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ABSTRACT 

A wate r  q u a l i t y  e v a l u a t i o n  of  r e g i o n a l  wastewater  system 

c e n t r a l i z a t i o n  was under taken  t o  t e s t  t h e  h y p o t h e s i s  t h a t  wa te r  

q u a l i t y  improvement may r e s u l t  From t h e  s p a t i a l  and t empora l  

v a r i a t i o n s  of was te loads  a t t r i b u t e d  t o  d e c e n t r a l i z e d  r e g i o n a l  

sys tems.  The e v a l u a t i o n  employed wa te r  q u a l i t y  models developed 

For bo th  d e t e r m i n i s t i c  and s t o c h a s t i c  a n a l y s e s .  Each a n a l y s i s  

c o n s i d e r e d  a  set of  exper iments  which invo lved  a  d e t e r m i n a t i o n  of 

t h e  wa te r  q u a l i t y  r e s u l t i n g  from a l t e r n a t i v e  d e g r e e s  of r e g i o n a l  

wastewater  c e n t r a l i z a t i o n .  Water q u a l i t y  was measured i n  t e r m s  of 

t h e  minimum d i s s o l v e d  oxygen c o n c e n t r a t i o n s  exper ienced  by 

a l t e r n a t i v e  sys tems.  It was concluded t h a t  d e c e n t r a l i z e d  r e g i o n a l  

wastewater  sys tems may r e s u l t  i n  s i g n i f i c a n t l y  h i g h e r  s t r e a m  water 

q u a l i t i e s  t h a n  t h a t  ach ieved  by h i g h l y  c e n t r a l i z e d  sys tems.  



A WATER QUALITY EVALUATION OF REGIONAL WASTEWATER MANAGEMENT 

The management of urban wastewaters should not only be 

exercised on a metropolitan or regional basis but it should also 

consider all components of the wastewater system: wastewater 

generation, collection, treatment, and disposal. The consideration 

of all wastewater system components in a regional framework offers 

more alternatives in wastewater management and affords a systematic 

evaluation of alternatives. However, the appreciation of the 

regional nature of wastewater management and the identification and 

evaluation of regional wastewater management alternatives is only 

evident in the literature of the last decade. In reviewing this 

literature, it is seen that the regional wastewater management 

alternatives identified include streamflow regulation by on-stream 

storage, degrees and types of wastewater treatment, effluent storage, 

instream aeration, wastewater reuse, and the size, number, and location 

of treatment plants. 

SIZE, NUMBER, AND LOCATION OF REGIONAL PLANTS 

The regional wastewater alternatives given by the size, number 

and location of wastewater treatment plants are addressed by this paper. 

The authors view this area as being particularly important because of 

the current management planning practice of highly centralized regional 

treatment systems. There exists some doubt to the wisdom of this 

practice on the basis of both the economic and the water quality 

implications of system centralization (Adams, et al, 1972). This paper 

confines itself to the water quality implications but the reader is 

referred to a study by Dajani and &nunell (1973) for a consideration of 

the economic implications of wastewater system centralization. 

There are two reasons to suggest the consideration of 

decentralized regional wastewater systems from the point of view of 

water quality. The first is that the facilities of a decentralized 

regional system will be spatiably distributed along the receiving 

waters, resulting in a more uniformly distributed contributory wasteload 



i n  t h e  r e c e i v i n g  w a t e r s ,  i n  comparison t o  t h e  c o n c e n t r a t e d  w a s t e l o a d i n g s  

o f  t h e  h i g h l y  c e n t r a l i z e d  system. Secondly,  i t  is  known t h a t  was tewate r  

t r e a t m e n t  p l a n t  performance i s  v a r i a b l e  (Thomann, 1970;  Adams and 

Gemmell, 1973) .  Thus, d u r i n g  times of poor e f f l u e n t  q u a l i t y ,  t h e  

r e c e i v i n g  w a t e r s  w i l l  be s u b j e c t  t o  g r e a t e r  w a s t e l o a d s  than  i n  t i m e s  

of good e f f l u e n t  q u a l i t y .  T h i s  i s  p a r t i c u l a r l y  e v i d e n t  i n  t h e  c a s e  of  

l a r g e  c e n t r a l i z e d  f a c i l i t i e s  where t h e  v a r i a t i o n s  i n  e f f l u e n t  q u a l i t y  a r e  

a m p l i f i e d  by t h e  l a r g e  f lows  of  t h e  e f f l u e n t  s t r eam.  A d d i t i o n a l l y ,  

t h e  f a c i l i t i e s  of  a  d e c e n t r a l i z e d  system do n o t  produce t h e  same 

e f f l u e n t  q u a l i t i e s  s i m u l t a n e o u s l y ;  t h a t  i s ,  some p l a n t s  may be producing 

h i g h  q u a l i t y  e f f l u e n t s  w h i l e  o t h e r s  a r e  producing lower q u a l i t y  e f f l u e n t s .  

S i n c e  t h e  f l u c t u a t i n g  performances  of  v a r i o u s  f a c i l i t i e s  are n o t  i n  phase ,  

o r  t h a t  t h e  f a c i l i t i e s  o p e r a t e  independen t ly ,  t h e  r e c e i v i n g  w a t e r s  would 

n o t  e x p e r i e n c e  t h e  s h a r p  was te load ing  peaks  t h a t  might r e s u l t  from h i g h l y  

c e n t r a l i z e d  sys tems (Adams and Gemmell, 1973) .  

These o b s e r v a t i o n s  on t h e  wa te r  q u a l i t y  i m p l i c a t i o n s  o f  r e g i o n a l  

wastewater  system c e n t r a l i z a t i o n  demand t h a t  a n  examina t ion  be  made of  t h e  

a l t e r n a t i v e s  p rov ided  by t h e  s i z e ,  number and l o c a t i o n  of t r e a t m e n t  

f a c i l i t i e s .  I n  f a c t ,  t h e s e  a l t e r n a t i v e s  have r e c e i v e d  o n l y  a  l i m i t e d  

amount of a t t e n t i o n .  Most of t h e  r e l a t i v e l y  few s t u d i e s  conducted on t h i s  

a s p e c t  of  r e g i o n a l  wastewater  t r e a t m e n t  have been concerned w i t h  o n l y  t h e  

economics of sys tem components of  a l t e r n a t i v e  p l a n s  i n v o l v i n g  va r ious '  

d e g r e e s  of  wastewater  c e n t r a l i z a t i o n .  A s e r i e s  of  w a s t e  s o u r c e s  i s  

i d e n t i f i e d  and t h e  problem i s  t o  de te rmine  t h e  economical ly  o p t i m a l  s t a t e  

of  a g g r e g a t i o n  of  t h e s e  s o u r c e s .  The c o s t  f u n c t i o n s  c o n s i d e r e d  a r e  t h o s e  

of i n t e r c e p t o r  sewers  and t r e a t m e n t  p l a n t s  b u t  n o t  of  networks .  The 

problem h a s  been so lved  by De in inger  and Su (1971),  Converse (1972).  and 

W a n i e l i s t a  and Bauer (1972) w i t h  a  v a r i e t y  of  o p t i m i z a t i o n  t e c h n i q u e s .  

The wa te r  q u a l i t y  i m p l i c a t i o n s  o f  r e g i o n a l  wastewater  t r e a t m e n t  have been 

s t u d i e d  f o r  s p e c i f i c  c a s e s  by Yao (1972) and M e n d i r a t t a  and Davidson (1972) 

u s i n g  o n l y  d e t e r m i n i s t i c  models.  

The need f o r  i n f o r m a t i o n  on t h e  g e n e r a l i z e d  d e t e r m i n i s t i c  

r e sponse  and t h e  s t o c h a s t i c  r e sponse  of  r e c e i v i n g  w a t e r s  t o  r e g i o n a l i z e d  

wastewater  t r e a t m e n t  sys tems i s  c l e a r .  The remainder of  t h i s  paper  t r e a t s  

t h i s  a r e a  s p e c i f i c a l l y .  The wa te r  q u a l i t y  e v a l u a t i o n  employs w a t e r  



q u a l i t y  models developed For b o t h  d e t e r m i n i s t i c  and s t o c h a s t i c  a n a l y s e s .  

Each a n a l y s i s  c o n s i d e r s  a set of  exper iments  which i n v o l v e s  a d e t e r m i n a t i o n  

of  t h e  wa te r  q u a l i t i e s  r e s u l t i n g  from a l t e r n a t i v e  d e g r e e s  of  was tewate r  

a g g r e g a t i o n .  The exper iments  t r e a t  no t  o n l y  t h e  degree  o f  a g g r e g a t i o n  o r  

e q u i v a l e n t l y  t h e  number of  p l a n t s  i n  t h e  sys tem b u t  a l s o  t h e  s t r e a m  

system l e n g t h  a s  an i n d i c a t o r  OF r e g i o n a l  morphology and t h e  d i l u t i o n  

r a t i o  a s  an  i n d i c a t o r  of  r e l a t i v e  s t r e a m  s i z e .  The w a t e r  q u a l i t y  

assessment  i s  made i n  terms of  t h e  minimum d i s s o l v e d  oxygen (DO) l e v e l  

exper ienced  by t h e  system. 

THE WATER QUALITY MODEL 

The s t r u c t u r a l  e l ements  of  t h e  r e c e i v i n g  w a t e r  q u a l i t y  model 

a r e  s u b j e c t  t o  t h e  wa te r  q u a l i t y  c r i t e r i a  OF concern  t o  t h e  was tewate r  

sys tem p l a n n e r .  The c r i t e r i a  employed i n  any w a t e r  q u a l i t y  sys tem 

s t u d y  a r e  a  Funct ion of  t h e  n a t u r e  o f  t h e  s t u d y  and t h e  c h a r a c t e r i s t i c s  

o f  t h e  s t u d y  r e g i o n ' s  wa te r  u s e s .  However, d i s s o l v e d  oxygen has  long 

been recognized a s  a  prime i n d i c a t o r  OF w a t e r  q u a l i t y  and u s u a l l y  forms 

t h e  b a s i s  of  a wa te r  q u a l i t y  s t u d y .  S i n c e  no  o t h e r  pa ramete r  d e p i c t s  

i n s t r e a m  wate r  q u a l i t y  a s  w e l l  a s  d i s s o l v e d  oxygen, i t s  c o n c e n t r a t i o n  

governs  s t r e a m  eco logy  and many wa te r  u s e s ,  and s i n c e  t h e  s t a n d a r d s  

f o r  o t h e r  p o l l u t a n t s  a r e  o f t e n  met i f  t h e  d i s s o l v e d  oxygen s t a n d a r d  i s  

met, t h e  wa te r  q u a l i t y  model w i l l  be concerned w i t h  t h i s  pa ramete r .  ' 

For t h e  purpose  of  t h e  s t u d y ,  a  two r e a c t i o n  model a s  g iven  by 

t h e  fo l lowing  e q u a t i o n  was adopted:  

i n  which D i s  t h e  oxygen d e f i c i t  a t  t ime t t  D = Do a t  t i m e  t = 0 ,  

L i s  t h e  b iochemica l  oxygen demand (BOD) a t  t ime t ,  L = Lo a t  time 

t = 0, k l  i s  t h e  deoxygenat ion r a t e  c o n s t a n t ,  k2 is t h e  r e a e r a t i o n  

r a t e  c o n s t a n t ,  and e is t h e  base  of  n a t u r a l  logar i thms  ( S t r e e t e r  and 

Phe lps ,  1925).  To app ly  t h i s  model, i t  i s  n e c e s s a r y  t o  s p e c i f y  

temporal  c o n d i t i o n s .  These c o n d i t i o n s  a r e  u s u a l l y  e s t a b l i s h e d  by 

assumpt ions  of  t h e  s t r e a m ' s  h y d r a u l i c  regime. Th i s  model assumes 



t h a t  t h e  f low i s  uniform and s t e a d y  and t h a t  t h e r e  i s  no l o n g i t u d i n a l  

d i s p e r s i o n .  The v a l u e s  of  Do, Lo and To ( s t r eam w a t e r  t empera tu re )  

a r e  d e r i v e d  from massfenergy b a l a n c e s  on t h e  sybtem a s  fo l lows :  

and 

Do = D s T  - Q r D r  + QwDw 
Q r + Q w  ' 

Lo = 
QrLr + QwLw 

Qr + Qw 

QrTr  + QwTw 
To = Qr + Qw 

where D s T  i s  t h e  d i s s o l v e d  oxygen (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  

t empera tu re  T ; Q r ,  D r ,  L r ,  and Tr a r e  t h e  flow, DO c o n c e n t r a t i o n ,  

and BOD c o n c e n t r a t i o n ,  and t empera tu re  of  t h e  s t r e a m  p r i o r  t o  was te  

i n p u t ,  r e s p e c t i v e l y ;  Qw, DW, LW, TW a r e  t h e  f low, DO c o n c e n t r a t i o n ,  

and BOD c o n c e n t r a t i o n ,  and t empera tu re  of  t h e  waste  s t r eam,  

r e s p e c t i v e l y .  

The model a s  g iven by e q u a t i o n  (1) is  c a p a b l e  of  p r e d i c t i n g  

t h e  DO d e f i c i t  a t  any t ime of f low downstream due t o  a  s i n g l e  p o i n t  

d i s c h a r g e ,  This  f o r m u l a t i o n  must be modif ied  t o  accommodate m u l t i p l e  

d i s c h a r g e s .  The s t r e a m  system may be decomposed by l a t e r a l  s e c t i o n s  

i n t o  r e a c h e s  on t h e  b a s i s  of  e i t h e r  s i m i l a r i t y  of  channe l  c h a r a c t e r i s t i c s  

w i t h i n  a  r each  o r  l o c a t i o n  of  p o i n t s  of o u t f a l l  o r  bo th .  The v a r i a b l e s  

i n  t h e  s a g  e q u a t i o n  may then  be  viewed as s u b s c r i p t e d  v a r i a b l e s  w i t h  

s u b s c r i p t s  co r respond ing  t o  r e a c h e s  ( s e e  F i g u r e  1 ) .  S i n c e  i t  i s  assumed 

t h a t  f low and h e a t  t r a n s f e r s  do n o t  occur  w i t h i n  t h e  r e a c h ,  t h e  model 

f o r  m u l t i p l e  o u t f a l l s  may be w r i t t e n  a s :  

where 

Qri-l Lr*i-l + QwiLwi 

 LO^ = Qri-l + Qw. 
1 

Qri-lDr*i-l + QwiDwI 

Do i 
= D s  - 

Ti Qriml 
+ Qwi 



and Toi = T  = Tr? 
i 1 

The a s t e r i s k  s u p e r s c r i p t  (*) deno te  paraoleter  v a l u e s  a t  t h e  end of  
e a c h  r e a c h  and t .  i s  t h e  time of  t r a v e l  i n  r e a c h  i. 

1 

The v a l u e  of  t h e  r e a e r a t i o n  r a t e  c o n s t a n t ,  k2 , i s  a  

f u n c t i o n  of  t h e  h y d r a u l i c  p r o p e r t i e s  of t h e  s t r e a m  which are i n  t u r n  

a  f u n c t i o n  of t h e  s t reamflow.  Thus, i t  is  n e c e s s a r y  t o  d e r i v e  t h e s e  

f u n c t i o n a l  r e l a t i o n s h i p s .  

A n a l y t i c  Inpu t  Func t ions  

The shape of  t h e  channe l  s e c t i o n  is of  importance o n l y  i n  i t s  

e f f e c t  on t h e  s t a g e  d i s c h a r g e  r e l a t i o n s h i p .  For t h e  s a k e  of p r o v i d i n g  

an a n a l y t i c  f u n c t i o n  f o r  s t age -d i scharge ,  a  r e c t a n g u l a r  c h a n n e l  s e c t i o n  

was assumed The s t e a d y - s t a t e  a n a l y s i s  a l lows  t h e  use of  a uniform 

flow, open c h a n n e l  fo rmula t ion .  Such a  f o r m u l a t i o n  i s  t h a t  o f  Harming 

and is g iven  by 
1 .486 AR2/3 SS Q = -  
Mn 

where Q is t h e  f low i n  c f s ,  Mn is t h e  Manning number (a measure o f  

channe l  roughness ) ,  A i s  t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  c h a n n e l  i n  

sq .  f t . ,  R is t h e  h y d r a u l i c  r a d i u s  i n  f e e t ,  and S  is t h e  c h a n n e l  s l o p e .  

Because t h e  channe l  s e c t i o n  i s  i r r e g u l a r ,  t h e  f o l l o w i n g  i s  e v i d e n t :  



and R = XH/ (2+X,! (16) 

where X = B/H (17) 

and H and B  a r e  t h e  d e p t h  o f  f low i n  f e e t  and wid th  o f  t h e  c h a n n e l  i n  

f e e t ,  r e s p e c t i v e l y  S u b s t i t u t i n g  e q u a t i o n s  (15) and (16) i n  

e q u a t i o n  (14) and s o l v i n g  f o r  H y i e l d s  

By t h e  c o n t i n u i t y  e q u a t i o n  

v = Q / A  

where V i s  t h e  mean s t r e a m  v e l o c i t y  i n  f p s .  S u b s t i t u t i n g  e q u a t i o n  (15) 

i n t o  e q u a t i o n  (18) g i v e s  

V = Q/XH 
2  

i n  f p s  

o r  V = 16.4Q/XH 
2  

i n  mpd . 

The f o r m u l a t i o n  exployed f o r  t h e  s t r e a m  r e a e r a t i o n  r a t e  c o n s t a n t ,  

k2 , i s  t h a t  of  O'Connor and Dobbins (1956) f o r  i s o t r o p r c  t u r b u l e n c e  

-4 
where CD i s  t h e  c o e f f i c i e n t  of  molecular  d i f f u s i v i t y  ( = 0 . 8  x  10 s q , f t / h r )  

f o r  axygen t r a n s f e r  through an aqueous f i l m .  

The DO s a t u r a t i o n  v a l u e  is a  f u n c t i o n  of  t empera tu re  a s  g i v e n  

i n  t h e  r e l a t i o n s h i p  
-3 2  Ds = 14.652 - 0.41022T + 7.9910 x  10 T - 7.7774 x  10 

-ST3 
T 

(22) 

i n  which D s  i s  t h e  DO s a t u r a t i o n  l e v e l  i n  mg/ l  a t  t empera tu re  T'C 
T 

(Committee on S a n i t a r y  Eng ineer ing  Research,  1960) 



The deoxygenat ion and r e a e r a t i o n  r a t e  c o n s t a n t s  a r e  a l s o  

f u n c t i o n s  of  t empera tu re  g iven  by t h e  fo l lowing  r e l a t i o n s h i p s :  

f o r  any t empera tu re  T  i n  d e g r e e s  cer  d e .  T h e v a  l u e s  f o r e a n  d  4 
are 1.047 (Gotaas, 1948) and 1.024 (Committee on S a n i t a r y  Eng ineer ing  

Research,  l 9 6 l ) ,  r e s p e c t i v e l y .  

With t h e  p r e c e d i n g  set of  a n a l y t i c  f u n c t i o n s ,  t h e  minimum 

d i s s o l v e d  oxygen l e v e l  (Dr ) i n  e a c h  r e a c h  of  an  n  reach  sys tem 
min 

may be computed. 

The r e g i o n a l  wastewater  management problem of  a s s e s s i n g  t h e  

impact oE t r e a t m e n t  p l a n t  c e n t r a l i z a t i o n  on w a t e r  q u a l i t y  i s  approached 

i n  both  a  d e t e r m i n i s t i c  and a  s t o c h a s t i c  manner. The d e t e r m i n i s t i c  

t r e a t m e n t  i n v o l v e s  a  wa te r  q u a l i t y  model w i t h  c o n s t a n t  pa ramete r  v a l u e s .  

These v a l u e s  a r e  viewed a s  t h e  nominal v a l u e s  of  t h e  system and a r e  

p r e s e n t e d  i n  Table  1. A nominal  s t r e a m  l e n g t h  of 64 miles was s e l e c t e d  

as be ing  r e p r e s e n t a t i v e  of  a  m e t r o p o l i t a n  r e g i o n  w i t h  a  p o p u l a t i o n  

e q u i v a l e n t  of  one m i l l i o n  peop le .  Although t h e  nominal  number of  p l a n t s  

i s  1, subsequent  a n a l y s e s  c o n s i d e r  up t o  32 p l a n t s .  The r e s u l t i n g  

minimum DO of  t h e  nominal  system is 5 . 6  m g l l  o c c u r r i n g  4 4 . 1 4  m i l e s  

downstream of  t h e  wastewater  d i s c h a r g e  and r e q u i r i n g  1 . 0 8  days  t o  be 

reached.  

DETERMINISTIC ANALYSIS 

The wa te r  q u a l i t y  model d e s c r i b e d  p r e v i o u s l y  was employed t o  

examine t h e  e f f e c t s  of  t h e  s i z e ,  number, and l o c a t i o n  of  was tewate r  

t r ea tment  p l a n t  d i s c h a r g e s  on r e c e i v i n g  w a t e r s  of  d i f f e r e n t  s i z e s ;  

t h a t  is, s t r e a m s  p r o v i d i n g  d i f f e r e n t  d i l u t i o n  r a t i o s .  S i x  d i f E e r e n t  

s t r eam system l e n g t h s  were exp lo red :  64, 128, 192,256,320, and 384 miles. 



For each  s t r e a m  system l e n g t h ,  s i x  d i f f e r e n t  p l a n t  sys tems were examined 

(1, 2, 4, 8, 16 and 32 p l a n t s )  i n  a  d e t e r m i n i s t i c  a n a l y s i s .  The conf igu-  

r a t i o n s  of  t h e s e  p l a n t  sys tems a r e  i l l u s t r a t e d  i n  F i g u r e  2 .  It was 

assumed t h a t  t h e  t r e a t m e n t  p l a n t  d i s c h a r g e s  o f  each  sys tem were e q u a l l y  

spaced.  The l e n g t h  of  s t r e a m  between d i s c h a r g e  p o i n t s  d e f i n e d  a  r e a c h ;  

thus ,  t h e  s t r e a m  system l e n g t h ,  s, and t h e  number o f  p l a n t s ,  n ,  s p e c i f y  

t h e  d i s t a n c e  between p l a n t s  (o r  r each  l e n g t h )  a s  s/n and t h e  number of  

r e a c h e s  a s  n . .  A d d i t i o n a l l y ,  an  e x t r a  r each  f o l l o w i n g  t h a t  of  t h e  

l a s t  load  p o i n t  was cons ide red  t o  be of  v a r i a b l e  l e n g t h .  Th i s  p h y s i c a l  

arrangement is fundamental  t o  a l l  exper iments  w i t h  t h e  w a t e r  q u a l i t y  

mode 1. 

For  each  combination o f  s t r e a m  system l e n g t h  and t h e  number of  

p l a n t s  i n  t h e  system, t h e  p r o g r a m e d  wate r  q u a l i t y  model was run f o r  a  

s e r i e s  of  seven  d i l u t i o n  r a t i o s  1 1  211, 411, 1 0 1  2011, 4011 and 

8011).  The d i l u t i o n  r a t i o  is d e f i n e d  as t h e  r a t i o  o f  t h e  i n i t i a l  s t r e a m  

f low and t h e  t o t a l  wastewater  flow g e n e r a t e d  by t h e  r e g i o n .  I n  t h e  

above exper iments ,  i t  was assumed t h a t  t r i b u t a r y  s t r eamf low was due s o l e l y  

t o  wastewater  d i s c h a r g e s .  An a d d i t i o n a l  exper iment  was performed i n  which 

t h e  s t reamflow was i n c r e a s e d  w i t h  l e n g t h  i n  accordance w i t h  a  s p e c i f i e d  

a rea - runof f  f u n c t i o n ,  t h e  r e s u l t s  of  which a r e  p r e s e n t e d  e l sewhere .  

(Adams, 1973).  

S i z e ,  Number and Loca t ion  of  P l a n t s  

The c o n t r o l  o r  base  sys tem f o r  t h i s  wa te r  q u a l i t y  e v a l u a t i o n  

i n v o l v e s  a  s t r e a m  system 64 m i l e s  i n  l e n g t h  w i t h  one c e n t r a l i z e d  r e g i o n a l  

wastewater  t r e a t m e n t  p l a n t  and a  d i l u t i o n  r a t i o  of  211. The wa te r  q u a l i t y  

e f f e c t s  o f  d i s a g g r e g a t i n g  the  r e g i o n ' s  wastewater  through a m u l t i p l e  p o i n t  

d i s c h a r g e  scheme i s  now examined. For each  c a s e  i n  which t h e  model was 

run ,  t h e  numerical  model parameter  v a l u e s  were e q u a l  t o  t h o s e  i n  t h e  

base  sys tem w i t h  t h e  e x c e p t i o n  o f  wastewater  f low which was e q u a l l y  

d i v i d e d  among t h e  p l a n t s  s e r v i n g  t h e  r e g i o n .  Thus, t h e  f low from each  

p l a n t  i n  an n  p l a n t  system was of  t h e  same s t r e n g t h  and was e q u a l  t o  

Qw/n where QPJ i s  t h e  wastewater  f low i n  t h e  s i n g l e  p l a n t  sys tem of  t h e  

c o n t r o l  c o n d i t i o n .  



For each  computer r u n ,  each  reach  i n  t h e  sys tem was sea rched  

f o r  i t s  minimum d i s s o l v e d  oxygen c o n c e n t r a t i o n ,  and t h e  minimum DO (DO ) 
min 

of  a l l  r e a c h e s  was de te rmined ,  These r e s u l t s  a r e  summarized i n  Table  2  

from which i t  i s  e v i d e n t  t h a t  d i s a g g r e g a t i n g  t h e  r e g i o n ' s  wastewater  

from a  s i n g l e  d i s c h a r g e  p o i n t  t o  32 uniformly spaced d i s c h a r g e  p o i n t s  

r e s u l t s  i n  a  0 . 2 9  mg/l  improvement i n  t h e  minimum d i s s o l v e d  oxygen 

c o n c e n t r a t i o n .  Furthermore,  p l a n t  sys tems w i t h  g r e a t e r  than about  

8 p l a n t s  r e s u l t  i n  a  n e g l i g i b l e  wa te r  q u a l i t y  improvement o v e r  t h a t  

number of  p l a n t s .  

C e n t r a l i z a t i o n  and Stream Length 

As t h e  d i s t a n c e  between d i s c h a r g e  p o i n t s  i n c r e a s e s  o r  a s  t h e  

s t r eam system l e n g t h  i n c r e a s e s ,  t h e r e  is a  g r e a t e r  t r a v e l  t i m e  between 

wastewater  d i s c h a r g e  p o i n t s  and a  g r e a t e r  o p p o r t u n i t y  f o r  s e l f - p u r i f i c a t i o n  

of  t h e  wa te r  c o u r s e .  I n  o r d e r  t o  q u a n t i f y  t h e  degree  o f  w a t e r  q u a l i t y  

improvement a t t r i b u t a b l e  t o  i n c r e a s e d  d i s t a n c e  between d i s c h a r g e s ,  t h e  

wa te r  q u a l i t y  model was run f o r  a  series of  s t r e a m  system l e n g t h s ,  e a c h  

f o r  a  s e r i e s  of  numbers of  p l a n t s  i n  t h e  system. The s h o r t e s t  sys tem 

l e n g t h  (64 m i l e s )  i s  viewed a s  be ing  r e p r e s e n t a t i v e  o f  a  m e t r o p o l i t a n  

r e g i o n  w h i l e  t h e  longer  system l e n g t h s  a r e  viewed a s  b e i n g  r e p r e s e n t a t i v e  

of  more r u r a l  r e g i o n s .  For each  combination o f  number o f  p l a n t s  i n . t h e  

sys tem and s t r e a m  system l e n g t h ,  t h e  DO was c a l c u l a t e d  f o r  e a c h  r e a c h  
min 

and t h e  a b s o l u t e  DO f o r  t h e  e n t i r e  sys tem was determined.  A summary 
min 

o f  t h e s e  r e s u l t s  is p r e s e n t e d  i n  Table  3. 

An examina t ion  of  t h e s e  r e s u l t s  i n d i c a t e s  a  d r a m a t i c  wa te r  

q u a l i t y  improvement a s  t h e  d i s t a n c e  between p l a n t s  is i n c r e a s e d .  Th i s  may 

be seen  from F i g u r e  3  i n  terms of t h e  number o f  p l a n t s  i n  t h e  sys tem o r  

e q u i v a l e n t l y  from F i g u r e  4 i n  terms of  t h e  d i s t a n c e  between p l a n t s .  

F i g u r e  3  i n d i c a t e s  tb t  f o r  a  g iven  s t r eam system l e n g t h ,  wa te r  q u a l i t y  

improvement i s  exper ienced  by a d d i t i o n a l  numbers of  p l a n t s  i n  t h e  sys tem.  

However, t h e  w a t e r  q u a l i t y  improvements ach ieved  by sys tems w i t h  g r e a t e r  

than about  8 p l a n t s  a r e  o n l y  m a r g i n a l l y  g r e a t e r  than  t h a t  ach ieved  by an 

8 p l a n t  sys tem Fur thermore ,  a s  t h e  s t r eam system l e n g t h  is i n c r e a s e d ,  



s u b s t a n t i a l  wa te r  q u a l i t y  improvements a r e  e x p e r i e n c e d .  S i m i l a r l y ,  

F igure  4 i n d i c a t e s  t h a t  p l a n t  sys tems w i t h  l a r g e  numbers o f  p l a n t s  

e x p e r i e n c e  g r e a t e r  wa te r  q u a l i t y  improvement from s m a l l  inc rements  

i n  d i s t a n c e  between p l a n t s  than do systems w i t h  s m a l l  numbers of  p l a n t s .  

C e n t r 2 l i z a t i o n  and Stream S i z e  

It is no ted  t h a t  a l t h o u g h  a nominal  d i l u t i o n  r a t i o  o f  211 was 

s t i p u l a t e d ,  t h e  d i l u t i o n  r a t i o  is a  f u n c t i o n  of t h e  r e g i o n ' s  p h y s i c a l  

environment:  t h e  low f low - d r a i n a g e  a r e a  f u n c t i o n ,  l e n g t h  of  s t r e a m  

under c o n s i d e r a t i o n ,  l o c a t i o n  of  t h i s  l e n g t h  o f  s t r eam,  end t h e  b a s i n  

geometry.  With t h i s  i n  mind, i t  would be u s e f u l  t o  deve lop  i n f o r m a t i o n  

concern ing  t h e  e f f e c t  of  t h e  d i l u t i o n  r a t i o  on t h e  wa te r  q u a l i t y  r esponse  

t o  r e g i o n a l  wastewater  sys tem c e n t r a l i z a t i o n .  An exper iment  was performed 

which employed t h e  p r e v i o u s l y  d e s c r i b e d  wa te r  q u a l i t y  model t o  a s s e s s  

t h e s e  e f f e c t s .  The model r u n s  o f  t h e  p r e v i o u s  s e c t i o n  f o r  e a c h  combinat ion 

of  s t r e a m  system l e n g t h  and number of  p l a n t s  i n  t h e  sys tem were r e p e a t e d  

f o r  a  s e r i e s  of d i l u t i o n  r a t i o s :  111, 211, 411, 1011, 2011, 4011 and 8011. 

F igure  5  p r e s e n t s  p l o t s  of  t h e  wa te r  q u a l i t y  improvement due t o  

an  n  p l a n t  system: A DO ( d e f i n e d  a s  t h e  d i f f e r e n c e  between DOmin of  an  
min 

n  p l a n t  sys tem and DO of  a  1 p l a n t  sys tem),  f o r  t h e  number of p l a n t s  i n  
min 

t h e  system. A fami ly  of cu rves  is p r e s e n t e d  f o r  a  v a r i e t y  of  d i l u t i o n  

r a t i o s  f o r  t h e  nominal  64  m i l e  stream system It is e v i d e n t  from F i g u r e  5 

t h a t  t h e  wa te r  q u a l i t y  improvement due t o  t h e  d i s a g g r e g a t i o n  o f  p l a n t s  i s  

g r e a t e s t  a t  s m a l l  d i l u t i o n  r a t i o s  and becomes n e g l i g i b l e  a t  h i g h e r  d i l u t i o n  

r a t i o s .  Again, a  b reakof f  i n  wa te r  q u a l i t y  improvement i s  e v i d e n t  a t  an  

a g g r e g a t i o n  s t a t e  of  about  8 p l a n t s ,  beyond which t h e  improvement over  an  

8  p l a n t  sys tem i s  o n l y  marg ina l .  The wa te r  q u a l i t y  improvements f o r  a  

32 p l a n t  system, A DOmin (32) ;  a t  a  111 d i l u t i o n  r a t i o  a r e  0 . ~ 5  and 2 . 9  mg/l 

f o r  t h e  64 and 384 mi le  sys tems,  r e s p e c t i v e l y .  

F i g u r e  6  p r e s e n t s  a p l o t  of  DOmin and A DOmin v e r s u s  d i l u t i o n  

r a t i o  f o r  t h e  32 p l a n t  system. This  f i g u r e  p r e s e n t s  a  f ami ly  of  c u r v e s  

d e p i c t i n g  v a r i o u s  system l e n g t h s  o r ,  e q u i v a l e n t l y ,  d i s t a n c e  between p l a n t s  

i n  t h e  s y s  t e m .  These p l o t s  s e r v e  t o  r e i n f o r c e  p r e v i o u s  o b s e r v a t i o n s :  



(a )  a s  n  i s  i n c r e a s e d , A  DO . i s  i n c r e a s e d  a t  a  d e c r e a s i n g  r a t e  such 
min 

t h a t  a t  a  d i s a g g r e g a t i o n  s t a t e  o f  8 p l a n t s  t h e  i n c r e a s e  inADO . due 
min 

t o  f u r t h e r  d i s a g g r e g a t i o n  is n e g l i g i b l e ,  (b)  as t h e  d i l u t i o n  r a t i o  i s  

i n c r e a s e d ,  DO r e a c h e s  a  maximum f o r  a  g iven  s t r e a m  l e n g t h  and 
min 

s t e a d i l y  d e c r e a s e s  w i t h  i n c r e a s e d  d i l u t i o n  r a t i o s ,  ( c )  f o r  a  g i v e n  

d i s a g g r e a g a t i o n  s t a t e ,  A DOmin i n c r e a s e s  w i t h  an  i n c r e a s e  i n  d i s t a n c e s  

between p l a n t s  a t  a  d e c r e a s i n g  r a t e ,  and (d) t h e  d i l u t i o n  r a t i o  a t  which 

'Omin i s  maximized d e c r e a s e s  w i t h  an  i n c r e a s e  i n  d i s t a n c e  between p l a n t s .  

STOCHASTIC INPUT MODELS 

The d e t e r m i n i s t i c  a n a l y s i s  examined t h e  wa te r  q u a l i t y  impact 

due t o  t h e  degree  of  wastewater  t r ea tment  c e n t r a l i z a t i o n  assuming t h e  

wastewater  and s t r e a m  wate r  q u a l i t y  and q u a n t i t y  pa ramete r  t o  be c o n s t a n t .  

A t t e n t i o n  is  now d i r e c t e d  t o  t h e  wa te r  q u a l i t y  impact due t o  sys tem 

c e n t r a l i z a t i o n  when t h e s e  pa ramete r s  a c t  i n  a s t o c h a s t i c  manner. Before  

a s s e s s i n g  t h e  e f f e c t s  o f  v a r i a b l e  was te loads  and s t r e a m  c o n d i t i o n s ,  i t  

i s  n e c e s s a r y  t o  develop s t o c h s s t i c  models t o  g e n e r a t e  v a l u e s  f o r  t h e s e  

v a r i a b l e s .  

Models f o r  Wastewater Treatment P l a n t  Pa ramete r s  

Models f o r  wastewater  f low and BOD and DO c o n c e n t r a t i o n s  were 

based on a  s t u d y  o f  was tewate r  t r e a t m e n t  p l a n t  performance (Adams and 

G e m e l l ,  1973). Th i s  s t u d y  was concerned w i t h  t h e  performance of  b o t h  

i n d i v i d u a l  p l a n t s  and r e g i o n a l  groups  of  p l a n t s .  It was concluded t h a t  

t h e  v a r i a n c e  o f  p l a n t  performance was l a r g e ,  t h a t  i n d i v i d u a l  p l a n t  

performance was random on a  s h o r t  term b a s i s  e x c e p t  i n  t h e  c a s e  of  

e f f l u e n t  DO, and t h a t  t h e  v a r i a b i l i t y  of  e f f l u e n t  BOD was weakly c o r r e l a t e d  

from p l a n t  t o  p l a n t  i n  a  r e g i o n a l  group w h i l e  d i s c h a r g e  was s t r o n g l y  

c o r r e l a t e d .  

P l o t s  o f  t h e  c o e f f i c i e n t s o f  v a r i a t i o n  of  e f f l u e n t  BOD a g a i n s t  

p l a n t  s i z e s i n d i c a t e d  a  g e n e r a l  d e c r e a s e  i n  t h e  c o e f f i c i e n t  of  v a r i a t i o n  

(Cv) w i t h  an i n c r e a s e  i n  p l a n t  s i z e .  Th i s  sugges ted  t h e  use  o f  a  



regression equation to predict the coefficient of variation from the 

plant size. The form of the equation is given by the following: 

c = a(&)b 
v (25) 

in which & is the mean plant size in MGD and a and b are constants. 
The equation used was the following: 

C = 0.806 & (-0.0898) 
v 

It is then possible to draw values For effluent BOD by knowing the plant 

size and mean effluent BOD concentration (Lw) from a population 

distributed ~ ( i w ,  Lwcv) 

A similar relationship was established for eEf luent discharge 

as given by the following: 

C = 0.265 (-0.0778) 
v (27) 

This expression may not be used directly since the performance analysis 

indicated a dependence on discharge among regional plants. This cross 

correlation is considered by the Following autoregressive mode 1 for 

discharge 

Mi =bi + ~ ( Q w ~ + ~  - hi) + Eis(l-r 2 ) 4 (28) 

in which Qw is the discharge of plant i, & is the mean flow OF plant i, 
i i 

r is the correlation coefficient between flows Qw. and Qw ( = 0.82 from 
1 i-1 

performance data), d is the standard deviation of flow ( = 6wcv) , and the 

are random error terms drawn from a population distributed N(0,l). i 

A study OF DO concentrations of wastewater treatment plant 

effluents indicated that DO was decidedly nonrandom and varied only 

within a small range. For this reason, a constant effluent DO was 

assumed for all plants in the regions studied. 

A model for wastewater temperature was established following 

the procedure of parametric time series analysis. The resulting model 

is autoregressive OF order 1 and moving average OF order 1 and is given by 



Tw = 11 .8  + 0 .80  Twt-l + 11.9 cos  (0.01721t - 3.9670) 
t 

-9 .5  cos  (0.01721t - 3.9670) + a t  + 0 . 1 2  a t - l  

i n  which Tw i s  t he  wastewater temperature  a t  t i m e  t ( i n  OF) and t he  
t 

a a r e  random e r r o r  terms drawn from a popula t ion  d i s t r i b u t e d  
t 

N(0, 1.069) (Ad-, 1973) . 

Models f o r  Stream Parameters  

A model s i m i l a r  t o  t h a t  f o r  wastewater temperature  was 

employed f o r  s t ream water  temperature  a s  developed by KcMichael and 

Hunter (1972) f o r  Ohio River d a t a .  The model i s  a u t o r e g r e s s i v e  of 

o r d e r  1 and i s  g iven by 

Tr t 
= 5.066 + 0.915 Trtml + 22.4 cos  (0.01721t - 0.5426) 

-20.2 cos  (0.01721t - 0.5426)  + at  (30) 

0 
i n  which Trt  i s  t h e  s t ream water temperature  a t  t i m e  t ( i n  F) and t h e  

a a r e  random e r r o r  terms drawn from a popu l a t i on  d i s t r i b u t e d  N(0, 1 . 4 ) .  
t 

The o b j e c t i v e  of t he  s imu la t i on  experiment i s  t o  determine 

DO v a r i a b i l i t y  a s  a r e s u l t  of i npu t  and system v a r i a b i l i t y .  The 
min 

i n i t i a l  s t reamDO (Dr ) i s  not  d i r e c t l y  v a r i e d  i n  t h i s  experiment 
0 

because i t  i s  e s s e n t i a l l y  t h e  same parameter t h a t  i s  be ing  measured. 

A d i fEe ren t  exper imenta l  t i m e  s c a l e  would warrant  a func t i o n  f o r  D r  
0 

v a r i a b i l i t y  on a phenomenological b a s i s .  Inasmuch a s  D r  i s  a 
0 

percen tage  oE the  s a t u r a t i o n  DO, i t  w i l l  v a ry  i n d i r e c t l y  w i th  Tr . 
0 

The same d i f f i c u l t y  i s  exper ienced i n  a s s i gn ing  a f unc t i on  

f o r  Lr v a r i a b i l i t y .  Since t h e  assumption of an unpol lu ted  water  
0 

upstream of  t he  d i s cha rge  p o i n t ( s )  i s  made, Lr w i l l  v a ry  on ly  w i th in  
0 

a sm a l l  r ange .  Fu r the r ,  i t  has been demonstrated t h a t  v a r i a t i o n s  of 100 

percen t  from the  nominal va lue  caused a d e v i a t i o n  of on ly  10 pe r  cen t  



from the DOmin response. Since this study is not specifically concerned 

with the upstream BOD distribution, the assumption of its form is arbitrary. 

The distribution of Lr is assumed to be NID ( p,~) with p = 3.0 mg/l, 
0 

the nominal value, and U = 1.5 mg/l (C = 0.5) with the distribution 
v 

truncated at 0 and 6 -11, providing a maximum deviation of 100 per cent 

from the nominal value. 

The variation of kl has been studied by Kothandaraman (1968) 

for its randomness and distribution of random variation on the basis of 

83 observations of k from the Ohio River. Randomness was tested by the 1 

Runs Up and Down test and the hypothesis that the observations form a 

random sample was nc,, rejected. The hypothesis that the sample was drawn 

from a normal distribution was tested by the Kolmogorov-Smirnov one-sample 

test and was not rejected at the 95 per cent confidence level The values 

of ' the distribution parameters are p = 0.173 and o = 0.066 with 

C = 0.38. This coefficient of variation is used with the nominal value 
v 
of k as the mean, and values are generated independently from a normal 1 
distribution with these parameter values. 

The variations in the geometry and the stream channel character- 

istics are of interest inasmuch as they vary the reaeration rate constant. 

Rather than arbitrarily assigning stochastic models to these parameters, 

a stochastic model for k based on mean values of these parameters-is 2 
proposed. Kothandaraman (1368) devised a technique for generating 

stochastic values of k based on the mean values of parameters affecting 2 

k2. From a series of regression analyses on reaeration measurements on 

TVA streams a relationship for predicting mean values of k was developed 2 

Recognizing that the residual variance was high (36.8 per cent of the 

estimated k ) a study of the distribution of residual error was undertaken. 
2 ' 

The hypothesis that the residual error was normally distributed (N(0,.368k2)) 

was not rejected by the Kolmogorov-Smirnov one-sample test. Values for k 2 
are generated by estimating k from V and M as described by equation (21) 2 
and adding this normally distributed random error. 



STOCHASTIC AiiALYSIS 

I t  has been demonstra ted  t h a t  t h e  d i s t r i b u t i o n  o f  n o n v a r i a b l e  

wastewater  s o u r c e s  over  t h e  r e c e i v i n g  w a t e r s  has  t h e  e f f e c t  o f  s i g n i f i -  

c a n t l y  improving t h e  r e c e i v i n g  wa te r  q u a l i t y  when t h e  d i s t a n c e  between 

o u t f a l l s  i s  l a r g e  and t h e  d i l u t i o n  r a t i o  i s  s m a l l .  The o b j e c t i v e  a t  

t h i s  p o i n t  i s  t o  examine t h e  wa te r  q u a l i t y  impact o f  v a r i a b l e  was te loads  

under v a r i a b l e  s t r e a m  c o n d i t i o n s .  I n  s i m u l a t i n g  t h e  behaviour  o f  t h e  

sys tem,  i t  must be g i v e n  a  temporal  framework, The sys tem was s i m u l a t e d  

i n  t h e  framework of  t h e  lowest  ave rage  7 consecu t ive -day  f low o c c u r r i n g  

i n  t e n  y e a r s ,  a  c o m o n  flow c o n d i t i o n  employed by wa te r  q u a l i t y  s t a n d a r d s .  

The i n p u t  models d e s c r i b e d  p r e v i o u s l y  were inc luded  i n  t h e  wa te r  q u a l i t y  

s i m u l a t i o n  model and t h e  minimum d i s s o l v e d  oxygen f requency  r e s p o n s e  o f  

t h e  r e c e i v i n g  w a t e r s  was determined a f t e r  each  set of  s i m u l a t i o n  r u n s .  

Experiments were then conducted w i t h  s t r e a m  systems o f  d i f f e r e n t  l e n g t h s  

and d i l u t i o n  r a t i o n s .  These s i m u l a t i o n s  a r e  concerned w i t h  t h e  day- to-  

day v a r i a b i l i y t  o f  t h e  system, and each s i m u l a t i o n  i s  t h a t  o f  a  s t eady-  

s t a t e  system. 

Hypothes is  f o r  Water Q u a l i t y  Improvement 

Before  d i s c u s s i n g  t h e  r e s u l t s  o f  t h e s e  s i m u l a t i o n s ,  an  

e x p l a n a t i o n  i s  p r e s e n t e d  f o r  t h e  h y p o t h e s i s  of  improved low-frequency 

wa te r  q u a l i t y  r esponse  due t o  d i s a g g r e g a t e d  r e g i o n a l  was tewate r  sys tems .  

Consider  t h e  f o l l o w i n g  theorem: 

Le t  X be a  random v a r i a b l e  w i t h  e x p e c t a t i o n  E(X) = u 
and v a r i a n c e  V(X) = 0 

2 

and le t  E be t h e  sample mean o f  a  random sample of  s i z e  n .  

For t h e  purposes  of  t h i s  d i s c u s s i o n ,  c o n s i d e r  a  s i m p l i s t i c  c a s e  where 

on ly  t h e  e f f l u e n t  BOD c o n c e n t r a t i o n  i s  v a r i a b l e .  To e s t a b l i s h  t h e  

v a r i a n c e  o f  t h e  sys tem of  p l a n t s ,  

2 
l e t  (o) = t h e v a r i a n c e  of  t h e  p l a n t ,  and 

l e t  (D*)' = t h e  v a r i a n c e  of  t h e  system. 



From t h e  r e g r e s s i o n  r e l a t i o n s h i p s  d e s c r i b e d  p r e v i o u s l y  

where i i s  t h e  number of p l a n t s  i n  t h e  sys tem and Q i s  t h e  t o t a l  

wastewater  d i s c h a r g e d  by t h e  system For i = 1 and i = n,  e q u a t i o n  

(32) becomes 

and 

I f  U 1  = u n  , then  t h e  d i v i s i o n  of  e q u a t i o n s  (35) and (34) r e  

i n  t h e  s o l u t i o n  

and 

by t h e  above theorem. 

From e q u a t i o n  (26) b  = 0 . 0 9  and i f  n  = 32 

Th is  s imple  example demons t ra tes  t h a t  t h e  v a r i a n c e  oE was te  q u a n t i t i e s  

of  t h e  32 p l a n t  sys tem may be c o n s i d e r a b l y  l e s s  than t h a t  of  a  s i n g l e  

p l a n t  sys tem.  

EfEect  o f  Parameter  V a r i a b i l i t y  

The base  p h y s i c a l  system was employed t o  a s s e s s  t h e  e f f e c t s  o f  

v a r i a b i l i t y  oE t h e  wastewater  i n p u t s  and s t r e a m  c o n d i t i o n s .  Th i s  syseem 

invo lves  a  64 m i l e  s t r e a m  l e n g t h  w i t h  a  2 1 1  d i l u t i o n  r a t i o .  The s t o c h a s t i c  

g e n e r a t o r  f o r  each v a r i a b l e  was i n c o r p o r a t e d  i n  t h e  wa te r  q u a l i t y  s i m u l a t i o n  

model, and 100 s i m u l a t i o n  r u n s  were execu ted  f o r  sys tems w i t h  1 , 2 , 4 , 8 , 1 6  

and 32 p l a n t s .  The r e s u l t s  of  t h e s e  s i m u l a t i o n s  a r e  summarized i n  terms 



o f  t h e  w a t e r  q u a l i t y  f r e q u e n c y  r e s p o n s e  f u n c t i o n s  r e l a t i n g  t h e  p e r  c e n t  

o f  t ime a n y  p a r t i c u l a r  w a t e r  q u a l i t y  l e v e l  i s  v i o l a t e d  

The w a t e r  q u a l i t y  f r e q u e n c y  r e s p o n s e  f u n c t i o n s  d e t e r m i n e d  by 

t h e s e  s i m u l a t i o n s  a r e  d i s p l a y e d  i n  F i g u r e  7  a s  c u m u l a t i v e  f r e q u e n c y  

d i s t r i b u t i o n  f u n c t i o n s  ( c d f ' s )  f o r  t h e  1 and 32  p l a n t  s y s t e m s .  Low- 

f r equency  p l o t s  f o r  t h e  sys t ems  o f  v a r i o u s  p l a n t  numbers a r e  p r e s e n t e d  

i n  F i g u r e  8 .  From F i g u r e s  7  and 8  t h e  g e n e r a l  o b s e r v a t i o n  may be made: 

t h e  lower t h e  f r e q u e n c y  t h e  g r e a t e r  t h e  d i f f e r e n c e  between t h e  minimum 

d i s s o l v e d  oxygen l e v e l s  o f  t h e  s i n g l e  and m u l t i p l e  p l a n t  s y s t e m s .  

At a 1 p e r  c e n t  f r equency  o f  o c c u r r e n c e ,  t h e  s i n g l e  p l a n t  

s y s t e m  i s  a n a e r o b i c  a t  o r  a round  t h e  p o i n t  of  c r i t i c a l  d e f i c i t  w h i l e  

t h e  32 p l a n t  s y s t e m  p r o d u c e s  a minimum DO o f  4 . 6  m g l l .  At t h e  5 .  10, 

and 20 p e r  c e n t  o f  f r e q u e n c i e s ,  t h e  d i f f e r e n c e s  be tween t h e  minimum 

DO l e v e l s  produced by t h e  1 and 32 p l a n t  sys t ems  are 2 .5 ,  1 .7 ,  and 

1.1 mg/ l ,  r e s p e c t i v e l y .  The 2 p l a n t  s y s t e m  s t i l l  r e s u l t s  i n  a n a e r o b i c  

c o n d i t i o n s  a t  a f i n i t e  p r o b a b i l i t y  l e v e l  w h i l e  t h e  4 p l a n t  s y s t e m  i s  

e s s e n t i a l l y  o p e r a t i n g  a t  a DO l e v e l  above  2 . 5  mg/ l  A b r e a k o f f  is 

s e e n  i n  t h e  ne ighborhood o f  an 8  p l a n t  s y s t e m  where a n  i n c r e a s e  i n  

p l a n t  number b r i n g s  o n l y  m a r g i n a l l y  improved low-Frequency r e s p o n s e .  

The Kolmogorov-Smirnov two-sample t e s t  was employed t o  

d e t e r m i n e  t h e  s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e  between t h e  c d f ' s  o f  

s y s t e m  r e s p o n s e  t o  t h e  1 and t h e  n  p l a n t  s y s t e m s .  The d i f f e r e n c e s  ' 

between t h e  d i s t r i b u t i o n  f u n c t i o n s  were  c a l c u l a t e d  and t h e  maximum 

d i f f e r e n c e  was s e l e c t e d .  These s t a t i s t i c s  were  based  on 500 s i m u l a t i o n s  

i n  e a c h  c a s e .  From s t a t i s t i c a l  t a b l e s  ( S i e g e l ,  1956) t h e  c r i t i c a l  v a l u e  

o f  d  i s  g i v e n  by 

dm = 1.36  = 0 . 0 8 6  = 8 6 %  (38) 

a t  = =  0 . 0 5 .  A  compar ison  o f  d  and da  i n d i c a t e s  t h a t  d  
max max 

f o r  t h e  4, 8 ,  16 and 32 p l a n t  s y s t e m s  (Adams, 1973) .  That  i s ,  i n  a l l  

bu t  t h e  2  p l a n t  sys t em,  t h e r e  is a  s i g n i f i c a n t  d i f f e r e n c e  between t h e  1 

and n  p l a n t  c d f ' s  a t  t h e  5  p e r  c e n t  l e v e l .  



Stream Length and t h e  Water Q u a l i t y  Frequency Response 

The q u e s t i o n  of  how i n c r e a s i n g  t h e  d i s t a n c e  between p l a n t s  

a f f e c t s  t h e  water  q u a l i t y  f r equency  response  i s  now a d d r e s s e d .  The 

answer i n v o l v e s  a  d e t e r m i n a t i o n  of t h e  e f f e c t  of v a r i a b i l i t y  on t h e  

system r e s p o n s e  i n  c o n j u n c t i o n  w i t h  t h e  e f f e c t  of s t r e a m  l e n g t h .  

A s e r i e s  of  s i m u l a t i o n s  s i m i l a r  t o  t h o s e  d e s c r i b e d  p r e v i o u s l y  were 

conducted on s t r eam systems of v a r y i n g  l e n g t h .  One hundred s i m u l a t i o n s  

were executed f o r  each  p l a n t  number sys tem ( 1 , 2 , 4 , 8 , 1 6  and 32 p l a n t s )  

of each s t r e a m  system l e n g t h  (64,128,192,256,320 and 384 m i l e s ) .  The 

cumula t ive  d i s t r i b u t i o n  f u n c t i o n s  from t h e s e  s i m u l a t i o n s  a r e  p r e s e n t e d  

i n  F i g u r e  9 f o r  t h e  1 and 32 p l a n t  sys tems.  The l e n g t h  of t h e  system 

d o e s  n o t  a f f e c t  t h e  f requency  r e s p o n s e  of  t h e  s i n g l e  p l a n t  sys tem;  

however, w i t h  more t h a n  one p l a n t  i n  t h e  sys tem,  a  g iven  DO l e v e l  i s  

v i o l a t e d  i n c r e a s i n g  l e s s  f r e q u e n t l y  w i t h  an  i n c r e a s e  i n  d i s t a n c e  

between p l a n t s .  The mean r e s p o n s e s  a l s o  improve i n  accordance  w i t h  

t h e  r e s u l t s  of t h e  d e t e r m i n i s t i c  a n a l y s i s .  

Stream D i l u t i o n  and t h e  Water Q u a l i t y  Frequency Response 

The p r e v i o u s  exper iments  on t h e  64 m i l e  s t r e a m  system w i t h  

a  211 d i l u t i o n  r a t i o  were r e p e a t e d  f o r  a  series of  d i l u t i o n  r a t i o s :  

111, 211, 411, 1 0 / 1 , 2 0 / 1 , 4 0 / 1  and 8011. The d i l u t i o n  r a t i o  i s  

d e f i n e d  a s  t h e  r a t i o  of t h e  s t reamflow b e f o r e  was tewate r  d i s c h a r g e  t o  

t h e  wastewater  f low.  I n  each  c a s e ,  100 s i m u l a t i o n s  were execu ted  

employing t h e  same models f o r  t h e  s t o c h a s t i c  v a r i a b l e s  p r e v i o u s l y  

d e s c r i b e d .  The r e s u l t s  of t h e s e  s i m u l a t i o n s  a r e  r e p o r t e d  i n  t e rms  of 

t h e  wa te r  q u a l i t y  f r equency  response  f u n c t i o n s  (Adams, 1973) .  

From an i n s p e c t i o n  of t h e s e  f u n c t i o n s ,  i t  i s  e v i d e n t  t h a t  t h e  

v a r i a n c e  of t h e  system response  f o r  any number of p l a n t s  d e c r e a s e s  

a s  t h e  d i l u t i o n  r a t i o  i n c r e a s e s  and f o r  any d i l u t i o n  r a t i o  d e c r e a s e s  a s  

t h e  number of p l a n t s  i n c r e a s e s .  Cor respond ing ly ,  t h e r e  i s  a n  i n c r e a s e  

i n  t h e  mean r e s p o n s e  w i t h  an  i n c r e a s e  i n  e i t h e r  d i l u t i o n  r a t i o  o r  p l a n t  

number o r  b o t h ,  i n  accordance w i t h  t h e  r e s u l t s  o f  t h e  d e t e r m i n i s t i c  a n a l y s i s .  

Because t h e  mean r e s p o n s e  i n c r e a s e s  and t h e  v a r i a n c e  o f  t h e  r e s p o n s e  

d e c r e a s e s  w i t h  an  i n c r e a s e  i n  d i l u t i o n  r a t i o ,  t h e  c o e f f i c i e n t  of v a r i a t i o n  

d e c r e a s e s  a t  a n  even g r e a t e r  r a t e .  The d i f f e r e n c e  i n  minimum s t ream DO 

response  between t h e  1 and 32 p l a n t  sys tems a t  a  g i v e n  low f requency  l e v e l  



d e c r e a s e s  s i g n i f i c a n t l y  w i t h  an i n c r e a s e  i n  d i l u t i o n  r a t i o .  For  example,  

ADOmin i s  3.9 mg/ 1 f o r  a  l/ 1 d i l u t i o n  r a t i o  and 0.4 a t  an  801 1 d i l u t i o n  

r a t i o  a t  t h e  5 p e r  c e n t  f requency.  T h i s  c o n c l u s i o n  i s  e v i d e n t  from an 

i n s p e c t i o n  of  F i g u r e  1 0  which p r e s e n t s  p l o t s  o f  A DO . f o r  d i l u t i o n  
mln 

r a t i o s  a t  t h e  1, 5, 10 and 20 p e r  c e n t  f r equency  l e v e l s .  

SUMMARY AND CONCLUSIONS 

The d e t e r m i n i s t i c  a n a l y s i s  r e v e a l e d  t h a t  f o r  a  g i v e n  s t r e a m  

s i z e ,  o r  d i l u t i o n  r a t i o ,  and a g i v e n  s t r e a m  l e n g t h ,  an i n c r e a s e  i n  t h e  

d i s a g g r e g a t i o n  s t a t e  of  wastewater  t r e a t m e n t  p l a n t s  r e s u l t s  i n  an  

improved wa te r  q u a l i t y .  T h i s  wa te r  q u a l i t y  improvement i s  n e g l i g i b l e  

f o r  s h o r t  s t r e a m  systems l e n g t h s  t y p i c a l  of  m e t r o p o l i t a n  r e g i o n s  w h i l e  

i t  i s  c o n s i d e r a b l e  f o r  longer  s t r e a m  system l e n g t h s  i n d i c a t i v e  o f  more 

r u r a l  r e g i o n s .  The magnitude of  t h e  improvement may be g r e a t e r  than a  

2 mg/ l  i n c r e a s e  i n  t h e  minimum s t r e a m  d i s s o l v e d  oxygen l e v e l .  It i s  

no ted  t h a t  t h e  g r e a t e r  p a r t  of t h e  wa te r  q u a l i t y  improvement due t o  

d e c e n t r a l i z a t i o n  i s  ach ieved  by a  d i s a g g r e g a t i o n  state of  approx imate ly  

8 p l a n t s .  F u r t h e r  i n c r e a s e s  i n  d i s a g g r e g a t i o n  s t a t e  r e s u l t  i n  o n l y  

marg ina l  improvements over  an  8  p l a n t  system. 

The wa te r  q u a l i t y  improvement r e s u l t i n g  from a  d e c e n t r a l i z e d  

r e g i o n a l  wastewater  t r e a t m e n t  sys tem i s  a l s o  a f u n c t i o n  of  t h e  d i l u t i o n  

r a t i o .  For a g iven  stream system l e n g t h ,  t h e  w a t e r  q u a l i t y  improvement 

due t o  a  f i x e d  d i s a g g r e g a t i o n  s t a t e  i n c r e a s e s  w i t h  a  d e c r e a s e  i n  t h e  

d i l u t f o n  r a t i o .  Thus, i t  i s  concluded t h a t  d e c e n t r a l i z a t i o n  i s  more 

b e n e f i c i a l  i n  c a s e s  w i t h  r e l a t i v e l y  s m a l l  s t r eamf lows .  Fur thermore ,  

f o r  a g iven  stream system l e n g t h  and a  f i x e d  number of  p l a n t s  i n  t h e  

system, t h e r e  e x i s t s  a d i l u t i o n  r a t i o  a t  which DO i s  maximized. 
min 

Beyond t h i s  d i l u t i o n  r a t i o ,  
DOmin 

s t e a d i l y  d e c r e a s e s  a s  p r e v i o u s l y  

exp la ined .  

Although r e s u l t s  were n o t  p r e s e n t e d ,  t h e  s e n s i t i v i t y  of t h e s e  

exper iments  t o  t h e  n a t u r a l  s t r e a m  c o n d i t i o n  of  augmented f low was a s s e s s e d .  

It i s  concluded t h a t  a l t h o u g h  t h e  v a l u e s  o f  DOmin are g e n e r a l l y  l a r g e r  



fo r  sho r t  stream systems and smaller f o r  longer stream systems, t he re  

e x i s t s  the some genera l  increase i n  water q u a l i t y  with an increase  i n  

disaggregat ion s t a t e .  

The water q u a l i t y  impact of r eg iona l  wastewater c e n t r a l i z a t i o n  

due t o  s t o c h a s t i c  v a r i a b i l i t y  was examined wi th  s t o c h a s t i c  s imulat ion 

models. Experiments were conducted i n  t h e  temporal framework of d a i l y  

s imulat ions of the  c r i t i c a l  low-flow season. Systems with var ious  

degrees of c e n t r a l i z a t i o n  of wastewater treatment f a c i l i t i e s  were 

examined for  d i f f e r e n t  stream lengths and d i l u t i o n  r a t i o s .  

Increas ing  the  s t a t e  of aggregat ion or  equ iva len t ly  increas ing  

t h e  number of wastewater discharge po in t s  r e s u l t e d  i n  minimum DO frequency 

responses with smaller  var iances .  Thus, a t  lower frequency l e v e l s ,  t h e  

mult i -plant  system r e s u l t e d  i n  a  minimum stream DO s i g n i f i c a n t l y  la rger  

than t h a t  of the  s i n g l e  p l an t  system. The mean responses fo r  s h o r t  

system lengths increased only marginally wi th  an inc rease  i n  p l a n t  number, 

i n  accordance with t h e  r e s u l t s  of t h e  de te rmin i s t i c  ana lys i s .  

Water q u a l i t y  s imulat ions were undertaken f o r  systems of var ious  

lengths.  Increasing system length had the  e f f e c t  of not  only increas ing  

the  mean minimum DO response but  a l s o  decreasing the  var iance  of the 

response of mult i -plant  systems. The response of the  s i n g l e  p l an t  system 

i s  not  length dependent, and the  c d f ' s  of minimum DO d i d  not  change-from 

the  above. Thus, sys tem decen t ra l i za t ion  b e n e f i t s  from both the  de ter -  

m i n i s t i c  e f f e c t  of increased mean response wi th  length and the s t o c h a s t i c  

e f f e c t  of decreased var iance  of the  response. 

Repeating t h i s  s imulat ion experiment f o r  stream systems wi th  

var ious  d i l u t i o n  r a t i o s  indica ted  t h a t  the var iance  of the  minimum DO 

response decreased with increased d i l u t i o n  r a t i o s .  Since the mean 

response increased with increased d i l u t i o n  r a t i o s  i n  accordance with the  

r e s u l t s  of the  de te rmin i s t i c  ana lys i s ,  the  c o e f f i c i e n t  of v a r i a t i o n  of 

the  DO response decreased a t  a  r a t e  f a s t e r  than t h a t  a t  which mean response 

increased or  variance of the  response decreased. It is concluded t h a t  

the decent ra l ized  wastewater system s i g n i f i c a n t l y  outperforms the  

cen t r a l i zed  system when the d i l u t i o n  r a t i o  is small ,  A s  the  d i l u t i o n  

r a t i o  increases,  t h i s  d i f f e rence  i n  performance decreases;  conversely, 

t h i s  d i f f e rence  increases  with an increase  i n  system length. 



The r e s u l t s  of t h e s e  s i m u l a t i o n s  i n d i c a t e  t h a t  t h e r e  i s  

v a r i a t i o n  n o t  on ly  i n  t h e  v a l u e  of t h e  c r i t i c a l  oxygen d e f i c i t  bu t  

a l s o  i n  t h e  l o c a t i o n  of t h i s  d e f i c i t .  Thus, a s s o c i a t e d  w i t h  t h e  

p r o b a b i l i t y  d i s t r i b u t i o n  o f  t h e  minimum d i s s o l v e d  oxygen l e v e l  i s  a  

p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  l o c a t i o n  of t h e  c r i t i c a l  DO d e f i c i t .  

A s t u d y  of t h i s  d i s t r i b u t i o n  of t h e  l o c a t i o n  o f  t h e  c r i t i c a l  d e f i c i t  

r e v e a l s  t h a t  t h e r e  i s  a  tendency f o r  t h e  v a r i a n c e  of t h e  d i s t r i b u t i o n  

t o  d e c r e a s e  w i t h  a n  i n c r e a s e  i n  t h e  number of p l a n t s  i n  t h e  system. 

T h i s  o b s e r v a t i o n  was noted f o r  a l l  s t ream system l e n g t h s  and d i l u t i o n  

r a t i o s  t h a t  were exp lored .  Furthermore,  sys tems w i t h  a  f i x e d  number 

of p l a n t s  e x h i b i t e d  d i s t r i b u t i o n s  of c r i t i c a l  DO d e f i c i t  l o c a t i o n  

whose v a r i a n c e s  decreased  wi th  i n c r e a s e d  d i l u t i o n  r a t i o s  (Adams, 1973).  

OTHER FACTORS 

I n  a d d i t i o n  t o  t h e  f a c t o r s  addressed  i n  t h i s  s t u d y ,  a  number 

of o t h e r  f a c t o r s  n o t  s p e c i f i c a l l y  c o n s i d e r e d  would have a  b e a r i n g  on 

t h e  r e s u l t s  of t h i s  s tudy .  It i s  f e l t  t h a t  some conanent on t h e s e  

f a c t o r s  i s  n e c e s s a r y .  

The s t o c h a s t i c  water  q u a l i t y  model developed f o r  t h e  purposes  

of t h i s  s t u d y  was a  s t e a d y  s t a t e  model. Although i n p u t  w a s t e l o a d s  and 

stream c o n d i t i o n s  were a s s i g n e d  day-to-day v a r i a b i l i t y ,  t h e y  were assumed 

t o  be c o n s t a n t  long enough f o r  t h e  system t o  a c h i e v e  a  s t e a d y  s t a t e  

c o n d i t i o n .  I n  r e a l i t y ,  t h e r e  i s  s h o r t  term, hour-to-hour,  v a r i a b i l i t y .  

The e f f e c t  of s h o r t  term v a r i a b i l i t y  on t h e  system i s  of importance 

when l o n g i t u d i n a l  d i s p e r s i o n  i s  cons idered .  L i  (1972) has  shown t h a t  

t h e  e f f e c t  of l o n g i t u d i n a l  d i s p e r s i o n  i s  n e g l i g i b l e  i n  a  s t e a d y  s t a t e  

system whi le  i t  may be c o n s i d e r a b l e  f o r  t h e  c a s e  of s h o r t  t e rm v a r i a -  

b i l i t y  of inpu t  was te loads .  Th is  was demonstra ted a n a l y t i c a l l y  u s i n g  a  

p e r i o d i c  BOD i n p u t  wi thou t  random v a r i a b i l i t y .  Although t h e  knowledge 

of s h o r t  term e f f l u e n t  BOD v a r i a b i l i t y  i s  s c a n t  a t  b e s t  and a  s i m u l a t i o n  

of t h i s  c a s e  i s  o b s t r u c t e d  by t h i s  l a c k  of knowledge, i t  should be  no ted  

t h a t ,  on t h e  b a s i s  of L i ' s  s tudy,  l o n g i t u d i n a l  d i s p e r s i o n  may s i g n i f i -  

c a n t l y  reduce t h e  ampl i tudes  of DO f l u c t u a t i o n s  a long  t h e  s t r e a m  (up t o  

50 p e r  c e n t  of t h e  s t e a d y  s t a t e  v a l u e ) .  It should a l s o  be  noted t h a t  



t h e r e  a r e  l a r g e r  f l u c t u a t i o n s  due t o  s h o r t  term v a r i a b i l i t y  which would 

cause  a  g r e a t e r  v a r i a n c e  of  t h e  sys tem r e s p o n s e  t h a n  t h a t  determined by 

t h e  s t e a d y  s t a t e  a n a l y s i s  of day-to-day v a r i a b i l i t y .  Thus, t h e  c o n s i d e r -  

a t i o n  of s h o r t  term v a r i a b i l i t y  would combine t h e  opposing f o r c e s  of  

dec reased  v a r i a b i l i t y  of  DO r e sponse  due t o  d i s p e r s i o n  and i n c r e a s e d  

v a r i a b i l i t y  of DO r e sponse  due t o  t h e  i n c r e a s e d  v a r i a b i l i t y  of i n p u t s  on 

a  s h o r t  term b a s i s .  

Depending on t h e  n a t u r e  of  t h e  wa te rcourse ,  t h e  a c t i o n  of  

p h o t o s y n t h e t i c  organisms may have an i n s i g n i f i c a n t  e f f e c t  on t h e  DO 

response  o r  i t  may dominate t h e  DO r esponse .  Disso lved  oxygen is added 

and d e p l e t e d  by p h o t o s y n t h e s i s  i n  a d i u r n a l  c y c l e  w i t h  t h e  oxygen added 

u s u a l l y  more than  t h a t  d e p l e t e d ,  A d a i l y  s i m u l a t i o n  would c o n s i d e r  t h i s  

n e t  p o s i t i v e  oxygen a d d i t i o n  f o r  a p p l i c a t i o n s  i n  which p h o t o s y n t h e s i s  i s  

s i g n i f i c a n t .  An hour ly  s i m u l a t i o n  of  d i s s o l v e d  oxygen would c o n s i d e r  t h e  

d i u r n a l  f l u c t u a t i o n  of d i s s o l v e d  oxygen. I n  t h e  former c a s e ,  t h e  c o n c l u s i o n s  

of  t h i s  s t u d y  would be e s s e n t i a l l y  u n a l t e r e d ,  and i n  t h e  la t te r  c a s e ,  t h e  

c o n c l u s i o n s  r e g a r d i n g  water q u a l i t y  improvement by d e c e n t r a l i z e d  sys tems 

would be a m p l i f i e d .  

The e f f e c t  of  t h e  second o r  n i t r o g e n o u s  s t a g e  of  t h e  b iochemica l  

oxygen demand may be s i g n i f i c a n t .  T y p i c a l l y ,  t h e  n i t r o g e n o u s  BOD i s  n o t  

a c t i v e l y  e x e r t e d  u n t i l  t h e  4 t h  t o  8 t h  day a f t e r  d i s c h a r g e  from a  t r e a t m e n t  

p l a n t .  T h i s  t i m e  lag i s  u s u a l l y  a t t r i b u t e d  t o  t h e  development of  a n  

a c c l i m a t i z e d  n i t r i f y i n g  b a c t e r i a l  p o p u l a t i o n .  The e x e r t i o n  o f  n i t r o g e n o u s  

BOD h a s  been d e s c r i b e d  as a f i r s t  o r d e r  r e a c t i o n  i n c o r p o r a t i n g  a  l a g  by 

Thomas (1940) and a s  a  second o r d e r  r e a c t i o n  which i n h e r e n t l y  i n c o r p o r a t e s  

a  l a g  by ReVelle, et  a1 (1965). From s t u d i e s  on t h e  Grand River  by 

Courchaine (1963), t h e  l a g  p e r i o d  of  n i t r o g e n o u s  BOD e x e r t i o n  was found 

t o  be  i n  t h e  o r d e r  of 4 days.  I n  t h e  32 p l a n t  64 m i l e  stream system, 

t h e  d i s c h a r g e  from t h e  f i r s t  p l a n t  has  mixed w i t h  t h e  d i s c h a r g e  from 

t h e  l a s t  p l a n t  w i t h i n  2 days .  Thus, t h e  e f f e c t  of  n i t r o g e n o u s  BOD on t h e  

n  p l a n t  sys tem would be exper ienced  w e l l  downstream of  t h e  l a s t  p l a n t  i n  

t h e  sys tem.  Th i s  e f f e c t  would be  analogous  t o  t h a t  of  t h e  carbonaceous  

demand b u t  d i s p l a c e d  i n  s p a c e  and t i m e .  The ass ignment  of  v a l u e s  t o  



parameters i n  the  nitrogenous BOD formulation i s  made with l e s s  

experience and confidence than with carbonaceous BOD formulat ions.  

Data on treatment p l an t  e f f l u e n t  nitrogenous BOD v a r i a b i l i t y  i s  

likewise more scant  than t h a t  f o r  carbonaceous BOD. These f a c t o r s  

make a model f o r  nitrogenous BOD e f f e c t s  l e s s  r e l i a b l e  than the 

model employed i n  t h i s  study. Since the re  is  s i m i l i t u d e  i n  t h e  

impact of carbonaceous and nitrogenous BOD exe r t ion  on t h e  stream 

and s ince  the  nitrogenous e f f e c t s  a r e  l e s s  w e l l  defined, ni t rogenous 

BOD e x e r t i o n  was not  incorporated i n t o  the  water q u a l i t y  model 

employed i n  t h i s  study although i t s  p o t e n t i a l  importance i s  noted. 

The deoxygenation and r e a e r a t i o n  c o e f f i c i e n t s  were assumed 

t o  be independent of t h e  BOD concentrat ion.  It has been demonstrated 

t h a t  these  c o e f f i c i e n t s  a r e  i n  f a c t  not  independent of p o l l u t i o n  

concentrat ion.  The c o e f f i c i e n t  of deoxygenation usual ly  increases  

wi th  increased concent ra t ion  while  t h e  c o e f f i c i e n t  of r e a e r a t i o n  

decreases with concentrat ion;  however, l i t t l e  i s  known about the  

func t iona l  r e l a t i o n s h i p s  involved (Tsivoglou and Wallace, 1972). 

Generally, i t  may be s t a t e d  t h a t  the  n e t  e f f e c t  of these  changes i n  

r a t e  c o e f f i c i e n t s  r e s u l t s  i n  a  more d e t e r i o r a t e d  water q u a l i t y  than 

t h a t  determined by holding these c o e f f i c i e n t s  cons tant .  This 

observat ion would magnify the  water q u a l i t y  improvement a t t r i b u t e d  

t o  decent ra l ized  wastewater systems by t h i s  s tudy.  

The c h a r a c t e r i s t i c s  of t h e  phys ica l  system simulated were 

assumed t o  be a s  simple a s  poss ib l e  t o  enable conclusions t o  be s t a t e d  

as  genera l ly  as  possible .  Stream c h a r a c t e r i s t i c s  w i l l  vary from 

app l i ca t ion  t o  app l i ca t ion  and w i l l  become more and more complex. Such 

a complexity i s  t h a t  of a  branched stream system. This case is c i t e d  

as  an example of how the genera l  r e s u l t s  repor ted  above might be used 

t o  shed l i g h t  on a more complex system. 

A branched stream system would provide a  g r e a t e r  opportuni ty 

f o r  system a l t e r n a t i v e s .  Two branches meeting a t  a  con•’ h e n c e  would 

allow the system designer  t o  take advantage of the a s s imi l a t ive  

c a p a c i t i e s  of both branches. In e f f e c t ,  the  branches could be viewed 

a s  p a r a l l e l  systems up t o  the  poin t  of confluence. Downstream from 



t h i s  point ,  the outputs  of the branches a re  simply added t o  form an 

input  t o  the  mainstream. The e f f e c t  of a  mult i -plant  loading on 

each of the  branches would be propor t ional  t o  the  r e l a t i v e  s i z e s  of 

the branches and discharge loads while the  e f f e c t  of the  mainstream 

would be dependent on these  f a c t o r s  p lus  the  d i s t ance  from the  

discharge po in t s  t o  the po in t  of confluence. This reasoning could 

be extended t o  higher order streams. 

F ina l ly ,  i t  should be s t a t e d  t h a t  t h i s  s tudy was not  

d i r ec t ed  s p e c i f i c a l l y  t o  a  gene ra l  purpose model appl icable  t o  an 

eva lua t ion  of wastewater c e n t r a l i z a t i o n  fo r  a l l  r eg iona l  app l i ca t ions  

although the  models developed i n  t h i s  sbudy may be modified t o  

accomplish such on end. Rather, the  i n t e n t i o n  was t o  s tudy the 

behaviour of water q u a l i t y  systems r e l a t i v e  t o  the  p r a c t i c e  of 

r eg iona l  wastewater c e n t r a l i z a t i o n  i n  order  t o  con t r ibu te  information 

f o r  an eva lua t ion  of t h a t  p r a c t i c e .  It i s  through such an eva lua t ion  

t h a t  an understanding of man's environment may be developed t o  allow 

a  r a t i o n a l  approach t o  i t s  management, 
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NOTATION 

a,b,%$ 

a 
t 

a 

A 

8 

BOD 

cdf 

C~ 
C 
v 
d 

D 

DO 

Do 

Dr 

Dw 

D 
S T 

DOmin 

ADO . mln 

e 

E (X) 

E 

H 

i 

kl 

k2 

K1 

K2 

L 

Lo 

LE 

Lw 

constants 

random error term 

significance leve 1 

cross sectional area of channel 

average width of channel 

biochemical oxygen demand (mg/l) 

cumulative distribution function 
-4 coefficient of molecular diffusivity ( = 0.8 x 10 sq.ft/hr) 

coefficient of variation 

Kolmogorov-Smirnov one-sample statistic 

oxygen deficit (mg/l) 

dissolved oxygen (mg/ 1) 

initial DO in stream 

DO instream 

DO in wastewater 

DO saturation at temperature T 

minimum stream DO 

DO . (n plant system) - W (1 plant system) 
mln min 

base of natural logarithms 

expectation of random variable X 

standard normal deviate 

average stream depth (feet) 

subscript denoting reach (or plant) number 

deoxygenation rate constant (base e) 

reaeration rate constant (base e) 

- deoxygenation rate constant (base 10) 
- reaeration rate constant (base 10) 

- BOD 

- initial BOD in stream 

- BOD in stream 

- BOD in wastewater 



Lw - 
Mn - 
u - 

n - 
NID - 

Q - 

Tr - 
Tw - 
v - 
V(X) - 
X - 
c f s  - 
fps  - 
hr  - 
mgll - 
mpd - 
MGD - 
sq . f t . -  

mean of Lw 

channel roughness c o e f f i c i e n t  

mean 

number of p l an t s  i n  system 

normal independently d i s t r i b u t e d  

flow (c f s )  

i n i t i a l  streamflow 

streamflow 

treatment p l an t  flow 

mean of  Qw 

c o r r e l a t i o n  c o e f f i c i e n t  

hydraul ic  r ad ius  of channel ( f e e t )  

s tandard devia t ion  

channel s lope,  stream length (miles) 

standard devia t ion  

temperature 

i n i t i a l  stream temperature 

stream temperature 

wastewater temperature 

average stream v e l o c i t y  

var iance  of random va r i ab le  X 

stream width t o  depth r a t i o  (= B/H), random v a r i a b l e  

cubic f e e t  per  second 

f e e t  per second 

b u r  

milligrams per  l i t r e  

miles  per day 

mi l l i on  ga l lons  per day 

square f e e t  
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TABLE 1 

Nominal Values of Parameters 

Parameter Nomina 1 Value 

Manning number (Mn) 

Channel s lope (S) 

Width/depth r a t i o  (X) 

Streamf low (Qro) 

Stream BOD (Lro) 

Stream DO (Dro) 

Stream temperature (Tro) 

Deoxygenation c o e f f i c i e n t  (K1) 

Wastewater flow (Qw) 

Wastewater BOD (Lw) 

Wastewater DO (Dw) 

Wastewater temperature (Tw) 

0.060 

0.001 f t / f t  

5 

527 c f s  

3 mgf 1 

90% of s a t u r a t i o n  

1 6 . 8 ~ ~  

0.20 (base 10, 20'~) 

263 c f s  

30 mg/l 

4 mg/ 1 

21.5 '~ 

Reaeration c o e f f i c i e n t  (K2) 

Minimum stream DO (DOmin) 

DO s a t u r a t i o n  l e v e l  (DsT) 

0.40 (base 10, 20'~) 

5.57 mg/l 



TABLE 2 

Effec t  of Size, Number, and Location of  P l a n t s  on Water Q u a l i t y  

Reach DO 
1 

Length 
min 

Number of C r i t i c a l  
ADomin 

P l a n t s  (miles) Reach (%I 1)  (me/ 1)  

1 - 
ADOmin - DOmin (n P l a n t )  - DOmin ( 1  P l a n t )  



TABLE 3 

E f f e c t  of  System Length and Number of  P l a n t s  on Water Q u a l i t y  

System 
Length 64 128 192 256 320 384 
(mi les )  

Number 
of  1 D I S T ~  DIST DO . DIST DOmin DIST DO , DIST DO 

Donin Donin mln mln min DIST 
P l a n t s  

ID - - 
Omin minimum stream d i s s o l v e d  oxygen c o n c e n t r a t i o n  (mgll)  

2~~~~ - - d i s t a n c e  between p l a n t s  ( m i l e s ) ,  
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