a n d ( S O D ) is 
d i r e c t l y r e l a t e d to the d e t e n t i o n time and i n v e r s e l y r e l a t e d to 
d e p t h , a s s h o w n b y B u t t s e t a l . ( 1 9 7 4 ) . D e p t h s b e h i n d n a v i g a t i o n 
d a m s at i n t e r m e d i a t e to l o w - f l o w f l u c t u a t i o n s c h a n g e at a lower 
rate than d o c o r r e s p o n d i n g d e t e n t i o n t i m e s b e c a u s e flat pool 
e l e v a t i o n s need to be m a i n t a i n e d for n a v i g a t i o n a l i n t e r e s t s . 
E s s e n t i a l l y , a fixed v o l u m e of w a t e r is p r e s e r v e d , a l l o w i n g m o r e 
time for b e n t h i c o r g a n i s m s to d e o x y g e n a t e the w a t e r as f l o w r a t e s 
d e c r e a s e . 
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T h e r e d u c t i o n in o x y g e n l e v e l s b e h i n d the d a m s can be 
p a r t i a l l y c o m p e n s a t e d for b y a e r a t i o n a t the d a m s i t e . T h i s 
l o c a l i z e d a e r a t i o n c a n n o t m a k e u p for the o v e r a l l d a m a g e r e n d e r e d 
in the p o o l s , but it can e s t a b l i s h or c o n t r o l c o n d i t i o n s in the 
next s u c c e e d i n g d o w n s t r e a m r e a c h . U n f o r t u n a t e l y , d a m a e r a t i o n 
t h e o r y d i c t a t e s that head loss s t r u c t u r e s d e a e r a t e w a t e r w i t h 
s u p e r s a t u r a t e d l e v e l s of DO at the s a m e r a t e at w h i c h they w o u l d 
a e r a t e w a t e r a t e q u i v a l e n t s u b s a t u r a t e d l e v e l s . 

For e x a m p l e , w a t e r w i t h a DO level 2 m g / l a b o v e s a t u r a t i o n 
is d e o x y g e n a t e d at the s a m e r a t e as it w o u l d be r e a e r a t e d at 2 
mg/l b e l o w s a t u r a t i o n w i t h all o t h e r p h y s i c a l c o n d i t i o n s 
r e m a i n i n g u n c h a n g e d . 

B u t t s and E v a n s ( 1 9 7 8 ) f o u n d that for h i g h l y p r o d u c t i v e 
s t r e a m s such as the Fox R i v e r in I l l i n o i s , any DO a b o v e 2 0 0 
p e r c e n t s a t u r a t i o n is lost i n s t a n t a n e o u s l y to the air as the f l o w 
m a k e s c o n t a c t w i t h a w e i r or s p i l l w a y c r e s t . D a m s in e s s e n c e 
" b l o w o u t " s u p e r s a t u r a t e d o x y g e n w h i c h m a y b e n e e d e d a s a r e s e r v e 
for a l g a l r e s p i r a t i o n at s o m e f u t u r e time d o w n s t r e a m . 

I l l i n o i s W a t e r w a y B a c k g r o u n d I n f o r m a t i o n 

T h e I l l i n o i s W a t e r w a y ( f i g u r e 1 ) i s s p e c i a l a m o n g the m a n y 
s t r e a m s and r i v e r s w i t h i n I l l i n o i s : it d r a i n s 43 p e r c e n t of the 
s t a t e and small p o r t i o n s o f W i s c o n s i n and I n d i a n a . D u r i n g dry 
w e a t h e r , its h e a d w a t e r s c o n s i s t p r i n c i p a l l y o f t r e a t e d C h i c a g o 
a r e a w a s t e w a t e r s d i l u t e d w i t h f l o w d i v e r t e d f r o m L a k e M i c h i g a n . 
The w a t e r w a y is not a f r e e - f l o w i n g s t r e a m ; it c o n s i s t s of e i g h t 
n a v i g a t i o n a l p o o l s e x t e n d i n g o v e r 3 2 7 m i l e s b e t w e e n the 
M i s s i s s i p p i R i v e r and L a k e M i c h i g a n ( f i g u r e 2 ) . L o c k s and d a m s 
are l o c a t e d a t L o c k p o r t ( M i l e 2 9 1 . 1 ) , B r a n d o n Road ( 2 8 6 . 0 ) , 
D r e s d e n Island ( 2 7 1 . 5 ) , M a r s e i l l e s ( 2 4 7 . 0 ) , S t a r v e d R o c k ( 2 3 1 . 0 ) , 
P e o r i a ( 1 5 7 . 7 ) , and L a G r a n g e ( 8 0 . 2 ) . F l o w c o n t r o l a t B r a n d o n 
R o a d , D r e s d e n I s l a n d , M a r s e i l l e s , and S t a r v e d R o c k i s e x e r c i s e d 
u s i n g T a i n t e r g a t e s . Ten g a t e s are used a t S t a r v e d R o c k ( f i g u r e 
3 ) . A c r o s s - s e c t i o n a l v i e w of a T a i n t e r g a t e i n s t a l l a t i o n at the 
S t a r v e d R o c k d a m i s a l s o s h o w n o n f i g u r e 3 . T h e f a c e o f the g a t e 
p i v o t s o n a n arc f a c i n g u p s t r e a m . A s the g a t e p i v o t s u p w a r d f l o w 
is r e l e a s e d t h r o u g h the o p e n i n g c r e a t e d b e t w e e n the b o t t o m of the 
g a t e f a c e and the c o n c r e t e s i l l . 

T h e P e o r i a and L a G r a n g e d a m s are u n i q u e i n that b o t t o m 
h i n g e d r e c t a n g u l a r p l a t e s , k n o w n a s C h a n o i n e w i c k e t s , a r e l o w e r e d 
to lie flat on the b o t t o m d u r i n g h i g h f l o w s for river t r a f f i c to 
p a s s . D u r i n g low f l o w s , d e s i r e d u p s t r e a m h e a d i s a c h i e v e d b y 
r a i s i n g the w i c k e t s and i n s e r t i n g t i m b e r s c a l l e d n e e d l e s b e t w e e n 
e a c h w i c k e t , t h e r e b y c r e a t i n g a s h a r p - c r e s t e d , l o w - h e a d c h a n n e l 
d a m or s p i l l w a y . 

All the f l o w at L o c k p o r t is p a s s e d t h r o u g h p e n s t o c k s for 
p o w e r . W a t e r p a s s e d t h r o u g h a h y d r o p o w e r p l a n t is a e r a t e d v e r y 
l i t t l e . 
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Figure 1. Ill inois Waterway 
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Figure 2. Il l inois Waterway prof i le 
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Figure 3. Plan and section views of Starved Rock dam 



A l t h o u g h the d a m s are p r i n c i p a l l y r e s p o n s i b l e for the 
o v e r a l l r e d u c t i o n in the a b i l i t y of the w a t e r w a y to a s s i m i l a t e 
w a s t e s , s o m e o f the n a t u r a l a e r a t i o n c a p a c i t y lost t h r o u g h 
p o o l i n g can be p a r t i a l l y m a d e up at the d a m . As w a t e r is p a s s e d 
e i t h e r u n d e r o r over f l o w r e l e a s e c o n t r o l s t r u c t u r e s a t the d a m s , 
it is i n s t a n t a n e o u s l y r e a e r a t e d d u e to the g r e a t t u r b u l e n c e a n d 
h e a d loss f a c t o r s a s s o c i a t e d w i t h t h e s e r e l e a s e s . H i s t o r i c a l l y , 
t h e s e f l o w r e l e a s e s t r u c t u r e s h a v e b e e n o p e r a t e d o n l y t o m e e t 
f l o w n e e d s . N o c o n s i d e r a t i o n has b e e n g i v e n t o o p t i m i z i n g a n d 
c o o r d i n a t i n g f l o w c o n t r o l a d j u s t m e n t s w i t h d o w n s t r e a m w a t e r 
q u a l i t y n e e d s . 

If s l i g h t l y m o r e than o n e p a r t per m i l l i o n of DO c o u l d be 
a d d e d b y r e a e r a t i o n a t the S t a r v e d R o c k d a m b y b e t t e r m a n a g e m e n t 
r e l a t i v e t o r e a e r a t i o n , the D O s t a n d a r d s c o u l d p r o b a b l y b e 
a c h i e v e d in the P e o r i a pool w h e n or if i m p r o v e m e n t s a r e m a d e to 
the C a l u m e t t r e a t m e n t p l a n t . T h e p u r p o s e o f t h i s s t u d y w a s t o 
d e f i n e the a e r a t i o n c h a r a c t e r i s t i c s o f the S t a r v e d R o c k f l o w 
r e l e a s e c o n t r o l s t r u c t u r e s s o that a p r a c t i c a l o p e r a t i n g s c h e m e 
c o u l d b e d e v e l o p e d and e m p l o y e d t o e n h a n c e the d i s s o l v e d o x y g e n 
r e s o u r c e s in the P e o r i a pool b e l o w the d a m . 

D A M A E R A T I O N T H E O R Y 

A s p r e v i o u s l y n o t e d , w a t e r f l o w i n g o v e r w e i r s and s p i l l w a y s 
o r t h r o u g h h e a d - l o s s c o n t r o l s t r u c t u r e s s u c h a s T a i n t e r a n d 
s l u i c e g a t e s can b e a e r a t e d o r d e a e r a t e d d e p e n d i n g u p o n the 
a m b i e n t u p s t r e a m D O c o n c e n t r a t i o n . T h i s r e l a t i v e l y i n s t a n t a n e o u s 
DO c h a n g e at a d a m s i t e m a y be d r a m a t i c and m a y h a v e a m o r e 
l a s t i n g e f f e c t o n w a t e r q u a l i t y a n d o v e r a l l a q u a t i c b i o l o g y than 
any o t h e r s i n g l e p h y s i c a l f a c t o r . T h i s i s e s p e c i a l l y true w h e r e 
d e e p p o o l s a r e c r e a t e d b e h i n d n a v i g a t i o n d a m s w h i c h limit the 
n a t u r a l p h y s i c a l r e a e r a t i o n c a p a c i t y of a s t r e a m . The e f f e c t s of 
t h e s e s t r u c t u r e s o n w a t e r q u a l i t y c a n n o t b e i g n o r e d ; any w a t e r 
q u a l i t y m o d e l d e a l i n g w i t h D O a s a p a r a m e t e r m u s t take into 
c o n s i d e r a t i o n the i n f l u e n c e o f all t y p e s o f d a m s , and this m u s t 
b e d o n e w i t h a c c u r a c y a n d c o n f i d e n c e . 

U n f o r t u n a t e l y , h o w e v e r , l i t t l e w o r k has b e e n d o n e t o d e v e l o p 
u n i v e r s a l l y a p p l i c a b l e t e c h n i q u e s for p r e d i c t i n g D O c h a n g e s a t 
d a m s . T h e lack o f i n f o r m a t i o n and m e t h o d o l o g i e s a p p l i c a b l e t o 
n a v i g a t i o n d a m s w h e r e f l o w r e l e a s e s a r e u s u a l l y g a t e - c o n t r o l l e d 
i s e s p e c i a l l y n o t i c e a b l e w h e n s e a r c h i n g for i n f o r m a t i o n . M o s t o f 
the l i m i t e d w o r k on d e v e l o p i n g a d a m r e a e r a t i o n m o d e l h a s b e e n 
d o n e b y s t u d y i n g c h a n n e l d a m s , w e i r s , a n d h e a d loss s t r u c t u r e s o n 
small s t r e a m s and r i v e r s . U s u a l l y w h e n d a m a e r a t i o n i s 
i n c o r p o r a t e d into a w a t e r q u a l i t y m o d e l , it is h a n d l e d w i t h a 
s i m p l i s t i c " b l a c k b o x " a p p r o a c h w h e r e b y the c h a n g e i n D O 
c o n c e n t r a t i o n is c o r r e l a t e d to a s i n g l e f a c t o r , the w a t e r fall 
h e i g h t . 
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T y p i c a l e x a m p l e s o f this a p p r o a c h a r e the s i m p l e m o d e l s 
d e v e l o p e d b y C r e v e n s t e n and S t o d d a r d ( 1 9 7 4 ) and b y F o r e e C 1 9 7 6 ) . 
F r o m f i e l d o b s e r v a t i o n s , C r e v e n s t e n and S t o d d a r d d e r i v e d a n 
e m p i r i c a l e x p r e s s i o n in w h i c h dam a e r a t i o n is e x p r e s s e d as a 
d i r e c t f u n c t i o n of the w a t e r fall and a v a r i a b l e n u m e r i c a l 
c o e f f i c i e n t . F o r e e d e r i v e d a n e m p i r i c a l e x p r e s s i o n from field 
d a t a , in w h i c h d a m a e r a t i o n is a d i r e c t f u n c t i o n of the n a t u r a l 
l o g a r i t h m b a s e , e, r a i s e d to the p o w e r of 0.16 t i m e s the w a t e r 
f a l l . The s p e c i f i c i t y of t h e s e e q u a t i o n s l i m i t s their u s a g e to 
the s t r e a m s o r s t r e a m r e a c h e s for w h i c h they w e r e d e v e l o p e d . 

O n l y two r e f e r e n c e s w e r e found r e l a t e d t o e v a l u a t i n g the 
a e r a t i o n c a p a c i t y o f f l o w - c o n t r o l l i n g w o r k s a t n a v i g a t i o n d a m s . 
O n e w a s the w o r k r e p o r t e d b y S u s a g e t a l . ( 1 9 6 7 ) for the H a s t i n g s 
D a m o n the M i s s i s s i p p i R i v e r b e l o w M i n n e a p o l i s , M i n n e s o t a , and 
the o t h e r w a s the w o r k r e p o r t e d by Preul and H o l l e r ( 1 9 6 9 ) for 
two d a m s in the v i c i n i t y of C i n c i n n a t i on the O h i o R i v e r . Of 
p a r t i c u l a r n o t e is the fact that b o t h t h e s e p u b l i s h e d p a p e r s w e r e 
v o i d of r e f e r e n c e s to p r e v i o u s w o r k s on the s u b j e c t , i n d i c a t i n g 
an h i s t o r i c a l lack of i n t e r e s t in the s u b j e c t . In a d d i t i o n to 
s t u d y i n g the two O h i o R i v e r D a m s in s i t u , Preul and H o l l e r 
e v a l u a t e d a l a b o r a t o r y s c a l e m o d e l of a T a i n t e r g a t e of o n e of 
the d a m s . 

B o t h the M i s s i s s i p p i and O h i o R i v e r d a m s t u d i e s w e r e 
i n t e r e s t i n g and i n f o r m a t i v e , and m a n a g e m e n t t e c h n i q u e s w e r e 
d e v e l o p e d to i n c r e a s e a e r a t i o n e f f i c i e n c i e s in a m a n n e r 
c o m p a t i b l e w i t h n a v i g a t i o n i n t e r e s t s . H o w e v e r , t h e s e m a n a g e m e n t 
t e c h n i q u e s w e r e b a s i c a l l y s i t e s p e c i f i c a n d not d i r e c t l y 
t r a n s f e r a b l e t o o t h e r l o c a t i o n s , a l t h o u g h a n a t t e m p t w a s m a d e b y 
Preul and H o l l e r ( 1 9 6 9 ) to d e v e l o p a m o r e u n i v e r s a l l y a p p l i c a b l e 
m a t h e m a t i c a l m o d e l u s i n g d i m e n s i o n a l a n a l y s i s . A e r a t i o n 
e f f i c i e n c i e s w e r e e q u a t e d to the F r o u d e n u m b e r . A g o o d 
r e l a t i o n s h i p w a s f o u n d t o o c c u r w i t h i n the r a n g e o f c o n d i t i o n s 
e n c o u n t e r e d d u r i n g s a m p l i n g o f the two O h i o R i v e r d a m s . H o w e v e r , 
this r e l a t i o n s h i p , a l o n g w i t h the o p e r a t i o n a l p r o c e d u r e s 
p r o p o s e d , is d e p e n d e n t u p o n an i n t i m a t e k n o w l e d g e of h y d r a u l i c 
p a r a m e t e r s r e l a t i v e t o e n e r g y d i s s i p a t i o n and t o the d i s c h a r g e 
c h a r a c t e r i s t i c s o f the g a t e s and a t t e n d a n t r e c e i v i n g b a s i n s . 
E s s e n t i a l l y , the a p p l i c a t i o n o f this a p p r o a c h r e q u i r e s d i s c h a r g e 
r a t i n g i n f o r m a t i o n o n f l o w r e l e a s e s t h r o u g h g a t e s . 

T h e H a s t i n g s D a m s t u d y w a s d e s i g n e d t o e v a l u a t e the a e r a t i o n 
e f f i c i e n c i e s o f n a v i g a t i o n a l d a m f l o w r e l e a s e s for t h r e e 
c o n d i t i o n s : 1 ) T a i n t e r g a t e s u n s u b m e r g e d i n the d o w n s t r e a m 
d i r e c t i o n ( t a i l w a t e r a r e a ) , 2 ) T a i n t e r g a t e s s u b m e r g e d b y 
t a i l w a t e r , and 3 ) r e p l a c e m e n t o f T a i n t e r g a t e s w i t h b u l k h e a d s 
( f i x e d w a l l s ) w h i c h c r e a t e s h a r p - c r e s t e d w e i r o v e r f l o w s . 
U n s u b m e r g e d T a i n t e r g a t e d i s c h a r g e s w e r e f o u n d t o b e t h r e e t i m e s 
m o r e e f f i c i e n t than s u b m e r g e d d i s c h a r g e s r e l a t i v e t o r e a e r a t i o n 
w h e n the u p s t r e a m D O w a s 0 m g / l . U n d e r s i m i l a r D O and h e a d 
c o n d i t i o n s , the b u l k h e a d o v e r f l o w - w e i r s e x h i b i t e d a e r a t i o n 
e f f i c i e n c i e s 2.5 t i m e s a s g r e a t a s the s u b m e r g e d T a i n t e r g a t e 
d i s c h a r g e s . 
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Preul and H o l l e r a l s o e x p l o r e d the p o s s i b i l i t y o f i n c r e a s i n g 
the a e r a t i o n by o v e r f l o w r a t h e r than u n d e r f l o w . I n s t e a d of u s i n g 
b u l k h e a d s i n the g a t e o p e n i n g s , the g a t e s w e r e f u l l y c l o s e d , 
l e t t i n g w a t e r spill o v e r the t o p . T h i s o p e r a t i o n a l p r o c e d u r e w a s 
f o u n d to be the least e f f i c i e n t m e t h o d ; b o t h s u b m e r g e d and 
u n s u b m e r g e d t a i l w a t e r r e l e a s e s e x h i b i t e d h i g h e r e f f i c i e n c i e s . 

I n a d d i t i o n t o d i f f e r e n t i a l w a t e r l e v e l s a r o u n d w h i c h 
s i m p l i s t i c s t a t i s t i c a l f o r m u l a t i o n s h a v e b e e n d e v e l o p e d , o t h e r 
f a c t o r s s u c h a s w a t e r f i l m t h i c k n e s s , w a t e r q u a l i t y , s t r u c t u r a l 
d e s i g n a n d / o r c o n f i g u r a t i o n , and f l o w r a t e all i n f l u e n c e a e r a t i o n 
t o s o m e d e g r e e . 

G a m e s o n ( 1 9 5 7 ) has s h o w n e x p e r i m e n t a l l y that the l a r g e s t 
p e r c e n t a g e of DO c h a n g e s o c c u r s at the foot or on the a p r o n s of 
s p i l l w a y s o r f l o w r e l e a s e s t r u c t u r e s ; c o n s e q u e n t l y , the p h y s i c a l 
d e s i g n of a s t r u c t u r e is i m p o r t a n t . W a t e r s p i l l i n g o n t o a 
c o n c r e t e a p r o n or a r o c k y s c a r p and w a t e r f o r m i n g a h y d r a u l i c 
jump at the b a s e of a d a m h a v e r e a e r a t i o n p o t e n t i a l s d i f f e r e n t 
from t h o s e of w a t e r f a l l i n g into a d e e p , q u i e t p o o l . P r e u l and 
H o l l e r ( 1 9 6 9 ) s h o w e d that the s i z e o f the h y d r a u l i c jump c r e a t e d 
i n T a i n t e r g a t e s t i l l i n g b a s i n s w a s the m o s t i m p o r t a n t f a c t o r 
r e g u l a t i n g r e a e r a t i o n a t the two O h i o R i v e r d a m s s t u d i e d . T h e i r 
c o n c l u s i o n w a s that s u b m e r g e d h y d r a u l i c j u m p s a r e i n e f f i c i e n t 
a e r a t o r s . For o p t i m u m o x y g e n a b s o r p t i o n , the s u p e r c r i t i c a l f l o w 
under a g a t e m u s t b r e a k the s u r f a c e for g a t e s that d i s c h a r g e into 
p r o t e c t e d p o o l s ( s t i l l i n g b a s i n s ) . 

V e l z ( 1 9 4 7 ) and m a n y o t h e r s h a v e s h o w n e x p e r i m e n t a l l y that 
a e r a t i o n is a d i r e c t f u n c t i o n of w a t e r t e m p e r a t u r e , i.e., w a r m 
w a t e r r e a e r a t e s at a f a s t e r r a t e than c o l d w a t e r . T h i s fact 
s h o u l d be a c c o u n t e d for in the d e v e l o p m e n t of a d a m a e r a t i o n 
m o d e l . 

A n o t h e r c r i t e r i o n w h i c h s h o u l d be d i r e c t l y a c c o u n t e d for in 
an a e r a t i o n f o r m u l a t i o n is w a t e r q u a l i t y . On the b a s i s of a 
l i t e r a t u r e r e v i e w o n the e f f e c t s o f c o n t a m i n a n t s o n r e a e r a t i o n 
r a t e s , K o t h a n d a r a m a n ( 1 9 7 1 ) r e p o r t e d that m o s t c o n t a m i n a n t s 
r e t a r d o x y g e n u p t a k e a l t h o u g h a few a p p e a r to e n h a n c e it. 
A e r a t i o n r a t e s h a v e b e e n r e d u c e d u p t o 6 0 p e r c e n t b y a d d i n g large 
p o r t i o n s o f s e w a g e t o tap w a t e r , w h e r e a s s u s p e n d e d s e d i m e n t s , 
d e p e n d i n g o n the t y p e , e i t h e r i n c r e a s e o r d e c r e a s e the a e r a t i o n 
r a t e to a s l i g h t d e g r e e . 

Preul and H o l l e r ( 1 9 6 9 ) r e c o g n i z e d the e x i s t e n c e o f this 
p h e n o m e n o n in their w o r k , but they m a d e no a t t e m p t to a s c e r t a i n 
its e f f e c t o n their D O o b s e r v a t i o n s w h i c h w e r e m a d e y e a r - r o u n d . 
In the l a b o r a t o r y s c a l e m o d e l s t u d y of a T a i n t e r g a t e , they 
a s s u m e that a l p h a , the o x y g e n t r a n s f e r r a t i o o f p o l l u t e d t o 
u n p o l l u t e d w a t e r , i s u n i t y . W h i l e this a s s u m p t i o n m a y b e 
c o r r e c t , it is o p e n to q u e s t i o n b e c a u s e the c h e m i c a l c o n t a m i n a n t s 
s o d i u m s u l f i t e and c o b a l t c h l o r i d e had to be a d d e d to d e o x y g e n a t e 
the e x p e r i m e n t a l w a t e r . S u s a g e t a l . ( 1 9 6 7 ) u s e d a l p h a v a l u e s 
r a n g i n g f r o m 0.9 to 1.0. 
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G a m e s o n ( 1 9 5 7 ) , i n some o r i g i n a l d a m a e r a t i o n w o r k , p r o p o s e d 
the use of an e q u a t i o n i n v o l v i n g b o t h t h e o r e t i c a l and r a t i o n a l 
c o n c e p t s w h i c h relate w a t e r fall h e i g h t , w a t e r t e m p e r a t u r e , 
s t r u c t u r e g e o m e t r y , and w a t e r q u a l i t y to a factor d e f i n e d as the 
d e f i c i t r a t i o , r. The d e f i n i t i o n of r is: 

r = ( C S - C A ) / ( C S - C B) (1) 

w h e r e C S is the DO s a t u r a t i o n c o n c e n t r a t i o n at a g i v e n 
t e m p e r a t u r e and C A and C B a r e , r e s p e c t i v e l y , the DO 
c o n c e n t r a t i o n s a b o v e and b e l o w T h e d a m or flow r e l e a s e s t r u c t u r e . 

A l t h o u g h e q u a t i o n 1 is s i m p l e , it s e r v e s to i l l u s t r a t e two 
p r i n c i p l e s i m p o r t a n t to dam a e r a t i o n c o n c e p t s . F i r s t , it 
d e m o n s t r a t e s that the u p s t r e a m DO c o n c e n t r a t i o n d i c t a t e s the rate 
of o x y g e n e x c h a n g e at any d a m . S e c o n d , for a g i v e n set of w a t e r 
and t e m p e r a t u r e c o n d i t i o n s , higher r a t i o s r e f l e c t higher a e r a t i o n 
e f f i c i e n c i e s . R e l a t i v e t o the first c o n c e p t , G a m e s o n ( 1 9 5 7 ) and 
G a m e s o n et a l . ( 1 9 5 8 ) found in l a b o r a t o r y e x p e r i m e n t s that the 
ratio is i n d e p e n d e n t of a b o v e - d a m DO c o n c e n t r a t i o n s of CS ± 10 
m g / l . H o w e v e r , d a t a c o l l e c t e d b y B a r r e t t e t a l . ( 1 9 6 0 ) i n d i c a t e 
that this i n d e p e n d e n c e m a y be r e d u c e d to CS ± 4 mg/l for 
f u l l - s i z e d field s t r u c t u r e s . 

The o r i g i n a l dam a e r a t i o n f o r m u l a ( G a m e s o n , 1 9 5 7 ; G a m e s o n e t 
a l . , 1 9 5 8 ) r e l a t i n g t e m p e r a t u r e , w a t e r q u a l i t y , dam 
c r o s s - s e c t i o n a l d e s i g n , and d i f f e r e n t i a l w a t e r levels to the 
d e f i c i t r a t i o has been m o d i f i e d and r e f i n e d and a p p e a r s in the 
f o l l o w i n g form (Water R e s e a r c h C e n t r e , 1 9 7 3 ) : 

r = 1 + 0.38 abh (1 - 0.11h)(1 + 0 . 0 4 6 T ) (2) 

w h e r e a is the w a t e r q u a l i t y f a c t o r ; b is the w e i r , s p i l l w a y , or 
gate c o e f f i c i e n t ; h is the static head loss at the dam ( i . e . , 
u p s t r e a m and d o w n s t r e a m w a t e r s u r f a c e e l e v a t i o n d i f f e r e n c e in 
m e t e r s ) ; and T is the w a t e r t e m p e r a t u r e in C. 

T h i s e q u a t i o n can be used to m o d e l the r e l a t i v e and a b s o l u t e 
e f f i c i e n c i e s of a s p i l l w a y or flow r e l e a s e s t r u c t u r e by 
d e t e r m i n i n g s p e c i f i c v a l u e s of " b " . E v e r y s p i l l w a y or g a t e has a 
s p e c i f i c c o e f f i c i e n t , but g e n e r a l i z e d c a t e g o r i e s can b e d e v e l o p e d 
in r e f e r e n c e to a s t a n d a r d . The s t a n d a r d weir (b = 1.0) by 
d e f i n i t i o n is a s h a r p - c r e s t e d weir w i t h the f l o w f r e e - f a l l i n g 
into a r e c e i v i n g pool h a v i n g a d e p t h equal to or g r e a t e r than 
0.16 h. An i d e a l i z e d step weir (a s e r i e s of s h a r p - c r e s t e d w e i r s ) 
has a b - v a l u e of 1.9 (Water R e s e a r c h C e n t r e , 1 9 7 3 ) ; h o w e v e r , 
actual f i e l d - m e a s u r e d v a l u e s are u s u a l l y l o w e r . 

E q u a t i o n 2 w a s d e v e l o p e d by B r i t i s h r e s e a r c h e r s from d a t a 
c o l l e c t e d at m a n y r e l a t i v e l y low head c h a n n e l d a m s and w e i r s 
t r a n s e c t i n g small s t r e a m s . Good r e p r o d u c i b i l i t y can b e a c h i e v e d 
w h e n h d o e s not e x c e e d 3 to 4 m e t e r s , the m a x i m u m height of the 
dams at w h i c h d a t a c o l l e c t i o n s w e r e m a d e d u r i n g d e v e l o p m e n t of 
the e q u a t i o n . In a d d i t i o n , close e x a m i n a t i o n of the e q u a t i o n 
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r e v e a l s that the factor (1 - 0.11 h) m a t h e m a t i c a l l y r e s t r a i n s the 
u s e of the e q u a t i o n to h e i g h t s s l i g h t l y less than 9.1 m e t e r s . 

T h e w a t e r q u a l i t y f a c t o r , a , h a s t o b e e v a l u a t e d 
e x p e r i m e n t a l l y in the f i e l d or e s t i m a t e d f r o m p u b l i s h e d c r i t e r i a . 
T h e f o l l o w i n g g e n e r a l i z e d v a l u e s h a v e b e e n used in the a b s e n c e of 
d i r e c t d e t e r m i n a t i o n s . 

Polluted state a 
Gross 0.65 
Moderate 1 .0 
Slight 1 .6 
Clean 1 .8 

T h e s e v a l u e s are b a s e d on a m i n i m a l a m o u n t of f i e l d and 
l a b o r a t o r y d a t a and a r e r e f i n e m e n t s o f t h o s e o r i g i n a l l y p u b l i s h e d 
b y G a m e s o n ( 1 9 5 7 ) . T h e d i r e c t a p p l i c a t i o n s o f t h e s e v a l u e s are 
s u b j e c t i v e , and s i n c e c o n s i d e r a b l e l a t i t u d e e x i s t s n u m e r i c a l l y 
b e t w e e n v a l u e s , s i g n i f i c a n t e r r o r s can r e s u l t . W i t h this i n 
m i n d , m e a s u r e s w e r e t a k e n to d e s i g n into this s t u d y a m e a n s of 
i n d i r e c t l y d e t e r m i n i n g the w a t e r q u a l i t y f a c t o r a t the d a m s i t e s 
d u r i n g e a c h field t r i p . 

T h e o b j e c t i v e of t h i s s t u d y w a s a c h i e v e d by d e t e r m i n i n g a 
r a t i o n a l w e i r o r g a t e a e r a t i o n c o e f f i c i e n t b y d i r e c t l y m e a s u r i n g 
d i f f e r e n t i a l w a t e r l e v e l s , a b o v e and b e l o w d a m D O s , a n d w a t e r 
t e m p e r a t u r e s , and b y i n d i r e c t l y m e a s u r i n g the w a t e r q u a l i t y o f 
the w a t e r w a y c o i n c i d e n t w i t h d i r e c t m e a s u r e m e n t s . 

M E T H O D S A N D P R O C E D U R E S 

T h e m e t h o d s and p r o c e d u r e s u s e d are p r e s e n t e d u n d e r 
" l a b o r a t o r y " and " f i e l d " s u b h e a d i n g s . T h e l a b o r a t o r y w o r k w a s 
d o n e in c o n j u n c t i o n w i t h d e v e l o p i n g a m e t h o d o l o g y a n d p r o c e d u r e 
for d e t e r m i n i n g the w a t e r q u a l i t y f a c t o r in the f i e l d . 

L a b o r a t o r y W e i r B o x E x p e r i m e n t s 

A p o r t a b l e w e i r s y s t e m as d e v i s e d and d e v e l o p e d by B u t t s and 
E v a n s ( 1 9 8 0 ) w a s used to e s t i m a t e the w a t e r q u a l i t y f a c t o r in the 
f i e l d . A w e i r box and r e c e p t a c l e t r o u g h w e r e c o n s t r u c t e d of 
P l e x i g l a s as d e t a i l e d in f i g u r e s 4 a n d 5. The w e i r b o x s e t u p is 
s h o w n o p e r a t i n g in the l a b o r a t o r y in f i g u r e s 6 and 7. 
E x p e r i m e n t a l l a b o r a t o r y d a t a w e r e c o l l e c t e d t o v e r i f y that the 
p r o d u c t " a b " in e q u a t i o n 2 e q u a l s 1.8 for a s h a r p - c r e s t e d w e i r (b 
= 1.0) d i s c h a r g i n g c l e a n w a t e r (a = 1 . 8 ) . A v e r i f i c a t i o n that 
the s t a n d a r d w e i r has a c o e f f i c i e n t of u n i t y w o u l d e n a b l e the 
w a t e r q u a l i t y to be c o m p u t e d w i t h the w e i r box in c o n j u n c t i o n 
w i t h river w a t e r a t the d a m s i t e s . 
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Figure 4. Weir box 



Figure 5. Weir receptacle box 



Figure 6. Weir box run in the laboratory - f ront view 

Figure 7. Weir box run in laboratory - rear view, 
showing DO - temperature meters 
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T h e e x p e r i m e n t a l d e s i g n w a s d e v e l o p e d a r o u n d a n a l y s i s o f 
v a r i a n c e ( A N O V A ) s t a t i s t i c a l c o n c e p t s . T h i s w a s d o n e t o g a i n 
s o m e i n s i g h t into w h a t f a c t o r s m i g h t c a u s e " b " t o d e v i a t e f r o m 
u n i t y if, b y c h a n c e , i t did s o . F o u r p a r a m e t r i c i n p u t s w e r e 
m o n i t o r e d and v a r i e d . T h e y a r e : 1 ) f l o w , 2 ) w e i r box D O , 3 D 
w a t e r level d i f f e r e n t i a l , and 4 ) r e c e p t a c l e b o x d e p t h h'. Four 
d i f f e r e n t r a n g e s o f f l o w , D O , r e c e p t a c l e b o x d e p t h , and w a t e r 
level d i f f e r e n t i a l w e r e i n v e s t i g a t e d . T h e v a l u e s o f r a n g e s u s e d 
d u r i n g the e x p e r i m e n t a l r u n s a r e g i v e n in t a b l e 1. E a c h 
p a r a m e t e r w a s set a t a p a r t i c u l a r v a l u e , w i t h i n the s t a t e d r a n g e , 
w h i l e all the o t h e r s w e r e v a r i e d . T h i s r e s u l t e d in a total of 
2 5 6 d a t a s e t s o r r u n s . 

Table 1. Weir Box Parameter Setting for L a b o r a t o r y Experiment 

Settinas or settina ranges of variables 
Parameter 1 2 3 4 

Flow, Q (liters/sec) 0.18 0.46 0.97 1.77 
Dissolved oxygen, DO (mg/l) <2.32 3.0-3.4 3.5-6.0 7.5-8.0 
Receptacle depth, h' (m) 0.00 0.16 0.32 0.48 
Water fall height, h (m) 0.39-0.52 0.75-0.86 1.09-1.22 1.41-1.52 

T a p w a t e r w a s u s e d d u r i n g the e x p e r i m e n t . T a p w a t e r h a s 
s e v e r a l q u a l i t i e s w h i c h m a k e it ideal for u s e in an a e r a t i o n 
e x p e r i m e n t . T h e P e o r i a W a t e r C o m p a n y s u p p l i e s the S W S P e o r i a 
l a b o r a t o r y w i t h s h a l l o w w e l l w a t e r w h i c h h a s a r e l a t i v e l y 
c o n s t a n t t e m p e r a t u r e t h r o u g h o u t the y e a r a n d a D O c o n t e n t 
g e n e r a l l y less than 1.5 m g / l . T h e latter is s i g n i f i c a n t in that 
n o c h e m i c a l a d d i t i o n s a r e n e e d e d for d e o x y g e n a t i o n . A l s o , the 
w a t e r r e c e i v e s n o t r e a t m e n t b e f o r e d i s t r i b u t i o n e x c e p t for 
c h l o r i n a t i o n . 

D i s s o l v e d o x y g e n l e v e l s w e r e c o n t r o l l e d r e a s o n a b l y w e l l 
w i t h i n a s e t t i n g ( w i t h i n 0.5 m g / l ) and o v e r the o v e r a l l r a n g e of 
all s e t t i n g s b y u s i n g a n a s p i r a t o r w o r k i n g o n the V e n t u r i 
p r i n c i p l e ( f i g u r e 8 ) . A i r i n t a k e , a n d t h e r e f o r e o x y g e n 
c o n c e n t r a t i o n , w a s c o n t r o l l e d b y a p i n c h c l a m p a t t a c h e d t o the 
r u b b e r s e c t i o n t u b i n g . 

F l o w w a s c o n t r o l l e d u s i n g a c o m m o n g a r d e n h o s e ball v a l v e 
i n s t a l l e d a b o v e the " V e n t u r i " s e c t i o n ( f i g u r e 8 ) . D i s c h a r g e 
d e p t h s w e r e c o n t r o l l e d b y a d j u s t i n g a f a l s e b o t t o m f i t t e d for 
m o v e m e n t w i t h i n the r e c e p t a c l e box ( f i g u r e 9 ) . W a t e r fall 
h e i g h t s w e r e v a r i e d b y m o v i n g the r e c e p t a c l e b o x u p o r d o w n o n 
e x t e n d e d l e g s . T h e legs w e r e f i t t e d w i t h r u b b e r lined 
c o m p r e s s i o n c o u p l i n g s for u s e a s l e v e l i n g s t o p s ( f i g u r e s 6 and 
7 ) . B a f f l e s w e r e i n s t a l l e d a t the inlet e n d o f the w e i r b o x a n d 
the o u t l e t end of the r e c e p t a c l e box to d i s s i p a t e e n e r g y and to 
f a c i l i t a t e the d i s s o l u t i o n o f air b u b b l e s t o m i n i m i z e their 
i n t e r f e r e n c e w i t h D O r e a d i n g s ( f i g u r e s 4 , 5 , and 8 ) . 
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Figure 8. Weir box run in laboratory - top view, 
showing Venturi control 

Figure 9. Receptacle box, showing false bottom 
set at zero receiving depth 
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All DO and t e m p e r a t u r e m e a s u r e m e n t s w e r e m a d e using YSI 
model 58 digital d i s s o l v e d o x y g e n m e t e r s equipped w i t h YSI model 
5 7 9 5 A s u b m e r s i b l e s t i r r e r s and YSI model 5739 d i s s o l v e d o x y g e n 
field p r o b e s . Four m e t e r s and s t i r r e r - p r o b e s w e r e u s e d : two in 
the weir box and two in the r e c e p t a c l e box (figures 6, 7, and 8 ) . 
T h i s p r o v i d e d d u p l i c a t e r e a d i n g s for both the u n a e r a t e d and 
a e r a t e d w a t e r . The 0 0 p r o b e s w e r e c a l i b r a t e d b e f o r e the 
b e g i n n i n g of each run and c h e c k e d p e r i o d i c a l l y using the standard 
W i n k l e r m e t h o d . 0 0 s a t u r a t i o n d e t e r m i n a t i o n s w e r e m a d e 
c o n c u r r e n t w i t h each weir box run. T h i s was done to v e r i f y or 
check textbook v a l u e s . A p p r o x i m a t e l y 4 liters of tap w a t e r w a s 
a e r a t e d using c o m p r e s s e d air and a d i f f u s e r stone over the length 
of the run. P e r i o d i c a l l y , s a m p l e s w e r e drawn off and the DO and 
t e m p e r a t u r e s w e r e r e c o r d e d . 

F l o w rates w e r e m e a s u r e d by timing the f i l l i n g of a 
2 0 . 3 3 - l i t e r b u c k e t . The four b a s i c flow rates w e r e e s t a b l i s h e d , 
and the h e a d s required to p r o d u c e these rates w e r e p e r m a n e n t l y 
m a r k e d on the weir box for r o u t i n e r e f e r e n c e . 

W a t e r d e p t h s and w a t e r s u r f a c e e l e v a t i o n s w e r e m e a s u r e d 
using a c a r p e n t e r ' s r u l e . S t i l t i n g w e l l s , c o n s i s t i n g of half 
s e c t i o n s of 2 - 1 / 4 - i n c h - d i a m e t e r clear p l a s t i c t u b i n g , w e r e 
e s t a b l i s h e d along the side w a l l s of both tanks to f a c i l i t a t e 
m a k i n g these m e a s u r e m e n t s ( f i g u r e 8 ) . R e c e i v i n g d e p t h s w e r e 
a d j u s t e d by p l a c i n g the false b o t t o m in n o t c h e s s p a c e d at 0.04 
m e t e r s in four 0 . 4 8 - m e t e r - h i g h s t i l t e d legs. 

F i e l d S t u d i e s 

The field work at a g i v e n location c o n s i s t e d of two d i s t i n c t 
o p e r a t i o n s . O n e w a s s e t t i n g up and o p e r a t i n g the w e i r box for 
g a t h e r i n g data p e r t i n e n t to the d e t e r m i n a t i o n of the w a t e r 
q u a l i t y f a c t o r . The other w a s instream DO and t e m p e r a t u r e 
s a m p l i n g by boat a b o v e and b e l o w each dam. The w e i r box data 
c o l l e c t i o n w a s m a d e prior to the i n s t r e a m boat run. 

Upon arrival at the d a m , i m m e d i a t e contact w a s m a d e w i t h the 
l o c k m a s t e r or one of his a s s i s t a n t s to m a k e a r r a n g e m e n t s for 
o b t a i n i n g the d e s i r e d g a t e s e t t i n g , to record pool e l e v a t i o n s , 
and to o b t a i n a bucket of well w a t e r for use in c a l i b r a t i n g the 
DO m e t e r s . The weir box and a p p u r t e n a n c e s w e r e then set up on a 
m o o r i n g pier a b o v e the u p s t r e a m lock g a t e s (figures 10 and 11). 

A 4-liter sample of river w a t e r w a s o b t a i n e d and p o u r e d back 
and forth b e t w e e n two 5 - g a l l o n b u c k e t s four or five times and 
then p l a c e d in an 8-liter p l a s t i c jug for further a e r a t i o n (or 
d e a e r a t i o n in the case of s u p e r s a t u r a t e d c o n d i t i o n s ) . Jug 
a e r a t i o n w a s a c c o m p l i s h e d by a t t a c h i n g a fine b u b b l e a e r a t i o n 
stone to a p o r t a b l e air c o m p r e s s o r e q u i p p e d w i t h a c i g a r e t t e 
lighter e l e c t r i c a l a t t a c h m e n t . At the end of the w e i r box run 
( 1 - 1 / 2 to 2 h o u r s ) two s a m p l e s w e r e drawn off for DO and 
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Figure 10. Weir box run in the f ie ld at the Starved Rock dam 

Figure 11 . Weir box run in the f ie ld at the Starved Rock dam, 
showing inlet pumping 
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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 . If the DO d i f f e r e n c e s e x c e e d e d 0.1 
m g / l , a third sample was drawn and m e a s u r e d . 

The four DO p r o b e s w e r e c a l i b r a t e d in the field using tap 
water from a well located at the lock control h o u s e . River w a t e r 
does not s u f f i c e for c a l i b r a t i n g b e c a u s e algal a c t i v i t y can c a u s e 
river water DOs to f l u c t u a t e w i d e l y over the 20 m i n u t e s needed 
for c a l i b r a t i o n . The cloudy nature of the water in the b o x e s 
shown in figures 10 and 11 is due p r i m a r i l y to s u s p e n d e d algal 
cells and to some d e g r e e to s u s p e n d e d organic s e d i m e n t s and 
d e b r i s . The w e l l - w a t e r DO is stable but needed to be v i g o r o u s l y 
a e r a t e d since it is n a t u r a l l y low in D O . T h i s was done by 
p a s s i n g the w a t e r back and forth at least 10 times b e t w e e n two 
5-gallon b u c k e t s . 

The weir and r e c e p t a c l e boxes w e r e set up to attain m a x i m u m 
head loss (h) and r e c e i v i n g depth (h') v a l u e s , and p u m p i n g w a s 
s t a r t e d . After the b o x e s f i l l e d , 30 m i n u t e s w e r e a l l o w e d to 
elapse b e f o r e D O and t e m p e r a t u r e m e a s u r e m e n t s w e r e m a d e . P u m p i n g 
was a c c o m p l i s h e d using a lightweight p o r t a b l e g a s o l i n e - p o w e r e d 
Honda model W B 1 5 1-1/2-inch c e n t r i f u g a l pump (figures 11 and 1 2 ) . 
P u m p i n g rates of around 1.5 1/sec w e r e m a i n t a i n e d through all the 
r u n s . 

Special p r e c a u t i o n s had to be taken to p r e v e n t the w i n d f r o m 
d i s r u p t i n g the weir box o p e r a t i o n . Note the w i n d - b l o w n o v e r f l o w s 
shown in f i g u r e s 10 and 11. W i n d g u s t s a c t u a l l y p r e v e n t e d the 
weir d i s c h a r g e from reaching the r e c e i v i n g box at times as shown 
by figure 11. To p r e v e n t t h i s , a tarp was strung around the 
r e c e p t a c l e box to act as a wind shield as shown in figures 12 and 
13. 

The general layout of the dam is shown on figure 3; f i g u r e s 
14 and 15 show u p s t r e a m and d o w n s t r e a m p h o t o g r a p h i c views of the 
dam. F l o w is n o r m a l l y c o n t r o l l e d and released through one or 
m o r e of ten Tainter g a t e s located along the east end of the d a m . 
The head gates are used only d u r i n g special s i t u a t i o n s such as 
during e x c e s s i v e f l o o d i n g or p o s s i b l y during Tainter g a t e 
r e p a i r s . 

The gates w e r e set at u n i f o r m o p e n i n g s during a s a m p l i n g 
run. If a total of 8 feet of o p e n i n g s w e r e needed by the C o r p s 
of E n g i n e e r s at the time of s a m p l i n g , either 8 g a t e s open at 1 
f o o t , 4 gates at 2 f e e t , or 2 g a t e s at 4 feet w e r e u s e d . 
U p s t r e a m DO and 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 2-foot d e p t h 
intervals in line w i t h the center of each open gate and about 4 0 0 
feet u p s t r e a m from it using a b o a t . D o w n s t r e a m r e a d i n g s w e r e 
taken at one l o c a t i o n , the c e n t e r l i n e of all the open g a t e s . 

The water d o w n s t r e a m w a s a l w a y s very turbulent and s h a l l o w , 
and the river b o t t o m is very rocky. This m a d e m o v e m e n t and 
a n c h o r i n g d i f f i c u l t and d a n g e r o u s . In any e v e n t , only o n e 
sampling location w a s really n e c e s s a r y since the t u r b u l e n c e 
a l w a y s created well m i x e d c o n d i t i o n s . The d o w n s t r e a m s a m p l i n g 
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Figure 12. Closeup of weir box in the f ield, 
using tarp as a windbreak 

Figure 13. General view of weir box setup on pier 
at the Starved Rock dam 
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Figure 14. Upstream view of Starved Rock dam 

Figure 15. Downstream view of Starved Rock dam 
as viewed from sampling boat 
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boat w a s normally a n c h o r e d a p p r o x i m a t e l y 1000 feet b e l o w the 
gates (figure 1 5 ) . D o w n s t r e a m D O and t e m p e r a t u r e readings w e r e 
taken in concert with the u p s t r e a m r e a d i n g s , with an a d d i t i o n a l 
d o w n s t r e a m reading taken five to ten m i n u t e s after t e r m i n a t i o n of 
the u p s t r e a m m e a s u r e m e n t s to a l l o w for the d o w n s t r e a m results to 
m a t c h up w i t h the last u p s t r e a m r e a d i n g . The D O - t e m p e r a t u r e 
p r o b e was m a i n t a i n e d at m i d - d e p t h since the water w a s only 2 to 3 
feet d e e p . 

The sampling depths w e r e a c c u r a t e l y and easily c o n t r o l l e d by 
a t t a c h i n g the s t i r r e r - p r o b e to a heavily w e i g h t e d fishing 
d o w n r i g g e r (figure 1 5 ) . A l g a e s a m p l e s w e r e c o l l e c t e d both 
u p s t r e a m and d o w n s t r e a m . Secchi disk readings w e r e taken 
u p s t r e a m during day r u n s . The u p s t r e a m algae samples w e r e 
c o l l e c t e d as integrated s a m p l e s over the depth of the Secchi disk 
reading using a small b a t t e r y o p e r a t e d Pony pump w i t h the intake 
line a t t a c h e d to the d o w n r i g g e r . D u r i n g night r u n s , the p r e v i o u s 
daylight Secchi disk reading w a s used to gage u p s t r e a m a l g a e 
s a m p l i n g d e p t h . A 2-liter water q u a l i t y sample was o b t a i n e d 
d o w n s t r e a m for a n a l y s i s in the l a b o r a t o r y for suspended s o l i d s , 
chemical o x y g e n d e m a n d , and m e t h y l e n e blue a c t i v e s u b s t a n c e s 
( M B A S ) in terms of linear a l k y l a t e s u l f o n a t e ( L A S ) . The latter 
chemical parameter is a m e a s u r e of the surface active agent 
( d e t e r g e n t ) content of the w a t e r . T h e s e p a r a m e t e r s , along w i t h 
algal e n u m e r a t i o n , are easily m e a s u r e d v a r i a b l e s c o n s i d e r e d (on 
an intuitive and s u b j e c t i v e b a s i s ) to have a s i g n i f i c a n t 
influence on r e a e r a t i o n . 

R u n s w e r e m a d e once a week (during June through O c t o b e r 
1985) and w e r e a l t e r n a t e d between day and night p e r i o d s during 
the w a r m summer m o n t h s . Night runs are essential b e c a u s e 
s i g n i f i c a n t diurnal f l u c t u a t i o n s in the DO above the dam can 
occur due to algal a c t i v i t y . Algal b l o o m s regularly crop up in 
the Starved Rock p o o l , p r o d u c i n g s u p e r s a t u r a t e d DO 
c o n c e n t r a t i o n s . T h e o r e t i c a l l y , d e a e r a t i o n of s u p e r s a t u r a t e d 
water is supposed to occur at the same rate as aeration of 
e q u a l l y u n d e r - s a t u r a t e d w a t e r s . H o w e v e r , some information has 
been p u b l i s h e d w h i c h indicates that this may not always be v a l i d . 
On the basis of studies of several head loss s t r u c t u r e s in 
O n t a r i o , G o w d a ( 1 9 8 4 ) c o n c l u d e s t h a t , counter to theory, s e p a r a t e 
a e r a t i o n c o e f f i c i e n t s should be d e v e l o p e d for a e r a t i o n and 
d e a e r a t i o n c o n d i t i o n s . A l t h o u g h algal a c t i v i t y may not a l w a y s 
raise the DO levels to s u p e r s a t u r a t e d l e v e l s , the increase may be 
great enough that s a t u r a t i o n is c l o s e l y a p p r o a c h e d , w h i c h , as 
B u t t s and E v a n s ( 1 9 8 4 ) point o u t , m a k e s data i n t e r p r e t a t i o n 
d i f f i c u l t and often i m p o s s i b l e . By p e r f o r m i n g night s a m p l i n g , 
the c h a n c e s of a v o i d i n g this p r e d i c a m e n t are e n h a n c e d . 

Prior to starting the routine field w o r k , an e v a l u a t i o n w a s 
m a d e regarding the time required for a slug of w a t e r 400 feet 
a b o v e the dam to travel to a point 1000 feet below it. A small 
q u a n t i t y of fluorescent tracer d y e , R h o d a m i n e W T , was injected 
u p s t r e a m . The results are p r e s e n t e d in table 2. At the time of 
the e x p e r i m e n t , 7 gates w e r e open at 1 f o o t , resulting in a 
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Table 2. Time of Travel - 400 Feet Above to 1000 Feet 
Below the Starved Rock Dam for: 7 gates set 
at 1'; Lower Pool Elevation = 4 3 9 . 8 , Flow = 

10.640 cfs 

Elapsed time Dye 
after dye injection concentration 

(min) (µg/l) Comments 

0 0.0 Injection time 11:30 
4 0.0 
8 0.0 Dye Visible at Dam 

11 25.3 Dye Visible at Boat 
12 26.9 Peak Concentration 

12.5 48.5 
13 34.1 

13.5 21.3 
14 135.6 

14.5 38.1 
15 23.7 Dye No Longer Visible 

15.5 8.5 
16 4.5 

16.5 2.9 
17 0.6 

17.5 0.4 

Table 3. Two-way ANOVA Table Development Required 
for Four-Way ANOVA Investigation 

Evaluation Parameter desianation for 
number Columns 

DO 
Rows 

h 
Cell summation 

Q-h' 1 
Columns 

DO 
Rows 

h 
Cell summation 

Q-h' 
2 h' DO 0-h 
3 h' 0 DO-h 
4 h' h DO-Q 
5 h 0 DO-h' 
6 DO 0 h-h' 
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d i s c h a r g e of a p p r o x i m a t e l y 10,640 c f s ; the d o w n s t r e a m pool 
e l e v a t i o n was 439.8 f e e t . Less than 15 m i n u t e s was required for 
the slug to m o v e 1400 feet through the dam. 

Data R e d u c t i o n 

L a b o r a t o r y Weir Box Data 

Butts and E v a n s ( 1 9 8 0 ) v e r i f i e d t h a t , under limited 
c o n d i t i o n s , the " a b " factor in e q u a t i o n 2 can equal 1.8; i.e., 
the product of the theoretical s h a r p - c r e s t e d weir factor (b = 
1.0) times the clean water factor (a = 1 . 8 ) . Their work w a s done 
with a p l y w o o d weir box system. The wood c o n s t r u c t i o n had 
several major d r a w b a c k s , and c o n s e q u e n t l y for this study the 
boxes w e r e c o n s t r u c t e d of P l e x i g l a s p l a s t i c . The primary p u r p o s e 
of the laboratory weir box study was to see if the p l a s t i c 
c o n s t r u c t i o n p r o d u c e d the same results as that reported by B u t t s 
and Evans ( 1 9 8 0 ) . If it did n o t , the s y s t e m w o u l d then have to 
be c a l i b r a t e d for field u s e . A s e c o n d a r y c o n s i d e r a t i o n w a s to 
t h o r o u g h l y i n v e s t i g a t e the f a c t o r s or v a r i a b l e s w h i c h could 
s i g n i f i c a n t l y affect r e a e r a t i o n at a weir or dam location. 

A n a l y s i s of v a r i a n c e ( A N O V A ) statistical t e c h n i q u e s w e r e 
used to isolate the physical factors w h i c h could influence the 
deficit ratio as d e f i n e d by e q u a t i o n 1. B e c a u s e four independent 
v a r i a b l e s (as listed in table 1) w e r e i n v e s t i g a t e d , a four-w a y 
A N O V A technique had to be d e v e l o p e d . Such a d e v e l o p m e n t is 
procedural as o p p o s e d to theoretical or b a s i c . The m e t h o d o l o g y 
outlined by C r o w et a l . ( 1 9 6 0 ) for p e r f o r m i n g a three-way A N O V A 
was used as a g u i d e . B a s i c a l l y , the data had to be broken down 
and regrouped into a number of independent two-way t a b l e s . A 
four-way A N O V A for the p a r a m e t e r s investigated in this work 
required the d e v e l o p m e n t of six two-way A N O V A tables f o r m u l a t e d 
a c c o r d i n g to the c r i t e r i a p r e s e n t e d in table 3. A 95 percent 
c o n f i d e n c e level w a s used in the a n a l y s i s to d e t e r m i n e the 
s i g n i f i c a n c e of each v a r i a b l e relative to weir a e r a t i o n . 

S t e p w i s e r e g r e s s i o n t e c h n i q u e s w e r e used to d e t e r m i n e the 
order of importance of w a t e r fall h e i g h t , water receiving d e p t h , 
flow r a t e , D O , and t e m p e r a t u r e on deficit ratio (r) v a l u e s . 
R e g r e s s 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 for each step a n a l y s i s . 

Field Data 

The field weir box data w e r e used to c a l c u l a t e the water 
quality factor of the river water for use in c a l c u l a t i n g Tainter 
gate a e r a t i o n c o e f f i c i e n t s . W e i r box deficit ratios w e r e 
c a l c u l a t e d by using e q u a t i o n 1 and setting these ratios equal to 
e q u a t i o n 2, using in e q u a t i o n 2 the value of " b " derived from the 
laboratory e x p e r i m e n t s . The r-values w e r e computed on the b a s i s 
of f i e l d - d e t e r m i n e d DO s a t u r a t i o n v a l u e s and not on book v a l u e s . 
Book s a t u r a t i o n s w e r e used only for c o m p a r a t i v e p u r p o s e s . T h e s e 
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w e r e c o m p u t e d using the A m e r i c a n S o c i e t y of Civil E n g i n e e r s 
(1960) f o r m u l a : 

Cs = 1 4 . 6 5 2 - 0 . 4 1 0 2 2 T + 0 . 0 0 7 9 1 T 2 - 0 . 0 0 0 0 7 7 7 7 4 T 3 (3) 

w h e r e CS = DO s a t u r a t i o n in mg/l and T = t e m p e r a t u r e in d e g r e e s 
C e l s i u s . 

I n s t r e a m d e f i c i t ratios w e r e c o m p u t e d and e q u a t e d to 
e q u a t i o n 2, using in e q u a t i o n 2 the value of " a " d e r i v e d from the 
on-bank weir box run. On certain r u n s , h o w e v e r , the c o m p u t e d 
i n s t r e a m dam d e f i c i t ratios p r o d u c e d a n o m a l o u s b - v a l u e s when 
e q u a t e d to e q u a t i o n 2. S o m e t i m e s n e g a t i v e v a l u e s r e s u l t e d for 
the e x p r e s s i o n ( r - 1 ) w h i c h was created by the r e a r r a n g e m e n t of 
terms in e q u a t i o n 2. B u t t s and E v a n s ( 1 9 8 0 ) point out the 
f o l l o w i n g s i t u a t i o n s w h i c h can a c c o u n t for these n e g a t i v e s : 

C a s e I C B < C A < C s 

C a s e II CB > CS > CA 

C a s e III CB > CA > CS 

C a s e IV CA > CS > CB 

The n e g a t i v e v a l u e s that resulted from the r e d u c t i o n of 
field data c o l l e c t e d d u r i n g this study w e r e C a s e II s i t u a t i o n s . 
The d o w n s t r e a m DOs w e r e " p u s h e d " a b o v e s a t u r a t i o n a l t h o u g h the 
u p s t r e a m DOs w e r e at less than s a t u r a t i o n l e v e l s . T h e o r e t i c a l l y , 
this is not p o s s i b l e , but this a n o m a l y has o c c u r r e d to some 
d e g r e e in the other two dam a e r a t i o n s t u d i e s u n d e r t a k e n by the 
Water Q u a l i t y S e c t i o n -- B u t t s and E v a n s C 1 9 7 8 ) and B u t t s and 
Evans ( 1 9 8 0 ) . C o m m u n i c a t i o n w i t h other r e s e a r c h e r s in this field 
i n d i c a t e s that they have o b s e r v e d this p h e n o m e n o n a l s o . To 
create u s e a b l e r e s u l t s for Case II s i t u a t i o n s e n c o u n t e r e d during 
this s t u d y , m o s t of the C B v a l u e s w e r e r e d u c e d by nominal a m o u n t s 
ranging from 1 to 7 p e r c e n t . In one c a s e , a better r e l a t i o n s h i p 
b e t w e e n C B and C S w a s o b t a i n e d by i n c r e a s i n g C S s l i g h t l y instead 
of r e d u c i n g CB . T h e s e c o r r e c t i o n s reduced CB to v a l u e s less than 
C S , thus p r o d u c i n g p o s i t i v e r e a l i s t i c r - v a l u e s . 

T h e r-values and b - v a l u e s d e r i v e d f r o m the d a m data 
c o l l e c t i o n s w e r e s u b j e c t e d to several s t a t i s t i c a l t e s t s . A 
o n e - w a y A N O V A test for unequal s a m p l e s i z e s w a s used to d e t e r m i n e 
if d i f f e r e n t gate o p e n i n g h e i g h t s p r o d u c e d s i g n i f i c a n t l y 
d i f f e r e n t a e r a t i o n r a t e s . A l s o , the data w e r e g r o u p e d into day 
and night r e s u l t s and s t a t i s t i c a l l y a n a l y z e d u s i n g the S t u d e n t ' s 
t-test to see if the m e a n of the day runs d i f f e r e d from the mean 
of the night r u n s . S i m i l a r l y , the t-test w a s used to a s c e r t a i n 
if v a l u e s d e r i v e d for under s a t u r a ted DO c o n d i t i o n s d i f f e r e d from 
those d e r i v e d for s u p e r s a t u r a t e d DO c o n d i t i o n s . A 95 percent 
c o n f i d e n c e level w a s used in all the s t a t i s t i c a l e v a l u a t i o n s . 
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S t e p w i s e regression t e c h n i q u e s w e r e used to equate the 
computed dam deficit ratio (the independent v a r i a b l e ) to 13 
d e p e n d e n t v a r i a b l e s : (1) number of gates o p e n , (2) gate o p e n i n g 
h e i g h t , (3) head loss over the dam, (4) gate sill s u b m e r g e n c e , 
(5) river flow, (6) the water quality factor derived from the 
weir box s e t u p , (7) a b o v e - d a m D O , (8) below-darn algae c o u n t s , (9) 
chemical o x y g e n demand C C O D ) , (10) s u s p e n d e d solids ( S S ) , (11) 
m e t h y l e n e blue a c t i v e s u b s t a n c e s ( M B A S ) , (12) t e m p e r a t u r e , and 
(13) Secchi disk r e a d i n g s . 

R E S U L T S 

The results of this study w e r e g o o d . The laboratory weir 
box e x p e r i m e n t p r o d u c e d i n t e r e s t i n g , i n f o r m a t i v e r e s u l t s . It 
provided both c a l i b r a t i o n data s p e c i f i c for use in the field work 
at the S t a r v e d Rock dam site and general information that 
c o n t r i b u t e s to a better u n d e r s t a n d i n g of the u n d e r l y i n g 
p r i n c i p l e s g o v e r n i n g reaeration at weir and/or dam s i t e s . 
A e r a t i o n c o e f f i c i e n t s w e r e e s t a b l i s h e d for the Tainter gate flow 
control and release s t r u c t u r e s at the dam. The information 
g e n e r a t e d will g r e a t l y aid in d e v e l o p i n g an o p t i m u m r e a e r a t i o n 
m a n a g e m e n t p r o g r a m at the dam. The e s t a b l i s h m e n t of such a 
p r o g r a m a p p e a r s almost an a b s o l u t e n e c e s s i t y since the C o r p s of 
E n g i n e e r s has given official notice that h y d r o p o w e r d e v e l o p m e n t 
at Starved Rock is e c o n o m i c a l l y feasible (see A p p e n d i x A ) . Such 
a d e v e l o p m e n t is p r e s e n t l y being a c t i v e l y p u r s u e d , and if 
c o m p l e t e d it could have a profound effect on d o w n s t r e a m d i s s o l v e d 
oxygen r e s o u r c e s . 

L a b o r a t o r y Weir Box E x p e r i m e n t s 

A total of 1024 DO and 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 
during the 256 runs c o n d u c t e d during the weir box c a l i b r a t i o n 
p r o c e s s . The D O - t e m p e r a t u r e information g e n e r a t e d , the data for 
the c o n t r o l l e d v a r i a b l e s , the resultant c o m p u t e d deficit ratio 
( r ) , and the p r o d u c t s of the water q u a l i t y f a c t o r s times the weir 
c o e f f i c i e n t s ( a b - v a l u e s ) are s u m m a r i z e d in A p p e n d i x B. 

The A N O V A tests w e r e c o n d u c t e d on the r-values given in 
A p p e n d i x B. The d a t a , grouped to d e s c r i b e the A N O V A m o d e s given 
in table 3, are p r e s e n t e d in tables 4 through 9. A close 
e x a m i n a t i o n of these tables reveals that two f a c t o r s , water fall 
height and r e c e p t a c l e d e p t h , stand out as being the major 
influences on weir box a e r a t i o n . This visual o b s e r v a t i o n is 
verified s t a t i s t i c a l l y as shown by the results of the four-way 
A N O V A s u m m a r i z e d by the data p r e s e n t e d in table 10. T h e s e 
results a r e similar to the results reported by Butts and E v a n s 
( 1 9 8 0 ) for the data g e n e r a t e d during the c a l i b r a t i o n of the 
w o o d e n weir box s y s t e m . A l s o , as found d u r i n g the p r e v i o u s 
s t u d y , DO v a r i a b i l i t y a p p e a r s to have a small but s i g n i f i c a n t 
influence on the. deficit ratio. H o w e v e r , the results of this 
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Table 4. Weir Box Aeration Table for Deficit Ratio C r ) , Two-Way 
ANOVA C l a s s i f i c a t i o n ; DO Versus h' with Q-h Cell Summations 

DO Recentacle depth h' (m) Row values 
(mg/l) 0.00 

27.11 
0.16 

33.54 
0.32 

33.71 
0.48 

33.34 
r-sum r-Avg 

1.6-2.3 
0.00 

27.11 
0.16 

33.54 
0.32 

33.71 
0.48 

33.34 127.70 2.00 
3.0-3.4 27.36 33.08 34.32 33.50 128.26 2.00 
3.5-6.0 27.14 36.76 37.23 38.19 139.32 2.18 
7.5-8.0 28.53 35.07 41.98 36.51 142.09 2.22 

Column r-sum 110.14 138.45 147.24 141.54 537.37 
Column r-avg 1.72 2.16 2.30 2.21 2.10 

Table 5. Weir Box Aeration Table for Deficit Ratio C r ) , Two-Way ANOVA 
C l a s s i f i c a t i o n ; Q Versus h' with DO-h Cell S u m m a t i o n s 

Q Receptacle death, h' (m) Row values 
(1/sec) 0.00 

25.81 

0.16 

36.99 

0.32 

37.81 

0.48 
37.69 

r-sum r-Avg 

0.18 

0.00 

25.81 

0.16 

36.99 

0.32 

37.81 

0.48 
37.69 138.30 2.16 

0.46 27.36 36.14 40.48 36.90 140.88 2.20 
0.97 28.80 35.04 35.98 33.73 133.55 2.09 
1.77 28.17 30.29 32.97 33.23 124.66 1.95 

Column r-sum 110.14 138.46 147.24 141.55 537.39 
Column r-avg 1.72 2.16 2.30 2.21 2.10 

Table 6. Weir Box Aeration Table for Deficit R a t i o C r ) , Two-Way ANOVA 
C l a s s i f i c a t i o n ; h V e r s u s h' with DO-Q Cell Summations 

h 
(m) 

Receptacle deDth. h' (m) Row values h 
(m) 0.00 

22.19 
0.16 

26.47 
0.32 

26.45 
0.48 

26.90 
r-Sum r-Avg 

0.39-0.51 
0.00 

22.19 
0.16 

26.47 
0.32 

26.45 
0.48 

26.90 102.01 1.59 
0.75-0.86 24.34 31.55 33.67 31.90 121.46 1.90 
1.09-1.22 29.13 36.61 40.60 41.07 147.41 2.30 
1.41-1.52 34.48 48.83 46.53 41.67 166.51 2.60 

Column r-sum 110.14 138.46 147.25 141.54 537.39 
Column r-avg 1.72 2.16 2.30 2.21 2.10 
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Table 7. Weir Box Aeration Table for Deficit Ratio (r), Two-Way ANOVA 
Classification; 0 Versus h with DO-h' Summations 

Q Water fall height. h(m) Row values, 
( l /sec) 0.39-0.52 0.75-0.86 1.09-1.22 1.41-1.52 r-Sum r-Avg 
0.18 25.91 31.29 39.11 41.99 138.30 2.16 
0.46 25.97 31.57 38.72 44.63 140.89 2.20 
0.97 26.73 30.91 36.65 40.26 133.55 2.09 
1.77 24.40 27.68 32.95 39.63 124.66 1.95 

Column r-sum 102.01 121.45 147.43 166.51 537.40 
Column r-avg 1.59 1.90 2.30 2.60 2.10 

Table 8. Weir Box Aeration Table for Deficit Ratio (r), Two-Way ANOVA 
Classification; Q Versus DO with h-h' Summations 

Q Dissolved oxygen concentrations. DO (mg/l) Row values 
(1/sec) 1.6-2.3 3.0-3.4 3.5-6.0 7.5-8.0 r-Sum r-Avg 
0.18 32.91 32.83 37.89 34.68 138.31 2.16 
0.46 33.08 32.74 37.34 37.70 140.86 2.20 
0.97 32.09 32.48 33.30 35.67 133.54 2.09 
1.77 29.62 30.20 30.79 34.04 124.65 1.95 

Column r-sum 127.70 128.25 139.32 142.09 537.36 
Column r-avg 2.00 2.00 2.18 2.22 2.10 

Table 9. Weir Box Aeration Table for Deficit Ratio (r), Two-Way ANOVA 
Classification; DO Versus h with Q-h' Summations 

h Dissolved oxygen concentration. DO (mg/l) Row values 
(m) 1.6-2.3 3.0-3.4 5.5-6.0 7.5-8.0 r-Sum r-Avg 

0.39-0.52 24.67 24.53 25.01 27.80 102.01 1.59 
0.75-0.86 29.54 29.33 30.59 32.00 121.46 1.90 
1.09-1.22 35.10 35.79 37.68 38.86 147.43 2.30 
1.41-1.52 38.40 38.62 46.05 43.44 166.51 2.60 

Column r-sum 127.71 128.27 139.38 142.10 537.41 
Column r-avg 2.00 2.00 2.18 2.22 2.10 
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Table 10. Statistical Summary and Results of Four-Way ANOVA 
Performed on Deficit Ratios Generated with Sharp-Crested Weir 

Degrees S i gn i -
Factor Source of Sum of of Mean F-ratios ficant 
number variation square freedom squares Computed F.05 Yes No 

1 h' 12.82767 3 4.27589 53.99 2.60 X 
2 DO 2.59311 3 0.86437 10.91 2.60 X 
3 Q 2.38800 3 0.79600 10.05 2.60 X 
4 h 37.77017 3 12.59006 158.98 2.60 X 
5 h' × DO 1.73635 3 0.19293 2.44 1.88 X 
6 h' × Q 2.41009 9 0.26779 3.38 1.88 X 
7 h' × h 1.99773 9 0.22197 2.80 1.88 X 
8 DO × Q 1.00816 9 0.11202 1.41 1.88 X 
9 DO × h 1.33603 9 0.14845 1.87 1.88 X 

10 Q × h 0.75617 9 0.08402 1.06 1.88 X 
11 Residual 14.96754 189 0.07919 
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study s h o w that flow v a r i a b i l i t y i n f l u e n c e s r e a e r a t i o n 
s i g n i f i c a n t l y , w h e r e a s it did not appear to do so p r e v i o u s l y . 
This a p p a r e n t c o n t r a d i c t i o n a p p e a r s to be due to the fact that 
the e a r l i e r e x p e r i m e n t w a s c o n d u c t e d over only a twofold range of 
flows w h i l e the p r e s e n t e x p e r i m e n t w a s c o n d u c t e d over a tenfold 
range of flows (table 1 ) . 

E x a m i n a t i o n of table 6 shows that r e a e r a t i o n is 
s i g n i f i c a n t l y reduced w h e n the o v e r f l o w m e r e l y s p l a s h e s o n t o a 
r e c e i v i n g plate (figure 8) rather than s p i l l i n g into a deep 
s t i l l i n g basin ( f i g u r e s 1 6 , 1 7 , 1 8 ) . T h i s v e r i f i e s w h a t w a s 
o b s e r v e d d u r i n g the 1980 s t u d y . 

E x a m i n a t i o n of the DO m e a n s ( r o w s ) in table 4 and the flow 
rate m e a n s ( r o w s ) in table 5 shows that the v a r i a b i l i t y of these 
two p a r a m e t e r s i n f l u e n c e s r e a e r a t i o n m u c h less than h or h', 
albeit the influence is s t a t i s t i c a l l y s i g n i f i c a n t as d e m o n s t r a t e d 
by the s t a t i s t i c a l s u m m a r y o u t l i n e d in table 1 0 . 

The deficit ratio a v e r a g e for all 256 runs w a s 2.10 c o m p a r e d 
to a v a l u e of 1.57 for the 192 runs c o n d u c t e d d u r i n g the 1980 
s t u d y . This large increase w a s due p a r t l y to the fact that a 
fourth box height run w a s added and w a s 150 p e r c e n t greater than 
the m a x i m u m height set d u r i n g the 1980 s t u d y . A l s o c o n t r i b u t i n g 
s i g n i f i c a n t l y to this d i f f e r e n c e is the fact that the three 1980 
height s e t t i n g s w e r e c o n s i d e r a b l y less than the lower three 
s e t t i n g s used d u r i n g this s t u d y . The data in table 11 and figure 
19 d e m o n s t r a t e the e f f e c t s of water level d i f f e r e n t i a l s on 
a e r a t i o n d u r i n g both s t u d i e s . T h e 1980 v a l u e s fall s l i g h t l y 
b e l o w the 1986 v a l u e s , w i t h the 1986 d a t a h a v i n g a line s l o p e of 
a p p r o x i m a t e l y 45 d e g r e e s w h i l e both r e g r e s s i o n lines intercept 
the Y - a x i s close to the theoretical v a l u e of u n i t y . That is, 
w h e n h = o, no a e r a t i o n o c c u r s and CA and CB in e q u a t i o n 1 are 
e q u a l , r e s u l t i n g in r = 1. 

T a b l e 12 s u m m a r i z e s the i n t e r r e l a t i o n s h i p s b e t w e e n the water 
fall h e i g h t ( h ) and the r e c e i v i n g d e p t h ( h ' ) r e l a t i v e to the " a b " 
factor in e q u a t i o n 2. The o p t i m u m d e p t h c r i t e r i a are those 
c o n t a i n e d in the d i s c u s s i o n in the p u b l i c a t i o n of the W a t e r 
R e s e a r c h C e n t r e ( 1 9 7 3 ) on the e f f e c t s of r e c e i v i n g d e p t h s on 
a e r a t i o n . A "rule of t h u m b " w a s d e v i s e d w h i c h stated that to 
effect m a x i m u m a e r a t i o n , the r e c e i v i n g d e p t h s should be at least 
6 cm greater than o n e - t e n t h the w a t e r fall height ( h ) . In other 
w o r d s , the b u b b l e jets should not be a l l o w e d to p e n e t r a t e the 
w h o l e d e p t h as shown in figure 1 6 , but the b u b b l e s s h o u l d be 
c o n t r o l l e d to impact as shown in f i g u r e s 17 and 1 8 . The 
e x p e r i m e n t a l results of this laboratory study support this 
c r i t e r i o n . N o t e that for each water fall height s i g n i f i c a n t 
i n c r e a s e s in a e r a t i o n o c c u r r e d at about the "rule of t h u m b " 
v a l u e . 

The results of the s t e p w i s e r e g r e s s i o n a n a l y s i s are 
p r e s e n t e d in table 13. S u r p r i s i n g l y , flow rate w a s found to be 
the most important i n d e p e n d e n t v a r i a b l e . W a t e r fall height w a s 
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Figure 16. Weir box run, showing shallow depth setting 
in receptacle box 

Figure 17. Weir box run, showing deep depth sett ing 
in receptacle box for high f low 
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Figure 18. Weir box run, showing deep depth setting 
in receptacle box for low flow 
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Table 11. C o m p a r i s o n of Deficit Ratios (r) Derived for 
Various Head Loss Settings (h) for the 
1980 and Present Weir Box E x p e r i m e n t s 

Avg h Average r-values 
(m) 1980 Present 

0.32 1.31 -
0.46 - 1.59 
0.64 1.57 -
0.81 - 1.90 
0.98 1.83 -
1.16 - 2.30 
1.47 - 2.60 

Table 12. h × h' M a t r i x of ab Values Computed for L a b o r a t o r y Weir 
Box Experimental Data 

h Receptacie death h' (m) Row Optimum h' (m) 
(m) 0.00 0.16 0.32 0.48 avg (.1h + 0.6)* 

0.39-0.52 1.44 2.47 2.50 2.58 2.25 0.10-0.11 
0.75-0.86 1.14 2.24 2.41 2.16 1.99 0.14-0.15 
1.09-1.22 1.30 2.06 2.49 2.54 2.10 0.17-0.18 
1.41-1.52 1.49 2.22 2.41 2.14 2.07 0.20-0.21 

Column avg. 1.32 2.25 2.45 2.36 2.10 

* Water R e s e a r c h Centre C 1 9 7 3 ) 
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Figure 19. Water fall height (head loss) versus observed deficit ratios 
for 1980 and 1986 weir box studies 
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Table 13. S t e p w i s e R e g r e s s i o n E q u a t i o n R e l a t i n g the Deficit Ratio (r) to the 
Five P a r a m e t e r s M e a s u r e d for the Laboratory Weir Box E x p e r i m e n t 

R e g r e s s i o n c o e f f i c i e n t s for 
F l o w Water fall Receiving Dissolved Temper a t u r e Standard 

Stop Q h depth, h oxygen , DO T Correlation Error of 
No. (1/sec) (m) (m) (mg/l)  (°c) Intercept c o e f f i c i e n t estimate 

1 0.985 0.309 0.9826 0.927 
2 1 .002 0.055 0.028 0.9839 0.892 
3 0.992 0.044 -0.025 0.209 0.9842 0.887 
4 0.996 0.040 -0.141 0.112 0.244 0.9843 0.886 
5 0.996 0.065 -0.143 0.113 -0.025 0.242 0.9843 0.888 

Table 14. Selected Data Used to Calibrate the Weir Box for 
Field Use in Determining the Water Quality Factor (a): 

0 = 1.77 1/sec 

"ab"-values 
Range of h(m) Range of h (m) Range of hCm) Range of h(m) 

Range of 1.41-1.52 1.09-1.22 0.75-0.86 0.39-0.52 
DOs (mg/l) h'(m) = 0.48 0,32 0.48 0.32 0.48 0.32 0.48 0.32 
1.71-2.29 1.55 1.52 1.74 1.45 1.71 1.74 1.87 1.90 
3.01-3.41 1.63 1.59 1.88 1.88 1.64 1.70 1.63 2.04 
5.53-5.91 2.16 1.70 1.78 1.85 1.82 1.91 1.94 2.13 
7.67-7.91 3.36 2.97 2.23 2.24 1.94 2.42 2.14 2.34 

Column avg 1.78* 1.60** 1.91 1.86 1.78 1.94 1.90 2.02 
Depth avg. 

0.48* = 1.844 
0.32** = 1.894 

Overall avg = 1.869 

* average excludes 3.36 
** average excludes 2.97 



s e c o n d , but it increased the c o r r e l a t i o n c o e f f i c i e n t very l i t t l e , 
w h i c h is not s u r p r i s i n g since the Q-r c o r r e l a t i o n c o e f f i c i e n t 
a l r e a d y e x c e e d e d 0 . 9 8 . A d d i n g the v a r i a b l e h d i d , h o w e v e r , 
improve the standard error of e s t i m a t e s o m e w h a t . T e m p e r a t u r e was 
not e x p e c t e d to show any effect since only about a 4.5 C 
t e m p e r a t u r e d i f f e r e n t i a l o c c u r r e d . This p r o v e d to be t r u e , and 
it was d e s i r a b l e since t e m p e r a t u r e w a s not a c o n t r o l l e d v a r i a b l e . 

The f i n d i n g s of this e x p e r i m e n t are c o n t r a r y to the 
c o n c l u s i o n e x p r e s s e d by B a r r e t t et a l . ( 1 9 6 0 ) that the o m i s s i o n 
of a flow rate factor in e q u a t i o n 2 does not appear to a f f e c t its 
v a l i d i t y . In the p u b l i c a t i o n of the W a t e r R e s e a r c h C e n t r e 
C 1 9 7 3 ) , the fact was noted that no s i g n i f i c a n t c h a n g e in " r " w a s 
o b s e r v e d over a 3-1/2-fold change in flow for an e x p e r i m e n t a l 
step w e i r . Over such a small flow range this is p r o b a b l y t r u e . 
D u r i n g the 1980 study no s i g n i f i c a n t d i f f e r e n c e s w e r e o b s e r v e d 
over only a twofold r a n g e . H o w e v e r , over a m u c h greater flow 
r a n g e , such as the tenfold range used d u r i n g this s t u d y , flow 
v a r i a b i l i t y b e c a m e very i m p o r t a n t , and it m u s t be c o n s i d e r e d in 
a n a l y z i n g and c a l i b r a t i n g a weir or s p i l l w a y . This c o n t e n t i o n is 
s u p p o r t e d by field s t u d i e s c o n d u c t e d by B u t t s and E v a n s ( 1 9 7 8 ) 
and M a s t r o p i e t r o ( 1 9 6 8 ) . The latter c o n s i d e r e d it to be the m o s t 
important v a r i a b l e , w h i c h tends to be s u p p o r t e d to some d e g r e e by 
the r e s u l t s of this study (at least by the s t e p w i s e r e g r e s s i o n 
a n a l y s i s r e s u l t s ) . 

At this p o i n t , c o n s i d e r a t i o n m u s t be given to the s e l e c t i o n 
of the weir box c o e f f i c i e n t a p p r o p r i a t e for use in a n a l y z i n g the 
field data g e n e r a t e d at the S t a r v e d Rock dam s i t e . On the b a s i s 
of the i n f o r m a t i o n o b t a i n e d from this study (which e s s e n t i a l l y 
v e r i f i e s the results of the 1980 s t u d y ) , the weir a e r a t i o n 
c o e f f i c i e n t (b) cannot be c o n s i d e r e d c o n s t a n t under all 
c o n d i t i o n s . C o n s e q u e n t l y , if water q u a l i t y is c o n s i d e r e d to have 
a b e a r i n g on dam a e r a t i o n , careful s e l e c t i o n m u s t be m a d e of the 
c o n d i t i o n s under w h i c h a weir box c o e f f i c i e n t (b) is c a l c u l a t e d 
or d e r i v e d . For this s t u d y , only the data g e n e r a t e d for the 
m a x i m u m f l o w rate of 1.77 1/sec and for r e c e i v i n g water d e p t h 
g r e a t e r than 0.32 m w e r e used to c a l i b r a t e the w e i r . A l s o , two 
e x t r e m e v a l u e s ( o u t l i e r s ) w e r e e l i m i n a t e d from the a n a l y s e s . 
T a b l e 14 p r e s e n t s the data used and s u m m a r i z e s the a v e r a g e 
r e s u l t s . A s s u m i n g that a = 1.8 for clean w a t e r , then for the 
r e s u l t s shown in table 1 4 , b = 1.869/1.8 = 1.038. T h i s is c l o s e 
to the d e f i n e d value of unity as p r o p o s e d by the o r i g i n a l 
d e v e l o p e r s of e q u a t i o n 2 and e s s e n t i a l l y v e r i f i e s the r e s u l t s of 
the 1980 study w h i c h p r o d u c e d a b = 0.981 for a similar d a t a 
g r o u p i n g . C o n s e q u e n t l y , a b - v a l u e of 1.038 will be used to 
a s s e s s the river data c o l l e c t e d d u r i n g each d a m site run. 

Field S t u d i e s 

N i n e t e e n s a m p l i n g runs w e r e c o m p l e t e d at the dam s i t e . The 
d a t e s and 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 c o l l e c t i o n s 
w e r e m a d e are p r e s e n t e d in table 15. The u n r e d u c e d data 
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Table 15. River C o n d i t i o n s E n c o u n t e r e d D u r i n g Each S a m p l i n g Date 
at the Starved Rock Dam 

Gate operation Pool elevations 
1985 No. Opening Total Feet (feet above MSL) Discharge (cfs) Flow 
Date open (ft/gate) Open Upper Lower Per gate Total duration (%) 

6/13 2 2 4 458.81 442.27 3138 6276 94.3 
6/18.19 3 2 6 458.89 442.67 3145 9435 41.5 
6/25 3 2 6 458.87 442.04 3144 9432 41.5 
7/02,03 2 2 4 458.70 441.96 3128 6256 94.0 
7/09 3 1 3 458.66 441.57 1567 4701 99.8 
7/16,17 4 1 4 458.80 442.12 1574 6296 93.5 
7/24 4 1 4 458.96 440.98 1581 6324 93.2 
7/29,30 3 1 3 458.63 441.52 1566 4698 99.8 
8/06 3 3 9 458.94 442.57 4680 14040 17.0 
8/13,14 1 3 3 458.84 441.50 4666 4666 99.8 
8/19 2 3 6 458.87 443.03 4670 9340 41.5 
8/26,27 1 3 3 458.90 441.19 4674 4674 99.8 
9/04 4 1 4 458.87 441.68 1577 6308 93.5 
9/09,10 1 4 4 458.80 442.03 6073 6073 96.5 
9/16 1 4 4 458.83 441.27 6078 6078 96.5 
9/23,24 3 2 6 458.77 442.94 3135 9405 41.6 
9/30 1 4 4 458.88 441.93 6087 6087 96.5 
10/14,15 1 4 4 458.83 441.71 6078 6078 96.5 
10/24 3 2 6 458.76 444.13 3114 9342 41.5 
Not e : Double dates indicate night sampling runs; duration percents based on the Henry 

gaging station flow duration curve. 



c o l l e c t e d for the o n - b a n k weir box runs and for the i n - s t r e a m dam 
runs are given in A p p e n d i x e s C and D, r e s p e c t i v e l y . The raw data 
are s u m m a r i z e d in basic terms in table 16 for the w e i r box and in 
table 17 for the dam. 

General R e s u l t s 

O v e r a l l , the a b o v e - d a m d i s s o l v e d o x y g e n c o n c e n t r a t i o n s w e r e 
not ideal during the s t u d y . Ideally, the values should fall well 
b e l o w or well above s a t u r a t i o n limits to m i n i m i z e the e f f e c t s of 
e x p e r i m e n t a l e r r o r s w h e n reducing the data to m e a n i n g f u l t e r m s . 
The deficit ratio Cr) is the basic p a r a m e t e r a r o u n d w h i c h dam 
a e r a t i o n e f f i c i e n c y is m e a s u r e d and e v a l u a t e d . N o t e that r, as 
defined by e q u a t i o n 1, c h a n g e s s i g n i f i c a n t l y w i t h small 
incremental c h a n g e s in either CA or CB w h e n either of these two 
v a l u e s a p p r o a c h e s CS in m a g n i t u d e . On 13 of the 19 s a m p l i n g 
d a t e s , C A fell w i t n i n + 20 percent of C S. T h i s m a d e data 
a n a l y s i s d i f f i c u l t but not i m p o s s i b l e . By e f f e c t i n g a small 
p e r c e n t a g e c h a n g e in some selected below-darn D O s , n e g a t i v e and 
u n r e a s o n a b l y high r-values could be avoided and the data could be 
used w i t h o u t j e o p a r d i z i n g the integrity of the r e s u l t s . 

For e x a m p l e , on the September 9-10, 1985 s a m p l i n g date 
(double dates indicate night s a m p l i n g ) , the a v e r a g e C B value w a s 
7.735 c o m p a r e d to an o b s e r v e d CS value of 7 . 7 4 0 , a d i f f e r e n c e of 
only 0.005 m g / l , an u n d e t e c t a b l e value in the field. This 
resulted in an u n r e a s o n a b l y high r-value of 7 8 . 4 . H o w e v e r , by 
reducing C B by 1 percent (a m e r e 0.077 m g / l ) a r e a l i s t i c , u s e a b l e 
r-value of 4.780 was o b t a i n e d . This type of c h a n g e , when needed 
for c e r t a i n d a t e s , is r e f l e c t e d in the notes a c c o m p a n y i n g tables 
16 and 1 7 . The integrity of the results is retained in each case 
b e c a u s e the r e d u c t i o n s of C B are small in terms of both a b s o l u t e s 
and p e r c e n t a g e s and b e c a u s e the c h a n g e s p r o d u c e c o n s e r v a t i v e 
r e s u l t s , i.e., the a d j u s t e d figures p r o d u c e r e a e r a t i o n rates 
s l i g h t l y less than those w h i c h a p p e a r e d to have o c c u r r e d in 
n a t u r e . T h e r e f o r e , a small safety factor has been built into the 
p r e d i c t i v e uses of the results of this s t u d y . 

D i s s o l v e d O x y g e n S a t u r a t i o n (C S) 

T a b l e s 18 and 19 p r e s e n t a c o m p a r i s o n b e t w e e n o b s e r v e d 
( e x p e r i m e n t a l ) and p u b l i s h e d (American S o c i e t y of Civil 
E n g i n e e r s , C o m m i t t e e o n S a n i t a r y E n g i n e e r i n g R e s e a r c h , 1 9 6 0 ) 0 0 
s a t u r a t i o n c o n c e n t r a t i o n s . The foresight of m a k i n g DO s a t u r a t i o n 
e v a l u a t i o n s in the field for each run m a d e this study a s u c c e s s . 
Not doing so w o u l d have n e c e s s i t a t e d c u l l i n g and d i s c a r d i n g a 
s i g n i f i c a n t amount of d a t a , as had to be done in the past (Butts 
and E v a n s , 1 9 8 0 , 1 9 8 3 ) . Note that the overall a v e r a g e 
e x p e r i m e n t a l v a l u e s w e r e higher than the p u b l i s h e d v a l u e s . The 
p u b l i s h e d v a l u e s c o r r e c t e d for e l e v a t i o n ( p r e s s u r e ) a v e r a g e d 
almost 0.5 mg/l less than the e x p e r i m e n t a l v a l u e s . 
T h e o r e t i c a l l y , these v a l u e s should agree better with the 
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Table 16. Summary of Results of On-site 
We i r Box Runs 

Experimental DO Defic i t Water 
Average DO(mg/l) Temperature (°C) saturation(mg/l) ratio q u a 1 i t y 

Date Above* 
6.92 

Be1ow** 
8.07 

Above 
20.6 

Below 
20.4 

Above 
9.32 

Below 
9.36 

r f a c t o r , a 
6/13/85 

Above* 
6.92 

Be1ow** 
8.07 

Above 
20.6 

Below 
20.4 

Above 
9.32 

Below 
9.36 2.190 1.223 

6/18,19 10.45 9.53 21.8 21.5 8.74 8.79 2.311 1.291 
6/25 10.87 9.66 23.8 2 3 . 7 8.89 8.90 2.605 1.522 
7/02.03 10.27 8.88 26.4 26.2 8.16 8.19 3.058 1.873 
7/09 9.14 8.59 26.7 26.4 8.33 8.37 2.786 1.606 
7/16,17 10.12 8.76 28.2 27.9 7.99 8.04 2.958 1.044 
7/24 11.63 9.62 26.9 2 6 . 7 8.32 8.39 2.691 1.518 
7/29,30 11.41 9.44 28.2 27.9 8.17 8.23 2.678 1.483 
8/06 8.01 8.31 25.4 25.3 9.00 9.02 1.457 0.377 
8/13,14 8.75 8.43 27.3 27.0 7.90 7.96 1.809 0.723 
8/19 8.02 8.40 27.7 25.5 8.68 8.71 2.129 1.039 
8/26,27 8.15 8.38 24.2 23.9 8.93 8.98 1.500 0.474 
9/04 7.41 7.59 25.9 26.0 8.04 8.02 2.281 1.169 
9/09, 10 7.05 7.42 27.6 27.3 7.71 7.76 2.379 1.210 
9/16 9.52 9.17 20.8 20.6 8.95 8.99 2.360 1.396 
9/23,24 7.14 8.03 20.5 20.2 8.75 8.80 2.091 1.126 
9/30 8.02 8.82 18.3 18.0 9.31 9.37 2.345 1.460 
10/14,15 9.07 9.42 16.7 16.6 9.65 9.67 2.320 1.498 
10/24 9.15 9.42 16.9 16.9 9.77 9.77 1.853 0.962 

* Above - above weir 
** Below = below weir 

Note: The DO and temperatures are the average of two m e a s u r e m e n t s ; the 8/13,14 
DO saturation values were read from the DO meter - the rest were deter­
mined using the standard Winkler procedure; Below weir DOs were increased 
by 3% for 7/09, by 2% for 6/13 and 9/04, by 1% for 8/26,27 and by less 
than 0 . 8 % for 8/06, 9/09,10, 9/16, and 10/24 to provide realistic 
r-values. 
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Table 17. Summary of Results of In-Stream 
DO-Temperature Data 

Temperature Experimental DO 
Average DO(mg/l) (°C) saturation (mg/l) Deficit 

Date Above* Below** Above Below Above Below Ratio, r 
6/13/85 6.785 8.657 20.0 20.3 9.43 9.38 3.658 
6/18.19 10.059 9.871 21.5 21.6 8.79 8.78 2.126 
6/25 11.284 10.154 23.6 23.7 8.92 8.90 1.885 
7/02.03 10.200 9.081 26.4 26.3 8.16 8.18 2.264 
7/09 9.084 9.185 26.4 26.5 8.37 8.36 1.416 
7/16,17 11.931 10.179 28.0 28.1 8.02 8.01 1.803 
7/24 12.631 10.166 26.4 26.4 8,39 8.39 2.024 
7/29,30 14.162 10.539 28.2 28.1 8.18 8.20 2.568 
8/06 8.248 9.069 25.2 25.2 9.03 9.03 2.414 
8/13,14 10.501 9.095 27.3 27.2 8.72 8.73 4.879 
8/19 7.759 8.565 25.0 25.4 8.80 8.72 6.716 
8/26,27 9.006 9.042 24.2 24.0 8.93 8.96 2.375 
9/04 7.137 8.225 25.8 25.8 8.05 8.05 2.853 
9/09,10 7.398 7.735 27.1 27.4 7.79 7.74 4.780 
9/16 11.482 9.698 20.6 20.5 8.99 9.01 3.622 
9/23,24 7.328 8.720 20.3 20.3 8.79 8.79 2.889 
9/30 7.814 8.948 18.4 18.3 9.29 9.31 8.360 
10/14.15 8.874 9.610 16.4 16.4 9.71 9.71 8.360 
10/24 9.027 10.200 16.7 16.8 9.81 9.79 3.876 

* Above = above dam 
** Below = below dam 

N o t e : Above dam DO-values are depth integrated averages for verticals 
located at the centerline of each open gate while Below dam 
DO-values are time integrated a v e r a g e s ; the Below dam DOs were 
reduced by 1% for 8/26,27 and 9/09,10, by 3% for 7/09, by 4% 
for 8/06. by 5% for 6/18.19 and 9/23.24, and by 6% for 9/04 and 
10/24 to prevent negative r-values from occurring. 
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Table 18. A Comparison of Experimental and Published 
Dissolved Oxygen Saturation C o n c e n t r a t i o n s - Above 

Weir or Dam 

Saturated dissolved oxygen concentrations (mg/l)  
We ir box data In-stream dam data  

Published Published  
Date Experimental @MSL @S.R. Elev Experimental @MSL @S.R. Elev 
6/13/85 9.32 8.91 8.74 9.43 9.02 8.84 
6/18,19 8.74 8.70 8.53 8.79 8.75 8.58 
6/25 8.89 8.37 8.21 8.92 8.40 8.23 
7/02,03 8.16 7.96 7.81 8.16 7.96 7.80 
7/09 8.33 7.92 7.77 8.37 7.96 7.80 
7/16,17 7.99 7.69 7.54 8.02 7.72 7.57 
7/24 8.32 7.89 7.74 8.39 7.96 7.80 
7/29,30 8.17 7.69 7.54 8.18 7.69 7.54 
8/06 9.00 8.11 7.95 9.03 8.14 7.98 
8/13,14 7.90 7.83 7.68 8.72 7.83 7.68 
8/19 8.68 8.07 7.92 8.80 8.18 8.02 
8/26,27 8.93 8.30 8.14 8.93 8.30 8.14 
9/04 8.04 8.04 7.89 8.05 8.05 7.89 
9/09,10 7.71 7.78 7.63 7.79 7.86 7.70 
9/16 8.95 8.91 8.74 8.99 8.91 8.73 
9/23,24 8.75 8.93 8.76 8.79 8.97 8.79 
9/30 9.31 9.34 9.16 9.29 9.32 9.14 
10/14,15 9.65 9.69 9.50 9.71 9.73 9.54 
10/24 9.77 9.63 9.45 9.81 9.67 9.48 
Avg. 8.664 8.408 8.247 8.746 8.443 8.276 
N o t e : MSL = Mean Sea L e v e l ; S.R. Elev. = 745 feet above MSL at the 

Starved Rock dam site 
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Table 19. A Comparison of Experimental and Published Dissolved 
O x y g e n Saturation C o n c e n t r a t i o n s - Below Weir or Dam 

Saturated dissolved oxygen concentrations (mg/l) 
Weir box data In-stream dam data 

Experimental 
Published Published 

Date Experimental @MSL @S.R. Elev Experimental @MSL @S .R. Elev 
6/13/85 9.36 8.95 8.77 9.38 8.97 8.79 
6/18,19 8.79 8.75 8.58 8.78 8.74 8.57 
6/25 8.90 8.38 8.22 8.90 8.38 8.21 
6/02,03 8.19 7.99 7.84 8.18 7.98 7.82 
7/09 8.37 7.96 7.81 8.36 7.95 7.56 
7/16,17 8.04 7.74 7.59 8.01 7.71 7.56 
7/24 8.39 7.92 7.77 8.39 7.96 7.80 
7/29,30 8.23 7.74 7.59 8.20 7.71 7.56 
8/06 9.02 8.13 7.97 9.03 8.14 7.98 
8/13,14 7.96 7.87 7.72 8.73 7.84 7.68 
8/19 8.71 8.10 7.95 8.72 8.11 7.95 
8/26,27 8.98 8.35 8.19 8.96 8.33 8.17 
9/04 8.02 8.02 7.8 7 8.05 8.05 7.89 
9/09, 10 7.76 7.83 7.68 7.74 7.71 7.56 
9/16 8.99 8.88 8.71 9.01 8.93 8.75 
9/23,24 8.80 8.98 8.81 8.79 8.97 8.79 
9/30 9.37 9.40 9.22 9.31 9.34 9.16 
10/14, 15 9.67 9.67 9.43 9.71 9.73 9.54 
10/24 9.77 9.63 9.45 9.79 9.65 9.46 

Avg. 8.701 8.436 8.272 8.739 8.432 8.264 

N o t e : MSL = Mean Sea L e v e l ; S.R. Elev. = 745 feet above MSL at the 
Starved Rock dam site 
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e x p e r i m e n t a l v a l u e s than do the p u b l i s h e d v a l u e s for m e a n sea 
l e v e l . This is an e x t r e m e l y important fact in view of the 
d i s c u s s i o n p r e s e n t e d in the p r e v i o u s p a r a g r a p h d e m o n s t r a t i n g how 
s i g n i f i c a n t a d i f f e r e n c e as small as 0.005 mg/l can be in 
p r o d u c i n g l o g i c a l , u s e a b l e i n f o r m a t i o n . 

T a b l e 20 shows that using the e x p e r i m e n t a l C S v a l u e s reduced 
both the number of case r e j e c t i o n s and the C B c o r r e c t i o n 
p e r c e n t a g e s . O n l y 4 case r e j e c t i o n s , requiring C B to be reduced 
by an a v e r a g e of just 4.25 p e r c e n t , o c c u r r e d using the 
e x p e r i m e n t a l C S d a t a ; the MSL and S.R. E l e v . data p r o d u c e d , 
r e s p e c t i v e l y , 6 and 7 r e j e c t i o n s w i t h both needing s i g n i f i c a n t l y 
higher p e r c e n t a g e c o r r e c t i o n s of C B to p r o d u c e r e a s o n a b l e 
r - v a l u e s . Table 21 p r e s e n t s the C B p e r c e n t a g e c o r r e c t i o n s by 
d a t e s . Of s i g n i f i c a n c e is the fact That the u n r e a l i s t i c r-values 
could be readily c o r r e c t e d u s i n g only a r e l a t i v e l y small 
p e r c e n t a g e change in C B w h e n the e x p e r i m e n t a l C S - v a l u e s w e r e 
used . 

W a t e r Q u a l i t y Factor 

T h e water q u a l i t y f a c t o r s p r e s e n t e d in table 16 w e r e 
c o m p u t e d using the e x p e r i m e n t a l d i s s o l v e d o x y g e n s a t u r a t i o n 
c o n c e n t r a t i o n s . As the note on table 16 i n d i c a t e s , some 
c o r r e c t i o n s w e r e m a d e in C B to e l i m i n a t e u n r e a l i s t i c deficit 
r a t i o s . Eight dates required c o r r e c t i o n s , but the p e r c e n t a g e 
c h a n g e s required w e r e very s m a l l . 

T h e a - v a l u e s ranged from 0.38 to 1.87 w h i c h , a c c o r d i n g to 
the c r i t e r i a of G a m e s o n ( 1 9 5 7 ) , indicates that the Illinois River 
water q u a l i t y ranged from g r o s s l y p o l l u t e d to clean d u r i n g the 
s t u d y . G a m e s o n rates g r o s s l y p o l l u t e d w a t e r at 0 . 6 5 , m o d e r a t e l y 
p o l l u t e d at 1.0, s l i g h t l y p o l l u t e d at 1.6, and clean at 1.8. The 
m e d i a n s t u d y - v a l u e w a s 1.29 w h i l e the a r i t h m e t i c a v e r a g e w a s 
1.25. Only two of the a - v a l u e s , w h i c h w e r e lower than 0 . 6 5 , 
a p p e a r e d u n r e a l i s t i c ; h o w e v e r , they w e r e still used in e q u a t i o n 2 
t o c o m p u t e the d a m a e r a t i o n c o e f f i c i e n t ( b ) . 

E s s e n t i a l l y an even split b e t w e e n u n d e r - s a t u r a t e d and 
s u p e r s a t u r a t e d D O c o n d i t i o n s o c c u r r e d d u r i n g the weir box r u n s . 
S u p e r s a t u r a t i o n o c c u r r e d 9 times w h i l e s u b s a t u r a t i o n o c c u r r e d 10 
t i m e s . T h i s p r o v i d e d an ideal s i t u a t i o n for a p p l y i n g the 
S t u d e n t ' s t-test to d e t e r m i n e if a s t a t i s t i c a l l y s i g n i f i c a n t 
d i f f e r e n c e e x i s t e d b e t w e e n the m e a n s of the two data g r o u p i n g s . 
The s u p e r s a t u r a t e d c o n d i t i o n s p r o d u c e d a m e a n a - v a l u e equal to 
1.457 w h i l e the s u b s a t u r a t e d c o n d i t i o n s p r o d u c e d a value equal to 
1.054. At a 95 percent c o n f i d e n c e l e v e l , one can c o n c l u d e that 
the m e a n s are d i f f e r e n t and that s u p e r s a t u r a t e d c o n d i t i o n s are 
i n d i c a t i v e of better w a t e r q u a l i t y . The t-test p r o d u c e d a 
c o m p u t e d t-value of 2.513 c o m p a r e d to a t h e o r e t i c a l t-curve v a l u e 
of 2.110 at the 95 p e r c e n t c o n f i d e n c e level. C o m p u t e d v a l u e s 
e x c e e d i n g 2.110 indicate that a 95 p e r c e n t c h a n c e e x i s t s that the 
true m e a n s of the two data g r o u p i n g s are d i f f e r e n t . 
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Table 2 0 . C o m p a r i s o n of In-stream DO Percent S a t u r a t i o n s ( C S ) and r-value R e j e c t i o n 
Rate Cases Using Three DO S a t u r a t i o n V a l u e s 

Experimental @ MSL @ S.R. Elev. 
% Saturation % Reject. % Saturation % R e j e c t . % Saturation % R e j e c t . 

Date Above Below Change class Above Below Chanae class Above Below Chanae class 
6/13/85 72 92 +20 - 75 98 +23 - 77 98 +22 -
6/18,19 113 112 -1 - 115 104 -11 - 117 115 -2 -
6/25 127 114 -13 - 134 121 -13 - 137 123 -14 -
6/02.03 125 111 -14 - 128 114 -14 - 131 116 -15 -
7/09 109 110 +1 ||| 114 115 +1 ||| 116 118 +2 ||| 
7/16,17 149 127 -22 - 155 132 -23 - 158 134 -24 -
7/24 151 121 -30 - 164 132 -32 - 162 130 -28 -
7/29,30 173 129 -44 - 184 137 -47 - 188 140 -48 -
8/06 91 100 0 - 101 114 +13 ||| 103 114 +11 ||| 
8/13,14 120 104 -16 - 134 116 -18 - 137 118 -19 -
8/19 88 98 +10 - 95 104 +9 || 97 107 +10 || 
8/26,27 101 101 0 - 109 109 0 - 111 111 0 -
9/04 89 102 +13 || 89 102 +13 || 90 104 +14 || 
9/09,10 95 100 -20 - 94 101 7 || 96 101 +5 || 
9/16 128 108 -20 - 129 109 -20 - 132 111 -21 -
9/23,24 83 101 +18 || 82 97 +15 - 83 99 +16 -
9/30 84 96 +12 - 84 96 +12 - 85 98 +14 -
10/14,15 91 99 +8 - 91 99 +8 - 93 101 +8 || 
10/24 92 104 +12 || 93 106 +13 || 95 108 +13 || 

Number of Rejections 4 6 7 
Avg. Cb Percentage Correction 4.25 5.15 5.43 

N o t e : MSL = Mean Sea L e v e l ; S.R. Elev. = 745 feet above MSL at the Starved Rock dam site 



Table 2 1 . C o m p a r i s o n of P e r c e n t C o r r e c t i o n s N e e d e d in C B To 
O b t a i n the r-values L i s t e d in T a b l e 17 

CB Percentage Corrections Using 
Date Exp.-C S 

5.00 
MSL-CS 
5.22 

S.R. Elev. -CS 
6.13 6/18,19/85 

Exp.-C S 
5.00 

MSL-CS 
5.22 

S.R. Elev. -CS 
6.13 

7/09 3.49 4.03 5.32 
8/06 4.10 9.75 10.78 
8/19 - 6.04 7.63 
8/26,27 0.55 4.59 5.61 
9/04 2.50 2.50 1.24 
9/09,10 1.00 1.57 3.08 
9/23,24 5.00 4.29 2.98 
10/14,15 - 0.18 1.55 
10/24 6.00 7.02 8.40 

Avg. - Total 3.45 4.52 5.27 
- negative r 4.25 5.15 5.43 
- unrealistic r 2.66 3.57 4.94 

N o t e : u n d e r l i n e d v a l u e s i n d i c a t e C B c o r r e c t e d to e l i m i n a t e n e g a t i v e 
r - v a l u e s ; o t h e r s are c o r r e c t e d to e l i m i n a t e u n r e a l i s t i c a l l y 
high r - v a l u e s . E x p . = e x p e r i m e n t a l ; MSL = M e a n Sea L e v e l ; 
S.R. E l e v . = 745 feet a b o v e M S L at the S t a r v e d Rock d a m site 

46 



Dam A e r a t i o n C o e f f i c i e n t s 

The dam or weir a e r a t i o n c o e f f i c i e n t s d e r i v e d on the basis 
of o b s e r v e d and c o m p u t e d input data c o n t a i n e d in tables 15, 16, 
and 17 are s u m m a r i z e d in table 2 2 . T h e s e b - v a l u e s and the 
r-values listed in table 17 have been r e a r r a n g e d and s e g r e g a t e d 
a c c o r d i n g to g a t e o p e n i n g and values o b t a i n e d during day and 
night runs as shown in tables 23a and 2 3 b . Both the deficit 
ratio and the dam a e r a t i o n c o e f f i c i e n t s tend to increase as the 
gate o p e n i n g height i n c r e a s e s . Both p a r a m e t e r s exhibit 
c o n s i d e r a b l e v a r i a b i l i t y w i t h i n each g r o u p i n g . H o w e v e r , the 
a v e r a g e v a l u e s for both p a r a m e t e r s e x h i b i t good linear 
r e l a t i o n s h i p s as shown by figures 20 and 2 1 . The d e f i c i t ratio 
curve i n t e r c e p t s the Y-axis at 1.03 very near the theoretical 
intercept point of unity w h e n no a e r a t i o n o c c u r s (zero gate 
o p e n i n g ) , and both the slope of the line and the c o r r e l a t i o n 
c o e f f i c i e n t are near the theoretical limit of 1.0. 

The a s s o c i a t i o n b e t w e e n the dam a e r a t i o n c o e f f i c i e n t s and 
the gate o p e n i n g s is nearly perfect w h e n only the 1-, 2 - , and 4-
foot o p e n i n g s are c o n s i d e r e d . The c o e f f i c i e n t a s s o c i a t e d w i t h 
the 3-foot o p e n i n g a p p e a r s a n o m a l o u s and out of line (figure 2 1 ) . 
The 1-, 2 - , and 4-foot c o e f f i c i e n t s are e s s e n t i a l l y even 
m u l t i p l e s of each o t h e r , and the line through these three p o i n t s 
goes through the o r i g i n . For gate m a n a g e m e n t r e l a t i v e to 
r e a e r a t i o n and d o w n s t r e a m 00 c o n s i d e r a t i o n s , the linear fit shown 
on figure 21 will be u s e d . This will p r o b a b l y p r o v i d e for 
c o n s e r v a t i v e e s t i m a t e s w h e n c o n s i d e r i n g 3-foot o p e n i n g s in an 
e v a l u a t i o n or m a n a g e m e n t s c h e m e . A l t h o u g h the data show that a 
4-foot gate o p e n i n g has a r e a e r a t i o n c o e f f i c i e n t twice that of a 
2-foot o p e n i n g and four times that of a 1-foot o p e n i n g , this does 
not m e a n that a 4-foot gate will p r o d u c e twice the a e r a t i o n of a 
2-foot o p e n i n g or four times that of a 1-foot o p e n i n g . T h i s will 
be d i s c u s s e d in m o r e detail later. 

No s t a t i s t i c a l d i f f e r e n c e a p p e a r e d to exist b e t w e e n the 
m e a n s of the d a y l i g h t and night data for either the r-values or 
the b - v a l u e s g i v e n in table 2 3 . U s i n g the S t u d e n t ' s t - t e s t , 
t-values of 0.328 and 0.178 w e r e c o m p u t e d for the r-values and 
the b - v a l u e s , r e s p e c t i v e l y . T h e s e values w e r e m u c h smaller than 
the theoretical curve v a l u e of 2.110 for 17 d e g r e e s of f r e e d o m 
and a 95 percent c o n f i d e n c e l e v e l . T h e r e f o r e , a h y p o t h e s i s that 
the m e a n s are equal could be a c c e p t e d w i t h a high d e g r e e of 
r e l i a b i l i t y . T h i s w a s not the c a s e , h o w e v e r , w h e n the d a t a w e r e 
grouped a c c o r d i n g to s u b s a t u r a t e d and s u p e r s a t u r a t e d c o n d i t i o n s 
as p r e s e n t e d in table 2 4 . The deficit ratio and dam a e r a t i o n 
a v e r a g e s , even in the a b s e n c e of s t a t i s t i c a l a n a l y s i s , w e r e 
o b v i o u s l y d i f f e r e n t . The s u p e r s a t u r a t e d a e r a t i o n c o e f f i c i e n t 
a v e r a g e w a s over twice as great as that for s u b s a t u r a t e d 
c o n d i t i o n s . G o w d a ( 1 9 8 4 ) in his critical r e v i e w of B u t t s and 
E v a n s ' ( 1 9 8 4 ) paper on dam a e r a t i o n p o i n t e d out the p o s s i b i l i t y 
of this o c c u r r i n g a l t h o u g h it runs counter to a e r a t i o n - d e a e r a t i o n 
theory. G o w d a r e c o m m e n d e d d e v e l o p i n g two sets of c o e f f i c i e n t s , 
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Table 2 2 . Dam A e r a t i o n C o e f f i c i e n t s 

Date Opening (ft) C o e f f i c i e n t , b 
6/13/85 2 1.322 
6/18,19 2 0.511 
6/25 2 0.328 
7/02.03 2 0.359 
7/09 1 0.139 
7/16,17 1 0.243 
7/24 1 0.499 
7/29,30 1 0.542 
8/06 3 2.065 
8/13,14 3 2.832 
8/19 3 2.962 
8/26,27 3 1.651 
9/04 1 0.859 
9/09,10 4 1.631 
9/16 4 1.154 
9/23,24 2 1.009 
9/30 4 1.341 
10/14,15 4 3.315 
10/24 2 1.956 

Table 2 3 . r and b - v a l u e s S e g r e g a t e d A c c o r d i n g to 
Gate O p e n i n g and Time of Day 

D a i l y 

a. r - v a l u e s 

G a t e o p e n i n g ( f t . ) 
P e r i o d 1 

2.042 
1.416 
2.853 

2 
3.658 
1.885 
3.876 

3 4 Average 
D a y l i g h t 

 
2.042 
1.416 
2.853 

2 
3.658 
1.885 
3.876 

6.716 
2.414 

3.622 
4.077 

3.256 
N i g h t 1.803 

2.568 
2.264 
2.889 
2.216 

4.879 
2.375 

8.360 
4.780 

3.570 
A v e r a g e 2.136 2.798 

b. b -va 

4.096 

lues 

5.210 

D a y l i g h t 0.499 
0.139 
0.859 

1.322 
0.328 
1.956 

2.962 
2.065 

1.154 
1.341 

1.263 
N i g h t 0.243 

0.542 
0.359 
1.009 
0.511 

2.832 
1.651 

3.315 
1.631 

1.344 
A v e r a g e 0.456 0.914 2.378 1.860 
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Figure 20. Relationship between gate openings and deficit ratios 
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Figure 21. Relationship between gate openings and dam aeration coefficients 
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Table 24. r and b-values Segregated According to 
Subsaturated and Supersaturated DO Conditions 

r-va1ues b-values 
Subsaturation Supersaturation Subsaturation Supersaturation 

2.126 3.658 0.511 1.322 
1.885 2.414 0.328 2.065 
2.264 6.716 0.359 2.962 
1.416 2.375 0.139 1.651 
1.803 2.853 0.243 0.859 
2.042 4.780 0.499 1.631 
2.568 2.889 0.542 1.009 
4.879 4.077 2.832 1.341 
3.622 8.360 

3.876 
1.154 3.315 

1.956 

Avg 2.512 4.200 0.734 1.811 

Table 25. Summary of Results of Stepwise Regression 
Analyses Relating the Deficit Ratio to Appendix E Data 

Multiple 
Step Standard error correlation Explained  

variation. R2 No. Parameter addition of estimate coafficient.R 
Explained  

variation. R2 

1 Gate Opening (ft/gate) 1.383 0.6582 0.4332 
2 S u r f a c t a n t s , MBAS (mg/l) 1.211 0.7689 0.5912 
3 Suspended Solids (mg/l) 1.193 0.7924 0.6279 
4 Algae Counts ( N o . / m l ) 1.096 0.8407 0.7068 
5 Gate Submergence (ft.) 1.025 0.8728 0.7618 
6 Total Flow (cfs) 0.950 0.9006 0.8111 
7 No. Gates Open 0.853 0.9275 0.8603 
8 Seechi Disk 

Temperature (°C) 
0.777 0.9459 0.8947 

9 
Seechi Disk 
Temperature (°C) 0.708 0.9599 0.9214 

10 COD ( m g / l ) 0.582 0.9761 0.9528 
11 Head Loss (ft.) 0.594 0.9782 0.9567 
12 Above Dam DO (mg/l) 0.635 0.9786 0.9577 
13 Water Quality F a c t o r , a 0.687 0.9792 0.9588 
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one for use during subsaturated conditions and the other for use 
during supersaturated conditions. 

An effort was made to determine, in the order of importance, 
the factors which significantly control and influence reaeration 
at a Tainter gate flow release structure at a navigation lock and 
dam. A stepwise statistical regression analysis was used to 
equate the deficit ratio (the independent variable) to 13 
dependent variables. The data used as input to this analysis are 
tabulated in Appendix E; the results are summarized in table 25. 

The step number indicates the order of importance of a 
dependent variable; the standard error indicates the probable 
range the true mean of the 13 r-values will fall within. That 
is, a 67 percent chance exists that the true mean will fall 
between the sample mean (4.966) plus or minus one standard error 
of estimate (4.966 ± 1.383 at step 1 or 4.966 + 0.582 at step 
10) . 

The square of the multiple correlation coefficient indicates 
the fraction (or percentage) of the variability explained by the 
combination of factors; i.e., the gate opening height alone 
explains only about 43 percent (0.6582) of the observed 
variability in the reaeration as measured by the deficit ratio, 
whereas the explained variability is increased to over 95 percent 
by including the first 10 variables. Inclusion of the last three 
variables increases the explained variability by only 0.6 percent 
while actually decreasing the accuracy by increasing the standard 
error of estimate slightly from 0.582 to 0.687. 

Gate Discharge Ratings 

The Starved Rock Tainter gate rating table, as developed by 
Mades (1981), has been expanded for use in this study. The 
expanded tables are presented in Appendix F. The original tables 
were developed for an upstream pool elevation of 458.5 in 
conjunction with 2-foot downstream pool elevation increments. 
For obtaining flows for upstream pool elevations other than 
458.5, the values in Appendix F should be multiplied by the 
factor (X - 441.5) /4.123 where X equals the upper pool 
elevation. For example, during the July 24, 1985 run the 
upstream and downstream pool elevations were 458.96 and 440.98 
feet, respectively, and four gates were open 1 foot (table 15). 
Using a 1-foot opening and the 442.0 column in Appendix F (column 
442.0 is applicable to all downstream eIevations 442.0 or less), 
the flow per gate equals (1560) (458.96-441.5) 1 / 2 /4.123 or 1581 
cfs. 
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D I S C U S S I O N 

The principal o b j e c t i v e of this study w a s to develop Tainter 
gate r e a e r a t i o n rates for use in d e v i s i n g an o p e r a t i n g s c h e m e ( s ) 
to o p t i m i z e reaeration w i t h o u t i n t e r f e r i n g w i t h commercial 
n a v i g a t i o n i n t e r e s t s . This o b j e c t i v e has been f u l f i l l e d . The 
information contained in table 23b and in figure 21 has m a d e this 
p o s s i b l e in that the data clearly show that the m a n i p u l a t i o n of 
gate o p e n i n g heights can s i g n i f i c a n t l y affect d o w n s t r e a m DO 
levels. F r o m the straight line r e l a t i o n s h i p between gate o p e n i n g 
height and the dam a e r a t i o n c o e f f i c i e n t shown in figure 2 1 , nine 
gate m a n a g e m e n t schemes or o p e r a t i o n a l m e t h o d s have been 
d e v e l o p e d to cover almost all p o s s i b l e gate c o m b i n a t i o n s needed 
to handle a w i d e range of f l o w s . These m e t h o d s are presented in 
A p p e n d i x G. 

The w e i g h t e d (Wtd) a v e r a g e ( A v g ) b - v a l u e s w e r e computed on 
the basis of the p e r c e n t a g e of the total flow released through a 
given gate o p e n i n g . As an e x a m p l e , 4 g a t e s at 1.0 foot and 6 
gates at 1.5 feet are needed to handle the flow not exceeded 14 
percent of the time using m a n a g e m e n t m e t h o d 1 CAppendix G ) ; the 
flow through 4 gates at 1 foot is 4584 cfs w h i l e that through 6 
gates at 1.5 feet is 10,830 c f s ; b = 0.456 and 0.684 for the 1.0 
and 1.5 foot o p e n i n g s , r e s p e c t i v e l y ; t h e r e f o r e , the w e i g h t e d 
a v e r a g e b - v a l u e equals ( 4 5 8 4 / 1 5 , 4 1 4 ) 0.456 + (10,830/15 , 4 1 4 ) 
( 0 . 6 8 4 ) or 0.617 as given in m e t h o d 1 of A p p e n d i x G. 

T h e o r e t i c a l l y , only one m a n a g e m e n t scheme is needed to 
effect m a x i m u m aeration -- the one e m p l o y i n g the least number of 
gates for a given flow. The fewer g a t e s that are open for a 
given f l o w , the larger the openings and the greater the a e r a t i o n . 
For the 9 9 . 8 percent flow d u r a t i o n , m e t h o d 1 requires four open 
gates at o n e - h a l f foot e a c h , resulting in a low b - v a l u e of 0 . 2 2 8 ; 
w h e r e a s , for about the same flow, m e t h o d 9 requires only one open 
gate at 2.5 f e e t , resulting in a r e l a t i v e l y high b-vatue of 
1.145. C o n s i d e r i n g only aeration n e e d s , m e t h o d 9 p r o d u c e s 
optimal r e s u l t s . 

H o w e v e r , two other factors have to be considered 
h y d r a u l i c c o n d i t i o n s and safety around the dam. The dam 
o p e r a t o r s do not like to funnel all the flow required at a given 
time through one g a t e . This causes s c o u r i n g around the gate 
sills and c r e a t e s d a n g e r o u s suction v e l o c i t i e s above the dam and 
violent t u r b u l e n c e below it. To m i n i m i z e these o c c u r r e n c e s , the 
o p e r a t o r s prefer to route the flow through several g a t e s . 
C o n s e q u e n t l y , a c o m p r o m i s e is needed to a c h i e v e good a e r a t i o n 
w i t h o u t unduly s a c r i f i c i n g h y d r a u l i c and safety c o n s i d e r a t i o n s . 
For very low flows this could be d i f f i c u l t . As an e x a m p l e , for 
the 9 9 . 8 p e r c e n t flow, m e t h o d 5, e m p l o y i n g one gate at 2.0 feet 
and one at 0.5, still probably p r o d u c e s nearly the same h y d r a u l i c 
and safety s h o r t c o m i n g s as method 9 w i t h the added drawback of 
reducing the a e r a t i o n c o e f f i c i e n t by o n e - t h i r d . In this c a s e , 
the best c o m p r o m i s e a p p e a r s to be m e t h o d 4, w h i c h s p e c i f i e s two 
gates open one-half foot and one gate open 1.5 foot. 
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For the higher f l o w s , m u l t i p l e g a t e s have to be o p e n e d to 
r e l a t i v e l y great h e i g h t s to a c c o m m o d a t e the d i s c h a r g e . To 
a c c o m m o d a t e an 8 percent f l o w d u r a t i o n , four g a t e s can be o p e n e d 
at 4.0 feet and one at 1.0 f e e t , thereby p r o d u c i n g a m a x i m u m dam 
a e r a t i o n c o e f f i c i e n t of 1.730 ( A p p e n d i x G - m e t h o d 9 ) . F i v e open 
g a t e s w o u l d p r o b a b l y be s u f f i c i e n t to m i n i m i z e h y d r a u l i c and 
s a f e t y h a z a r d s . Using m o r e g a t e s , such as the 9 s p e c i f i e d in 
m e t h o d 5 for the 8 p e r c e n t flow d u r a t i o n , does not appear 
n e c e s s a r y . 

The increase in a e r a t i o n as p r e d i c t e d by e q u a t i o n 2 is not 
d i r e c t l y p r o p o r t i o n a l to the i n c r e a s e in " b " , i.e., a 100 p e r c e n t 
i n c r e a s e in b, such as c h a n g i n g a gate s e t t i n g from 1.0 to 2.0 
feet at S t a r v e d R o c k , will not p r o d u c e a c o m m e n s u r a t e p e r c e n t a g e 
c h a n g e in the d o w n s t r e a m d i s s o l v e d o x y g e n . A d e c r e a s i n g rate of 
i n c r e a s e is a c h i e v e d , as s h o w n by p l o t s for four d i f f e r e n t 
t e m p e r a t u r e c o n d i t i o n s shown on f i g u r e 22 ("h" and " a " are 
a s s u m e d to be c o n s t a n t ) . A g a t e set at 4.0 feet p r o d u c e s an 
a e r a t i o n rate 2 0 2 percent g r e a t e r than a 1.0 foot s e t t i n g at 0 C. 
This p e r c e n t a g e drops to just 153 at 30 C. C o n s e q u e n t l y , 
d e p e n d i n g upon t e m p e r a t u r e , a 4.0-foot s e t t i n g is about 150 to 
200 p e r c e n t m o r e e f f i c i e n t than a 1.0-foot s e t t i n g at S t a r v e d 
R o c k . It is not 400 p e r c e n t m o r e e f f i c i e n t . 

T h i s study has p r o d u c e d r e s u l t s and e v i d e n c e that indicate 
that the B r i t i s h weir e q u a t i o n ( e q u a t i o n 2 of this r e p o r t ) is not 
a p a r t i c u l a r l y good dam a e r a t i o n m o d e l . The l a b o r a t o r y weir box 
c a l i b r a t i o n r e s u l t s showed that flow is an i m p o r t a n t , if not the 
m o s t i m p o r t a n t , v a r i a b l e w h i c h has to be c o n s i d e r e d w h e n 
e v a l u a t i n g the a e r a t i o n c h a r a c t e r i s t i c s of o v e r f l o w w e i r s and 
s p i l l w a y s . The model ( e q u a t i o n 2) fails to i n c o r p o r a t e flow into 
its f o r m u l a t i o n . A l s o , e q u a t i o n 2 is built on the p r e m i s e that 
the a e r a t i o n or weir c o e f f i c i e n t r e m a i n s c o n s t a n t over a w i d e 
range of physical c o n d i t i o n s . 

T h i s s t u d y , and the one c o n d u c t e d e a r l i e r by B u t t s and E v a n s 
( 1 9 7 8 ) have p r o d u c e d e v i d e n c e in the l a b o r a t o r y s h o w i n g that the 
t h e o r e t i c a l b - v a l u e for a s h a r p - c r e s t e d o v e r f l o w weir can be 
v e r i f i e d only under limited c o n d i t i o n s . Only 12.5 p e r c e n t of the 
data ( t a b l e 14) could be used to show that the a e r a t i o n 
c o e f f i c i e n t for a s h a r p - c r e s t e d w e i r could under some 
c i r c u m s t a n c e s equal unity if the w a t e r q u a l i t y factor is a s s u m e d 
to be 1.8. 

The i n f o r m a t i o n and d a t a p r o d u c e d from the field p o r t i o n of 
this study also direct a t t e n t i o n to the fact that e q u a t i o n 2 is 
s o m e w h a t i n a d e q u a t e as a u n i v e r s a l model even w h e n used w i t h i n 
the c o n s t r a i n t s of its d e v e l o p m e n t . The i n f o r m a t i o n g l e a n e d from 
the s t e p w i s e r e g r e s s i o n a n a l y s i s w a s p a r t i c u l a r l y r e v e a l i n g . The 
fact that the w a t e r q u a l i t y factor (a) ranked last a m o n g the 13 
i n d e p e n d e n t v a r i a b l e s c o n s i d e r e d (table 2 5 ) casts s e r i o u s doubt 
on the need to include " a " in e q u a t i o n 2 in its p r e s e n t form. 
O b v i o u s l y water quality is an i m p o r t a n t factor and m u s t be 
c o n s i d e r e d , as e v i d e n c e d by the fact that M B A S , s u s p e n d e d s o l i d s , 
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Figure 22. Relationship between relative gate opening 
and aeration efficiency for four temperatures 
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and algal c o u n t s ranked 2, 3, and 4, r e s p e c t i v e l y , in the 
r e g r e s s i o n a n a l y s i s . H o w e v e r , for I l l i n o i s River w a t e r , an 
a l l - i n c l u s i v e f a c t o r , such a s " a " , a p p e a r s i n a p p r o p r i a t e and 
u n w a r r a n t e d . 

Other n o t e w o r t h y i n f o r m a t i o n was d e r i v e d from the s t e p w i s e 
r e g r e s s i o n a n a l y s i s . Some facts s u r f a c e d that v e r i f i e d rational 
c o n c e p t s , w h i l e o t h e r s , such as the low ranking of the w a t e r 
q u a l i t y factor a, did n o t . The fact that the gate o p e n i n g height 
a p p e a r s to be the number one factor i n f l u e n c i n g a e r a t i o n w a s a 
w e l c o m e r e v e l a t i o n since it is a c o n t r o l l a b l e v a r i a b l e . A l s o , it 
j u s t i f i e s the d e v e l o p m e n t of the m a n a g e m e n t m e t h o d s o u t l i n e d in 
A p p e n d i x G. 

The fact that the next three m o s t influential p a r a m e t e r s 
w e r e related to w a t e r q u a l i t y w a s not so w e l c o m e in that these 
f a c t o r s are b a s i c a l l y u n c o n t r o l l a b l e . R a t i o n a l l y , h o w e v e r , these 
v a r i a b l e s should rank h i g h ; the fact that they w e r e included in 
the a n a l y s e s i n d i c a t e s that d u r i n g the p l a n n i n g and d e s i g n i n g of 
the study they w e r e s u s p e c t e d of being i n f l u e n t i a l . 

The s e c o n d - p l a c e r a n k i n g of M B A S is a p p r o p r i a t e since M B A S 
s t a n d s for m e t h y l e n e blue a c t i v e s u b s t a n c e s and m e a s u r e s the 
c o n c e n t r a t i o n of s u r f a c t a n t s or d e t e r g e n t s . D e t e r g e n t s act as 
s u r f a c e a c t i v e a g e n t s ( s u r f a c t a n t s ) to b r e a k up s u r f a c e t e n s i o n , 
and this renders w a t e r m o r e s u s c e p t i b l e to air e n t r a i n m e n t a n d / o r 
r e a e r a t i o n . W h a t is s u r p r i s i n g is that Illinois River w a t e r 
still c o n t a i n s s u f f i c i e n t levels of d e t e r g e n t to do this in v i e w 
of the fact that all m a n u f a c t u r e d d e t e r g e n t s are n o w b i o l o g i c a l l y 
d e g r a d a b l e and are r e d u c e d to low l e v e l s in m o s t w a s t e w a t e r 
t r e a t m e n t p l a n t s . E v i d e n t l y , these low d e t e r g e n t levels plus 
natural s u r f a c t a n t s are s u f f i c i e n t to e n h a n c e r e a e r a t i o n at flow 
r e l e a s e gates and w e i r s . Some low-level foaming w a s o b s e r v e d 
b e l o w the dam d u r i n g several r u n s . On o n e o c c a s i o n it w a s so 
w i d e s p r e a d that several o b s e r v e r s q u e r i e d S W S s a m p l i n g p e r s o n n e l 
about the p o s s i b i l i t y of a return to the recent past w h e n 
m o u n t a i n o u s f r o t h i n g o c c u r r e d along the r i v e r . 

T h r e e d a m - r e l a t e d p a r a m e t e r s -- g a t e s u b m e r g e n c e , total 
f l o w , and the number of g a t e s open -- placed 5, 6, and 7, 
r e s p e c t i v e l y . R a n k i n g 8 and 9 w e r e the physical m e a s u r e m e n t s 
Secchi disk r e a d i n g s and t e m p e r a t u r e , w h i l e the c h e m i c a l 
p a r a m e t e r , chemical o x y g e n d e m a n d ( C O O ) , p l a c e d tenth and 
a p p e a r e d to be the least s i g n i f i c a n t p a r a m e t e r . T h e s e ten 
f a c t o r s a p p e a r e d to e x p l a i n 9 5 . 2 8 p e r c e n t of the T a i n t e r g a t e 
a e r a t i o n v a r i a b i l i t y . H e a d l o s s , a b o v e - d a m D O , and the w a t e r 
q u a l i t y factor (a) e x p l a i n e d only an a d d i t i o n a l 0.60 p e r c e n t of 
the v a r i a b i l i t y (table 2 5 ) . 

The fact that head loss w a s not s i g n i f i c a n t p r o b a b l y r e s u l t s 
from the fact that it g e n e r a l l y f l u c t u a t e d w i t h i n a n a r r o w range 
d u r i n g the s t u d y . The head loss ranged b e t w e e n 14.63 and 17.98 
f e e t , but 15 of the 19 v a l u e s fell b e t w e e n just 15.8 and 17.4 
feet ( A p p e n d i x E ) . D u r i n g i n t e r m e d i a t e t o low f l o w c o n d i t i o n s 

56 



pool e l e v a t i o n d i f f e r e n t i a l a p p e a r s to be u n i m p o r t a n t . H o w e v e r , 
the d o w n s t r e a m ( P e o r i a ) pool e l e v a t i o n a p p e a r s to be important in 
i t s e l f , since the T a i n t e r gate o p e n i n g b e g i n s to flood w h e n the 
water level raises a b o v e 4 4 2 . 0 , and this a p p e a r s to i n f l u e n c e the 
a e r a t i o n rate s o m e w h a t . 

The p r e c e d i n g d i s c u s s i o n and r e v e l a t i o n s help e x p l a i n w h y 
s i g n i f i c a n t v a r i a b i l i t y o c c u r s in the r-values and b - v a l u e s 
w i t h i n the gate o p e n i n g g r o u p i n g s p r e s e n t e d in tables 23a and 
2 3 b . The gate o p e n i n g height alone a c c o u n t s for only 4 3 . 3 2 
percent of the e x p l a i n e d v a r i a b i l i t y in the d e f i c i t ratio (table 
2 5 ) w h e r e a s the rather i n t a n g i b l e water q u a l i t y related f a c t o r s 
-- M B A S , s u s p e n d e d s o l i d s , and algae d e n s i t y -- a c c o u n t for 2 7 . 3 6 
p e r c e n t of the v a r i a b i l i t y . 

As an a l t e r n a t i v e to u s i n g e q u a t i o n 2 for m o d e l i n g DO p i c k u p 
a c r o s s a d a m , a s t a t i s t i c a l , "black b o x " r e a e r a t i o n f o r m u l a t i o n 
was d e v e l o p e d for S t a r v e d R o c k . S t a t i s t i c a l , s t e p w i s e r e g r e s s i o n 
curve fitting w a s used to equate the d e f i c i t ratio to the 
d a m - r e l a t e d physical p a r a m e t e r s : gate o p e n i n g h e i g h t , number o f 
g a t e s o p e n , head loss a c r o s s the g a t e s , gate o p e n i n g s u b m e r g e n c e , 
and total f l o w . The r e s u l t s are s u m m a r i z e d in table 2 6 . O n l y 
the gate o p e n i n g h e i g h t , g a t e s u b m e r g e n c e , and total flow are 
s i g n i f i c a n t and are included in the p r e d i c t i v e e q u a t i o n given 
b e l o w : 

r = 1.17W + 1.16 ( P - 4 4 2 ) - 0.0003Q + 2.7 (4) 

w h e r e W = the gate o p e n i n g height in f e e t , P = the lower ( P e o r i a ) 
pool e l e v a t i o n in feet a b o v e M S L , and Q = the total flow in c f s . 

The actual p r e d i c t i v e r e l i a b i l i t y of e q u a t i o n 4 is p r o b a b l y 
no better than that of e q u a t i o n 2. The three included p a r a m e t e r s 
a c c o u n t for only about 56 p e r c e n t of the o b s e r v e d v a r i a b i l i t y in 
" r " ; a p p r o x i m a t e l y 40 p e r c e n t of the o b s e r v e d v a r i a b i l i t y is 
a t t r i b u t a b l e t o m e a s u r e d water q u a l i t y f a c t o r s (table 2 5 ) . 
E q u a t i o n 2 includes the w a t e r q u a l i t y factor " a " , but " a " w a s 
shown to be an i r r e l e v a n t inclusion in the e q u a t i o n . 

The r e s u l t s of the f i e l d - r u n DO s a t u r a t i o n tests and their 
influence on the a e r a t i o n - d e a e r a t i o n data e v a l u a t i o n s and r e s u l t s 
need to be d i s c u s s e d b r i e f l y . DO s a t u r a t i o n c o n c e n t r a t i o n s w e r e 
d e t e r m i n e d w i t h the thought in m i n d that some C l a s s I, II, I I I , 
and IV data r e j e c t i o n s could be a v o i d e d by d o i n g t h i s . M a n y such 
r e j e c t i o n s o c c u r r e d in past s t u d i e s by B u t t s and E v a n s ( 1 9 7 8 , 
1 9 8 0 ) . T h e s e r e j e c t i o n s w e r e s u s p e c t e d to s t e m , at least in 
p a r t , from the "clean w a t e r " textbook s a t u r a t i o n v a l u e s . The 
r e s u l t s s u m m a r i z e d in tables 18 and 19 s u p p o r t this c o n t e n t i o n . 
The i n f o r m a t i o n p r e s e n t e d in table 20 shows that c l a s s r e j e c t i o n s 
w e r e s i g n i f i c a n t l y reduced but not e n t i r e l y e l i m i n a t e d by u s i n g 
field run s a t u r a t i o n v a l u e s . 

S i n c e some class r e j e c t i o n s i t u a t i o n s still a p p e a r e d in the 
results of this s t u d y , the s u s p i c i o n w a s raised t h a t , under 
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Table 26. Summary of Results of Stepwise R e g r e s s i o n 
Analysis E q u a t i n g Five Dam-related P a r a m e t e r s 

to the Deficit Ratio 
Multiple 

Step Standard error correlation Explained 
No. Parameter Addition of estimate coefficient. R variation. R2 

1 Gate Opening (ft/gate) 1.383 0.6582 0.4332 
2 Gate Submergence (ft) 1.388 0.6800 0.4624 
3 Tota 1 Flow (cfs) 1.308 0.7434 0.5526 
4 No. Gates Open 1.3415 0.7488 0.5607 
5 Head Loss (ft) 1.3911 0.7493 0.5615 
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c e r t a i n c i r c u m s t a n c e s , DO c o n c e n t r a t i o n s can a c t u a l l y be 
p h y s i c a l l y pushed a c r o s s the s a t u r a t i o n t h r e s h o l d . This 
c o n t r a d i c t s t h e o r y ; h o w e v e r , past and p r e s e n t e x p e r i e n c e , and 
p r i v a t e c o m m u n i c a t i o n w i t h other r e s e a r c h e r s , indicate that this 
really h a p p e n s . In other w o r d s , some s u b s a t u r a t e d DO w a t e r s can 
be p h y s i c a l l y d i s t u r b e d to such a d e g r e e that slight 
s u p e r s a t u r a t i o n r e s u l t s . S i m i l a r l y , some s u p e r s a t u r a t e d D O 
w a t e r s appear to be c a p a b l e of being d e a e r a t e d to a point b e l o w 
s a t u r a t i o n . 

T h e s e facts d e m o n s t r a t e the need for d e t e r m i n i n g s a t u r a t i o n 
c o n c e n t r a t i o n s when c o n d u c t i n g s c i e n t i f i c r e a e r a t i o n / d e a e r a t i o n 
field s t u d i e s . For general m o d e l i n g and e n g i n e e r i n g 
i n v e s t i g a t i o n s , the use of textbook s a t u r a t i o n v a l u e s cannot be 
a v o i d e d and will have to remain a c c e p t a b l e . T e x t b o o k v a l u e s will 
g e n e r a l l y p r o d u c e c o n s e r v a t i v e results w h e n D O c o n c e n t r a t i o n s 
a p p r o a c h s a t u r a t i o n levels since D O m o d e l s are u s u a l l y p r o g r a m m e d 
a c c o r d i n g to t h e o r y , and t h e o r e t i c a l l y , physical a e r a t i o n cannot 
p r o d u c e s u p e r s a t u r a t e d D O c o n c e n t r a t i o n s . O n l y p h o t o s y n t h e t i c 
o x y g e n p r o d u c t i o n can p r o d u c e s u p e r s a t u r a t e d c o n d i t i o n s . 

The Corps of E n g i n e e r s has shown that h y d r o p o w e r can be 
e c o n o m i c a l l y d e v e l o p e d a t S t a r v e d Rock ( A p p e n d i x A ) . The s u b j e c t 
of w h e t h e r such a d e v e l o p m e n t will a d v e r s e l y a f f e c t d o w n s t r e a m 
water q u a l i t y , p a r t i c u l a r l y d i s s o l v e d oxygen l e v e l s , has not been 
a d d r e s s e d . A m o d e l i n g study is now being c o n d u c t e d by the W a t e r 
Q u a l i t y S e c t i o n of the S t a t e W a t e r Survey to fully i n v e s t i g a t e 
what i m p l i c a t i o n s h y d r o p o w e r d e v e l o p m e n t at S t a r v e d Rock will 
have on d o w n s t r e a m DO r e s o u r c e s . The results of the S t a r v e d Rock 
dam a e r a t i o n study have m a d e the model study p o s s i b l e . 

The a e r a t i o n study has e s t a b l i s h e d the fact that proper gate 
m a n i p u l a t i o n can e n h a n c e d o w n s t r e a m DO r e s o u r c e s . This is 
important b e c a u s e very little a e r a t i o n is a c h i e v e d in the water 
routed through a h y d r o p o w e r p l a n t ; t h e r e f o r e , that w h i c h is not 
should be s u b j e c t e d to the greatest a e r a t i o n p o s s i b l e . The 
s i g n i f i c a n c e of using the m a x i m u m gate o p e n i n g to p r o d u c e 
a e r a t i o n is shown in table 27 for the m a x i m u m e x p e c t e d river 
t e m p e r a t u r e of 28 C. The results indicate that even in the 
a b s e n c e of h y d r o p o w e r d e v e l o p m e n t , m i n i m u m d o w n s t r e a m D O s will 
fall b e l o w the IEPA m i n i m u m standard of 5.0 m g / l . H o w e v e r , by 
using the m a x i m u m gate o p e n i n g , s i g n i f i c a n t increases in 
d o w n s t r e a m DO can be a c h i e v e d , e s p e c i 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 . 

At flow d u r a t i o n s greater than 75 percent (low f l o w s ) , 
below-darn DO can be increased up to 1.32 mg/l by using 3-foot 
s e t t i n g s in p l a c e of 1-foot o n e s . M i n i m u m levels are increased 
c o m m e n s u r a t e l y by about 0.77 m g / l . The effect is not so 
p r o n o u n c e d for higher flows (lower d u r a t i o n p e r c e n t * ) . For 
e x a m p l e , at 10 percent d u r a t i o n the below-darn and m i n i m u m pool 
d i f f e r e n t i a l s a r e , r e s p e c t i v e l y , only 0.06 mg/l and 0.03 m g / l . 
The principal reason the higher flow increases are m i n i m a l is 

59 



Table 2 7 . Predicted Below-Darn and M i n i m u m Peoria Pool DOs For 
Various Gate Opening H e i g h t s : T = 28 C, h = 5m, a = 1.25 

P r e d i c t e d P r e d i c t e d 
F l o w O b s e r v e d b e l o w - d a m D O ( m g / l ) m i n i m u m pool D O C m g / I ) 

d u r a t i o n a b o v e - d a m for gate o p e n i n g s of for gate o p e n i n g s of 
% DO(mg/l 1' 2' 3' 4' 1' 2' 3' 4' 

99.8 3.28 5.62 6.34 - - 3.48 3.92 - - 
99 3.49 5.72 6.41 - - 3.56 3.98 - -
98 2.49 5.24 6.10 6.52 - 3.17 3.68 3.93 -
97 2.58 5.29 6.13 6.54 - 3.09 3.58 3.82 -
96 2.26 5.14 6.03 6.46 - 2.99 3.51 3.76 -
95 2.90 5.44 6.23 6.61 - 3.07 3.51 3.73 -
90 3.36 5.66 6.37 6.72 - 3.03 3.41 3.59 -
85 4.00 5.96 6.57 6.86 - 3.47 3.83 4.00 -
80 4.21 6.06 6.53 6.91 7.08 3.25 3.51 3.71 3.80 
75 4.49 6.19 6.72 6.98 7.13 3.36 3.64 3.78 3.86 
70 4.79 6.33 6.71 7.04 7.18 3.53 3.74 3.92 4.00 
65 4.88 6.38 6.74 7.07 7.20 3.62 3.82 4.01 4.08 
60 4.64 6.27 6.67 7.01 7.16 3.61 3.84 4.04 4.12 
55 5.42 6.63 6.91 7.19 7.30 3.81 3.97 4.13 4.19 
50 5.47 6.66 6.92 7.20 7.31 3.86 4.01 4.17 4.23 
45 5.64 6.74 6.98 7.24 7.34 4.05 4.19 4.35 4.41 
40 5.20 6.53 6.84 7.14 7.26 3.87 4.11 4.29 4.36 
35 6.43 7.11 7.22 7.42 7.84 4.55 4.62 4.75 4.79 
30 6.11 6.96 7.12 7.35 7.43 4.33 4.43 4.57 4.62 
25 6.49 7.14 7.24 7.44 7.49 4.46 4.53 4.65 4.69 
20 7.02 7.39 7.41 7.56 7.59 4.59 4.60 4.70 4.72 
17 6.92 7.34 7.37 7.53 7.57 4.32 4.34 4.43. 4.45 
15 7.24 7.49 7.47 7.61 7.63 4.34 4.34 4.42 4.44 
14 7.09 7.42 7.43 7.58 7.61 4.20 4.20 4.28 4.30 
13 7.17 7.48 7.45 7.59 7.62 4.27 4.25 4.33 4.35 
12 7.21 7.48 7.46 7.60 7.63 4.23 4.22 4.30 4.31 
11 7.25 7.50 7.48 7.61 7.63 4.23 4.22 4.30 4.31 
10 7.51 7.62 7.56 7.67 7.68 4.25 4.21 4.28 4.28 
9 7.10 7.43 7.58 7.61 4.27 4.27 4.36 4.36 4.37 
8 7.34 7.54 7.60 7.63 7.65 4.24 4.27 4.29 4.30 
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that the a b o v e - d a m DOs are near s a t u r a t i o n and this leaves little 
room for i m p r o v e m e n t . 

The DO p r e d i c t i o n s in table 27 are based strictly on 
physical reaeration at the dams and w i t h i n the p o o l s . In 
r e a l i t y , p h o t o s y n t h e t i c oxygen p r o d u c t i o n , due to p r i m a r y 
p r o d u c t i v i t y , plays an important part in b a l a n c i n g o x y g e n 
p r o d u c t i o n and usage in the r i v e r . The values presented in table 
27 are for "worst c a s e " s i t u a t i o n s . In s i t u a t i o n s w h e r e 
s u p e r s a t u r a t e d DO c o n c e n t r a t i o n s occur a b o v e the Starved Rock 
dam, a wise m a n a g e m e n t p r o c e d u r e w o u l d be to route the flow 
through m i n i m u m gate o p e n i n g s , o r , in the case of h y d r o p o w e r 
d e v e l o p m e n t , to route as m u c h of it as p o s s i b l e through the power 
p l a n t . This w o u l d prevent "blowing o u t " the e x c e s s DO 
( d e a e r a t i o n ) and w o u l d m a k e it a v a i l a b l e for d o w n s t r e a m 
biological u s e . 

T a b l e 28 illustrates the a d v i s a b i l i t y of limiting d e a e r a t i o n 
by gate m a n i p u l a t i o n . Note that s u p e r s a t u r a t e d d i s s o l v e d o x y g e n 
levels are needed to some d e g r e e at almost all flow c o n d i t i o n s 
during very w a r m water c o n d i t i o n s to m a i n t a i n a m i n i m u m 
d o w n s t r e a m DO of 5.0 m g / l . The m a g n i t u d e required can be 
d r a s t i c a l l y r e d u c e d , h o w e v e r , by p a s s i n g the flow through a 
h y d r o p o w e r plant (0' gate column in table 2 8 ) and/or through 
1-foot gate o p e n i n g s . The range of s a t u r a t i o n p e r c e n t a g e s 
required for the 0-, 1-, 2 - , 3-, and 4-foot o p e n i n g s a r e , 
r e s p e c t i v e l y , 1 0 1 - 1 2 1 , 1 0 3 - 1 4 5 , 1 0 4 - 1 6 8 , 1 0 6 - 1 9 2 , and 1 0 7 - 2 1 2 . 

S u p e r s a t u r a t i o n a p p e a r s to be a common p h e n o m e n o n in the 
pool a b o v e the Starved Rock dam d u r i n g the summer as e v i d e n c e d by 
the data summary in table 17. S a m p l i n g runs w e r e m a d e on 16 
dates on w h i c h the river water t e m p e r a t u r e was 20 C or g r e a t e r . 
On 11 of these d a t e s , the u p s t r e a m DO c o n c e n t r a t i o n w a s 8.25 mg/l 
or g r e a t e r . This value w o u l d g u a r a n t e e a m i n i m u m Peoria pool DO 
of 5.0 mg/l m i n u s or plus a few tenths of a mg/l for m o s t flow 
c o n d i t i o n s . Of m a j o r s i g n i f i c a n c e is the fact that during the 
July 1 6 - 1 7 , 1 9 8 5 , run the water t e m p e r a t u r e w a s 28 C and the 
u p s t r e a m depth integrated a v e r a g e DO c o n c e n t r a t i o n w a s 11.93 mg/l 
(table 1 7 ) . This value is s u f f i c i e n t l y high to m a i n t a i n well 
over a 5.0 mg/l m i n i m u m d o w n s t r e a m DO if all the water w e r e to be 
released through 1-foot gate o p e n i n g s . 

A plan will be d e v e l o p e d to c o n t i n u o u s l y m o n i t o r t e m p e r a t u r e 
and d i s s o l v e d o x y g e n c o n d i t i o n s a b o v e the dam. A b a t t e r y 
o p e r a t e d , s u b m e r s i b l e D O - t e m p e r a t u r e m o n i t o r and recorder has 
been p u r c h a s e d and will be installed above the dam on a trial 
b a s i s , at a p o s i t i o n not yet s e l e c t e d . The point will be 
s t a t i s t i c a l l y selected to represent the a v e r a g e DO c o n c e n t r a t i o n 
in the area immediately u p s t r e a m of the Tainter gate section of 
the dam (figure 3 ) . The D O - t e m p e r a t u r e m o n i t o r can be p r o g r a m m e d 
to record values at any desired time i n t e r v a l . O n e - h o u r 
r e c o r d i n g intervals p r o b a b l y will be used. The unit will be 
retrieved once a week and returned to the P e o r i a laboratory w h e r e 
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T a b l e 2 8 . A b o v e - D a m DOs N e e d e d t o Insure the M i n i m u m 
D o w n s t r e a m S t a n d a r d of 5.0 mg/l Is M e t at 28 C. 

Above-dam DO needed 
Flow to produce a minimum Below-darn DO 

duration Pool DO=5 mg/l for gate settings of needed to produce a 
(%) 0' 1' 2' 3' 4' minimum pool DO = 5 mo/I 
99.8 8.08 8.48 8.88 - - 8.08 
99 8.05 8.42 8.79 - - 8.05 
98 8.28 8.90 9.53 10.15 - 8.28 
97 8.55 9.37 10.40 11.33 - 8.55 
96 8.60 9.58 10.56 11.54 - 8.60 
95 8.87 10.00 11.43 12.72 - 8.87 
90 9.35 11.17 12.98 14.80 - 9.35 
85 8.58 9.54 10.50 11.46 - 8.58 
80 9.31 11.08 12.86 14.63 16.40 9.31 
75 9.22 10.89 12.57 14.24 15.91 9.22 
70 8.98 10.39 11.79 13.19 14.60 8.98 
65 8.82 10.05 11.27 12.50 13.73 8.82 
60 8.68 9.75 10.82 11.89 12.96 8.68 
55 8.70 9.79 10.89 11.98 13.07 8.70 
50 8.63 9.64 10.66 11.67 12.69 8.63 
45 8.32 8.99 9.66 10.33 11.00 8.32 
40 8.44 9.24 10.05 10.85 11.65 8.44 
35 7.82 7.93 8.04 8.15 8.27 7.82 
30 8.04 8.40 8.75 9.11 9.47 8.04 
25 7.99 8.29 8.59 8.89 9.19 7.99 
20 8.05 8.42 8.79 9.15 9.52 8.05 
17 8.50 9.37 10.24 11.11 11.98 8.50 
15 8.60 9.58 10.56 11.54 12.52 8.60 
14 8.84 10.09 11.34 12.59 13.84 8.84 
13 8.76 9.92 11.08 12.34 13.40 8.76 
12 8.84 10.09 11.34 12.59 13.84 8.84 
11 8.86 10.13 11.40 12.67 13.94 8.86 
10 8.97 10.36 11.76 13.15 14.55 8.97 
9 8.70 9.79 11.11 11.98 13.07 8.70 
8 8.90 10.22 11.53 12.85 14.16 8.90 

Note: DO saturation at 28°C = 7.72 mg/l 
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it will be interfaced w i t h a c o m p u t e r to c a t a l o g and a n a l y z e the 
d a t a . 

The data g e n e r a t e d d u r i n g the m o n i t o r i n g will p r o v i d e 
insight into w h e t h e r gate m a n i p u l a t i o n by the C o r p s of E n g i n e e r s , 
d e s i g n e d to improve d o w n s t r e a m w a t e r q u a l i t y , is p r a c t i c a l over 
the long r u n . D i s c u s s i o n s w i t h Rock Island D i s t r i c t C o r p s of 
E n g i n e e r s o f f i c i a l s i n d i c a t e that they w o u l d be a m e n a b l e to u s i n g 
gate s e t t i n g s to improve d o w n s t r e a m DO levels as long as these 
s e t t i n g s w o u l d b e c o m p a t i b l e w i t h n a v i g a t i o n i n t e r e s t s and w o u l d 
not c r e a t e p o t e n t i a l s t r u c t u r a l p r o b l e m s at the dam s i t e . For 
i n s t a n c e , this study has shown that a 4-foot gate o p e n i n g 
p r o d u c e s s i g n i f i c a n t l y greater d i s s o l v e d o x y g e n transfer than 
does a 1-foot o p e n i n g . H o w e v e r , the C o r p s of E n g i n e e r s w o u l d be 
u n w i l l i n g to use a s i n g l e gate s e t t i n g of 4 f e e t . For e x a m p l e , 
only 4 feet or less of total gate o p e n i n g is needed d u r i n g low 
f l o w s ; but C o r p s of E n g i n e e r o f f i c i a l s w o u l d not a l l o w just a 
s i n g l e g a t e to be o p e n e d at 3 or 4 f e e t . This w o u l d c o n c e n t r a t e 
the f l o w in one area and p r o m o t e channel scour and p o s s i b l e 
u n d e r m i n i n g of the d a m s t r u c t u r e . The p r e f e r r e d s e t t i n g , for a 
total o p e n i n g r e q u i r e m e n t of 4 f e e t , w o u l d be 4 g a t e s o p e n 
1 f o o t ; h o w e v e r , two g a t e s set at 2 feet w o u l d be a c c e p t a b l e . O n e 
g a t e set at 1 foot and one set at 3 feet w o u l d not be a c c e p t a b l e . 
C o n t i n u o u s m o n i t o r i n g w o u l d be a n e c e s s i t y b e c a u s e u p s t r e a m 
s u p e r s a t u r e d c o n d i t i o n s w o u l d d i c t a t e using m i n i m u m gate o p e n i n g s 
to m i n i m i z e d e a e r a t i o n or " b l o w i n g o u t " of e x c e s s D O . 
C o n s e q u e n t l y , in the case of the o c c u r r e n c e of super s a t u r a t i o n 
d u r i n g a p e r i o d when 4 total feet of g a t e o p e n i n g is n e e d e d , 
d o w n s t r e a m w a t e r q u a l i t y i n t e r e s t s w o u l d be better s e r v e d by 
using 4 1-foot gate o p e n i n g s . 

C O N C L U S I O N S 

The general c o n c l u s i o n s reached as a result of this study 
a r e : 

1. I n c r e a s e d a e r a t i o n can be a c h i e v e d at the S t a r v e d Rock d a m 
by g a t e m a n i p u l a t i o n and m a n a g e m e n t . The dam a e r a t i o n 
c o e f f i c i e n t increased linearly w i t h gate o p e n i n g h e i g h t ; a 
4-foot o p e n i n g p r o d u c e d an a e r a t i o n c o e f f i c i e n t four times 
as great as that for a 1-foot o p e n i n g . 

2. R o u t i n e Illinois R i v e r w a t e r Q u a l i t y d i c t a t e s , to a great 
e x t e n t , the reaerat ion c a p a c i t y of the S t a r v e d Rock flow 
r e l e a s e gate s t r u c t u r e s . T h i r t e e n p h y s i c a l , c h e m i c a l , and 
b i o l o g i c a l p a r a m e t e r s w e r e m e a s u r e d and e q u a t e d to the 
d e f i c i t r a t i o , a m e a s u r e of r e a e r a t i o n . S t a t i s t i c a l l y , 
these 1.3 p a r a m e t e r s a c c o u n t e d for 96 percent of the 
e x p l a i n e d v a r i a t i o n s . Physical p a r a m e t e r s a c c o u n t e d for 5 6 
p e r c e n t , w h e r e a s w a t e r q u a l i t y r e l a t e d p a r a m e t e r s a c c o u n t e d 
for 40 p e r c e n t of the e x p l a i n e d v a r i a t i o n . 
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3. The B r i t i s h w e i r e q u a t i o n , a g e n e r a l m o d e l used to d e s c r i b e 
the a e r a t i o n c a p a c i t y of a w e i r , d a m , or s p i l l w a y , w a s found 
to be i n a d e q u a t e in s e v e r a l r e s p e c t s . L a b o r a t o r y w e i r box 
e x p e r i m e n t s s h o w e d that f l o w rate is the s i n g l e m o s t 
i m p o r t a n t p a r a m e t e r g o v e r n i n g r e a e r a t i o n rates for a s i m p l e , 
s h a r p - c r e s t e d w e i r . The B r i t i s h w e i r e q u a t i o n does not take 
f l o w rate into a c c o u n t . A l s o , as noted in c o n c l u s i o n 2, 
w a t e r q u a l i t y d i c t a t e s the a e r a t i o n rate to a large d e g r e e . 
The B r i t i s h w e i r e q u a t i o n has a w a t e r q u a l i t y i n d e x i n g 
factor i n c o r p o r a t e d into it, but this w a s found to be 
i n a d e q u a t e for d e s c r i b i n g the w a t e r q u a l i t y e f f e c t s of 
l l i n o i s R i v e r w a t e r o n d a m a e r a t i o n . 

4 . A s t a t i s t i c a l 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 to r e l a t e 
five p h y s i c a l d a m or river p a r a m e t e r s to the d e f i c i t r a t i o , 
but the r e s u l t a n t m o d e l p r o v e d to be no b e t t e r a p r e d i c t i v e 
" t o o l " than the B r i t i s h w e i r e q u a t i o n . T h i s w a s b e c a u s e 
w a t e r q u a l i t y is so s i g n i f i c a n t and a s t r i c t l y p h y s i c a l 
m o d e l a l o n e c a n n o t a d e q u a t e l y d e s c r i b e r e a e r a t i o n . 

5. H y d r o p o w e r can be d e v e l o p e d at S t a r v e d Rock w i t h o u t d e t r i ­
m e n t a l e f f e c t s on w a t e r q u a l i t y if c e r t a i n c o n t r o l s are 
e x e r c i s e d . A good m a n a g e m e n t p l a n has to be d e v e l o p e d and 
a d h e r e d to in order to p r e v e n t v i o l a t i o n s of d o w n s t r e a m DO 
s t a n d a r d s . D u r i n g p e r i o d s o f s u s t a i n e d s u p e r s a t u r a t e d 
a b o v e - d a m D O s , h y d r o p o w e r d e v e l o p m e n t could e n h a n c e 
d o w n s t r e a m D O . 
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US Army Corps 
of Engineers 
Rock Island District 

Public Information 
Fact Sheet 
P1anning Div i s ion October 17, 1985 

PROJECT: Final Feasibility Report 
for Hydropower at 
Starved Rock Lock and Dam 
Illinois Waterway 

In June 1983, a Final Feasibility Report evaluating Federal development of hydro-
power at the Starved Rock Lock and Dam on the Illinois Waterway was completed by 
the Rock Island District of the U.S. Army Corps of Engineers. 

On the basis of the Administration's present policy, the Acting Assistant Secretary 
of the Army (Civil Works) recently returned the report without action. The Admin­
istration's current policy is to encourage non-Federal hydropower development and 
to only pursue Federal development where it is economically feasible and where such 
non-Federal activity is impractical. It was concluded that non-Federal implementa­
tion appears practical at this site. 

AUTHORITY 

Starved Rock Lock and Dam is one of the navigation project sites that the 
National Hydropower Study, completed in 1982, identified as having economically 
feasible generating potential. This feasibility study was initiated to more fully 
evaluate the hydropower potential. The study was conducted under authority of 
Section 216 of the River and Harbor Flood Control Act of 1970, P.L. 91-611, dated 
December 31, 1970. 

BACKGROUND 

The study resulted in a Feasibility Report evaluating the engineering, envi­
ronmental, and economic feasibility of adding hydroelectric generating capabilities 
to the Starved Rock Lock and Dam. The final report presents the results of this 
study. 

ALTERNATIVES CONSIDERED 

Starved Rock Lock and Dam is located at river mile 231, approximately 8 miles 
west of Ottawa, Illinois, on the Illinois River, and is part of an eight-lock 
navigation waterway connecting Lake Michigan to the Mississippi River. Constructed 
in the 1930's, the dam and spillway structure was provided with a headgate section 
so that a future powerplant could be built immediately downstream of the dam. The 
recommended plan location and layout is shown on Plate 2 (enclosed). The powerhouse 
would tie into the existing headgate section constructed with the lock and dam. The 
powerhouse would use gate sections 21 through 30. The switchyard would be located 
on the right bank adjacent to the powerhouse as shown on Plate 2. The plant would 
be tied into an existing substation located about 3 miles from the project site. 
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Hydropower development at the site would consist of adding a 15.0-megawatt 
powerplant to the existing project. Within a 50-mile radius of the study site, 
there are portions of five investor-owned utility service areas. The service 
areas within this radius include Illinois Power Company, Commonwealth Edison 
Company, Central Illinois Light Company, Central Illinois Public Service Company, 
and Cedar Point Light and Water Company. 

The existing headgate structures limited the location and ultimate size of 
the turbines. To construct anywhere but at the existing headgates would have 
decreased the net benefits because of a large increase in costs. The dependable 
flow of the river limited the ultimate installed capacity of the proposed project. 

Only run-of-the-river alternatives were investigated at Starved Rock. 
Starved Rock Lock and Dam was not designed for higher pool operating levels. 
Raising the pool level allows water to run around the gates and into the lock 
gate machinery, causing the replacement or modification of lock gate operating 
equipment. Also, there now exists limited flowage and flooding easements upstream 
of Starved Rock Dam. Fluctuating the pool upward for electrical generation would 
require purchasing additional easements. 

Three different turbine/generator configurations were considered as a means 
of obtaining the power required. The three turbines were selected because it was 
found to be less expensive to use the existing headgate sections than to construct 
additional civil works, because the study limited itself to predesigned turbine 
units, and because of the particular characteristics of the study site. 

PROJECT FEASIBILITY 

Based on present power values provided by the Federal Energy Regulatory 
Commission (FERC), conventional hydropower development at the Starved Rock Lock 
and Dam appears to be economically feasible. A total of 24 different installations 
were evaluated. The plan that produces the greatest economic net benefits is a 
powerplant with a 15.0 MW installed capacity installation. The plant would use 
five 3.0-meter tubular turbines in a powerhouse that is 173 feet long and 120 feet 
wide, and have an average annual energy production of 58,187,000 kWh. It would 
produce net annual economic benefits of $1,979,580 and have a benefit-to-cost 
ratio of 1.78 to 1.0, based on a 50-year economic life. A 15.0-megawatt conven­
tional powerplant would cost about $26,090,000. 

RECOMMENDATIONS 

The Administration's policy is to encourage non-Federal hydropower develop­
ment and to only pursue Federal development where it is economically feasible and 
where such non-Federal activity is impractical. Although economically feasible, 
non-Federal implementation appears practical. Federal development at this site is, 
therefore, not recommended at this time. The Federal Energy Regulatory Commission 
remains responsible for review and approval of non-Federal proposals. The Corps of 
Engineers will still be involved with review of any non-Federal hydropower proposals 
at the Lock and Dam, both from a permit or general regulatory standpoint and from 
the standpoint of determining whether a non-Federal proposal is compatible with the 
existing navigation project and related project purposes. 
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ADDITIONAL INFORMATION 

Non-Federal hydropower developed and other interested parties can request 
additional information regarding the Final Feasibility Report by contacting the 
District Engineer at the following address: 

District Engineer 
U.S. Army Engineer District, Rock Island 
ATTN: NCRPD-P 
Clock Tower Building - P.O. Box 2004 
Rock Island, Illinois 61204-2004 

Thank you for your continued interest in our activities. 

William C. Burns 
Colonel, Corps of Engineers 
District Engineer 

Enclosure 
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A p p e n dix B 

U n r e d u c e d L a b o r a t o r y W e i r Box 
Data G e n e r a t e d D u r i n g 

C a l i b r a t i o n R u n s 

A b o v e = a b o v e w e i r 
B e l o w = b e l o w weir 
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Laboratory Weir Box Data, Unreduced 

Temperature, T, (C) DO (mg/l) 
h h' Flow Above T Below T Above DO Below DO 
m m 1/sec 1 2 1 2 1 2 1 2 r ab 

1.410 0 .48 0 .18 10.8 10.7 11.0 11.0 1.60 1.60 7.30 7.30 2.5571 2.29 
1.429 0 .48 0.46 10.8 10.7 11.0 11.1 1.68 1.69 7.26 7.26 2.5159 2.21 
1.448 0 .48 0.97 10.7 10.6 10 .8 10.9 1.84 1.84 7.06 7.03 2.3153 1.90 
1.467 0 .48 1.77 10.8 10.8 10.9 10.9 1.95 1.95 6 .68 6.66 2.0888 1.55 
1.410 0 .48 0 .18 11.5 11.5 11.7 11 .8 3 .18 3 .18 7.67 7.66 2.4469 2 .08 
1.429 0 .48 0.46 11.4 11.4 11.6 11.7 3.11 3.10 7.52 7.49 2.3408 1.91 
1.448 0 .48 0.97 11.5 11.5 11.6 11.7 3.40 3.37 7.25 7.22 2.0803 1.52 
1.467 0 .48 1.77 13.1 13.0 13.1 13.1 3.40 3.41 7 .28 7.30 2.2237 1.63 
1.410 0 .48 0 .18 16.4 16.4 16.4 16.5 5.76 5.78 8.66 8.67 3.7539 3.47 
1.429 0 .48 0.46 16.3 16.3 16.4 16.4 5.55 5.58 8.53 8.54 3.5018 3.12 
1.448 0 .48 0.97 16.2 16.2 16.3 16.3 5.71 5.75 8.36 8.38 2.9260 2 .38 
1.467 0 .48 1.77 16.2 16.3 16.3 16.4 5.90 5.92 8.35 8.35 2.7692 2.16 
1.410 0 .48 0 .18 13.0 13.0 13.2 13.2 7.85 7.79 9.20 9.21 2.1506 1.59 
1.429 0 .48 0.46 13.0 12.9 13.1 13.2 7.54 7.49 9.07 9.10 2.1747 1.60 
1.448 0 .48 0.97 12.9 12.9 13.0 13.1 7.50 7.45 8.98 9.01 2.0433 1.41 
1.467 0 .48 1.77 16.7 16 .8 16 .8 16.9 7.93 7.89 9.17 9.18 3.7858 3.36 
1.467 0.32 0 .18 16.3 16.4 16.3 16.3 1.78 1.79 6.62 6.63 2.5446 1.89 
1.486 0.32 0.46 16.5 16.4 16.5 16.5 1.62 1.63 6.73 6.77 2.7532 2.09 
1.505 0.32 0.97 16.4 16.4 16.5 16.5 1.73 1.76 6.67 6.60 2.5973 1.91 
1.524 0.32 1.77 15.4 15.4 15.4 15.5 1.78 1.78 6.30 6.32 2.2528 1.52 
1.410 0.32 0 .18 16.4 16.5 16.5 16.5 3.23 3.24 7.15 7.15 2.5337 1.93 
1.429 0.32 0.46 12.6 12.6 12.6 12.6 3 .14 3.13 7.43 7.40 2.3454 1.86 
1.448 0.32 0.97 15.7 15.7 15.7 15 .8 3 . 3 8 3.44 7.46 7.43 2.6688 2.09 
1.524 0.32 1.77 15.0 15.1 15.1 15.2 3.02 3.00 6.93 6.97 2.2987 1.59 
1.410 0.32 0 .18 15.9 16.0 16.0 16.1 5.59 5.60 8.66 8.65 3.6797 3.41 
1.429 0.32 0.46 15.8 15.8 15.9 15.9 5 . % 5.64 8.80 8.78 3.7329 3.45 
1.448 0.32 0.97 12.5 12.5 12.6 12.5 5.49 5.51 8.34 8.34 2.2573 1.72 
1.467 0 .32 1.77 12.2 12.1 12.1 12.2 5.52 5.53 8.39 8.40 2.2408 1.70 
1.410 0.32 0 .18 13.0 12.9 13.3 13.3 7.91 7.85 9.21 9.23 2.1803 1.63 
1.429 0.32 0.46 16.3 16.4 16.4 16.5 7.63 7.73 9.30 9.32 5.0264 5.02 
1.467 0 .32 1.77 16.2 16.3 16.3 16.3 7.75 7.79 9.16 9.18 3.4249 2.97 
1.467 0.16 0 .18 14.9 15.0 15.1 15.5 1.71 1.71 6.77 6.81 2.5871 2.01 
1.486 0.16 0.46 15.2 15.2 15.3 15.3 1.76 1.77 6.94 6.94 2.7165 2.14 
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Laboratory Weir Box Data, Unreduced 

Temperature, T, (C) DO (mg/l) 
h h' Flow Above T Below T Above DO Below DO 
m m 1/sec 1 2 1 2 1 2 1 2 r ab 

1.505 0.16 0.97 14.7 14 .8 14.8 14.8 1.78 1.78 6.86 6.80 2.5578 1.94 
1.524 0.16 1.77 14 .8 14.8 14 .8 14.9 1.65 1.66 6 .64 6.63 2.4540 1.79 
1.467 0.16 0 .18 14.7 14 .8 14 .8 14 .8 3.11 3.10 7 .71 7 .74 2.9674 2.51 
1.486 0.16 0.46 14.7 14 .8 14.7 14 .8 3.12 3 .08 7 .68 7 .68 2.9002 2.40 
1.505 0.16 0.97 15.9 15.9 16.0 16.0 3.13 3.11 7.42 7.44 2.8157 2.19 
1.524 0.16 1.77 14.3 14.4 14.4 14.5 3.20 3 .14 7.06 7.07 2.2666 1.58 
1.410 0.16 0 .18 15.9 15.9 16.1 16.1 5.59 5.58 8.63 8.63 3.6523 3 .38 
1.429 0.16 0.46 15.6 15.7 15 .8 15 .8 5.81 5.83 8.75 8.75 3.6722 3.39 
1.448 0.16 0.97 15.5 15.6 15.6 15.7 5.85 5.90 8.61 8.58 3.1154 2.66 
1.467 0.16 1.77 16.2 16.3 16.2 16.3 5.82 5.83 8.31 8.30 2.7018 2 .08 
1.410 0.16 0 .18 13.7 13.7 13.7 13 .8 7.55 7.55 9.26 9.26 2.6241 2.20 
1.429 0.16 0.46 12.6 12.5 12.6 12.6 7.86 7.86 9.50 9.50 2.5072 2.09 
1.448 0.16 0.97 12.7 12.6 12.6 12.7 7.55 7.54 9 .18 9.20 2.1800 1.61 
1.467 0.16 1.77 12.9 13.0 13.0 12.9 7.63 7.63 9.14 9.15 2.1092 1.49 
1.467 0.00 0 .18 14.4 14.4 14.5 14.5 1.68 1.69 5.93 5.93 2.0121 1.30 
1.486 0.00 0.46 14.4 14.4 14.5 14.5 1.66 1.68 6.06 6.06 2.0798 1.37 
1.505 0.00 0.97 15.6 15.6 15.6 15.7 1.69 1.70 6.24 6.24 2.2478 1.52 
1.524 0.00 1.77 14.6 14.6 14.6 14.7 1.68 1.69 6.17 6.16 2.1377 1.41 
1.410 0.00 0 .18 15 .8 15.9 16.2 16.3 3 .18 3 .14 6.51 6.50 2.0532 1.34 
1.429 0.00 0.46 15.7 15 .8 16.0 16.1 3 .18 3.16 6.57 6.59 2.0774 1.36 
1.448 0.00 0.97 15.7 15.7 15 .8 15.9 3.24 3.25 6.81 6 .78 2.1735 1.47 
1.467 0.00 1.77 15.9 16.0 15.9 16.0 3.30 3.31 7 .14 7.14 2.4276 1.76 
1.410 0.00 0 .18 12.3 12.2 12.6 12.7 5.56 5.56 7 .65 7.65 1.7461 1.05 
1.429 0.00 0.46 12.6 12.7 12 .8 12 .8 5.71 5.70 8.06 8.02 1.9459 1.30 
1.448 0.00 0.97 13.6 13.6 13.7 13.7 5.81 5.82 8.06 8.03 1.9854 1.31 
1.467 0.00 1.77 13.9 13 .8 13.9 13.9 5.76 5.76 8.38 8.36 2.3690 1.79 
1.410 0.00 0 .18 15.6 15.7 15.9 15.9 7.71 7 .68 8.96 8.96 2.5039 1.93 
1.429 0.00 0.46 14.0 14.0 14.1 14.1 7.54 7.55 9.10 9.07 2.3551 1.80 
1.448 0.00 0.97 13.9 14.0 14.0 14.1 7.74 7.69 9.15 9.11 2.2840 1.69 
1.467 0.00 1.77 13.9 13.9 14.0 14.0 7.80 7.83 9.09 9.06 2.0813 1.41 
1.162 0 .48 0 .18 14.5 14.5 14.6 14.6 1.75 1.77 6.79 6.81 2.5230 2.37 
1.181 0 .48 0.46 14.4 14.5 14.5 14.6 1.78 1.80 6 .78 6 .78 2.4939 2.29 
1.130 0 .48 0.97 12 .8 12.9 12 .8 12.9 1.57 1.58 6.60 6.60 2.2770 2.13 
1.219 0 .48 1.77 14.4 14.5 14.5 14.5 2.30 2.27 6.50 6.52 2.1649 1.74 
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Laboratory Weir Box Data, Unreduced 

Temperature, T, (C) DO (mg/l) 
h h' Flow Above T Below T Above DO Below DO 
m m 1/sec 1 2 1 2 1 2 1 2 r ab 

1.092 0 .48 0 .18 13.9 14.0 14.1 14.1 3.16 3.17 7 .74 7.74 2.8450 3.07 
1.111 0 .48 0.46 13.9 14.0 14.1 14.1 3.31 3.33 7 .78 7.71 2.7885 2.93 
1.130 0 .48 0.97 14.0 14.1 14.2 14.1 3.16 3.17 7.46 7.43 2.5468 2.49 
1.149 0 .48 1.77 13.9 14.0 13.9 13 .8 3.33 3.32 7.13 7 .08 2.1770 1.88 
1.092 0 .48 0 .18 13 .8 13.7 13.9 14.0 5.68 5.67 8.70 8.70 2.9523 3.27 
1.111 0 .48 0.46 13 .8 13.7 13.9 14.0 5.58 5.61 8.79 8.78 3.1747 3 .58 
1.130 0 .48 0.97 13.6 13.6 13.7 13.6 5.70 5.73 8.38 8.43 2.3937 2 .28 
1.149 0 .48 1.77 13.7 13 .8 13 .8 13.7 5.77 5.77 8.17 8.15 2.1064 1.78 
1.092 0 .48 0 .18 14.0 14.1 14.2 14.2 7.51 7.52 9.25 9.28 2.8776 3.12 
1.111 0 .48 0.46 13.9 14.0 14.1 14.1 7.97 7.97 9.39 9.39 2.7144 2.81 
1.130 0 .48 0.97 14.1 14.0 14.0 14.1 7.54 7 .58 9.20 9.24 2.6411 2.65 
1.149 0 .48 1.77 13.9 14.0 14.0 14.1 7.75 7.76 9.20 9.20 2.3981 2.23 
1.162 0.32 0 .18 14.2 14.2 14.2 14.2 1.73 1.73 6.62 6.66 2.3732 2.16 
1.181 0.32 0.46 14.1 14.2 14.2 14.2 1.78 1.78 6.87 6.85 2.5174 2.35 
1.130 0.32 0.97 13.2 13.3 13.3 13.2 1.64 1.63 6.56 6.56 2.2698 2.10 
1.219 0.32 1.77 14.2 14.3 14.3 14.3 2.06 2.04 6.06 6.01 1.9613 1.45 
1.092 0.32 0 .18 14.0 14.1 14.2 14.3 3.13 3 .14 7.65 7.64 2.7805 2.95 
1.111 0.32 0.46 14.1 14.1 14.2 14.2 3 .18 3 .19 7.53 7.53 2.6265 2.66 
1.130 0.32 0.97 14.0 14.0 14.2 14.2 3.30 3.36 7.24 7.30 2.3402 2.16 
1.146 0.32 1.77 14.0 13.9 13.9 13.9 3 .38 3.42 7.13 7.12 2.1757 1.88 
1.092 0.32 0 .18 14.1 14.0 14.2 14.3 5.38 5.35 8.53 8.56 2.9447 3.23 
1.111 0.32 0.46 14.0 14.1 14.1 14.2 5.68 5.68 8.57 8.55 2.7415 2.85 
1.130 0.32 0.97 13.9 14.0 14.0 14.1 5.69 5.73 8.38 8.43 2.4732 2 .38 
1.149 0.32 1.77 14.0 14.0 14.0 14.1 5.88 5.88 8.23 8.21 2.1583 1.85 
1.092 0.32 0 .18 13.6 13.7 13.7 13.7 7.25 7.24 9.34 9.35 3.1399 3.60 
1.111 0.32 0.46 13.4 13.4 13.4 13.4 7 .58 7.59 9.49 9.47 3.0536 3.43 
1.130 0.32 0.97 14.3 14.2 14.3 14.3 7.70 7.72 9.20 9.29 2.6322 2.62 
1.149 0.32 1.77 14.2 14.1 14.2 14.2 7.67 7.67 9.14 9.17 2.4112 2.24 
1.092 0.16 0 .18 14.2 14.2 14.4 14.4 1.93 1.93 6.94 6.93 2.5615 2 .58 
1.111 0.16 0.46 14.3 14.2 14.4 14.4 1.87 1.86 6.76 6.76 2.4457 2.35 
1.130 0.16 0.97 14.6 14.7 14.7 14 .8 1.67 1.69 6.52 6.54 2.3686 2.17 
1.219 0.16 1.77 13.9 13.9 14.0 14.1 2.02 2.01 6.00 6 .04 1.9550 1.45 
1.162 0.16 0 .18 13.9 13.9 14.1 14.0 3.20 3.20 6.91 6.95 2.1339 1.79 
1.181 0.16 0.46 13.9 13.9 14.0 14.1 3.19 3.19 6.86 6.87 2.0959 1.71 
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Laboratory Weir Box Data, Unreduced 

Temperature, T, (C) DO (mg/l) 
h h' Flow Above T Below T Above DO Below DO 
m m 1/sec 1 2 1 2 1 2 1 2 r ab 

1.130 0.16 0.97 14.4 14.5 14.4 14.4 3 .28 3.30 7.09 7 .08 2.2266 1.96 
1.149 0.16 1.77 13 .8 13.9 13.9 14.0 3.26 3 .28 6.67 6.67 1.9500 1.52 
1.092 0.16 0 .18 15.0 15.0 15.1 15.2 5.78 5.79 8.31 8.34 2.5356 2 .48 
1.111 0.16 0.46 15.0 15.1 15.1 15.2 5.86 5.82 8.28 8.30 2.4450 2.30 
1.130 0.16 0.97 15.0 15.1 15.1 15.2 5.88 5.85 8.17 8.23 2.3089 2.05 
1.149 0.16 1.77 15.0 15.1 15.1 15.1 5.97 5.93 8.01 8.02 2.0397 1.61 
1.092 0.16 0 .18 13.5 13.6 13.9 13.9 7.76 7.76 9.34 9.33 2.7444 2.93 
1.111 0.16 0.46 14.9 15.0 15.0 15.0 7.73 7.74 9.07 9.11 2.4469 2.31 
1.130 0.16 0.97 14 .8 14.9 14.9 14.9 7.72 7.74 8.97 9.01 2.1919 1.88 
1.149 0.16 1.77 14.1 14.1 14.1 14.1 7.65 7.66 9.05 9.04 2.1646 1.85 
1.149 0.00 0 .18 14.7 14 .8 15.0 14.9 2 .18 2.19 5.71 5.75 1.8319 1.30 
1.181 0.00 0.46 13.7 13.7 13.9 13.9 2 .14 2.14 5.44 5.36 1.6769 1.06 
1.130 0.00 0.97 14.7 14.7 14 .8 14 .8 1.74 1.76 5.67 5.62 1.8835 1.40 
1.149 0.00 1.77 13.7 13.7 13 .8 13 .8 2.32 2.30 5.81 5.86 1.7932 1.27 
1.092 0.00 0 .18 14.9 15.0 15.0 15.1 3.13 3.16 6 .08 6.05 1.7434 1.20 
1.181 0.00 0.46 13.7 13 .8 13.9 13.9 3.36 3.37 6.06 6.07 1.6481 1.01 
1.130 0.00 0.97 14.7 14.7 14 .8 14.9 3.31 3.33 6.45 6.47 1.8789 1.39 
1.149 0.00 1.77 14.6 14.7 14.6 14.6 3 .39 3.40 6.46 6.44 1.8284 1.30 
1.092 0.00 0 .18 14.9 14 .8 15.0 15.1 5.85 5.82 7.63 7 .68 1.7874 1.28 
1.111 0.00 0.46 14 .8 14 .8 14.9 15.0 5.77 5.76 7 .68 7.69 1.8277 1.33 
1.130 0.00 0.97 14 .8 14 .8 14.9 14.9 5.71 5.71 7.82 7.81 1.9491 1.50 
1.149 0.00 1.77 14.5 14.6 14.7 14.7 5.82 5.82 7 .74 7.77 1.8391 1.31 
1.092 0.00 0 .18 13 .8 13 .8 13.9 13.9 7.62 7.61 8.24 8.29 1.3333 0.56 
1.111 0.00 0.46 15.0 14.9 14.9 14.9 7.71 7.73 8.89 8.92 2.0194 1.63 
1.130 0.00 0.97 14.1 14.2 14.1 14.1 7.65 7.65 9.10 9.10 2.2634 2.04 
1.149 0.00 1.77 14.7 14.7 14.7 14 .8 7 .78 7.79 8.82 8.82 1.8237 1.29 
0.806 0 .48 0 .18 13.9 14.0 14.0 14.0 1.86 1.90 6.34 6 .34 2.1402 2.49 
0.826 0 .48 0.46 13.7 13.7 13.7 13 .8 1.73 1.73 6.30 6.26 2.1291 2.43 
0.845 0 .48 0.97 14.3 14.3 14.5 14.5 1.58 1.58 5.66 5.65 1.9174 1.90 
0.864 0 .48 1.77 13.7 13 .8 13 .8 13.8 1.80 1.79 5.62 5.67 1.8281 1.71 
0.749 0 .48 0 .18 14 .8 14 .8 14.9 15.0 3.42 3.41 6.60 6.62 1.9398 2 .14 
0.826 0 .48 0.46 13 .8 13 .8 13.9 13.9 3.30 3.31 7.01 7.01 2.1384 2.44 
0.787 0 .48 0.97 14.9 14.9 15.0 15.0 3.30 3.30 6.53 6.53 1.9281 2.01 
0.806 0 .48 1.77 15.0 15.0 15.0 15.0 3 .34 3.34 6.25 6.25 1.7765 1.64 
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Laboratory Weir Box Data, Unreduced 

Temperature, T, (c) DO (mg/l) 
h h' Flow Above T Below T Above DO Below DO 
m m 1/sec 1 2 1 2 1 2 1 2 r ab 

0.749 0 .48 0 .18 14.5 14.6 14 .8 14 .8 5.76 5.75 8.14 8.14 2.2592 2 .88 
0 .768 0 .48 0.46 14.9 15.0 15.1 15.1 5.70 5.71 7.84 7.85 2.0030 2.22 
0.787 0 .48 0.97 14.8 14.9 15.0 15.1 5.80 5.78 7.77 7.79 1.9071 1.97 
0.806 0 .48 1.77 14.7 14.7 14.7 14.6 5.73 5.69 7.73 7.75 1.8508 1.82 
0.749 0 .48 0 .18 15.0 15.1 15.2 15.2 7.57 7.58 8.82 8.80 2.0750 2.43 
0 .768 0 .48 0.46 14.9 14 .9 14 .9 14.9 7.77 7 .78 8.98 8.98 2.1193 2 .48 
0.787 0 .48 0.97 14.6 14.6 14.6 14.6 7.67 7.70 8.89 8.85 1.9714 2.12 
0.806 0 .48 1.77 15.0 14.9 15.0 14.9 7.84 7.79 8.87 8.89 1.9139 1.94 
0.806 0.32 0 .18 13.7 13 .8 13.9 13.9 1.86 1.86 6.22 6.20 2.0761 2.36 
0.826 0.32 0.46 13.9 14.0 14.0 14.1 1.63 1.63 6.22 6.21 2.1420 2.44 
0.845 0.32 0.97 13.8 13 .8 13 .8 13.9 1.66 1.66 5.96 5.94 1.9897 2 .08 
0.864 0.32 1.77 13.4 13 .4 13.5 13.5 1.70 1.72 5.64 5.66 1.8382 1.74 
0.806 0.32 0 .18 13.7 13.7 13.7 13 .8 3.27 3.24 6.91 6 .94 2.0844 2 .38 
0.826 0.32 0.46 13.7 13.7 13.7 13.7 3.19 3.20 6.93 6.94 2.1010 2.37 
0.787 0.32 0.97 14.7 14.7 14 .8 14 .8 3.21 3.22 6.67 6 .68 2.0231 2.23 
0.864 0.32 1.77 13.6 13.6 13.6 13.7 3.19 3 .18 6.41 6.40 1.8205 1.70 
0.749 0.32 0 .18 14.9 15.0 15.1 15.1 5.92 5.92 5.25 8.25 2.3414 3 .04 
0 .768 0.32 0.46 14.8 14 .8 15.0 15.0 5.84 5.84 8.08 8.09 2.1747 2.61 
0.787 0.32 0.97 14 .8 14 .9 14.9 15.0 5.73 5.79 7.90 7.93 2.0221 2.22 
0.806 0.32 1.77 14.8 1 4 . 8 14.9 14.9 5.82 5.84 7.81 7.83 1.8998 1.91 
0.749 0.32 0 .18 14.7 14.7 14.7 14 .8 7.77 7.78 9.11 9.11 2.3734 3.13 
0 .768 0.32 0.46 14.6 14.6 14.6 14.6 7.57 7 .58 9.10 9.10 2.4891 3.33 
0.787 0.32 0.97 14.6 14.7 14 .8 14.8 7.77 7.77 8.98 9.01 2.1613 2.53 
0.806 0.32 1.77 14.6 14.6 14.7 14.7 7.91 7.90 9.05 9.07 2.1307 2.42 
0.806 0.16 0 .18 13.5 13.5 13.6 13.6 1.70 1.67 6.10 6.11 2.0455 2.31 
0.826 0.16 0.46 13.3 13.3 13.3 13.3 1.61 1.64 5.72 5.73 1.8720 1.90 
0.845 0.16 0.97 13.4 13.5 13.5 13.6 1.76 1.76 5.94 5.93 1.9473 2.01 
0.864 0.16 1.77 13.1 13.2 13.2 13.2 1.66 1.67 5.26 5.26 1.6949 1.46 
0.749 0.16 0 .18 13.0 13.1 13.1 13.1 3.17 3.17 6.46 6.46 1.8225 1.97 
0 .768 0.16 0.46 14.2 14.3 14.2 14.3 3 .38 3.36 6.62 6.63 1.9095 2.06 
0.787 0.16 0.97 14 .8 14 .9 14.9 14.9 3.17 3.16 6.65 6 . 6 8 2.0353 2.25 
0 .864 0.16 1.77 12.9 13.0 13.0 13.0 3.16 3.14 6.01 6.02 1.6417 1.35 
0.749 0.16 0 .18 14.7 1 4 . 8 14 .9 14.9 5.56 5.55 8.21 8.20 2.4494 3.30 
0 .768 0.16 0.46 14.6 14.7 14.7 14 .8 5.79 5.79 8.13 8.12 2 .19% 2 .68 
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Laboratory Weir Box Data, Unreduced 

Temperature, T, (C) DO (mg/l) 
h h' Flow Above T Below T Above DO Below DO 
m m 1/sec 1 2 1 2 1 2 1 2 r ab 

0.787 0.16 0.97 14.5 14.6 14.7 14.7 5.67 5.67 8.02 8.02 2.1453 2.51 
0.806 0.16 1.77 14 .8 14.9 14.9 15.0 5.78 5.72 7.79 7 .78 1.1902 1.93 
0.749 0.16 0 .18 15.1 15.2 15.4 15.4 7.80 7.83 8.91 8.91 2.1105 2.50 
0.168 0.16 0.46 14.6 14.7 14.7 14.7 7.85 7.84 9.17 9.16 2.4216 3 .18 
0.787 0.16 0.97 14.4 14.5 14.6 14.6 7.76 7.73 9.12 9.11 2.3914 3.05 
0.806 0.16 1.77 15.3 15.3 15.3 15.4 7 .88 7.84 8.70 8.69 1.6705 1.41 
0.806 0.00 0 .18 13.0 13.1 13.2 13.2 1.78 1.79 4.25 4.25 1.4034 0.90 
0.826 0.00 0.46 13.1 13.2 13.3 13.3 1.76 1.78 4.71 4.70 1.5192 1.13 
0.845 0.00 0.97 13.1 13.1 13.1 13.2 1.71 1.72 4.76 4 .79 1.5401 1.16 
0.864 0.00 1.77 12.9 12.9 13.0 13.0 2.32 2.26 4 .84 4 .85 1.4562 0 . % 
0.806 0.00 0 .18 13.0 13.1 13.1 13.1 3.20 3.21 5.15 5.15 1.3675 0.82 
0.826 0.00 0.46 12 .8 12 .8 12.9 12.9 3.29 3.31 5.52 5.52 1.4486 0.99 
0.787 0.00 0.97 14 .8 14 .8 14.9 15.0 3.39 3.40 5.83 5.82 1.5837 1.27 
0.806 0.00 1.77 15.2 15.2 15.2 15.3 3 .18 3.22 5.99 6.01 1.7065 1.49 
0.749 0.00 0 .18 14 .8 14.9 15.0 15.0 5.71 5.72 6.96 6.97 1.4182 0.95 
0.768 0.00 0.46 14.7 14 .8 14.9 14.9 5.74 5.74 7.23 7.21 1.5336 1.19 
0.787 0.00 0.97 14.6 14.7 14 .8 14 .8 5.74 5.72 7.37 7.37 1.6179 1.35 
0.806 0.00 1.77 14.5 14.6 14.7 14.7 5.88 5.89 7.39 7.41 1.5734 1.23 
0.749 0.00 0 .18 14.7 14.7 14 .8 14 .8 7 .68 7.67 8.34 8.32 1.3874 0 .88 
0.768 0.00 0.46 14.6 14.7 14 .8 14.9 7.75 7.77 8.34 8.35 1.3657 0.82 
0.787 0.00 0.97 14.7 14 .8 14.7 14 .8 7 .78 7.76 8.74 8.76 1.7312 1.59 
0.806 0.00 1.77 15.1 15.1 15.1 15.1 7.77 7.75 8.65 8.70 1.6844 1.45 
0.464 0 .48 0 .18 12.0 12.1 12.1 12.1 1.66 1.67 5.30 5.32 1.6760 2.60 
0.483 0 .48 0.46 12.2 12.2 12.2 12.3 1.76 1.77 5.07 5 .08 1.5925 2 .18 
0.502 0 .48 0.97 12 .8 12.9 13.0 13.0 1.73 1.73 4.92 4.92 1.5783 2.01 
0.521 0 .48 1.77 12.2 12.2 12.3 12.3 1.74 1.77 4 .88 4.90 1.5467 1.81 
0.464 0 .48 0 .18 12.6 12.6 12.7 12.7 3.22 3.20 5.94 5.94 1.5467 1.87 
0.483 0 .48 0.46 12.7 12.7 12 .8 12 .8 3.26 3.29 6.03 6.03 1.6153 2.23 
0.432 0 .48 0.97 14.9 15.0 15.0 15.0 3.03 3.03 5.60 5.60 1.5821 2.21 
0.521 0 .48 1.77 12.5 12.5 12.5 12.6 3.25 3.25 5.63 5.63 1.4805 1.63 
0.394 0 .48 0 .18 15.2 15.2 15.3 15.3 5.53 5.52 7.45 7.40 1.7559 3.10 
0.413 0 .48 0.46 15.0 15.1 15.2 15.1 5.72 5.68 7.45 7.41 1.6816 2.69 
0.432 0 .48 0.97 15.0 15.1 15.1 15.2 5.78 5.76 7 .39 7.35 1.6166 2.33 
0.451 0 .48 1.77 14.9 15.0 15.0 15.1 5.75 5.75 7.26 7.19 1.5351 1.94 
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Laboratory Weir Box Data, Unreduced 

Temperature, T, (C) DO (mg/l) 
h h' Flow Above T Below T Above DO Below DO 
m m 1/sec 1 2 1 2 1 2 1 2 r ab 

0.394 0 .48 0 .18 14 .9 15.0 15.0 15.1 7.66 7 .68 8.91 8.92 2.1437 4.73 
0.413 0 .48 0.46 14.9 15.0 15.0 15.1 7.64 7.67 8.77 8.78 1.9153 3.62 
0.432 0 .48 0.97 14.7 14.6 14.7 14 .8 7.65 7 .65 8.86 8.86 2.0019 3.82 
0.451 0 .48 1.77 1 4 . 8 14.9 14.9 14.9 7 .78 7.75 8.63 8.58 1.5864 2.14 
0.464 0.32 0 .18 12.0 12.0 12.0 12.1 1.76 1.76 5.21 5.22 1.6284 2.42 
0.483 0.32 0.46 12.0 12.0 12.0 12.0 1.75 1.77 5.25 5.26 1.6365 2.36 
0.502 0.32 0.97 11 .9 12.0 12.0 12.1 1.79 1.80 5.15 5.15 1.6054 2.17 
0.521 0.32 1.77 1 1 . 8 11 .8 11 .8 11 .8 1.73 1.75 4.94 4 .94 1.5469 1.90 
0.394 0.32 0 .18 14 .9 15.0 15.1 15.1 3.30 3.31 6.01 6.00 1.6822 2.82 
0.413 0.32 0.46 1 4 . 8 14 .8 14.9 15.0 3.27 3.27 5.90 5.91 1.6445 2.56 
0.432 0.32 0.97 14.7 14 .8 14 .8 14.9 3.26 3 .29 5.87 5 .88 1.6255 2 .38 
0.451 0.32 1.77 15.2 15.3 15.3 15.3 3 .38 3 .39 5.77 5.74 4.5652 2 .04 
0.394 0.32 0 .18 14 .9 15.0 15.0 15.1 5.60 5 .58 7.40 7.41 1.7018 2.90 
0.413 0.32 0.46 15.0 15.1 15.1 15.1 5.77 5 .78 7.49 7 .49 1.6844 2.70 
0.432 0.32 0.97 14 .9 14.9 14.9 15.0 5.70 5.72 7.32 7.31 1.5919 2.25 
0.451 0.32 1.77 15.1 15.2 15.2 15.2 5.90 5.90 7.40 7.42 1.5896 2.13 
0.394 0.32 0 .18 15 .4 15.5 15.6 15.7 7.93 7.93 8.75 8.74 1.7492 3.05 
0.413 0.32 0.46 15.3 15.3 15.3 15.4 7.76 7.80 8.75 8.77 1.8281 3.24 
0.432 0.32 0.97 15.3 15.4 15.4 15.4 7.77 7 .78 8.67 8.68 1.7169 2.69 
0.451 0.32 1.77 15 .5 15.6 15.5 15.6 7.90 7.90 8.68 8.71 1.6528 2.34 
0.464 0.16 0 .18 12.1 12.1 12.2 12.2 1.67 1.70 5.11 5.13 1.6206 2 .38 
0.483 0.16 0.46 12.2 12.2 12.2 12.2 1.71 1.73 5.03 5.03 1.5842 2.16 
0.432 0.16 0.97 15.0 15.1 15.0 15.1 1.67 1.68 4.73 4.73 1.5772 2 .18 
0.521 0.16 1.77 12.0 12.0 12.0 12.0 1.87 1.88 5.01 5.04 1.5506 1.90 
0.394 0.16 0 .18 15.7 15.7 15.7 15.7 3.37 3.40 5.91 5.92 1.6380 2.59 
0.413 0.16 0.46 15.3 15.4 15.4 15.4 3.27 3.31 5.73 5.73 1.5814 2.27 
0.432 0.16 0.97 15 .4 15.4 15.4 15.5 3.15 3 .15 5.64 5.63 1.5805 2.17 
0.521 0.16 1.77 12.2 12.3 12.3 12.3 3.15 3 .15 5.70 5.71 1.5171 1.77 
0.394 0.16 0 .18 15.6 15.6 15.7 15 .8 5.95 5.97 7 .44 7.42 1.6159 2.50 
0.413 0.16 0.46 15 .4 15.5 15.6 15.6 5.87 5.89 7.33 7.30 1.5674 2.21 
0.432 0.16 0.97 15.3 15.4 15.4 15.4 5.88 5.89 7 .38 7 .44 1.6057 2.27 
0.451 0.16 1.77 15 .5 15.6 15.6 15.6 5.96 5.97 7.31 7.30 1.5202 1.86 
0.394 0.16 0 .18 15 .9 16.0 16.2 16.2 7.70 7.70 8.65 8.64 1.8852 3.56 
0.413 0.16 0.46 15.7 15.7 15 .8 15.9 7.77 7.80 8.67 8.66 1.7714 2.99 
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Laboratory Weir Box Data, Unreduced 

Temperature, T, (C) DO (mg/l) 
h h Flow Above T Below T Above DO Below DO 
m m 1/sec 1 2 1 2 1 2 1 2 r ab 

0.432 0.16 0.97 15.9 16.0 16.0 16.1 7.86 7.91 8.83 8.83 1.9913 3.65 
0.451 0.16 1.77 15.9 16.0 16.0 16.1 7.60 7.60 8.59 8.63 1.8632 3.05 
0.464 0.00 0 .18 12.0 12.1 12.1 12.2 1.67 1.70 3 .89 3 .88 1.3261 1.25 
0.483 0.00 0.46 12.1 12.1 12.1 12.2 1.66 1.71 4.37 4 .38 1.4276 1.58 
0.502 0.00 0.97 11.9 11.9 12.0 12.0 1.64 1.64 4.31 4.30 1.4177 1.50 
0.521 0.00 1.77 11.9 12.0 12.0 12.0 1.92 1.91 4.2 4.21 1.3520 1.22 
0.464 0.00 0 .18 11.9 11.9 12.0 12.0 3.40 3.40 4.61 4.60 1.2003 0.77 
0.483 0.00 0.46 12.0 12.0 12.1 12.1 3.23 3 .24 5.65 5.66 1.4827 1.79 
0.432 0.00 0.97 15.3 15.4 15.4 15.4 3.36 3.37 5.23 5.21 1.3949 1.48 
0.521 0.00 1.77 12.1 12.2 12.2 12.2 3.27 3.26 5.16 5.17 1.3458 1.19 
0.394 0.00 0 .18 15.7 15.7 15 .8 15.9 5.83 5.87 6.77 6.70 1.2947 1.19 
0.413 0.00 0.46 15 .8 15.9 15.9 15.9 5.54 5.52 6 .88 6.87 1.4577 1.77 
0.432 0.00 0.97 15.7 15.8 15.9 15.9 5.73 5.69 6.83 6.84 1.3855 1.43 
0.451 0.00 1.77 15.6 15.7 15.7 15 .8 5.74 5.70 6.92 6.89 1.4071 1.45 
0.394 0.00 0 .18 15.6 15.7 15 .8 15.9 7 .68 7.69 8.27 8.27 1.3982 1.61 
0.413 0.00 0.46 15.9 16.0 16.0 16.1 7.85 7.81 8.48 8.46 1.4955 1.91 
0.432 0.00 0.97 15.3 15.3 15.4 15.4 7.65 7 .68 8.37 8.37 1.4614 1.73 
0.451 0.00 1.77 15.6 15.7 15.7 15 .8 7.77 7.71 8.28 8.25 1.3407 1.22 

81 



Appendix C 

U n r e d u c e d Field W e i r Box Data 
G e n e r a t e d D u r i n g 19 Runs 

At Starved Rock For 
Use In D e t e r m i n i n g 

a - V a l u e s 
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Field Weir Box D a t a , U n r e d u c e d 
F l o w R a n g e : 1.47-1.52 1/sec 

Above weir Below weir 
DO Temp Sat DO Temp Sat h h' 

Date mg/l C % mg/l C % m m 

6/13/85 7.03 20.6 - 8.20 20.3 - 1.524 0.495 
6.91 20.6 - 8.20 20.3 -
6.94 20.6 - 7.96 20.3 -
6.78 20.6 - 7.93 20.4 -

6/18,19/85 10.25 21.8 - 9.57 21.5 - 1.556 0.495 
10.65 21.8 - 9.49 21.5 -

6/25/85 10.86 23.8 - 9.62 23.7 - 1.537 0.495 
10.88 23.8 - 9.69 23.7 -

7/2,3/85 10.27 26.4 - 8.90 26.1 - 1.511 0.495 
10.27 26.4 - 8.87 26.2 -
10.31 26.3 - 8.87 26.2 -
10.23 26.4 - 8.87 26.2 -

7/9/85 9.16 26.7 - 8.54 26.6 - 1.518 0.495 
9.16 
9.11 
9.11 

26.7 
-

8.52 
8.65 
8.63 

26.2 
-

7/16,17/85 10.09 28.2 - 8.73 27.8 - 1.537 0.495 
10.14 28.2 - 8.78 27.9 -

7/24/85 11.60 26.9 - 9.58 26.7 _ 1.518 0.495 
11.65 26.9 - 9.66 26.7 -

7/29,30/85 11.34 28.2 - 9.42 27.9 _ 1.499 0.495 
11.40 28.2 - 9.40 27.9 -
11.49 28.1 - 9.51 27.9 -

8/6/85 8.03 25.4 98.0 8.32 25.3 101.5 1.511 0.495 
7.98 25.3 97.3 8.29 25.3 101.1 
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Field Weir Box D a t a , Unreduced 
Flow Range: 1.47-1.52 1/sec 

Above wier B elow weir 
DO Temp Sat DO Temp Sat h h' 

Date mg/l C % mg/l C % m m 

8/13,14/85 8.72 27.3 110.7 8.41 27.0 105.9 1 .511 0. 495 
8.77 27.3 110.8 8.44 27.0 106.0 

8/19/85 8.10 25.7 99.8 8.41 25.5 102.9 1 .518 0. 495 
7.94 25.7 97.8 8.38 25.5 102.7 

8/26,27/85 8.17 24.2 - 8.41 23.9 _ 1 .524 0. 495 
8.12 24.1 - 8.35 23.9 -

9/4/85 7.31 25.8 - 7.48 26.0 - 1 .521 0. 495 
7.51 25.9 - 7.70 26.0 -

9/9,10/85 7.07 27.6 89.7 7.47 27.3 94.4 1 .517 0. 459 
7.02 27.5 89.0 7.37 27.2 93.0 

9/16/85 9.54 20.8 - 9.24 20.6 _ 1 .517 0. 495 
9.49 20.7 - 9.09 20.6 -
9.49 20.7 - 9.09 20.6 -

9/23,24/85 7.26 20.5 80.8 8.03 20.1 88.9 1 .524 0. 622 
7.02 20.4 78.1 8.03 20.2 89.0 

9/30/85 8.03 18.3 - 8.73 18.0 - 1 .530 0 .495 
8.01 18.3 - 8.41 18.0 -

10/14,15/85 9.42 16.6 - 9.06 16.7 - 1 .517 0 .495 
9.41 16.6 - 9.07 16.7 -

10/24/85 9.16 16.9 - 9.43 16.8 - 1 .517 0 .495 
9.14 16.9 - 9.40 16.9 -
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Appendix D 

Dissolved Oxygen and Temperature C o n d i t i o n s 
Observed During The 19 Sampling 

Runs At The Starved Rock 
Dam 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Cels ius 
above and below the Starved Rock Dam 

Above: Pool Elevat ion 458.81 

6/13/85 

Gate No. 4 8 
Gate Opening (ft) 2 2 

Depth (ft) DO Temp DO Temp 

0 7.19 20.5 7.51 20.2 
2 7.15 20.5 7.45 20.2 
4 6.71 20.3 7.30 20.2 
6 6.81 20.2 6.85 19.8 
8 6.68 19.6 

10 6.66 19.6 
12 6.27 19.4 
14 6.25 19.3 
16 6.29 19.3 
18 6.34 19.1 
20 6.32 19.1 

Below: Pool Elevation 442.27 

Time DO Temp 

11:10 8.61 20.3 
11:15 8.61 20.3 
11:20 8.60 20.4 
11:25 8.60 20.4 
11:30 8.60 20.3 
11:35 8.70 20.3 
11:50 8.80 20.2 
11:55 8.75 20.1 
12:00 8.65 20.0 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Cels ius • 
above and below the Starved Rock Dam 

Above: Fool Elevat ion 458.89 

6/18,19/85 

Gate No. 4 6 8 
Gate Opening ( f t ) 2 2 2 

Depth ( f t ) DO Temp DO Temp DO Temp 

0 9.25 21.6 10.39 21.5 10.53 21.5 
2 9.21 21.6 10.37 21.6 10.46 21.6 
4 9.10 21.5 10.29 21.6 10.43 21.6 
6 10.18 21.4 10.40 21.6 
8 10.16 21.5 10.35 21.6 

10 10.15 21.4 9.93 21.5 
12 10.15 21.4 9.86 21.5 
14 10.14 21.4 9.89 21.4 
16 10.14 21.4 9.93 21.4 
18 10.12 21.4 9.97 21.4 
20 10.02 21.3 

Below: Pool Elevat ion 442.67 

Time DO Temp 

00:50 9.88 21.6 
00:55 9.88 21.6 
01:00 9.88 21.6 
01:05 9.88 21.6 
01:10 9.80 21.6 
01:15 9.88 21.6 
01:20 9.88 21.6 
01:25 9.88 21.6 
01:30 9.88 21.6 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Cels ius 
above and below the Starved Rock Dam 

Above: Pool Elevat ion 458.87 

6/25/85 

Gate No. 4 6 8 
Gate Opening (ft) 2 2 2 

Depth (ft) DO Temp DO Temp DO Temp 

0 10.95 23 .8 14.90 24.3 14.60 24.4 
2 10.90 23.7 15.02 24.2 12.96 23 .8 
4 10.40 23.6 14.35 23.9 10.53 23.3 
6 10.14 23.5 14 .08 23.6 9.80 23.2 
8 13.34 23.6 9.70 23.2 

10 10.24 23.3 9.62 23.2 
12 10.18 23.3 9.50 23.1 
14 9.28 23.1 
16 9.26 23.1 
18 9.27 23.2 
20 9.23 23.2 

Below: Pool Elevat ion 442.04 

Time DO Temp 

10:30 10.55 23.7 
10:35 10.34 23.6 
10:40 10.18 23.6 
10:45 10.12 23.6 
10:50 10.13 23.6 
10:55 10.05 23.6 
11;00 10.00 23.6 
11:05 9.96 23.6 
11:10 10.12 23.6 
11:15 10.09 23.7 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Cels ius 
above and below the Starved Rock Dam 

Above: Fool Elevat ion 458.70 

7/02,03/85 

Gate No. 7 9 
Gate Opening ( f t ) 2 2 

Depth ( f t ) DO Temp DO Temp 

0 10.43 26.4 10.31 26.4 
2 10.45 26.4 10.30 26.4 
4 10.42 26.4 10.27 26.4 
6 10.40 26.4 10.26 26.4 
8 10.40 26.4 10.26 26.4 

10 10.40 26.3 10.14 26.3 
12 10.43 26.4 10.12 26.3 
14 10.22 26.4 10.10 26.3 
16 9.84 26.3 10.09 26.3 
18 9.57 26.2 10.10 26.3 
20 9.84 26.3 10.05 26.2 

Below: Pool Elevat ion 441.96 

Time DO Temp 

00:45 9.18 26.3 
00:50 9.18 26.3 
00:55 9.18 26.3 
01:00 9.04 26.3 
01:05 8.98 26.3 
01:10 9.06 26.3 
01:15 8.95 26.2 

91 



Dissolved Oxygen (DO) in mg/l and Temperature (T) in Ce ls ius 
above and below the Starved Rock Dam 

Above: Fool Elevat ion 458.66 

7/09/85 

Gate No. 5 7 9 
Gate Opening (ft) 1 1 1 

Depth (ft) DO Temp DO Temp DO Temp 

0 11.95 27.1 12.66 26.9 14.46 27.2 
2 8.91 26.5 11.20 26.6 12.52 26.9 
4 8.35 26.4 10.58 26.5 8.27 26.3 
6 8.30 26.3 8.32 26.3 7.90 26.3 
8 8.23 26.3 8.00 26.3 7.63 26.2 

10 8.10 26.3 7 .84 26.2 
12 8.12 26.2 7.94 26.2 
14 8.39 26.3 8.20 26.2 
16 8.38 26.3 8.01 26.2 
18 8.72 26.3 7.76 26.2 
20 7.44 26.1 

Below: Fool Eleva t ion 441.57 

Time DO Temp 

10:50 9.23 26.5 
10:55 9.13 26.5 
11:00 9.14 26.5 
11:05 9.13 26.5 
11:10 9.14 26.5 
11:15 9.26 26.5 
11:20 9.20 26.5 
11:25 9.25 26.5 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Cels ius 
above and below the Starved Rock Dam 

Above: Fool Elevat ion 458.80 

7/16,17/85 

Gate No. 3 5 7 9 
Gate Opening (ft) 1 1 1 1 

Depth (ft) DO Temp DO Temp DO Temp DO Temp 

0 9.97 27.8 13.26 28.3 13.01 28.3 12.91 28.2 
2 9.98 27.9 13.74 28.2 13.00 28.3 13.01 28.3 
4 9.97 27.9 12.45 27.7 13.00 28.3 12.98 28.3 
6 9.96 27.9 11.72 27 .8 12.90 28.3 12.90 28.3 
8 12.63 28.1 12.82 28.3 

10 12.31 27.9 12.73 28.1 
12 12.18 27.9 12.30 28.0 
14 11.88 27.9 12.11 27.9 
16 11.47 27.6 11.52 27.9 
18 11.56 27.6 9.64 27.7 
20 11.64 27.6 8.36 27.4 

Below: Pool Elevat ion 442.12 

Time DO Temp 

00:05 10.30 28.1 
00:10 10.20 28.2 
00:15 10.16 28.1 
00:20 10.20 28.1 
00:25 10.20 28.1 
00:30 10.20 28.1 
00:35 10.15 28.1 
00:40 10.16 28.0 
00:45 10.04 28.1 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Celsius 
above and below the Starved Rock Dam 

Above: Fool Elevation 458.96 

7/24/85 

Gate No. 3 5 7 9 
Gate Opening (ft) 1 1 1 1 

Depth (ft) DO Temp DO Temp DO Temp DO Temp 

0 13.31 26.6 15.66 26 .8 16.01 26.9 17.59 27.2 
2 11.80 26.4 15.71 26.7 15.59 26 .8 13.80 26.4 
4 12.65 26.0 15.98 26.7 13.25 26 .4 10.84 26.2 
6 16.51 26.1 11.35 26.3 10.47 26.2 
8 11 .38 26.2 10.89 26.2 

10 11 .88 26.2 10.87 26.2 
12 12.33 26.3 10.70 26.1 
14 12.27 26.2 10.30 26.1 
16 12.41 26.2 10.18 26.1 
18 12.12 26.1 9.76 26.0 
20 11.62 26.1 9.56 26.0 

Below: Pool E leva t ion 440.99 

Time DO Temp 

10:30 10.36 26.3 
10:35 10.20 26 .4 
10:40 10 .18 26 .4 
10:45 10.15 26.4 
10:50 10.12 26.4 
10:55 10.21 26 .4 
11:00 10.12 26 .4 
11:05 10.12 26 .4 
11:10 10.20 26 .5 
11:15 10.08 26 .4 
11:20 10.09 26 .4 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Cels ius 
above and below the Starved Rock Dam 

Above: Fool Elevat ion 458.63 

7/29,30/85 

Gate No. 5 7 9 
Gate Opening ( f t ) 1 1 1 

Depth ( f t ) DO Temp DO Temp DO Temp 

0 14.47 28.2 14.84 28.2 14.60 28.2 
2 14.60 28.2 14.82 28.3 14.68 28.3 
4 14.55 28.2 14.85 28.3 14.62 28.3 
6 13.74 28.0 14.86 28.3 14.59 28.3 
8 14.81 28.3 14.58 28.3 

10 14.76 28.3 14.38 28.3 
12 14.65 28.2 13.80 28.1 
14 14.38 28.1 13.64 27.9 
16 14.34 28.0 13.50 27.8 
18 14.07 27.9 12.95 27.7 
20 13.82 29.9 9.26 27.0 

Below: Pool Elevat ion 441.52 

Time DO Temp 

00:25 10.66 28.1 
00:30 10.55 28.1 
00:35 10.64 28.2 
00:40 10.50 28.1 
00:45 10.45 28.1 
00:50 10.42 28.0 
00:55 10.55 28.1 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Cels ius 
above and below the Starved Rock Dam 

Above: Fool Elevat ion 458.94 

8/06/85 

Gate No. 6 8 10 
Gate Opening ( f t ) 3 3 3 

Depth ( f t ) DO Temp DO Temp DO Temp 

0 9.04 25.6 9.27 25.4 9.40 25 .4 
2 8.75 25.3 8.86 25.3 9.43 25.2 
4 9.02 25.3 8.39 25.2 8.04 25.1 
6 8.70 25.3 8.14 25.1 8.01 25.1 
8 8.54 25.2 8.08 25.1 7.97 25.1 

10 8.53 25.2 7.99 25.1 7.80 25.1 
12 8.67 25.2 7.91 25.1 7.72 25.1 
14 7.83 25.1 7.66 25.1 
16 7.89 25.1 7.77 25.1 
18 7.85 25.1 7.62 25.1 
20 7.73 25.1 7.57 25.1 

Below: Pool Elevat ion 442.57 

Time DO Temp 

10:15 9.19 25.1 
10:20 9.03 25.2 
10:25 9.06 25.2 
10:30 9.06 25.2 
10:35 9.06 25.2 
10:40 9.04 25.2 
10:45 9.04 25.2 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Cels ius 
above and below the Starved Rock Dam 

Above: Pool Elevat ion 458.84 Above: Pool Elevat ion 458.87 

8/13,14/85 8/19/85 

Gate No. 6 6 8 
Gate Opening ( f t ) 3 3 3 

Depth ( f t ) DO Temp DO Temp DO Temp 

0 11.21 27.4 8.65 25.6 8.59 25.2 
2 11.17 27.4 8.90 25.4 8.40 25.2 
4 11.14 27.4 8.78 25.2 8.26 25.2 
6 11.14 27.4 7.84 25.0 7.70 25.1 
8 11.09 27.4 7.39 24.9 7.20 24 .8 

10 10.62 27.3 7.42 24.9 7 .19 24 .8 
12 10.25 27.3 7.40 24.9 7 .18 24 .8 
14 10.08 27.2 7 .18 24.7 
16 9.89 27.2 7.19 24.7 
18 9.67 27.2 7.22 24.7 
20 9.25 27.1 7 .18 24.7 

Below: Pool Elevat ion 441.50 Below: Pool Elevat ion 443.03 

Time DO Temp Time DO Temp 

M e t e r One 

12:30 9.45 27.2 10:35 8.65 25.3 
12:35 8.98 27.2 10:40 8.60 25.3 
12:40 8.90 27.2 10:45 8.59 25.4 
12:45 9.05 27.2 10:50 8.52 25.4 

10:55 8.50 25.3 
11:00 8.53 25.4 
Meter Two 

10:40 9.00 25.3 
10:45 9.00 25.3 
10:50 8.88 25.3 
10:55 8.70 25.3 
11:00 8.77 25.3 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Ce ls ius 
above and below the Starved Rock Dam 

Above: Pool Elevat ion 458.89 

8/26,27/85 

Gate No. 6 
Gate Opening ( f t ) 3 

Depth ( f t ) DO Temp 

0 10.06 24.5 
2 10.09 24.5 
4 10.03 24.5 
6 10 .04 24.5 
8 10.02 24.5 

10 9.89 24.4 
12 9.32 24.3 
14 8.46 24.2 
16 7.92 23.9 
18 6.82 23.3 
20 6.42 23.1 

Below: Pool Elevat ion 441.19 

Time DO Temp 

12:55 9.06 24.0 
1:00 9.00 24.0 
1:05 9.06 24.0 
1:10 9.05 24.0 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Cels ius 
above and below the Starved Rock Dam 

Above: Pool Elevat ion 458.87 

9/04/85 

Gate No. 3 5 7 9 
Gate Opening (ft) 1 1 1 1 
Depth (ft) DO Temp DO Temp DO Temp DO Temp 

0 7.41 25.9 7.84 25.9 7.69 26.0 8.28 25.9 
2 7.16 25.8 7.66 25.9 7.22 25.8 7.38 25.8 
4 9.92 25.8 7.34 25.8 7.02 25.8 7.13 25.8 
6 6.89 25.8 7.13 25.8 6.89 25.7 6.84 25.7 
8 6.88 25.8 6.90 25.8 6.95 25.7 6.79 25.7 

10 6.89 25.8 6.92 25.8 6.99 25.7 6.78 25.7 
12 6.95 25.8 7.04 25.7 6.81 25.7 
14 
16 
18 
20 

Below: Fool Elevation 441.6 8 

Time DO Temp 

10:55 8.22 25.8 
11:00 8.22 25.8 
11:05 8.24 25.8 
11:10 8.20 25.8 
11:15 8.23 25.8 
11:20 8.24 25 .8 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Cels ius 
above and below the Starved Rock Dam 

Above: Pool Eleva t ion 458.80 Above: Pool Eleva t ion 458.83 

9/09,10/85 9/16/85 

Gate No. 6 6 
Gate Opening ( f t ) 4 4 

Depth ( f t ) DO Temp DO Temp 

0 7 .44 27.1 11.33 20 .8 
2 7.41 27.1 11.29 20.7 
4 7.41 27.1 11.34 20.6 
6 7 .39 27.1 11 .68 20.6 
8 7.36 27.1 11.57 20.5 

10 7.37 27.1 11 .68 20.5 
12 7.36 27.1 11.57 20.5 
14 
16 
18 
20 

Below: Pool E leva t ion 442.03 Below: Pool Elevat ion 441.27 

Time DO Temp Time DO Temp 

11:55 7.77 27.4 11:35 9.67 20.5 
12:00 7.65 27.4 11:40 9.60 20.5 
12:05 7.71 27.5 11:45 9.72 20.5 
12:10 7.81 27.4 11:50 9.75 20.5 

11:55 9.75 20.5 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Cels ius 
above and below the Starved Rock Dam 

Above: Pool Elevat ion 458.77 

9/23,24/85 

Gate No. 5 7 9 
Gate Opening (ft) 2 2 2 

Depth (ft) DO Temp DO Temp DO Temp 

0 7.28 20.3 7.36 20.3 7.42 20.3 
2 7.27 20.3 7.36 20.3 7.42 20.3 
4 7.26 20.3 7.36 20.4 7.42 20.3 
6 7.24 20.3 7.33 20.4 7.40 20.3 
8 7.24 20.2 7.31 20.4 7.39 20.3 

10 7.25 20.3 7.30 20.4 7.40 20.3 
12 7.24 20.2 7.31 20.4 7.39 20.3 
14 7.22 20.2 7.29 20.4 7.39 20.3 
16 7.22 20.2 7.30 20.3 7.38 20.3 
18 7.38 20.3 
20 

Below: Pool Elevation 442.94 
Time DO Temp 

11:50 8.74 20.2 
11:55 8.71 20.3 
12:00 8.72 20.3 
12:05 8.71 20.3 
12:10 8.74 20.3 
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Dissolved Oxygen (DO) in mg/l and Temperature (T) in Cels ius 
above and below the Starved Rock Dam 

Above: Fool Elevat ion 441.93 Above: Pool Elevat ion 458.83 

9/30/85 10/14,15/85 

Gate No. 5 6 
Gate Opening ( f t ) 4 4 

Depth ( f t ) DO Temp DO Temp 

0 7.91 18.4 9.07 16 .4 
2 7.84 18.4 8.88 16.5 
4 7.81 18.4 8.80 16.4 
6 7.79 18.4 8.82 16.4 
8 7.72 18.4 8.79 16.4 

10 8.77 16.4 
12 8.85 16.4 
14 8.88 16.4 
16 8.93 16.4 
18 8.92 16 .4 
20 8.90 16.4 

Below: Pool Elevation 458.88 Below: Pool Elevation 441.71 

Time DO Temp Time DO Temp 

10:45 8.96 18.3 12:40 16.4 9.58 
10:50 8.93 18.3 12:45 16.4 9.60 
10:55 8.93 18.3 12:50 16.5 9.65 
11:00 8.97 18.3 

102 



Dissolved Oxygen (DO) in mg/l and Temperature (T) in Celsius 
above and below the Starved Rock Dam 

Above: Pool Elevation 458.76 

10/24/85 

Gate No. 4 6 8 
Gate Opening (ft) 2 2 2 

Depth (ft) DO Temp DO Temp DO Temp 

0 8.94 16.8 9.29 16.9 9.23 16.9 
2 8.87 16.7 9.24 16.8 9.11 16.8 
4 8.83 16.7 9.27 16.8 9.05 16.7 
6 9.15 16.8 9.00 16.7 
8 8.75 16.6 

10 8.67 16.5 
12 
14 
16 
18 
20 

Below: Pool Elevation 444.13 

Time DO Temp 

2:50 10.2 16.8 
2:55 10.2 16.7 
3:00 10.2 16.8 
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A p p e n dix E 

Data Used To D e v e l o p S t e p w i s e R e g r e s s i o n 
E q u a t i o n R e l a t i n g The Dam D e f i c i t R a t i o s 

T o V a r i o u s M e a s u r e d I n - S t r e a m 
P a r a m e t e r s 
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D a t a U s e d t o D e v e l o p S t e p w i s e R e g r e s s i o n E q u a t i o n R e l a t i n g the 
D a m D e f i c i t R a t i o s t o V a r i o u s M e a s u r e d I n - s t r e a m P a r a m e t e r s 

D e f i c i t 
Gate parameters Water 

qual. 
DO 

above 
Algae 
below D e f i c i t Total 

Water 
qual. 

DO 
above 

Algae 
below Secchi 

D a t e r a t i o Open h h' flow factor dam dam COD SS MBAS Temp disk 
C1985) r ft No. f t f t cfs a mg/l #/ml mg/l mg/l mg/l Cel. inches 

6/13 3.658 2 2 16.54 0.27 6276 1.223 6.785 830 23.4 23 0.05 20.0 21 
6/18,19 2.126 2 3 16.22 0.67 9435 1.291 10.059 3654 28.2 32 0.05 21.5 19 
6/25 1.885 2 3 16.83 0.04 9432 1.522 11.284 4326 29.0 31 0.05 23.6 16 
7/02,03 2.264 2 2 16.74 -0.04 6256 1.873 10.200 2058 27.7 28 0.05 26.4 15 
7/09 1.416 1 3 17.27 -0.43 4701 1.606 9.084 3350 29.2 27 0.06 26.4 15 
7/16,17 1.803 1 4 16.68 0.12 6296 1.697 11.931 3402 25.8 29 0.04 28.0 18 
7/24 2.024 1 4 17.98 -0.02 6324 1.518 12.631 6447 31.1 36 0.06 26.4 21 
7/29,30 2.568 1 3 17.11 -0.48 4698 1.483 14.162 5534 26.4 31 0.08 28.2 21 
8/06 2.414 3 3 16.37 0.57 14040 0.377 8.248 4137 24.7 36 0.05 25.2 21 
8/13,14 4.879 3 17.34 -0.50 4666 0.723 10.501 6174 24.1 33 0.07 27.3 19 
8/19 6.716 3 2 15.84 1.03 9340 1.039 7.759 8995 22.6 33 0.07 25.0 18 
8/26,27 2.375 3 17.71 -0.81 4674 0.474 9.006 319 22.2 26 0.04 24.2 19 
9/04 2.853 1 17.19 -0.32 6308 1.169 7.137 143 25.1 23 0.05 25.8 20 
9/09,10 4.780 4 16.77 0.03 6073 1.210 7.398 103 20.2 36 0.05 27.1 19 
9/16 3.622 4 17.56 -0.73 6078 1.396 11.482 204 22.3 30 0.05 20.6 18 
9/23,24 2.889 2 3 15.83 0.94 9405 1.126 7.328 324 21.1 26 0.08 20.3 17 
9/30 4.077 4 16.95 -0.07 6087 1.460 7.814 271 21.0 28 0.08 18.4 16 
10/14.15 8.360 4 17.12 -0.29 6078 1.498 8.874 61 22.7 19 0.08 16.4 17 
10/24 3.876 2 3 14.63 2.13 9342 0.962 9.027 90 21.7 30 0.06 16.7 18 

O p e n = the h e i g h t one g a t e is o p e n in feet 
N o . = total n u m b e r of g a t e s o p e n at a g i v e n h e i g h t 

h = H e a d L o s s ; i.e., the d i f f e r e n c e b e t w e e n the u p s t r e a m and d o w n s t r e a m pool e l e v a t i o n s 
h' = a m i n u s v a l u e i n d i c a t e s a d o w n s t r e a m pool e l e v a t i o n b e l o w the g a t e sill e l e v a t i o n of 4 4 2 . 0 ; 

a p o s i t i v e v a l u e i n d i c a t e s a d o w n s t r e a m pool e l e v a t i o n a b o v e the g a t e sill e l e v a t i o n 



Appendix F 

S t a g e - D i s c h a r g e Rating For One Tainter 
Gate At The Starved Rock Dam 

At An Upstream Pool 
E l e v a t i o n of 458.5 Feet 
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Stage-d ischarge Rating for One Ta in t e r Gate at Starved Rock Dam 
and Upstream Fool Eleva t ion of 458.5 f ee t 

Gate 
Opening 

( f e e t ) Discharge, in c f s , for Downstream Fool Eleva t ions of: 

442.0 .1 .2 .3 .4 .5 .6 .7 .8 .9 443.0 

0.0              0           0           0           0           0           0           0           0           0            0           0 
0.5 781 776 772 767 762 757 753 748 743 738 734 
1.0 1560 1557 1553 1550 1546 1543 1539 1536 1532 1529 1525 
1.5 2340 2340 2340 2340 2340 2340 2340 2340 2340 2340 2340 
2.0 3110 3110 3110 3110 3110 3110 3110 3110 3110 3110 3110 
2 .5 3880 3880 3880 3880 3880 3880 3880 3880 3880 3880 3880 
3 .0 4620 4620 4620 4620 4620 4620 4620 4620 4620 4620 4620 
3 .5 5340 5340 5340 5340 5340 5340 5340 5340 5340 5340 5340 
4.0 6020 6020 6020 6020 6020 6020 6020 6020 6020 6020 6020 

443.0 .1 .2 .3 .4 .5 .6 .7 .8 .9 444.0 

0.0              0           0           0           0           0           0            0           0           0          0            0 
0 .5 734 729 724 719 715 710 705 700 696 691 686 
1.0 1525 1522 1518 1515 1511 1508 1504 1501 1497 1494 1490 
1.5 2340 2340 2340 2340 2340 2340 2340 2340 2340 2340 2340 
2.0 3110 3110 3110 3110 3110 3110 3110 3110 3110 3110 3110 
2 .5 3880 3880 3880 3880 3880 3880 3880 3880 3880 3880 3880 
3 .0 4620 4620 4620 4620 4620 4620 4620 4620 4620 4620 4620 
3 .5 5340 5340 5340 5340 5340 5340 5340 5340 5340 5340 5340 
4.0 6020 6020 6020 6020 6020 6020 6020 6020 6020 6020 6020 

444.0 .1 .2 .3 .4 .5 .6 .7 .8 .9 445.0 

0.0              0           0           0           0            0          0            0           0           0           0           0 
0 .5 686 681 677 672 668 663 658 654 649 645 640 
1.0 1490 1480 1470 1460 1450 1440 1430 1420 1410 1400 1390 
1.5 2340 2325 2309 2294 227 8 2263 2247 2232 2216 2201 2185 
2.0 3110 3096 3081 3067 3052 3038 3023 3009 2994 2980 2965 
2 .5 3880 3868 3855 3843 3830 3818 3805 3793 3780 3768 3755 
3.0 4620 4612 4604 4596 4588 4580 4572 4564 4556 4548 4540 
3 .5 5340 5340 5340 5340 5340 5340 5340 5340 5340 5340 5340 
4.0 6020 6020 6020 6020 6020 6020 6020 6020 6020 6020 6020 
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Stage-d i scharge Rating for One Ta in te r Gate at Starved Rock Dam 
and Upstream Pool Elevat ion of 458.5 f e e t 

Gate 
Opening 

( f e e t ) Discharge, in c f s , for Downstream Pool E leva t ions of: 

445.0 .1 .2 .3 .4 .5 .6 .7 .8 .9 446.0 

0.0             0            0           0           0           0           0           0            0          0            0           0 
0 .5 640 635 631 626 622 617 612 608 603 599 594 
1.0 1390 1380 1370 1360 1350 1340 1330 1320 1310 1300 1290 
1.5 2185 2170 2154 2139 2123 2108 2092 2077 2061 2046 2030 
2.0 2965 2951 2936 2922 2907 2893 2878 2864 2849 2835 2820 
2 .5 3755 3743 3730 3718 3705 3693 3680 3668 3655 3643 3630 
3.0 4540 4532 4524 4516 4508 4500 4492 4484 4476 446 8 4460 
3 .5 5340 5340 5340 5340 5340 5340 5340 5340 5340 5340 5340 
4.0 6020 6020 6020 6020 6020 6020 6020 6020 6020 6020 6020 

446.0 .1 .2 .3 .4 .5 .6 .7 .8 .9 447.0 

0.0              0           0           0           0           0           0           0            0           0          0            0 
0.5 594 590 587 583 579 576 572 568 565 561 558 
1.0 1290 1282 1274 1266 1258 1250 1242 1234 1226 1218 1210 
1.5 2030 2018 2005 1993 1980 1968 1955 1943 1930 1918 1905 
2.0 2820 2803 2785 2768 2750 2733 2713 2698 2680 2663 2645 
2 .5 3630 3608 3585 3563 3540 3518 3495 3473 3450 3428 3405 
3.0 4460 4433 4405 4378 4350 4323 4295 4268 4240 4213 4185 
3 .5 5340 5306 5272 5238 5204 5170 5136 5102 5068 5034 5000 
4.0 6020 5991 5961 5932 5902 5878 5843 5814 5784 5755 5725 

447.0 .1 .2 .3 .4 .5 .6 .7 .8 .9 448.0 

0.0              0           0           0           0           0           0           0           0            0          0           0 
0.5 558 554 550 547 543 539 536 532 528 525 521 
1.0 1210 1202 1194 1196 1178 1170 1162 1154 1146 1138 1130 
1.5 1905 1893 1880 1868 1855 1843 1830 1818 1805 1793 1780 
2.0 2645 2628 2610 2593 2575 2558 2540 2523 2505 2488 2470 
2.5 3405 3383 3360 3338 3315 3293 3270 3248 3225 3203 3180 
3.0 4185 4158 4130 4103 4075 4048 4020 3993 3965 3938 3910 
3 .5 5000 4966 4932 4898 4864 4830 4796 4762 4728 46 94 4660 
4.0 5725 56 96 5666 5637 5607 557 8 5548 5519 5489 5460 5430 
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Stage-discharge Rat ing for One Ta in te r Gate at Starved Rock Dam 
and Upstream Pool Elevat ion of 458.5 f ee t 

Gate 
Opening 

( f e e t ) Discharge , in c f s , for Downstream Pool E leva t ions of: 

448.0 .1 .2 .3 .4 .5 .6 .7 .8 .9 449.0 

0.0             0             0          0           0            0           0          0            0           0           0           0 
0.5 521 518 514 511 508 504 501 498 494 491 488 
1.0 1130 1123 1116 1109 1101 1094 1087 1080 1073 1066 1059 
1.5 1780 1769 1757 1746 1734 1723 1711 1700 1688 1677 1665 
2.0 2470 2454 2438 2422 2406 2390 2374 2358 2342 2326 2310 
2 .5 3180 3160 3139 3119 3098 3078 3057 3037 3016 2996 2975 
3.0 3910 3885 3859 3834 3808 3783 3757 3732 3706 3681 3655 
3 .5 4660 4630 4600 4570 4540 4510 4480 4450 4420 43 90 4360 
4.0 5430 5395 5360 5325 5290 5255 5220 5185 5150 5115 5080 

449.0 .1 .2 .3 .4 .5 .6 .7 .8 .9 450.0 

0.0              0           0           0           0            0          0           0            0           0           0           0 
0.5 488 484 481 477 474 471 467 464 461 457 454 
1.0 1059 1051 1044 1037 1030 1023 1016 1008 1001 994 987 
1.5 1665 1654 1642 1631 1619 1608 1596 1585 1573 1562 1550 
2.0 2310 2294 227 8 2262 2246 2230 2214 2198 2182 2166 2150 
2.5 2975 2955 2934 2914 2893 2873 2852 2832 2811 27 91 2770 
3.0 3655 3630 3604 357 9 3553 3528 3502 3477 3451 3426 3400 
3.5 4360 4330 4300 4270 4240 4210 4180 4150 4120 4090 4060 
4.0 5080 5045 5010 4975 4940 4905 4870 4835 4800 4765 4730 

450.0 .1 .2 .3 .4 .5 .6 .7 .8 .9 451.0 

0.0              0           0           0            0          0            0           0          0            0           0           0 
0.5 454 451 447 444 441 437 434 431 427 424 421 
1.0 987 980 972 965 958 951 943 936 929 921 914 
1.5 1550 1539 1528 1517 1506 1495 1484 1473 1462 1451 1440 
2.0 2150 2134 2118 2102 2086 2070 2054 203 8 2022 2006 1990 
2.5 2770 27 50 2729 2709 26 88 266 8 2647 2627 2606 2586 2565 
3.0 3400 3375 3350 3325 3300 3275 3250 3225 3200 3175 3150 
3.5 4060 4030 4000 3970 3940 3910 3880 3850 3820 3790 3760 
4.0 4730 4695 4660 4625 4590 4555 4520 4485 4450 4415 43 80 
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Appendix G 

Nine Gate M a n a g e m e n t M e t h o d s Developed 
To Show V a r i o u s Potential b-Values 

W h i c h Could Be A c h i e v e d 
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Gate Management Method 1 

Flow Number of Gates U t i l i z e d for a Gate Wtd 
Dur Pool Elev Flow 

cfs 
Gate Se t t i ng ( in f e e t ) of: Flow Avg 

% Dpper Lower 
Flow 

cfs 0 .5 1.0 ' 1.5 2.0 2.5 3.0 3.5 4.0 c f s b 

99.8 459.0 440.6 3698 4 3170 0.228 
99 459.0 440.6 4159 5 3962 0.228 
98 459.1 440.7 4452 5 3962 0.228 
97 459.2 440.7 4642 6 4782 0.228 
96 459.3 440.8 4844 6 4795 0.228 
95 459.3 440.8 4999 6 4795 0.228 
90 459.3 440.8 5470 7 5594 0.228 
85 459.4 440.8 5765 7 5610 0.228 
80 459.3 441.2 6110 8 6394 0.228 
75 459.3 441.3 6350 8 6394 0.228 
70 459.3 441.6 6600 8 6394 0.228 
65 459.3 441.9 6900 9 7192 0.228 
60 459.4 442.0 7202 9 7212 0.228 
55 459.4 442.1 7510 10 7962 0.228 
50 459.4 442.2 7878 10 7921 0.228 
45 459.4 442.3 8357 9 1 8674 0.270 
40 459.4 442.3 8851 9 1 8674 0.270 
35 459.4 442.4 9512 8 2 9428 0.305 
30 459.4 442.4 10293 7 3 10231 0.334 
25 459.4 442.6 11368 5 5 11758 0.381 
20 459.4 444.0 12809 3 7 12814 0.418 
17 459.4 446.0 13777 9 1 13996 0.490 
15 459.3 448.0 14637 5 5 14889 0.597 
14 459.2 448.1 15126 4 6 15414 0.617 
13 459.1 448.2 15711 3 7 15921 0.635 
12 459.0 448.4 16327 2 8 16309 0.654 
11 458.9 448.9 16921 10 16966 0.685 
10 458.7 449.3 17527 8 2 17676 0.744 

9 458.9 449.9 19600 4 6 19469 0.840 
8 458.9 450.5 19208 1 9 19327 0.857 
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Gate Management Method 2 

Flow Number of Gates U t i l i z e d for a Gate Wtd 
Dur Pool Elev Flow Gate Se t t i ng ( i n f e e t ) of: Flow Avg 

% Upper Lower cfs 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4 .0 cfs b 

99.8 459.0 440.6 3698 2 1 3168 0.342 
99 459.0 440.6 4159 1 2 3958 0.410 
98 459.1 440.7 4452 2 2 4764 0.380 
97 459.2 440.7 4642 2 2 4778 0.380 
96 459.3 440.8 4844 2 2 4791 0.380 
95 459.3 440.8 4999 2 2 4791 0.380 
90 459.3 440.8 5470 3 2 5590 0.358 
85 459.4 440.8 5765 3 2 5606 0.358 
80 459.3 441.2 6110 4 2 6389 0.342 
75 459.3 441.3 6350 4 2 6389 0.342 
70 459.3 441.6 6600 4 2 6389 0.342 
65 459.3 441.9 6900 5 2 7189 0.329 
60 459.4 442.0 7202 5 2 7189 0.329 
55 459.4 442.1 7510 3 3 7206 0.380 
50 459.4 442.2 7878 4 3 7949 0.365 
45 459.4 442.3 8357 5 3 8585 0.353 
40 459.4 442.3 8851 5 3 8585 0.353 
35 459.4 442.4 9512 6 3 9329 0.343 
30 459.4 442.4 10293 3 5 10276 0.404 
25 459.4 442.6 11368 3 6 11793 0.411 
20 459.4 444.0 12809 1 8 12935 0.444 
17 459.4 446.0 13777 4 4 13627 0.596 
15 459.3 448.0 14637 3 6 14398 0.630 
14 459.2 448.1 15126 2 7 14927 0.650 
13 459.1 448.2 15711 1 8 15438 0.668 
12 459.0 448.4 16327 1 9 16349 0.671 
11 458.9 448.9 16921 1 7 2 17080 0.735 
10 458.7 449.3 17527 1 6 3 17713 0.760 

9 458.9 449.9 19600 2 8 19542 0.867 
8 458.9 450.5 19208 8 1 19453 0.946 
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Gate Management Method 3 

Flow Number of Gates U t i l i z e d for a Gate Wtd 
Dur Pool Elev Flow 

cfs 
Gate S e t t i n g ( i n f e e t ) of: Flow Avg 

% Upper Lower 
Flow 

cfs 0.5 1.0 1.5 2.0 2 .5 3.0 3.5 4 .0 cfs b 

99.8 459.0 440.6 3698 2 3165 0.456 
99 459.0 440.6 4159 1 1 3957 0.593 
98 459.1 440.7 4452 3 4762 0.456 
97 459.2 440.7 4642 3 4775 0.456 
96 459.3 440.8 4844 3 4789 0.456 
95 459.3 440.8 4999 3 4789 0.456 
90 459.3 440.8 5470 1 3 5588 0.423 
85 459.4 440.8 5765 1 3 5604 0.423 
80 459.3 441.2 6110 4 6385 0.456 
75 459.3 441.3 6350 4 6385 0.456 
70 459.3 441.6 6600 4 6385 0.456 
65 459.3 441.9 6900 3 1 7203 0.532 
60 459.4 442.0 7202 3 1 7203 0.532 
55 459.4 442.1 7510 3 1 7194 0.532 
50 459.4 442.2 7878 5 7988 0.456 
45 459.4 442.3 8357 1 5 8744 0.435 
40 459.4 442.3 8851 1 5 8744 0.435 
35 459.4 442.4 9512 1 4 1 9528 0.495 
30 459.4 442.4 10293 5 1 10333 0.509 
25 459.4 442.6 11368 6 1 11876 0.502 
20 459.4 444.0 12809 7 1 12831 0.498 
17 459.4 446.0 13777 1 2 5 13672 0.620 
15 459.3 448.0 14637 8 14572 0.685 
14 459.2 448.1 15126 7 1 15140 0.723 
13 459.1 448.2 15711 6 2 15688 0.757 
12 459.0 448.4 16327 1 6 2 16555 0.737 
11 458.9 448.9 16921 6 3 17239 0.779 
10 458.7 449.3 17527 5 4 17304 0.805 

9 458.9 449.9 19600 9 19722 0.914 
8 458.9 450.5 19208 1 6 2 19476 0.960 
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Gate Management Method 4 

Flow Number of Gates U t i l i z e d for a Gate Wtd 
Dur Pool Elev Flow 

cfs 
Gate Se t t i ng ( in f e e t ) of: Flow Avg 

% Upper Lower 
Flow 

cfs 0 .5 1.0 1.5 2.0 2.5 3.0 3 .5 4.0 cfs b 

99.8 459.0 440.6 3698 2 1 3959 0.502 
99 459.0 440.6 4159 1 1 3957 0.593 
98 459.1 440.7 4452 2 4762 0.685 
97 459.2 440.7 4642 2 4775 0.685 
96 459.3 440.8 4844 2 4789 0.685 
95 459.3 440.8 4999 2 4789 0.685 
90 459.3 440.8 5470 1 2 5588 0.619 
85 459.4 440.8 5765 2 1 5603 0.554 
80 459.3 441.2 6110 1 2 6385 0.628 
75 459.3 441.3 6350 1 2 6385 0.628 
70 459.3 441.6 6600 1 2 6385 0.628 
65 459.3 441.9 6900 3 7184 0.685 
60 459.4 442.0 7202 3 7203 0.685 
55 459.4 442.1 7510 3 7203 0.685 
50 459.4 442.2 7878 1 3 7995 0.640 
45 459.4 442.3 8357 1 3 8794 0.644 
40 459.4 442.3 8851 1 3 8794 0.644 
35 459.4 442.4 9512 4 9604 0.685 
30 459.4 442.4 10293 1 4 10386 0.651 
25 459.4 442.6 11368 1 4 11183 0.653 
20 459.4 444.0 12809 1 5 12709 0.660 
17 459.4 446.0 13777 1 6 13822 0.663 
15 459.3 448.0 14637 1 6 1 14612 0.706 
14 459.2 448.1 15126 1 5 2 15233 0.743 
13 459.1 448.2 15711 1 4 3 15729 0.777 
12 459.0 448.4 16327 5 3 16120 0.789 
11 458.9 448.9 16921 1 4 4 17278 0.795 
10 458.7 449.3 17527 1 3 5 17342 0.821 

9 458.9 449.9 19600 1 7 1 19730 0.929 
8 458.9 450.5 19208 4 4 19174 1.044 
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Gate Management Method 5 

Flow Number of Gates U t i l i z e d for a Gate Wtd 
Dur Pool Elev Flow 

cfs 
Gate S e t t i n g ( in f e e t ) of: Flow 

cfs 
Avg 

% Upper Lower 
Flow 

cfs 0 .5 1.0 1.5 2.0 2.5 3.0 3 .5 4.0 
Flow 

cfs b 

99.8 459.0 440.6 3698 1 1 3948 0.776 
99 459.0 440.6 4159 1 1 3948 0.776 
98 459.1 440.7 4452 1 1 4752 0.761 
97 459.2 440.7 4642 1 1 4765 0.761 
% 459.3 440.8 4844 1 1 4779 0.761 
95 459.3 440.8 4999 1 1 4779 0.761 
90 459.3 440.8 5470 1 1 5577 0.816 
85 459.4 440.8 5765 1 1 5577 0.816 
80 459.3 441.2 6110 2 6365 0.914 
75 459.3 441.3 6350 2 6365 0.914 
70 459.3 441.6 6600 2 6365 0.914 
65 459.3 441.9 6900 1 1 1 7175 0.736 
60 459.4 442.0 7202 1 2 7184 0.837 
55 459.4 442.1 7510 1 2 7184 0.837 
50 459.4 442.2 7878 1 2 7980 0.822 
45 459.4 442.3 8357 1 2 7980 0.822 
40 459.4 442.3 8851 1 2 8783 0.851 
35 459.4 442.4 9512 3 9574 0.914 
30 459.4 442.4 10293 1 3 10355 0.862 
25 459.4 442.6 11368 1 3 11153 0.849 
20 459.4 444.0 12809 4 12765 0.914 
17 459.4 446.0 13777 1 4 13657 0.879 
15 459.3 448.0 14637 1 5 14459 0.885 
14 459.2 448.1 15126 6 15024 0.914 
13 459.1 448.2 15711 1 6 16020 0.882 
12 459.0 448.4 16327 1 6 16406 0.889 
11 458.9 448.9 16921 7 16472 0.914 
10 458.7 449.3 17527 1 7 17568 0.893 

9 458.9 449.9 19600 9 19722 0.914 
8 458.9 450.5 19208 1 2 1 5 19351 1.015 
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Gate Management Method 6 

Flow Number of Gates U t i l i z e d for a Gate Wtd 
Dur Pool Elev Flow 

cfs 
Gate Se t t i ng ( in f e e t ) of: Flow 

cfs 
Avg 

% Upper Lower 
Flow 

cfs 0 .5 1.0 1.5 2.0 2 .5 3.0 3 .5 4.0 
Flow 

cfs b 

99.8 459.0 440.6 3698 1 3937 1.145 
99 459.0 440.6 4159 1 3937 1.145 
98 459.1 440.7 4452 1 3948 1.145 
97 459.2 440.7 4642 1 1 4756 0.991 
96 459.3 440.8 4844 1 1 4770 0.991 
95 459.3 440.8 4999 1 1 4770 0.991 
90 459.3 440.8 5470 1 1 5567 0.947 
85 459.4 440.8 5765 1 1 5567 0.947 
80 459.3 441.2 6110 1 1 6365 0.972 
75 459.3 441.3 6350 1 1 6365 0.972 
70 459.3 441.6 6600 1 1 6365 0.972 
65 459.3 441.9 6900 1 1 7153 1.042 
60 459.4 442.0 7202 1 1 7172 1.042 
55 459.4 442.1 7510 1 1 7172 1.042 
50 459.4 442.2 7878 1 1 1 7959 0.961 
45 459.4 442.3 8357 1 1 1 8763 0.936 
40 459.4 442.3 8851 1 1 1 8763 0.936 
35 459.4 442.4 9512 1 2 9549 1.031 
30 459.4 442.4 10293 1 2 10364 1.038 
25 459.4 442.6 11368 1 2 11154 1.079 
20 459.4 444.0 12809 1 1 2 12683 1.004 
17 459.4 446.0 13777 1 1 3 13857 1.073 
15 459.3 448.0 14637 1 4 14838 1.089 
14 459.2 448.1 15126 1 1 4 15232 1.089 
13 459.1 448.2 15711 1 1 4 15699 1.043 
12 459.0 448.4 16327 2 4 16092 1.044 
11 458.9 448.9 16921 2 4 16831 1.080 
10 458.7 449.3 17527 1 1 5 17339 1.060 

9 458.9 449.9 19600 1 2 5 19507 1.044 
8 458.9 450.5 19208 1 2 5 19197 1.058 
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Gate Management Method 7 

Flow Number of Gates U t i l i z e d for a Gate Wtd 
Dur Pool Elev Flow 

cfs 
Gate Se t t i ng ( in f e e t ) of: Flow 

c fs 
Avg 

% Upper Lower 
Flow 

cfs 0 .5 1.0 1.5 2 .0 2.5 3.0 3.5 4.0 
Flow 

cfs b 

99.8 459.0 440.6 3698 1 3937 1.145 
99 459.0 440.6 4159 1 3937 1.145 
98 459.1 440.7 4452 1 4701 1.375 
97 459.2 440.7 4642 1 4714 1.375 
% 459.3 440.8 4844 1 4728 1.375 
95 459.3 440.8 4999 1 4728 1.375 
90 459.3 440.8 5470 1 1 5527 1.209 
85 459.4 440.8 5765 1 1 5527 1.209 
80 459.3 441.2 6110 1 1 6324 1.143 
75 459.3 441.3 6350 1 1 6324 1.143 
70 459.3 441.6 6600 1 1 6324 1.143 
65 459.3 441.9 6900 1 1 7122 1.143 
60 459.4 442.0 7202 1 1 7142 1.143 
55 459.4 442.1 7510 1 1 7142 1.143 
50 459.4 442.2 7878 1 1 7932 1.190 
45 459.4 442.3 8357 1 1 7932 1.190 
40 459.4 442.3 8851 1 1 8722 1.270 
35 459.4 442.4 9512 2 9481 1.375 
30 459.4 442.4 10293 1 2 10263 1.288 
25 459.4 442.6 11368 1 2 11060 1.244 
20 459.4 444.0 12809 1 2 12672 1.259 
17 459.4 446.0 13777 1 1 2 13487 1.260 
15 459.3 448.0 14637 2 2 14510 1.272 
14 459.2 448.1 15126 1 2 2 14906 1.235 
13 459.1 448.2 15711 1 2 2 15376 1.212 
12 459.0 448.4 16327 1 2 2 16455 1.219 
11 458.9 448.9 16921 1 3 2 17038 1.219 
10 458.7 449.3 17527 1 3 2 17634 1.196 

9 458.9 449.9 19600 1 3 3 19875 1.230 
8 458.9 450.5 19208 1 3 3 19000 1.230 
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Gate Management Method 8 

Flow Number of Gates U t i l i z e d for a Gate Wtd 
Dur Pool Elev Flow 

cfs 
Gate Se t t ing ( in f e e t ) of: Flow 

cfs 
Avg 

% Upper Lower 
Flow 

cfs 0.5 1.0 1.5 2.0 2.5 3.0 3 .5 4.0 
Flow 

cfs b 

99.8 459.0 440.6 3698 1 3937 1.145 
99 459.0 440.6 4159 1 3937 1.145 
98 459.1 440.7 4452 1 4701 1.375 
97 459.2 440.7 4642 1 4714 1.375 
96 459.3 440.8 4844 1 4728 1.375 
95 459.3 440.8 4999 1 4728 1.375 
90 459.3 440.8 5470 1 5464 1.610 
85 459.4 440.8 5765 1 5479 1.610 
80 459.3 441.2 6110 1 1 6264 1.434 
75 459.3 441.3 6350 1 1 6264 1.434 
70 459.3 441.6 6600 1 1 6264 1.434 
65 459.3 441.9 6900 1 1 7061 1.349 
60 459.4 442.0 7202 1 1 7080 1.349 
55 459.4 442.1 7510 1 1 7080 1.349 
50 459.4 442.2 7878 1 1 7880 1.328 
45 459.4 442.3 8357 1 1 8671 1.354 
40 459.4 442.3 8851 1 1 8671 1.354 
35 459.4 442.4 9512 1 1 9461 1.414 
30 459.4 442.4 10293 1 1 10220 1.501 
25 459.4 442.6 11368 1 2 11731 1.519 
20 459.4 444.0 12809 1 2 12488 1.469 
17 459.4 446.0 13777 1 2 13852 1.465 
15 459.3 448.0 14637 1 3 14839 1.560 
14 459.2 448.1 15126 1 3 15319 1.524 
13 459.1 448.2 15711 1 3 15829 1.506 
12 459.0 448.4 16327 1 3 16260 1.506 
11 458.9 448.9 16921 1 3 17048 1.559 
10 458.7 449.3 17527 1 4 17661 1.572 

9 458.9 449.9 19600 1 1 4 19837 1.512 
8 458.9 450.5 19208 1 4 19136 1.569 
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Gate Management Method 9 

Flow Number of Gates U t i l i z e d for a Gate Wtd 
Dur Pool Elev Flow 

c f s 
Gate S e t t i n g ( in f e e t ) of: Flow 

cfs 
Avg 

% Upper Lower 
Flow 

c f s 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Flow 

cfs b 

99.8 459.0 440.6 3698 1 3937 1.145 
99 459.0 440.6 4159 1 3937 1.145 
98 459.1 440.7 4452 1 4701 1.375 
97 459.2 440.7 4642 1 4714 1.375 
96 459.3 440.8 4844 1 4728 1.375 
95 459.3 440.8 4999 1 4728 1.375 
90 459.3 440.8 5470 1 5464 1.610 
85 459.4 440.8 5765 1 5479 1.610 
80 459.3 441.2 6110 1 6160 1.860 
75 459.3 441.3 6350 1 6160 1.860 
70 459.3 441.6 6600 1 1 6959 1.673 
65 459.3 441.9 6900 1 1 6959 1.673 
60 459.4 442.0 7202 1 1 6979 1.673 
55 459.4 442.1 7510 1 1 7775 1.571 
50 459.4 442.2 7878 1 1 7771 1.571 
45 459.4 442.3 8357 1 1 8578 1.531 
40 459.4 442.3 8851 1 1 8578 1.531 
35 459.4 442.4 9512 1 1 9368 1.538 
30 459.4 442.4 10293 1 1 1 10150 1.437 
25 459.4 442.6 11368 1 1 11656 1.742 
20 459.4 444.0 12809 1 2 13058 1.772 
17 459.4 446.0 13777 1 2 13678 1.724 
15 459.3 448.0 14637 2 2 14756 1.570 
14 459.2 448.1 15126 1 2 2 15149 1.523 
13 459.1 448.2 15711 1 2 15588 1.785 
12 459.0 448.4 16327 1 1 2 16458 1.695 
11 458.9 448.9 16921 1 1 2 17144 1.665 
10 458.7 449.3 17527 1 1 2 17904 1.719 

9 458.9 449.9 19600 1 4 19745 1.822 
8 458.9 450.5 19208 1 4 19395 1.730 
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