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ABSTRACT 

Biological a c t i v i t y  i n  shallow streams is dominated by biof ilms which 
a r e  attached t o  the ~ u r f a c e e  of the streambed. Although biofilm kinet ic  
models a re  well developed and a r e  euccessf  u l l y  a p p l i e d  t o  b i o l o g i c a l  
treatment procese, they cannot be applied d i rec t ly  t o  predict water qual i ty  
i n  shallow streams, because the area and mass-transport aspects of streambed 
biofilms a r e  complicated and not defined. Theref ore,  the main purpose of 
t h i s  s t u d y  was t o  develop area and mass-transport functions fo r  cobble-and 
gravel-lined streambeds. An a r t i f i c i a l  stream was used t o  grow biofilms and 
conduct k ine t ic  experiments on the biofilm u t i l i z a t i o n  of an ea s i l y  degraded 
sugar. Media s i z e  ( i . e . ,  cobble or gravel)  and flow velocity were varied 
over a wide range of values typical  t o  shallow streams. Water velocity had 
short-term and long-term ef fec t s  on the r a t e  of contaminant removal. The 
short-term ef fec t s  were re la ted  t o  increased mass-transport k inet ics  fo r  
higher flow ve loc i t i e s ,  while the long-term effect?  a l so  included increased 
surface  colonization by biofilm. The cobble streambed was more s ens i t i ve  t o  
short-term change? i n  water velocity than wa? the gravel bed, and i t  gave 
f a s t e r  removal k i n e t i c s .  Equations t o  p r e d i c t  t h e  mass t r a n s f e r  
coeff i c ien te  were appropriate fo r  more than one biof i l m  communi t y ,  as long 
as the  same medium s i z e  was used. The simulations from the  water quali ty 
model? c o ~ t a i n i n g  the biof i l m  reaction term were markedly d i f fe ren t  from the 
simulations from t rad i t iona l  water-quality models t ha t  use only suspended- 
organism kinet ics .  
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INTRODUCTION 

Advantage o f  Be ing  A t t a c h e d  i n  S t r e a m s  

The r e l a t i v e  impor t ance  o f  s t r eambed  b i o f i l m s  compared t o  suppended 

mic roorgan i sms  i n  removing c o n t a m i n a n t s  from a s h a l l o w  s t r e a m ' s  water column 

is  l a r g e l y  a f u n c t i o n  o f  b iomass .  For u n p o l l u t e d  s t r e a m a  l e e s  t h e n  1 .5  

m e t e r s  deep ,  Wuhrmann ( 1 9 7 2 )  e s t i m a t e d  t h a t  90  t o  9 9 . 9  p e r c e n t  of t h e  

h e t e r o t r o p h i c  b i o m a ~ s  b e n e a t h  a s q u a r e  me te r  of  wa te r  s u r f a c e  area i s  

a t t a c h e d  t o  t h e  s t r e a m b e d .  T h i s  predominance  of  a t t a c h e d  biomass i n  s h a l l o w  

s t r e a m s  c a n  be r e l a t e d  t o  r e s i d e n c e  time, which c a n  be  d e f i n e d  a s  t h e  amount 

of  t i m e  a microorganism s t a y s  i n  a 1-meter l o n g  segment of t h e  s t r e a m .  The 

r e s i d e n c e  time f o r  a suepended  o rgan i sm i n  a  s h a l l o w  s t r e a m  is s h o r t ,  i . e . ,  

i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  a v e r a g e  s t r e a m  v e l o c i t y .  T h e  s u s p e n d e d  

r e e i d e n c e  t i m e  is  u s u a l l y  l e s e  t h e n  t h e  d o u b l i n g  time f o r  t h e  s u ~ p e n d e d  

mic roorgan i sms  (Hynes,  1970) .  Because  t h e  suspended  r e s i d e n c e  times do n o t  

a l l o w  s i g n i f i c a n t  m i c r o b i a l  g rowth ,  t h e  amount of s u ~ p e n d e d  biomaae a t  a 

p o i n t  i n  a  s t r e a m  is p r i m a r i l y  de t e rmined  by t h e  amount of biomass d r i f t i n g  

f rom ups t r eam (Wuhrmann, 1 9 7 2 ) .  I n  c o n t r a e t ,  t h e  r e e i d e n c e  time f o r  a n  

a t t a c h e d  microorganism is  much l o n g e r  t h a n  t h e  m i c r o o r g a n i s m ' s  d o u b l i n g  t i m e  

( H y n e s ,  1 9 7 0 )  a n d  i e  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  r a t e  a t  which t h e  

b i o f i l m s  are s c o u r e d  from t h e  s t r eambed .  Because  t h e  a t t a c h e d  r e s i d e n c e  

times are l o n g  enough t o  a l l o w  m i c r o b i a l  g r o w t h ,  t h e  amount of a t t a c h e d  

biomass a t  any p o i n t  i n  a stream is p r i m a r i l y  de t e rmined  by t h e  s u b s t r a t e  

c o n c e n t r a t i o n  a t  t h a t  p o i n t .  

The i m p o r t a n c e  o f  r e e i d e n c e  time i n  d e v e l o p i n g  m i c r o b i a l  b i o m a ~ ~  and i n  

i n f l u e n c i n g  con taminan t  removal  r a t e s  can  be  i l l u s t r a t e d  by examin ing  what 

r e g i o n e  of a r i v e r  sye tem have  f a s t e r  r a t e e  of  n i t r i f i c a t i o n .  B e c a u ~ e  o f  
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t h e  r e l a t i v e l y  slow growth of n i t r i f y i n g  b a c t e r i a ,  high r a t e s  of 

n i t r i f i c a t i o n  a r e  l imi ted  t o  r iver  hab i t a t s  t h a t  have r e s i d e n c e  t imes 

s u f f i c i e n t  t o  develop subs  t a n t i  a1 populations of n i t r i fy ing  bacteria.  

Except f o r  es tuar ies  , t h e  shor t  residence times charac te r i s t i c  of flowing 

waters  does not  al low t h e  development of s i g n i f i c a n t  populations of 

suspended n i t r i fy ing  bacteria.  Conversely, due t o  t h e  long residences times 

a s s o c i a t e d  w i t h  being a t t a c h e d  t o  the  streambed, l a rge  populations of 

attached n i t r i fy ing  bacter ia  can be found on the  bo t tm  of a l l  s i zes  of 

streams. However, due t o  surf ace-to-volume r a t i o s ,  t he  rapid  reduction of 

ammonia concentration by streambed n i t r i f  i e r s  is  observed only i n  shallow 

s t reams .  Therefore ,  due t o  residence time and stream channel geometry 

considerations,  high r a t e s  of ammonia removal a r e  only observed i n  es tuar ies  

and shallow streams (Tuffey, e t .  a l . ,  '1974). 

The above example i n d i c a t e s  t h a t  wh i l e  t h e  high r e s i d e n c e  t imes 

a s s o c i a t e d  w i t h  being a t t a c h e d  t o  t h e  streambed can al low s i z e a b l e  

populations of microorganisms t o  develop, t h e  importance of attached biomass 

i n  reducing water column concentrations ot pollutants i s  dependent on the  . 

surface  area  t o  volume r a t i o  f o r  t h e  stream channel (Wuhrmann, '1972). 

Therefore ,  the  streambed biofilms w i l l  be mozt important i n  determining 

contaminant removal r a t e s  i n  streams w i t h  h i g h  s u r f a c e  a r e a  t o  volume 

r a t i o s ,  i .e.,  shallow streams. 

In addit ion t o  stream morphology, the  importance of streambed biofilms 

i n  removing water column contaminants is also a function of the  s t ream 

velocity.  A cobble streambed acclimated t o  a stream velocity of 24 cm/sec 

was 22 times more e f fec t ive  i n  removing low concentration of glucose than a 

s i m i l a r  cobble  streambed acc l imated  t o  a stream velocity of 4 cm/sec 
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(Wuhrmann, e t .  a l . ,  1975). T h i s  s ens i t i v i t y  t o  stream velocity w a  probably 

due t o  the  changes i n  the  mass transport  regime t o  which biofilms were 

exposed and t o  differences i n  biof i l m  biomass. 

When stream veloci t ies  become too great ,  s ignif icant  portions of the 

b i o t i l m  community can be scoured from the  streambed. For example, 

immediately a f t e r  a severe r a i n  storm, n i t r i f i c a t i o n  r a t e s  i n  a shallow 

stream were reduced by 50 percent, due t o  the  scouring and sloughing of 

n i t r i fy ing  bacter ia  from the  streambed surf aces by the  increased s t ream 

veloci t ies  . Recovery t o  pre-storm n i t r i f i c a t i o n  r a t e  required over 1 4  days 

(Williamson and Cooke, 1985). 

The concept of residence time i s  par t icular ly  important i n  explaining 

contaminant removal r a t e  i n  a shallow stream j u s t  below a point source. The 

suspended stream biomass d r i f t i ng  i n to  the  point source's  plume and the 

organisms found i n  the  discharge t ha t  survived chlorination w i l l  be exposed 

t o  organic substra tes  or environmental conditions t o  which they a r e  not 

acclimated. Acclimation periods of 20 hours can be required before the  

suspended microorganisms s t a r t  t o  u t i l i z e  the  new organic substra tes  a t  

appreciable r a t e s  (Apoteker and Thevenot, 1983). Even more time may be 

r e q u i r e d  bet o r e  t h e  suspended microorganisms develop enough biomass t o  

s r f ec t  substra te  concent r~ t ions .  Due t o  acclimation time requirements and 

t o  a l a ck  of biomass, suspended microorganisms may not be important i n  

removing discharged contaminant un t i l  several hours downstream of the point 

source. However, the  streambed biofilms that  a r e  attached i n  the  point 

source's  plume have an immediate effect  on contaminant concen t r a t i ons  , 

because they a r e  a l r eady  acc l imated  t o  t h e  discharged substra tes  and 

represent a l a rge  amount of biomass. T h u s ,  i n  sha l low s t r eams ,  t h e  
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r e d u c t i o n  i n  contaminant c o n c e n t r a t i o n s  immedi a t e 1  y below a p o i n t  s o u r c e  

w i l l  be determined predominantly by t h e  s t reambed biof  i l m s  . 
While t h e  p r i n c i p a l  r e a s o n  f o r  t h e  predominance of  a t t a c h e d  m i c r o b i a l  

biomass i n  s h a l l o w  s t r e a m s  is r e s i d e n c e  t i m e ,  t h e r e  a r e  a l s o  s e v e r a l  

n u t r i t i o n a l  advantages  a s s o c i a t e d  w i t h  b e i n g  a t t a c h e d ,  e s p e c i a l l y  i n  s t r e a m s  

w i t h  l o w  s u b s t r a t e  c o n c e n t r a t i o n s .  F i r s t ,  t h e  mass  t r a n s f e r  r a t e s  

a s s o c i a t e d  w i t h  be ing  a t t a c h e d  t o  t h e  s t r e a m  b o t t m  can be g r e a t e r  t h a n  t h e  

m a s s  t r a n s f e r  r a t e s  a s s o c i a t e d  wi th  be ing  suspended i n  t h e  s t r e a m  water  

column.  Thus ,  t h e  f l u x  of s u b s t r a t e  i n  a t t a c h e d  microorganisms can be 

g r e a t e r  t h a n  t h e  f l u x  i n  suspended microorganisms when b o t h  a r e  exposed t o  

t h e  same bulk s u b s t r a t e  c o n c e n t r a t i o n ,  a l l o w i n g  biof i l m s  t o  have f a s t e r  

growth r a t e s  t h a n  suspended organisms a t  l o w  s u b s t r a t e  c o n c e n t r a t i o n s  

( P a e r l ,  1 9 8 0 ) .  I n  s h a l l o w ,  c l e a r  s t r e a m s ,  t h e  a l g a e  a t t a c h e d  t o  t h e  

s t reambed s u r f  a c e s  have g r e a t e r  primary p r o d u c t i o n  r a t e s  and f a s t e r  growth 

r a t e s  t h a n  t h e  a l g a e  d r i f t i n g  i n  t h e  s t r e a m ' s  water  column (Hynes, 1970; 

Wetzel ,  1975) .  

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

s u b s t r a t u m  t o  which t h e  b i o f i l m  is  a t t a c h e d  and t h e  b i o f i l m l s  slime m a t r i x  

can adsorb  o r g a n i c  compounds. I n  wa te r  having low n u t r i e n t  c o n c e n t r a t i o n s ,  

t h e  e x t e n t  of m i c r o b i a l  growth is r e l a t e d  t o  t h e  a v a i l a b l e  s o l i d - l i q u i d  

i n t e r f  a c i  a 1  a r e a ,  s u g g e s t i n g  t h a t  n u t r i e n t s  a r e  c o n c e n t r a t e d  a t  t h e  

s u b s t r a t u m ' s  s u r f a c e  ( M a r s h a l l ,  1 9 7 8 )  o r  a d s o r b e d  t o  b i o f i l m  s l i m e  

( C h a r a c k l i s ,  1973a) .  ZoBell (1943) n o t e d  t h a t  i n  carboys  having low o r g a n i c  

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

a r e a .  Kirchman and M i t c h e l l  (1982) r e p o r t e d  t h a t  i n  l e n t h i c  s y s t m s ,  t h e  

up take  per  c e l l  of d i s s o l v e d  o r g a n i c  canpounds i s  h i g h e r  f o r  b a c t e r i a  
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a t t a c h e d  t o  suspended p a r t i c l e s  t h a n  f o r  f r e e - f l o a t i n g  b a c t e r i a ,  s u g g e s t i n g  

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

microorganisms i n  low n u t r i e n t  environments .  

The t h i r d  n u t r i t i o n a l  advan tage  is t h a t  t h e  b iof  i l m ' s  s l i m e  m a t r i x  

r e t a r d s  t h e  d i f f u s i o n  of exoenzymes and m e t a b o l i c  p r o d u c t s  away f r a n  t h e  

microorganisms.  S i n c e  i t  is g e n e r a l l y  b e l i e v e d  t h a t  l a r g e  o r g a n i c  molecu les  

and o r g a n i c  p a r t i c u l a t e s  must  be hydrolyzed by exoenzymes b e f o r e  t h e  o r g a n i c  

m a t e r i a l  can  be u t i l i z e d  by b a c t e r i a ,  i n  d i l u t e  s o l u t i o n s  t h e  b a c t e r i a  t h a t  

p r e v e n t  t h e  d i f f u s i v e  l o s s  of t h e s e  exoenzymes, and t h e  p r o d u c t s  of t h e i r  

a c t i o n ,  a r e  u t i l i z i n g  t h e  a v a i l a b l e  s u b s t r a t e  more e f ' f i c i e n t l y  ( Z o B e l l ,  

1 9 4 3 ) .  L a d d ,  e t .  a l ,  ( 1 9 7 9 )  h a v e  shown t h a t  b i o f i l m  s l i m e  s lows  t h e  

d i f f u s i o n  of s i m p l e  o r g a n i c  compounds t o  t h e  biof i l m  c e l l s ,  imply ing  t h a t  

t h e  s l i m e  l a y e r  cou ld  a l s o  be s l o w i n g  t h e  d i f f u s i v e  l o s s  of h y d r o l y z a t e s .  

Thus ,  b io f  i l m s  can a l l o c a t e  l e s s  energy i n t o  t h e  p r o d u c t i o n  of exoenzymes 

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

microorganisms.  T h i s  o b s e r v a t i o n  h a s  i m p l i c a t i o n s  i n  d e t e r m i n i n g  t h e  f a t e  

of  o r g a n i  c  compounds t h a t  a r e  s l i g h t l y  hydrophobic  and r e c a l c i t r a n t  t o  

b i o d e g r a d a t i o n .  

F u n c t i o n a l  Daninance of Streambed Biof i l m s  

Streambed b i o f i l m s  accoun t  f o r  most of t h e  m i c r o b i a l  b i a n a s s  found i n  

s h a l l o w  s t r e a m s ,  d u e  p r i m a r i l y  t o  r e s i d e n c e  t i m e  a n d  mass  t r a n s f e r  

c o n s i d e r a t i o n s .  Consequen t ly ,  because  of t h e  h i g h  s u r f a c e  a r e a  t o  volume 

r a t i o s  c h a r a c t e r i s t i c  o f  s h a l l o w  s t r e a m z ,  s t r e a m b e d  b i o f  i l m s  a r e  

p redominan t ly  r e s p o n s i b l e  f o r  t h e  removal of b i o d e g r a d a b l e  canpounds f r a n  

t h e  w a t e r  column. Tuf fey ,  e t .  a 1  ., (1974)  obse rved  t h a t  most  of t h e  ammonia 
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removal i n  shallow streams was due t o  n i t r i f i e r s  attached t o  the stream 

bottom. Lock and Hynes ( 1  976) concluded t ha t  benthic microorganisms were 

the  cause of moat of the degradation of dissolved organic material ( leaf  

leachates)  i n  several  unpolluted Canadian streams. Ladd, e t .  a1 . , (1  979) 

demon~trated t ha t  streambed bacter ia  were a t  l e a ~ t  8 timee more effect ive  a t  

removing organic substances from the  water column of a shallow unpoll uted 

stream than were planktonic bacteria.  Theref o re ,  ~t reambed biof i l m ?  account 

f o r  most of the removal of natural ly  occurring o rgan i c  compounds from 

shallow a treams. 

Several researchers have observed tha t  streambed b i o f i l m ~  immediately 

below point sources i n  shallow streams are  predominantly responsible f o r  the 

removal of d ischarged b i o l o g i c a l  oxygen demand ( B O D ) .  K i  t t r e l l  and 

Kochtitzky ( 1  947) compared the BOD removal r a t e s  observed i n  BOD bot t le?  

f i l l e d  w i t h  undiluted stream water. Since moat the BOD discharged i n t o  the 

stream was considered soluble ,  the difference between the  two r a t e s  (stream 

BOD minus bo t t l e  deoxygenation) was indicat ive  of the r a t e  a t  which the  

streambed biofilms removed BOD from the  water column. For the  f i r s t  1.5 

hour (0.7 miles)  below a point source, the r a t e  of BOD removal was 2.26 

day-l and the  bo t t l e  deoxygenation r a t e  was 0.35 day-l ,  both values reported 

a t  20°C. Therefore, the  calculated r a t e  a t  which streambed biofilms removed 

BOD was 1.91 day'l or  about 85 percent of the t o t a l  BOD removal r a t e .  

Velz and Gannon (1964) a lso  approximated the  r a t e  a t  which streambed 

biof i l m s  removed BOD a? the difference between the obae-ved BOD removal r a t e  

and the  deoxygenation r a t e  observed i n  a BOD bo t t l e  containing a stream 

water sample. Based on 13 s e t s  of data collected a t  vari0u.s locations on 

the  Jackson River i n  Michigan, t o t a l  BOD removal r a t e s  ranged from 0.39 t o  
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1 . 1 1  d a y m 1  w i t h  a n  average  v a l u e  of 0.70 + 0.25 day-l .  Deoxygenation 

r a t e s  r a n g e d  f r o m  0.07 t o  0.134 day-1 w i t h  an  average  of  0.11 f 0.03 

daye l .  The c a l c u l a t e d  r a t e s  a t  which s t r eambed  biof  i l m s  removed BOD ranged  

f r o m  0 .26  t o  1.0 day'l w i t h  a n  average  of 0.60 + 0.24 day-I .  On t h e  

a v e r a g e ,  s t r eambed  b i o f i l m s  accoun ted  f o r  83.7 k 7.4 p e r c e n t  of t h e  t o t a l  

BOD reinoval . r a t e .  

F o r  t h e  f i r s t  5  hours  (7  m i l e s )  below t h e  o u t f a l l  of a  munic ipa l  

was tewate r  t r e a t m e n t  p l a n t  i n  a  s h a l l o w  c o b b l e - l i n e d  s t r e a m ,  t h e  removal 

r a t e  of' t o t a l  o r g a n i c  c a r b o n  (TOC) w a s  a p p r o x i m a t e l y  1 . 6  day-I  

( S r i n a n t h a k u m a r  a n d  A m i r t h a r a j a h ,  1 9 8 3 ) .  B a s e d  o n  a  s i t e - s p e c i f i c  

streambed-biof i l m - k i n e t i c  model, t h e y  concluded t h a t  t h e  a treambed biof i l m s  

were predominant ly  r e s p o n s i b l e  f o r  t h e  r e m o v a l  oT t h e  T O C  , w h i 1  e  t h e  

c o n t r i b u t i o n  of suspended biomass was n e g l i g i b l e .  

I n  a  s h a l l o w  s t r e a m  400 m e t e r s  be low a  p a p e r m i l l  o u t f a l l ,  t o t a l  

d e o x y g e n a t i o n  r a t e s  a v e r a g e d  a b o u t  3.7 day-1 .  Based  o n  comparative 

r e s p i r o m e t r y  exper iments ,  about  90 p e r c e n t  of t h e  t o t a l  deoxygenat ion r a t e  

was caused by s t r eambed  b i o f i l m s  (Boyle  and S c o t t  , 1984).  

~ a r r e i n o e s  (1982) i n v e s t i g a t e d  t h e  d i s c h a r g e  of a  p a r t l y  t r e a t e d  w a s t e  

i n t o  a  s h a l l o w  s t ream.  The s t r e a m  was 20 cm deep w i t h  an a v e r a g e  v e l o c i t y  

of 20 cm/sec.  Over t h e  f i r s t  4.3 hours  (3.1 km) below t h e  o u t f a l l ,  t h e  

t o t a l  n o n - s e t t l a b l e  BOD r e m o v a l  r a t e  was 3 . 6  d a y v 1 .  The e u s p e n d e d  

microorganisms removed n o n - s e t t l a b l e  BOD a t  0.27 day-I .  T h e r e f o r e ,  t h e  r a t e  

a t  which s t r eambed  b i o f i l m s  removed n o n - s e t t l a b l e  BOD w a s  3.3 daye1 ,  o r  92 

p e r c e n t  of t h e  t o t a l  removal r a t e .  
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Lack of  P r e d i c t i v e  C a p a c i t y  

The above examples i n d i c a t e  t h a t  suspended  o r g a n i s m s  p l a y  a minor r o l e  

i n  d e t e r m i n i n g  con taminan t  r m o v a l  ra tes  i n  s h a l l o w  s t r e a m s .  C o n s e q u e n t l y ,  

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

suspended-growth k i n e t i c s  h a v e  p r o v e n  u n s a t i s f a c t o r y  . Thomann ( 1 9 8 2 )  

r e p o r t e d  t h a t  s u s p e n d e d - g r o w t h  water q u a l i t y  m o d e l s  p r o v i d e d  p o o r  

p r e d i c t i o n s  of d i s s o l v e d  oxygen c o n c e n t r a t i o n s  i n  small s t r e a m s .  Whi le  t h e  

models  p r e d i c t e d  d i s s o l v e d  oxygen c o n c e n t r a t i o n s  i n  l a r g e  r i v e r s ,  s u c h  as 

t h e  Ohio  and  Upper M i s a i s s i p p i ,  w i t h  a mean r e l a t i v e  e r r o r  of  less t h a n  10  

p e r c e n t ,  t h e  mean r e l a t i v e  e r r o r  f o r  s m a l l ,  s h a l l o w  o t r e a m s  w a s  60 p e r c e n t .  

T h i s  i n a b i l i t y  t o  p r e d i c t  s t r e a m b e d  biof'ilm reanoval ra tes  i s  n o t  l i m i t e d  t o  

BOD a n d  d i s s o l v e d  o x y g e n .  Games (1982)  o b s e r v e d  t h a t  suspended-growth 

m o d e l s  w e r e  i n a p p r o p r i a t e  i n  p r e d i c t i n g  t h e  r a t e  a t  w h i c h  t r a c e  

c o n c e n t r a t i o n s  of o r g a n i c  compounds were  removed f ran s h a l l  ow s t r e a m s  . 
Al though  t h e  c o n c e p t s  of ce l l  r e . s idence  time and s u r f a c e  t o  volume 

r a t i o s  p r o v i d e  a t h e o r e t i c a l  b a s i s  f o r  e x p l a i n i n g  t h e  f u n c t i o n a l  dominance 

of s t r e a m b e d  b i o f i l m s  i n  s h a l l o w  s t r e a m s ,  h e r e t o f o r e  models  t h a t  can  p r e d i c t  . 

t h e  r a t e s  a t  which s t r e a m b e d  b i o f i l m s  remove b i o d e g r a d a b l e  m a t e r i a l s  f rcm 

t h e  w a t e r  column have  n o t  e x i s t e d .  T h e  p r e s e n t  s t u d y  e x a m i n e s  u s i n g  

m e c h a n i s t i c  b i o f  i l m  k i n e t i c s  models  t o  p r e d i c t  F t reambed b io f  i l m  a c t i v i t y .  

0- 

The o b j e c t i v e  of t h e  p r e s e n t  s t u d y  is t o  def i n e - - i n  f orrns s u i t a b l e  f o r  

u s e  i n  a water q u a l i t y  model based  o n  b i o f i l m  k i n e t i c s - - t h e  mass t r a n s f e r  

a n d  s u r f a c e  a r e a  p a r a m e t e r s  f o r  g r a v e l  and c o b b l e  ~ t r e a m b e d s .  A wa te r  

q u a l i t y  model based  on  an  e x i s t i n g  b i o f i l m  k i n e t i c s  model ,  t h e  f i r s t - o r d e r  
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f l u x  mode l ,  i s  deve loped  f i r s t .  Then,  t h e  f i r s t - o r d e r  f l u x  model i s  u s e d  t o  

d e t e r m i n e  t h e  mass t r a n s f e r  rates and  a c t i v e  b i o f i l m  s u r f a c e  area f o u n d  i n  

g r a v e l  and  c o b b l e  s t r e a m b e d s .  F i n a l l y ,  t h e  r e s u l t s  of i n c o r p o r a t i n g  mass 

t r a n s f e r  and  s u r f a c e  area r e l a t i o n s h i p s  i n t o  t h e  water q u a l i t y  model ane 

d i s c u s s e d .  

DEVELOPMENT OF STREAM WATER QUALITY MODEL 

I n t r o d u c t i o n  

The m a t h e m a t i c a l  r e p r e s e n t a t i o n  of t h e  r o l e  t h a t  s t r e a m b e d  b i o f  ilms 

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

t y p i c a l l y  been  l i m i t e d  t o  s i  t e - s p e c i f  i c  d e z c r i p t i o n s .  S i t e - s p e c i f  i c  m o d e l s ,  

w h i l e  p r o v i d i n g  i n f o r m a t i o n  a b o u t  a n  e x i s t i n g  s i t u a t i o n ,  may n o t  b e  

a p p r o p r i a t e  f o r  u s e  i n  p r e d i c t i n g  c o n t a m i n a n t  removal  rates unde r  d i f f e r e n t  

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

removal  rates i n  o t h e r  s t r e a m s  (Branson ,  1978) .  For example ,  assume a  water 

q u a l i t y  model d e s c r i b e d  t h e  r a t e  a t  which  s t r e a m b e d  b i o f i l m s  removed COD 

from a s t r e a m  w i t h  a n  a v e r a g e  v e l o c i t y  of 20 cm/sec. The a b i l i t y  o f  t h i s  

model t o  p r e d i c t  COD removal  rates  i n  t h e  same s t r e a m ,  b u t  a t  a v e l o c i t y  of 

45 c m / s e c ,  p r o b a b l y  w o u l d  be  p o o r - - u n l e ~ s  t h e  model a c c o u n t e d  f o r  t h e  

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

i n  hydr  aul i c  condi  ti ons  . 
T h e  f i r s t  o b j e c t i v e  o f  t h i s  c h a p t e r  i s  t o  p r e s e n t  a water q u a l i t y  

model wh ich  i n c o r p o r a t e s  t h e  mechanisms t h a t  are r e s p o n s i b l e  f o r  d e t e r m i n i n g  

t h e  r a t e  a t  which s t r e a m b e d  b i o f i l m s  rernove c o n t a m i n a n t s  from a s t r e a m ' s  

water column. The  s i n k  term i n  t h e  water q u a l i t y  model is b a s e d  o n  e x i s t i n g  

m e c h a n i s t i c  b i o f  i l m  k i n e t i c s  m o d e l s ,  s o  t h a t  t h e  f l u x  of  c o n t a m i n a n t s  i n t o  a 



s t reambed  b i o f i l m  is  a f u n c t i o n  of i n t r i n s i c  k i n e t i c s ,  m a s s  t r a n s p o r t ,  and 

t h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  b i  o f  i l m .  B e c a u F e  t h e  m o d e l  

m a t h e m a t i c a l l y  a c c o u n t s  f o r  t h e  major  mechanisms t h a t  d e t e r m i n e  contaminant  

removal r a t e s ,  i t  s h o u l d  be a p p l i c a b l e  t o  a n y  s t r e a m  s y s t e m  i n  w h i c h  

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

con taminan t s .  

St ream Water Q u a l i t y  Model 

The mass b a l a n c e  e q u a t i o n  f o r  a one-dimensional  , s t e a d y - s t a t e  water 

q u a l i t y  model has  t h e  f o l l o w i n g  form ( ~ h m a n n ,  1972) :  

d 2~ E - - - V - -  dC RATE = 0 

i n  which E is t h e  l o n g i t u d i n a l  d i s p e r s i o n  c o e f f i c i e n t  ( cmz/hr ) ,  C is t h e  

w a t e r  column c o n c e n t r a t i o n  of t h e  contaminant (mg/cm3) , x i a  l o n g i t u d i n a l  

d i s t a n c e  down t h e  s t r e a m  channel  (cm),  V is t h e  a v e r a g e  s t r e a m  v e l o c i t y  

( c m / h r ) ,  and RATE is t h e  r a t e  at  which t h e  contaminant  c o n c e n t r a t i o n s  a r e  

b e i n g  reduced  due t o  m i c r o b i a l  a c t i v i t y  (mg cm-3 h r - l ) .  I n  t h i s  c h a p t e r ,  

t h e  RATE term w i l l  i n c l u d e  o n l y  t h e  removal of w a t e r  column con taminan t s  by 

s t r eambed  b i o f i l m s .  Equa t ion  1 assumee t h a t  v a r i a t i o n s  i n  C a c r o s s  t h e  

c r o s s - s e c t i o n  of t h e  s t r e a m  a r e  small and no t  of i n t e r e s t ,  i .e., a uniform 

v a l u e  o f  C i s  assumed  i n  t h e  v e r t i c a l  ( d e p t h )  a n d  h o r i z o n t a l  ( w i d t h )  

d i r e c t i o n s .  T h e  v a r i a t i o n s  i n  w a t e r  v e l o c i t y  a c r o s s  t h e  s t r e a m ' s  

c r o s s - s e c t i o n  w i l l  c a u s e  a d i f f  u s i o n - l i k e  [n ixing i n  t h e  x d i r e c t i o n ,  which 

i s  accoun ted  f o r  by t h e  f i rs t  term i n  t h e  above e q u a t i o n .  The s t e a d y - s t a t e  
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condition assumes that C is not changing w i t h  time a t  any point i n  the 

stream. 

Rittmann (1982b) defined the RATE term fo r  biof i l m  reactions by 

RATE = J a  ( 2 )  

i n  which J is the f lux  of substrate in to  a  biofilm (mg hr ' l ) ,  and a  i s  

the specif ic  biof i l m  surface area, or biofilm-covered surface area per to t a l  

reactor volume (cm'l). When specif ic  biof i l m  surface area i s  defined i n  

terms of unit  length of reactor or streambed, Equation 2 can be rewritten as 

RATE = J 
biof i l m  surf ace area per length 

FLOWAREA 

i n  which FLOWAREA is the cross-sectional area available fo r  flow (cm2). For 

a  stream, Equation 3 would take t h i s  form, 

RATE = J P 
FLOWAREA 

i n  which P is the amount of biofilm-covered surface area per u n i t  stream 

length, or the amount of wetted perimeter covered wi th  biofilms per u n i t  

stream leng th  (cm). The value of P includes external and i n t e r s t i t i a l  

surface area of the streambed, as long as i t ' s  covered by biofilms. 

For wide streams, FLOWAREA can be approximated by 

FLOWAREA = H W 



i n  which H is s t r e a m  dep th  (cm) and W is t h e  w i d t h  of t h e  s t r e a m  channel  

(em). S u b s t i t u t i n g  Equat ion 5 i n t o  4 and d i v i d i n g  b o t h  t h e  numerator and 

denominator by W g i v e s  t h e  f o l l o w i n g  e q u a t i o n :  

P/W . RATE = J - H 

P/W is a u s e f u l  d imens ion less  parameter  t h a t  accoun t s  f o r  t h e  amount of 

w e t t e d  pe r imete r  covered by b i o f i l m s  per  u n i t  channel  width  ( u n i t l e s s ) .  

E q u a t i o n  6 i l l u s t r a t e ?  t h a t  t h e  r a t e  a t  which s t reambed b i o f i l m s  remove 

con taminan t s  from t h e  wa te r  column is g r e a t e s t  i n  s h a l l o w  2 t reams  ( s m a l l  H )  

w i t h  h igh  P/W va lues .  If a s t r e a m  i? l i n e d  w i t h  a f l a t ,  smooth s u r f a c e ,  

s u c h  as bedrock,  which is e n t i r e l y  covered wi th  b i o f i l m s ,  t h e n  P/W = 1 .  

However, f o r  g r a v e l  and c o b b l e - l i n e d  streambed? whoee i n t e r e t i t i a l  vo ids  a r e  

f r e e  of s a n d  and s i l t ,  P/W v a l u e s  can be s u b s t a n t i a l l y  g r e a t e r  t h a n  1 ,  

because  biof  i l m s  can be on t h e  i n t e r s t i t i a l  a r e a ? ,  a s  w e l l  a s  t h e  exposed 

s u r f a c e s  of t h e  s t r eambed  (Novotny, 1969) .  

S u b s  t i  t u t i n g  E q u a t i o n  6 i n t o  E q u a t i o n  1 p r o d u c e s  t h e  f o l l o w i n g  

e q u a t i o n :  

which can be w e d  t o  d e s c r i b e  contaminant   concentration^ a s  a f u n c t i o n  of 

d i s t a n c e  down t h e  s t r e a m  channel .  

F i r s t - O r d e r  Biof i l m  K i n e t i c s  

The b i o f i l m  k i n e t i c 2  model developed i n  t h i s  s e c t i o n  i s  des igned  t o  

p r e d i c t  t h e  f l u x  ( J )  of m i c r o b i a l  s u b s t r a t e s  i n t o  t h e  b i o f i l m  based on  t h e  



1 3  

b u l k  c o n c e n t r a t i o n  o f  t h e  s u b s t r a t e  a n d  o n  c e r t a i n  q u a n t i f i a b l e  

c h a r a c t e r i s t i c s  of t h e  b i o f i l m .  The d e r i v a t i o n  of t h e  model assumes a n  

i d e a l i z e d  b i o f i l m ,  w h i c h  i s  c h a r a c t e r i z e d  a s  hav ing  a uni form biomasa 

d e n s i t y ,  Xf (mg V S S / C ~ ~ ) ,  and  a l o c a l l y  u ~ i f o r m  t h i c k n e s s  of Lf ( cm) .  

C o n c e n t r a t i o n  of t h e  s u b s t r a t e  v a r i e s  o n l y  i n  t h e  z  d i r e c t i o n ,  i . e . ,  normal 

t o  t h e  s u r f a c e  of  t h e  b i o f i l m .  The modeled s u b s t r a t e  i s  assumed t o  be  t h e  

r a t e - l i m i t i n g  compound. F i g u r e  1 d e p i c t s  a n  i d e a l i z e d  b i o f  i l m .  

The b io f  i l m  model aFsumes t h a t  t h e  f l u x  of ~ u b e t r a t e  i n t o  a  b i o f i l m  i s  

a f u n c t i o n  of t h r e e  mechanisms: 1 ) m a s s - t r a n s p o r t  f rom t h e  b u l k  l i q u i d  t o  

t h e  b i o f i l m  s w f a c e ,  2 )  m a e s - t r a n e p o r t  w i t h i n  t h e  b i o f i l m ,  a n d  3) m i c r o b i a l  

t r a n s f o r m a t i o n  of  t h e  s u b z t r a t e  w i t h i n  t h e  b i o f i l m  (Wi l l i amson  and  McCarty,  

1 9 7 6 a ) .  The two m a z e - t r a n s p o r t  mechanism2 are r e p r e s e n t e d  m a t h e m a t i c a l l y  

a s  d i f f u s i o n  p r o c e s s e s ;  c o n s e q u e n t l y ,  t h e y  a r e  s e n s i  t i v e  t o  t h e  s u b s t r a t e  

c o n c e n t r a t i o n  g r a d i e n t  w i t h i n  t h e  b i o f i l m .  The r a t e  a t  which b i o f i l m  

mic roorgan i sms  t r a n s f o r m  t h e  s u b s t r a t e  i s  t h e  d r i v i n g  f o r c e  i n  t h e  f o r m a t i o n  

of t h e  c o n c e n t r a t  i o n  g r a d i e n t  . 
The r a t e  a t  which t h e  modeled s u b ~ t r a t e  i e  deg raded  o r  t r a n a f o r m e d  a t  

any p o i n t  w i t h i n  t h e  b i o f  i l m  can  be  r e p r e s e n t e d  g e n e r a l l y  by Monod k i n e t i c s  

(Wi l l i amson  and McCarty,  1976a;  Ri t tmann and McCarty,  1 9 8 0 ) ,  

i n  w h i c h  Cf i.s s u b s t r a t e  c o n c e n t r a t i o n  a t  a p o i n t  w i t h i n  t h e  b i o f  i l m  

( m g / c m 3 ) ,  t i s  t i m e  ( h r ) ,  k i s  t h e  maximum s p e c i f i c  r a t e  o f  s u b e t r a t e  

t r a n ~ f o r m a t i o n  (mg s u b a t r a t e  mg VSS'~ h r -11 ,  and  Ka i s  t h e  half-maximum-rate 

c o n c e n t r a t i o n  (mg s u b s t r a t e / c m 3 ) .  However ,  f o r  many p o t e ~ t i a l  s t r e a m  

c o n t a m i n a n t s ,  K s  can  be assumed t o  be  much g r e a t e r  t h a n  t h e  e x p e c t e d  





e n v i r o m e n t a l  c o n c e n t r a t i o n  o f  t h e  con taminan t  (Baughman, et .  a l . ,  1980) .  
. . 

Because  c o n c e n t r a t i o n s  of s u c h  c o n t a m i n a n t s  w i t h i n  t h e  b i o f i l m  a l s o  a re  

much less  t h a n  K s ,  E q u a t i o n  8 c a n  be r e d u c e d  t o  t h e  f o l l o w i n g  mixed 

s e c o n d - o r d e r  r a t e  e q u a t i o n :  

= -  ''I? K X f C f  d t  

i n  which K is t h e  mixed s e c o n d - o r d e r  r a t e  c o n s t a n t  (cm3 mg VSS-~ hr ' l )  a n d  

is e q u a l  t o  k/Ks. 

The  o n l y  means of mass t r a n s p o r t  w i t h i n  t h e  i d e a l i z e d  b i o f i l m  i s  by 

m o l e c u l a r  d i f f  u s i o n ,  which  is related t o  s u b s t r a t e  c o n c e n t r a t i o n  by F i c k ' s  

s e c o n d  law of  d i f f u s i o n  ( W i l l i a m s o n  a n d  McCar ty ,  1976a;  R i t tmann  and  

McCarty,  19801,  

i n  which  Df is t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  s u b s t r a t e  w i t h i n  t h e  b i o f  i l m  

( cm2/h r ) .  

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

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

s u b s t r a t e  c o n c e n t r a t i o n  change  a t  any p o i n t  w i t h i n  t h e  b i o f  i l m  i s  d e f i n e d  by 

Assuming s t e a d y - s t a t e  c o n d i t i o n s  ( i . e . ,  d C f / d t  = 0 )  a t  all p o i n t s  w i t h i n  t h e  

b i o f  i l m  c o n v e r t s  E q u a t i o n  1 1  t o  t h e  f o l l o w i n g  d i f f e r e n t i a l  e q u a t i o n  f o r  

s u b s t r a t e  c o n c e n t r a t i o n s  w i t h i n  t h e  b i o f i l m  (Wi l l i amson  and  McCarty (1376a ) :  



E q u a t i o n  1 2  i s  s u b j e c t  t o  t h e  f o l l o w i n g  two boundary c o n d i t i o n s :  t h e  

s u b s t r a t e  c o n c e n t r a t i o n  a t  t h e  o u t e r  s u r f a c e  of t h e  biof  i l m  ( z  = 0 )  e q u a l s  

C s  (mg/cm3), and  t h e  s u b s t r a t e  c o n c e n t r a t i o n  g r a d i e n t  a t  t h e  i n n e r  b i o f i l m  

s u r f a c e  ( z  = L f )  is z e r o  (dCf/dz = 0 ) ,  i .e . ,  t h e  s u r f a c e  t o  which t h e  
. . 

b i o f i l m  i s  a t t a c h e d  i s  i m p e r m e a b l e  a n d  d o e s  n o t  a d s o r b  t h e  modeled 

s u b s t r a t e .  I n t e g r a t i o n  of Equat ion 1 2  produces t h e  f o l l o w i n g  e q u a t i o n  

(Wil l iamson and McCarty, 1976a):  

i n  which C f ( z )  i s  t h e  s u b s t r a t e  c o n c e n t r a t i o n  (mg/crn3) a t  z  crn i n  f r m  t h e  

o u t e r  s u r f a c e  of t h e  b i o f i l m ,  and PHI  is a c h a r a c t e r i s t i c  b i o f i l m  k i n e t i c  

parameter  (crn'l) t h a t  i s  d e f i n e d  by 

K Xf 1 / 2  
P H I  = [-I' 

D f ( 1 4 )  

The f l u x  of s u b s t r a t e  i n t o  t h e  o u t e r  l a y e r  of t h e  biof i l m  i s  d e s c r i b e d  

by F i c k l s  f i r s t  law (Ri t tmann and McCarty, 19781, 

i n  which dCf/dz i s  t h e  c o n c e n t r a t i o n  g r a d i e n t  a t  z  = 0.  S u b s t i t u t i n g  t h e  

f i rs t  d e r i v a t i v e  w i t h  r e s p e c t  t o  z of Equat ion 1 3  i n t o  Equa t ion  1 5  and 

s o l v i n g  f o r  z = 0 y i e l d ?  

J = C s  D f  PHI tanh(PH1 Lf ) 



E q u a t i o n  16 g i v e s  J ,  a pa ramete r  needed i n  E q u a t i o n  7 ,  as a f u n c t i o n  of  t h e  

s u b s t r a t e  c o n c e n t r a t i o n  a t  t h e  o u t e r  s u r f a c e  of t h e  b i o f i l m ,  C s .  

B e c a u ~ e  t h e  water q u a l i t y  model ( E q u a t i o n  7 )  keeps  accoun t  of t h e  bu lk  

l i q u i d  c o n c e n t r a t i o n ,  C ,  t h e  o b j e c t i v e  of b i o f i l m  k i n e t i c s  models  must  b e  t o  

p r e d i c t  t h e  f l u x  i n t o  t h e  b i o f i l m  b a s e d  o n  t h e  s u b s t r a t e  c o n c e n t r a t i o n  .:Ln 

bu lk  s o l u t i o n  and no t  o n  s u b s t r a t e  c o n c e n t r a t i o n s  a t  t h e  b i o f i l m  s u r f  ace. 

C s  c a n  b e  d e f i n e d  as a f u n c t i o n  of b u l k  s u b s t r a t e  c o n c e n t r a t i o n  by 

c o n s i d e r i n g  t h e  m a s s - t r a n s p o r t  of materials moving fran bu lk  s o l u t i o n  t o  t h e  

o u t e r  s u r f  a c e  of t h e  b i o f i l m .  The f l u x  of s u b s t r a t e  f rom bu lk  s o l u t i o n  t o  

t h e  s u r f a c e  of t h e  b io f  i l m  c a n  be d e f i n e d  by (Frank-Kamenetski i ,  1 9 6 9 )  

J = Km (C - Cs)  

i n  which  K m  is t h e  m a s s  t r a n s f e r  c o e f f i c i e n t  (cm/hr)  and  C is t h e  s u b s t r a t e  

c o n c e n t r a t i o n  i n  bu lk  s o l u t i o n  (mg/cm3). Km can be e x p r e s s e d  i n  terms of 

t h e  s u b s t r a t e ' s  d i f f  u s i v i t y  i n  w a t e r  (Frank-Karnenetski i ,  19691,  

i n  which D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  s u b s t r a t e  i n  water (cm2/hr)  

a n d  L i s  t h e  t h i c k n e s s  of t h e  e f f e c t i v e  d i f f u s i o n  l a y e r  (cm). I n  b i o f i l m  

k i n e t i c s  mode l s ,  m a s s - t r a n s p o r t  r e s i s t a n c e  has  t r a d i t i o n a l l y  been d e f i n e d  

i n  terms of L i n s t e a d  of Km.  By s u b s t i t u t i n g  Equa t ion  18 i n t o  Equa t ion  1 7 ,  

C s  can  be de te rmined  from t h e  f o l l o w i n g  e q u a t i o n :  

J L 
C s = C - -  D 



i n  which J is t h e  f l u x  of s u b s t r a t e  a c r o s s  t h e  e f f e c t i v e  d i f f u s i o n  l a y e r  (mg 

B e c a m e  t h e  f l u x  of s u b s t r a t e  a c r o s s  t h e  e f f e c t i v e  d i f f u s i o n  l a y e r  is  

equa l  t o  t h e  f l u x  of s u b s t r a t e  i n t o  t h e  o u t e r  l a y e r  of t h e  b i o f i l m ,  

s u b s t i t u t i o n  of Equa t ion  19 i n t o  Equa t ion  18 produces  

J = 
D D f  PHI tanh(PH1 L f )  

D + L D f  PHI tanh(PH1 L f )  

which d e f i n e s  s u b s t r a t e  f l u x  i n t o  t h e  b i o f i l m  as a  f u n c t i o n  of s u b s t r a t e  

c o n c e n t r a t i o n  i n  b u l k  s o l u t i o n .  T h e r e f o r e ,  for a c o n s t a n t  v a l u e  of Lf , t h e  

r € ¶ I O V a l  of s u b s t r a t e  f r a n  bu lk  s o l u t i o n  by b i o f i l m s  i s  f i r s t - o r d e r  w i t h  
b 

r e s p e c t  t o  C ,  

i n  which K f  is th,e f i r s t - o r d e r  f l u x  c o n s t a n t  (cm/hr) and is d e f i n e d  by 

K f  = 
D D f  PHI  tanh(PH1 L f )  

D + L D f  PHI tanh(PHI L f )  

Stream Water Q u a l i t y  Model Based o n  Biof i l m  K i n e t i c s  

S u b s t i t u t i n g  t h e  f i r s t - o r d e r  f l u x  model (Equa t ion  21) i n t o  t h e  mass 

b a l a n c e  e q u a t i o n  f o r  t h e  stream water  q u a l i t y  model (Equa t ion  7 )  y i e l d s  

w h i c h  c a n  be  u s e d  t o  p r e d i c t  s u b s t r a t e  c o n c e n t r a t i o n s  when s t reambed 

b i o f i l m s  a r e  r e s p o n s i b l e  for  t h e i r  removal. The f i r s t - o r d e r  f l u x  c o n s t a n t  



i s  writ ten as the funct ion Kf (x), because t he  value of Kf decreases as 

biofilm biomass decreases i n  response t o  t h e  lower subs t r a t e  l eve l s  f u r t h e r  

downstream. 

DETERMINATION OF MASS TRANSFER A N D  SURFACE A R E A  RELATIONSHIPS I N  GRAVEL A N D  

COBBLE STREAMBEDS 

Controll ing Inf'luence of Stream Velocity 

The problem w i t h  applying biof i l m  k inet ics  models t o  stream water 

qual i ty  modeling is  t ha t  t h e  loca l  mass t r an s f e r  coef f i c ien t s  and the  amount 

of' biof i l m  surf ace area presented by natural  streambeds a r e  not known. For 

th ree  reasons,  the  problem i s  especia l ly  acute Por shallow streams t ha t  a r e  

l i n e d  w i t h  gravel or cobble. F i r s t ,  biof'ilms located on the  i n t e r s t i t i a l  

surfaces of' t h e  streambed may s i gn i f i c an t l y  contr ibute  t o  t h e  removal of 

biodegradable contaminants f rom the stream's water column. Thus, potent ia l  

biof'ilm surf ace area  w i l l  be greater  than the  ve r t i c a l l y  projected surface  

area.  Second, the  actual  amount of the potential  surface area  colonized by 

biological  f i l m s  varies w i t h  streambed p a r t i c l e  s ize .  Larger s t reambed 

p a r t i c l e s ,  such as cobble, tend t o  have a greater  port ion of' t h e i r  surface  

area covered by biological growths than smaller streambed pa r t i c l e s ,  such as 

gravel and sand (Novotny, 1969). Third, equations have not been developed 

t o  describe t he  m a s s  t ranspor t  of dissolved compounds from the  water column 

t o  these  i n t e r s t i t i a l l y  located biof'ilms. The mass transport  phenomenon 

would simultaneously resemble t ha t  of flow through porous media and of 

open channel flow, which implies tha t  the  mass transport  of contaminants 

from the  water column t o  t he  i n t e r s t i t i a l  biofilms would be d i f f i c u l t  t o  

model a p r i o r i .  -- 
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The  o b s t a c l e  t o  a p p l y i n g  b i o f i l m  k i n e t i c s  t o  s t r e a m  water q u a l i t y  

mode l ing  s t e m s  n o t  o n l y  f r m  t h e  p a u c i t y  of i n f o r m a t i o n  a b o u t  b i o f i l m  

surface area and  l o c a l  mass t r a n s f e r  c o e f f i c i e n t s ,  b u t  also i n v o l v e s  a lack 

of i n f o r m a t i o n  on  how mass t r a n s f e r  rates and b i o f i l m  s u r f a c e  area are  

i n t e r r e l a t e d  i n  g r a v e l  and c o b b l e  s t r e a m b e d s .  S t ream flow--as a d v e c t i o n  

e d d i e s ,  v o r t i c e s ,  and  o t h e r  forms of t u r b u l e n c e - - p e n e t r a t e s  t h e  e n t i r e  d e p t h  

of t h e  porous  l a y e r  of rocky s t r e a m b e d s .  However, w i t h i n  t h i s  porous  l a y e r ,  

i n t e r s t i t i a l  water v e l o c i t i e s  s h a r p l y  d e c r e a s e  w i t h  i n c r e a s i n g  d e p t h  i n t o  

t h e  s t r e a m b e d .  Because  l o c a l  mass t r a n s p o r t  rates are a f u n c t i o n  of t h e  

l o c a l  water v e l o c i t i e s ,  t h e  b i o f i l a d  a t t a c h e d  t o  r o c k  s u r f a c e s  f o u n d  i n  t h e  

upper  p o r t i o n  of  a s t r e a m b e d  a r e  more a c t i v e  i n  removing s u b s t r a t e s  t h a n  

t h o s e  b i o f i l m s  f o u n d  a t  t h e  bottom of t h e  s t r e a m b e d .  

W h i l e  t h e  upper  s t r e a m b e d  b i o f i l m s  may a lways  have  g r e a t e r  a c t i v i t i e s  

t h a n  t h e  l o w e r  s t r e a m b e d  b i o f i l m s ,  t h e  r a t i o  between b i o f i l m  a c t i v i t i e s  a t  

d i f f e r e n t  d e p t h s  i n  t h e  s t r e a m b e d  can  change w i t h  s t e a m  v e l o c i t y .  A t  s l o w e r  

s t r e a m  v e l o c i t i e s ,  t h e  upper  p o r t i o n  of a s t r e a m b e d  a c c o u n t s  f o r  t h e  a lmos t  

a l l  of t h e  s u b s t r a t e  removal  from t h e  water column. A s  s t r e a m  v e l o c i t i e s  ' 

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

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

v e l o c i t i e s  w i l l  have  a g r e a t e r  e f f e c t  on  s u b s t r a t e  f l u x  i n t o  t h e  l o w e r  

s t r e a m b e d  b i o f i l m s  ( p r e v i o u s l y  exposed t o  v e r y  low mass t r a n s f e r   rate^) t h a n  

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

s t r e a m b e d  ( p r e v i o u s l y  e x p o s e d  t o  h i g h  mass t r a n s f e r  r a t e s ) .  T h i s  

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

r e l a t i o n s h i p  between t h e  l o c a l  mass t r a n s f e r  c o e f f i c i e n t  (Km) a n d  s u b s t r a t e  

f l u x  i n t o  a  b i o f i l m  (J). A s  i l l u s t r a t e d  by F i g u r e  2 ,  beyond a  c e r t a i n  mass 
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t r a n s p o r t  r eg ime ,  f u r t h e r  i n c r e a s e s  i n  Km have a n e g l i g i b l e  e f f e c t  on J .  

Thus ,  as s t r e a m  v e l o c i t y  i n c r e a s e s ,  an  i n c r e a s i n g  d e p t h  of t h e  s t r eambed  

becomes i m p o r t a n t  i n  d e t e r m i n i n g  t h e  rate i n  which s t r eambed  b i o f i l m s  remove 

con taminan t s  from t h e  water column. 

A s i m p l i f i c a t i o n  of t h e  above d i s c u s s i o n  i s  p r e s e n t e d  by F i g u r e  3 .  A t  

low s t r e a m  v e l o c i t i e s ,  o n l y  t h e  b i o f i l m s  l o c a t e d  above t h e  upper p o r t i o n  of 

t h e  s t r eambed  are a c t i v e  i n  removing wa te r  column con taminan t s ,  due  t o  t h e  

d e c r e a s e  i n  i n t e r s t i t i a l  mass t r a n s f e r  c o e f f i c i e n t s  w i t h  d e p t h  i n t o  t h e  

s t reambed.  A s  s t r eam v e l o c i t i e s  i n c r e a s e ,  t h e  b i o f i l m s  l o c a t e d  i n  t h e  l o w e r  

r e g i o n s  of t h e  s t reambed become i n c r e a s i n g l y  i m p o r t a n t  i n  removing water 

column con taminan t s ,  i .e. ,  s u b s t r a t e  f l u x  i n t o  t h e  deeper  b iof  i l m s  i n c r e a s e s  

more r a p i d l y  t h a n  i n t o  t h e  upper b i o f i l m s  w i t h  inc rementa l  i n c r e a s e s  i n  

s t r eam v e l o c i t y .  T h i s  d i f f e r e n t i a l  r e s p o n s e  t o  i n c r e a s e s  i n  s t r e a m  v e l o c i t y  

i s  d u e  t o  t h e  s h a p e  of t h e  f l u x  v e r s u s  mass t r a n s f e r  r a t e  c u r v e  shown i n  

F i g u r e  2 .  T h e r e f o r e ,  changes  i n  s t r eam v e l o c i t y  n o t  o n l y  a f f e c t  mass 

t r a n s p o r t ,  bu t  a l s o  a f f e c t  t h e  amount of b iof  i l m  s u r f a c e  a r e a  a c t i v e  i n  

contaminant  removal. 

A t  l e a s t  two t y p e s  of v a r i a t i o n s  i n  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  

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

s t reambed.  F i r s t ,  t h e  amount of a c t i v e  b i o f i l m  biomass p e r  u n i t  s u r f a c e  

a r e a  ( ~ f * ~ f  o r  B) s h o u l d  d e c r e a s e  w i t h  d e p t h  i n t o  t h e  s t reambed.  Rit tmann 

and McCarty (1980)  s t a t e d  t h a t  b i o f i l m  biomass under dynamic s t e a d y - s t a t e  

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

b i o f i l m .  Because t h e  f l u x  of s u b s t r a t e  s h o u l d  d e c r e a s e  w i t h  d e c r e a s i n g  

l o c a l  mass t r a n s f e r  r a t e s ,  b i o f i l m  biomass pe r  u n i t  surf ace  a r e  ( B )  i s  

e x p e c t e d  t o  d e c r e a s e  w i t h  i n c r e a s i n g  dep th  i n t o  t h e  s t reambed.  Second,  
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Figure 3. Amount of Active I n t e r s t i t i a l  Streambed Surf ace Area a t  Low and 
High Stream Velocities. In both s i t ua t i ons ,  the  region of act ive  
streambed surf ace area i s  predominantly responsible f o r  the  
removal of contaminants from the water column. 
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biof ilrn density (Xf) may a lso  vary w i t h  depth in to  the streambed i n  direct 

response t o  the decrease i n  eddy velocities.  This i s  significant because 

rates  of substrate removal by deep biofilms i s  more sensi t ive t o  changes i n  

Xf than to  changes i n  biofilm thickness (Lf ) .  

Because biof ilrn biomass i s  directly related t o  local i n t e r s t i t i a l  mass 

transfer rates  and became the local i n t e r s t i t i a l  mass transfer rates  are a 

function of stream velocity, the amount and distribution of inters  ti tial 

biofilm biomass w i l l  be determined by a long-term, average stream velocity. 

A rocky streambed acclimated t o  fas ter  stream velocities should support more 

biofilm biomass than a similar stream acclimated t o  a slower ve loc i ty .  

Theref ore,  the r a t e  a t  which i n t e r s t i t i a l  biof i l m s  can remove contaminants 

from a stream's water column i s  not only a function of the velocity a t  which 

the streambed is  presently being exposed, b u t  also i s  a function of the 

stream velocity t o  which the biofilm community was acclimated. For example, 

assume that stream velocity VEL-B is greater than stream velocity VEL-A. A 

streambed biofilm community acclimated t o  VEL-B and presently exposed t o  

VEL-B should remove contaminants at  a fas ter  r a t e  than i f  the streambed ' 

community was acclimated t o  VEL-A and exposed t o  VEL-B, assuming constant 

primary s u b s t r a t e  loading during accl imation.  Although both biof ilrn 

communities are exposed t o  the same mass transfer regime, the canmunity 

acclimated t o  the higher velocity should have more biof ilrn biomass than the 

canmunity acclimated t o  the slower VEL-A. 

I n  summary, stream ve loc i ty  controls the r a t e  at  which streambed 

biof ilms remove contaminants f r m  the water column. I n  the short-term, 

s tream ve loc i ty  Controls contaminant removal rates by determining the 

distribution of local mass transfer coefficients w i t h i n  t h e  streambed. 
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Faster stream ve loc i t i e s  mean high i n t e r s t i t i a l  mass t ransfer  r a t e s  f o r  a 

greater  proportion of t he  streambed, which t r an s l a t e s  i n t o  a greater  amount 

of streambed surf ace area act ive  i n  contaminant removal . Long- term exposure 

t o  f a s t e r  stream ve loc i t i e s  allows a streambed t o  support greater  biofilm 

biomass. Thus, s t ream v e l o c i t y  con t ro l s  contaminant removal ra te3  by 

de te rmin ing  t h e  magnitude of l o c a l  mass t r a n s f e r  c o e f f i c i e n t s ,  t h e  

d i s t r i b u t i o n  of t he  loca l  mass t r ans fe r  coeff ic ients  (amount of ac t ive  

surface  a-ea) , and streambed biofilm biomass.  Therefore, t h e  r a t e  a t  which 

b i  ofilms l i v i n g  on and within rock-lined streambeds remove biodegradable 

contaminants fran the  water column w i l l  be more s ens i t i ve  t o  changes i n  

velocity than would be predicted based on changes i n  mass t ransfer  alone. 

R e ~ r e s e n t a t i v e  Mass Transfer Eaua t ion~  

In  rock-lined streams, a major port ion of stream flow t r ave l s  over the  

top  of t h e  streambed, while some f r a c t i o n  of stream flow penetrates i n t o  the 

i n t e r s t i t i a l  voids of t h e  streambed.  In  e i t he r  case,  the  loca l  mass 

t r an s f e r  can be described i n  a manner s i m i l a r  t o  o t h e r  e x t e r n a l  mass 

t r a n s f e r  regimes.  Frank-Kamenetskii (1969) reported t h a t  mass t ransfer  

coef f i c ien t s  f o r  most external  mass t r ans fe r  regimes can be described an 

equation of the following form: 

m n D  
K m  = Comtant Re Sc - 

LC (24  

i n  which Km i s  the mass t r ans fe r  coef f i c ien t ,  L C  i s  the cha r ac t e r i s t i c  

length ,  t he  Reynolds number (Re) is calculated based on L C ,  m ranges i n  

value from 0.4 t o  0.67, and D i s  d i f fus iv i ty .  In moet appl ica t ions ,  the  

Schmidt number (Sc)  i s  ra i sed  t o  the  one-third power (n = 1 / 3 ) .  
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The purpose of t h i s  sect ion i s  t o  demonstrate t ha t  loca l  mass t ransfer  

coef f ic ien t s  can be calculated from an equation of t he  same form as Equation 

24, whether water i s  f lowing  o v e r ,  around,  o r  between the streambed 

par t i c les .  When pa r t i c l e  diameter (Dp) represents LC and n = 1/3 ,  

m 1 / 3 D  K m  = Constant Re Sc - 
DP 

i n  which Km i s  the mass t ransfer  coeff ic ient  (cm/hr), 

Re = 
3600 Vx Dp 

KVIS (26) 

Sc = KVIS/D, Vx i e  e i the r  average stream velocity ( V )  or  shear velocity (U) 

with uni ts  of cm/sec, Dp is streambed par t i c le  diameter (cm), D is the  

di f f  us ivi ty  of the contaminant i n  water (cm2/hr), and KVIS is the kinematic 

viscosi ty  of water (cm2/hr). 

The maes t r a n s f e r  t o  biofilms located on the  upper surfaces of a 

streambed can be approximated by equations that  define the  mass transport  of 

material  t o  the  surface  of a sphere. Bird, e t .  a l . ,  (1960) reported t ha t  . 

the  mass t rans fe r  coeff ic ient  f o r  flow around a s i n g l e  sphere  can be 

calculated f ran 

For l a rge  Re valuee, the  2.0 term becomes ins ign i f ican t ,  and Equation 27 is 

of the  same form as Equation 25, i . e . ,  
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The local  mazs t r a n a f  er c o e f f i c i e n t s  f o r  t h e  b i o f  i l m s  d e e p e r  w i t h i n  t h e  

s t r e a m b e d  c a n  be  approx ima ted  by e q u a t i o n s  deve loped  f o r  f l o w  t h r o u g h  po rous  

s p h e r i c a l  media.  The McCune-Wilhelm e q u a t i o n  h a s  been  used  t o  d e s c r i b e  t h e  

mass t r a n s f e r  ra tes  i n  f  ixed-bed b i o l o g i c a l  r e a c t o r s  (Rovi  t a  and  Ki t t re l l  , 

1973;  T r a b e r  and  K i t t r e l l ,  1974) and  has  t h e  f o l l o w i n g  form:  

i n  which 

and V s  i s  t h e  s u p e r f i c i a l  (empty b e d )  v e l o c i t y  ( c m / s e c ) .  E q u a t i o n  29 is  

v a l i d  f o r  Reynolds  numbers r a n g i n g  from 0 .2  t o  100.  Except  t h a t  Re i n  

E q u a t i o n  29 i s  b a ~ e d  o n  V s  i n c t e a d  of Vx, E q u a t i o n  29 i s  of  a  form s i m i l a r  

t o  E q u a t i o n  25.  

Another  equa t io r?  used  t o  c a l c u l a t e  t h e  l o c a l  maes t ram?€ er c o e f f i c i e n t  

f o r  f l o w  t h r o u g h  po rous  media waE used  by J e n n i n g s  (1 9751 ,  

i n  which  R e m  is a  m o d i f i e d  Reynolda number,  

2  V s  Dp R e m  = 
KVIS (1-Ep) 

and Ep i s  t h e  p o r o s i t y  of  t h e  media .  E q u a t i o n  31 i , ~  v a l i d  between Rem 

v a l u e s  of 1 and 30. R e a r r a n g i n g  E q u a t i o n  31 p r o d u c e s  t h e  f o l l o w i n g  

e q u a t i o n :  
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i n  which Re is d e f i n e d  by E q u a t i o n  30. Once a g a i n ,  E q u a t i o n  33 h a s  a  form 

similar t o  E q u a t i o n  25. 

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

and  i n t e r s t i t i a l  s u r f a c e s  of a s t r e a m b e d  i s  a c a n b i n a t i o n  of flow around  

s t r e a m b e d  p a r t i c l e s  and f l o w  t h r o u g h  porous  media. The l o c a l  m a s s  t r a n s f e r  

c o e f f i c i e n t s  c a n  n o t  be d e s c r i b e d  o n l y  a s  flow around  a n  o b j e c t  o r  as f l o w  

t h r o u g h  p o r o u s  m e d i a ,  b e c a u s e  of  v e r t i c a l  v e l o c i t y  g r a d i e n t s  w i t h i n  a 

s t r eambed .  F o r t u n a t e l y ,  t h e  mass t r a n s f e r  e q u a t i o n s  u s e f u l  for  flow around  

s p h e r e ,  and  f l o w  t h r o u g h  porous  media  have  a common form, namely 

m 1 / 3 D  K m  = C o n s t a n t  Re S c  Dp 

The above examples i n d i c a t e  t h a t  t y p i c a l  v a l u e s  of m r a n g e  f r a n  1 /4 t o  1 /2. 

However, t h e  above examples assume t h a t  t h e  r e a c t i v e  s u r f a c e  a r e a  r ema ins  

c o n s t a n t  w i t h  chang ing  water column v e l o c i t i e s .  A s  i l l u s t r a t e d  b e f o r e ,  i n  

s h a l l o w  r o c k - l i n e d  streams, t h e  amount of s t r e a m b e d  s u r f a c e  area a c t i v e l y  

i n v o l v e d  i n  con taminan t  removal i s  r e l a t e d  t o  t h e  v e l o c i  t y  of wa te r  f l o w i n g  

o v e r  its u p p e r  s u r f a c e s ;  more p r e c i s e l y ,  t h e  d i s t r i b u t i o n  of a c t i v e  b iof  i l m  

s u r f  ace a r e a  d e p e n d s  o n  t h e  d i s t r i b u t i o n  o f  t h e  l o c a l  mass t r a n s f e r  

c o e f f i c i e n t s  w i t h i n  t h e  s t r e a m b e d .  Lower v e l o c i t i e s  g i v e  l o w e r  mass 

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

accumula t ion .  There f  o r e ,  t h e  a p p a r e n t ,  o v e r a l l  mass t r a n s f e r  coetfici  e n t  

r e p r e s e n t a t i v e  o.f t h e  e n t i r e  s t r e a m b e d  i s  more  s e n s i t i v e  t o  v a r i a t i o n s  i n  

w a t e r  v e l o c i t y  (Reynolds  number) t h a n  i s  t h e  mass t r a n s f e r  c o e f f i c i e n t  a t  

a n y  o n e  p o i n t  w i t h i n  t h e  s t r e a m b e d .  C o n s e q u e n t l y ,  t h e  v a l u e  of  m i n  

E q u a t i o n  2 5  is e x p e c t e d  t o  be  l a r g e r  t h a n  1 /2 for g r a v e l  and c o b b l e  l i n e d  

s t r eambeds  when b i o f i l m  u t i l i z a t i o n  i s  t h e  r e a c t i o n  term. 
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A s  d i s c u s s e d  e a r l i e r ,  t h e  v e l o c i t y  a t  which s t r e a m  water  f l o w s  o v e r  t h e  

upper  s u r f a c e s  of a rocky  s t r eambed  de te rmines  t h e  a p p a r e n t ,  o v e r a l l  mass 

t r a n s f e r  c o e f f i c i e n t  f o r  t h e  s t r eambed  biof i l m s .  Because of t h e  l o g a r i  t h i c  

v e r t i c a l  v e l o c i t y  p r o f i l e  i n  s t r e a m s ,  a  problem a r i s e s  as t o  what is t h e  

b e s t  way t o  d e f i n e  wa te r  v e l o c i t y  a t  t h e  s t r eambed  s u r f a c e .  Ra i l sback  

(1981)  n o t e d  t h a t  s t r eambed  s u r f a c e  v e l o c i t i e s  c o u l d  n o t  be d e s c r i b e d  as a  
. . 

d i r e c t  f u n c t i o n  of t h e  average  s t r eam v e l o c i t y .  T h e r e f o r e ,  i f  t h e  Reynolds 

number i n  Equat ion 25  were based on a v e r a g e  .stream v e l o c i t i e s ,  t h e n  t h e  

v a l u e s  of C o n s t a n t  and m de te rmined  f o r  a  s t r e a m  system probab ly  would be 

s i t e  and f l o w  s p e c i f i c .  A m a s s  t r a n s p o r t  model t h a t  i s  f l o w  s p e c i f i c  would 

d e f e a t  t h e  purpose  of model development . 
However ,  t h e  s i t e  and f l o w  s p e c i f i c i t y  of models used t o  d e s c r i b e  

phenomena c o n t r o l l e d  by t h e  magni tude of' wa te r  v e l o c i  t i  es a t  s t r e a m b e d  

s u r f  a c e s  can be reduced  by d e s c r i b i n g  t h e  phenomena i n  t e r m s  of t h e  s h e a r  

s t r e s s  e x e r t e d  o n  t h e  s t r eambed  s u r f a c e s  by t h e  f l o w i n g  wa te r .  S t reambed 

s h e a r  s t r e s s  i s  o f t e n  q u a n t i f i e d  n o t  as an a b s o l u t e  v a l u e  w i t h  u n i t s  of 

f o r c e  pe r  u n i t  s u r f a c e  a r e a ,  but  as a  d imens ion less  r a t i o  of s h e a r  stress t o  

v i s c o u s  s t r e s s  known a s  t h e  s h e a r  R e y n o l d s  number. For a  s t r eambed  

p a r t i c l e ,  t h e  s h e a r  Reynolds number i s  d e f i n e d  as (Henderson,  1966)  

Re = 
3600 U Dp 

KVIS 

i n  which  U i s  t h e  s h e a r  v e l o c i t y  ( c m / s e c ) ,  Dp i s  s t reambed p a r t i c l e  

d i a m e t e r ,  and KVIS is t h e  k inemat ic  v i s c o s i t y  of water (cm2/hr) .  Shear  

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

1  /2 
TAUI . u = C- 
RHO 
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i n  which TAU is t h e  s h e a r  stress t o  which t h e  upper s t reambed surf aces  a r e  

exposed (dyne/cm2),  and RHO is t h e  d e n ~ i t y  of  water  ( 1  gram/cm3). However, 

i n  p r a c t i c e ,  U is o f t e n  c a l c u l a t e d  a s  (Chow, 1959) .  

i n  which g i e  t h e  g r a v i t a t i o n a l  c o n s t a n t  (980 cm/sec2) ,  R is t h e  h y d r a u l i c  

r a d i u s  (cm) of t h e  s t r e a m  c h a n n e l ,  and S is t h e  s l o p e  of t h e  energy g rade  

l i n e .  For wide c h a n n e l s ,  R can be approximated by s t r e a m  dep th .  For s t e a d y  

uniform f low,  S can be approximated by t h e  s l o p e  of t h e  w a t e r  s u r f  a c e  

e l e v a t i o n  o r  of t h e  channel  bottom. For g r a v e l  and c o b b l e  s t reambeds  , U can 

be approximated by t h e  Keulegan e q u a t i o n  (Bray,  1979) :  

u = 
v 

6.25 + 5.75 l o g  (RIDp) (37)  

i n  which V is t h e  average  s t r e a m  v e l o c i t y  (cm/sec)  and l o g  is t h e  base  10 

l o g a r i t h m .  Equat ion 37 assumes s t e a d y ,  uniform f low.  

Ra i l eback  (1981 ) found  t h a t  water  v e l o c i t i e s  a t  0.09 cm above g r a v e l  . 

and c o b b l e  s t r eambed  s u r f a c e s  cou ld  be d e s c r i b e d  a s  a power f u n c t i o n  of t h e  

s h e a r  Reynolds number (Equa t ion  34) , r e g a r d l e s s  of ave rage  s tream water 

column v e l o c i t y  o r  s t r e a m  d e p t h .  Water column v e l o c i t y  and s t r e a m  d e p t h  

s h o w e d  l i t t l e  c o r r e l a t i o n  w i t h  s t reambed wa te r  v e l o c i t i e s .  S i m i l a r l y ,  

r e s e a r c h e r s  i n  sediment  t r a n s p o r t  found t h a t  d e s c r i b i n g  t h e  beg inn ing  of bed 

m a t e r i a l  motion i n  t e rms  of s h e a r  Reynolds number a l lowed  t h e  a p p l i c a t i o n  of 

e x p e r i m e n t a l  r e s u l t s  t o  a wider r a n g e  of s t r e a m  c o n d i t i o n s  t h a n  when bed 

mot ion waE d e f i n e d  i n  t e rms  of water  column v e l o c i t y  (Simons and S e n t u r k ,  

1 9 7 7 ) .  Theref  o r e ,  modeling s t reambed v e l o c i t y  phenomenon i n  terms of s h e a r  
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s t r e s s ,  i n s t e a d  of w a t e r  column v e l o c i t y  a n d  w a t e r  d e p t h ,  r e n o v e s  the 

problem of s i t e  and f l o w  s p e c i f i c i t y .  

A s  w i t h  t h e  a b o v e  s t r e a m b e d  v e l o c i t y  phenomena, t h e  m a s s  t r a n s f e r  

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

surf aces can  be e x p r e s s e d  as a f u n c t i o n  of s h e a r  stress t h e  f l o w i n g  water 

e x e r t s  o n  t h e  s t r e a m b e d  s u r f a c e .  Novotny ( 1 9 6 9 )  d e r i v e d  t h e  f o l l o w i n g  m a s s  

t r a n s f e r  e q u a t i o n :  

i n  which c is  a  c o n s t a n t  and k r  i s  t h e  roughness  h e i g h t  of t h e  s t r eambed  

p r o j e c t i o n s  (an). I n  g r a v e l  and c o b b l e  l i n e d  stream c h a n n e l s ,  k r  can be 

approx imated  by s t r e a m b e d  p a r t i c l e  d i a m e t e r ,  Dp (Bray ,  1979) .  S u b s t i t u t i n g  

Dp i n t o  Equa t ion  38 and r e a r r a n g i n g  t h e  r e s u l t  y i e l d s  an e q u a t i o n  of t h e  

same form as E q u a t i o n  25, i . e . ,  

i n  which Re is  t h e  s h e a r  Reynolds number ( E q u a t i o n  3 4 ) .  

A s  w i t h  t h e  o t h e r  mass t r a n s f e r  e q u a t i o n s ,  E q u a t i o n  39 assumes t h a t  

r e a c t i v e  s u r f a c e  a r e a  r emains  c o n s t a n t  w i t h  chang ing  w a t e r  column v e l o c i t i e s  

a n d  t h e  c o r r e s p o n d i n g  changes  i n  s h e a r  stress. Because t h e  amount of 

s t r eambed  b i o f i l m  s u r f a c e  a r e a  a c t i v e  i n  s u b s t r a t e  removal i s  a  f u n c t i o n  of 

t h e  w a t e r  v e l o c i t y  a t  t h e  s t r eambed  surf ace, t h e  Reynolds n m b e r  i n  E q u a t i o n  

39 is  e x p e c t e d  t o  b e  r a i s e d  t o  a  h i g h e r  power t h a n  1 / 2  f o r  g r a v e l  and c o b b l e  

s t r e a m b e d s .  
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Scope of Ar t i f i c i a l  Stream Experiments 

The goal of the  a r t i f i c i a l  stream experiments i s  t o  determine the  

values of Constant and m i n  Equation 25, 

1/3 D Km = Constant ~e~ Sc - 
DP 

i n  which Re i s  the  shear Reynolds number, tha t  enables Equation 25 t o  

describe the  apparent, overall  mass t rans fe r  coef f ic ien ts  fo r  gravel and 

cobble streambeds. Since the  overall  mass t ransfer  coeff ic ients  w i l l  be 

defined i n  terms of shear Reynolds number, the  r e su l t i ng  equations should be 

applicable t o  wide range of natural streams that  have gravel and cobble 

streambeds s imilar  t o  those found i n  the a r t i f i c i a l  stream. 

S p e c i f i c a l l y  , experiments were perf ormed i n  an a r t i f i c i a l  stream 

reactor  t o  assess the  short- and long-term ef fec t s  of stream velocity on 

contaminant removal ra tes  by streambed biofilma. Heterotrophic biof i l m s  

were grown on ei ther  cobble (mean diameter of 6.0 cm) or gravel  (mean 

diameter of 1 . 6  cm) streambeds. The r a t e  a t  which streambed biotilms 

removed chemical oxygen demand ( C O D )  from t h e  a r t i f i c i a l  s t ream was 

determined under batch conditions. The source of the COD was a  glucose 

solut ion.  The short-term mass-transport-related e f t ec t s  of stream velocity 

on contaminant removal r a t e s  were assessed by acclimating the  biofilm 

community t o  a  spec i f i c  stream velocity and observ ing  how contaminant 

removal ra tes  varied as the stream velocity was a l te red ,  i . e . ,  the  stream 

velocity a t  which the batch t e s t s  were conducted. Because the  batch t e s t s  

were of short duration, streambed biofilm biomass d i d  not change from the 

amount accumulated during streambed acclimation. Theref ore,  the  s ens i t i v i t y  

of COD removal rate2 t o  changes i n  stream velocity was a t t r ibu ted  so le ly  t o  
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changes i n  the  o v e r a l l  mass transfer coefficient.  When the amount of 

streambed surface area available for  biof i l m  colonization was s e t  equal t o  

the geometric surface area, the values of Constant and m i n  Equation 25 

were calculated. The r e s u l t i n g  equations descr ibed t h e  o v e r a l l  mass 

t ransfer  coefficients for  the gravel and cobble streambeds as a function of 

shear velocity. 

Experiments a lso were performed on the cobble streambed t o  observe how 

the long-term exposure of a streambed biofilm community t o  a new stream 

ve loc i ty  a l t e r e d  biof i lm biomass. For th i s  purpose, batch t e s t s  were 

conducted a t  different acclimation velocities.  The s e n s i t i v i t y  of COD 

removal rates  to  changes i n  the acclimation velocity were a function of the 

overall mass transfer coefficient and streambed biof i l m  biomass. Because 

the variation i n  the overall mass transfer coefficient w i t h  stream velocity 

was defined by the short-term experiments (i .e., Equation 251, the long-term 

effect of stream velocity on biof i l m  biomass could be determined. Changes 

in  cobble streambed biof i l m  biomass w i t h  acclimation velocity were expressed 

i n  terms of surface area available for  colonization, such that the deviation 

of available surface area from the geometric value -- the value a t  which 

Equation 25 was defined -- indicated an increase or decrease i n  streambed 

b i  of i l m  b i  mass.  

An acc identa l  des i cca t ion  of the  cobble streambed presented the 

opportunity t o  t e s t  the predictive capacity of the equations that  define the 

shor t -  and long- term effects of stream velocity on contaminant removal 

ra tes .  The recovering cobble streambed way exposed t o  a previously untested 

acclimation velocity. Upon reaching steady-state conditions, a ser ies  or 

short  term batch t e s t s  were conducted on the resul t ing biofilm community t o  
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a s s e s s  t h e  s e n s i t i v i t y  of COD removal r a t e s  t o  changes i n  s t r e a m  v e l o c i t y .  

A c a n p a r i s o n  was made between t h e  e x p e r i m e n t a l l y  obse rved  removal r a t e 3  and 

t h e  r e m o v a l   rate^ p r e d i c t e d  by t h e  p rev ious1  y  developed e q u a t i o n s  t h a t  

d e s c r i b e d  changes  i n  t h e  o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  and changes  i n  

b i o f i l m  b i a n a s s  w i t h  s t r e a m  v e l o c i t y .  Close agreement between t h e  o b s e r v e d  

and p r e d i c t e d  removal r a t e s  w a s  c o n s i d e r e d  t o  i n d i c a t e  t h a t  t h e  e q u a t i o n s  

s u c c e s s f u l l y  c a p t u r e d  t h e  phenomena which c o n t r o l  t h e  r a t e  of contaminant  

removal by c o b b l e  s t r eambed  biof  i l m s  . 

M a t e r i a l s  and Methods 

D e s c r i p t i o n  of A r t i f i c i a l  Stream 

The exper imenta l  d e t e r m i n a t i o n  of mass t r a n ~ f e r  c o e f f i c i e n t s  for  g r a v e l  

and c o b b l e  s t r eambeds  w a s  performed i n  a  10-meter l o n g  F r i g i d - U n i t s  (TM) 

f i ~ h  raceway. The f i s h  raceway was modi f i ed  s u c h  t h a t  water  was r e c y c l e d  

t h r o u g h  a  sys tem of c e n t r i f u g a l  pumps and p i p e s .  The u s e  of r e t u r n  p i p e s  

a n d  a s s o c i a t e d  pumps a l lowed  w a t e r  v e l o c i t i e s  t o  be much h i g h e r  i n  t h e  

a r t i f i c i a l  s t r e a m  t h a n  would have been a l lowed w i t h  t h e  t r a d i t i o n a l  f a l s e  

b o t t a n  r e c y c l e .  A s c h e m a t i c  of t h e  f low c h a r t  f o r  t h e  a r t i f i c i a l  s t r eam i s  

shown o n  F i g u r e  4 .  

V e l o c i t i e s  i n  t h e  a r t i f i c i a l  s t r eam were c o n t r o l l e d  by v a r y i n g  s t r eam 

d i s c h a r g e  e i t h e r  by a l t e r i n g  t h e  number of r e c y c l e  pumps i n  o p e r a t i o n  o r  by 

a d j  us t i n g  d i s c h a r g e  f o r  i n d i v i d u a l  pumps v i a  v a l v e s  on each pump1 s d i s c h a r g e  

p ipe .  T h e r e  were  f o u r  s e p a r a t e  r e c y c l e  pumps: o n e  1-HP Gorman-Rupp 

c e n t r i f u g a l  pump w i t h  a  5.1 cm ( 2  i n c h )  I . D .  r e c y c l e  p i p e ,  two 1/3-HP 

Cole-Palmer h i g h  c a p a c i t y  c e n t r i f u g a l  pumps wi th  2.5 cm ( 1  i n c h )  I. D. 
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recycle pi pee, and one 1 /3-HP Cole-Palmer high capacity centrifugal  pump 

which recycled water through a 3.8 cm (1.5 inch) I . D .  pipe. 

Two dif ferent  s izes  of sieved calcareom rock were used t o  represent 

two types of n a t u r a l  s t reambeds.  Gravel and cobble  streambed3 were 

r ep re sen t ed  by  rocks  w i t h  a  mean diameter of 1.6 cm and of 6.0 cm, 

respectively.  The rocks were placed i n  a l ined  rectangular channel tha t  was 

27.5 cm wide and between 690 and 760 cm long. Streambed slope was 2.9 

percent. Both the gravel and cobble streambeds were 1.5 t o  2 layers of rock 
. . 

th ick.  Suff ic ient  water flowed over the  gravel and cobble streambeds t o  

complete1 y cover a l l  of the  rocks. 

Velocity Deterrni nations 

Average stream veloci t ies  i n  the  a r t i f i c i a l  stream were determined from 

visual ly  observed dye t rave l  time, i .e. time needed for  a slug of potassium 

permanganate t o  t rave l  the length of the streambed. The length of the 

streambed divided by the dye t rave l  time was equal t o  the  average stream 

velocity.  The principal  advantage of the dye method was that  the  impact of 

l a t e r a l  and ver t i ca l  velocity profi le3 on average  s t ream v e l o c i t y  was 

i nco rpo ra t ed  i n t o  t h e  dye v e l o c i t y  measurement. Therefore, f o r  each 

determination of average stream velocity,  only one dye velocity measurement 

was required, compared t o  the  several velocity probe measurements required 

t o  in tegra te  stream prof i l es  i n to  an average velocity.  

The a b i l i t y  of the dye t rave l  time method t o  determine average stream 

ve loc i t i es  was t es ted  by comparing i t s  r e s u l t s  t o  those obtained by a NaCl 

t racer  method a t  several  d i f ferent  pump se t t i ngs .  Sample gravel and cobble 

stream ve loc i t i es  were determined by step-feed adding NaCl t o  the  head of 
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t h e  a r t i f i c i a l  s t r eam and o b s e r v i n g  NaCl t r a v e l  t ime  w i t h  a  c o n d u c t i v i t y  

mete r  a t  t h e  end of t h e  s t reambed.  P rocedures  f o r  t h e  NaCl t r a c e r  s t u d i e s  

a r e  p r e s e n t e d  i n  t h e  nex t  s e c t i o n .  

S h e a r  v e l o c i t i e s  w e r e  c a l c u l a t e d  f r o m  t h a t  form of t h e  Keulegan 

e q u a t i o n  s u i t a b l e  f o r  use  w i t h  rough c h a n n e l s  (Chow, 19591, 

i n  which U is t h e  s h e a r  v e l o c i t y  ( c m / s e c ) ,  V is t h e  average  s t r e a m  v e l o c i t y  

( c m / s e c ) ,  R is t h e  h y d r a u l i c  r a d i u s  of t h e  channel  ( cm) ,  and k r  is t h e  

roughness  h e i g h t  (cm).  Bray (1979, 1982) examined h igh  in-bank f lows  i n  67 

g r a v e l - l i n e d  r i v e r  r e a c h e s  and found t h a t  when k r  was approximated e i t h e r  by 

t h e  D50, D65, o r  D90 f o r  t h e  s t r eambed  p a r t i c l e s  t h e r e  was no s i g n i f i c a n t  

d i f f e r e n c e  i n  t h e  a b i l i t y  of Equa t ion  40 t o  d e s c r i b e  t h e  r e l a t i o n s h i p  

between V and U .  Thus,  i n  t h e  p r e s e n t  e t u d y ,  k r  was s e t  equa l  t o  Dp and 

i n  which H is  t h e  dep th  of f l o w i n g  wa te r  i n  t h e  a r t i f i c i a l  s t r eam channel  

(cm) and W was channel  width  (27 .5  cm). F o r  t h e  g r a v e l  s t r eambed ,  H was t h e  

d e p t h  of water  above t h e  g r a v e l  bed. While  f o r  t h e  c o b b l e  s t r eambed ,  H was 

t h e  d e p t h  of wa te r  above t h e  channel  bottom. 

Chow ( 1 9 5 9 )  c o n s i d e r e d  a  c h a n n e l  t o  be  r o u g h  when t h e  v e l o c i t y  

d i s t r i b u t i o n  depended on t h e  form and s i z e  of t h e  s t reambed p r o j e c t i o n s .  A 

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

magni tude t o  e x t e n d  t h e i r  e f f e c t s  beyond t h e  l a m i n a r  s u b l a y e r  a n d  t h u s  
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d i s t u r b e d  t h e  w a t e r  f l o w  i n  t h e  channe l .  M a t h e m a t i c a l l y ,  Chow (1959) . 

d e f i n e d  a  s u r f a c e  as be ing  rough  when t h e  f o l l o w i n g  is t r u e :  

k r  > 100 KVIS 
.3600 V 

i n  which KVIS is t h e  k i n e m a t i c  v i s c o s i t y  of water  ( cm2/hr ) ,  and V is average  

s t r e a m  v e l o c i t y  (cm/sec)  . 
I n  a  s t r i c t  s e n s e ,  t h e  a r t i f i c i a l  s t r eam channel  conformed t o  Chow's 

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

a r t i f i c i a l  s t r e a m ,  b o t h  t h e  g r a v e l  and c o b b l e  s t reambeds  de te rmined  s t r e a m  

v e l o c i t y  d i s t r i b u t i o n .  T h i s  was e v i d e n t  by t h e  f o r m a t i o n  of s t a n d i n g  waves 

even a t  t h e  s l o w e s t  of s t r eam v e l o c i t i e s .  When Dp was s u b s t i t u t e d  i n t o  

Equa t ion  42 f o r  k r ,  t h e  r e l a t i o n s h i p  was de te rmined  t o  be t r u e  f o r  bo th  t h e  

g r a v e l  and c o b b l e  s t r e a m b e d s ,  i . e . ,  b o t h  t h e  g r a v e l  and c o b b l e  s t r eambeds  

met t h e  mathemat ica l  c r i t e r i o n  for a  channel  be ing  rough. However, t h e  

Keulegan e q u a t i o n  (Equa t ion  40) and t h e  roughness  r e l a t i o n s h i  p  (Equa t ion  

4 2 )  were developed from s t r e a m  c h a n n e l s  i n  which t h e  d e p t h  of t h e  f lowing  

wa te r  was much g r e a t e r  t h a n  s t r eambed  p a r t i c l e  s i z e .  The g r a v e l  and c o b b l e  

a r t i f i c i a l  s t r e a m s  had w a t e r  d e p t h s  o n l y  a  few t i m e s  g r e a t e r  t h a n  s t r eambed  

p a r t i c l e  d i a m e t e r ,  i . e . ,  t h e  a r t i f i c i a l  s t r eam was much s h a l l o w e r  t h a n  t h e  

s t r e a m s  f o r  which Equa t ions  40 and 42 were  o r i g i n a l l y  developed.  Thus ,  

t h e  mass t r a n s f e r  e q u a t i o n s  determined i n  t h e  a r t i f i c i a l  s t r e a m ,  which a r e  

based o n  t h e  s h e a r  v e l o c i t y  c a l c u l a t e d  by t h e  Keulegan e q u a t i o n ,  may no t  be  

a p p l  i cab1 e  t o  e v e r y  s t r e a m  channe l .  

Stream d i s c h a r g e s  were approximated by c o n s t r i c t i n g  t h e  channel  wid th  

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

c o n s t r i c t i o n .  The p roduc t  of t h e  c r o s s - s e c t i o n a l  a r e a  a v a i l a b l e  f o r  f l o w  a t  
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the  constr ic t ion and the  measured velocity was the  stream discharge. Water 

ve loc i t i es  within the c o n s t r i c t i o n  were measured w i t h  a Kent Min i f lo  

velocity meter w i t h  a 1 cm impeller. Because the  water surf ace elevations 

were not uniform throughout the  length of the  constr ic t ion,  the  reported 

discharges should be viewed only as an index of the actual flow ra tes  within 

the  a r t i f i c i a l  stream. 

Mid-channel ver t i ca l  stream velocity prof i les  f o r  the  cobble streambed 

a t  d i f fe ren t  stream veloci t ies  were developed based on the  curve f i t t i n g  

procedure of Debevoise and Fernandez (1984). Data was collected a t  points 

i n  the  cobble streambed where i n t e r s t i t i a l  voids allowed the 1 cm diameter 

velocity probe of a Kent Miniflo velocity meter t o  be positioned anywhere on 

a ver t i ca l  l i n e  s t re tch ing  from the  channel bottom t o  t he  water surface.  

The following equation was used t o  describe the  p ro f i l e  data collected a t  

several  stream veloci t ies  as a continuous curve (Debevoise and Fernandez, 

1984): 

i n  which a ,  b ,  and c a re  empirically determined constants f o r  each stream 

veloci ty ,  and V i s  the water velocity a t  the  dimensionless depth Y f  . The Y t  

parameter was defined by 

i n  which Y is distance above the  channel bottom (cm) and H i s  the t o t a l  

water depth (cm). The values of a ,  b ,  and c f o r  each s e t  of p rof i l e  data 

were obtained from a multiple regression performed on a l inear ized  form of 
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Equation 43. The rnatrix formed by the multiple regression was solved by the 

Crout algorithm outl ined i n  Pinder and Gray ( 1  977). 

Tracer Studies 

Tracer s tudies  were performed on the gravel and cobble streambeds a t  

spec i f ic  stream v e l o c i t i e s  t o  determine t h e  t ime r equ i r ed  f o r  batch 

additions of dissolved chemicals t o  be uniformly dis t r ibuted throughout the 

a r t i f i c i a l  stream. Such t e s t s  were important  because t h e  a b i l i t y  of 

streambed biof ilms t o  remove glucose-derived COD wa? determined under batch 

conditions, and the  analysis of the  COD batch experiments assumed t h a t  COD 

was uniformly mixed. 

The t racer  studies were conducted under the same time and physical 

constra ints  as were t he  COD batch t e s t s .  The t racer  (200  grams of NaCl i n  9 

l i t e r s  of water) was added a t  the ra tes  a t  which the glucose-derived COD was 

added t o  the  stream during the  COD batch t e s t s ,  i . e . ,  30 t o  120 seconds t o  

add t h e  9 l i t e r s  of solution.  NaCl concentrations were monitored by a 

Yellow Springs conductivity probe located a t  the  end of t he  streambed ju s t  

before the stream water f e l l  i n to  the sump. This locat ion was comparable t o  

where the  water samples f o r  the  COD batch t e s t s  were collected.  

Tracer s tudies  were a l so  conducted t o  see  i f  any ver t ica l  concentration 

gradients existed i n  the cobble streambed. These s tudies  were conducted as 

above, b u t  w i t h  two conductivity probes. One probe was located a t  the  end 

of the  streambed, as above, while the  second probe was buried a t  the bottom 

of the cobble streambed midway down the streambed. The conductivity peaks 

f o r  the  two probes should be out of phase by  the  time required f o r  stream 

water t o  t r a v e l  one-half of length of the streambed. However, if the 
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magnitude t o  t h e  two peaks should be comparable, then such data  would 

suggest t h a t  despi te  the  ve r t i ca l  velocity p ro f i l e  the re  i s  no ve r t i c a l  

concentration gradient within the  cobble streambed. 

Growth of Streambed Biof i l m  Canmunity 

The a r t i f i  cia1 stream was i n i t i a l l y  inoculated w i t h  m i  c roorgani  sms 

found i n  well water t h a t  was pumped from a  46-meter deep well i n  Urbana. 

The well water a l so  functioned as t he  nutr ient  media f o r  t he  streambed 
1 

biofi lms.  The well water was characterized as being moderately hard w i t h  

3.5 t o  4.0 mg/R of t o t a l  organic carbon ( T O C )  (Randtke and Jepson, 1981). 

The other major consti tuents of the well water a r e  presented on Table 1 .  

The a r t i f i c i a l  stream was covered and kept i n  a  dark room t o  prevent 

the growth of phototrophic microorganisms. When streambed biofilms were 

being acclimated t o  a  spec i f i c  stream veloci ty ,  each day 50 l i t e r s  of t he  

e x i s t i n g  a r t i f i c i a l  stream water was replaced w i t h  f r e sh  well water t o  

maintain nutr ient  concentrations and t o  reduce any e x i s t i n g  suspended 

populations of microorganisms. The volume of water being recycled i n  the  

stream ranged from 90 t o  200 l i t e r s .  An ac id i f i ed  ( p ~ = 3 )  glucose solut ion 

of 75 gm COD/1 was added t o  the  a r t i f i c i a l  stream a t  the  r a t e  of 0.75 l i t e r s  

per hour -- a  r a t e  t ha t  was approximately equal t o  the  r a t e  of water l o s t  

due t o  evapo ra t i on  -- t o  be used as a  carbon source by the  streambed 

biofilms. With  stream water being recycled a t  flows ot  a t  l e a s t  3050 l i t e r s  

per  hour ,  r e c y c l e  r a t i o s  dur ing  biof i l m  a cc l ima t i on  exceeded 4000. 

Therefore, during biofilm growth, the a r t i f i c i a l  s t ream approximated a  

compl etely-mi xed reac to r ,  which meant t ha t  physical biof i l m  charac te r i s t i c s  

could be assumed t o  be uniform over the  length of the  streambed. 
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Streambed biof i l m  communities were acclimated t o  stream veloci t ies  tha t  had 

suf'ficient flow t o  completely cover all rock surfaces.  Most of t he  research 

e f fo r t  involved the  cobble streambed, w i t h  some experiments being performed 

on the  gravel streambed f o r  comparative purposes. The cobble streambed 

biofilm community was acclimated t o  stream veloci t ies  of 9.5, 10.9, 13.2, 

16.2, 16.6, 17.8, and 18.7 cm/sec. For the  gravel streambed, the biofilm 

community was acclimated t o  a s i ng l e  stream velocity of 17.7 cm/aec. The 

biofilm community was considered t o  be acclimated t o  a stream velocity when 

the  a b i l i t y  of the streambed t o  remove COD was constant over a two week 

period. 

Determining COD Removal A b i l i t y  of Streambed Biof i l m s  

The r a t e  a t  which a streambed biofilm community removed contaminants 

from the stream's water column was determined by means of batch t e s t s .  A 

batch t e s t  consisted of th ree  s teps .  F i r s t ,  t h e  streambed biofilms were 

s t a r v e d  f o r  12 hours by stopping the  addit ion of the 75-mg COD/1 feed 

solut ion.  T h i s  was done t o  reduce background COD concentrations i n  the  

stream. Second, the  COD concentration i n  the  a r t i f  i c i  a1 stream was rapidly 

increased t o  between 30 and 45 mg COD/1 by adding 9 l i t e r s  of concentrated 

glucose solut ion;  the actual concentration of t h i s  feed solut ion varied w i t h  

the  volume of water being recycled i n  the  a r t i f i c i a l  stream. The nine  

l i t e r s  of g lucose  solut ion was added a t  a uniform r a t e  fo r  30 t o  120 

seconds. The time a t  which t he  e n t i r e  9 l i t e r s  of t he  feed solut ion had 

been added t o  the  a r t i f i c i a l  stream corresponded t o  t = 0. Third, the  r a t e  

of COD removal from the  waters of the a r t i f i c i a l  stream was determined by 

measuring COD concentrations i n  stream water samples tha t  were collected a t  
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regular time in te rva l s .  The stream water samples were collected as the 

stream water f e l l  i n t o  the a r t i f i c i a l  stream's sump and not f r m  the  sump 

i t s e l f  (Figure 4 ) .  The f i r s t  stream water sample was collected a f t e r  the  

time required f o r  the  COD concentrations t o  becme uniform throughout the  

a r t i f i c i a l  stream--as determined from the t racer  studie: . The water samples 

were f i l t e r e d  through a  0.45-1~m membrane f i l t e r .  C O D  a n a l y s i s  of t h e  

water samples followed the  low-level procedure described i n  Standard Methods 

(APHS, 1978). 

The i n i t i a l  r a t e  a t  which streambed biof ilms removed COD from the 

a r t i f i c i a l  s t ream fol lowed f i r s t - o r d e r  k i n e t i c s  w i t h  r e s p e c t  t o  C O D  

concentrations, namely 

in  which C is  COD concentration (mg/R) i n  the  stream water, t i s  time ( h r ) ,  

Kf i s  the  f i r s t - o rde r  f l u x  constant (cm/hr), P is  the  amount of ac t ive  

biof i l m  surf ace area  per unit  streambed length (cm), L s  i a  the length of the . 

streambed (cm), and VOL is the  volume of water being r ecyc l ed  i n  t h e  

a r t i f i c i a l  stream during the  batch t e s t  (cm3). The natural  logarithm of C 

was plotted versus time, giving a  s t r a i g h t  l i n e  w i t h  a  negative slope of M 

( - 1  . The absolute value of the slope equalled 

The spec i f i c  goal of the batch t e s t s  was t o  determine the  value of KfP for  

each t e s t ed  stream velocity. By rearranging Equation 46, KfP was calculated 

f rom 



M VOL KfP = - 
L s  

The volunle of water being r ecyc l ed  i n  the a r t i f i c i a l  stream was 

obtained from the  following equation: 

Qf Cfd -Mtf, 
VOL = - [I-e 

M C ( 0 )  
(48) 

i n  which VOL i e  t h e  volurne of water being recycled (cm3), Qf i s  the 

volumetric r a t e  a t  which the  COD feed is added t o  the a r t i f i c i a l  strearn 

(9000 cm3/tf ) ,  t f  is the length of time over which the  C O D  feed was added t o  

t h e  stream ( h r ) ,  C f d  is the  COD concentration ot t he  feed (mg/ll), M i s  the  

observed degradation ?lope ( h r - l ) ,  and C(o) i s  the calculated stream COD 

concentration (mg/R) when COD addit ion t o  the  stream had j u s t  stopped, which 

corresponds t o  t = 0 fo r  batch t e ~ t .  C(o) i s  defined by the  following 

equation: 

i n  which Y-inter is  t he  Y-intercept of t he  s t r a i g h t  l i n e  produced on a I n  C 

versus t plot of the decay of stream C O D  concentrations during the  batch 

t e s t .  Therefore, Equation 48 assumed tha t  t he  COD feed was added t o  a 

completely mixed reactor a t  a  uniform r a t e  ( Q f )  f o r  a known length of time 

( t f )  and t ha t  some stream COD was removed by t he  streambed biofilms during 

feed additions t o  the  stream. 

The value of KfP calculated by Equation 47 included, i n  some cases,  

contributions from biofilms located on the  i nne r  w a l l s  of t h e  r e c y c l e  

pipes. During biof i l m  accl imation t o  a stream velocity , biof ilms colonized 

t he  recycle pipes. Fortunately,  the  recycle pump and pipe t ha t  were used t o  
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a c c l i m a t e  t h e  g r a v e l  s t r e a m b e d  b i o f i l m s  were n o t  needed t o  s u p p l y  f l o w  f o r  

t h e  g r a v e l  b a t c h  tes ts .  T h e r e f o r e ,  t h e  d e t e r m i n a t i o n  of t h e  KfP v a l u e s  f o r  

t h e  g r a v e l  s t r e a m b e d  n e e d e d  no  c o r r e c t i o n s  f o r  b i o f i l m s  i n  t h e  p i p e s .  

However, t h e  r e c y c l e  pumps and bipes used  t o  acclimate t h e  c o b b l e  s t r e a m b e d  

b i o f i l m s  t o  s p e c i f i c  a v e r a g e  s t r e a m  v e l o c i t i e s  had  t o  be o p e r a t e d  d u r i n g  t h e  

b a t c h  tests .  Thus ,  t h e  o b s e r v e d  removal  s l o p e s  f o r  c o b b l e  b a t c h  tests were 

c o r r e c t e d  by s u b t r a c t i n g  t h e  removal  s l o p e  due  t o  b i o f  i l m s  l o c a t e d  i n  t h e  

P i  p e s ,  

i n  which  M ( s )  is t h e  removal  s l o p e  d u e  o n l y  t o  t h e  s t r e a m b e d  b i o f i l m s  

( h r - l ) ,  M i s  t h e  e x p e r i m e n t a l l y  o b s e r v e d  removal  s l o p e  (hr ' l )  due  t o  b o t h  

s t r e a m b e d  and p i p e  b i o f  i l m s ,  and  M(p) is t h e  removal  s l o p e  d u e  t o  b io f  i l m s  

l o c a t e d  w i t h i n  t h e  r e c y c l e  p i p e s  ( 1 ) .  Assuming t h a t  t h e  p i p e  b i o f i l m s  

were deep  w i t h  r e s p e c t  t o  g l u c o s e  ( R i t t m a n n  and McCarty, 19781 ,  t h e  v a l u e  of 

M(p) was e s t i m a t e d  by 

D Df PHI A p  
M ( p )  = D + Lp D f  PHI VOL 

i n  which  Ap i s  t h e  t o t a l  amount of p i p e  s u r f  a c e  area t h a t  c a n  be  c o l o n i z e d  

by b iof  i l m s  (cm2) and  Lp is t h e  t h i c k n e s s  of t h e  e f f e c t i v e  d i f f u s i o n  l a y e r  

s u r r o u n d i n g  t h e  p i p e  b i o f i l m s  (cm). The v a l u e  o f  Lp was d e t e r m i n e d  by  

e q u a t i o n s  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .  Thus,  f o r  t h e  c o b b l e  s t r e a m b e d  

b a t c h  tests, M(s )  i n s t e a d  o f  M was used  t o  c a l c u l a t e  KfP i n  E q u a t i o n  47. 
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Determination of Biof i l m  Kinetics Parameters 

The diffusion coeff ic ient  of glucose i n  water was determined from the  

Wilke-Chang expression (Perry and Green, 1984) and was estimated t o  be 0.025 

cm2/hr a t  20°C. Because water temperatures within the  a r t i f i c i a l  stream 

were seldom 20 degrees, COD diff  u s iv i t i e s  were corrected f o r  temperature by 

the  following equation (Rittmann, e t  . a1 . , 1983) : 

i n  which D is the d i f fu s iv i t y  of glucose i n  water (cm2/hr) a t  temperature of 

T ( C )  (Rittmann, e t .  dl., 1983). The d i f fu s iv i t y  of the glucose within t he  

biofilm (Df) was assumed t o  be 0.8 times D (Williamson and McCarty, 1976b). 

Based on data presented i n  S t ree te r  and Wylie (1975), the  var ia t ion i n  

the kinematic viscosity of water w i t h  temperature (between 15 t o  30°C) was 

des c r i  bed by 

(T-20 ) KVIS = 36.25 * 0.977 

i n  which KVIS is the kinematic viscosi ty  of water (cm2/hr) a t  the  water 

temperature T, and 36.25 cm2/hr i z  the kinematic viscosi ty  of water a t  20°C. 

The value of the  charac te r i s t i c  biofilm kinet ic  parameter a l so  changed 

w i t h  temperature, 

K Xf 1 /2 
P H I  = [--I ' Df 

i n  which PHI  is the charac te r i s t i c  biof i l m  k ine t ic  parameter (cm'l). The 

value of K was assumed t o  double fo r  every 10°C increase i n  temperature; 

t h u s  (Rittmann, e t .  a l . ,  1983) 



i n  wh ich  K is t h e  mixed s e c o n d - o r d e r  r a t e  c o n s t a n t  a t  a water t e m p e r a t u r e  of 

T ,  a n d  K ( 2 0 )  i s  t h e  m i x e d  s e c o n d - o r d e r  r a t e  c o n s t a n t  a t  20°C. X f  was 

c o n s i d e r e d  i n s e n s i t i v e  t o  changes  i n  t e m p e r a t u r e .  B a s e d  o n  t h e  a b o v e  

e q u a t i o n s ,  t h e  v a l u e  o r  PHI  a t  t h e  w a t e r  t e m p e r a t u r e  T was o b t a i n e d  f rom 

PHI = PHI(20)  sq r tC1 .0278  (T-20 ) 1 

i n  which PHI (20 )  is  t h e  v a l u e  of t h e  c h a r a c t e r i s t i c  b i o f i l m  k i n e t i c  

p a r a m e t e r  a t  20°C. 

P H I ( 2 0 )  was o b t a i n e d  f r o m  t h e  removal  s l o p e  due  t o  p i p e  b i o f i l m s  

[M(p)] ,  b e c a u s e  t h e  s u r f a c e  a r ea  a n d  mass t r a n s f e r  c o e f f i c i e n t  were 

c a l c u l a b l e  f o r  t h e  r e c y c l e  p i p e .  D u r i n g  g r a v e l  s t r e a m b e d  a c c l i m a t i o n s ,  t h e  

r e c y c l e  p i p e  became c o v e r e d  w i t h  b i o t i l m .  The p i p e  b i o f  i l m  was assumed t o  

have  t h e  same b a c t e r i a l  c o m p o s i t i o n  and  t h e  same PHI  v a l u e  a s  t h e  s t r e a m b e d  

b i o f  i l m  community. 

The removal  s l o p e s  of two b a t c h  tests  were n e e d e d  t o  c a l c u l a t e  M(p) .  

T h e  f i r s t  b a t c h  t e s t  d e t e r m i n e d  M by r o u t i n g  water o v e r  t h e  g r a v e l  s t r e a m b e d  

a n d  t h r o u g h  b i o t i l m - c o l o n i  z e d  r e c y c l e  p i p e s .  T h e  s e c o n d  b a t c h  t e s t  

d e t e r m i n e d  M(s )  by r e c y c l i n g  water t h r o u g h  c l e a n  p i p e s  af ter  t h e  water 

f l o w e d  o v e r  t h e  g r a v e l  s t r e a m b e d .  M(p) was c a l c u l a t e d  f rom 

After M(p) was c a l c u l a t e d ,  t h e  v a l u e  o f  PHI  was o b t a i n e d  f rom 

PHI = 
D M(p) VOL 

D Df Ap - Lp D f  M(p) VOL 
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i n  which Ap i s  t o t a l  amount of  p i p e  s u r f  a c e  area t h a t  can  be c o l o n i z e d  by 

b i o f i l m s  (cm2) and  Lp is t h e  t h i c k n e s s  of t h e  e f f e c t i v e  d i f f u s i o n  l a y e r  

s u r r o u n d i n g  t h e  p i p e  b i o f i l m s  (cm). E q u a t i o n  5 6  w a s  u sed  t o  c a l c u l a t e  

PHI ( 2 0 )  f rom PHI. Ap w a s  e q u a l  t o  t h e  w e t t e d  p e r i m e t e r  of t h e  r e c y c l e  p i p e  

times i t s  l e n g t h .  Lp was c a l c u l a t e d  f rom ( B i r d ,  e t .  al., 1960)  

i n  which f is t h e  f r i c t i o n  f a c t o r  f o r  f l o w  p a s t e  t ,he w a l l  of  t h e  p i p e ,  Vp i s  

t h e  a v e r a g e  water v e l o c i t y  i n  t h e  p i p e  ( cm/h r )  and  is e q u a l  t o  s t r e a m  f l o w  

d i v i d e d  by t h e  c r o s s - s e c t i o n a l  area o f  t h e  r e c y c l e  p i p e ,  a n d  S c  i s  t h e  

Schmidt  number. The f r i c t i o n  f a c t o r  w a s  c a l c u l a t e d  by t h e  B l a s i u s  f o r m u l a  

(Chow, 19591,  

i n  wh ich  Re is t h e  Reynolds  number (Vp DM/KVIS) and  DM i s  t h e  d i a m e t e r  of 

t h e  p i p e .  The B l a s i u s  f o r m u l a  i s  c o n s i d e r e d  v a l i d  i n  smooth  p i p e s  up t o  Re 

v a l u e s  of 100 ,000  ( B i r d ,  e t .  al., 1960) .  

However, t h e  p r e s e n c e  o f  b i o f i l m s  i n s i d e  o f  a p i p e  c a n  i n c r e a s e  t h e  

p i p e ' s  f r i c t i o n  f a c t o r  t o  v a l u e s  much g r e a t e r  t h a n  t h o s e  p r e d i c t e d  by t h e  

B l a s i u s  f o r m u l a .  C h a r a c k l i s  (1973b)  r e p o r t e d  t h a t  t h e  r e s u l t  of  b i o f i l m s  

c o l o n i z i n g  t h e  i n n e r  s u r f a c e  of a 3 6 - i n c h  d i a m e t e r  p i p e  w a s  a d e c r e a s e  t h e  

c a p a c i t y  of  t h e  p i p e  by 23 p e r c e n t ,  which c o r r e s p o n d e d  t o  a 73  p e r c e n t  

i n c r e a s e  i n  t h e  f r i c t i o n  f a c t o r  ( f ) .  

Because  t h e  B l a s i u s  f o r m u l a  p r o b a b l y  u n d e r e s t i m a t e d  t h e  v a l u e  o f  f f o r  

t h e  r e c y c l e  p i p e ,  t h e  d e t e r m i n a t i o n  o f  PHI b a s e d  on  B l a s i u s  v a l u e  of f 



probab ly  ove re s t ima t ed  t h e  value  of P H I  f o r  t h e  pipe biofilms. The 

s e n s i t i v i t y  of P H I  t o  changes i n  f was determined w i t h  parameters  

representive of the a r t i f i c i a l  stream s y s t e m ,  (Figure 5 ) .  The Blasius value 

of f f o r  t h e  recycle pipe was approximately 0.025. I f  the  value of f were 

t o  i n c r e a s e  by 75 p e r c e n t ,  due t o  biofilm growth on the  recycle pipe 

sur faces ,  the  value of P H I  determined by the above method ( f  = 0.025) would 

overestimate the  actual  P H I  ( f  = 0 .044)  by only 5 percent. Therefore, while 

biofilm growth i n  t he  recycle pipe probably s ign i f i can t ly  increased f above 

the  Blasius value, the  e f fec t  on t he  calculated value of P H I  was minimal. 

Determination of Mass Transfer Coefficients  f o r  Streambeds 

By assuming a deep biofilm, t h e  KfP term calculated f ran  t he  removal 

slope obtained f r an  each batch t e a t  was defined by 

KfP = 
D Df P H I  P 

D + L Df P H I  

o r ,  s ince  L = D/KM,  

KfP = 
Km D Df P H I  P 

K m  D + D Df P H I  

i n  which K m  i s  d e f i n e d  a s  t h e  o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  

representa t ive  of t h e  e n t i r e  streambed (cm/hr). The response of KfP t o  

changes i n  K m  i s  shown of Figure 6. A t  low K m  values,  the re  i s  a l i n e a r  

response between an increase i n  Km and t he  r e su l t i ng  increase i n  KfP. A t  

higher K m  val ues , Kf P becomes inc res i  ngl y insensi  ti ve t o  changes i n  Km. No 

matter how great  K m ,  t h e  maximum o b t a i n a b l e  va lue  of KfP i s  DfPHIP. 

Therefore, be t t e r  information i s  obtained about K m  from batch t e s t s  
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conducted under low mass transport regimes (slow stream veloci t ies)  than 

under h igh  mass transport regimes ( f a s t  stream ve loc i t ies ) .  

Unfortunately, there  i s  no unique s e t  of Km and P values that  s a t i s f i e s  

Equation 62 for  each experimentally determined value of K f P .  T h i s  problem 

was so lved  by f i x i n g  t h e  value of P for  each streambed equal t o  the 

geometric surface area available for  biof i l m  colonization within the stream 

channel. The cobble streambed had geometric P/W value--P divided by the 

w i d t h  of the  stream channel ( W  = 27.5 cm)--of 6.2, which included t h e  

surface area of the p l a s t i c  l i n e r  tha t  was wet during biofilm acclimation. 

The gravel streambed's geometric P/W was 7 . 0 ,  which also included the wetted 

surface area of the p las t ic  l i n e r .  Once P had been s e t  a t  the geometrically 

avai lable  surface area ( P  equals geometric P/W times channel width), Km fo r  

each experimentally determined value of Kf P could be calculated from 

Km = 
Kf D Df PHI 

D Df P H I  - Kf D 

i n  which Kf i s  f i r s t - o r d e r  f lux constant representative of the en t i r e  

streambed (cm/hr) and i s  equal t o  the experimentally determined value of 

KfP (Equation 47 )  divided by P. 

A ques t ion  a r i s e s  as the  whether t h e  geometric P value i s  an 

appropriate measure of actual biof i l m  surface area i n  the gravel and cobble 

~treambeds.  While the actual amount of active biofilm surface would be 

impossible t o  determine, a range of feas ib le  P/W values can be calculated 

f o r  each batch t e s t  and for  each se r i e s  of batch t e s t  performed on a 

streambed acclimated t o  a constant velocity. The smallest value of P/W 

that  could possibly explain the resu l t s  of a s ing le  C O D  batch t e s t  would be 

equal t o  KfP divided by the  maximum possible value of K f .  S ince  t h e  
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maximum p o s s i b l e  value  of Kf f o r  a deep b io f i lm  i s  equal t o  D f P H I  

(kinetic-l imited biof i lm) ,  t h e  m i n i m u m  value of P/W can be calculated from 

P/W(min) = 
Kf P 

Df P H I  W 

i n  which P /W(min)  i s  the minimum value of' P/W tha t  could explain the  value 

of KfP f o r  a s ing le  batch t e s t .  Likewise, t he  l a rge s t  P/W t h a t  could 

possibly explain t he  r e s u l t s  of a batch t e s t  would be equal t o  KfP divided 

by t h e  smallest possible value of K f .  A s  Km approaches zero i n  Equation 62, 

t h e  value of Kf approaches i t  minimum value, K m  (mass-transport-limi ted 

biofi lm).  Therefore, the  maximum possible P/W value t ha t  can explain the 

r e s u l t s  of a batch t e s t  i s  

i n  which P/W(max) is  the l a rge s t  possible value of P/W can explain the  KfP 

value obtained f r m  a s ing le  COD batch t e s t .  If  t he  slowest r a t e  of mass 

t rans fe r  found i n  the  a r t i f i c i a l  stream corresponds t o  K m  = 1.0 cm/hr ( L  = 

250 microns a t  20°C), the  value of P/W(max) can be determined from 

Because P/W(min) and P/W(max) represent the  extreme possible values of 

ac t ive  biofilm surface area ,  ac tual  P/W values probably l i e  between the  two 

values. Therefore, i f  the assumed geometric value of P/W l i e s  within the 

f ea s ib l e  range of P/W(min) t o  P/W(max) fo r  a batch t e s t  (or a s e r i e s  of 

batch t e s t s ) ,  then the  geometric P/W value can be considered an appropriate 

representa t ion of the amount of biof i l m  surface area ac t ive  i n  COD removal 
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and can be used i n  determining the  overal l  stream m a s s  t r ans fe r  coef f ic ien t ,  

Km . 
Once Km was determined fo r  each stream velocity i n  a s e r i e s  of batch 

COD t e s t s ,  an equation was developed t o  describe t h e  streambed mass t rans fe r  

coeff ic ient  as a function of the stream shear velocity.  A power regression 

a n a l y s i s  was performed between s t ream Reynolds number (Re)  and t h e  

right-hand s ide  of t h i s  equation 

Constant ~e~ = 
K m  Dp 

113 
(66) 

D Sc 

t o  determine t h e  values  of Constant  and m .  The above equation i s  a 

rearrangement of Equation 25. 

m 1 /3  D 
K m  = Constant Re - 

D P 

i n  which Re is shear Reynolds number and is defined as 

Re = 
3600 U Dp 

KVIS 

U is  t h e  shea r  v e l o c i t y  (cm/sec)  obtained from the Keulegan equation 

(Equation 40) ,  and Dp is  t he  mean diameter of streambed par t i c les  (cm). 

Values of Constant  and m were determined from se r i e s  of batch t e s t s  

performed on a gravel streambed acclimated t o  an average stream velocity of 

17.7 cm/sec and a cobble streambed acclimated t o  13.2 cm/sec. 

Streambed Biotilm B i o m a s s  versus Acclimation Velocity 

A long-term change i n  the  average stream velocity can be expected t o  

a l t e r  the  d i s t r ibu t ion  and amount of streambed biofilm biomass. Faster 
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stream ve loc i t i e s  should support more biof i l m  biomass, a t  l e a s t  up t o  t he  

point where ?cow ef f e c t s  become overwhelming ( R i  ttmann, 1982a). I n  t h i s  

s t u d y ,  changes i n  t h e  amount of cobble streambed biofilm biomass w i t h  

acclimation velocity were quantif ied by back-calculating values of P/W a t  

? i x  d i f f e r en t  acclimation ve loc i t i e s ,  i . e . ,  9.5, 10.9, 13.2, 16.2, 17.8, and 

18.7 cm/sec. The P/W value ind ica t tve  of streambed biofilm biomass a t  each 

accl imat ion velocity was obtained f rom 

P/W(acc) = 
M(s) L s  ( K m  D + D Df PHI) 

W VOL K m  D Df PHI 

i n  which P/W(acc) i s  the calculated amount of biof i l m  surf ace area  per uni t  

channel w i d t h  a c t i ve  i n  COD removal a t  a  spec i f i c  acclimation v e l o c i t y  

(dimensionless)  and K m  i s  the overal l  mass t r ans fe r  coef f i c ien t  (cm/hr) 

obtained from Equation 25 w i t h  the appropriate values of Constant and m f o r  

a cobble streambed. 

T h u s  , the  back-calculated P/W values were indices of how streambed 

biof i l m  b i  mas s  changed w i t h  acclimation veloci t ies .  For example, a  value 

of P/W(acc) greater  than 6.2 f o r  a spec i f i c  acclimation velocity would 

ind ica te  t h a t  more biofilm biomass was present within the  streambed than a t  

an acclimation veloci ty  of 13.2 cm/sec. Conversely, a  P/W(acc) value l e s s  

than 6.2 would ind ica te  l e s s  b i  mas s  w x  present a t  the  t e s t ed  acclimation 

velocity than a t  13.2 cm/sec. 

Testing of the  Mass Transfer Equation 

After the above experiments were performed, a pump f a i l u r e  caused t he  

desiccation of exis t ing cobble streambed biof ilms. The s y s  tern was repaired 

and the  streambed was acclimated t o  an average stream veloci ty  of 16.6 
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cm/sec .  A series of b a t c h  tests was performed o n  t h e  a c c l i m a t e d  s t r e a m b e d  

t o  t e s t  t h e  a b i l i t y  of t h e  mass t r a n s f e r  e q u a t i o n  d e r i v e d  f r m  a c o b b l e  

s t r e a m b e d  a c c l i m a t e d  t o  13.2 cm/sec  t o  p r e d i c t  t h e  o b s e r v e d  KfP v a l u e s .  

F o r  this  t e s t ,  t h e  v a l u e  o f  P/W used  i n  t h e  p r e d i c t i o n  of KfP was c o n s i s t e n t  

w i t h  t h e  r e s u l t s  of the  e x p e r i m e n t s  o u t l i n e d  i n  t h e  p r e v i o u s  s e c t i o n .  The 

r e s u l t s  of compar ing  p r e d i c t e d  KfP v a l u e s  v e r s u s  o b s e r v e d  KfP v a l u e s  were 

r e p o r t e d  as r e l a t i v e  e r r o r ,  

R l a t i v  100 [ ~ f ~ ( p r e d )  - K f ~ ( o b s ) ]  
E r r o r  ?%P ~f  P ( o b s  ) 

i n  which  KfP ( p r e d )  i s  the  v a l u e  o f  KTP (cm2/h r )  p r e d i c t e d  by t h e  mass 

t r a n s f e r  e q u a t i o n ,  and  K f P ( o b s )  i s  t h e  e x p e r i m e n t a l l y  o b s e r v e d  v a l u e  o f  

KfP ( c m 2 / h r )  f o r  t h e  c o b b l e  s t r e a m b e d .  Smal l  r e l a t i v e  e r r o r s  would i n d i c a t e  

t h a t  t h e  mass t r a n s f e r  e q u a t i o n  and t h e  P/W r e l a t i o n s h i p  c a p t u r e d  b o t h  t h e  

s h o r t -  and  long- t e rm i m p a c t s  s t r e a m  v e l o c i t y  has  o n  t h e  rates a t  which 

c o b b l e  s t r e a m b e d  b iof  i l m  cmmuni  ti es remove s t r e a m  c o n t a m i n a n t s .  

R e s u l t s  of  A r t i f i c i a l  S t ream Exper imen t s  

H v d r a u l i  c  C h a r a c t e r i s t i c s  o f  Grave l  a n d  Cobb le  S t r eambeds  

A compar i son  between s t r e a m  v e l o c i t i e s  d e t e r m i n e d  by t h e  d y e  method and 

t h e  NaCl s t e p - f e e d  method f o r  t h e  g r a v e l  and  c o b b l e  s t r e a m b e d s  i s  shown o n  

F i g u r e  7.  The good agreement  between t h e  s t r e a m  v e l o c i t i e s  o b t a i n e d  f r m  

t h e  two  methods i n d i c a t e d  t h a t  t h e  dye method was a v a l i d  way of  d e t e r m i n i n g  

s t r e a m  v e l o c i t i e s  i n  t h e  a r t i f i c i a l  s t r e a m .  

For  p r e d i c t i n g  s h e a r  v e l o c i t i e s  a t  v a r i o u s  a v e r a g e  s t r e a m  v e l o c i t i e s ,  

i t  was d e s i r e d  t o  d e s c r i b e  t h e  d e p t h  of  f l o w i n g  water as a f u n c t i o n  of 

a v e r a g e  s t r e a m  v e l o c i t y .  I n  t h e  g r a v e l  s t r e a m b e d ,  t h e  r e l a t i o n s h i p  



dye velocity, V 

F i g u r e  7. Comparison o f  t h e  St ream Velocities Determined by t h e  Dye Method 
and t h e  NaCl Step-Feed Method f o r  t h e  Grave l  and Cobble  
St reambede.  



between stream d e p t h  a n d  a v e r a g e .  stream v e l o c i t y  (shown o n  F i g u r e  8 )  was 

d e f i n e d  by 

i n  wh ich  H is t h e  water d e p t h  above  t h e  g r a v e l  s t r e a m b e d  (cm) and V is t h e  

a v e r a g e  stream v e l o c i t y  ( cm/sec ) .  I n  t h e  c o b b l e  s t r e a m b e d ,  t h e  r e l a t i o n s h i p  

between d e p t h  of f l o w i n g  water and  stream v e l o c i t y  (shown o n  F i g u r e  9 )  was 

d e f i n e d  by 

0 30 H = 4.0 V . 

i n  wh ich  H i s  t h e  d e p t h  of water above  t h e  channe l  bottom (cm) . 
T h e  m e t h o d  o f  Debevo i se  and  Fe rnandex  (1984)  was used  t o  g e n e r a t e  

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

e m p i r i c a l  c o n s t a n t s  a ,  b ,  a n d  c ,  l i s t e d  o n  T a b l e  2,  were u s e d  t o  d e v e l o p  

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

a v e r a g e  s t r e a m  v e l o c i t i e s .  R e p r e s e n t a t i v e  v e l o c i t y  p r o f i l e s  are shown o n  

F i g u r e s  10-1 3. The m a t h e m a t i c a l l y  g e n e r a t e d  v e l o c i t y  p r o f i l e s  a c c u r a t e 1  y  
. . 

p o r t r a y e d  t h e  v e l o c i t y  measurements  t a k e n  i n  t h e  upper p o r t i o n s  of t h e  

s t r e a m b e d .  B e c a u s e  t h e  water v e l o c i t i e s  d e e p  w i t h i n  t h e  c o b b l e  

s t r e a m b e d - - l e s s  t h a n  3.5 cm above  t h e  c h a n n e l  bottom--were u s u a l l y  less t h a n  

t h e  d e t e c t i o n  l i m i t  f o r  t h e  Kent  M i n i f l o  v e l o c i t y  meter ( a b o u t  5 c m / s e c ) ,  
, ;-t G 

t h e  s h a p e  o f  t h e  g e n e r a t e d  v e l o c i t y  measurements , , taken a t  3.6 cm a n d  above .  

Because  t h e  Kent  M i n i f l o  v e l o c i t y  p r o b e  o n 1  y  m e a s u r e d  v e l o c i  t i  es 

p e r p e n d i c u l a r  t o  t h e  p l a n e  of i ts  i m p e l l e r ,  t h e  probe--due t o  i t s  p o s i t i o n - -  

was o n l y  m e a s u r i n g  t h a t  component of w a t e r  v e l o c i t y  t r a v e l i n g  down a n d  

p a r a l l e l  t o  t h e  s t r e a m  channe l  s l o p e .  Due t o  t h e  o r i e n t a t i o n  o f  t h e  
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Velocity (cm/sec) 

Figure 10. v e l o c i t y  P r o f i l e  i n  t h e  Cobble Streambed a t  a  Stream Veloc i ty  of 
8.9 cm/sec. 



Velocity (cm/sec) 

Figure 1 1 .  Velocity Prof i l e  i n  the  Cobble Streambed a t  a Stream Velocity of 
' 12 .2  crn/sec. 





Velocity (cm/sec) 

Figure 13. Velocity Pror i le  i n  the Cobble Streambed a t  a Stream Velocity of 
29.3 cm/sec. 



Table 2 

Empirical Constants f o r  t he  Generation of Vertical 
Velocity Profiles by the  Debevoi se-Fernandez Method 

Stream 
Velocity Constant Constant Constant 
(cm/sec) a b c 
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i n t e r s t i t i a l  v o i d s  w i t h i n  t h e  s t reambed,  s i g n i f i c a n t  po r t i ons  of 

i n t e r s t i t i a l  flow could have been t rave l l ing  i n  a direction dif ferent  from 

the one the probe was best able t o  measure. Thus, the  i n t e r s t i t i a l  water 

ve loc i t i es  within the cobble streambed--the water veloci t ies  t o  which the  

streambed biof i l m s  were exposed--could have been s u b s  t a n t i a l l y  greater than 

those indicated by the  mathematically generated velocity prof i les .  

When several  velocity prof i les  obtained from the cobble streambed a r e  

plot ted on the  same graph (Figure 1 4 ) ,  the  effect  of average stream velocity 

on the  ver t ica l  stream p ro f i l e  i s  c lear .  A t  low stream discharges, a s l i g h t  

increase i n  discharge (average stream veloci t ies  increased f ran 8.9 t o  1 2 . 2  

cm/sec) tended t o  increase water velocity throughout the e n t i r e  depth of the 

cobble streambed. Above this range, increases in  average stream velocity 

tended t o  sha rp ly  i n c r e a s e  t h e  ve loc i t i e s  or water located above the 

streambed and only s l i g h t l y  increased veloci t ies  i n  the upper layers of the 

s t reambed.  However, v e l o c i t i e s  deep wi th in  t h e  streambed remained 

r e l a t i ve ly  constant. 

Figure 1 4  a l so  indicates that  as stream flow increased over the  cobble 

streambed, the velocity gradient (change in velocity w i t h  increased distance 

i n t o  t h e  s t reambed)  ac ros s  t he  upper l a y e r s  of the  cobble streambed 

increased. The increased level  of turbulence associated w i t h  the  increased 

velocity gradient a t  higher stream flows probably increased the r a t e  a t  

which material was transported from the water column t o  the i n t e r s t i t i a l  

voids found i n  the cobble streambed. Therefore, despite a greater f rac t ion  

of flow t ravel ing over the  top of the cobble streambed a t  higher stream 

discharges, the difference i n  contaminant concentrations between the  water 

column and the  i n t e r s t i t i a l  voids may not be greater a t  high flow, because 
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of the  high mass t rans fe r  r a t e s  i n t o  the  upper streambed boundary. 

The NaCl t racer  s tudies  performed on the cobble stream suggest tha t  

the re  was no difference i n  b u l k  concentrations between the  water column and 

the i n t e r s t i t i a l  voids f o r  a  conservative material .  Figure 15 shows the 

r e s u l t s  of t he  NaCl t r ace r  s tud ies  f o r  the  cobble streambed subjected t o  an 

a v e r a g e  s t r e a m  v e l o c i t y  of 30.5 cm/sec. The graph d i s p l a y s  t he  

conductivit ies obtained from two probes; the  f i r s t  probe was positioned a t  

the  end of the streambed prior t o  the sump and the second probe waF buried 

i n  the  cobble streambed a t  a  point s l i g h t l y  l e s s  than one-half the distance 

down the  stream channel. Thue, the f i r s t  probe measured conductivit ies fo r  

the  water column and the  second probe measured conductivit ies 1 cm above the  

bottom of the stream charinel. The degree tha t  the two type? of NaCl t racer  

curves were out of phase equalled the  time required fo r  a  parcel of water t o  

t r a v e l  half the length of the streambed. Because the magnitude of the 

conductivity peaks f o r  the  water column and streambed probee were the  same, 

t h e  bulk concen t r a t i on?  of NaCl a t  t h e  two l o c a t i o n s  were the same 

regardless of average stream ve loc i t i es .  Therefore, the  r a t e  of mixing of 

water from the water column t o  the  streambed  void^ was rapid.  

The NaCl t racer  experiments f o r  the cobble streambed and f o r  the gravel 

streambed (Figure 16) indicated tha t  NaCl was uniformly mixed over the  

length of the a r t i f i c i a l  streambed by t he  time a  pa rce l  of water had 

recycled th ree  times a f t e r  the  NaCl feed had stopped. Thue, COD samples 

collected during a  batch t e s t  were collected l a t e r  than the  time required 

f o r  water t o  recycle th ree  times i n  the a r t i f i c i a l  stream. 



Conductivity (umho) 



Conductivity (umho) 
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Value of PHI 

The average value of PHI a t  20°C, based on th ree  pipe experiments, was 

253 + 29 cm-l (Tab l e  3  I n  a l l  t h r e e  exper iments ,  the removal of 

glucose-derived COD followed f  i r s t - o r d e r  k ine  t i c s  w i t h  r e s p e c t  t o  C O D  

concentration. Thia average value of PHI  (20) was used i n  the calcula t ion of 

the contribution pipes made i n  removal of COD from the cobble streambed 

reactor  and ult imately i n  the calcula t ion of ma,?? t ransfer  c o e f f i c i e ~ t s  f o r  

the gravel and cobble streambeds. 

KfP Values f o r  the Gravel and Cobble Streambeds 

Typical COD-removal curve f o r  the gravel and cobble streambeds a r e  

shown on Figures 17 and 18, respect ively .  Because s t r a i gh t  l i ne s  were 

produced when the  natura l  logarithm of s t ream C O D  concen t r a t i ons  were 

p l o t t e d  a g a i n a t  t ime ,  C O D  removal i n  t h e  a r t i f i c i a l  stream followed 

f  i rs t -order  k inet ics .  Batch t e s t s  conducted a t  higher stream ve loc i t i e s  had 

s t e e p e r  removal slope? than batch t e s t ?  conducted a t  slower ve loc i t i e s .  

Thus, as stream ve loc i t i e s  increased,  the values of KfP increased. 

A s e r i e s  of batch t e s t s  was performed on a  gravel streambed tha t  had 

been acclimated t o  a  stream velocity of 17.7 cm/sec. The extent  t o  which 

the upper surfaces of the gravel streambed had been colonized by biof llms 

could be approximated v i sua l ly ,  due t o  the dark brown colorat ion of the  

th icker  biof ilms and the l i g h t  color of the gravel .  Ba.@ed on a  visual 

inspection of the gravel streambed a f t e r  the biof i l m  community was given an 

acc l ima t i on  period of four months, thick b i o f i l m ~  were evident only as 

patches on the uppermost surfaces of the gravel. They appeared t o  be 

moFt prevalent immediately behind the  ridges found on the surfaces of 
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individual pieces of gravel. The surf ace area covered by theee patches of 

macroscopic biof i l r n  colonies r ep r e sen t ed  l e s s  t han  50 percen t  of t h e  

projected surf ace area of the gravel streambed. However, thinner biof i l m s  

could have exis ted  elsewhere i n  the gravel streambed. 

The data wed i.n the  calcula t ion of KfP values f o r  seven gravel batch 

t e s t s  a r e  shown on Table 4 .  The KfP values ranged from 254 cm2/hr a t  a  

s t ream ve loc i ty  of 9.9 cm/sec t o  729 cm2/hr a t  40.6 cm/sec. When the 

calculated KfP values were plotted versus stream velocity ( ~ i g u r e  1 9 ) ,  the  

following l i nea r  re la t ionsh ip  wa? observed: 

KfP = 17.3 V - 2 1  ('71 ) 

w i t h  squared l i nea r  regression coeff ic ient  of 0.939, i n  which KfP i s  i n  

u n i t s  cm2/hr and V l a  t h e  average stream veloclty (cm/sec). Because 

streambed biof ilrn biomass was v i r t ua l l y  constant throughout t h i s  s e r i e s  of 

batch t e s t s ,  the iflcrease In KfP value? w l t h  i n c r e a ~ e s  i n  stream velocity 

was caused by increases i n  the  overal l  mass tran.sfer r a t e s  t o  the  biofilm 

covered surf aces . 
Three  s e r i e s  of C O D  batch t e s t s  were conducted on t h e  cobble  

streambed. The f i r s t  s e r i e s  of batch t e s t ?  determined KfP values f o r  the  

cobble  streambed t ha t  had been acclimated t o  a  stream velocity of 13.2 

cm/sec. During t he  second s e r i e s ,  batch t e s t s  were conducted only a t  the 

s t ream v e l o c i t i e s  t o  which t h e  cobble  b io f l lm community had become 

acclimated. Thus, t he  f i r s t  s e r i e s  of batch t e s t s  evaluated changes i n  KfP 

values due only t o  mass t ransfer  e f fec t? ,  while the second s e r i e s  
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F i g u r e  19. KPP v e r s w  V f o r  t h e  Gravel St reambed 
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demons t ra ted  v a r i a t i o n  i n  K f P  v a l u e s  due t o  b o t h  mass t r a n s f e r  and biomass 

e f f e c t s  . 
The t h i r d  s e r i e s  of C O D  ba tch  t e s t s  was performed f o l l o w i n g  t h e  f i r s t  

two s e r i e s  and a f t e r  t h e  s t r e a m ' s  b i o f i l m  canmunity had r e c o v e r e d  frcm a n  

a c c i d e n t a l  d e s i c c a t i o n .  I n  t h i s  s e r i e s  of b a t c h  tests t h e  b i o f i l m  community 

w a s  a c c l i m a t e d  t o  an  a v e r a g e  s t r e a m  v e l o c i t y  of 16 .6  c m / s e c .  T h e  K f P  

v a l u e s  o b t a i n e d  from t h e  t h i r d  s e r i e s  of ba tch  t e s t s  w i l l  be d i s c u s s e d  i n  a  

l a t e r  s e c t i o n  and were used t o  t e s t  t h e  f i n d i n g s  of t h e  f i rs t  two s e r i e s .  

A s  w i  t h  t h e  g r a v e l  s t reambed,  macroscop ic  b i  of ilrn c o l o n i  e s  appeared 

da rk  brown a g a i n s t  t h e  cobb le  s t reambed p a r t i c l e s .  U n l i k e  t h e  p a t c h y  

macroscop ic  b iof  ilrn d i s t r i b u t i o n  n o t e d  i n  t h e  g r a v e l  a t reambed,  a l l  c o b b l e  

s u r f a c e s  w e r e  c o v e r e d  w i t h  m a c r o s c o p i c  b i o f  i l m s .  T h e r e f  o r e ,  t h e  

g e o m e t r i c a l l y  a v a i l a b l e  s u r f a c e  a r e a  (P/W = 6 . 2 )  w a s  a  good measure  of 

b iof  i l m  s u r f a c e  a r e a  found i n  t h e  c o b b l e  s t r eambed .  

The v a l u e s  of K f P  c a l c u l a t e d  f o r  t h e  c o b b l e  b i o f  ilrn communi ty  

a c c l i m a t e d  t o  an a v e r a g e  s t r e a m  v e l o c i t y  of 13.2  cm/sec a r e  shown o n  T a b l e  

5 .  A s  w i t h  t h e  o t h e r  s e r i e s  of b a t c h  t e s t s  performed o n  t h e  c o b b l e  

s t r eambed ,  t h e  c a l c u l a t i o n  of s t r eambed  K f P  v a l u e s  i n c l u d e d  t h e  c o r r e c t i o n  

f o r  p i p e  b i o f i l m s .  The K f P  v a l u e s  ranged  from 71 cm2/hr a t  an average  

stream v e l o c i t y  of 4.6 cm/sec t o  857 cm2/hr a t  25.2 cm/sec ( F i g u r e  20) .  A t  

s t r e a m  v e l o c i t i e s  of 4.6 and 6.9 cm/sec, t h e  upper  s u r f a c e s  of t h e  c o b b l e  

s t r eambed  were  n o t  covered  w i t h  w a t e r .  Because t h e i r  K f P  v a l u e s  r e f l e c t e d  

a  change i n  p h y s i c a l  s u r f a c e  a r e ,  t h e y  were  no t  used i n  t h e  development of 

a  mass t r a n s f e r  e q u a t i o n  f o r  t h e  c o b b l e  s t reambed.  

S i n c e  b i o f i l m  biomass was v i r t u a l l y  c o n s t a n t  t h r o u g h o u t  t h e  f i r s t  

s e r i e s  of ba tch  t e s t s ,  t h e  i n c r e a s e  i n  K f P  v a l u e s  w i t h  i n c r e a s e s  i n  s t r e a m  



Table 5 

K f P  Values f o r  the  Cobble Streambed When 
Acclimated t o  a Stream veloci ty  of 13.2 cm/sec 

For the  l i s t e d  batch t e s t s ,  L s  = 730 cm 

Average 
Velocity , Slope, 

v M v OL 'r KfP 

(cm/sec) ( h r - l )  (1 i t e r  ) ("c (cm2/hr) 
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ve loc i ty - -be tween  V = 8.8 cm/sec and  V = 25.2 cm/sec--was due t o  i n c r e a s e s  

i n  t h e  o v e r a l l  mass t r a n s f e r  ra te  of COD t o  t h e  c o b b l e  b i o f i l m s .  A s  

i l l u s t r a t e d  o n  F i g u r e  20, KIP v a l u e s  i n c r e a s e d  l i n e a r l y  w i t h  i n c r e a s e s  

i n  s t r e a m  v e l o c i t y  between v e l o c i t i e s  of 8.8 and 16 .6  crn/sec; t h e  i n c r e a s e  

can  be d e s c r i b e d  by t h e  f o l l o w i n g  e q u a t i o n :  

i n  which  KfP is i n  u n i t s  of cm2/hr,  V is i n  cm/sec ,  a n d  r 2  i s  t h e  s q u a r e  of  

t h e  l i n e a r  r e g r e s s i o n  c o e f t i c i e n t .  The  f l a t t e n i n g  of t h e  c u r v e  i n  F i g u r e  20 

a t  V = 2 5 . 2  c m / s e c  i m p l i e s  t h a t  K f  P  was a p p r o a c h i n g  D f P H I ,  s u c h  t h a t  

f u r t h e r  i n c r e a s e s  i n  Km would n o t  s i g n i f i c a n t l y  i n c r e a s e s  t h e  v a l u e  of  

K I P .  

The  s e c o n d  s e t  of  b a t c h  tes ts  were performed a t  e a c h  o f  t h e  s i x  

a c c l i m a t i o n  v e l o c i t i e s  shown o n  T a b l e  6. The  K f P  v a l u e s  r a n g e d  f rom 32 

cm2/hr at an  a c c l i m a t i o n  v e l o c i t y  of  9.5 cm/sec t o  a K f P  of 1225 cm2/hr 

when t h e  s t r e a m b e d  w a s  a c c l i m a t e d  t o  V = 18.7 cm/sec. The KfP v a l u e s  are 

p l o t t e d  v e r s u s  s t r e a m  v e l o c i t y  o n  F i g u r e  21 . The r e l a t i o n s h i p  between Kf P  

and  s t r e a m  v e l o c i t y  c a n  be d e s c r i b e d  by 

K f P  = 138.4 V - 1313 

r2 = 0.993 



Table  6  

KfP Values  f o r  t h e  Cobble  Streambed When Accl imated t o  
t h e  L i s t e d  Stream V e l o c i t i e s  

Except f o r  b a t c h  t e s t  conducted a t  V = 9.5 cm/sec ( L s  = 7 6 0 ) ,  t h e  l e n g t h  
of t h e  s t r eambed  f o r  t h e  l i s t e d  b a t c h  t e s t s  wae 730 crn (Ls = 730cm). 

Average 
V e l o c i t y ,  S l o p e ,  

V M(s VOL T 

( cm/sec )  (hr-  ) ( l i t e r )  ( " C  > (cm2/hr)  



Figure 21. K f P  versus Acclimated Velocity f o r  the  Cobble Streambed 
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i n  which V is t h e  average  s t r e a m  v e l o c i t y  (cm/sec) t o  which t h e  c o b b l e  

s t reambed had become acc l ima ted .  A s  e x p e c t e d ,  when both  biomass and mass 

t r a n s f e r  v a r i e d  w i t h  s t r eam v e l o c i t y ,  KfP was more s e n s i t i v e  t o  v e l o c i t y  

changes (Equa t ion  7 3 )  t h a n  when o n l y  m a s s  t r a n s f e r  v a r i e d  w i t h  v e l o c i t y  

(Equa t ion  7 2 ) .  

The l i n e s  d e f i n e d  by Equa t ions  72 and  73 a r e  p l o t t e d  o n  F i g u r e  22. The 

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

v e l o c i t i e s  s u p p o r t  t h e  accumula t ion  of more biof i l m  biomasa. For example, 

i f  b a t c h  tests were performed a t  V = 1 0  cm/sec f o r  a  b i o f i l m  canmunity 

a c c l i m a t e d  t o  V = 10  ( E q u a t i o n  73) and f o r  a  b io f  i l m  communi t y  a c c l i m a t e d  t o  

V = 13.2 (Equa t ion  7 2 ) ,  t h e  d i f f e r e n c e  between t h e  KfP va lues  produced by 

t h e  two b a t c h  t e s t s  would be due t o  bf of i l m  b iomass ,  because  b o t h  t e s t s  were  

conducted under  t h e  same mass t r a n s f e r  regime. S i n c e  t h e  KfP v a l u e  a t  V = 

10 f o r  t h e  b i o f i l m  community a c c l i m a t e d  t o  V = 10  i s  l e s s  t h a n  K f P  v a l u e  a t  

V = 1 0  f o r  t h e  b i o f i l m  canmunity a c c l i m a t e d  t o  V = 13.2 ,  a  c o b b l e  s t r eambed  

b i o f  i l m  community a c c l i m a t e d  t o  V = 10 has  l e e s  biomass t h a n  a  community 

a c c l i m a t e d  t o  V = 13.2. T h e r e f o r e ,  t h e  v e r t i c a l  d i s t a n c e  b e t w e e n  t h e  

E q u a t i o n  72 l i n e  and t h e  Equa t ion  73 l i n e  o n  F i g u r e  22 i s  main ly  a  f u n c t i o n  

of s t r eambed  b i o f i l m  biomass. However, some of t h e  v e r t i c a l  d i s t a n c e  

b e t w e e n  t h e  t w o  l i n e s  a t  p o i n t s  above t h e  i n t e r s e c t i o n  i s  due t o  t h e  

d i f f e r e n c e s  i n  w a t e r  t e m p e r a t u r e .  These  t e m p e r a t u r e  d i f f e r e n c e s  w i l l  be 

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

a c c l i m a t i o n  v e l o c i t y  and s t reambed b i o f i l m  biomass i n  a  l a te r  s e c t i o n .  
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C a l c u l a t i o n  of Mass T r a n s f e r  Equa t ions  

D e t e r m i n a t i o n  of t h e  mass t r a n s f e r  c o e f f i c i e n t  f o r  e a c h  b a t c h  t e s t  was 

s e n s i t i v e  t o  t h e  v a l u e  of  P/W a s s i g n e d  t o  t h e  g r a v e l  o r  c o b b l e  s t reambed.  

F o r  t h e  a r t i f i c i a l  s t r e a m  exper iments ,  P/W was s e t  equa l  t o  t h e  gecmet r i c  

s u r f a c e  a r e a  p r e s e n t e d  by t h e  g r a v e l  (P/W = 7.0) and t h e  c o b b l e  (P/W = 

6 .2 ) .  The a p p r o p r i a t e n e s s  of e q u a t i n g  t h e  g e a n e t r i c  P/W v a l u e  t o  a c t u a l  

b i o f i l m  s u r f a c e  a r e a  was a s s e s s e d  by o b s e r v i n g  i f  t h e  g e o m e t r i c  P/W v a l u e  

w a s  between t h e  c a l c u l a t e d  v a l u e s  of  P/W (min) and P/W (max) f o r  e a c h  b a t c h  

t e s t .  The P/W(min) and P/W(max) f o r  b a t c h  t e s t s  performed o n  t h e  g r a v e l  

s t r eambed  a c c l i m a t e d  t o  V = 1 7 . 7  c m / s e c  a n d  o n  t h e  c o b b l e  s t r e a m b e d  

a c c l i m a t e d  t o  V = 13.2 cm/sec a r e  l i s t e d  on  T a b l e  7. S i n c e  t h e  geomet r i c  

P/W w a s  between t h e  P/W(min) and P/W(max) de te rmined  f o r  each  b a t c h  t e s t ,  

t h e  use  of t h e  geomet r i c  P/W was a p p r o p r i a t e  i n  t h e  d e t e r m i n a t i o n  of t h e  

mass t r a n s f e r  c o e f f i c i e n t  f o r  each  b a t c h  t e s t  performed on  t h e  g r a v e l  and 

c o b b l e  s t r eambeds  . 
A more s t r i n g e n t  t e s t  o.f g e o m e t r i c  P/W a p p r o p r i a t e n e a s  was o b s e r v i n g  i f  

t h e  g e a n e t r i c  P/W v a l u e  was w i t h i n  t h e  f e a s i b l e  r a n g e  o f  P/W v a l u e 2  

de te rmined  f o r  a  s e r i e s  of b a t c h  t e s t s .  I f  t h e  g e o m e t r i c  P/U w a s  between 

t h e  maximum P/W(min) and t h e  minimum P/W (max) f o r  a series of b a t c h  t e s t s ,  

t h e n  t h e  geomet r i c  P/W v a l u e  was a p p r o p r i a t e  f o r  use  i n  de te rmin ing  t h e  

v a l u e s  of Cons tan t  and m i n  Equat ion 25. The f e a s i b l e  r a n g e  of P/W v a l u e s  

f o r  t h e  g r a v e l  s t reambed was from 4.0 t o  9 .2  ( T a b l e  7 ) .  The g e o m e t r i c  P/W 

v a l u e  of 7.0 f o r  t h e  g r a v e l  s t r eambed  was w i t h i n  t h i s  r a n g e .  The a c c e p t e d  

r a n g e  of P/W v a l u e s  f o r  t h e  c o b b l e  s t r eambed  a c c l i m a t e d  t o  V = 13.2  cm/sec 

was f r a n  5.5 t o  9.2 ( T a b l e  7 ) .  The c o b b l e  s t r e a m b e d ' s  g e a n e t r i c  P/W v a l u e  

was 6 .2 ,  which was w i t h i n  t h e  f e a s i b l e  r a n g e .  T h e r e f o r e ,  t h e  g e o m e t r i c  P/W 
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Table 7 

Values of P/W(min) and P/W(max) f o r  the  Gravel and Cobble Streambeds 

Gravel Streambed (acclimated t o  V = 17.7 cm/sec) 

Stream 
Velocity , 

v P /W P /W 
( cm/s ec (min) (max 1 

Cobble Streambed (acclimated t o  V = 13.2 cm/sec) 

Stream 
Velocity , 

v P /W P /W 
(cm/sec) (min) (max 1 

feas ib le  range 
f o r  s e r i e s  

f ea s ib l e  range 
f o r  s e r i e s  



8 9 

v a l u e s  f o r  t h e  g r a v e l  and c o b b l e  s t r eambeds  were c o n s i d e r e d  s u i t a b l e  f o r  

u s e  i n  t h e  development of m a s s  t r a n s f e r  e q u a t i o n s  f o r  t h e  two s t reambeds .  

T h e  s h e a r  v e l o c i t i e s  (U), s h e a r  R e y n o l d s  numbers  ( R e ) ,  and  t h e  

a p p a r e n t ,  o v e r a l l  mass t r a n s f e r  coeff  i c i e n t s  (Km) a s s o c i a t e d  w i t h  e a c h  COD 

b a t c h  t e s t e d  performed o n  t h e  g r a v e l  s t r eambed  a r e  l i s t e d  o n  T a b l e  8 .  The 

l i s t e d  Km v a l u e s ,  c a l c u l a t e d  by Equa t ion  6 3 ,  were based o n  t h e  K f P  v a l u e s  

de te rmined  from each  COD b a t c h  t e s t .  Based o n  t h e  power r e g r e s s i o n  d e f i n e d  

by Equat ion 6 7 ,  t h e  a p p a r e n t ,  o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t s  f o r  t h e  

g r a v e l  s t r eambed  a r e .  d e s c r i b e d  by t h e  f o l l o w i n g  e q u a t i o n :  

1 . 4  1 / 3  D K m = 0 . 0 0 2 2 9  R e .  S c .  - 
Dp 

r2 = 0.846 

f o r  Re v a l u e s  between 260 and 8 8 1 ,  i n  which 

Re = 
3600 U Dp 

KVIS 

U is t h e  s h e a r  v e l o c i t y  ( cm/sec ) ,  Dp i s  t h e  mean d iamete r  of t h e  g r a v e l  (1 .6  

cm),  KVIS is t h e  k i n e m a t i c  v i s c o s i t y  of wa te r  ( cm2/hr ) ,  D is t h e  d i f f u s i v i t y  

of g l u c o s e  i n  wa te r  (cmZ/hr) ,  Sc is t h e  Schmidt number and i s  d e f i n e d  as 

KVIS/D. A s  e x p e c t e d ,  Re i n  Equat ion 74 is r a i s e d  t o  power g r e a t e r  t h a n  1 / 2 .  

A comparison between t h e  e x p e r i m e n t a l l y  o b s e r v e d  v a l u e s  of K f P  f o r  t h e  

g r a v e l  s t r eambed  ( l i s t e d  o n  T a b l e  4 )  and t h e  KfP v a l u e s  c a l c u l a t e d  by 

E q u a t i o n  62 when Km was o b t a i n e d  f rcm E q u a t i o n  74 i s  shown on F i g u r e  23. 

Equa t ions  6 2  and 74 produced good d e s c r i p t i o n s  of t h e  COD removal r a t e s  i n  

t h e  g r a v e l  s t reambed o v e r  t h e  whole r a n g e  of' t e s t e d  s t r e a m  v e l o c i t i e s .  

The v a l u e s  U ,  Re, and Km used t o  deve lop  t h e  mass t r a n s f e r  e q u a t i o n  

f o r  t h e  c o b b l e  s t r eambed  a r e  l i s t e d  o n  T a b l e  9. The K m  a r e  c a l c u l a t e d  by 



Table 8 

Values of K m  Calculated by Equation 63 fo r  
the Gravel Streambed (P/W = 7.0) 

Shear Overall 
Stream Shear R eynol ds Mass Transfer 

Velocity, Velocity, Number, Coef f i ci  ent , 
V U Re Km 

( cm/s ec ) ( cm/s ec ) ( uni tl ess ) (cm/hr) 



Table 9 

Values of K m  Calculated by Equation 63  f o r  the 
Cobble Streambed When Acclimated t o  V = 13.2 cm/sec. 

Shear Overall 
Stream Shear R eynol ds Mass Transfer 

Velocity, Velocity, Number, Coef f i ci ent , 
V U Re K m 

(cm/sec) ( cm/s ec ) (uni tl ess ) (cm/hr ) 





Equa t ion  63 from d a t a  o b t a i n e d  f r a n  COD b a t c h  tests performed o n  t h e  c o b b l e  

s t r eambed  a c c l i m a t e d  t o  V = 13.2 cm/sec. Based o n  t h e  power r e g r e s s i o n  

d e f i n e d  by Equa t ion  67, t h e  a p p a r e n t ,  o v e r a l l  m a s s  t r a n s f e r  c o e f f i c i e n t s  for 

t h e  c o b b l e  s t reambed can  be d e s c r i b e d  by 

-12 4.24 ,,1/3 D 
Km = 4.17 10 Re - 

D p 

r2 = 0.986 

f o r  Re v a l u e s  between 932 t o  2517, i n  which Re, t h e  s h e a r  Reynolds number, 

is d e f i n e d  by Equa t ion  34 and Dp is t h e  mean d iamete r  of t h e  cobb le  (6.0 

an). A s  w i t h  t h e  g r a v e l  mass t r a n s f e r  e q u a t i o n s ,  Re i n  t h e  c o b b l e  m a s s  

t r a n s f e r  e q u a t i o n  ( E q u a t i o n  7 5 )  is r a i s e d  t o  a power g r e a t e r  t h a n  1/2-- the  

e x p e c t e d  r e s u l t .  

The e x p e r i m e n t a l l y  obse rved  v a l u e s  of KfP f o r  t h e  c o b b l e  s t r eambed  

a c c l i m a t e d  t o  V = 13.2  cm/sec and t h e  K f P  va lues  p r e d i c t e d  by Equa t ions  62 

and 75 a r e  shown o n  F i g u r e  26. The c o b b l e  mass t r a n z f e r  e q u a t i o n  (Equa t ion  

7 5 )  and Equa t ion  62 produced good d e s c r i p t i o n s  of t h e  COD removal rates f o r  

o v e r  t h e  e n t i r e  r a n g e  o t  v e l o c i t i e s  a t  which COD ba tch  t e s t s  were performed 

o n  t h e  c o b b l e  s t r eambed  a c c l i m a t e d  t o  v = 1 3 . 2  cm/sec. 

Acc l imat ion  V e l o c i t y  o n  Cobble  Streambed Biof i l m  Biomass 

I n t e r p r e t a t i o n  of F i g u r e  22 s u g g e s t e d  t h a t  c o b b l e  s t r eambed  b i o f i l m  

b i o m a s s  w a s  a f u n c t i o n  o f  a c c l i m a t i o n  v e l o c i t y .  However ,  t h i s  

i n t e r p r e t a t i o n  w a s  b i a s e d  by d i f f e r e n c e s  i n  b a t c h  t e s t  t e m p e r a t u r e s .  I n  

t h i s  s e c t i o n ,  changes i n  cobb le  s t reambed b i o f i l m  biomass w i t h  a c c l i m a t i o n  

v e l o c i t y  a r e  indexed by a back-ca lcu la ted  v a l u e  of P/W, termed P/W(acc).  

For  each a c c l i m a t i o n  v e l o c i t y  ( l i s t e d  o n  T a b l e  6 )  a v a l u e  of P/W w a s  



F i g u r e  24. KfP v e r s u s  U f o r  t h e  Cobble Streambed When Accl imated t o  V = 
13.2 cm/sec (U = 2 .2  cm/sec ) .  Temperatures f o r  t h e  sample3 
ranged  from 21.0 t o  22.0 C .  The model assumed T = 22 C O .  
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c a l c u l a t e d  v i a  E q u a t i o n  66. A larger v a l u e  o f  P/W(acc) meant a greater 

amount of b i o f i l m  biomass w i t h i n  t h e  c o b b l e  s t r eambed .  However, v a l u e s  of 

P / W ( a c c )  s h o u l d  n o t  b e  assumed t o  be  d i r e c t l y  p r o p o r t i o n a l  t o  biomass 

l e v e l s .  T h e r e f o r e ,  t h e  P / W  ( a c c )  v a l u e s  p r o v i d e d  a t e m p e r a t u r e  i n d e p e n d e n t  

c o r r e c t i o n  f a c t o r  for  use i n  E q u a t i o n  62 and  a c c o u n t e d  f o r  changes  i n  

s t r e a m b e d  b i o f  ilrn b i o m a s s - - i n  terms of P [ P  = W * P / W ( ~ C C ) ] - - a s s o c i a t e d  

w i t h  changes  i n  a c c l i m a t i o n  v e l o c i t y .  

T h e  P/W ( a c c )  v a l u e s  c a l c u l a t e d  f o r  e a c h  a c c l i m a t i o n  v e l o c i t y  by 

E q u a t i o n  6 6  when Km w a s  o b t a i n e d  f rom E q u a t i o n  7 5  are l i s t e d  i n  T a b l e  1 0  and 

are p l o t t e d  o n  F i g u r e  25. P/W ( a c c )  i n c r e a s e d  z h a r p l y  between a c c l i m a t i o n  

s h e a r  v e l o c i t i e s  of U = 1.64 cm/sec ( V  = 9 . 5 )  and U = 1.86 cm/sec ( V  = 

10 .9 ) .  Between a c c l i m a t i o n  s h e a r  v e l o c i t i e s  of U = 1.86 cm/sec  ( V  = 10 .9 )  

and U = 3.06 cm/sec ( V  = 18 .7 )  t h e  c a l c u l a t e d  v a l u e  of  P/W a p p e a r e d  t o  

g r a d u a l l y  i n c r e a s e  and c o u l d  be d e s c r i b e d  by t h e  f o l l o w i n g  e q u a t i o n :  

i n  which P/W ( a c c )  is t h e  c a l c u l a t e d  amount of a c t i v e  b io f  i l m  s u r f a c e  area 

p e r  u n i t  channe l  w i d t h  ( u n i t l e s s )  a n d  U is t h e  s h e a r  v e l o c i t y  ( cm/sec )  t o  

which  t h e  b i o f i l m  community was a c c l i m a t e d .  Because P/W ( a c c )  i n c r e a s e d  w i t h  

a c c l i m a t i o n  v e l o c i t y ,  c o b b l e  s t r eambed  biof  i l m  biomass a l s o  i n c r e a s e d  w i t h  

a c c l i m a t i o n  v e l o c i t y  . 

T e s t i n g  P r e d i c t i v e  C a p a c i t y  of Cobb le  S t r eambed  Models 

A t h i r d  s e r i e s  of COD b a t c h  t e s t s  were p e r f o r m e d  o n  t h e  c o b b l e  

s t r e a m b e d  a f t e r  a n  a c c i d e n t a l  d e s i c c a t i o n  of t h e  b io f  i l m  community . The 

a c c l i m a t i o n  v e l o c i t y  f o r  t h i s  series was V = 16.6 cm/sec, which c o r r e s p o n d e d  

t o  a s h e a r  v e l o c i t y  of  U = 2.73 cm/sec.  The biof  ilrn community r e q u i r e d  o v e r  



I I I I 

I 2 i 4 5 
Shear Velocity, U 

(cm/sec) 

Figure 25. P/W (acc) versus Acclimation Shear Velocity f o r  the Cobble 
' Streambed. 



Table 10 

P/W(acc) Values fo r  the Cobble Streambed When 
Acclimated t o  the Listed Stream Velocities 

Stream 
Velocity, 

V 

Shear 
Vel oci t y , 

u P/W (acc) 

(uni tl ess) 
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two months t o  become a c c l i m a t e d ,  which s u g g e s t e d  t h a t  a s i g n i f i c a n t  p o r t i o n  

of t h e  o r i g i n a l  community was l o s t  as a r e s u l t  of d e s i c c a t i o n .  The r e s u l t s  

of t h e  b a t c h  tests  performed af ter  t h e  b i o f i l m  community wa2 a c c l i m a t e d  t o  U 

= 2.73 cm/sec a r e  shown o n  T a b l e  1 1 .  

The  combined a b i l i t y  of  t h e  p r e v i o u ~ l y  deve loped  modele t o  p r e d i c t  

v a l u e s  of  COD removal  rates  were  t e s t e d  by o b s e r v i n g  how well t h e y  p r e d i c t e d  

t h e  KfP v a l u e s  l i s t e d  on  T a b l e  11.  E q u a t i o n  76 d e t e r m i n e d  a v a l u e  of  P/W = 

6.4 f o r  a c o b b l e  s t r e a m b e d  a c c l i m a t e d  t o  U = 2.73 cm/sec. K m  f o r  e a c h  o f  

t h e  s h e a r  v e l o c i t i e s  a t  which a  b a t c h  tes t  was conduc ted  were  o b t a i n e d  from 

E q u a t i o n  75. E q u a t i o n  62  was t h e n  used  t o  p r e d i c t  t h e  v a l u e  of KfP f o r  

each  b a t c h  t e s t .  

The o b a e r v e d  and p r e d i c t e d  v a l u e s  of K f P  are l i s t e d  o n  T a b l e  12  and  

p l o t t e d  o n  F i g u r e  26. The combina t ion  of  Equa t ions  62 ,  7 5 ,  and 76 p r e d i c t e d  

KfP v a l u e s  t h a t  were w i t h i n  7  p e r c e n t  of  t h e  o b s e r v e d  K f P  v a l u e s .  

T h e r e f o r e ,  t h e  c o m b i n a t i o n  o f  E q u a t i o n s  7 5  (Km) a n d  7 6  [ ~ / W ( a c c )  1 

s u c c e e s f u l l y  c a p t u r e d  t h e  s h o r t -  and long- term e f f e c t e  s t r e a m  v e l o c i t y  had  

o n  t h e  r a t e  of  COD removal  by t h e  a r t i f i c i a l  s t r e a m ' s  c o b b l e  b i o f i l m  

comm uni  t y  . 

C m p a r i  s o n  of Grave l  and Cobble  St reambeds  

Mass T r a n s f e r  E a u a t i o n s  

The a r t i f i c i a l  s t r e a m  experiment: developed e q u a t i o n s  t h a t  d e s c r i b e d  

t h e  a p p a r e n t ,  o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t s  f o r  g r a v e l  (Dp = 1 . 6  cm) 

and c o b b l e  (Dp = 6 . 0  cm) z t r e a m b e d ~  i n  t e r m s  of  t h e  s h e a r  Reynolds number. 

Both  s t r e a m b e d s  were between 1 .5  and 2  l a y e r s  of r o c k  t h i c k ,  and t h e i r  

i n t e r s t i t i a l  v o i d  were f r e e  of  s a n d  o r  s i l t .  I n  t h e  d e t e r m i n a t i o n  of  t h e  
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t rans fe r  equations, the amount of biof i l m  f i lm surface active i n  COD removal 

( P / w )  was s e t  equal t o  the geometrically a v a i l a b l e  s u r f a c e  a r e a .  The 

apparent, overall  mass t ransfer  coeff ic ient  f o r  the  gravel streambed (P/W = 

7 )  was described by 

The apparent, overall  mass t ransfer  coeff ic ient  fo r  the  cobble streambed 

(P/W = 6.2) was described by 

I n  both equations, K m  i s  the apparent, overall  mass t ransfer  coeff ic ient  

(cm/hr), Re is  t h e  shear Reynolds number defined by  

Re = 
3600 U DP 

KVIS 

U is the shear velocity (cm/sec), Dp i s  the mean diameter of the streambed , 

par t i c les  (cm), D is the d i f fus iv i ty  of modeled subs t ra te  i n  water (cm2/hr), 

KVIS is the kinematic viscosity of water (cm2/hr), and Sc is  the Schmidt 

number (KVIS/D) . 
The shear Reynolds number was ra ised t o  a  greater  power i n  the  cobble 

mass t r a n s f e r  equa t ion  t han  i n  t h e  g rave l  mass t r a n s f e r  equa t i on .  

The re fo re ,  K m  values  and,  consequent ly ,  C O D  removal r a t e s  were more 

s e n s i t i v e  t o  changes i n  shear velocity i n  the  cobble streambed than i n  the  

gravel streambed. 

U n f o r t u n a t e l y ,  t h e  t w o  mass  t r a n s f e r  e q u a t i o n s  a r e  n o t  

interchangeable. For example, merely subs t i tu t ing  t he  Dp value fo r  cobble 
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i n t o  t h e  g r a v e l  mass t r a n s f e r  e q u a t i o n  ( E q u a t i o n  74 )  w i l l  n o t  p roduce  

a c c u r a t e  v a l u e s  of K m  f o r  t h e  c o b b l e  s t r e a m b e d .  S t r eambed  f a c t o r s  s u c h  as 

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

i m p o r t a n t  role i n  d e t e r m i n i n g  t h e  r e s p o n s e  of K m  t o  c h a n g e s  i n  s h e a r  

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

and  c o b b l e  mass t r a n s p o r t  e q u a t i o n s .  T h e r e f o r e ,  t h e  development of a mass 

t r a n s p o r t  e q u a t i o n  a p p l i c a b l e  t o  a wide  r a n g e  o f  s t r e a m b e d  t y p e s  p r o b a b l y  

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

a n d  v o i d  s i z e ,  i n s t e a d  of j u s t  mean s t r e a m b e d  p a r t i c l e  d i a m e t e r .  

S t r eambed  A c t i v i t i e s  

P r e v i o u s l y ,  a d i r e c t  compar i son  o f  t h e  a b i l i t y  o f  t h e  g r a v e l  a n d  c o b b l e  

s t r e a m b e d s  t o  remove COD frcm t h e  a r t i f i c i a l  s t r e a m  w a s  d i f f i c u l t ,  b e c a u s e  

of d i f f e r e n c e s  i n  e x p e r i m e n t a l  t e m p e r a t u r e s ,  a c c l i m a t i o n  v e l o c i t i e s ,  a n d  t h e  

s h e a r  v e l o c i t i e s  a t  which  t h e  i n d i v i d u a l  b a t c h  tests were r u n .  I n  t h i s  

s e c t i o n ,  c o r r e c t i o n s  w i l l  be  made f o r  d i f f e r e n c e s  i n  e x p e r i m e n t a l  v a r i a b l e s ,  

a l l o w i n g  t h e  d i r e c t  compar i son  of KfP v a l u e s  for  t h e  g r a v e l  and  c o b b l e  

s t r e a m b e d s .  The compar ison  w i l l  i n v o l v e  c a l c u l a t i o n  of KIP v a l u e s  for  t h e  

two s t r e a m b e d s  a s s u m i n g  t h a t  t h e y  were a c c l i m a t e d  t o  t h e  s a m e  s h e a r  

v e l o c i t y  . 
S i n c e  t h e  g r a v e l  s t r e a m b e d  was a c c l i m a t e d  t o  s h e a r  v e l o c i t y  o f  2.5 

crn/sec,  an  a p p r o p r i a t e  v a l u e  o f  P/W(acc) w a s  used  i n  t h e  c a l c u l a t i o n  of KfP 

v a l u e s  f o r  t h e  c o b b l e  s t r e a m b e d .  From E q u a t i o n  7 6 ,  P/W(acc) f o r  t h e  c o b b l e  

s t r e a m b e d  w a s  set  e q u a l  t o  6.3.  The KfP v a l u e s  for  b o t h  t h e  g r a v e l  and  

c o b b l e  s t r e a m b e d s  were d e t e r m i n e d  f o r  s h e a r  v e l o c i t i e s  r a n g i n g  f rom 1.5 t o  

4 .8  cm/sec ,  i .e . ,  t h e  r a n g e  o v e r  which t h e  t w o  mass t r a n s f e r  e q u a t i o n s  were 



Shear Velocity, U 
(cm/sec) 

Figure  27. Comparison of Gravel and Cobble K f P  Values When Both Streambeds 
a re  Acclimated t o  U = 2.5 cm/sec. The graph assumes t h a t  T = 

20°C, PHI = 253 cm-l, and D = 0.025 cm2/hr. 
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d e v e l o p e d  or t e s t e d .  Kf P v a l u e s  were c a l c u l a t e d  by E q u a t i o n  62 w i t h  Km 

v a l u e s  d e t e r m i n e d  fran t h e  r e s p e c t i v e  mass t r a n s f e r  e q u a t i o n s .  Water 

t e m p e r a t u r e s  were assumed t o  be 20°C, a n d  t h u s  PHI w a s  s e t  t o  253 cm-1. 

A compar ison of t h e  c a l c u l a t e d  KfP  v a l u e s  f o r  g r a v e l  a n d  c o b b l e  

s t r eambeds  i s  shown o n  F i g u r e  27. Except  for  s h e a r  v e l o c i t i e s  less t h a n  1.8 

cm/sec, t h e  c o b b l e  s t r e a m b e d  removed COD a t  faster  rates t h a n  d i d  t h e  g r a v e l  

s t r e a m b e d ,  d e s p i t e  t h e  g r a v e l  s t r eambed  hav ing  a g r e a t e r  g e o m e t r i c  s u r f  ace 

a r e a .  A s  e x p e c t e d  from t h e  r e s p e c t i v e  mass t r a n s f e r  e q u a t i o n s ,  t h e  ra te  at 

w h i c h  c o b b l e  s t r e a m b e d  removed COD from t h e  a r t i f i c i a l  s t r e a m  was more 

s e n s i t i v e  t o  changes  i n  s h e a r  v e l o c i t y  t h a n  was t h e  g r a v e l  s t r eambed .  

The lower and  less s e n s i t i v e  KfP v a l u e s  for  t h e  g r a v e l  s t r eambed  were 

p r o b a b l y  c a u s e d  by two factors. F i r s t ,  t h e  p h y s i c a l l y  s m a l l e r  i n t e r s  ti tial 

v o i d s  of t h e  g r a v e l  s t r e a m b e d ,  compared t o  t h o s e  ot t h e  c o b b l e  s t r e a m b e d ,  

l i m i t e d  t h e  mass t r a n s p o r t  of  COD t o  t h e  d e e p e r  b i o t i l m s ,  which made t h e  

amount of a c t i v e  s u r f  a c e  a r e a  i n  t h e  g r a v e l  s t r eambed  a smaller p e r c e n t a g e  

of t h e  g e o m e t r i c a l l y  a v a i l a b l e  a r e a  t h a n  i n  t h e  c o b b l e  s t r e a m b e d .  I n  

a d d i t i o n ,  by l i m i t i n g  t h e  e x t e n t  t o  which t u r b u l e n c e  c o u l d  p e n e t r a t e  i n t o  

t h e  s t r e a m b e d ,  t h e  smaller i n t e r s t i t i a l  v o i d s  of t h e  g r a v e l  s t r e a m b e d  were 

r e s p o n s i b l e  for  d e c r e a s i n g  t h e  s e n s i t i v i t y  of removal rates t o  changes  i n  

s h e a r  v e l o c i t y .  

Second ,  t h e  upper s u r f a c e s  of t h e  g r a v e l  s t r eambed  were, at most, 50 

p e r c e n t  c o v e r e d  w i t h  m a c r o s c o p i c a l l y  v i s i b l e  b i o f  i l m . 3 ,  w h i l e  t h e  u p p e r  

s u r f a c e s  of t h e  c o b b l e  s t r e a m b e d  were c o m p l e t e l y  cove red .  Novotny (1969) 

also n o t e d  t h a t  g r a v e l  s t r eambed  p a r t i c l e s  had  o n l y  a f r a c t i o n  of t h e i r  

exposed  s u r f  ace area c o l o n i z e d  by b io f  i l m s  , w h i l e  t h e  exposed  a urf aces of 

c o b b l e  s t r eambed  p a r t i c l e s  t e n d e d  t o  be c o m p l e t e l y  cove red  w i t h  b i o f i l m s .  
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Thus, despi te  having a greater  geometric surface  area ,  t he  gravel streambed 

may have had l e s s  biofilm-covered area  than d i d  the  cobble streambed. 

I n  summary, streambed p a r t i c l e  s i z e  and the  corresponding s i z e  of the 

i n t e r s t i t i a l  voids influenced both t h e  magnitude of the  COD removal r a t e s  

and s e n s i t i v i t y  of C O D  removal r a t e s  t o  changes i n  stream velocity.  

Conclusions 

The a r t i f i c i a l  ~ t r e a m  experiments demonstrated t ha t  water velocity had 

both short-term and long-term e f f e c t s  on t h e  r a t e  a t  which s t reambed 

b i  of ilms removed contaminants f ran the water column. Streambed biof i l m  

a c t i v i t y  w a s  defined by 

KfP = 
K m  Df PHI  P/W W 

K m  + Df P H I  

i n  which KfP is  a measure of streambed biofilm a c t i v i t y  per uni t  stream 

l e n g t h  (cm2/hr), Kf i s  the f i r s t - o rde r  f l u x  constant (cm/hr), P is  the 

amount of ac t ive  biofilm surPace anea per uni t  streambed length (cm), Km is  

t h e  appa ren t ,  o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  ( c m / h r ) ,  Df i s  t he  

d i f f u s i v i  t y  of C O D  i n  t h e  streambed b io f i lms  ( c m 2 / h r ) ,  P H I  i s  a 

cha r ac t e r i s t i c  biof i l m  k ine t i c  parameter (cm-I), and W i s  the w i d t h  of the 

a r t i f i c i a l  stream channel (cm). For the  short-term experiments, P/W was s e t  

equal  t o  t h e  a v a i l a b l e  geometric surface  area per unit  stream channel 

width .  In assessing the  long-term e f fec t s  of stream ve loc i t y ,  P/W was 

replaced by P/W(acc), which was used t o  account f o r  changes i n  streambed 

biof i l m  biomass a t  d i f fe ren t  acclimation ve loc i t i e s .  

The short-term e f fec t s  were observed by noting the  changes i n  streambed 

removal r a t e s  when stream ve loc i t i e s  d i f fered frcm the  acclimation velocity 
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f o r  b r i e . f  p e r i o d s  o.f time. From t h e s e  o b s e r v a t i o n s ,  o v e r a l l  mass t r a n s f e r  

e q u a t i o n s  were developed.  The o v e r a l l  mass t r a n s f e r  e q u a t i o n  f o r  t h e  g r a v e l  

s t r e a m b e d  (DP = 1.6 cm) was 

a n d  t h e  o v e r a l l  mass t r a n s f e r  e q u a t i o n  f o r  t h e  c o b b l e  s t r eambed  (Dp = 6 .0  

cm ) was 

i n  which  Re i s  t h e  s h e a r  Reynolds number ( d i m e n s i o n l e s s ) ,  

Re = 
3600 U Dp 

KVIS 

U is  t h e  s h e a r  v e l o c i t y  ( cm/sec )  t o  which t h e  s t r e a m b e d  i s  exposed ,  Dp is 

t h e  mean d i a m e t e r  of t h e  s t r e a n b e d  p a r t i c l e s  (cm), KVIS is t h e  k i n e m a t i c  

v i s c o s i t y  of water ( c m 2 / h r ) ,  D is t h e  d i f f  u s i v i t y  o t  C O D  i n  water (cm2/hr), 

and S c  i s  t h e  Schmidt  number (KVIS/D). 

Becasue t h e  Reynolds numbers i n  b o t h  o v e r a l l  mass t r a n s f e r  e q u a t i o n s  

were r a i s e d  t o  powers s i g n i f i c a n t l y  g r e a t e r  t h a n  1 / 2 ,  s t r e a m b e d  r e m o v a l  

r a t e s  by b i o f i l m s  were Inore s e n s i t i v e  t o  s h o r t - t e r m  changes  i n  water 

v e l o c i t y  t h a n  would be p r e d i c t e d  by e x i s t i n g  mass t r a n s f e r  equat ions ,  which  

a s s u m e  t h a t  r e a c t i v e  s u r f a c e  a r e a  r e m a i n  constant w i t h  changes  i n  mass 

t r a n s p o r t  r a t e s .  Became open channe l  t l o w  c r e a t e d  v e r t i c a l  g r a d i e n t s  of 

l o c a l  mass t r a n s f e r  rates w i t h i n  a s t r e a m b e d ,  changes  i n  s t r e a m  v e l o c i t y  

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

t h e  n e t  r e s u l t  b e i n g  t h a t  t h e  amount of a c t i v e  s u r f a c e  area w i t h i n  a  
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streambed was a function of mass t ransfer  r a t e s .  Therefore, the s e n ~ i t i v i t y  

of COD removal r a t e s  i n  the gravel and cobble a r t i f i c i a l  streams t o  short  

term changes i n  s tream v e l o c i t y  demonstrated tha t  velocity influenced 

contaminant removal r a t e s  by not only a f f ec t i ng  t h e  magnitude of mass 

t r a ~ s f  er  r a t e s ,  b u t  a l so  by determining the ammnt of streambed surf ace area 

ac t ive  in  contaminant removal. 

The long term ef fec t s  of stream velocity on subs t ra te  removal rates 

were assessed by  acclimating a cobble streambed t o  several  d i f fe ren t  stream 

ve loc i t i es .  The r a t e  of COD removal by the  cobble streambed increased w i t h  

acclimation velocity a t  a  r a t e  f a s t e r  than due t o  an increase i n  the  overall  

maFs t ransfer  coef f ic ien t  alone. T h i s  addit ional  increase i n  the r a t e  of 

Cod removal w i t h  acclimation velocity was caused by an increase i n  biofilm 

biomass . For the cobble a treambed, the re la t ionsh ip  between acclimation 

velocity and biof i l m  biomass--indexed b y  t h e  P/W ( a c c )  parameter-- wae 

described by the  following equation: 

fo r  acclimation shear veloci t ies  (U) between 1 . 9  and 3.1 cm/sec. Therefore, 

the long term exposure t o  the more favorable maas t ransfer  regime associated 

with f a s t e r  stream ve loc i t i es  allowed the  streambed biofilm community t o  

accumulate more biomass. 

The grave l  and cobble overal l  mass t ransfer  equation:: can not be 

applied t o  the  other streambed, apparent ly  because streambed p o r o s i t y  

ar.d i ~ t e r s t i t i a l  void s i z e  influence overall  mass t ransfer  r a t e s .  Although 

porosity and void s i ze  are  d i rec t ly  re la ted  t o  streambed pa r t i c l e  s i z e ,  the  

shape of the streambed par t ic les  ar.d pa r t i c l e  packing a r e  a l so  determining 
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f a c t o r s .  S i n c e  t h e  d e v e l o p e d  m a y s  t r a n z f e r  e q u a t i o n ?  a p p e a r  t o  b e  

s t r e a m b e d - p a r t i c l e - s i z e  s p e c i f i c ,  mass t r a n s f e r  e q u a t i o n s  n e e d  t o  be  

deve loped  f o r  o t h e r  t y p e s  of s t r e a m b e d s .  

A p p l i c a t i o n  of  R e s u l t s  

Gan tze r  (1986) u t i l i z e d  t h e  m a s s - t r a n s p o r t  e q u a t i o n s  deve loped  i n  t h i s  

c h a p t e r  for  mode l ing  water q u a l i t y  i n  cobble-and g r a v e l - l i n e d  streams. The 

s i m u l a t i o n ?  u s i n g  b i o f  i l m  a c t i v i t y  p r e d i c t e d  s i g n i f i c a n t l y  faster  r a t e s  of 

con taminan t  removal  t h a t  d i d  c o n v e n t i o n a l  wa te r -  qua1 i t y  models  t h a t  employed 

o n l y  suspended  r e a c t i o n s .  The e i m u l a t i o n s  ~ u g g e s t e d  t h a t  when water q u a l i t y  

models  based  o n l y  on a suspended  k i n e t i c s  a r e  a p p l i e d  t o  s h a l l o w  r o c k - l i n e d  

streams, t h e y  p r o b a b l y  u n d e r e s t i m a t e  con taminan t  removal and m i s r e p r e s e n t  

t h e  mechanisms by which con taminan t  - removal  k i n e t i c s  are c o n t r o l l e d .  T h i s  

m i s r e p r e s e n t a t i o n  can  i n v a l i d a t e  e x i s t i n g  models .  

The s i m u l a t i o n s  a l s o  s u g g e s t e d  t h a t  s t r eambed  b i o f i l m s  c o n t r i b u t e d  a 

major  p o r t i o n  of  t h e  zuspended b i o m a ~ s  t h r o u g h  s t r e a m b e d  s c o u r .  

The s i m u l a t i o n s  s u g g e s t e d  t h a t  t h e  c o n t i n u e d  a p p l i c a t i o n  of suspended-  

k i n e t i c s - b a e e d  water q u a l i t y  model.? t o  e h a l l o w  r o c k - l i n e d  e t r e a m s  c o u l d  be a 

mixed b l e s s i n g  i n  terms of env i ronmenta l  p r o t e c t i o n .  F i r s t ,  s i n c e  t h e  

suspended  k i n e t i c ?   simulation^ p r e d i c t e d  s l o w e r  s u b e t r a t e  removal  r a t e a  t h a n  

d i d  t h e  s i m u l a t i o n s  t h a t  i n c l u d e d  b io f  i l m  k i n e t i c s  , management schemes based  

o n  t h e  r e s u l t s  of  s u ~ p e n d e d  k i n e t i c s  model? would "ove r  p r o t e c t 1 '  t h e  

stream's b i o t a  f rom i n d i v i d u a l  c o n t a m i n a n t s  what might  be  t o x i c .  By "ove r  

p r o t e c t i n g f t  t h e  s t r e a m ,  d i s c h a r g e r s  of t h e  con taminan t s  would have g r e a t e r  

t r e a t m e n t  c o s t s .  
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Second ,  i n  terms of managing d i s s o l v e d  oxygen c o n c e n t r a t i o n s  i n  s h a l l o w  

r o c k - l i n e d  s t r e a m s ,  t h e  a p p l i c a t i o n  of' s u s p e n d e d  k i n e t i c s  c o u l  d  " u n d e r  

p r o t e c t 1 '  t h e  s t r e a m l  s b i o t a .  The s i m u l a t i o n s  s u g g e s t e d  t h a t  w a t e r  q u a l i t y  

models  b a s e d  o n  b i o f i l m  k i n e t i c s  would p r e d i c t  f a s t e r  r a t e s  o f  BOD removal  

by o x i d a t i o n  t h a n  would models  b a s e d  o n  s u s p e n d e d  k i n e t i c s .  I n  s h a l l o w  

s t r e a m s  w i t h  h i g h  r e a e r a t i o n  r a t e z ,  t h e  d i f f e r e n c e  be tween t h e  two p r e d i c t e d  

d e o x y g e n a t i o n  r a t e  c o n s t a n t s  would o n l y  s l  i g h t l y  a f f e c t  d i s s o l v e d  oxygen 

c o n c e n t r a t i o n s  and  p r o b a b l y  w o u l d  n o t  s i  g n i f  i c a n t 1  y  a l t e r  managemen t  

s c h e m e ? .  However ,  f o r  s h a l l o w  s t r e a m s  w i t h  low r e a e r a t i o n  r a t e s ,  t h e  

s i m u l a t i o n s  s u g g e s t  t h a t  management d e c i s i o n s  b a s e d  o n  suspended  k i n e t i c s  

may n o t  a d e q u a t e l y  p r o t e c t  s t r e 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 .  

T h e r e f o r e ,  depend ing  o n  s t r e a m  r e a e r a t i o n  r a t e s ,  t h e  d e t e r m i n a t i o n  of 

a l l o w a b l e  s t r e a m  BOD l o a d i n g  by models  b a s e d  o n  s u s p e n d e d  k i n e t i c s  c o u l d  be 

d e t r i m e n t a l  t o  t h e  s t r e a m ' s  b i o t a .  

T h e  c o b b l e  a n d  g r a v e l  o i m u l a t i o n s  i n d i c a t e d  t h a t  when s t r e a m b e d  

b i o f i l m s  are  l a r g e l y  r e s p o n s i b l e  f o r  i n i t i a l  con taminan t  r e m o v a l ,  s t r e a m  

w a t e r  q u a l i t y  m o d e l s  s h o u l d  i n c l u d e  b i o f  i l m  k i n e t i c s  o r  e l s e  p o o r  

p r e d i c t i o n s  may r e s u l t .  However, t h e  a p r i o r i  d e t e r m i n a t i o n  o f  o t r eambed  

b io f  i l m  i m p o r t a n c e ,  i . e . ,  s h o u l d  b iof  i l m  k i n e t i c s  be  i n c l u d e d  i n  a s t r e a m  

w a t e r  qua1 i t y  mode l ,  depends  o n  t h e  i n t e r a c t i o n s  be tween s e v e r a l  k i n e t i c  and  

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

c o n t a m i n a n t  removal  c a n  be e s t i m a t e d  by t h e  f o l l o w i n g  e q u a t i o n ,  

H K X 8  
RATIO = Km 

When RATIO is g r e a t e r  t h a n  1 ,  b i o f i l m  k i n e t i c s  a r e  more i m p o r t a n t  t h a n  

suspended  k i n e t i c s .  I n c r e a s e s  i n  s t r e a m  d e p t h  ( H )  o r  s u s p e n d e d  m i c r o b i a l  



1 1 1  

biomass  c o n c e n t r a t i o n s  (Xs ) d e c r e a s e 3  t h e  i m p o r t a n c e  of s t r e a m b e d  b i o f  ilms. 

If s a n d  w e r e  t o  f i l l  i n  t h e  i n t e r s t i t i a l  v o i d s  of  a c o b b l e  s t r e a m b e d ,  t h e n  

t h e  r e s u l t i n g  d e c r e a s e  i n  P/W would d e c r e a s e  t h e  i m p o r t a n c e  o f  s t r eambed  

b i o f i l m s  i n  d e t e r m i n i n g  c o n t a m i n a n t  r e m o v a l  r a t e s .  If t h e  s u s p e n d e d  

m i c r o o r g a n i ~ m s  w e r e  n o t  a c c l i m a t e d  t o  t h e  contaminant .  ( low K) a ~ d  t h e  

s t r e a m b e d  b io f  i l m s  were a c c l i m a t e d  ( h i g h  K u sed  i n  c a l c u l a t i o n  o n  Kf ) , t h e n  

t h e  i m p o r t a n c e  of  s t r eambed  b i o f i l m s  would be i n c r e a s e d .  



REFERENCES 

American P u b l i c  H e a l t h  Assc .  1978. S t a n d a r d  models  f o r  t h e  e x a m i n a t i o n  o f  
w a t e r  and  w a s t e w a t e r ,  1 5 t h  e d i t i o n .  American P u b l i c  H e a l t h  A s s o c i a t i o n ,  
Wash ing ton ,  D . C .  

A p o t e k e r ,  A . ,  a n d  D .  R .  T h e v e n o t .  1 9 8 3 .  E x p e r i m e n t a l  s i m u l a t i o n  o f  
b i o d e g r a d a t i o n  i n  r i v e r :  ' oxygen,  o r g a n i c  matter and biomass c o n c e n t r a t i o n  
c h a n g e s .  Water  R e s e a r c h  1 7 ( 1 0 ) :  1267-1274. 

Baughman,  G .  L . ,  D .  D .  P a r i s ,  a n d  W .  C .  S t e e n .  1 9 8 0 .  Q u a n t i t a t i v e  
e x p r e s s i o n  o f  b i  o t r a n s f  o r m a t i o n  ra te .  I n :  A .  W .  M a k i  , K .  L. D ickson ,  and  
J .  C a i r n s  ( e d . ) ,  B i o t r a n s f o r m a t i o n  a n d  F a t e  o f  'Chemica l s  i n  t h e  A q u a t i c  
E n v i r o n m e n t .  A m e r i c a n  S o c i e t y  f o r  M i c r o b i o l o g y ,  W a s h i n g t o n ,  D . C  . , 
pp. 105-111. 

B i r d ,  R .  B . ,  W .  E .  S t ewar t ,  a n d  E .  N .  L i g h t f o o t .  1 9 6 0 .  T r a n s p o r t  
Phenomena. Wi ley  and  S o n s ,  N e w  York,  780  pp.  

B o y l e ,  J. D . ,  a n d  J .  A. S c o t t .  1984. The r o l e  o f  b e n t h i c  films i n  t h e  
oxygen b a l a n c e  i n  a n  E a s t  Devon r i v e r .  Water R e s e a r c h  1 8 ( 9 )  : 1089-1099. 

B r a n s o n ,  D .  R .  1979 .  P r e d i c t i n g  t h e  f a t e  o f  c h e m i c a l s  i n  t h e  a q u a t i c  
e n v i r o n m e n t  f r o m  l a b o r a t o r y  d a t a .  I n :  J .  C a i r n s ,  K .  L .  D i c k s o n ,  a n d  
A .  W .  Mak i  ( e d . )  , E s t i m a t i n g  t h e  Haza rd  o f  Chemical  S u b s t a n c e s  t o  A q u a t i c  
L i f e .  ASTM STP 6 5 7 ,  A m e r i c a n  S o c i e t y  f o r  T e s t i n g  a n d  M a t e r i a l s ,  
P h i l a d e l p h i a ,  pp .  55-70. 

B r a y ,  D .  I .  1 9 7 9 .  E s t i m a t i n g  a v e r a g e  v e l o c i t y  i n  g r a v e l - b e d  r i v e r s .  
J. H y d r a u l i c s  Div. ,  ASCE 105(HY9):  11-3-1122. 

Bray ,  D.  I. 1982. Flow r e s i s t a n c e  i n  g r a v e l - b e d  r i v e r s .  I n :  R .  D .  Hey, - 
J.  C .  B a t h u r s t ' ,  and  C.  R .  Thorne  ( e d . ) ,  Gravel-Bed R i v e r s :  F l u v i a l  P r o c e s s ,  
E n g i n e e r i n g ,  a n d  Management. pp . 109-1 37. 

C h a r a c k l i s ,  W .  G .  1973a.  A t t a c h e d  m i c r o b i a l  g rowths  - I. At tachment  and 
growth .  Wate r  R e s e a r c h  7.: 1249-1 258. 

C h a r a c k l i s ,  W .  G .  1973b. A t t a c h e d  m i c r o b i a l  growths  - 11. F r i c t i o n a l  
r e s i s t a n c e  d u e  t o  m i c r o b i a l  slimes. Wate r  R e s e a r c h  7 : 1249-1 258.  

Chow, V. T. 1959. Open Channel  H y d r a u l i c s .  McGraw-Hill,  New York ,  680 pp .  

Debevo i se ,  N .  T.  , a n d  R. B. Fernandez .  1984.  Recen t  o b s e r v a t i o n s  and  new 
d e v e l  o p m e n t s  i n  t h e  c a l  f b r a t i  o n  o f  o p e n  c h a n n e l  was t ewa te r  m o n i t o r s .  
J .  Water P o l l u t i o n  C o n t r o l  Fed. 5 6 ( 1 1 ) :  1185-1 191.  

Frank-Kamenetsk i i  , D. A. 1969. D i f f u s i o n  and Heat T r a n s f e r  i n  Chemical  
K i n e t i c s .  Plenum Press, N e w  York,  574 pp. ( T r a n s l a t e d  f r o m  R u s s i a  by 
J .  P. A p p l e t o n . )  



Games, L. M .  1982. F i e l d  v a l i d a t i o n  of exposure  a n a l y s i s  modeling s y s t e n  
(EXAMS) i n  a f o l l o w i n g  s t r e a m .  I n :  K .  L. D i c k s o n ,  A .  W .  M a k i ,  a n d  
J.  C a i r n s  ( e d . ) ,  Modeling t h e  F a t e  of Chemicals i n  t h e  Aqua t ic  Environment. 
Ann Arbor P u b l i c a t i o n s ,  Ann Arbor,  M I ,  pp. 325-346. 

C a n t z e r ,  C .  J., 111. 1986. The r o l e  ot s t reambed b i o f i l m s  i n  t h e  removal 
of b iodegradab le  contaminants  fran s h a l l o w  streams. Ph.D. d i s s e r t a t i o n ,  
Dept  . of C i v i l  E n g i n e e r i n g ,  U n i v e r s i t y  of I l l i n o i s  at .UPbana-Champaign, 
Urbana, I l l i n o i s .  

~ a r r e m o e s ,  P. 1982. Immediate and de layed  oxygen d e p l e t i o n  i n  r i v e r s .  
Water Research 16: 1093-1098. 

Henderson,  F. M .  1966. Open Channel Flow. Macmillan Cmpany,  New York, 
522 pp. 

Hynes, H.B.N. 1970. The Ecology of Running Waters .  U n i v e r s i t y  of T o r o n t o  
P r e s s ,  Toron to ,  Canada, 555 pp. 

J e n n i n g s ,  P. A. 1975. A mathemat ical  ,nodel t o r  b i o l o g i c a l  a c t i v i t y  i n  
expanded  b e d  a d s o r p t i o n  co lumns .  Ph.D. t h e s i s ,  D e p a r t m e n t  o f  C i v i l  
Eng ineer ing ,  U n i v e r s i t y  of I l l i n o i s ,  Urbana; I l l i n o i s .  

Kirchman, D . ,  and R .  M i t c h e l l .  1 9 8 2 .  C o n t r i b u t i o n  of p a r t i  c l  e-bound 
b a c t e r i a  t o  t o t a l  m i c r o h e t e r o t r o p h i  c a c t i v i t y  i n  f i v e  ponds and two 
marshes.  Appl. Environ.  Microbiol .  43( 1 ) : 200-209. 

K i t t r e l l ,  F. W . ,  a n d  0 .  W .  K o c h t i t z k y .  1947.  N a t u r a l  p u r i f i c a t i o n  
c h a r a c t e r i s t i c s  o f  a s h a l l o w  t u r b u l e n t  s t r e a m .  Sewage Works J o u r n a l ,  
1 9 ( 6 ) :  1032-1049. 

Ladd, R. J . ,  J. W .  C o s t e r t o n ,  and C .  C .  Ceesey.  1979. De te rmina t ion  o t  t h e  
h e t e r o t r o p h i c  a c t i v i t y  of e p i l i t h i c  m i c r o b i a l  p o p u l a t i o n s .  I n :  J .  W. 
Cos t e r t o n  and R .  R. Colwel l  ( ed .  ) , Native  Aqua t ic  B a c t e r i a :  Enumeration; 
A c t i v i t y ,  and Ecology. ASTM STP 695,  American S o c i e t y  f o r  T e s t i n g  a n d  
M a t e r i a l s ,  Washington,  D. C . ,  pp. 180-195. 

Lock, M .  A . ,  and H. B. N. Hynes. 1976. The f a t e  of l ld i s so lved l l  o r g a n i c  
carbon d e r i v e d  f r m . a u t u m n - s h e d  maple l e a v e s  (Acersaccharum) i n  a t e m p e r a t e  
hard-water s t ream.  Limn01 . Oceanogr. 21 ( 3 )  : 436-443. 

M a r s h a l l ,  K .  C .  1978. The e f f e c t s  of s u r f a c e s  on m i c r o b i a l  a c t i v i t y .  I n :  
R .  M i t c h e l l  ( e d . )  , W a t e r  P o l l u t i o n  M i c r o b i o l o g y ,  Volume 2 .  W i l e y -  
I n t e r s c i e n c e ,  New'York, pp. 51-70. 

Novotny, V.  1969. Boundary l a y e r  e f f e c t  on c o u r s e  of s e l f - p u r i f i c a t i o n  of 
s m a l l  s t r e a m s .  I n :  S. H .  J e n k i n s  ( e d . ) ,  Advanced W a t e r  P o l l u t i o n  
Research.  Pergamon P r e s s  ,~ New York, pp.  39-50. 



P a e r l ,  H. W .  1980. At tachment  of mic roo rgan i sms  t o  l i v i n g  and  de t r i ta l  
s u r f a c e s  i n f r e s h w a t e r  s y s t e m s .  I n :  G.  B i t t o n  and  K .  C .  M a r s h a l l  ( e d . ) ,  
A d s o r p t i o n  o f  M i c r o o r g a n i s m s  t o  S u r f a c e s ,  W i l e y - I n t e r s c i e n c e ,  New y o r k ,  
PP. 375-402. 

P e r r y ,  R. H . ,  a n d  D .  W .  G reen .  1984.  P e r r y ' s  chemica l  e n g i n e e r s 1  handbook,  
6 t h  e d i t i o n .  McGraw-Hill, N e w  York. 

P i n d e r ,  G .  F . ,  a n d  W .  G .  Gray .  1977. F i n i t e  Element  S i m u l a t i o n  i n  Surf  a c e  
and  S u b s u r f a c e  Hydrology.  Academic P r e s s ,  New York,  295 pp .  

R a i l s b a c k ,  S. F. 1981.  A t e c h n i q u e  f o r  mode l ing  a q u a t i c  i n s e c t  h a b i t a t .  
M.S. t h e s i s ,  -Depa r tmen t  of  C i v i l  E n g i n e e r i n g ,  U n i v e r s i t y  o f  I l l i n o i s ,  
Urbana ,  I l l i n o i s .  

R a n d t k e ,  S. J . ,  a n d  C .  P. J e p s e n .  1 9 8 1 .  C h e m i c a l  p r e t r e a t m e n t  f o r  
a c t i v a t e d - c a r b o n  a d s o r p t i o n .  J. American Water Works Assoc.  7 3 ( 8 ) :  391-454. 

R i t t m a n n ,  B. E. 1982a.  The e f f e c t  of s h e a r  stress on b i o f i l m  l o s s  r a t e .  
B i o t e c h .  Bioeng.  24 : 501 -506. 

R i t t m a n n ,  B. E .  198213. Compara t ive  pe r fo rmance  o f  b i o f  i l m  r e a c t o r  t y p e s .  
B i o t e c h .  Bioeng.  24  : 1341-1 370.  

R i t t m a n n ,  B .  E . ,  a n d  P .  L .  M c C a r t y .  1 9 7 8 .  V a r i a b l e - o r d e r  m o d e l  of  
b a c t e r i a l - f  i l m -  k i n e t i c s .  J. Env i ron .  Eng. Div. ,  ASCE 1 0 4 ( ~ ~ 5 )  : 889-900.  

R i t t m a n n ,  B. E . ,  R.  Suozzo ,  B. Romero. 1983. E f f e c t  of t e m p e r a t u r e  o n  
oxygen  t r a n s f e r  t o  'a r o t a t i n g  b i o l o g i c a l  c o n t a c t o r .  J .  W a t e r  P o l l u t i o n  
C o n t r o l  Fed .  55  :270. 

R o v i t a ,  B. J . ,  a n d  J .  R. K i t t r e l l .  1973. F i lm  and  p o r e  d i f f u s i o n  s t u d i e s  
w i t h  immobi l i zed  g l u c o s e  o x i d a s e s .  B i o t e c h .  Bioeng.  1 5 (  1 ) : 143.  

S imons ,  D .  B . ,  a n d  F.  S e n t u r k .  1977. Sediment  T r a n s p o r t  Techno logy ,  Water  
R e s o u r c e s  P u b l i c a t i o n s ,  F o r t  C o l l i n s ,  Co. ,  807 pp. 

S r i n a n t h a k u m a r ,  S . ,  a n d  A .  A m i r t h a r a j a h .  1983. O r g a n i c  c a r b o n  decay  i n  
s t r e a m  w i t h  b i o f  i l m  k i n e t i c s .  J. Env i ronmen ta l  E n g i n e e r i n g ,  ASCE 109(EE1) :  
102-1 19. 

. . 

S t r e e t e r ,  V .  L . ,  a n d  E .  B. Wyl i e .  1975. F l u i d  Mechanics .  McGraw-Hill ,  New 
York,  752  pp.  . 

T r a b e r ,  A .  D . ,  a n d  J .  R .  K i t t r e l l .  1 9 7 4 .  F i l m  d i f f u s i o n  s t u d i e s  o f  
i m m o b i l i z e d  c a t a l a s e  i n t u b u l a r  f l o w  r e a c t o r s .  B i o t e c h .  Bioeng.  1 6 ( 3 ) :  419. 

. . 

Thomann ,  R .  V .  1 9 7 2 .  S y s t e m s  A n a l y s i s  and Water  Q u a l i t y  Management. 
McGraw-Hill, N e w  York,  286 pp.  



Thomann, R. V. 1982. V e r i f i c a t i o n  of water  q u a l i t y  models.  J. Environmental  
Eng ineer ing ,  ASCE 108(EE5):  923-940. 

T u f f e y ,  T. J . ,  J .  V .  H u n t e r ,  a n d  V .  A.  M a t u l e w i c h .  1974 .  Zones  of  
n i t r i f i c a t i o n .  Water Resources  B u l l e t i n ,  10 :555-564. 

V e l z ,  C .  J . ,  a n d  J .  J .  G a n n o n .  1 9 6 4 .  B i o l o g i c a l  e x t r a c t i o n  a n d  
accumula t ion  i n  s t r e a m  s e l f -  p u r i f  i c a t i o n .  P r o c e e d i  nga o f  I n t e r n a t i o n a l  
Confe rence  i n  London, September 1962. 

Wetze l ,  R. G .  1975. Primary p roduc t ion .  I n  B. A. Whi t ton  ( e d . ) ,  River  
Ecology,  U n i v e r s i t y  of C a l i f o r n i a  P r e s s ,  Berkely  , pp. 230-247. 

Williamson, K .  and P. L. McCarty. 1976a. A model of e u b s t r a t e  u t i l i z a t i o n  
by b a c t e r i a l  f i l m s .  J.  Water P o l l u t i o n  C o n t r o l  Fed. 4 8 ( 1 ) :  9-24. 

W i l l i a m s o n ,  K .  a n d  P. L .  McCarty .  1976b. V e r i f i c a t i o n  s t u d i e a  of t h e  
b i o f i l m  model f o r  b a c t e r i a l  s u b s t r a t e  u t i l i z a t i o n .  J .  W a t e r  P o l l u t i o n  
C o n t r o l  Fed.  4 8 ( 2 ) :  181 -296. 

Wuhrmann, K .  1 9 7 2 .  Stream p u r i f i c a t i o n .  I n :  R.  M i t c h e l l  ( e d . ) ,  Water 
P o l l u t i o n  Microbiology.  W i l e y - I n t e r s c i e n c e ,  New York, pp. 219-1 51 . 
Wuhrmann, K . ,  E. E ichenberger ,  H. A. L e i d n e r ,  and D .  W u e ~ t .  1975. Uber den 
E i n f l u s s  d e r  S t r o m u n g s g e s c h w i n d i g k e i  t a u f  d i e  S e l  b a t r  e i n i g u n g  i n  
F l i e sagewasse rn .  Schweiz,  Z .  Hydrologie  3 7 ( 2 ) :  253-272. 

ZoBel l ,  C .  E. 1943. The e f f e c t  of s o l i d  s u r f a c e s  upon b a c t e r i a l  a c t i v i t y .  
J .  B a c t e r i o l o g y  46: 39-56. 




