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ABSTRACT

A pu re  oxygen  sys tem i nco rpo ra t i ng  Downf low Bubb le

Contact  Ae ra t i on  as t he  t r ans fe r  un i t  was  opera ted  u t i l i z i ng  se t t led

mun i c i pa l  wastewater  as  feed.  Oxygen  t r ans fe r  e f f i c ienc ies  i n  excess

o f  95 pe rcen t  we re  ob ta ined .

The kinet ic coefficients were determined and compared

f avo rab l y  w i t h  p rev ious l y  r epo r ted  pu re  oxygen  va lues .  The  y i e l d

was  0.Ll7 l b  vo la t i l e  suspended so l i ds  pe r  l b  COD removed  and  t he

decay  coef f i c ien t  was 0.02 pe r  day .  The  max imum spec i f i c  g row th

rate was 3.7  l b  VSS produced per l b  VSS and the half—velocity

constant was 281 mg / l .

The  BOD remova l  was 94.  5 pe rcen t  a t  subs t ra te  remova l

ra tes  o f  up  t o  0 .73  l b  BOD pe r  l b  MLVSS pe r  day .  The  sys tem

remova l s  a re  as  good as  any  p rev ious l y  r epo r ted  pu re  oxygen  va lues .

So l i ds  separa t ion  appeared  to be  exce l len t  w i t h  an  SVI

of 84 m l / g .  Th i s  compared quite well  w i th  other reported sludge

data for  h i gh  pu r i t y  oxygen  ac t i va ted  s l udge  sys tems.  Aux i l i a r y

mix ing appeared to be necessary in  order to obtain good sludge

separa t ion .
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I .  INTRODUCTION

The use of h igh  pu r i t y  oxygen i n  the activated sludge

process has increased i n  recent years.  Oxygen systems are tech-

n ica l ly  feasible i n  many cases but  often not economical. Most oper—

ational problems have been rect i f ied,  but  economical oxygen transfer

has not been completely attained.

Oxygen systems have been troubled by economics from

thei r  inception by Okun, who had hoped that savings i n  capital ex -

penses realized from smaller plants could offset the h igh  cost of

oxygenation (6) . However, the h i gh  cost of pu re  oxygen i n  the ear ly

1950's prevented oxygen systems from competing w i th  conventional

a i r  un i ts .

i n  the late 1960's interest i n  the pu re  oxygen process

was rev ived large ly  as a resul t  of cheaper oxygen product ion method-

ology (TO). After several years of operation at Batavia, New Yo rk ,

Union Carbide concluded that substrate removal rates were h ighe r ,

sludge y ie lds were lower ,  and endogenous respirat ion rates were

higher i n  oxygenated systems than i n  aerated tanks. Projected

economics showed pure  oxygen to be less expensive than a i r ;  however,

oxygen t rans fe r  was  a ma jo r  cos t .  Ae ra t i on  t anks  we re  cove red  w i t h

t i gh t  f i t t ing  covers,  and large mixers and compressors were employed

1



to improve oxygen t ransfer .

Later modifications of the UNOX Process such as those

at  Newtown Creek ,  B lue  P la i ns ,  and  S imp lox  a l l  ma in ta ined  the

cos t l y  cove red  t ank  for oxygen  t rans fe r  (12,  14) . O f  cou rse ,  each

system ut i l ized a s l ight ly  dif ferent approach to oxygen inject ion, from

spargers to d i f fusers.

Oxygen transfer efficiencies of  up  to 95 per  cent have

been reported,  but  the corresponding transfer costs (covered tanks

and equipment) have offset the considerable savings from smaller

tank sizes that Okun had foreseen. Speece e_t__al_. (15) developed the

downflow bubble contact aeration system, which i s  capable of oxygen

absorption efficiencies of  wel l  over 90 per  cent i n  a compact un i t .  The

system may be pressurized and dissolved oxygen concentrations of

over  100 mg / l  a re  poss ib le  and  economica l .  The re fo re ,  t h i s  dev i ce  was

used i na  pu re  oxygen system as the transfer, un i t .  Accord ing ly ,  i t

has become necessary to investigate the operational characterist ics

and to determine the treatment efficiencies and kinet ics of a pu re

oxygen system using Downflow Bubble Contact Aeration.



I I .  SCOPE OF INVESTIGATION

The  principal  ob jec t i ve  o f  t h i s  i nves t i ga t i on  was  to

evaluate the performance of  the Downflow Bubble Contact Aeration

pure  oxygen system (DBCA System). Specif ical ly, the treatment

capabil i t ies o f  the DBCA system were determined and the resul ts

compared w i th  data previously reported for oxygen systems. Also,

t he  opera t iona l  cha rac te r i s t i c s  and  p rob lem areas  i nhe ren t  i n  p resen t

DBCA system design were ident i f ied.



l l l .  LITERATURE REVIEW

ROLE OF OXYGEN IN BIOLOGICAL TREATMENT

Molecular oxygen i s  requi red i n  aerobic biological

processes as the f inal  electron acceptor du r i ng  the aerobic ox i -

dation of  substrates by microorganisms. The molecular oxygen acts

as the ultimate s ink for the electrons removed from reduced organic

materials i n  wastewaters. The energy released du r i ng  oxidation i s

ut i l ized i n  two basic processes: cel l  synthesis and endogenous

respirat ion ( l )  . Thus ,  one o f  the most important requirements o fa

wel l ‘operated aerobic biological treatment process i s  the continuous

and consistent maintenance of  an adequate dissolved oxygen supply .

A process object ive, therefore, i s  to maintain sufficient dissolved

oxygen levels to satisfy the bacterial uptake requirements.

Gaden (2) found that oxygen uptake rates were d ras -

t ica l ly  reduced below a cr i t i ca l  dissolved oxygen level o f  0 .3  mg / l .

Hence, i n  o rder  to operate above the cr i t i ca l  level throughout the

aeration basin,  practical operating experience has indicated that a

min imum o f  one  to  two mg / l  o f  d i sso l ved  oxygen  mus t  be ma in ta ined  (3 ) .

I n  order  to prov ide for the maintenance of the desired

dissolved oxygen levels i n  the system, the typical  approach has been

to develop more efficient t ransfer equipment. However, the d r i v i ng

a



force of  oxygen-solution interchange is proport ional to the oxygen

def ic i t .  Even w i th  the most efficient equipment, the practical

maximum transfer of oxygen from a i r  into solution at atmospheric

pressure i s  no more than seven mg / l  (ll) .

Another approach has been to increase the d r i v i ng  force

for oxygen transfer by prov id ing  a h igh  pu r i t y  oxygen concentration

in  the gas phase. The d r i v i ng  force for oxygen transfer i s  raised to

about 40 mg / l  when h igh  pu r i t y  oxygen i s  substituted for a i r  because

the so lub i l i ty  o f  oxygen i n  water at normal temperatures and p res -

sures i s  approximately 43' mg / l  (5 ) .

SlGNlFlCANT RESEARCH WITH HIGH PURlTY OXYGEN

Bio-precipi tat ion

Bio-precipi tat ion, a biological treatment system which

u t i l i zed  h i gh  pu r i t y  oxygen was investigated by  D .  A .  Okun i n

1940 (6) The bio-precipi tat ion process shown i n  F igure  1 con-

sisted of  a combination reactor-c lar i f ier  and an external oxygen

absorber.  lnf luent and recycled effluent flowed down through the

absorber and was pumped to the bottom of  the reactor c l a r i f i e r .

lnf luent was d is t r ibuted across the un i t  and then passed up  through

the sludge blanket i n  the reactor section. Stagnant areas were p re -

vented by slow moving mixers .  Treated effluent separated from the

sludge i n  the c lar i f ie r  section and was discharged o r  recycled back
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to the absorber.

The absorber and reactor-c lar i f ier  were open to the

atmosphere al lowing oxygen to escape and ni t rogen to enter the

absorber,  thereby decreasing i ts  eff iciency. To prov ide enough

oxygen i n  the reactor-c lar i f ier ,  a recycle rat io of c lar i f ied effluent

to inf luent was maintained at f ive to one. The dissolved oxygen con-

centration i n  the inf luent to the reactor was about 30 mg / l  whi le  the

effluent concentration was about seven mg / l .  Two uni ts  were con-

structed for comparative studies under a i r  and oxygen condit ions.

Unfortunately, a t rue  comparison was not possible since up  to 17

times as much recycled c lar i f ied effluent per  un i t  of inf luent was

requ i red under  a i r  operation. The sett l ing propert ies of the sludge

under such conditions were affected.

The laboratory results reported by Okun 'd id  not include

a comparison of sludge yields for the paral lel  oxygen and a i r  un i ts .

Howeve r ,  su f f i c i en t  data we re  ava i l ab le  to reeva lua te  the  subs t ra te

removal ra te.  The relationships between substrate removal ra te i n

pounds of  BOD removed per  day per  pound of  mixed l iquor  sus—

pended sol ids and effluent BOD for the a i r  and oxygen systems are

i l lustrated i n  F igure 2 .  The usual resul t  of  such a p lot  i s  a stra ight

l ine at  low substrate concentrations (8) . The slope of the l i ne  indi»

cates the ac t iv i ty  of  the biomass. The data from both the a i r  and oxygen

systems fa l ls  on the same l ine;  therefore, no signif icant dif ference



8

ZO
_._.<._._n:Um

m
nTO

_m
_ 

‘
m
Q
O
m

. _
.Z

m
_

D
. ._

n
E

m
_

D
Z< 4<>O

ém
m

m
F<M

m
D

m
 

m
>>._.m

_m&
_

Im
Z

O
_

._
.<

u
_

w
m

.m
NEED—n.

3
9

5
m

Q
O

mE
sm

om
 

o
:  

om
 

o
n

 
S 

o
.

_ 
a 

q 
o

m
.

m
o

\ 
m

w
 

. 
a

\ 

a
9

l
\

l
—

m
o

o 
m0m

\ 
m0G

C
.—a3w

I 
o

L
m

M
D

.U
L

_
<

O
M

. 5
9

6
5

 
. I

.. 
o

$ 
P.M

_ 
_ 

L 
_



existed between the metabolic act iv i ty  of organisms i n  the a i r  and h i gh

pu r i t y  oxygen .  These  re l a t i onsh ips  ag ree  w i t h  the  conc lus i on  o f  Okun

that aside from obtaining a greater force for the solution o f  oxygen,  the

on ly  improvement was a considerably greater sludge densi ty i n  the

h igh  pu r i t y  oxygen un i t .  Although the oxygenated sludge may settle

bet ter ,  i t s  act iv i ty  or  ab i l i t y  to assimulate the waste per  gram of  o r -

ganisms appeared to be the same as that for a i r .

I n  1955, the f i r s t  large scale f ie ld study was under—

t aken  to de te rm ine  the advantages o f  the p rocess  desc r i bed  above  (9) .

No d i rect  comparison was made w i th  a i r  aeration; however,  the

possible reduct ion i n  reactor volume when using oxygen aeration

was estimated to be t h i r t y  percent, because a h igher  MLSS could be

maintained. Th i s  estimate was considerably smaller than the savings

in  reactor volume expected from the in i t ia l  laboratory s tudy ,  and

was probably the resul t  of  the lower MLSS maintained i n  the f ie ld s tudy.

Batavia

The  oxygen system evaluated at Batavia, New Yo rk ,  was I

the f i r s t  largeescale design o f  the UNOX process (10) ._ The oxygen

un i t  used i n  th i s  study di f fered i n  several ways from the ear l ie r

Okun design.  A typical  three-stage UNOX reactor i s  shown schematically

i n  F igure 3 .  Oxygen was t ransferred w i th in  the reactor rather  than

by an external absorber.  Oxygen was fed into the f i r s t  section under
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a p ressu re  o f  severa l  i nches  o f  wa te r  and  a l l owed  to pass  i n  se r i es

f rom compartment to compartment. A i r  was excluded and oxygen p re -

ven ted  f rom escape by  t i gh t - f i t t i ng  cove rs  ove r  each compar tmen t .  The

last section allowed off—gas to vent under automatic pressure con-

t r o l .  Each compartment was equipped w i th  a h igh  speed turb ine

mixer  to mix the contents and to help shear the fine oxygen bubbles ~

released by  the di f fuser located below the tu rb ine .  Some oxygen

transfer occurred at the gas—liquid interface near the top o f  the compart—

ment, bu t  the majori ty of  the transfer was accomplished v ia  gas re—

cycle compression and di f fusion.  The recycle compressor would pump

oxygen-enriched gas from the top of each compartment to the

di f fuser for the purpose o f  u t i l i z ing  as much o f  the oxygen as pos-

. s ib le.  The compartments were i n  series and a separate oxygen com-

pressor and di f fuser installed i n  each. As a resu l t ,  the transfer

eff iciency was improved over the Okun system to about 90 o r  95

percent:

Tests were conducted under three modes of  operation.

Phases l and I l l  were designed to prov ide side—by—side comparison of

' a i r  and oxygenated systems. The reactor-volumes and feed rates

were near ly  the same for the paral le l  systems. I n  phase l l ,  on ly  the

oxygenated system was operated. Results of  the study a re  sum-

marized i n  Table I .  Some of the data are averages l isted i n  o r  ca l -

culated from the data i n  the repor t .  A review of  the data indicates
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t ha t  h i ghe r  m i xed  l i quo r  suspended so l i ds  concen t ra t ions  cou ld  be

maintained i n  the oxygenated system. The greater ease of oxygen t rans-

fer and the possibi l i ty  of  a more rap id ly  sett l ing sludge i n  the oxygen-

ated  sys tem,  account  for t h i s  improvemen t .

The sludge y ie ld  for the Batavia plant was computed to be

1.38 l b  VSS/lb o f  BOD5. The resul t ing y ie ld  coefficient was s ign i f i -

cant ly  greater than any reported i n  other studies (11).  These un i ts

received a feed containing h igh  concentrations of suspended solids

resul t ing from no p r imary  sedimentation. One pound of  BOD results

i n  about 0 .5  pound of  biomass and another 0.5 pound o f  solids i n  the

inf luent appeared as sludge y ie ld .  Therefore, the actual sludge pro~

duct iv i ty  o r  y ie ld  i s  estimated at 0 .4  l b  to 0 .6  l b  VSS/ lb BOD5.

Newtown Creek

A second-generation mult i-stage UNOX process i n  which

the rec i rcu lat ing compressors and rotat ing spargers are replaced w i th

submerged aerators o r  mixers i s  installed at Newtown Creek Plant i n

New York  C i t y  (12). Oxygen transfer i s  accomplished by  gas ent ra in -

' ment and solut ion. Performance of the secondary system, average sludge

character ist ics,  and average loadings are summarized i n  Table 11.

Process performance to December 1972 has confirmed the h i gh  rate capa-

bilities f i rst  seen at Batavia. The sludge productivity was 0.51 l b

VSS/ lb BODS and the oxygen ut i l izat ion was 96 percent.



TABLE I I .

SUMMARY OF NEWTOWN CREEK
PERFORMANCE DATA AND LOADINGS

Total B005  Removal Efficiency (percent)

Soluble BOD; Removal Efficiency (percent)

Total COD Removal Efficiency (percent)

Suspended Solids Removal Efficiency (percent)

MLSS (mg/ l )

MLVSS (mg/ i )

SVl (mi/gm)

S ludge  Retent ion  T ime ,  SRT
( l b  MLVSS/lb VSS wasted-day)

F /M Load ing  ( l b  BODS app l i ed / l b  MLVSS/day )

F/M Loading (lb COD applied/lb MLVSS/day)

Organic Loading ( l b  BOD;  applied/1000 cu  f t -day)

Organic Loading ( lb  COD applied/1000 cu  f t -day)

Ciar i f ier  Overflow Rate (gpd/sq ft)

Clar i f ie r  Mass Loading ( l b  so l ids/sq f t -day)

Clar i f ie r  Weir Loading (gpd/ f t )

14

95

96

83

91

4760

3960

42

3.07

0.67

1.58

148

389

977

50.7

133000
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Brewery Waste - 1970

A bench-scale study was conducted at a large brewery  to

determine possible advantages offered by h i gh  pu r i t y  oxygen t reat-

ment (13).  Three levels of dissolved oxygen were investigated, i n -

c lud ing about one mg / l  ( a i r ) ,  seven mg / l  (air  p lus  oxygen) and 15

mg / l  (oxygen) . The growth kinet ics were the same for a l l  levels,  bu t

the sludge settled better and appeared to show higher organic removal

rates under oxygen condit ions. Unfortunately the reported data were

no t  comple te  and  an  independen t  ana l ys i s  cou ld  no t  be pe r f o rmed .

One of the most interesting points of the study was the

relationship between sludge volume index and the food to microorganism

rat io ,  shown i n  Figure 4. The SVl appeared to increase w i t h  the larger

values of F /M  du r ing  a i r  and a i r  p lus  oxygen runs  to a maximum SVI of

1000 at the highest F /M  rat io for the a i r  p lus  oxygen system. At th is

point ,  the oxygen system was started and the SW averaged about 50

regardless of  the F /M  ra t io .  The cel l  y ie ld  developed i n  the brewery

study was 0.56 l b  VSS/lb BOD removed.

Blue Plains

A multi—stage covered—tank oxygenation p i lo t  system of

Union Carbide design (Figure 5) has operated continuously since

June, 1970 at the Blue Plains Pilot Plant (14). The average system F /M

loadings are 0.27 to 0.50 l b  BOD app l ied /day / lb  MLVSS under aeration
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at a sludge retention time (SRT) of more than f ive days.  When the system

has operated at an SRT of less than f ive days, F /M  loadings have r isen

to as h igh  as 1 .0  l b  BODg/day/lb MLVSS. Corresponding average vol—

umetric organic loadings at a SRT above f ive days have been 57 to 185

lb  BOD applied/day/lOOO ft of  aerator volume. The hydrau l ic  detention

times var ied from 1 .5  to 2.8 hours .  For a l l  loadings investigated,

v i r t ua l l y  complete oxidation of  soluble BOD has been observed. The

average effluent soluble BOD concentration i s  2 to 3 mg / l  bu t  never

g rea te r  t han  5 mg / l .  To ta l  BOD and  suspended so l i ds  remova l  a re  a

function of  c la r i f ie r  performance. Effluent COD and TOC concentrations

typ ica l ly  have ranged from 35 to 60 and 15 to 20 mg / l ,  respect ively.

The sludge y ie ld  i s  0.38 to 0.47 l b  VSS/lb BOD removed.

Results of  the long-term Blue Plains study i l lust rate that

the design of h i gh  pu r i t y  oxygen systems should be an integrated

package consisting of a biological reactor, a c la r i f i e r ,  and sludge

handl ing faci l i t ies.  The design should consider the worst  anticipated

climatic conditions at a g iven si te. C lar i f ie r  s iz ing should be I spec i f—

ica l ly  tai lored to the design and anticipated operating conditions of  the

reactor.  The two basic methods o f  achieving a desired F /M  loading are:

(a) contro l l ing the size of  the reactor and/or  (b) contro l l ing the MLSS

concentration. For example a un i t  employing a small reactor and h igh

MLSS can have the same F /M  loading as a large reactor and low MLSS.

Selection of  a small reactor and a small c la r i f ie r  cannot sucessfully be
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coupled i n  a design unless a great ly reduced MLSS concentration i s

maintained. However, opting for th is  selection w i l l  increase F /M

loading, biological sludge product ion, and requ i red sludge handl ing

capac i t y  and  cos ts .

SIMPLOX

A single-stage, covered~tank oxygenation system, SIMPLOX,

is  shown schematically i n  F igure 6 (12) and incorporates an inflated

dome-type cover to contain the oxygen—rich atmosphere over the aerator.

Th is  approach i s  intended p r imar i l y  for upgrading exist ing air-act ivated ,

sludge plants by u t i l i z ing conventional a i r  blowers and coarse—bubble

a i r  d i f fusers to recirculate oxygen gas. Oxygen gas i s  introduced to

the aerator through a f ine bubble sparger on the tank bottom and on the

opposite side wal l  from the conventional a i r  d i f fusers.  Power requ i red

for oxygen solution is  greater for the SIMPLOX process than for  the

mult i -stage systems because: (a) the equipment used for t ransfer ing

oxygen i s  modified a i r  aeration equipment and not specif ical ly tai lored

for oxygen, and (b) the gas phase above the mixed l iquor  is  completely

mixed and assumes the same oxygen composition as the exhaust gas

stream. Therefore,  the d r i v i ng  force for d issolv ing oxygen i n  waste-

water i s  less than i n  the f i r s t  stages of  mult i-stage aerators. However,

capital costs for convert ing an exist ing aeration tank from a i r  to

oxygen service should be signi f icant ly less w i th  the SIMPLOX approach
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because staging baffles and mult iple oxygen solution equipment are

not requ i red .  Any o f  several activated sludge flow configurations,

inc luding p lug  f low, complete m ix ,  and step aeration, can be used as

desi red.  Since the gas phase i s  completely mixed,  exhaust oxygen,

carbon d iox ide,  and iner t  gases can be b led from any point  of  the in—

flated dome.

Testing i s  being evaluated under four modes of  operation

d i v i ded  i n to  phase i ,  l l ,  I l l ,  and  i v .  Phases l to N w i l l  a l t e r  the

aeration detention times by va ry ing  the percent o f  the oxygen aerator

i n  use and /o r  the flow rate.  As of December 1972 only  the u l t ra  con-

servat ive Phase i had been completed. Substrate removals, sludge

character ist ics, and average system loadings are summarized i n  Table

I I I .  The sludge y ie ld  was 0.23 l b  VSS/ lb BOD removed. The inflated

dome was  de te rm ined  to be  unsu i t ab le  for pe rmanen t  i ns ta l l a t i on  because

of  leaks o r  punctures i n  the po lyv iny l  material.

Future Research and Development Projects

Uti l ization o f  oxygen aeration for activated sludge treatment

w i l l  be evaluated i n  two new projects which a re  approaching the devel—

opment and experimental application stages (December 1972). One

project i s  the Mart in Marietta, whi le  the second is Downflow Bubble

Contact Aerat ion.

The Mart in Marietta Project i s  a development of  a unique



TABLE l l l .

SUMMARY OF SIMPLOX, LAS VIRGENES, CA . ,
PERFORMANCE DATA AND LOADINGS

Total BOD5 Removal Efficiency (percent)

Total COD Removal Efficiency (percent)

Soluble COD Removal Efficiency (percent)

Suspended Solids Removal Efficiency (percent)

MLSS (mg/l)

MLVSS (mg/ l )

SVi (ml/gm)

Sludge Retention Time, SRT
( l b  MLVSS/lb VSS wasted—day)

F /M  Loading ( l b  BOD5 app l ied/ lb  MLVSS/day)

F /M  Loading ( l b  COD app l ied / lb  MLVSS/day)

Organic Loading ( l b  BOD5 applied/1000 cu  f t -day)

Organic Loading ( l b  COD applied/1000 cu  ft—day)

Clar i f ie r  Overflow Rate (gpd/sq ft)

C lar i f ie r  Mass Loading ( l b  sol ids/sq ft-day)‘

97

77

72

88

3700

2950

99

78

0.07

13

24 '

1417

16.7

22
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f ine bubble di f fuser (12). One of  the many potential applications for

the d i f fuser i s  i n  an open—tank oxygen activated sludge process. The

Mart in Marietta Corporation claims that: (a) uni form oxygen bubbles o f

l ess  t han  0 .2  mm d iameter  a re  deve loped  by  pass ing  both oxygen  gas

at 30 ps i  and water or  sewage through the device and out through slot-

type openings, and (b) these bubbles when discharged at the bottom of

a vessel w i t h  f ive feet of water depth are completely dissolved before

reaching the surface.

Major points o f  research interest i n  the project are:  (a)

oxygen ut i l izat ion efficiency i n  an open-tank, (b) mixed l iquor  r ec i r -

culation rates and power requirements, (c) d i f fuser self-cleansing

(non-clogging) capabil i t ies, and (d) shearing effect, i f  any ,  on mixed

l iquor  part ic les from continuous recirculat ion through the pumps and

d i f f use rs .  i n  the  even t  t ha t  f loc  d i s rup t i on  does occu r ,  a sho r t  deten—

t ion biological refloccuiation tank (gentle m ix ing ,  no chemicals) w i l l

be interposed between the reactor and the c la r i f i e r .  Two aspects o f

system design which cannot be defined adequately because of  the scale

o f  th is  p lant  are  di f fuser mix ing  characterist ics and possible additional

m ix ing  requirements for the large aeration tanks.

A simple system has been developed by Speece (Flfl- (15)

for eff icient absorption of oxygen and compressed a i r  in to water.  i t

has been descr ipt ively named, Downflow Bubble Contact Aeration iDBCA) .

DBCA prov ides for the passage of  water o r  sewage downward through an
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open-bottomed, expanding cross section hood o r  cone. The water enters

at the highest velocity at the top and leaves at the lowest velocity from

the bottom. The inlet velocity i s  designed to be greater than the buoyant

velocity o f  the bubbles. The ex i t  velocity i s  designed to be less than the

buoyant velocity of  the bubbles. Thus the bubbles are trapped inside

the hood as the water f lows through i t .

The hood can f i l l  w i t h  bubbles i f  the rat io of  bubble i n te r -

fac ia l  a rea  to  wa te r  vo lume i s  h i gh .  A l so ,  t he re  i s  cons ide rab le  t u r -

bu lence ,  r esu l t i ng  i n  h i gh  gas  t rans fe r  r a tes .  Bubb les  i n j ec ted  i n to  a

10-ft deep tank of  water r ise  to the surface and escape i n  about 10

seconds o r  less. By  comparison, bubbles can be maintained i n  contact w i th

water i n  DBCA for an indefinite per iod.  Thus ,  efficient transfer of

oxygen  i s  poss ib l e  because o f  the  p ro l onged  contact  t imes .

Results of  studies incorporat ing the DBCA indicates oxygen

absorption eff iciency of 80 to 90 percent at  an oxygen rat io  of 0 .5 percent

of  the water f lowrate by  volume. At sea level and a temperature of 68

degrees Fahrenheit,  an increase of  5 .7  to 6 .4  mg / l  of dissolved oxygen i n

water passing through the system would resu l t .  A number of potential

' applications of  DBCA are being investigated.

Kinetics and Settleabil i ty

Ball  and Humenick (16, 17) noted that there was no s i g -

ni f icant dif ference i n  the sludge y ie ld  o r  substrate removal k inet ics under
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oxygen and a i r .  No signif icant difference i n  the in i t ia l  sett l ing velocities

o f  the activated sludge developed under a i r  o r  h i gh  pu r i t y  oxygen was

obse rved  when  compared  a t  the  same suspended so l i ds  concen t ra t i ons ,

sludge age, and mix ing intensi ty.  Ini t ia l  sett l ing velocities were a

function of  mix ing intensi ty.  Because the increased rate o f  oxygen transfer

under oxygenation allowed reduced gas mix ing i n  the reactor,  the lower

mix ing levels resulted i n  improved sett l ing velocit ies. Typica l  m ix ing

intensit ies under oxygenation averaged 40 f t /sec- f t  compared w i th  100

to 160 f t /sec-f t  for ful l -scale aeration plants.  Ful l -scale sett l ing studies

were used to develop a method for determining practical l imits for

sludge underf low concentrations and sludge recycle rates. A number

of  sludge characterization tests also were reported, inc luding dehy-

drogenase ac t iv i ty ,  extracel lular carbohydrates, cel lu lar  bound water

and microscopic examinations, w i th  no apparent differences found

between oxygenated and aerated sludges.

Results o f  the study showed that h igh  pu r i t y  oxygen was

a real ist ic alternative to conventional aeration w i th  addit ional costs

for producing and d is t r ibu t ing the oxygen economically just i f ied i n

some cases. The benefits are p r imar i l y  related to an ab i l i t y  to ca r r y

increased MLSS concentrations i n  the reactor rather than from sig—

nif icant fundamental changes to the organisms. Higher MLSS concen-

trat ions can resul t  i n  decreased capital expenditures for the reactor

and an increase i n  the sludge age. An  increase i n  sludge age w i l l
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resu l t  i n  a r educ t i on  i n  cap i ta l  and  ope ra t i ng  expense as  a resu l t  o f

the decrease i n  net sludge to be wasted.

Ba l l  (17) opera ted  two i n teg ra ted  biological—chemical

wastewater treatment systems i n  paral lel  us ing settled municipal waste-

water as feed. The aeration source for the biological reactors was

conventional low—pressure a i r  i n  one system and for the other system

h igh  pu r i t y  oxygen w i th  additional mix ing was prov ided.

No s ign i f i can t  d i f f e rences  i n  k i ne t i c  constants  we re  appa r -

ent .  The y ie ld  was 1 .0  l b  MLVSS/lb BOD removed and the decay

coefficient was 0 .4  l b  MLVSS destroyed/ lb MLVSS. The maximum rate

of substrate utilization was 12.5 lb  BOD5/day-lb MLVSS. BOD removal

exceeded 90 pe rcen t  a t  subs t ra te  remova l  ra tes  up  to  1 .36  l b  BODs / l b

MLVSS-day.

Settl ing tests indicated that no signif icant dif ference

existed between sludges developed under aeration o r  oxygenation for

the same mix ing levels. At  low mix ing levels, possible under  oxy -

genation, s igni f icant ly h igher  solids f lux rates were achieved for

the same MLSS concentration than i n  the aerated system.

Oxygen  Genera t ion

A number of physical or chemical processes are avail-

able for the production of  oxygen. Among the most common are elec-

t ro l ys i s ,  adsorpt ion, and low temperature dist i l lat ion of  a i r .  Presently,
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there are two methods of  large-scale oxygen production for waste-

water treatment: (a) a low temperature dist i l lat ion process (Cryogenic)

and (b) an adsorption process (Pressure Swing Adsorption) .

The cryogenic process extracts oxygen from the a i r  by means

of l iquefact ion/dist i l lat ion (30). To l iquefy,  a i r  must be cooled to a

temperature o f  minus 300 degrees Fahrenheit. Dist i l lat ion of  the

l iquef ied a i r  occurs i n  two dist i l lat ion columns that take advantage of

the di f ferent boi l ing points of the oxygen, ni t rogen and the other a t -

mospheric components. However, the carbon dioxide and water vapor

must be removed from the process a i r  stream through another ext rac-

t ion before en t ry  into the dist i l lat ion columns. The normal oxygen

pu r i t y  o f  cryogenic generators i s  i n  excess of 95 percent,  although the

l ow  p ressu re  p rocess  can  ach ieve  99.5 percen t  pu r i t y  i f  des i r ed .

The Pressure Swing Adsorption process can generate up

to 95 percent pu re  oxygen from a i r .  The system involves adsorption

a t  a h igh  pressure and desorption at a low pressure (31) . Compressed

a i r  i s  introduced into a f ixed bed of  adsorbent i n  which n i t rogen i s

preferent ia l ly  adsorbed to produce oxygen-r ich  gas. When the bed

approaches saturation, the bed pressure i s  reduced to desorb nitro—

gen and regenerate the bed. A purge  by some o f  the product  o r  an

intermediate process stream is  used to increase the regeneration effi—

ciency.  General ly,  two o r  more adsorbent beds are employed to i nsu re

continuous oxygen generation. One bed i s  i n  the adsorption phase and



the other bed i s  i n  the regeneration phase. Many pressure swing

adsorption processes are available and the major differences i n  these

processes are: (a) the type of  adsorbent used, (b) the number of

beds, (c) operating pressures, and (d) operating sequence. The

advantages claimed for pressure swing adsorption are lower cost,

easy operation, quick start up ,  and f lex ib i l i t y  i n  production capacity

as wel l  as oxygen concentration.

Typical  cost curves for generating oxygen cryogenical ly

and by pressure adsorption systems are presented i n  F igure 7 .

These data indicate that at  oxygen generation rates less than 80 tons

pe r  day the cost per  ton of oxygen i s  less for the PSA system. The

cost of oxygen generation is  between $8 and $18/ton.

BIOLOGICAL KINETICS

Two pr inc ipa l  relationships of biological k inet ics are the

equations re lat ing cel l  g rowth and decay rates to substrate removal.

The two relat ionships w i l l  be der ived from the model shown i n  F igure 8 .

The relat ion o f  biological growth and endogenous metab-

olism to the rate of removal of substrate may be- der ived by a materials

balance of  biological solids:

dX/d t  = Xo-  Xe -  Xw+Y(S° -  Se) ~ 19X . . . . 1

where:

dX/d t  = Change i n  amount of cel ls (VSS) per  un i t  t ime,
lbs /day
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X0 :  Amount of cel ls [VSS) i n  inf luent,  lb /day

Xe:  Amount of cells (VSS) i n  eff luent, l b /day

Xw= Amount of cel ls (VSS) i n  waste stream, lb /day

X = Amount  o f  ce l l s  (VSS) syn thes i zed / subs t ra te  r emoved ,
l b / l b

$0 :  Total substrate i n  inf luent,  lb /day

Se :  Total substrate i n  eff luent, lb /day

Rd:  Rate of endogenous respirat ion, l b / l b / day

I n  p rac t i ce ,  the  ma jo r  d i f f i cu l t y  w i t h  Equat ion  1 i s  t ha t

the Volati le Suspended Solids (VSS) content is  assumed to estimate

the actual amount of  cel ls i n  the system. I f  the system inf luent has

appreciable VSS, the y ie ld  coefficient, Y ,  w i l l  be h igher  than the t rue

va lue  o f  VSS syn thes ized  pe r  un i t  o f  subs t ra te  r emoved ,  as t he re  i s

no way to dist inguish between VSS which exist  as a resul t  of substrate

ut i l izat ion and the VSS which are introduced to the system by  the

inf luent.

i n  spite of  the shortcomings of us ing VSS as the measure of

active biological mass, the problems associated wi th  other methods of

determining the active mass are even more complex, i n  addit ion to the

fact that insuff icient data are available to establish confidence i n  some

of the other methods (18) .

Kinetic design parameters are usual ly determined i n
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laboratory studies du r ing  normal technical investigations. I f  a com—

pletely soluble inf luent i s  used and the reactor i s  completely mixed w i th

no  recyc le  o r  was t i ng  a t  steady—state cond i t i ons ,  Equat ion  1 can  be

s imp l i f i ed  as  fo l l ows :

Xe=Y(So-Se)  —kd>( . . . . . . . . . 2

The second relationship i s  developed from the empirical

equation developed for microbiological cul tures (19):

/ , L= /QS / (Ks+5 )  . . . . . . . . . . 3

where:

la. = specific growth rate,  lbs / lbs /day

/2 = maximum specific growth rate,  lbs / lbs /day

K = substrate concentration at at}, mg / l
5

By  assuming the relationship:

A A
/,4 = Yq and/u = Yq

where :

q = rate of substrate removal, lbs / lbs /day

a = maximum rate of  substrate removal, l bs / lbs /day

the f o l l ow ing  use fu l  r e l a t i on  i s  ob ta ined:

A
q=qS / (Ks+S)  , ,  . . . . . . . . 4

The  rec ip roca l  expans ion  o f  Equat ion  4 can  t hen  be  p l o t t ed

by  obtaining values of the substrate removal rate (q) and the substrate

concen t ra t i on  (5 )  , and  the  equa t ion  constants  de te rm ined .

I f  Equation 2 i s  d iv ided by  the VSS i n  the system (X ) ,



33

i t  can be wr i t ten i n  the more famil iar form:

ec "=Yq—kd . . . . . . . . . . . 5

where:

0 ‘ :  mean solids retention t ime, day = X/Xe

q = (50 -  Se) 1X,  lbs / lbs /day

The constants for Equation 5 can be obtained by a plot  of

t he  ra te  o f  subs t ra te  remova l  ( q )  ve rsus  the  i nve rse  o f  t he  mean so l i ds

retention t ime.

Therefore, a rational design of  a biological process can be

made for that part icular  type of wastewater w i th  the information de-

veloped from the plots of Equations ll and 5 (20).

SLUDGE SETTLING

The separation of the solids i n  the mixed l iquor  for re -

cycle from the treated wastewater i s  probably the most cr i t ica l  step i n

the activated sludge process. The degree of  separation depends on

the amount of  dispersed cel ls that remain i n  the supernatant p lus  the

amount o f  sludge which would settle, but  i s  car r ied  over into the

' effluent because of  poor c la r i f ie r  design o r  uncontrol lable hydrau l ic

var iat ions.  The amount of  dispersed cel ls and  the rate of  subsidence

of  the settleable fraction w i l l  va ry  from day to day .  The importance of

sett leabil i ty i n  design has resulted in the development of  several measures

for comparison.
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The sludge volume index,  SVI,  introduced i n  1934 i s  the

most commonly accepted measure of sett leabil i ty (21) . Sludge volume

index is  defined as the volume, i n  m i l l i l i t e rs ,  occupied by  one gram of

activated sludge after sett l ing i n  a one l i te r  graduate cy l inder  for 30

minutes (22) . Data, obtained by  recording the solids interface w i th

respect to t ime, can then be subjected to a var ie ty  o f  manipulations

intended to model the actual un i t  operation of  c lar i f icat ion o r  thickenc

ing  to produce a design for that sludge.

Dick  and  Ves i l i nd  (23) conduc ted  i n -dep th  s tud ies  o f  the

SW test and concluded that two sludges could have the same index value

although grossly di f ferent i n  sett l ing characterist ics as shown i n

F igure 9 .  Some of  the factors inf luencing rate of  subsidence are tem—

perature,  cy l inder  depth, cy l inder  diameter, sludge depth o r  in i t ia l

concentration, and mix ing h is to ry  (24 ) .

Another factor which affects sett leabil i ty i s  the mix ing

level infithe reactor before clar i f icat ion. i t  i s  important, therefore, to

calculate the mix ing level of the sludge under investigation i n  order

to compare the resul ts o f  several tests. The formula for calculating the

mix ing  level as determined by Parker lei. (25) follows:

For bubble mix ing:

G=Q'hg / v . . . . . . . . . l . . . 6

where:

G = Mix ing  l eve l  i n  f t /sec-f t
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Q' = Gas flow i n  l/min—unit volume

h = Diffuser depth, inches

9 = 32.2 f t /sec

v = Kinematic viscosity of water,  sec / f t

There are two conditions which resul t  i n  poor sett l ing of

activated sludge, namely dispersed growth and sludge bu l k i ng .  D i s -

persed growth  i s  typical i n  systems operating at low sludge ages.

Tenny  and  Stumm (27)  be l i eved  tha t  poor  se t t l i ng  occu rs  a t  l ow  mean

cell  retention times because natura lpo lymers,  such as complex po l y -

saccharides and polyamino acids, are not excreted at  a rate suff icient

to prov ide a proper polyelectrolyte "dose" for f locculation. These

studies of f locculating dispersed growth w i th  synthetic polymers have

supported the idea of  cel l  self-polymerization.

Sludge bu lk ing  has plagued the treatment plant operator

since the introduction of the activated sludge process (28).  Bu lk ing

occurs when filamentous microorganisms constitute a signif icant per -

centage o f  the total biomass, resul t ing i n  a marked decrease i n  sludge

sett l ing veloci ty i n  the c la r i f ie r  and a re lat ive ly  h i gh  SW (29 ) .

SUMMARY OF LITERATURE REVIEW

The use of  h i gh  pu r i t y  oxygen i n  the activated sludge

process i s  receiv ing increasing attention i n  wastewater treatment p lant

design and construct ion. The concept i s  more than 20 years o ld ,  bu t
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has  rece i ved  se r i ous  cons ide ra t i on  on l y  du r i ng  t he  las t  4 o r  5 yea rs

wi th  the development of several cost-effective systems for d issolv ing and

ut i l i z ing  oxygen i n  an aeration tank.

The use of oxygen opens up the possib i l i ty  o f  h igher MLSS

concentrations wi th in  the aeration basin whi le  completely satisfying the

correspondingly h igh  oxygen demand rates. Mix ing requirements for

MLSS concen t ra t i ons  between 5000 and  10,000 mg / l  i n  oxygen  ac t i va ted

sludge systems are not s imi lar to lower MLSS concentrations i n  a i r

activated sludge systems. A h igher  sludge densi ty can be real ized

and the net sludge y ie ld can be reduced whi le  net sludge age increases.

The kinet ic behavior of biological processes may be satis—

factor i ly  described by  two basic relationships: (a) biological g rowth  and

(b) substrate concentration biomass. The mode of  aeration does not

affect the use of  these kinet ic relat ionships.

Activated sludge sett leabil i ty var ies w i t h  the MLSS and

mixingql‘evel before sedimentation. The design of c la r i f ie rs  requi res

the construction of a solids t ransport  curve  for a g iven sludge. A

rational formula for bubble mix ing  i s  available to calculate m ix ing

l e ve l s .



IV .  MATERIALS AND METHODS

The Downflow Bubble Contact Aeration System was located

at  Govalle Wastewater Treatment Plant, Aust in ,  Texas. The un i t  was

set up  to treat the effluent from pr imary  c lar i f ie rs  and ex is t ing equip~

ment  was  u t i l i zed .

EXPERIMENTAL EQUIPMENT AND SYSTEMS

Downf l ow  Bubb le  Contact  Ae ra to r

Efficient absorption of oxygen and/or  a i r  into water has

been developed and demonstrated by Speece, Slél' (15). Downflow

Bubble Contact Aeration (DBCA) provides for the passage of  water

downward through an open-bottom expanding cross section hood, F igure

10. The water enters at  i t s  maximum velocity (’4 to 8 f t /sec) and reaches

a minimum velocity (0.1 to 0.2 f t /sec) at the widest point  of  the hood.

The in let  veloci ty i s  designed to be greater than the buoyant velocity

o f  the bubbles.  The ex i t  velocity is  designed to be less than the bouyant

veloci ty o f  the bubbles. Hence, the bubbles are trapped inside the .

hood.

The hood f i l l s  w i th  bubbles and prov ides a h i gh  ra t io  o f

bubble interfacial area to Water volume. Considerable turbulence i s

present and increases the gas t ransfer .  i n  comparison w i t h  normal
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Liqu id To Be Oxygenated

Pure Oxygen Gas

' / Bubble Harvesting
(Exhaust Gases)

l Oxygenated L iqu id

FIGURE 10. DOWNFLOW BUBBLE CONTACT AERATOR
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transfer (bubbles r i s i ng  i n  a 10 ft tank w i th  a contact of  approximately

10 seconds), DBCA gives gas-water contact for prolonged periods

of t ime.

Nitrogen s t r ipp ing and oxygen absorption occur s imu l -

taneously i n  the DBCA resul t ing i n  a change of  gas composition of  the

bubbles from approximately 100 percent oxygen to approximately 100

percent ni t rogen and carbon dioxide before harvest ing.  The bubbles

wou ld  be  comple te ly  abso rbed  and  d i sappear  i f  t he  wa te r  con ta ined

no dissolved gases. Transfer efficiencies usual ly range from 80 to 95

percent depending upon the oxygen-water ra t io .

DBCA Activated Sludge System, Uni t  |

The in i t ia l  continuous flow activated sludge system i n -

corporat ing DBCA as the transfer un i t  i s  represented by  F igure 11.

The sludge was recycled and passed through the DBCA. The sludge

i s  being oxygenated i n  the un i ts  presented i n  Figures 11 and 12. The

raw inf luent entered the reaction port ion of the vessel and immediately

became mixed w i th  f reshly oxygenated sludge. The large tank was .

operated as a reactor-c lar i f ier ,  the lower port ion the reactor and the

upper  po r t i on  the  c l a r i f i e r .

To a id  sludge separation and/or  m ix ing ,  two modifications

o f  the reactor—clarifier system were ut i l ized.  In i t i a l l y ,  an ar t i f ic ia l

media mat was incorporated just  above the sludge recycle l ine i n



H
4

'Effluent

Cla r i f i e r

Reac to r

DBCA

—--»-«—--—- @
Oxygenated Raw

Recycled lnf luent
Sludge

FIGURE 11. DBCA ACTIVATED SLUDGE SYSTEM, UNIT l
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in  order  to shear oxygen bubbles from the sludge phys ica l ly .  Sec-

ond ly ,  mix ing was intensif ied i n  hoped of shearing off the minute oxygen

bubbles. Mix ing was increased by the control led release of compressed

a i r  at strategic locations w i th in  the reactor.

i n  a l l  cases, the operation parameters and loadings were

essentially the same. The hydraul ic  overf low rate on the c la r i f ie r

was 710 gpd  sq f t .  The food to microorganism rate,  F /M  was 0.3 l b

BODs/ lb  MLSS~day, and oxygen was supplied at the rate of  one l b

Oz / l b  BOD5. The design flow of  the system was 3 .5  gpm.

DBCA Activated Sludge System, Uni t  l l

The or ig inal  reactor-c lar i f ier  system was d iv ided into

three d is t inct  un i ts ,  F igure 12, to enhance the sludge separation

characterist ics. The transfer un i t  was the DBCA, however,  a separate

biological reactor and c lar i f ie r  were used. The system was operated

in  two rnodes: w i th  and without mechanical mix ing to increase shear.

i n  both cases, the operational parameters and loading

rates were the same. The hydrau l ic  overflow rate was maintained

at 920 gpd /sq  f t .  The food to microorganism ra t io ,  F /M  was 0 .1  l b

BOD5/ lb  MLSS-day. The oxygen flow rate was adjusted to maintain

approximately one l b  Oi/lb BOD5. The flow rate i n  the system was

two gpm.
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DBCA Activated Sludge System, Uni t  l l l

Uni t  I I I  i s  a complete change i n  design.  The oxygen

transfer section (DBCA) was used to oxygenate the raw inf luent and

not the biological sludge mass. Three dist ince separate un i ts  were

employed; namely: t ransfer ,  reactor, and c la r i f i e r ,  F igure 13.

The sludge was recycled and mixed i n  the lower por t ion

of  the reactor w i th  the oxygenated raw inf luent .  The recirculat ion rat io

was  1 z i .  M i xe rs  we re  p laced  i n  t he  uppe r  po r t i on  o f  the  reactor

to a id  i n  shearing oxygen bubbles from the sludge.

The hydraul ic  overflow ra tewas  lHO  gpd /sq  ft which

was dictated by the or ig inal  design of  DBCA, Uni t  l .  The oxygen f low

was maintained at one l b  Oz/ib BOD5. The food to microorganism

r a t i o ,  F /M ,  was  0 . l l 5  l b  BODs/ lb  MLSS.  The  f l ow  ra te  t h rough  the

system was  two gpm.

Oxygen: Meter ing and Regulation

Oxygen was purchased i n  standard 244 cu  ft cy l inders .

Pressure was regulated to 100 ps i  by a two-stage regulator to con—

tro l  the gas f low. I n  th is  manner, gas flow was independent of op-

erat ing pressures.

Calibrated and correlated f low meters were ut i l ized to

control the f low w i th  corrections for the type of  gas and the pressure.

Determination of  the new cal ibrat ion curve  was accomplished by  a wet
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t es t  me te r  .

ANALYTICAL METHODS AND TECHNIQUES

Suspended and Volatile Suspended Solids

Well-mixed samples were f i l tered through glass f iber

f i l ters  which were 5.5 cm i n  diameter. The procedures recommended

by  the Environmental Protection Agency manual for methods and anal -

ys i s  o f  wa te r  and  wastewater  we re  used  (32) .

Chemical Oxygen Demand

Chemical oxygen demand was determined by the gag-

MMethods  dichromate re f lux  method using s i l ver  catalyst (23) .

Chlor ide corrections were made by the addit ion of  mercur ic  sulfate.

Membrane f i l ters  w i th  an effective pore size equal to 0.145 m were

used for " f i l tered"  sample determinations.

Biological Oxygen Demand

BOD determinations were performed i n  accordance w i t h

Section 219, Standard Methods (34) ;  The feed sample was not seeded

bu t  the other BOD samples were seeded w i th  d i lu t ion water contain-

i ng  1 ml  of  settled raw wastewater per  l i t e r .
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Dissolved Oxygen Concentration

The dissolved oxygen was monitored by  a modified

Galvanic Ce l l .  The modified meter i s  capable of  d i rec t  readings

of  D0  = O to 200 mg / l .  The meter was calibrated per iodical ly

by  a modification of  the Winkler dissolved oxygen determination test.

For DO concentrations above 30 mg / l ,  a d i lu t ion process was

necessary. The dissolved oxygen was measured by  the method

i n  Sec t ion  2188 ,  S tandard  Methods ,  the az ide  mod i f i ca t i on .

Total Organic Carbon, TOC

The TOC concentrations were determined by us ing a

Beckman Model 915 Carbon Analyzer .  The TOC was standardized

da i l y  p r i o r  to analysis.

Total Oxygen Demand, TOD

The TOD concentrations were determined by us ing the

Ionics l nc .  Total Oxygen Demand Analyzer .  A l l  samples were

homogenized and the TOD apparatus was standardized p r i o r  to .

analys is.  The instrument gives d i rec t  read out of  oxygen u t i -

l ized i n  the oxidation of  carbon, n i t rogen,  and some su l fu r

compounds.



V.  RESULTS AND DISCUSSION

PRELIMINARY EVALUATION OF DBCA

I n i t i a l  t es t i ng  was  pe r fo rmed  to  check  t he  ope ra t i on

of the system and the oxygen absorption efficiency of  the DBCA.

The  m in imum in l e t  ve loc i t y  acceptable t o  the  sys tem was  app rox -

imately 8 f t /sec.  Various sizes of pipes allow the in let  velocity

to remain constant whi le the flow rate changes. The maximum

workable in let  velocity i s  defined as the flow condit ion at which

the bubbles remain i n  the DBCA and was approximately 12 f t /sec.

The minimum workable in let  velocity i s  that which provides

suff icient in let  velocity to provide for dispersion of the bubble

swarm i n  the DBCA.

To insure maximum ut i l izat ion, the best absorption

eff iciency per  oxygen~water rat io  was determined. Oxygen

transfer i s  part ia l  pressure dependent; therefore, two pressures

(45 and 90 psig) were evaluated. The extreme design velocity

r a tes  o f  8 and  12 fps we re  eva lua ted .  I n  add i t i on ,  these tes ts

were conducted on fresh water and settled raw municipal waste—

water to monitor any dif ferential absorption resul t ing from sur~

face tension.

A summary of the data observed under f resh water
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conditions i s  presented i n  F igure Hi. Pressure seemed to have

negl ig ib le effect upon absorption eff iciency. The main factors

affecting the transfer efficiency were oxygen-water rat io and the

design velocit ies. Above an oxygen—water ra t io  of  2 percent,

the control l ing factor for absorption was the oxygen-water rat io;

the in let  velocity rates were insigni f icant.  Below 2 percent

oxygen-water ra t io ,  the upper design in let  velocity followed the

expected l inear resul ts .  However, the lower design in let  veloc-

i t y  gave considerably better transfer efficiency than anticipated.

At one percent oxygen-water rat io the transfer eff iciency for the

lower' in let  velocity was 96 percent. Care i n  operation was

necessary to prevent phase separation which occurred per iod-

i ca l l y ,  usual ly at the minimum inlet veloci ty.

The effect of  surface tension upon the transfer was

negl ig ib le w i th  the settled untreated municipal wastewater. The

only  difference was that at one percent oxygen-water rat io the

oxygen transfer efficiency reached 98 percent for the lower in let

veloci ty.

DBCA ACTIVATED SLUDGE SYSTEM. UNlT l

The in i t ia l  continuous flow activated sludge system

incorporat ing DBCA (Figures 11 and 15) was a single un i t ,  reactor

c la r i f i e r .  After the pre l iminary  work  on oxygen transfer was

149



O
xy

g
e

n
A

b
so

rp
t i

o
n

E
f f

i c
i e

n
cy

(%
)

100

80

60

\\\ ‘
\ \ -— ' ' ‘\ \ Min imum In l e t\ .\ \ \  velocnty

" \ \  \ g  \
\ \

\ \

o \ \ ‘
\ \

\ \  \
\ \

\ \
‘- ‘ _ /  \ \ ‘0

Maximum in l e t
ve loc i t y

I I I L

0 1 .0  2 .0

Oxygen —Water Ratio (95)

FIGURE 14. ABSORPTION EFFICIENCY OF DBCA AT VARIOUS
OXYG EN -WATE R RATIOS

50



FIGURE 15. DBCA
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ACTIVATED SLUDGE SYSTEM, UNIT 1 (Pictoral)
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completed, the un i t  was operated at  an oxygen—water rat io of lone

percent which represented a transfer efficiency i n  excess of 95

percent. The sludge was recycled at  a 5 : 1 rat io  through the

DBCA. The sludge recycle rate (oxygenated sludge) was a

function of supply ing equivalent oxygen ( lb /day)  to the BOD;

( l b / day ) .  When continuous operation was attempted, sludge f lo -

tation problems appeared immediately.

In i t ia l l y ,  the possib i l i ty  of  beating up  the floc and

adversely affecting sett l ing was questioned. Several sett leabil i ty

tests were performed and the data presented i n  Appendix C

indicated that th is  was not a signif icant effect. As the sludge

passed through the DBCA, the minute oxygen bubbles attached

to the floc part ic les,  thereby floating the material .

A physical modification of the un i t  (previously d i s -

cussed) was employed to a id  i n  solids and l i qu id  separation.

An ar t i f ic ia l  mat of  synthetic t r i ck l i ng  f i l te r  media was placed

just  above the sludge recycle l ine and was par t ia l l y  effective i n

phys ica l ly  shearing the attached bubbles from the s ludge. How- ,

eve r ,  the shear  was  no t  su f f i c i en t  to p reven t  t he  washou t  o f  t he  so l i ds

from the system.

Mix ing also became suspect and was intensif ied to

increase the shear of the oxygen bubbles from the-sol ids.  Com—

pressed a i r  was released at various strategic locations i n  the



chamber  to  p roduce  a ro l l i ng  mot ion and  the  necessary  shear  bu t

the  system cou ld  no t  con t i nuous l y  operate  i n  t h i s  mode.  How—

eve r ,  t h i s  e f for t  was f u t i l e  and  s ludge  f lo ta t ion  pe rs i s t ed .

Severa l  at tempts to  use  mechanica l  m i xe rs  we re

unde r taken  to enhance so l i ds  separa t ion .  M i x i ng  equ i va len t  to

tha t  obse rved  i n  a i r  ac t i va ted  s l udge  processes was  app l i ed ;

howeve r ,  t h i s  p rocedu re  met  w i t h  l im i t ed  success .  The  flota—

t ion of the solids persisted regardless of  the m ix ing .  There-

fore, the system failed because of solids washout.

DBCA ACTlVATED SLUDGE SYSTEM, UNIT l l

The or ig inal  reactor-c lar i f ier  was modified and the

indiv idual  un i t  processes were separated into d ist inct  un i ts  for

more posit ive control (Figures 12 and 16) .  The system was

operated wi th  and without mechanical mix ing for bubble shear.

The  system was  opera ted  w i t hou t  aux i l i a r y  mechanica l

mix ing ,  but  hydraul ic  mix ing was provided du r i ng  head equal-

ization. Although the mix ing du r i ng  transfer from un i t  to un i t

was extensive, some flotation appeared i n  the c la r i f i e r ,  bu t  more

as a scum. The f inal resul t  again was fai lure because of  solids

washout ;  howeve r ,  the  ope ra t i ng  t ime  be fo re  f a i l u re  was  ex tended .

The  system then  was  opera ted  w i t h  hyd rau l i c  and

aux i l i a ry  mechanical m ix ing .  Sludge flotation problems were
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FIGURE 16 . DBCA ACTIVATED SLUDGE SYSTEM, UNIT 11 (Pictoral)
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essentially eliminated; however, the sludge sett leabil i ty (Appen—

d ix  C) was poor.  The poor sett l ing sludge resulted i n  a F /M

rat io of 0 .1  l b  BODg/lb MLSS which also was impossible to maintain.

The sludge flotation problems were overcome bu t  the

system failed again because of  solids washout o r  bu l k i ng .

DBCA ACTIVATED SLUDGE SYSTEM, UNIT I I I

Th is  un i t  entailed a complete change i n  design.  The

inf luent was oxygenated instead of  the recycled sludge mass

(Figures 12 and 17) .  The un i t  was operational and no sol ids

flotation o r  bu lk ing was observed du r i ng  the test per iod .  The

test per iod was reduced to three weeks by mechanical fa i lure of

sludge recycle pumps, rather  than solids washout.

Operation and Problem Areas

The DBCA system was par t icu lar ly  d i f f i cu l t  to operate

continuously for extended periods o f  time (20 days ) .  Most of

the problems were due to minor fluctuations i n  f low rates o r

pressures.  At times the pressure rose above the in le t  oxygen

pressure,  causing back f low,  and resul t ing i n  short shut downs

of  one hour  o r  less which were requ i red to clean and clear the

oxygen f low meter.  Th i s  problem occurred on ly  wh i le  operation

personnel were on si te.



FIGURE 17. DBCA ACTIVATED SLUDGE SYSTEM, UNIT 111 (Pictoral)
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Phase separation would sometime occur after contin~

uous unattended operation. Th is  problem caused some concern

because the opera t ion  was  of ten unat tended for 12 to  24 hou rs .

Therefore, the sampling schedule included collection of samples

ove r  a 6 to  8 hou r  pe r i od  fo l l owed  by  ad jus tment  o f  t he  i ns t ru -

ments for the nighttime operation. The system operated some

nights without problem; however, occasionally (twice a week)

du r i ng  the unattended per iod,  phase separation would occur .  But

t h i s  p rob lem was  no t  cons ide red  se r i ous  o the r  t han  po in t i ng  ou t

t he  need  for  automation and /o r  con t inua l  supe rv i s i on .

A t roub lesome a rea ,  wh i ch  was ac tua l l y  mo re  d i f f i cu l t

to overcome than operation problems wi th  DBC—A, was sludge

recycle.  Sludge recycle pumps failed per iodical ly throughout

t he  s tudy  and  f i na l l y  r esu l t ed  i n  the  p rema tu re  conc lus i on  o f  the

s tudy .  Howeve r ,  a p rob lem wh i ch  resu l t ed  i n  d i f f i cu l t  data eval—i

uationfl was the inabi l i ty  to collect and recycle settled sludge from

the c la r i f i e r .  The vessel used as a c lar i f ie r  i n  th is  port ion of

the study was the reactor i n  Uni t  H and had no sludge collection

dev i ce .  Thus ,  any  heavy  se t t led  mat ter  nea r  t he  t ank  pe r i phe ry

was lost and considered wasted. Occasional rap id  sludge re -

cyc le  to  r ec l a im  some o f  t h i s  mate r ia l  and  some add i t i ons  o f  f r esh

activated sludge were employed. A discussion of the mass balance

necessary for analysis is  presented i n  the evaluation o f  k inet ics.
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Many unforeseen and d i f f i cu l t  operational problems

occurred.  Most resulted from the device (DBCA) being unattended

dur ing  most of the operations. However, the in i t ia l  design,  which

resulted i n  sludge flotation, was a burden to the successful com-

pletion of the project.  Problems, such as sludge collection which

was unnecessary i n  Uni t  l ,  occurred because equipment in i t i a l l y

selected to satisfy requirements was not readi ly  adaptable to

changes i n  design for Uni t  l l l .

Growth  and  Subs t ra te  Removal  K ine t i cs

Growth kinetics could be modeled after the simpli f ied

mass balance presented i n  Equation 5 since the same soluble

Substrate was used throughout the s tudy.

Dc=1 lec=Yq~kd .  . . . . . . 5

where:

i s  the net specific growth rate o r  cel l  d i lu t ion
rate i n  l b  excess VSS produced pe r  day pe r
l b  MLVSS.

Y i s  the y ie ld  coefficient i n  l b  VSS produced per
l b  BOD removed.

q i s  the substrate removal rate i n  l b  8005  removed
per  day pe r  l b  MLVSS.

kd i s  the specific endogenous respirat ion coefficient
i n  day '

9c  i s  the mean solids retention time i n  days.

The values presented i n  Appendix E of  every four th day 's  data
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were plotted on a graph of  i /Oc  versus the substrate removal rate

q .  A straight l ine of best f i t  was constructed by least squares

t h rough  t he  data and  the  y i e l d  coe f f i c ien t ,  Y ,  de te rm ined  f rom

the slope of the l ine .  The intercept determined the decay rate,

kd  . The growth plots were constructed on both BOD;  and COD

bases and are presented i n  F igure 18. The cyc l ic  changes i n .

concentration of  the raw wastewater allowed the loadings to change

suff ic ient ly for the curve to be constructed over a nar row range.

A mass balance on solids was necessary to  calculate

volat i le suspended solids wasted because of  the uncontrol led

wastage of the sludge. An  example o f  th is  calculation i s  presented

in  Appendix E.  The on ly  meaningful numbers a re  the rat io o f

VSS wasted and total MLVSS i n  the system.

The y ie ld  coefficient was 0 .46  pound volat i le sus—

pended solids produced per  pound COD removed w i t h  a decay

rate of\‘;0.02 per  day.  On a BOD5 basis the y ie ld  was 0.73

pound volat i le suspended solids produced pe r  pound BOD5 re-

moved w i t h  a decay rate o f  0 .06  per  day .  The h i gh  y ie ld  on

the 8005 basis may be attributed to the rather low influent

BOD5 concentration.

Equation 4 was used to calculate the substrate re—

moval k inet ics.  The reciprocal o f  the terms a re  presented i n

Equation 7 .  A graphical presentation of  Equation 7 resul ts  i n  a
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s t ra i gh t  l i ne  re l a t i onsh ip .

q= /1 /YS /KS+S . . . . . . . I-l

l / q  = Ks//4/Y (1/5) + 1//l/Y . . . . . 7

where:

q i s  the rate of  substrate removal i n  l b  BOD
removed per  day per  l b  MLVSS.

K5  i s  the substrate concentration mg / l  at  hal f  the
maximum growth ra te.

/,( i s  the net specific growth rate i n  l b  VSS
produced per  l b  VSS.

Y i s  the y ie ld  coefficient i n  l b  VSS produced per
l b  BOD removed.

5 i s  the substrate concentration i n  mg / l .

The relat ionship for the data observed i n  th is  study

i s  presented i n  F igure 19 and complete data are included i n

Appendixes D and E.  A least squares computation was used to

obtain the l ine of best f i t .  The maximum net  specific g rowth  ra te ,

, was-3.7 l b  VSS produced per  l b  VSS based on COD, and the

substrate concentration at  ha l f  the maximum growth  rate was

281 mg / l  of  COD. A summary of  k inet ic coefficients and g rowth  .

rates i s  presented i n  Table N .

A l l  k inet ic data agreed wel l  w i t h  publ ished data

presented i n  Table V .  The sludge production compares wel l

w i t h  data reported for other h i gh  pu r i t y  oxygen plants which a re

presented i n  Table V I .  i t  should be noted that DBCA system
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TAB LE IV .

SUMMARY OF KINETIC COEFFICIENTS*

Coefficient Basis
COD 8005

Y,  l b  VSS p roduced / l b  subs t ra te  0A6  0 .73

Kd' days 0.02 0 .06

f), lb vss produced/lb vss 3.7 2.5
KS ’  mg/ l  281 21

* At Temperature = 20 p lus  o r  minus 2 degrees
Centigrade and pH = 7.3
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TABLE V I

PREVIOUSLY REPORTED SLUDCE YIELD COEFFICIENTS

Location

Batav ia

Newtown

Brewery

B lue  P la i ns

S impo

Other UNOX

Y,  l b  VSS p roduced / l b  BOD;  removed

0 .4  - 0 .6

0.51

0.56

0.38 - 0.47

0.23

0.41,0.48
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inf luent BOD5 and COD were considerably lower than others

reported which may explain the s l ight ly  h igher  BOD5 y ie ld .

S ludge  Indexes

A detailed analysis o f  sludge sett leabil i ty was beyond

the scope of th is  s tudy.  A l l  sludge data were related to the SVI,

which was employed as a comparison un i t  w i t h  previous sett l ing

data i n  the l i terature although SVI i s  not ve ry  wel l  suited to design.

The average SVI for the 20 days of  operation was 84 m l / g  at

2872 mg / I  MLVSS and a food to microorganism ra t io  of  0.42 l b

BOD5/Ib MLVSS.

The average solids retention t ime, SRT, was 4.5 days

at an overf low rate o f  410 gpd /sq  ft and a hydrau l ic  detention

time of 1 hou r .

These data are general ly i n  agreement w i t h  other

data for h i gh  pu r i t y  oxygen activated sludge systems (Table V I I ) .

The SVI reported for the DBCA of  8H mI /g  i s  s l igh t l y  greater than

the other un i ts  operated at  corresponding F /M  ratios; however ,

the SVI general ly i s  a function of  MLSS and SRT wh ich  could

explain the lower values reported at  Newtown and i n  the Brewery

studies.

The sludges developed w i th  the DBCA and SIMPLOX

systems compared favorably.  The overf low rates,  SVI,  and MLSS
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were essentially the same. The F /M  rat io i n  the SIMPLOX un i t

was  smal l ;  t he  weak waste used  i n  t he  DBCA s tudy  may  account

for the difference i n  loadings. The on ly  unexplainable difference

between the two systems i s  the solids retention t ime, w i th  SIMPLOX

operating for a ve ry  h igh  and unusual 78 days.

Oxygen T rans fe r

The oxygen transfer efficiency o f  DBCA was maintained

at 95 to 98 percent. The transfer eff iciency was checked period—-

ica l ly  throughout the study per iod.  No problems were encountered

in  maintaining a 95 percent transfer eff iciency at  1 percent oxygen-

water ra t io  by  volume.

The oxygen transfer o f  DBCA compares favorably w i th

the covered tank operations at  Batavia, Newtown, and Blue Plains.

i n  these studies, the computed oxygen transfers were 92, 96, and

97 percent, respect ively.

Dissolved Oxygen Levels Maintained i n  System

The dissolved oxygen levels at selected points i n  the

system were monitored per iodical ly  throughout the s tudy .  The

i n f l uen t  wastewater  shou ld  have a d i sso l ved  oxygen nea r  ze ro ;

an average DO of  0.2 mg / l  was recorded. An  average of 85 mg / l

was obtained after passage through the DBCA. I t  was assumed
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that a l l  immediate oxygen demand was satisfied and that the DO

transferred was sufficient for soluble 8005 reduction. This

assumption proved val id  since the average D0  of  the effluent from

the reactor was 7 .0  mg / l .  The f inal  effluent at the point of  d i s -

charge contained an average DO concentration o f  4.5, mg / l .

Othe r  Pe r t i nen t  In fo rmat ion

The a i r  temperature ranged from 5 degrees Centigrade

to 33 degrees Centigrade du r i ng  the operation o f  the system;

the water temperature remained fa i r l y  constant at  20 degrees

Centigrade p lus  o r  minus 2 degrees Centigrade. The municipal

wastewater had a h igh  buf fer ing capacity and the pH throughout

t he  ope ra t i on  rema ined  a round  7 .3 .

Removal efficiencies o f  COD, 8005 ,  and suspended

solids are presented i n  Table V l l l .  These reductions compare

reasonably well w i th  other reported data presented i n  the l i te ra-

tu re  rev iew.  The suspended solids removal was low because the

inf luent to the system was settled municipal wastewater containing

very  l igh t  sol ids. Also,  some of  the removals were affected by

the low soluble BOD; of  the food supp ly .



TABLE V l l l

DBCA REMOVAL EFFICIENClES

Parameter

Average Total COD

Average Soluble COD

Average Total 8005

Average Soluble 3005

Average Suspended Solids

Percent Removal

80.  ll

614.1

91}. 5

90 .  3

70.0
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V l .  CONCLUSIONS

1 .  The incorporation of Downflow Bubble Contact

Aeration into an activated sludge system is  feasible and an opera-

tional system was achieved w i t h  treatment performance equal to

other larger  scale systems reported i n  the l i terature.

2 .  Kinetic coefficients were determined; they com-

pared favorably w i th  prev ious ly  reported values. These param-

eters are:  (a) sludge y ie ld ,  Y = 0.47 l b  volat i le suspended

solids per  l b  COD removed, (b) endogenous reSpiration coefficient

kd = 0.02 per  day,  (c) maximum net specific g rowth  rate,/u =

3.7  l b  VSS produced per  l b  VSS, and (d) the substrate concen-

trat ion at ha l f  the maximum net specific growth ra te,  Ks :  281

mg/ l .  -

3 .  The BOD; and COD removed by  the DBCA system

was 94.5 and 80.4 percent, respect ively.  The system removals

were as good as lany prev ious ly  reported values. Solids separa-

t ion was a recu r r i ng  problem, as i nmos t  activated sludge plants,

du r i ng  in i t ia l  testing because of  sludge f lotation. After modi f i -

ca t ions  to the system eliminated flotation, sol ids separation appeared

to be excel lent.

:4. The design o f  the DBCA needs to  be changed to

71
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incorporate automatic monitoring and control equipment to insure

l onge r  una t tended ,  un in te r rup ted  se rv i ce .  Des ign  o f  DBCA un i t s

may be somewhat l imi t ing because o f  the in f lex ib i l i t y  to severe

changes i n  the loadings. Th is  var iab i l i t y  i n  performance might

be overcome by the addit ion of an equalization basin to  eliminate

h igh  peak loadings. One immediate design change might  include

some k i nd  of a pop—off valve to reflood the chamber should phase

separation occur .  Care i n  design should be ut i l ized i n  an attempt

to eliminate phase separation. Further research may also prove to

be beneficial.

5.  Better in i t ia l  p i lo t  plant design would improve the

operation and possibly improve the eff iciency o f  treatment. Also

some f lex ib i l i t y  should be incorporated to enable a greater depth

-o f  study into sol ids sett l ing,  solids retention t ime, and h igher

loadings. Corrosion o f  DBCA also should be anticipated and

monitored.

6 .  A larger  scale DBCA activated sludge un i t ,

especially one which i s  f u l l y  automated, should be investigated. -

The pract ical  application of  DBCA seems to await  a- debugging o f

the process and a greater scope of  research.
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EXAMPLE CALCULATIONS DETERMINING A-Z
THEORETICAL DISSOLVED OXYGEN AND FLOW RATE

Water flow rate for inlet velocity of  12 fps = 17 gpm
= .0378 cfs

At  1 percent Oxygen—Water Ratio, Respective Pressure,  and
Temperature

@ 0 degrees C
1S psia 359 cu  ft Oxygen = 11.2 cu  ft Oxygen
0 ps ig  32 1b l b

@ 20 degrees
15 psia 11.2(273 - 20) = 12 cu  ft Oxygen
0 ps ig  273 1b

@ 20 degrees C'
60 psia 15(12) = 3 cu  ft Oxygen
115 ps ig  60 l b

DD for 100 percent absorption at
1 cu ft 1 percent Oxygen~Water Ratio
Oxygen '

100(7,500,000)DO(8.34) = 1 cu  ft
100 . 3 cu f t / ib

cu ft .
Water DD = 53'mg/1

2 percent Oxygen-Water Ratio

100-(7,500,000)DO(8.311) = 2 cu  ft
3 cu  f t / i b

DO = 106 mg / l

Oxygen Flow Rate at 1 percent Oxygen-Water Ratio and 45 ps ig

Water Flow = 0.378 cfs
Oxygen Flow = .000378 cfs

ll 60(.000378 cu  f t )  ( 28 .3  ” ( 60  sec)
15 sec—cu f t ‘m in

Oxygen Flo'w @ STP

2 .56  i /m in



A—s

em
u.

com

om
a

ooor

coo—

cos

2
: :

E
m

a
:

m
a

n
n

a
nSm

>zu<
: 

: c :

E
U

E
E

U
U

m
u

m
zn

m
g

m
_

E
83 EUw

u
u

a
vco

u
«

.

cm
w

an:

n
o

...
0

...
om

m

u
m

u
m

o
E

L
_

<
om

x.

m
um

coop 
c2:

2
. 5

: 3
6

:
32“. 

5
9

x0
 

:5
 

£90:
3

3
E<

0
8

.3
3

.”.
:9

:5039.5...
£

9
.8

5
.

@
3m

m
a

ts—
m

U
m

m
m

m
m

m
m

bim

*m
km

m
c. 

$
3

5
5

4
5

3

2
: :

E
m

a
:

m
m

U
Em

n
w

o
m3

m
m

.

w
O

D
q

m
:

com

cm
:

com

cam

occ—

a
manm
F

22
:5

S
E

,



sn
ag

aw
w

w
w

w
w

w
w

w
w

w
w

w
w

w

DATA SU M MARY

Total Organic Carbon Total Oxygen Demand

Date 1a .  F i l t r .  F i l t r .  1a .  F i l t r .  F i l t r .
(mg / l )  l nfl .  E ffl .  (mg/1) I n f l .  E f f l .

(mg/l) (mg/l) (mg/I) (mg/l)

— 17 80 72 10 125 71 50
- 18 78 68 10 130 77 50
— 19 76 71 10 148 110 50
- 20 83 72 10 154 116 50
— 21 90 84 49 192 139 106
- 22 100 96 67 218 186 so
— 23 86 76 10 132 128 50
~ 24 88 86 10 161 128 so
- 25 104 97 76 252 195 89
- 26 97 86 76 252 182 99
- 27 90 88 33 208 178 so
- 28 86 78 24 192 161 50
- 29 107 85 52 258 161 50
- 30 73 62 35 182 171 50
- 31 65 55 32 148 127 50
- 1 100 85 52 241 208 101
- 2 97 87 42 259 243 109
- 3 104 101 24 .  267 249 75
- 4 100 92 30 252 237 68
- 5 106 89 24 238 220 63
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Date

17
- 20

23
26
29

Chemical Oxygen Demand Biological Oxygen Demand

l n f l .
(mg/l)

58
105
1118
217
188
308
2141

DATA SU M MARY

F i l t r .
l n f l .

(mQ/ I)

113

74
82

11-18
72
136
153

F i l t r ' .
E f f l .

(mg/ l )

19
27
16
62
32
41-1
57

1a .
(mg/I)

57
73
79
119
92
126
103

F i l t r .
l n f l .

(mg/l)

27
44
as
as
43
so
74

F i l t r .
Ef f l .

(mg/ l )
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SAMPLE CALCULATIONS FOR LOADINCS AND
MASS BALANCE DETERMINATION FOR SOLIDS WASTINO

Load ing

Volume of  sludge = (1.5) (1.5) (8) (7.48) = 105.7 ga l .
L;

Avg .  l b  MLSS = (105.7) (3728) (8.34) = 3.291b
1,000,000

Avg .  l b  MLVSS = (105.7) (2872) (8.34) = 2.53 l b
1,000,000

Avg .  l b  BOD removed = 2(1440) (99-5) (8.34) = 2.25 l b
1,000,000

Avg .  l b  soluble
BOD removed = 2 (1440) [64-5) (8.34) = 1.41 l b

1,000,000

Avg. lb COD removed = 20000) (211-431(034) = 0.03 lb
1,000,000

Avg .  l b  soluble
COD removed = 2 (1440) (118-43) (8.34) = 1.80 l b

1 ,000 ,000

Avg .  F /M 0.55 l b  soluble BOD5/ lb  MLVSS

Avg .  F /M  0.71 l b  soluble COD/lb MLVSS

Mass Ba lance

A l l  relat ive so that only the ra t io ,  l b  wasted/ l b  MLVSS,
i s  an actual number.

Amount wasted MLVSS — Recycle

I I

4(3550) - 2(6875) =' 225
2

l b  wasted/ lb MLVSS = 225/3550 = 0.06
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