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CHAPTER 1
~_INTRODUCTION

A. Nature and Importance of the Prob]em ‘

Today, pub11c op1n1on and w1th 1t public demand for poliution
abatement has evo]ved to,the po1nt-that the gross misuse of our water
resources can. no-]onger be to]erated ‘The.magnitude of the concern is
man1fested in the number of state and federal Taws which have been
enacted. in recent years to- contro] water po]]ut1on Wh11e there have
been a number of regu]at1ons ‘enacted at the various ]eve]s of govern-
ment, - the most,}mportantbp1ece_of,]eg1sJat10n is the Wateerua11ty Act
“of‘1965‘(P;'L. 2344L89tthongresé)., The-étated bbjectfve of this act is
"to enhance the quality andbvalue of Water resources -and toveStabliéh'a
nationa] poitcy.fer the-preVention, contrb],‘and_abatement’Of_water

po]]ution This act represents a major change‘infthe scope of'water
pollution abatement from that of protectlng the pub]1c hea]th to that of
ma1nta1n1ng our water resources su1tab]e for many other beneficial uses,
such as protect1on of aquat1c 11fe and recreat1on

Some segments of our soc1ety are dissatisfied with thevprogress
which has been made 1n po]]utlon abatement and advocate the estab]1sh-
ment of standards prov1d1ng for the return of our streanis to the1r

natura1 pur1ty Wh1]e 1t is not poss1b]e or even desirable to require

that the streams be returned to the pristine purlty ex1st1ng when the.



Indians roamed'theuland,_thenfailure of'the-bjoenvironmenta] engineer to
deve]oo and- put into,use SOund.scientffic practices for the,contro] of -
oollution will, 1n-the.0pinion.of thebwriter; 1ead.to.the enactment of
excessive po]]ution abatement ]eg1s]at1on |

Fortunate]y, streams have the fac111ty to dilute and ass1m11ate
Timited quant1t1e$-of-organ1c matenma],- Thus,;with the use-of sound
methods of analysis, a_balance can be achieved, permitttng»a maximum
uti]ization of a‘stheam;withoUt\creating any-deieterious effects. 1In
fact the additiondof onganic naterjaT to a stream can enhance the stream
productivtty andycontnibute,to its overall uti]ity.

Generally the hiologicai, chemical, and physical manifestations
associated with po]]ution'are‘the‘nesultiof7exceeding the oxygen assets
of the stneam ' Thus the undes1rab]e features which are assoc1ated with
a po]]uted stream such as- the d1sappearance of the clean water flora
“and fauna, d1sco]orat1ons, f1oat1ng so]1ds, -gas. bubb]es, etc., are
brought‘about by fa11ure to»ma1nta1n a-sat1sfactory ]eve]-of d1sso]ved
| ‘oxygen- in. the water Hence the oxygen ba]ance 1s usua]]y the cr1t1ca]

”or Timiting stream character1st1c with regard to the degree of degrada-
~ tion, and when the oxygen ]1ab111t1es exceed the assets the stream is
said to be polluted. |

The classical approachntovthe ana]ysis;ofvthe'oxygen balance in a
stream is that reportedvby'Streeter and Phe]ps in'1925 (1). This work
is predicated on the occurrence of two natural phenomena, deaeration and
reaeration. The rate of oxygen ut1]1zat1on (deaerat1on) results from
the add1t1on of -organic; matter toa body of water Based on stud1es of
Ohio R1ver water and sewage, 1t was found that “the rate of oxygen uptake

very c]ose]y fo]]owed and could be defined by the monomo]ecu]ar 1aw,



which is given'by

AL . ' - |
STl L . | (1)
where L is the‘amount-(in mg/1). of organic material remaining, t is
time, and K] is the deoxygenation rate constant. - The integration of -

.th1s equat1on g1ves k | o _
1n( ) - K | | S _. f,-, L (base e) (2)
or »' 1og (Lt/L) - -0 4343K]t = - k]t o (base 10)(3)

where k] is the rate constant for use w1th logar1thms to the base 10

The rate of rep]en1shment-of~the oxygen supp]yv(reaerat1on) was
found to be def1ned by Henry's Law, wh1ch 1n effect states that the
rate is proport1ona1 to the dr1v1ng force For reaerat1on, the dr1v1ng
force is ‘the oxygen»def1c1t (0 so]ub111ty - 02 content) Thus the
rate of reaenat1on is. g1ven by . o : . |

dp- _ A R |
- *-KzD O

where D is “the. oxygen def1c1t t is time, and K, 1srthe reaeration rate

constant Upon-1ntegrat1on, ‘the following equat1on_is'obtained:

]n(Dt)'=~'K2t N

or .: .]og (Dt/D) =“f.04343K2t‘=_? kot A . ' (6)

Upon the‘addition.ofaonganic}matter to a stream the two reactions,
deoxygenation and reaeration 'tend'to counterbalance each other, and
the rate of change in ‘the oxygen ba]ance is determ1ned by the sum of
the two reactions.

dD TR - |
ot =KL-KD | o (7



The integhatiOn of Equation 7 was:shownzby Streeter'and Phelps (1)

to give

D = i
K "'K]

KqLy Kt Kty Kot
- e
2 |

72 ) +De 2z (8)

which is the well- known oxygen sag equat1on where

D = oxygen def1c1t in mg/] at time t

K] = deoxygenat]on rate constant, t1me_] (base e)

K, = reaeration rate:constant, timef] - ~ (base e)
Tt = time S |

La = initial carbonaceods‘oxygen demand of the water, mg/1

D. = initial oxygen'deficit‘oftthe water; mg/1.

While itdis nECogniZeduthatathe sag equation does notvinclude sev-
eral factOrs'which-maylinf]uence“the oxygen'balanCe such as sedimen- -
tat]on, scour, runoff bentha] demand absorpt1on by attached growths
;and photosynthes1s, 1t seems reasonab]e to assume that the pr1nc1pa1
forces are deoxygenat1on-by the organotrophic organjsmsvand reaeration
due to physica],transfer»of oxygenffrom the atmosphere.. Furthermore,
if one accepts‘the concept that ‘the monomolecular equation:defines
deoXygenation? then'the oxygen sag equation would seem to be a rational
'approach towardvdefining'the o*ygenfba]ance; However, it is emphasized
that the bio]ogica]Fdegradation‘of organic'wastes is a complex phenom-
enon; -the ox&gen.uti]izedﬂis(affected by many envtronmenta] factors and
may or may not be defined by a kinetic formu1ation Also, it should be
emphas1zed that in order to app]y the sag equat1on f1ve parameters
must be def1ned Two of these, the 1n1t1a1 def1c1t and time, may be
ascertained d1rect1y The other three are K1,“2, and Fa’ Since it is

impossib]e to‘separate»the effects of reaeration and deoxygenation in



natural streams it is not possible to measure the latter three directly.

The deoxygenation rate constant, K], and the carbonaceous oxygen
demand, La’ are commonly determined in the laboratory by the bottle
technique, which is described in the Materials and Methods section of
this thesis. Using the K] and La values found in the laboratory, the
reaeration rate is usually found by trial and error. While analog and
digital computers can be used to facilitate the estimation of K2, the
estimate is still based on the laboratory data for K1 and La'

This procedure casts a doubt on the validity of all three para-
meters, i.e., kl’ K2, and La’ because the method is based on the
assumption that biological degradation occurs at the same rate and to
the same degree in the closed bottle as it does in the flowing stream.

While the oxygen sag equation has commonly been used to predict
stream assimilating capacity, engineers have, in general, found the
equation unreliable and inadequate.

The development of a unique stream simulating apparatus by Isaacs
and Gaudy (2) at the Oklahoma State University bioenvironmental engi-
neering laboratories made it possible to study reaeration across the
surface of a flowing body of water, and to determine K2 in the absence
of any biological activity. After accurate determination of K, (at a
particular velocity and depth of flow) in the simulated channel, bio-
logical degradation could be assessed from the observed oxygen sag pro-
duced by a known volume of waste water. Thus, it has now become pos-
sible to determine if the course of degradation in a flowing stream is

the same as that observed in the BOD bottle.

B. Objectives of This Investigation

The prime object of this investigation was to determine if there



was a difference in the mode of bio]ogica] degradation of a waste in a
flowing stream and in the BOD. bottle, and if differences existed, to
determine the reason for these differences. The following four'systems
were selected for studyvin each experiment:y (1) a sfmu]ated channel,
(2) a stirred tank, (3)hstandard‘300‘m111i11ter BOD bottle, and (4) both
mixed and quiescent”2‘4 1fter bott]es This arrangement perm1tted the
measurement of the effects of both d11ut1on and mixing in each exper1-
ment ‘_ |

In order to accomp11sh the pr1me obJect1ve, it was necessary to
determ1ne the reaeration rate for ‘both the st1rred tank and the channel
simulator. An important phase of this part of the 1nvest1gat1on was
determfnfng the sc]ubility'cf_6Xygen 1h‘tap and.distilled water. Deter-
mination of K, lvaTues‘permitted the calculation of the oxygen uptake
rates inthe open .systems. The'experimental design provided‘a means of -
vcompar1ng b1o]oglca1 degradat1on of - the waste in bottle systems and in
- open mixed systems. Exper1ments were conducted using three different
substrates with sewage, and sewage acc11mated to the substrate being

used as seed.



CHAPTER II
LITERATURE REVIEW

A. Oxygen So]ub111ty

As noted in the 1ntroduct1on this research included, of necessity,
a study of the total oxygen ba]ance.of each‘b1o]og1ca] system emp]oyed
in the'investigation. In'openesystems the oxygen -assets are related to
| the'oxygenfsojnbi]jty in the‘water;yisaacs_and'Gaudy (2) haVe,shown
that thehuse‘of incorrect oxygen soiubi]ity data ieads to signtficant
errors in the reaeration rate_conStant;sz.‘ Their study also indicated
that natural water.may-not“haye.thedsame:oxygen soiubfTity as distilled
water;'thérefore 1t was neeessary that the soTubiTity,of}oxygen be
’determined;for'theywater used in this investigation;

Data from ear]y,eXperiments'indicated that the»so1dbi]1ty of
oxygen_in.oo]d‘tap water being used in this Jaboratory was not in agree-
ment with published so]ubi]ity data A]so, there are s1gn1f1cant
d1fferences 1n pubTished va]ues for the so]ub1]1ty of oxygen in dis-
t1]]ed water (3)(4)( ).: Therefore th1s 1nvest1gat1on was extended to
include oxygen so]ub1]1ty exper1ments, us1ng both d1st1]1ed water and
tap water |

" There have been many studies reported in the literature on reaera-
tion where the rate of oxygen transfer‘was related direct]y to the

oxygen}deficit}, Howeyer,ethe hﬁoenvirdnmental engineer has neglected



the establﬁshment.ofure]iabie‘oxygen so]ubiifty:data; .This deficiency
is evidenced by_thekfact-thatithe’twe]fthuedition.Of Standard Methods
(3) contains solubility,data’whioh]are yerywobviously incorrect,vas
shown by'the'results repdrted from recent_studies (4)(5)..m

In 1909,'Fox.(G)‘puolished,data on‘the so]ubi]ity-of oxygen in pure
water. These_data wereeobtained byfmeasuring'the.reductiondin'voTume‘of
pure oxygen when it was eXposed to the_surface‘of pure water which had
recent]y been deaerated,funtil equi]jbrium‘was obtadned.r The so1ub111ty
: of atmospherio oxygen'was,then‘caloulated by assuming that air contains
20.90 per cent oxygen. .v ”

In ]9]] Wh1pp1e and Whlpp]e (7) app11ed correct1ons to the data
reported by Fox for a saturated atmosphere and converted the data from
'cub1c cent1meters of oxygen per . 11ter of water to milligrams per liter.
These data are reported in the twe]fth ed1t1on of Standard Methods as
. be1ng the so]ub1]1ty of atmospher1c oxygen 1n pure water at 760 mm
pressure. | | | |

| In ]955, Truesdale;'et al {4)‘reported the results of an extensive
]aboratory study on'the so]ubi]ity;ofdoxygen'in water. In this study
sampies offwater were deaerated usjng nitrogen gas and‘then allowed to
come to‘saturation by'baSSing Co, tree'air’aCross the sUrface | The
'oxygen content of the water was determ1ned by the Winkler Method.
Twenty m1]11]1ter aliquots were ana]yzed w1th the ‘endpoint being
determined amperometr]ca]]y by back tTtrat1on, using ‘bin-iodate. The
following equation was reported for the so]ubi]tty of'oxygen in dis-
tilled water when the'water‘surface'was exposed’to air at a pressure.of
760 mm of mercury: | | |
2

= 14,161 - 0039437 + 0.007714T% - 0.0000646T° (9)



where CS is the saturation concentration in mi]]igrams per liter at a
pressure of one atmosbhere for the respective temperature T in degrees
centigrade. |

Equation 9 is the same type as first proposed by Fox and later
adopted by Whipple and Whipple. Gameson and Robertson (8) have shown
that the following simpler mathematical formulation can be used to
define the relationship of oxygen‘solubility and temperature as reported

by Truesdale, without any sacrifice of accuracy.

475 |
Cs =135 +T (10)

The solubility data repprted by Truesdale and'his,associatés
differ.significantly from the’Yalues'réported in Standard Methods. The
data reported by the former.are'loWEr, varying from about 2.83 per cent
lower at 0°C to 1.33 per cent lower at 30°C.

A committee of the Sanitary Engineeking Division of ASCE has
accepted the data from the Tennessee Valley Authority as being the most
representative of the correct solubility of oxygen in distilled water.
These data were published in 1960 as the Twenty-ninth Progress Report of
the Committee on Sanifary Engineering Research (5). Laboratory pro-
cedures adopted for this study are essentially the same as those
developed by Truesdale and his associates. The oxygen concentration was
determined by the Winkler method by back titration using an amperometric
endpoint. The water was deaerated with nitrogen gas and allowed to come
to equilibrium. The water was stirred gently and 250 cc air/min was
withdrawn from near the water surface during the aeration period to
assure a constant oxygen pressure at the watef surface. Also, at each
temperature, a second experiment was conducted by supersatufating the

water with oxygen and allowing the water to come to equilibrium with the
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atmosphere under the same conditions as were maintained for the
deaerated water. It was concluded that carbon dioxide in the air had no
measureable effect on oxygen solubility, so the (0, was not removed.

The following equation was proposed for the solubility of oxygen in
water exposed to the atmosphere at a pressure of 760 mm:

DO = 14.652 - 0.41022T + 0.0079910T? - 0.000077774T° (11)
where DO is the dissolved oxygen concentration in mg/1, and T is the
temperature in °.

whf]e essentially the same procedure was employed by Truesdale and
his associates as was employed by the TVA group, the results differ sig-
nificantly, particularly at low temperatures. The oxygen solubility as
given in the ASCE Progress Report is higher at low temperatures than
that proposed by Truesdale, et al. The Progress Report data ae essen-
tially in agreement with the solubilities reported in Standard Methods
at Tow femperatures, and lower than the data of Truesda]e, et al. at

30°c.

B. Reaeration _

The basic concern of the present research involves the kinetics and
mechanisms of the two principal forces determining the dissolved oxygen
level in a receiving stream. These are reaeration and exertion of the
biochemical oxygen demand.

Any treatise relating to the oxygen balance of streams must refer
to the extraordinary contributions of Streeter and Phelps (1) to this
subject. As noted previously, it was they who}first applied the basic
relationship for gas absorpt?on as proposed by Adeney and Becker (9) to
stream reaeration (Equation 1), and formulated the "sag equation”

(Equation 8) for the oxygen balance in streams.
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A serfous deficiénty in the app11cation'of the sag eqoation has
been the Tack Ofvsuitab1elmeans of -evaluating the reaeratfon coeffi-
cient. Phelps (10) suggested the construction of several sag curves
using selected values ofrkz,to‘atd in the interpretation of the constant
corresponding topthe deficit existing in a stream. However, this pro-
cedure reqpires the acceptance of-bott]e'data*for_ca]cu]ating the deoxy-
genation constant, Ki, and'the oarbonaceous or “first stage" demand, L,

Recognizing the need for a mathemat1ca1 expression for K2= Streeter
and Phelps (1) proposed the fo]]ow1ng equat1on

where C‘is}a.constant_fOr‘a specftft river stretch, and 1sbinfjuenced by
- the physicai conditionshwhfoh affect turbu]ence-foh a given flow.  The
constant nis re]ated to the river: stage, V.is the ve]oc1ty in ft/sec,
“and H is’ the mean depth 1n feet for the stretch of- r1ver 1n quest1on
Th1s prediction equat1on was-deve]oped from aesurvey of the Oh1o River,
and the constants werehtOUnd to vary'over-a wide range{_ For the Ohio
River between Pittsburgh, Pennsy]vania; and Louisville, Kentucky, C
varied between 0.23 and 131, and n ranged fron 0.57 to 5.40 for selected
reaches. - | | '

" Following the poblieation_of.de1io Health Bulletin #146 (1), many
equations have beenvproposed for cajou]ating Ké, Some of these equations
are prediction eduatibns‘whereK2 was correlated to certain hydraulic
parameters, gtving_the same fofm,as Equation‘]2._ Many of the equations
which have been proposed'are based partly on theory and partly on
assumptions, to give the'desired relationship. Howeven, all of the pro-

posed equations relate reaeration to the degree of agitation or.
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turbulence. Phelps (10) proposed‘that agitation or turbulence not only
increases the extent of mixing, but that it also increases the actual
'exposed surface,

Osborne Reynolds demonstrated in 1883 that there are two distinctly
different types of fluid flow (11). The first type is known as laminar,
streamline, or viscous flow. These are descriptive terms for the flow,
since the fluid appears to move Fy the sliding of laminations of infini-
tesimal thickness relative to adjacent layers. A dye injected into a
viscous flow will appear to move in definite paths or streamlines.
Viscous f]ow is not found in water systems except in the infinitesimally
thin Tayer of water adjacent to the channel boundary.

The second type is known as turbulent flow, which is characterized
by fluctuating pressures and particle velocities. There is a random
formation and decay of many small eddies throughout the flowstyeam, and
the resulting intermixing causes additional shear stresses. This vis=
cous interaction is of a much larger scale than.the molecular inter-
action associated with laminar flow, giving rise to much larger energy
losses.

Large eddies and swirls and irregular movements of large bodies of
water as observed in flowing streams do not constitute turbulence per se.
This large scale mixing or agitation is caused by boundary conditions
(channel irregularities) and represents additional energy losses through
shear stresses. - Thus, in stream flow, the channel boundaries‘genérate
the large eddies and transfer energy to or from them which, in turn,
transfer their energy to smaller and smaller eddies.

There are presently two distinct approachééfhf“defin1ng turbulence.

First, the older approach is the Prandt] mixingélength theory (12). The
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mixingelength in a 1liquid is analogous to the mean-free path theory in
gases. The mixtngvlength represents'the average distance travelled by
particles of fluid before their eXcess,momentum'is absorbed by their new
environment._ If a'partic]e moues from a position'of greater momentum to
a position of 1owerrmomentum,.the excess momentum will be absorbed by
the fluid in the new region;bandehen the particle moves.to a position
of higher momentum, :the reverse is true. ‘The greater:the mixing Tength,
the higher the degree of turbu]ence and the more uniform the velocity
d1str1but1on A conceptua] defect in this theory is that the momentum
of a fluid part1c]e is gradua]]y changed throughout its path and not
changed abrupt]y, as assumed |

The second and more r1gorous treatment of turbulent flow is a
statistical approach, ,Thts approach 1s,based on a _concept of a primary
steady ve]octty on Which isdsuperfmpOSed a secondary velocity fluctu-
ation. - Wht1e this approach.has-attracted the interest of many'capabie
theorists, workahle re]ationships for use in engineering applications
.haVe'not been deve10ped (]2) ’For the'bioenvironmenta] engineer, the
 greatest need is for a workab]e model- for defining turbulence or ag1ta—
tion and for def1n1ng the rate of surface renewal.

0! Connor and Dobbins (13) have proposed the fo]]owing equations,
wh]ch are deve]oped part]y from turbu]ent theory for reaeration:

-
4

480 D7 S | -
ky = ———~—}?—- : ' (nonisotropic flow)(13)
H* ‘
and REA WO | .. . ’
‘ ky = —5¢— ‘ o (isotropic flow)(14)

where DM is‘the coeffictent of molecular‘diffusion for the assumed

tiquid film in ftz/hr, S is the'channe1 slope, and H is the mean depth
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of f]ow in feet An. isotrop1c f]ow is one where ‘the ve]oc1ty fluctu-
at1ons are 1ndependent of the axis of reference and the pos1t1on in the
fluid. The authors»have assumed that nonisotropic flow -occurs at Chezy
coeff1c1ents less than about 17 and that isotropic f]ows occur at
greater va]ues of the Chezy coeff1c1ent The equat1ons are re]ated to
the concepts of mass transfer as- proposed by Higbie (14), and Danckwerts
(15). These conceptsaare d1scussed in Chapter III of ‘this thesis.
Severa] authors have pointed}outvthe questionable assumptions made in
.the"deueiopment.of'these eqUations‘(IG)(]7)

Dobbinsl(18) has proposed the fo]]ow1ng express1on for the reaera-

t1on rate constant

: Kz— ' \/ Dm COth m | | v‘ (15)

where r is the rate'ofvTiqu1disurfaee'renewal, x is the film thickness,
D s the.difFUSiufty;fCA“iSfthé'ratioyofatheftrUe surface area to the
horizonta] projected area, and-Hlis the depth in feet. The questionable
assumptions made by. the- author are thorough]y d1scussed in the liter-
ature (]9)(20) '

The most extens1ve study on reaeratlon of natura] streams is that
reported by Church11], et aT, (16). Data were obta1nedvfrom reaches of
streams beTow-]arge impoundments. 'Thus, nearly ideal conditions existed
for observing_reaeration_sincetthe‘water-released from the Tower depths
of the:impoundments:was ]ou in'dissolved oxygen, re1ative]y,free50f any
oXern demand"and the stream beds‘were-clean‘and exhibited practically
no bentha] demand Furthermore the f]ow cou]d be accurately regu]ated
during the study per1ods

Using mu1t1p]e regress1on techn1ques, the authors conc]uded that it
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‘is possible to define_the reaeration rate in terms of velocity, U, and
the depth, H, by the following equation:
R e

Their study indicated that‘inc]usion of . other hydrau]ic variab]es
in a pred1ct1on equat1on did not offer a s1gn1f1cant increase in the
accuracy of the pred1cted reaerat1on rate. |

| Krenke] and Orlob (21) proposed a model for the reaeration rate
» based upon a concept of d1ffus1on as. measured by the spread of a tracer
in a turbulent f1e]d.ijhe.overa1]”m1x1ng‘character1st1cs are reflected
1n'a‘"1ongitudina1 mixingcoefficient,”DL.‘ At constant temperature and
pressure, the‘fo]jowing equatfonlwas proposed:
ky = € DL»H‘Zof.J‘ - (17)

where His. the depth, and C is a constant o

' Thackston and Krenke] (22), us1ng a rec1rcu1at1ng f]ume similar to
that ut1]1zed by Krenke] and Or]ob (21) deflned reaerat1on 1n terms of -
measurab]e phys1ca1 parameters The1r study was a]so based on measure-
| ments of - ]ong1tud1na] m1x1ng, ‘but the parameters were re]ated to f]ow

and channel characteristics, g1v1ng the.fo]10w1ng-equat1on,

’ 1% S
k, = 0.000125 [1+%§][¥qf.‘ o | (18)
where U is the streamtve]ocity, H is the mean depth, S is the channel
's]ope' and g is the gravitational'constant The group [1 +.U2/gH]
represents the changes in surface area’ with f]ow cond1t1ons ”
Owens ,. Edwards, and G1bbs (23) have proposed an emp1r1ca] equat1on
for reaeration which has the same form as that proposed by Streeter and

Phelps (1). Using their own;data,»those of Gameson, et al. (24), and



16

those ofrChurchillg et a] (]6) the authors showed a high correlation

with the fo]]ow1ng equat1on

_ 0. 67 _ _ .
_9.4u0 | (19)
2’209 j Him85 , B .

Lk
'However, as Shown‘by‘Isaacs‘(ZS); the groups of data do not belong to
the same statistica],popuJation, and the regression coefficient of 9.4
is biased by the larger group,of.observations,_ The authors report the
best regression equation for their data to be: |
| 0.75
' (20)
whereas Isaacs (25) reported the reQresSion equation for the Churchill
data as being | | |

0. 9075 o

U R : .
] 76] DR ‘.»d. . . (2])

‘H

kz.goo 6 070 *

s Equat1ons 19 20, and 21 are examp]es of - the var1at1ons in the

: regress1on coeff1c1ent and the exponent on the ve]oc1ty as observed by

Streeter and,Phe]ps (]) for the Ohio River data where 1t was found that

wide vahiationsdexisted'1n these:terms,for var1ous reaches'and stages of

a stneam. | _ o vv . | N
Isaacsuand Gaudy (2), ~fnom dimensional analyses of data obtained on

a un1que s1mu]ated channe] proposed the'fo1]ow1ng equatian for reaera-

t1on in streams

[t

) E—.'  3.: | . | .
k2_200 f H X ) . ':h_ . R - . (22)

Y

where U is the ve]ocity,)H is ‘the liquid depth, and C js a constant and
was found to be 3,053 for the authors‘ laboratory data. However the

constant C was found to vary s]1ght]y when fitted to stream data, and
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they suggested that the difference was due to channe] geometry., Isaacs
and Maag (26):have proposed that the variation in the constant was
‘indeed caused by the}channe] geometry_and surface:velocity, and have
shown that nondimensiona1 functions‘can'be used to improve the correla-

- tion. Thus, the fo]]owing equatfon‘has been proposed:

k2200=,C¢s¢v H:f{ R @
where C isa proportiona'lity__'constant,‘¢S js’the nondimensfona1 Variab}e
for the effectlof-channeilgeometry,’¢vtisbthe nondimensiona] variable

" for the effect of'surfacetue]ocjty;fU'is the‘veiocityJ and,H'fs the |
depth of flow. - ’ | | |

 The pred1ct1on equation proposed by Isaacs and Gaudy (2) gave

exce]]ent correlation coeff1c1ents for the1r data, a]so for the data of
Krenke] and Orlob (21); and that of Churchl]], et al. (16).

T51vog]ou, et a]‘, not1ng the: shortcomungs of d1rect measurement of
the oxygen resources of a stream ‘have proposed a method of measur1ng
the rearatlon rate ‘that is: independent of the effects of all other OXy-
gen resources and demands In part one ( 7) of the report a relation-
f sh1p between the transfer capab1]1ty of spec1f1c inert gases and oxygen
- was estab]1shed It was found that the ratlo of krypton -85 transfer
| from and oxygen transfer 1nto water was 0 83, and it was suggested that
the rat]o of the exchange coeff1c1ent for any two gases is equal to the
inverse ratlo of the mo]ecu]ar djameter of the gases. The exchange
ratios were not~affected significant]y by temperature_(within the range
investigated), by the degree of turbu]ence, or by>the'presence or
absence of broken water surface ‘The temperature coefficient, @, of

1.0241 as reported by the Comm]ttee on San1tary Eng1neer1ng Research of
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ASCE (28) was in good agreement with the results obtained in the study.

In part II (29) of the study, results using the gas tracer tech-
nique on a natural stream were reported. The:reaerationvcoefficients
observed in thebstudy varied from 0.96 to 4.70 times the values pre-
dicted by the Churchill model, -and from 0.57 to 2.95 times the values
predicted by the 0'Connor-Dobbins model.

It seems evident from the extensive studies reported in the last
decade on reaeration of natural streams, that all ofvthe proposed models
for reaeration are limited in their application. That is, they are
limited in that the engineer has no rational approach to evaluating the
constants, As noted by Isaacs and Gaudy (2), the equation for the
reaefation-coefficient proposed by Streeter and Phelps (1) in 1925 has
not been widely adopted because of the lack of means for determining
these constants However, the model proposed by Isaacs and Gaudy (2)
has been shown to give good correlation with data from various sources.
The refinements to the equation as proposed by Isaacs and Maag (26)

would appear to give the equation even greater applicability.

C. Deoxygenation Studies

The BOD test has been the subject of a.tremendOUS quantity of
research. 0'Brien and Clark (30) have published an extensive Titerature
review on the BOD test, and the interested reader is also referred to
the reports by Streeter and Phelps (1), and Theriault (31) as sources of
interesting and pertinent reports on the early development of the test.

Three principal and perplexing facets of the standard BOD test are:
(1) that the oxygen uptake is approximately defined by decreasing rate
monomolecular kinetics, (2) the 5-day oxygen uptake is a meaningful

measure of the oxygen demand of a waste, and (3) the oxygen uptake as
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measured in a dilute bottle system expresses the kinetics of -deoxygen-
ation in a more concentrated turbulent stream.

A mathematica]'mode1 describing the deoxygenation curve as pro-
ceeding according to the we]]-known.monomolecular reaction kinetics was
first proposed by Phelps in 1909 (32). Therjault later reported data
that indicated good agreement with the monomolecular formulation (31).
Therijault also developed the first-order concept into the mathematical
form in use today, and proposed the rate constant of 0.1 (k] = 0.1 day'])
from statistical analyses of BOD data on Ohjo River water. This rate
constant was later widely accepted as being applicable to all wastes. .
It is emphasized that the research results reported by Adeney, Streeter.
and Phelps, and Theriault were based on studies of polluted river water,
and the authors never suggested that the findings were applicable to all
types of pollution. In fact, Phelps has noted that there is no logical
reason for the BOD reaction to have a decreasing monomolecular rate (10).

The origin of the 5-day BOD standard is found in excerpts from
Adeney's reports to the London Royal Commission on Sewage Disposal dur-
ing the last decade of the nineteenth century as given by Theriault (31).
In the Eighth Report, Adeney noted that a 5-day period of incubation
was selected as the error of “experiment is minimized by giving suffi-
cient time for the oxidation of a reasonable portion of the matter
present. - It was recognized by Adeney and others that long-term experi-
ments were not practical, and that the fesu]ts of short-term experiments-
were too erratic to be significant, and the author was of the opinion
that by the end of five days' incubation the variability inherent in
the first few days of incubation had, to a large extent, been equalized.

The Titerature on BOD research indicates that the resu]ts'of-many
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of the.eariygstUdies c]éar]y indicated that the BOD reaction was not a
decreasing'function, but a diphasic one related to bio]ogical growth.
In 1911, Muller-(31)‘reported’a-COrre]ation between bacterial grouth and
| oxygen uptake,f It was a]so’obserVed that the}point of maximum oxygen
depletion coincided_witn'the.time of maximum bacteria] count. Theriault
‘ noted from the ftndtngs»of~Mu]]er;that when- the bacteria were in a state
of mu]tip]icatton, the rate'of oxygen uptake was much greater than when
the bacterial count remained fairly stationary‘(3]),_
| Pundy'and'Butterfte]d (33) in 19]8 conc]Uded‘from BOD bottle
istudies employing é_syntheticewaste.1noou]ated'w1th pure ou]tures iso-
lated fnom sewage'that oxygen uptake-occunredion]y-during the period
when the bacter1a were mu]t1p1y1ng, and that oxygen uptake was very low
| after bacter1a] mu1t1p11cat1on ceased ' |
Butterf1e]d (34), us1ng a dextrose and peptone substrate w1th a
pure culture inoculum, reported‘a'nap1d oxygen uptake-dur1ng,the period
of bacterial cell mu]tjp]icatfon, The oxygén,consumption shoWed'no sig-
nificant increase once a steady bactekia] population was attained.
HooVen, Jasewiéz; andiPorges,.working with milk wastes inoculated
with an acc]imated purevcu]tune,.proposed thet tne BOD test consists of
two biochemical reactions (35). First there was a rapid'growth of cells
withyassimilationvof available nutrients into:the-ce]]s, followed by‘the
subsequent siow.endogenous respiratton.of these cells. The répid growth
phase was COmp]ete'tn a maximum of»twentyefour'hours;_and it was reported
that it was often completed before the sample was introduced into the
BOD bott]e} Bacterial Countsvreeched about 5 x J06 during the first
day, and slowly decneased.to'epproximate]y 200,000 1in twenty days. The

authors noted that the common]yeemployed velocity constant of 0.1 could
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be associated on]y,withuthe_ehdogenous phase of the oXygén uptéke.,
They also suggestéd that;tp imply that the rate of oxidation in the BOD
test is ré]ated'tb'monomo1ecu1ar kinetics -is at variance with all exist-
ing knowledge'of'thé.bacteria] gkowth_ﬁrOCESs, It should be noted that
the conditions emp]byedfin the'research were not the same as normally
found in natural stream§ and,thé‘BOD'bottie. In order to achieve the
rapid uptake of subsffate és reported, an actively-growing inoculum with
a high ratio of~bio]ogical solids to sﬁbstrate was required. In the
normal BOD test and inthe receiving stream the bacterial population is
vlow, and the[sdbstraié is remoVédVduring the growth phase.

Orford and Ingram_(36)_reported‘thatthe constahts k and L in the
BOD forumuiation do hotvremain‘c@nstantvOVer the ehtire BOD curve. It
was found that és thebobsekvation period incréases, k values decrease
and L values increasenf‘They conc1ﬁded fhat thefe_waé no fundamental
reason'why'0x1d5£i6nasth1dhtake'ﬁ]ace'éCCOkdihg to déékéasing'mono-
molecular kinetics, and fhéf the parameters k and L hayelvery-]ittle
physical or bio]ogi¢a1 sfgnificance;. _' |

in 1952, Garrett and Séwyer‘reported on_the kinetics of substrate
removal in continuous flow studies (37).- They proposed that the rate of
growth was directly proportional td the BOD concentration.. They also
reported a growth rate constant of 0.21, giving a bacterial generation
time of 3% hours. vThe proposed Tinear relationship between growth and
substrate concentration imposéé no 11mits-on the growth rate.

In 1958, Busch reported on thé'BOD'progression in soluble sub—-
strates whefe the'cafbonaceous BODvcurve wa§ found t0 consist of -a two-
phase oxygenvuptake5with the phases separated by a plateau (38). The

first phase of oxygeh,uptake was attributed to the conversion of
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substrate into cell material which included new cell synthesis and
storage products. The second phase was attributed to endogenous respi-
ration of the bacteria and protozoa activity. The plateau in the oxygen
uptake curve was found to occur in from twelve to forty-eight hours,
depending on the lag, and was reported to have a characteristic value
for a given substrate. He proposed that as the ratio of predators to
substrate-consuming population increases, the separation of the two
phases begins to blur. A single strain of organisms or a predominance
of substrate-consuming organisms gave the most distinct plateau. Busch,
et al. have reported that the plateau affords a much more valid

point for determining the ultimate oxygen demand than the conventional
5-day BOD (39). It was proposed that the 24-hour oxygen uptake for a
glucose-glutamic acid mixture represented 39 per cent of the theoretical
demand. However, other reports have shown lag periods much greater than
twenty-four hours (40), and it is shown by Busch (38) that the plateau
occurs between twelve and forty-eight hours. Hoover also reports that
the rate of oxidation for the first one or two days is difficult to
interpret because of lag in growth of organisms (35).

Pipes, et al. reported on experiments employing various substrates
and settled sewage as seed (41). It was reported that growth commenced
with some substrates within a few hours, and the maximum bacterial pop-
ulation was attained in one or two days. On other substrates an
extended lag period occurred, or growth proceeded slowly, and the maxi-
mum bacterial cell count was not attained for several days. A 35°C
incubation temperature was used, which may have inhibited some sewage
organisms and the protozoa.

Wilson and Harrison, using a pure bacterial culture and phthalic
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acid substrate, reported‘a'2-phase oxygen uptake with the,eXOgenous and

endogenous phases separated by a p]ateau (42) Initial ce]i concentra-'
tion had no effect on the oxygen demand for the exogenous phase, but the
oxygen uptake during the endogenous phase was related to the number of-
ce]]s present. | | | .

McWhorter and Heuke]ek1an (40) reported that substrate removal was
complete at 30vperrcent of the theoret1ca1 uptake when using sewage seed
~and g]ucose substrate A res1dua] CoD amount1ng to 5 to 15 per cent of
the original COD was found to remain in the supernatant Seed concen-
tration produced-no‘s1gnrf1cant var1at1on in- the ce]] y1e1d The oxygen
uptake rate was reported to be near max1mum at the po1nt of substrate
depletion, and the ce]] mass a]so reached a maximum at th1s time. The
plateau duratjon was:reported-tovdecrease with an increase in substrate
concentration, and the p]ateau did not'exist‘at 1000 mg/1 of glucose
'substrate' The average ]ag perlod when us1ng a-one - per cent ‘seed was
44 .10 hours v ‘( » )

Butterf1e]d,uet’a]. had-reported,in 1931 that the addition Of'fhe,

.protozoanvCo]ipidium to a pure culture of Bacterfumuaerogenes resulted
in an oxygen uptake beyond the peak observed in the controi containing
only bacteria (43). ‘A]so,'there'Was a.rapid decline in the bacterial
~count after one day’tn the'system_containingpthe protozoa fo]iowed by an
increase in protozoa_count.which'reached a peakjafter-four days. . There
was no corresponding.decrease in bactertaT count in the‘controi contain-
ing no protozoa "They proposed that the’ro]e of-protozoa»was to reduce
the bacter1a] popu]at1on, thus prov1d1ng su1tab1e cond1t1ons for con-
t1nuous bacter1a] growth |

Extens1ve studles were conducted at the b1oenv1ronmenta] engineering
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1aboratories‘at Oklahoma StatekUniversityjt0~e]uCidate the nature and
cause or causes of the piateau.in the oxygen‘uptake‘curve.i Gaudy,
Bhatia, Follett, and Abu-Niaaj (44) obseryed the‘occurrence,of a plateau
in forty—three out of fifty-one experiments' The plateau was found to
occur for a fa1r]y wide range of simple- and comp]ex substrates with
various types and concentratlons of seed1ng mater1a]s ~The seed included

vboth heterogeneous popu]at1ons and pure cultures of Escher1ch1a co]1

The plateau occurred w1th1n the first two days of 1ncubat1on, and usually
30 to 40 per. cent of the theoret1ca] oxygen demand of the substrate had
i been exerted at the p]ateau They reported that while the p]ateau was
found to occur in. most of the exper1ments, -the geometry of the BOD curves
"~ which exh1b1t a p]ateau cannot be: def1ned with sufficient precision to
warrant the use of the p]ateau for pred1ct1ng the course of BOD removal.

Bhatla and Gaudy (45) reported on their tests of the applicability
' of four theor1es for the 1nst1tut1ng of the p]ateau Br1ef1y,vthe four
vtheorles were: . (1) changes in predomrnance of spec1es in a heterogeneous
populat1on where ‘the secondary predom1nat1ng cells may be either bacteria
or predators such as protozoa, (2) part of the cells which have grown up
during the first phase of the oxygen uptakedmay ]yse and release products
wh1ch produce a secondary growth (3) an acc]imation period may be needed
for synthesizing new enzyme systems requ1red for endogenous metabo]1sm of
various cell mater1a]s after removal of the exogenous substrate and (4)
ce]]u]ar 1ntermed1ates or metabo]1c byproducts may be released to the
medium dur1ng the per1od of substrate ut1]1zat1on, and an acclimation
period may be required before,these compoun‘ds-canbevmetabohf-zed°

In addition to - the preceding four theories; Gaudy;'Komo1rit, and

Bhatla (46) have shownrthatba'diphasic oxygen uptake curye can be
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prdduced in high enérgy‘systems because of’the sequential use of exogen-
ous substrates in.mu]tfcomponentﬂmedfa.» Bhatla (47) has shown that
sequential use of éxbgenoﬂs_Substrates can also cause}a diphasic oxygén
uptake in dilute systems.

Bhatla and Gaudy (45) concluded that the plateau actually repre-
| sents the endpgenous kespiratibn phasevof bacterial metabolism, and that
the seCondéry phéSe fn‘oxygen uptake was usuaT]y caused by the predator
popdlatidhn' Théf1ength”of'thé_b]ateau was considered to be proportional
to the‘féTative“timé ]ag:betWeen the peaks'in‘bacterié1 and protozoan
‘pdpu1atiqhs, ,v‘“‘ | - ‘: N |

Gates, Mahcy; Shafie,iahd Pohland reported the results of a series
‘of'experiments‘whfch‘wene»conductéd in'an open'tanereactor,(48). Oxygen
sag cukyés;wére,preéented usingvséWage'and_Ohio Riyer water, glucose,

and 1ac£osé as_substratésf .Theasame typé of curves wassdbsekved‘using

lsewégé or bufe“CuTtures{bffEschQ?iéhia’Edii‘553seedjlioxygen”uptake and
- glucose utiifzdtidn?occurréd'Concurrentiy.‘.whi]e hokattempt was made to
separate the effects of deo*ygenétiohbahdfréaerafion,vthe.auth0r§ did
observe in their 1ntérpketatioﬁ.of the sag curves; that the sag was not
described by decreasing kinetics but‘actﬁa]]y‘consisted of 1ag period
followed by a périod:of‘increasing oxygen uptake during the time of
5ubstraté uti]fzatioﬁ. | | |

_ Isaacs and Gaudy.hgported'fhe resﬁ]ts of a series‘of«eXperimehtsf_
conducted fn’the’simulated channejlused'in the preéent research (49).
In these‘expériments it Wés'dbserved that one of the primafy differences
in the oxygen uptake-invthe open tUrbu]ént system and the BOD bottle was
the existence bf~a_much longer lag periéd ih‘fhe,bott1e system than in

the turbulent system. Thrée distincthhaSes were observed jn the oxygen
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uptake curves,_vThe fikst‘bhaée was associated'wifh subétrafe utilization
and an increase ih bio]ogiéa1 solids. »The‘second phase'of the oxygen
uptake was a,pefibd during;which'thé rate of oxygen uptake was very low,
producing a plateau 1hftherﬁptake curve. The oxygen uptake at the
plateau for the four experiments‘where a g]ucose;g1utam1c acid substrate
was -used, varied befwéenJZSiand'45'per cent of the theoretical oxygen
demand,, The'b]ateau Was fo]]owed by a‘secohd phése of oxygen uptake
which'was'assbciafed'with‘protozoan_éctivity.vVTheauthors were able to
reproduce'the.obéérved oXygeh sag curQe'byithe'usé'of a separate equa-
'tion‘for'each of'the;fhkéé-bhases. However, the theoretiga] oxygen sag
| curve computedwFrbm the StreeferfPhe1ps equation (Equation_8) did not

adequately define the observed data.



 CHAPTER III-

. EXPERIMENTAL]AND'COMPUTATIONAL'RATIONALE

K A, Theoretical,ConcéptS' '

1.  General Comments - _

’ As.may,be-notedvfromuChapterriI ot,this thesis, reaeration equations
have been proposed along two generaleines : Thesebare the prediction
equation, which is deve]oped from stream data and the equation deve]—
| oped from a theoret1ca1 concept S1nce reaeratlon 1s a mass transfer
_ process, 1t is deemed de51rab1e to rev1ew br1ef]y the present state of .
" mass transfer theory as 1t re]ates to turbu]ent f]ow A new equat1on‘
based on turbulence 1n terms-of streamflow_parameters for the
_reaeration‘rate constant is - also presented, A]so, sdnce, thehovera]]
‘approach uti]izedtin‘this‘research‘to ana]yze the data 'is somewhat
'unlque a sect1on on computat1ona] methods is presented to prov1de

examples of the procedures used .

2. Gas- quu1d Transfer Theor1es

There are two un1versa]1y accepted theor1es for. the transfer of a
-gas to a ]1qu1d when the two are p]aced in contact These are the
"Fi 1m theory and the "penetrat1on theory The fo]]ow1ng d1scuss1on of -
the two concepts is admlttedly brief, and the reader is referred to the

references,g1ven‘for a'more complete presentat1on. The older concept
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is that proposed 1n 1924 by Lew1s and Wh1tman (50) _ They presented a
vmode] for gas absorpt1on wh1ch has been w1de1y accepted and 1s des1g-
nated in the‘]]terature aS«thEeﬂfilm'theory,” Accord1ngﬁto the modeT,
all of the driving'fOreeracts.across avstagnant film whieh; it is-
assumed;vexistsvtn both the gas andvliouid,phases at the interfaCe.

The assumption is also madeothat.there'istno concentration gradient in
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the bulk of either the gas or the IjqUid. ‘This may be shown as follows:

~ ligquid liquid

gas'fj]m!l_fj]mv' £ilm
| X bulk | %
1 _gas
as | o R P
v - :_._'l
_ RS
S 1nterface R ‘24interfacei
’ (a) genera] D (b) slightly soluble gas

F1gure 1 - Concentrat1on grad1ent for gas at gas-liquid
1nterface as - proposed by film theory.

where P and P are the part1a1 pressure of the d1ffus1ng gas in the
bulk of the gas and at the 1nterface respectlve]y, and C and C are
the concentrat1on of . the absorbed gas at the 1nterface and in the bu]k

]1qu1d, respect1ve]y The concentrat1on d1fference across e1ther of -
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these f11ms represents the dr1v1ng force for molecular diffusion across
that f11m ~For a s11ght1y soluble gas (e.g., oxygen in water), there is
no loss assumed for the gas f1]m, and the part1a] pressure of the gas at
the 1nterface.1s taken_as beJng_the same as found ]n‘the bulk gas. An
increase fn‘turbu1ence‘is assumed-to decrease the "1iquid fi]m" thick-
ness, and to g1ve an 1ncrease 1n the oxygen transfer rate

S]nce the rate of transfer is considered to be contro]]ed by the

]iqujd f11m,}the rate may be_expressed»as

T
Rdt " '_‘L(Ci

B S T €2
where A is the area, M is the‘mass of gas transferred inspound‘mo1es,-
t is time, and kL is“thevtransfer Coefficient:for the 1iquid f11m

.S1nce the surface is cons1dered to be saturated for a slightly so]uble
gas, Ci is. taken as the saturat1on concentrat1on, CS in: mg/]

The transfer coeff1c1ent can. be rep]aced by the d1ffus1v1ty coeff1—

cient, giving

o

R - L )
where R'isithevf]ux or.transfer‘rate in ‘the pound mo]es/hr/ftz, DM is
the diffusivfty.through:the‘1jqufdvfi1m in sq ft/hr, and‘x‘is the thick- -
ness of the 1iqu1d‘fi1m'1n feet. The_thiekness of the fictitious 11quid
film cannot be detérmined; however, Equat1on 25 provides a working
mathemat1ca1 formu]at1on wh1ch g1ves an- increasein transfer rate with a
decrease in f11m th1ckness ’ 'f | o

| As noted by - the authors, the "f11m theory has no physica1 basis,
and no’ film has,been observed, but the‘theory_has'been wfde]y used in
the'correlation;and'1nterbretatfon-ofthass transfer data. The wide-

spread use of the theoryrhasvjed to studieShseeking some bhysica1
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evidence of a liquid film, but there have been no reports of any
physical evidence to indicate the existence of a film at the interface.

Fage and Townend (51) studied the behavior of dust particles -in
turbulent waters. Particles were observed within 1/40,000 inch from the
surface, and there was no indication of the existence of a laminar film.
To anyone who has sat on a riverbank and watched the water, it would
certainly seem that the water surface of the flowing stream is not -homo-
geneous but is continuously being replaced as water from beneath the
surface is exposed. By carefully adding orthotolidine to the surface of
flowing water containing a ch]orine residual in the simulated channel
used in this research, the writer was able to observe the rapid disper-
sion of the colored complex throughout the liquid by what certaih]y
seemed to be eddy diffusion. Thus the existence of a liquid film does
not seem,feasonable, nor can its existence be demonstrated by any known
methodology.

Tsivoglou and his associates (27) have also concluded from their
studies on gas transfer that the apparent liquid film is purely a
hydrodynamic phenomenon that is not related to the ability of the oxygen
molecu le to enter the liquid surface. Furthermore, if the film theory
did define reaeration, then the mass of oxygen crossing the film would
not-véry with depth of flow. Thus, for a given rate of mass transfer,
the rate of concentration change in the liquid would vary linearly with
volume. This would give a linear relationship with k2 and depth of-
flow. However, Isaacs and.Gaudy (2) have shown that the rate constant
varies with depth to the 3/2 power.

Higbie (14) studied the absorption of a pure gas into a still

Tiquid during very short periods of exposure. The author reports that
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several investigators had shown in the last century that a gas diffuses

through a 1iquid according to Fick's law, which may be given as

2. - _ . .
a ., dc
B B - (26)

[oTg fo R

where Cvis the conCentration}at‘debth»x, t is exposure time, and DM is
the difosfvityuof the gaS through the 1iqufd;, From Fick's']aw»it

can be shown that the absorption rate at the Tiquid interface is not
constant, but that it varies 1nvérse]y_as the square root of the expo-

. sure timévaccording to the fo]]dwing equation:

kL =2 _ —1-T~t— - (27)’
where kL is the 1iquid film coefficient. Thus, the rate of absorption
of the gas af ahvéxposed Tiquid sUrfaCe would become very great as the

exposurévtime[abbroaches'zéko., The rate,of gas absorptioh is

S N €
where Cs'is‘thé satur§t1on_concentration fOrithe gas, and C_ is the ﬁon—
‘Cehtration of ‘the gas in‘the:TiQUid; This re]ationshjp is called the

""penetratiéh théory?“ FWh1]e the>théory had been verified for periods of

exposure from ten seconds to one hundréd and fifty hours, the work

‘reported by Hfgbie CoVérediperibdé:of exposure ffom 0.01'to 0.7 Second._

The pénetrafionltheorylaS'given by Eduatioh 28 1h&1cates that the
absorption rate is related to the.peﬁiod of exposure, t. If the liquid
at the interface is expoéed for;a very short period'of‘time, fhe trans-
~ fer rate will be great, but the‘acfua] quantfty of gas transferred will
be small because of thévshort-éxposure périodm If the expoSure period

is long, the transfer rate is small and apbroaches a constant rate as
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time increases. For long exposure periods, the penetration theory is in
agreement with the film theory. The penetration theory assumes no limi-
tation on the reaeration rate. The more rapidly the surface is replaced
by turbulent action, the greater the reaeration rate. However, Higbie
(14) found that the transfer rate was not without 1imit as indicated by
the penetration theory, but as the exposure time was decreased, the
amount of gas absorbed was consistently below the theoretical value. As

the time of exposure was increased, the amount of gas absorbed approached
the theoretical quantity asymptotically and the two values were in good
agreement at exposure times of about ten seconds, and above.

ETgin (52) suggests that the deficiency in transfer rate reported

by Higbie is in agreement with the kinetic theory of gases. The upper

limit of absorption would represent the actual rate of absorption at the
initial instant of contact if every gas molecule striking the surface
actually penetrated it. Since only a fraction of the molecules striking
the surface actually penetrate it, the upper 1imit observed was somewhat
less. As the exposure time is increased, the fraction penetrating the
surface would follow the monomolecular law as observed by Higbie. Thus,
it is quite evident that on the basis of the penetration theory the rate
of oxygen absorption into water is related to the exposure period or
rate of surface renewal. When water is in turbulent motion it is a mass
of eddies which are continuously changing their conformation and posi-
tion. These eddies are continually exposing fresh surface to the atmos-
phere while remixing into the bulk of the liquid parts of the exposed
surface which have been in contact with the air for varying lengths of
time. During the exposure period, the reaeration rate is given by
Equation 28. Thus, under the penetration theory for reaeration, the

rate of oxygen transfer is related to surface renewal.
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The penetration theory was app]ied to turbulent flow by Danckwerts
(15). He postulated that for a givep state of turbulence the mean rate
of production of fresh surface will be constant and equal to r, and the
chance of an element of surface being reb]aced within a given time will
be independent of its age. Here r is the fractional rate of surface

renewal. The absorption rate was shown to be

R /oy (c, - ) (29)

0
where R-is the absorption rate per unit area, DM is the diffusitivity of

the absorbed gas, and (C_ - Co) is the oxygen deficit. It is seen that

s
\JDMr replaces kL in Equation 25; however, the significance of the term
is quite different from that associated with the film theory.

If a surface resistance does exist to decrease the rate of absorp-

tion, the rate of absorption is shown by Danckwerts (15) to be

_ 1
S SR Y (30)
A

‘\/DMr (cg - C;) = ky(Ci - Cp) = kL(C -C) (31)

where kA represents the surface resistance, Ci - Co is the deficit
across the surface, ‘\/DMr (CS"Ci) is the transfer across the inter-
face, and kL(CS - Co) is the overall transfer rate. At equilibrium con-
ditions the three terms in Equation 31 are equal. Thus the rate of
oxygen transfer in accordance with the penetration theory is given by

R=k(C_-¢C)) (32)

where kL is the overall transfer coefficient, and CS - Co 1s.the oxygen

deficit.
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The surface resistance, kA, may be caused by detergents, oils, or
any othek conditions which wou1d affect‘the surface densityior surface
tension. However,-for any given condition_it wou]d:be a cohstant, and
the rate of transfer would stﬁ]]vbe related directly to the rate of
surface renewal. o | )

Following the transfér‘of'oxygen across the airnwatek interface, it
must then be'distrfbuted throughouf the bulk of the 1iquid. Here again
there is a difference jn the'film:theory and the penetration theory. In
the fofmer'case.the_oxygen is:éssumed'to bé distributed by molecular
_ diffusion; whereas_accordihg t0’the penetratidn‘theory'the oxygen is
“carried throughopt‘fhe‘buTk of-the'liquid by. eddy diffusion with mole-
cular diffusion occurrihg priméfi]yvbn'an intra-eddy scale.

| Convection by molecu]ar_diffusiOn alone 1is slow and difficult to
achieve eXéept for‘Very vi§c0us:f1uids. Eveh in the so-called quiescent
véSsél'of'watervin‘the 1§boratory,‘éonvéttion by eddieé is not elimi-
nated, sinte slight convection current§ are inVariab]y presentc These
are due to:s]ight temheratdre:gradients, to density éurrénts resulting
from the more densely saturated sﬁrféce layer, or to undamped'mechanical
motion. Stratification in hafura] lakes is factual evidence that mole-
cular diffusion is most probably insignificant in stream reaeration.
Here the thermal density barrier 1is sufficient to prevent mixing by
eddy diffusion and convection currents, but it offers no resistance to
molecular diffusion. In fact, the colder water at the lower depths
actually promotes a net flux to the 16wer depths by molecular diffusion,
yet it is well -estab]ishéd’that:very‘11tt1evtransfer occurs acrass the
thermal density barrier. |

~0'Connor and Dobbins (13) attenpted to relate reaeration to the
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rate of surfate renewal threugh the age distribution theory proposed by
Danckwerts (15), however, their basic assumption that the rate of sur-
face renewaT 15 equa]‘to;the,ve]ocity gradient is Without foundation and
contrary to the‘Prandtl universa] 1ogarithmic velocity distribution Taw
which was-demonstrated»by_Vanoni-(53):t0 app]y te open channel flow.

The integrated form'of~the-eqnatien‘for the Velocity_distribution may be
written o o

u+l @s T+ - '_‘(33)

where u-is the ve]oc1ty at distance y from the channe] bed, D-is the
depth U is the mean ve1oc1ty, z is the von Karman constant having a
va]ue of about»O 4 for water,;g is the grav1tat1ona1‘constant, and S is .
the energy grad1ent Differentiation of Equation 33 With respect to y
y1e]ds a more usefu] equat1on for the ve10c1ty grad1ent

duv_ _2_5_ . e . .

Ty - v \/gDS ‘ o o . (34)
where %%‘is therveloc1ty gradient at distance y from the channe] bed.
Since the energy grad1ent S, 1s 2 funct1on of several hydrau11c para-
meters, it 1s des1rab]e to rep]ace th1s term in the equat1on The
Darcy—Welsbach equat1on can be rearranged to give the fo]]ow1ng form:

”\/gDs VI - (35)
Thus the vert1ca1 ve10c1ty d1str1but1on is g1ven by

du _,2_5_\[_7-£ 2 o | |
where f is the d1mensuon]ess fr1ct10n factor 'AS noted by'Churchill
et al. (16) the vert1ca] ve]oc1ty d1str1but1on is. re1ated to both ‘the

ve]oc1ty and the square root .of the friction factor A]so, the Darcy-



36

Weisbach equation in terms of the energy slope gives

2

2 | , _
Dg o : } (37)

wn
00| ~h

From an examination of Equations 36 and 37 it is seen that thé
energy dradientndoes not»define;f]ow for a turbulent system. The energy
gradient,-S, is thedvojumetric hate,of energy dissipation in ft-1b/1b
per unit length of f]ow,:and as’shown by Equation5v36 and 37, this rate
of energy diésipationiin turboient systems 1is retated to‘f and U, and
both of these Véhiab]es*are re]atod to depth - At constant depth both
the energy gradient and the vert1ca1 velocity d1str1but1on are defined
by f and U. Any combtnat1on of f and U y1e1d1ng the same constant will
give the same vert1ca11veloc1ty d1$tr1butlon and the same energy grad1ent
at constant depth. ‘ “ h |

In summary , the;penetration]theory-is cons1dened by the author to
be the more proper‘approach tohmass transport in turbulent flow even
though the theory is not'compteteiy developed at-this time beoause of
the lack of a suitable expre551on for the surface renewal rate. However,
surface renewa? would seem to be related to the 1ntens1ty and scale of
turbulence, and any.re]atjonsh1p for expressing surface renewal rates
must include the‘paramétérs f, U; and D, since these are required to

define the rate of energy dissfpatione

3. Velocity Gradient in Flowing and Stirred Systems

A Togical approach to stream‘reaératfon is that proposed by Camp
and Stein (54) for defining turbulence in flocculation basins. Since
in a turbulent fiow ail of the energy input to the»system must be dis-
sipated as heét through kinematic and eddy viscous.forces, theoe'

authors have -shown that'turbutence i$ related to the volumetric rate of
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energy 1oss through the root mean square velocity gradient. For turbu-
lent flow 1in streams, the ve]ocity gradient, G, is sden to be giVen ‘
by the square root of the volumetric rate of energy dissipation divided

by the water viscosity. 'Thérefore ‘
-where u is the dynam1c v1scos1ty 1n 1bs/ft -sec, and W is the energy

d1ss1pat1on rate per unit vo]ume of water, wh1ch is g1ven by

 Alpgh . 2 2 | ' '
W TRl f4D 2 = 8D S (39)
and E | ‘1: :
NJE Y - I
“*Ng w0 o (40)
| o

‘where G-te the ve]ocity gradientdin'seconds- , vvis the kinenat1C‘vis—
| cosity. 1n feet /sec f is the dlmens1on1ess fr1ct1on factor, U is the
mean veloc1ty in: ft/sec and D is- the mean depth in feet

Fqn a mechan1ca1]y—st1rred.vessel, the ve]oc1ty gradlent 1svg1ven
by . .- R o , , .

NV J N (1Y
| Vu o ‘ ‘ ,

where P is the power 1nput.1n ft-Tbs per second, 9. is.the force-mass
conversion factbr (32.2 ft-1b mass/ft 1b- force sec ) V is the volume in

ft3, and v is the water v1scos1ty in ]bs/ft -sec.

4, Power Input in Stfrred Tanks

Mechanical stlrr1ng is. genera]]y used in pllot p]ant stud1es to
provide agitation and reaerat1on of the contents of . sma]] vesse]s
Also, mechanical mixing is often used in activated sludge and extended

aeration waste treatment p]ants However, in the ]atter reaerat1on is
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accomplished by h1gh speed turb1nes and the rate of oxygen transfer is
great]y enhanced by surface ag1tat1on o |

One would suspect_that reaeration 1n stirrediveSSe]s is affected by
 the same principles asfthose‘forvf1OW1ng:streams; that is, mass transfer
rates are re]ated to the:nature‘bf’thetturbu1ence maintained'in the
. veSse] ‘The nature of=the turbu1ence’in a-Sttrred‘vesse1 is related to
the power number Np, wh1ch is def1ned by the fo110w1ng d1mens1on]ess

ratios (55)

't P Ny
where
Np'=lpbwerbnumberﬁ A
_ NRe‘e.Reyno]ds number"
_NFr = Froude number

D.=.1mpe11erudiameter"}f
; T = tank diameter
z= 11qu1d depth
C = d1stance 1mpe1]er off tank bottom
p = impeller b]ade pitch
W= imbe]]er b]ade'width-
1= 1mpe11erv1ength
n = number of b1ades‘
K = constant for the system o | |
The. parameters have the d1mens1on of 1ength InvthefEngiish system of
measurement the 1ength wou]d usual]y be expressed in feet
For geometr1ca]]y s1m11ar systems, the power number equat1on

reduces to



39

b

= K(NRe)a (Ne,) (43)

N
p N
and in baffled tanks having no vortex, the exponent b is zero. Thus

No= K(N, )2 (44)

p Re

and since the power number is independent of the Reynolds number in
turbulent flow (which will almost always exist in stirred water systems),

the power number is given by

1 ch .
N_ = constant, K~ = 35 (45)
P oN’D”
or
T w3p5
p = KoND°  (46)

9%
Therefore, the power imparted to the liquid is proportional to the third
power of the impeller speed and the impeller diameter to the fifth

power. For water, the relationship for an impeller becomes

p = cN3

(47)
Thus, a log-log plot of power versus speed has a slope of 3 and an
intercept of log C. |

While it is possible to have any combination of-geometric ratios in
a mixing operation, the manufacturing procedures have become somewhat
standardized. It is conventional to use four baffles, equally spaced
around the tank, with the baffle extending radially into the water
approximately 0.1 of the tank diameter. This is sufficient to prevent
swirling and the creation of a vortex. A 3-blade square pitch marine.
impeller is generally used with water. A square pitch is a pitch of one,

and indicates that the impeller would move forward one diameter per

revolution if free. This gives an axial flow toward the bottom of- the



40

tank with a flow pattern as shown in Figure 2.

'S
~
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(a) elevation view (b) bottom view

A

Figure 2 - Flow pattern in baffled tanks.

Data presented by Rushton (56) indicate that for impeller heights
from the tank bottom of between 0.7D and 1.6D there appears to be no

effect on the power. %-ratios have been shown to have 1ittle effect on

power input.

5. Summary

There is considerable theoretical justification for expecting
Equation 40 to define the reaeration rate in streams. It has been shown
by Rickard and Gaudy (57) that the reaeration rate in a stirred reactor
can be defined by the velocity gradient. The equation contains f, U,
and D, which were shown by Equations 36 and 37 to be required to define
the vertical velocity distribution and the energy gradient. Thus,
Equation 40 is also completely compatible with current hydraulic theory
for relating turbulence to the physical parameters of the streams. The
dimensionless friction factor, f, can be evaluated from nomograms -and

equations which are found in all texts on hydraulics,
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A regression dna]ysis of the reaeration data reported by Isaacs and
Gaudy (2); using'EqUation 40, gave a cor?e]ation‘coefffcient‘of 0.987
which is-essentially the.samé as that found by the authors Qsing a pre-
diction equation deve1oped'by dimensiona] analysis.

The reaeration data of the pkeseht research was also correlated
with the velocity gradient. -Eduations are présented.for the reaeration
rate constant in terms offtheFVe]Qcity gradienf for both the channel

simulator and the stirred r‘eac‘bcor°

B. Oxygen Utilization Systems

o The;experiments fn fhe.bio]ogica] degradation.portion of this
research were designed to compafe bio]bgfca].stabi1ization processes and
O2 uti]ization as,meaSQred‘in the usual bottle system with the corres-
pohdfng'responses inba}fTOanQFOr stifred system. Such comparison and
deve]dpment of possjble‘re1ati9nships needs to bg:accqmp]ished, because
présént'éngineéring pfdtfﬁcé réqﬁirésvthét.BOD bdtt]e data be used as:
the ﬁrihcipa] measure of theipollutiona]-strength of wastes in»natura]'
streamsvand_becausevthe bottle data must of necéséity usually be used
to estimate the reaeration1rate for the receiving stream. |

Four systems se]egted to be run concurrently were (1) the standard
BOD bott]e and a 2.4 ?iter‘bott]e under quiescent conditions, (2) a 2.4
liter bottle under stirred conditiohs, (3) a flowing system, and (4) a
stirred reactor. All four systems were seeded with identical bjological
populations in eéch’experimentnb The 300 m1 BOD bottle systemé were
used because they ére a standard in professional practice. ‘The 2.4
liter quiesceﬁt and mixed systems were selected to provide sufficient
volume for.the'se]ected analyses, and since the effects of mixing were

to be evaluated it'was necessary that a quiescent system be run as a
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standard along with the mixed bottle system. The flowing system experi-
ments were conducted in a simulated stream in order to measure the
degradation process under stream conditions. If the bottle data were
found to be insufficient for defining the effects of a waste on a
receiving stream, then it would be desirable to have other laboratory
procedures for measuring the degradation process. Hence, the open
stirred reactor was selected, since the reaeration rate found in the
stream could be replicated by varying the mixing rate and because the
system was easily adapted to laboratory use.

It was reasoned that by conducting concurrent experiments in the
four systems it would be possible to evaluate any relationship which
exists between degradation in the BOD bottle and the turbulent stream.
Basically, the differences to be evaluated were the effects of dilution
and mixing on bio]ogicalvgrowth‘and substrate stabilization. Also, the
data from the selected systems would permit evaluation.of the validity
or the engineering usefulness of the assumption that degkadation-occurs
" as a first-order decreasing function.

Since the object of this résearch was to compare laboratory boft]e
data and stream data, the simulated channel and the stirred tank were
operafed at speeds which gave reaeration rates approximating those
occurring in natural streams. The simulated channel was operated at a
velocity of 0.49 fps, and the stirred tank was mixed at an impeller

speed of 184 rpm.

C. Methods Used in Data Analysis

1. Ca]cu]ation of Reaeration Rate Constant

The differential equation for reaeration is



dD _
- g5 = KD (48)

which, upon integration and rearranging, gives-

n(D,/D,)
Ky = — (log base e)(49)
or
. log (Do/Dt)
k2 = (Tog base 10)(50)

¢ 1s the deficit (i.e., Cs - Ct) at

time t, and k2 is the rate constant or the slope of the deficit line as

where D0 is the initial deficit, D

shown in the example given in Figure 3 for the data in Table I, where
the deficit was plotted on a logarithmic scale, and time on an arith-
metic scale. |

The reaeration rate, k2, can be obtained by drawing a Tine through
the deficit points -and determining the slope of the Tine as given by

Equation 50. In Figure 3‘the deficit is 7.0 at t = 0, and 1.35 at

t = 20, thus
_log (7.0/1.35) _ 0.714 _ -1
ky = s135) - 0718 - 0.0357 hr
or
k, = 24 (0.035) = 0.857 day”!

It is essential that the deficit data plot as a straight line, since a
curved Tine is not in agreement with the first-order rate equation, and
in the absence of chemical and biological interference, reaeration

follows first order kinetics.

2. Calculation of Oxygen Uptake from Dissolved Oxygen Data
In an open system for which the oxygen absorption or reaeration

rate constant has been defined, it is possible to compute the biological



TABLE I
DATA USED IN EXAMPLE COMPUTATION OF ‘REAERATION RATE CONSTANT

Inside rim
Outside rim

6 rpm

Rim Speed: 4 vpm

Velocity = 0.622 fps
23°¢

H

Temperature

"

Water Depth = 18 inches

Barometric Pressure = 29.1 inches

C, = [8.50 - 0.1].[29,1/29092] = 8.2 mg/1
Note: 8.5 is from ASCE Progress Report data, and 0.1 is

correction for water using starch endpoint

P | -
Deficit = CS - Ct = 8,2 -D.0

Aeration Time Dissolved Oxygen Deficit

Hours mg/ 1 mg/ 1
0 1.1 7.1

1 1.6 6.6

2 2.3 5.9

3 2.8 5.4

4 3.3 4.9

5 3.7 4.5

7 4.3 3.9

8 4.6 3.6

10 5.2 3.0
12 5.6 2.6
14 6.0 2.2
16 - 6.4 1.8
18 6.6 1.6
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'F1gure 3 - Typ1ca1 oxygen def1c1t data used in. deter-

“mining reaeration rate constant (p]otted
from data in: Tab]e I)
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oxygen uptake during any period of time from observed dissolved oxygen
data. The computational procedure by which 02 uptake curves were com-
puted in this study is essentially the same as that used by Isaacs and
Gaudy (2). The following sample calculations are presented as an
illustration of the procedure. In the top portion of Figure 4 the dis-
solved oxygen concentration in both the simulated receiving stream and
the stirred reactor are plotted against time after introduction of a
known amount of substrate, i.e., the observed dissolved oxygen sag
curves are plotted. The Tower portion of the figure shows the course of
oxygen uptake in both reactors calculated from the sag curve and the
reaeration data.

Tables II and III give the dissolved oxygen data together with the
calculations required for producing the oxygen uptake curve. Columns
1-3 show the date, hour of day, and hours from the beginning of ‘the
experiment. Column 4 shows the dissolved oxygen concentration for the
respective time, and in cb1umns 5 and 6 the temperature and pressure are
listed. Co1umn‘7 shoWs the dissolved oxygen saturation concentration at
the respective tehperature and a pressure of 29.92 inches mercury. The
DO saturation concentration, adjusted for barometric pressure, is given
as Cé in column 8. C;rMnusDO given in column 4 is the deficit, D, which
is given in column 9.

The rate of 02 input to the system by reaeration, given in column

10, is calculated by the following equation:

AD
L =KD 51

ot "2
and the total oxygen input in time period At, given in column 12, is
calculated as \

aD,, =v1<20 [Aq o 52
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TABLE I1

CALCULATION OF OXYGEN UPTAKE FROM DISSOLVED OXYGEN DATA FOR EXPERIMENT IN SIMULATED CHANNEL

3

1 7 ) 5 3 7 g 9 10 T T2 T3 14 15—
DO Temp Pressure Cs O p KD 4 KB} e g3
- Date Time Hours mg/l oc in.Hg mg/1 mg/1 mg/1 mg/l-hr hr mg/1 mg/1 mg/1  mg/1
4- 5 2100 0 8.1 22.7 29.20 8.55 8.35 0.25 0.0178 | 0

4-6 090 12 7.9 22.6 29.10 8.56 8.25 0.35 0.0250 12  0.26 -0.2 0.46 ¢ 46
1500 18 7.9 22.6 28.90 8.56 8.25 0.35 0.0250 2 8-;? 0 0.15 .61

1900 22 7.8 22.7 28.80 8.55 8.20 0.40 0.0286 02 °8‘; 0-3} 0.92

2100 . 24 7.6 22.8 28.80 8.53 8.20 0.60 00428 £ . -7f 02 ?-?1 1.19

4-7 0300 30 6.9 22.6 28.70 8.56 8.20 1.30 0.0928 0t 13 1gs 2:30
0700 34 5.6 22.5 28.70 8.58 8.20 2.60  0.1856 1 033 1e 33 416

1000 37 4.0 22.6 28.70 8.5 8.20 4.20 0.2998 e 1S %2 6.9

1400 41 2.8 22.7 28.85 8.55 8.20 5.40  0.3855 A A S S AN

1700 44 2.6 22.8 28.85 8.53 8.20 5.60  0.3998 o i0e o5y lo.aa

2100 48 3.5 22.9 28.90 8.52 8.20 4.70 0.3355 o w0 ot o

4- 8 0300 54 4.7 23.0 28.90 8.50 8.20 3.50 0.2499 ¢ L S T S )
0900 60 . 5.0 23.1 29.10 8.48 8.25 3.25  0.2320 130 03 sy 1272
1500 66 4.9 23.2  29.10 8.46 8.20 3.30 0.2356 1’30 03 100 1423

- 2100 72 5.2 23.5 29.10 8.42 8.15 2.95 0.2106 ., s N L
4- 9 0900 84 5.8 23.7  29.30 8.38 8.20 2.40 0.1713 ] 2.8 NS 0] 1.9
2000 95 6.5 23.7 29.30 8.38 8.20 1.70 0.1214 4 1S ik by 1.8

4-10 0900 108 6.9 23.7 29.30 8.38 8.20 1.30 0.0928 3 0o 105 03 1886
2100 120 7.4 23.7 29.20 - 8.38 8.15 0.75 0.0535 '¢ . 5 0.38 19,24

Velocity = 0.49 fps , K2 = 0.0714

8%



TABLE II1
CALCULATION OF OXYGEN UPTAKE FROM DISSOLVED OXYGEN DATA FOR EXPERIMENT IN STIRRED TANK

1 2 3 3 5 3 SRS TMN T, | W BE 12 15
c c. D Dt
DO Temp Pressure s :$ D Kz At i ADO 13-14 z
Date Time Hours mg/l oC in.Hg mag/1  ma/1 ma/1 mg/l-hr phy mg/l mg/1 mg/1 mg/1
4- 5 2100 ¢ 850 20 292 9.02 8.80 0.30 0.029 0
2300 2 8.40 20 29.2 g2 Ee0- oMo opw L DR Rl B 0y
-6 0900 12 8.30 20  29.] g6 8.78° 045 ol ) I8 o 0.8
1500 18 8.30 20  28.9 g 80 oM oo 2 D& D DB g3
W0 2 & 0 2MB AW &k 055 omee 2 20 8 8D g5
21086 24 800 20 288 94 £65 065 ovea £ 22 W G gy
4-7 030 30 7.50 20  28.7 G8F B 100 ogeR 0§ o g B a5
0700 34 6.30 20  28.7 90 S0 280 oz o R TR o Aa
0900 36 4.85 20  28.7 o0 Bl 306 DY SRR T R 60
1200 39 4.30 20  28.8 692 866 ke odgs 2 Ll 0@ LIL gl
M0 4 29 20 eass o H65 575 oS & 3L LB I8 5
5007 A2 200 A e 90 b 665 ogse § O8O 1l ga
600 43 206 20 WG 902 BND 6A 0608 . opr oo QA8 1229
2100 48 4.50 20  28.9 g8 8Jp 4 a2 2§ B R O 127
4-8 0300 54 6.15 20  29.0 ol 80> 786 o200 2 g8 - Sl TR 15003
0900 60 6.90 20  29.1 olfz 8. 18 110 ¢ 2B BN L Ia 1367
1500 66 7.30 20  29.1 g - &9 .6 G ¢ S R Rl um
2100 72 7.55 20  29.1 537 G5 180 038 .3 Y R YA yp
4-9 090 8 7.70 20  29.3 ¥z gen' 10 ocwe o5 1R T 180 - 1508
2000 95 7.70 20  29.3 gz 56 100 018 1 T8 tn 1y LN
4-10 0900 108 7.60 20  29.3 oR. fmr Lin- ops 2 Yo bl Ll a7
2100 120 7.45 20  29.2 9.02 8.80 1.35 0.132 ' : ' 20.39

bt
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where K,D is taken as the mean for the time interval At. For the first

12-hour time interval the oxygen input by reaeration is

D & [0.0178 E o.ozso]]z = 0.26 mg/1

The oxygen utilization in the time interval at is equal to the
oxygen added to the system by reaeration minus the change in dissolved
oxygen concentration in the system. For the first time interval (twelve
hours) the oxygen utilization is the sum of the absolute values in
columns 12 and 13 (0.46 mg/1). Column 15 is the summation of column 14
and the quantities listed therein represent the accumulated oxygen uptake
of the system for the time given in column 3. The data in column 15 were
used to plot the oxygen uptake curve in Figure 4. The time intervals in
column 11 should be selected so that the change in dissolved oxygen is
small over the interval and the change in the oxygen concentration should
be uniform over the period selected.

In closed systems the oxygen utilization curve was generated

directly from the observed data.

3. Calculation of the Deoxygenation Rate Constant (First Order
Decreasing)

Because of the difficulty of fitting deoxygenation data to a mono-
olecular rate equation, there have been many methods proposed for
analyzing BOD data. Gaudy, et al. (58) recently published an evaluation
of sixteen methods that have been reported in the literature for calcu-
lating the deoxygenation rate constant from BOD data. The two most
appropriate methods, in the writer's opinion, are those proposed by
Tsivoglou (59), and by Isaacs and Gaudy (68). Both methods require the

plotting of sufficient points to determine if the data is too scattered
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to be used,

The data shown in Figure 5 can be used to illustrate the calcula-
tion,procedufe when using the method proposed by Isaacs and Gaudy (60).
An examination of the 0, curve 1nd1cates that a decreaéjng rate is
effective from sixty to one huhdred-tWenty hours. A fikst approximation
of the first stage demand, L s 18 taken as 20.0 mg/] Then, as shown
by Isaacs and Gaudy, the true f1rst stage demand L for the data if it
is to obey f1rst order k1net1cs is

L=l - PR o (53)
where the adjustment, u,'which‘needs to be applied to the assumed demand

of L;'is given by

= — - (54)
Ly +lp -2y
where the,LE va]des‘are'equal tofthe“BOD remaining at the respective

times, t, and t3 is thefaveragevof=t] and‘tz. “Thus, as shown on the

figure: - |
| t; = 60 hours, L;”= 20-12.7 = 7.3
t, - 120 hours, L, = 20-19.2 = 0.8
té - %0 hours, L = 20517;5>= 2.5
and o | -
Lo {1.3)(0.8) - 2.5)%
7.3 ¥0.8-2(2.5) "
giving _  A
L, = 20.0 -_(;0.1) - éoﬁi -

Knowing L the fo]]ow1ng table can be constructed from the BOD

data where Y is the BOD exerted att1me't (see Tab]e II for Y va]ues)
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Time Y L.~

a Y = Lt t
__EE ;ET; 7.4 _B—EEE;Q,
72 15.3 4.9 12 hours
84 17.0 3.1 2 hours
96 17.9 2.2 36 hours
108 18.9 1.2 48 hours
120 19.2 0.9 60 hours

A plot of -lTog (L-Y) versus t gives a straight line which permits

evaluating k1 as follows from Equation 3:

Tog (L /L,) |
_ 172’ _ log (7.4/0.9) _ -1
“ TR, T 60728 - 0 0.37 day

Thus the decreasing portion of thé curve gives a first stage demand of
20.1 mg/1 and deoxygenation constant of 0.37 day']. However, ‘it is
obvious from the figures that the entire course of 02 uptake is not
described by first order decreasing rate kinetics (see the first sixty

hours), and therefore only the data for the last sixty hours were used.

4, Calculation of the Deoxygenation Rate Constant (First Order
Increasing)

During the log growth phase the‘oxygen uptake can be expectéd to
follow the biological growth curve and can therefore be defined by a
first order increasing rate function. As shown by this research, the
rate of oxygen uptake during this phase of the deoxygenation process is
more significant in stream degradation than the decreasing rate. The
increasing rate can be evaluated by plotting oxygen uptake versus time

on semi-log paper. The slope of the straight Tine portion of the
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curve is the incfeasing rate cdnstant,: Hencé for the oxygen uptake
curve shown in ngure 5 the ihc?easing rate Ki is. found by plotting the
data from about twenty to.thirtyfeight hours, which is the increasing
rate portion of thevCUrve, and taking the slope of the 1ine through the
stréightkportion 6f the curve as_fol]ows<(from Equation 4 or 5):

-l .

- In(6.5/2.19) _ ¢ 156 pp-!

K= 737030

or

_ log (6.5/2.19) _ -1 _ =1
k_«i “" ——3—7—:——3-‘6— = 0,068 hr = 1.62 day

The increasing rate of oxygen uptake is 5.5 times greater than the
decreasing rate for the same éxperifnent° Hence it appears evident that

this rate 1s more important in the'deoxygehation of the receiving stream.



CHAPTER IV
LABORATORY EQUIPMENT, EXPERIMENTAL PROCEDURES, AND METHODS OF ANALYSIS

A. ‘Laboratory Equipment

1°_v0xygen So1ub1?ity Experiments

Two pyrex battery jars with inside diameters of eight inches and
eighteen inches deep were used as aeration vessels. For experiments
conducted above‘]5°CQ a 30" x 15" x 15" water bath was used}with a
Precision Scientific Lomtemptrbi temperature -control unit. This unit
contains both heating andvfefrigeration‘systems, and gave very sensitive
temperature control. - | | | | |

Four 3/4" baffies were spaced equally distant along the wall of -
the aeration vessel. The water was stirred with a 2%" diameter
stainless steel marine impelier. The impellers were driven by a
Lightin Mode? V7 mixer. A Superior Electric Company Powerstat wés used -
to control the motor speed.

A refrigerator was used for temperature control in the experiments
conducted below 150C. The shelving was removed from a household refrig-
erator, and the aeration vessels along with the stirring equipment were
placed inside. Two thousand cc of air/min was added to the refriger-
ator to ensure a constant oxygen pressure.

| A model RC 16 BC Conductivity Bridge manufactured'by Industrial

Instruments was used with a conductivity cell having a constant of 0.1

- b5
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for measuring conductivity. pH was measured by a Beckman Zeromatic pH
meter. The barometric pressure was obtained at the time of sampling
from a recording barometer manufactured by the Taylor Instrument Com-
pany. The recording barometer was routinely checked against a standard
mercury barometér in themeteorology department at Oklahoma State

University.

2. Reaeration Experiments

The simulated channel used in this research was the apparatus
developed by Isaacs and Gaudy (2) at the Oklahoma State University
bioengineering laboratories. The apparatus is constructed of fiberglass

.and ;onsists of a flat-bottomed cylinderical channel, as shown in .
Figures 6 and 7, having an inside diameter of forty-seven and five-
eighths inches and an outside diameter of seventy-three and three-
quarter inches. Rotating inner walls which exténd nearly to the bottom
of the channel provided a rectahgular cross-section of flow having an
inside diameter of forty-eight inches and an outside diameter of
seventy-three inches. These rotating shell walls are independently
belt-driven by 3-phase, 1740 rpm motors with Reeves Vari-speed pulleys.
The drﬁve for each wall also provides for interchange of pulley ratios
at two positions, thus giving high flexibility in the selection of\wa]]
speeds. The apparatus provides a rectangular section of flow twelve
and one-half inches wide with any depth up to eighteen inches.

The velocity of flow was determined in the simulated channel by
use of an A. Ott small current meter (Model C1). The meter was sup-
ported by a template which was permanently attached to the frame of the
apparatus. The template positioned the meter horizonatally, and the

vertical position was achieved by adjusting the meter pole in the
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Figure &

- Photogranh of simulated channel
apparatus.
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template.

The mechanically-agitated reactor was a flat-bottomed cylindrical
pyrex vessel having a diameter of fifteen and one-quarter inches, and a
depth of eighteen inches. Four stainless steel baffles which extended
radially into the vesse]'one-and:one—fourth inches Were equally spaced
around the vessel. The mixing was provided by a four-inch square pitch
marine impeller on a-vekticaj shaft and positioned in the center of the
reactor. The impeller was on the end of the shaft, and was positioned
seven and one-half inches from the reactor bottom. Both impeller and
shaft were stainless steel. The impe]]er was driven by a one-quarter
horsepower motor together With a metallic traction-type compound
planetary transmission having an'output.speed of 0 to 1100 rpm.
Impeller speed was regulated by means of a micrometer control. The
drive was calibrated in use by means of a Strobotac (type No. 631-BL,
General Electric Company, Cambridge, Mass.). A photograph of the unit
~is shown in Figure 8.

Oxygen monitoring equipment consisted of the arrangement shown in
Figure 9. Water was pumped from the bottom of the aeration chamber
through a one-fourth inch rubber hose by means of a small centrifugal
pump having a moulded rubber impeller and pump chamber. From the pump
the water was passed through a one and one-half inch diameter by two
and one-half inch high plexiglass chamber into whfch a Precision-
Scientific Tead-silver oxygen probe was inserted downward to within
about one inch from the Chamber bottom. A teflon-coated one and one-
fourth inch magnet and a Sargent magnetic stirrer were used to ensure
an adequate velocity across the face of the probe. The water eﬁfered

near the bottom of the plexiglass chamber and was returned from the top



Figure 8 - Photeograph of stirred tank apparatus,
oxygen monitoring eguioment, and water
bath used in deoxygenation experiments.
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F1gure 9~ Schematic d1agram of stlrred reactor and
oxygen mon1tor1ng arrangement.
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of the chamber to the bottom of the reactor.. The hose used in the
stirred tank was attached to a baffle tobprevent_any interference with
“the flow. Spacers-were p]aced‘on the bottom of the plexiglass chamber
-to provide a one-fourth_inch air,spacecbetweenvthe magnetic stirrer and
the chamber to prevent heating the'chamber.f The following data are
“presented to inefan 1ndication oflthe‘amount of{heating which can be
realized from using a magnettc’Stirrer;.“A 250 ml beaker‘containing 100
m] wateriat a ‘room temperatUre'otv24°vaas-p]aced-on a Sargent magnetic
stirrer and the speed Was-adjustedvto the mideint'of-the_sca]e. A one
and one—fourth'inChvtef1on magnetvwas used»for mix{no; After one hour
the‘water temperaturevwas 34°Cviand after"two hours'the temperature‘was
'36°C wh1ch was 120 above the room temperature Hence without.proper
,1so]at1onﬁ the magnet1c st1rrer can’ cause a cons1derab]e increase in the
temperature of the contents of a st1rred bott]e |
The same procedures were " used w1th the s1mu1ated channe] to monitor

0, concentration, except that n1pp]es-werevp1aced in the channel bottom
: and the water was withdraun and,returned to the channel bottom. The
monitoring system‘was comp]ete]yvc]osed voffering:no opportunity for any
reaeration to occur. The n1pp]es in ‘the channe] were flush w1th the
bottom to prevent any interference w1th the flow. Sargent Model SR
stripchart recorders were used- to mon1tor the d1sso1ved ‘oxygen concen-
tration cont1nuous]y. | |

A two and three-fourths jnch diameter'fan was used to pull air
across the stirred reactor to ensure a constant oxygen pressure at the
surface The reactor vesse] was p]aced in a water bath, and a Precision

Lo-temptrol unit was used for temperature contro]
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3. -Deoxygenation Experiments |

Thé simulated channéT.and stifred’tank.reactor, together with the
oxygen‘monitor{ng and.recdrding arkahgement and the temperature control
‘unit used in these experiments, were the same as previously described
for the reaeration eXbériments,*‘A 12" x 36" x 13“vdeep covered water
bath used fof-incgbating the‘2}4 1iter bott]eé used 1h.thesé experiments
is shown in‘the right-hand pdrtfoh othigure 8. The water bath also

provided a water Sea] for the bottles.

B. Experimental Procedures

1. Oxygen Solubility Sfudies

| At fhe beginniﬁg.dfveaéh~exberimént the.two pyrex_vessels were -
c]eaned,ffinsed with diSti1Ied water, and filled withbtwe1Ve liters of -
'wéter'(14,6éinch:depth);_:Ohe vesse]1was filled W1th dist111ed Water;
and the dfher with waﬁer from'thé c61d*tap'in the ]abofatory. Samples-
wefe-taken at the beginnﬁng of thé‘experfment for chemical analysis
of the water,.if.éhalySés.were t6 be madea"The vesse1s‘wefe’then ,
either placed in the water bath brvthe reffigerator, depending on the
temperature to be_uéed; |

The water was aerated;for ati]east seventy-two houfs before samples

were taken for diéso]ved oxygén analysis. Samples‘were Withdrawn by
siphbnihg throﬁgh a latex rubbef,hoSe‘dire¢t1y'into a standard BOD
bottle. Threevbottlesvwere fi]]ed fkom each‘aeratfon vgsse] by allow-
ing about 500 h] to oVerf]bw before’addihg 2 ml.of manganous sulfate
solution and‘2 ml of>a1ka]iéiddidé;azide keagent, After addition of
these réagents, the'bott]e wés immedfate]y.capped and vigorously mixed.

The reagents were added with cé]ibrated automatic pipets. The
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precipitate was permitted to settle to approximately the midpoint of the
bottles before»they wene_shaken again and the precipitate allowed te re-
settle. Two ml of concentrated sulfuric acid were then added to each
bottle, and the contents mixed. A volumetric flask waS used to.transfer
203.0 ml to a 500 m] beakerkfor titration. A magnetic stirrer was used
to prov1de ag1tat1on dur1ng the. t1trat1on |

In all exper1ments samples were taken at 24-hour intervals until
equ1]1br1um cond1tlons had been assured; Saturation conditions were
assumed to'pnevail when the same satunation'na]ue was obtained on at
]east two success1ve days after the resu]ts had been corrected for baro-:
metric pressure. This procedure gave a minimum aerat1on period of five
days -for all eXpen1ments.

Several experiments were eonducted by supersaturating tne water
QSing compressed oxygen at the beginning of the exberiment.‘ Sampling
was not started for these.eXperiments nnt{j after ninety-six hours fol-
']owing subersaturatingt This was done beeause it Was found that a longer
period was required to reach‘equilibrium conditions from the‘supersat-
urated condition than from a eonditien,qf‘near satnration»as found in

the tap water.

2, Reaeratlon Exper1ments

The s1mu]ated channe] and st1rred tank were filled to the required
depth with waten from the'cold»tap in the ]aboratory, " The rotating
walls of thebsimuiated channel were adjusted to the required speed by
counting the revoiutiens for a ]O4minute period.  In all cases the walls
were adjusted to give the samerlinear speed which gave an angular speed
ratio for the two walls that was 1nverse]y proportional to the wall

diameter. This gives an 1nside‘wa]1.angular speed that is one and one-
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half times greater than the outside wall speed.

Mean flow velocity in the simulated channel was then determined
using an A. 0Ott small current meter (Model C1). Velocity measuring
points, shown in Figure 12, were located so that all measurements repre-
sent equal areas of flow. The mean velocity was the average of 2-minute
measurements taken at twenty-four positions for the 18-inch depth and at
sixteen positions for the 12-inch depth. This is an extension of the
procedure referred to in stream gauging as the "mid-section" method.

During periods when the tap water was below 209C, hot water was
mixed with the cold tap water to give a starting temperature of approx-
imately 21°C, which was near an equilibrium condition with the laboratory
temperature for the unit. The water was then aerated for twelve hours
before adding 0.02 mg/1 cobalt chloride catalyst, followed by the addi-
tion of sufficient sodium sulfite to remove 8.0 mg/1 of oxygen.

The dissolved oxygen concentration was monitored continuously and
recorded from before removing the oxygen until the end of the experiment.
Samples were analyzed for oxygen content at sufficient intervals through-
out the experiment to provide an accurate record of the sensitivity of
the recording equipment. The simulated channel was emptied and cleaned
before proceeding with another experiment.

The same procedure was used with reaeration experiments conducted
in the stirred tank as was used with the simulated channel. However,
most of these experiments were conducted at a controlled temperature by
using a water bath and temperature control unit. The degree of agita-

"tion was controlled by adjusting the impeller speed.

3. Deoxygenation Studies

The mean velocity and channel wall speeds for the channel simulator
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and the temperature control tooether with the degree of agitation for
the stirred tank were established for these experiments in the same
manner as given for the reaeration exper1ments

Seed was co]]ected on the evening prior to starting an exper]ment
and aerated over night in the laboratory by diffused air. The stirred
reactor was.a]so washed, fi]]ed with water, and. reaerated overnight
before starting an exneriment. The simulated channel was washed, filled
with water, and operated for about two hours with a strong solution of
sodium hypoch]orite_to prevent biological so1ids.carryover from one
eXperiment to thevnext° The unit was then emptied,'rinsed down with a
hosevprior'to,filling and aerating overnight.before starting an experi-
mént. Orthotolidine was used to check for any chlorine residual in the
water before stertino an experimentc |

The fo1IOWing salts were_aieo'added to the reactor waters ten to
twelve hourslprior to starting an experiment:

(1) 1 m][] phosphate buffer so]otion

(2) 1 m1/7 magnesium sulfate solution

-D(JJ

1 ml/T ferric oh]oride solution

(

(1)
)
(3) T ml/1 calcium chloride solution
)
(5)

0.4 mi/1 ammonium sulfate so]otion,b

These solutions were prepared in accordance w1th Standard Methods (3)
except for theé ammonium suifate So1ot10n, which oontained 50 gr/1

(NH ) SO‘° Four-tenths m1/] of this solution was added to the open
systems to provide additional n1trogen, since the substrate concentration
in the reactors was h1gher than what is found in the BOD bott]e The

BOD bottle di]otion water was also aerated overnight by gently stirring

with a marine impeller. Tap water was used and the required salts were
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added in accordance with procedures givenlin Standard Methods. The
water was mixed in a glazed ceramic vessel having a capacity of 30 liters.

At the start of the experiment in the open system, 5 ml/1 of the
the seed material were added followed by the addition of the substrates.
The glucose was added from a standard solution containing 50 gm/1.

Because of its Tow solubility, a suitable stock solution of the glutamic
acid was not found feasible, and it was added directly to the reactor

in the desired:.concentration. The contents of the reactors were mixed
for about fifteen minutes before taking initial samples.

Samples were taken from a tee connection in the circulating system
used in monitoring dissolved oxygen content (see Figure 9). DO was
determined at each sampling period by the Winkler method to provide a
frequent standardization of the probe and recorder. A sample was also
obtained for the fo]]oWing aﬁa]yses: COD, anthrone, viable count,
optical density and, for some of the experiments, microscopic examihation.

The stirred tank reactor was always operated at a speed of 184 rpm
and depth of fifteen inches, giving a volume of 46 liters. The channel
reactor was operated at a velocity of 0.49 fps and a depth of eighteen
inches, giving a volume of 670 liters.

Five mi/1 of seed and the substrate were gdded to the BOD dilution
water at the same time as théy were added to the open reactors. The
contents were mixed,vand ten 2.4 liter and fifteen 300 ml bottles were
filled by siphoning through a rubber hose. Initial dissolved oxygen
content was determined and a sample was taken for COD, anthrone carbo-
hydrate, viable count and, for some experiments, microscopic examination.
The ten 2.4 liter bottles were incubated in a water bath at 20°C. Five

bottles were incubated under stirred conditions, and five were incubated
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under quiescent conditions. The 300 ml BOD bottles were incubated in a
BOD incubator at 20°C.

Samples were taken from the open systéms for analyses at sufficient
frequency to show the course of the biological and physical processes.
During the lag period the frequency was twelve hours, and during the
log growth and plateau phase the frequency was much greater in order to
follow the rapid changes. After the plateau the frequency of sampling
was again decreased to twelve hours.

In the 300 m] BOD bottles dissolved oxygen contentration was deter-
mined at 12-hour intervals. The contents of a mixed and a quiescent
2.4 liter bottle were analyzed every tWenty—four hours for dissolved
oxygen, COD, anthrone carbohydrate, viab]e count and, for some experi--
ments, microscopic examination. |

The seed used in experiments G, H, I, N, and 0 was grown up from an
original sewage inoculum on the substrate to be used in a specific exper-
iment. The culture was acclimated by repeated feeding of the substrate
over a 7-day period. A three liter volume of seed was fed 50 mg/1 of
both glucose and glutamic acid daily for one week. Salts and buffer
were also added daily, and the reactor was aerated and mixed with dif-
fused air during the acclimatjon period. The same procedure was used to
acclimate sewage seed to milk with 50 mg/1 of non-fat dry milk solids
being added daily. Experiments H and O were seeded with an acclimated
seed containing a hay infusion. Jahn (61) has reported that the proto-
zoa which feed mostly on bacteria may be helped by adding a 1ittle
boiled hay infusion prepared by boiling a small quantity of hay in
water. Therefore, a liter of the extract obtained from boiling hay was

added to the seed used in these experiments at the beginning of the



69
.acclimation period. The extract had the color of strong tea.

4, Oxygen Upfaké in Experiments Congucted Wifh High Initia] Oxygen
Tension '

Di]utién water was prepared 1h»a 50 Titeh-pyréx jar,‘using tap
water and the buffer and sé]ts as..given jn Standard Methods plus 0.4 ml
(NH4)ZSO4 from a;stahdard ;o]@tibﬁ Eontaining 50 gm/1 of the salt. The
water was oxygénated for about thirty mihutes using cdmpresséd oxygen
aﬁp1ied through thréejg]asgldiffusers p]aced around the vessel at -about
one-third the radiﬁs‘fromvthe.vé$$e]'wall;.'Seed and sufficient sub-
strafe were added to givevthevrequired concentrafion'for System-A° After
a brief mixing thé bbﬁt]es weré‘fiT]éd'for this system; After fi]iing
the bottles for system A, addifional'substfate was then added to the
‘rémaining liquid{to:giye the required increase in subsfrate conCehtration
- for'syétem,B and the botties-for the second sysfem were filled. This
procedurevwas cbnfinued.fok theAthird,énd fOUrth systems.

Three 3/8 inch dfamétéf:]étex hoses were used concurrently as.
Siphons in filling the bottles which were fi]]ed and capped as rapidly
as'possib]e’soias to give unifdhm‘conditions in all bottles within a
~system. ‘Vigoﬁpus aeration was cbntinued'untiJ é]] botties were filled.
‘A bottle from each System waS‘ana]yzed for initial DO, and QOod agree-
ment Was fbund for the_ihitia] disso]vedjoxygén concentration in the
four systems. It was possible to7get about 35 mg/] of oxygen in solu-
tion using this procédure° .Thé bottles were incubated at ZOOC in a

standard}BOD 1hcubator,
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C. Methods of Analysis

1. Chemical Oxygen Demand (COD)

The COD procedure employed in this research was the same as the
alternate procedure given in paragraph 4.6, Section IV, of Standard
Methods (3), except 10 ml of 0.04 N standard potassium dichromate was
added to each flask, and 0.04 N ferrous ammonium sulfate was used in
the back-titration. Mercuric sulfate and silver sulfate were used in
all experiments. The dichromate solution and mercuric sulfate were
added to the flask before adding the 20 ml sample. When sufficient
samples were obtained for refluxing, sulfuric acid containing silver

sulfate catalyst was added prior to refluxing.

2. Anthrone Carbohydrate

The concentration of carbohydrates was determined by the anthrone
test as proposed by Gaudy (62). Nine ml of anthrone reagent plus a
3 ml sample were employed. Samples were filtered through a 0.45u filter
at the time of collection and immediately frozen until the termination:
of each experiment. The samples for the entire experiment were then
thawed and analyzed: Glucose standards were run with each set of

analysis. Optical density was read at 620 my.

3. Biochemical OXygen Demand (BOD)
The procedures used in this research were in accordance with those
outlined in Standard Methods (3). The Winkler method with the azide

modification was used in all dissolved oxygen determinations.

4, Optical Density

Optical density measurements were obtained for samples from the open
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systems using a Bausc¢h and Lomb Spectronic 20>Spectrophotometer at

540 mu and a 3/4 inch diameter sample tube.

‘5. Viable Counts

Samples were taken direct]y from the respective units, using
- sterile pipets fOr‘making Serial‘dilutions for plating. Difco nutrient
agar with 0.5 per cent Bacto agar:added»was used in all cases.  The spot
plate technique (63) was:used in all experiments. Four 0.02 m1 spots
from each of three di]utions trom one sample were applied per plate.
The plates were'incubated‘at 25°C for forty-eight hours before counting,
using a Quebec Co]ony Counter ' A]] media, g]assware, and eouipment used
in the v1ab1e count studies were ster111zed in accordance with proce- .

dures given in Standard Methods {3). -

6. M1croscop1c Counts of Protozoa.

“Protozoa counts were made w1th a ]1ght f1e]d microscope at 125
magn1f1cat1on using a Sedgw1ch -Rafter count1ng ce]] The m1croscope
used gave a f1e1d of view 1 mm x 1 mm at th1s magn1f1cat1on and the
depth .of the count1ng‘ce1]uﬂs ]‘mm. Therefore each,f1e1d represented a

3

volume of 107" cc. The count was taken as the average of twenty fields

from randomrpositiOns.of'the'ce11‘times 1000.

7. Chemical Analyses of Tap Water
The routine chemTCal analyses consisting of free acidity, alkalin-
ity, chlorides, and pH were made in accordance with procedures given in

Standard Methods (3).



© CHAPTER V

- RESULTS

A Oxygen So]ub111ty

| Seventy exper1ments Were conducted on the so]ub111ty of oxygen 1n
'd1st111ed and tap water The data represent resu]ts obta1ned from trip-
11cate samp]es taken after equ1ﬂ1br1um cond1t1ons had been estab]1shed
Fjgure 10-shows the_a]gebra1c1d1fference 1n5the observat1ons of this
:t.researCh-and_the oxygen saturation concentration reported by Standardv

' Methods (3), Truesdale_and his-assocjates (4, and the-ASCE Progress
Report (5). - | |

The so]ub111ty of oxygen in water observed in th1s research 11es

between the va]ues reported by Truesda]e and his associates and those
'g1ven in the ASCE Progress.Report for temperatures_]ess than 20°C. From
twenty to 25°¢ the:resu]ts_of'this:study.nere essentia11y in agreement
.with~tho$e of.thetTruesdaTe'study. At 300 the results of this study
were in agreement with'ualues reported in the ASCE Progress Report, and
about 0.21 mg/1 louer than-va]ues reported 1n-$tandard Methods. Figure
11 shows‘a p]ot'of'thev02:501Ubility vaiues found in this study and the
reported solubilities from Standard Methods, the Truesda]e group, and
the ASCE Pragress Report The curve for Standard Methods was not
plotted for temperatures be]ow 12 C, s1nce the values are essent1a]1y

the same as those given by the ASCE Progress Report,;

72
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A Teast squares analysis of the results of the present research
gave the following equation for- the so]ubiTity'of oxygen in distilled
water or the tap water used in this research:

. _ 445 -
s -30.2 + T

C (55)
where C is the oxygen so]ub111ty 1n mg/] T is the temperature in
‘ degrees cent1grade, The standard error of estimate was 0.08 mg/1. for
‘the data.. o o _‘

Tab]e Iv g1ves ca]cu]ated oxygen so]ub111t1es based on the above
' equat1on, as we]] as those reported by three other sources.

Tab1e Vv g1ves the chem1ca1 ana]ys1s of tap water. from the 0k1ahoma
State Un1vers1ty water system which was used 1n this study Conduct1v1ty

measurements were made on the d1st111ed water over a period of severa]

months, and 1t was - found to vary from about 1.1 to 1. 8 m1cromhos
B. Rearation

1. SimuTated Channel

h} Th1rty two reaerat1on experiments were conducted to estab]1sh the
re]at1onsh1p between mean velocity and the reaerat1on rate constant
This re]at1onsh1p has_been previously reported by Isaacsvand Gaudy (2);
~ however, the rims on the hevolving walls were replaced‘during the
interim which existed between that reseahch'and the present research.
Therefore tt’wasanecessary that the'relatfonship be re-established,

Twenty-four mean}veiocityfmeasuhements‘were made during the reaera-

tion experiments Seveha] ve]ocity measurements’were made at each wall

speed and water depth used in this study so as to give ve]oc1ty data
from before and after each set of exper1ments

Table VI shows the point ve]ocity values obtadned at three wall



- TABLE IV

SOLUBILITY OF ' OXYGEN IN DISTILLED WATER AT 760 mm PRESSURE AS
: REPORTED BY INDICATED STUDY

~Temp. - | This Truesda]e ASCE E.Rl " Standard

o¢ Study .- - <Study ' _ Report Methods
0 14.73 14,16 = 14.65 14,6
1 14,26 -~ - 13,77 14,25 : 14.2
2 13.82 13.40 -13.86 13.8
3 13.40. - - - 13.06 13.49 =~ 13.5
4 13,01 12,70 13.13 13.1
~5 - 12.64 o 12.37 12.79 ‘ 12.8
6 12.29 ~  12.06 12,46 12.5
7 11.97 11.76 ' 12.14 12,2
8 11.65 11.47 11.84 11.9
9 11.36 11.19 11.55 11.6
10 - 11.07 10.92 17.27 11.3
T 10,81 10.67 11.00 11.1
12 -10.55 10.43° 10,75 10.8
13. 10.31 10.20 10.50 10.6
14 - 10.07 9.98 10.26 10.4
15. 9.84 9.76 10.03 10.2
16 9.63 9.56 9.82 10.0 -
17 9.43 9.37 .61 9.7 -
18 9,23 9.18 - 9.40 9.5
19 - 9.04 9.01 9.21 9.4
20 8.86 ' 8.84 9.02 9.2
21 8.69 -8.68 8.84 9.0
22 8.52 - 8.53 8.67 8.8
23 8.36 - 8.38 8.50 8.7
24 8.21 8.25 8.33 8.5.
25 8.06 - 8.11 8.18 8.4.
26 7.92 = - 7.99 8.02 8.2
27 7.78 . 7.86 7.87 8.1
28 7.65 7.75 7.72 7.9
29 - 7.51 -~ 7.64 7.58 7.8
- 7.53 7.4 7.6

w
o
~
w
(Yo
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CHEMICAL ANALYSES OF TAP WATER
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Conductivity of distilled water =

1.1 to 1.8 micromhos;

Date (1967) 6-19__ 6-23 __7-15___7-20 _8-156___8-28 -7
Acidity |
mg/1 as CaC0, 3.2 8.6 7.5 5.2 3.1 5.3 4.0
Alkalinity -
mg/1 as CaCO, 160 154 133 143 91 152 118
Chlorides |

- mg/1 as G1- 80 82 66 80 69 80 66
pH 7.85 7.6 7.5 7.7 7.5 7.6 7.6
Conductivity _ .
micromhos 600 550 540 560 560 - 540
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Note; Rim speed is gﬁven in revo]utions per minute for .

inside and outside rims.

10.891

POINT VELOCITIES IN FEET PER SECOND FOR iNDICATED DEPTH AND RIM SPEED
T2" Depth T8 Depth
S - _Rim -Speed . Rim Speed
Point . 6-4 ~— 0-6 . 12-8 4.5-3 6-4 __ 9-6 12-8
AT 0.614  0.872 1.194 0.492  0.616 0.962  1.228
A-2 0,635 0.830 1,228 | 0.501 0.611 .0.933  1.29]
A-3- - 0.645 - -0,85%-1:268 ~|--0.511 - 0.629  0.930  1.319
A-4  0.687  0.949  1.325 | 0.526  0.648  0.949  1.342
A-5 e . 0.549  0.669  0.954  1.399
A-6 o | o0.566 . 0.727 0.999  1.455
- B-1 0.595  0.817 1,154 0.477  0.616  0.843  1.171
B-2  0.585  0.804 - 1.126 | 0.482 0,616  0.856 1,183
B-3 © 0.603 . 0.825  1.154 0.488  0.606  0.846  1.211
B-4  0.624 ~ 0.901  1.200 '0.496  0.611  0.869  1.228
B-5 L ; - 0.499 ' 0.598  0.901  1.256
B-6 - . | 0.517 -0.648  0.904 1,291
C-1 0.574 0.817 1.114 |. 0.465 0.608 - 0.862 . 1.165
c-2-  0.561  0.814 - 1.091 0.458 0.582- 0.822  1.137
C-3 0.553 . 0.811  1.097 0.452  0.585  0.785 1,137
C-4 0.550  0.817 1.103 0.458  0.585 0.804  1.143
c-5 O 0.463  0.587  0.896  1.160
c-6 - 0,475 0.608  0.888 - 1.171
D-1 . 0.606 0.872 1.171 | 0.484  0.632 0,904  1.205
D-2  0.611 ~ -0.875  1.205 | 0.475- 0.616 ~ 0.893 1.200
D-3 0,585 0.862° 1.165 0.480  0.608  0.869  1.222
- D-4 0.598  0.864  1.120 0.475  0.627  0.906  1.257
D-5 ‘ | | 0.477 0.619  0.880  1.262
D-6 | ) | 0.496  0.645  0.935  1.257
Average 0.607  0.849  1.17 0.490  0.621 1.237
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speeds for both a twelve and 18-inch water depth. The ppsitions of the
velocity measurements are shown in Figure 12. The velocity data given
in Table VI indicate that the velocity did not vary greatly over the
channel cross-section. The highest point velocities were observed near
the channel walls and near the surface, while the lowest velocity
occurred near the center and at the bottom of the channel. The same
type of vertical velocity distribution is found in natural streams.
Excellent agreement was found between successive velocity measurements
at a point at any given wall speed.

Table VII gives a composite of the calculated mean velocity values
together with the average velocity for each depth and rim speed used in
this study. The aVerage mean velocity was used in the reaeration rate
constant determinations since the average value from several measure-
ments is more nearly the true velocity than any single measurement.

The composite data for the thirty-two reaeration experiments con-
ducted in the simulated channel are given in Table VIII. The data are
listed by ve]ocity—depth groups -consistent with the designations used in
Table VII. Column 3 in the table gives the inside wall and outside wall
rotational speed, respectively, in revolutions per minute. The velocity
data given in column 6 are the average values for the respective group
of measurements. The kinematic viscosity values as given in column 7
may be found in most textbooks and reference books re]afed to fluid
properties. Column 8 gives the hydraulic mean depth or hydraulic radius
which is the area of flow divided by the wetted perimeter. The Reynolds

number, N, _, is the ratio of inertia to viscous forces and is given by

Re
the following equation:

ub ub

N = ==

Re M —\T (56)
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Figure 12 - Velocity measur1ng po1nts for simulated
channel.



MEAN VELOCITY FOR SIMULATED CHANNEL

' TABLE VII

Exp.

Group . Rim -
‘No. No. Speed Depth Velocity
1 4.4-2.9 18" 0.474
A 2. . ' 0.465 .
3 0.460
Average 0.466
1 4.5-3.0 18" 0.490
R 2 : 0.490
. -3 o 0.490
Average . 0.490
, 1 6-4 12" 0.596
C 2 : 0.607
3 0.600
Average 0.601
v 1 o 6-4 18" 0.614
o 2 - 0.624
D © 3 0.627
4 0.622
5 0.621"
Average 0.622
1 9-6 12" 0.842
£ -2 ‘ ' 0.849
' -3 0.882
Average 0.858
1 9-6 18" - 0.891
= 2 . ‘ . 0.896
3 0.888
‘ Average : 0.892
'G 1 12-8 12" 1.17
Average » : 1.17
1 12-8 18" 1.246
H 2 - : 1.253
‘ 3 : 1.237
Average 1.245
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TABLE VIII
COMPOSITE DATA FOR REAERATION EXPERIMENTS IN SIMULATED CHANNEL

1 2 3 4 5 b 7 8 E] 10 11 12 13 14 15 16 17
x 10° Ne G 6x107 K K 64372
# # Rin_ Depth Temp Vel. 3 R " o 05 R Rope Mg AT .
Group Exp. Speed* ft oC fps ft"/sec feet x 10 f Sec hr hr hr” hr™ x10~ U /
1 6 -4 1.0 21.4 0.601 1.046 0.343 1.97 0.0189 11.96 43.06 0.154 0.149 0.0647 43.06 0.601
C 2 6 -4 1.0 21.6 0.601 1.046 0.343 1.97 0.0189 11.96 43.06 0.153 0.147 0.0638 43.06 0.601
3 6 -4 10 21.8 0.601 1.046 0.343 1.97 0.0189 11.96 43.06 0.150 0.145 0.0630 43.06 0.601
4 6 -4 1.5 23.0 0.622 1.012 0.386 2.37 0.0181 11.81 42.52 0.083 0.077 .0.0334 23.15 0.339
D 5 6 -4 3 233 0.h2 1.012 0.386 P T 0.0181 1.81 42.52 0.083 0.077 0.0334 23.15 0.339
6 6 -4 ) 23.0 0.622 1.012 0.386 2237 0.0181 11.81 42.52 0.087 0.081 0.0352 23.15 0.339
7 6 -4 Jad 23.0 0.622 1.012 0.386 2.37 0.0181 11.81 42.52 0.086 0.080 0.0347 23.15 0.339
8 9 -6 1.5 23.8 0.892 0.992 0.386 3.47 0.0168 19.73 71.03 0437 - 0.125 0.0543 38.67 0.486
F 9 9 -5 15 23.6 0.892 0.992 0.386 3.47 0.0168 19.73 71.03 0.136 0.125 0.0543 38.67 0.486
10 9 -6 1.5 23.9 0.892 0.992 0.386 3.47 0.0168 19.73 71.03 0.132 0.121 0.0526 38.67 0.486
11 9 -6 15 24.3 0.892 0.992 0.386 3.47 0.0168 19.73 71.03 0.128 0.116 0.0504 38.67 0.486
12 9 -6 1.0 23.3 0.858 1.039 0.343 2.83 00025 39,70 70.92 0.232 0.214 0.0929 70.92 0.858
E 13 9 -6 1.0 21.9 0.858 1.039 0.343 2.83 0.0175 19.70 70.92 0.230 0.220 0.0955 70.92 0.858
14 9 -6 1.0 21.9 0.858 1.039 0.343 2.83 0.0175 19.70 70.92 0.213 0.204 0.0886 70.92 0.858
15 12 -8 15 21.9 1.245 1.039 0.386 4.63 0.0159 30.92 111.31 0.143 0.137 0.0595 60.59 0.678
H 16 12 -8 k5 21.8 1.245 1.039 0.386 4.63 0.0159 30.92 111.3] 0.147 0.141 0.0612 60.59 0.678
17 32i=8 T 22.0 1.245 1.039 0.386 4.63 0.0159 30.92 111.31 0.158 0.151 0.0656 60.59 0.678
18 12 -8 1.0 ez 1:1¢ 1.041 0.343 3.85 0.0165 30.44 109.58 0.299 0.285 0.1237 109.58 1.17
G 19 12 -8 1.0 o ST Rk s g 1.041 0.343 3.85 0.0165 30.44 109.58 0.304 0.291 0.1264 109.58 ? [=9 b
20 12 -8 1.0 7 37 N = 74 1.041 0.343 3.85 0.0165 30.44 109.58 0.299 0.286 0.1242 109.58 117
21 12 -8 1.0 o] B LR b 1T 1.041 0.343 3.85 0.0165 30.44 109.58 0.292 0.279 0.1212 109.58 1.1¢
22 4.5-3 1.5 23.2 0.49 1.006 0.386 1.88 0.0191 8.50 30.60 0.069 0.064 0.278 16.66 0.267
23 4.5-3 b 23.2 0.499 1.006 0.386 1.88 0.0191 8.50 30.60 0.074 0.069 0.0300 16.66 0.267
B 24 4.5-3 ¥ 23.2 0.49 1.006 0.386 1.88 0.0191 8.50 30.60 0.070 0.065 0.0282 16.66 0.267
25 4.5-=3 5 23.2 0.49 1.006 0.386 1.88 0.0191 8.50 30.60 0.071 0.066 0.0287 16.66 0.267
26  4.5-3 1.5 23.2 0.49 1.006 0.386 1.88 0.0191 8.50 30.60 0.071 0.066 0.0287 16.66 0.267
F 27 9 -6 1.5 23.5 0.892 1.001 0.386 3.44 0.0168 19.64 70.70 0.134 0.123 0.0534 38.49 0.486
F 28 9 =6 1.0 20.8 0.858 1.067 0.343 2.76 0.0176 19.48 70.13 0.212 0.208 0.0903 70.13 0.858
D 29 6 -4 T.h 24.2 0.622 0.985 0.386 2.43 0.0182 12.00 43.20 0.072 0.065 0.0282 23.52 0.339
C 30 6 -4 1.0 22.8 0.601 1.017 0.343 2.02 0.0187 12.06 43.42 0.172 0.161 0.0699 43.42 0.601
A kil 4.4-2.9 1.5 23.7 0.474 0.997 0.386 1.84 0.0193 (- g [ ST [ 0.083 0.076 0.0330 16.01 0.258
32 4.4-29 1.5 23.2 0.474 1..006 0.386 1.83 0.0193 8.13 29.28 0.076 0,071 0.0308 15.94 0.258

é8
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where U is the mean velocity, D is a characteristic length (for open
channel systems the hydraulic radius is used), and v is the kinematic
viscosity. The Reynolds number is dimensionless, and any consistent
system of units may be employed in its use.

The dimensionless friction factor, f, is related to the Reynolds-
number and the character of the channel. There have been various equa-
tions proposed for calculating the friction factor for flow in smooth
and rough pipes and channels (12). The friction factor values found in
column 10 of the composite data were calculated by the Prandtl-von Karman

equation for smooth channels, which is-

-2 10g [NRe \/?:] + 0.40 (57)

Since the mean velocity is related to the friction factor which, in
turn, is related to velocity, it is noted that the quation requires a
trial and error solution. For this reason, nomograms are a more popular
means of evaluating the friction factor. One form of these nomograms
is commonly termed "Moody Curves." These may be found in textbooksvon
hydraulics (64).

The velocity gradients, G, given in columns 11 and 12, were calcu-

lated from Equation 40, which is

The characteristic length for expressing the depth D for open channel
flow is the hydraulic mean depth. The unitsqf 6 awesec-], as given 1in
column 11. However, G is given 1in hr']‘in column 12, which agrees with
the units of K2 and these values are used in the regression analyses.

The 1b-ft/sec system is used in the analyses; however, since the
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friction factor is dimensionless, the equation is equally applicable to
either the metric or English system of measurement, since time units are
common to both systems.

The reaeration rate constants given in column 13 were calculated
from the reaeration data for the respective experiments. The K2 values
were adjusted to a standard temperature of 20°C by the reaeration rate-
temperature relation proposed by the ASCE Commiftee on Sanitary Engi-
neering Research (65). The relationship is given by

T-20

K 1.0241 (58)

2-1 = X2-200
where T is the temperature in degrees centigrade, KZ-T is the reaeration
rate constant at the respective temperature, and K, ,,o is the rate at
20°C.

The data given in columns 13 and 14 were obtained by using natural
Togarithms, and the reaeration rate constants given in column 15 are for
use with common logarithms (k = 0.4343K).

The data from this research were analyzed to give the reaeration
rate in terms of the mean velocity as proposed by Isaacs and Gaudy (2),
and also to give the reaeration rate constant in terms of the velocity
gradient, G e,

The relation between the reaeration rate constant and velocity was

found to be

= 0.003 + 0.2417 [U/H3/2] (59)
1

Ks_200

where K, o5 is the reaeration rate in hours™" at 20°C, U is the mean

velocity in ft/sec, and H is the depth of flow in feet. The plot of the
/2

reaeration rate constant versus U/H3 is-given in Figure 13. The corre-

lation coefficient for the data was 0.992. The intercept of 0.003 is
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small and can be omittedﬁwithdut causing a significant change in the

calculated value of K This gives the following equation:

"
- 0.217 [u/w¥/?] (60)

H3/2

K2-200
A plot of the reaeration coefficient versus G/ is given in
Figure 14. The regression equationafor'Kz, hour'] in terms of the

velocity gradient was

- -6 3/2
Ky_ngo = 0.0292 + 2.367 x 10 ‘[G/H ] (61)

where G is in hours'], and the depth H is in feet. The intercept of
0.0292 is not insignificant in this case and cannot be omitted.

It is emphasized that the eduatibns reported herein are for turbu-
lent flow and therefore do not apply when the velocity gradient is zero.
The reaeration rate constant at zero G was found by experimentation to
be 0.0097 hour ™.

The data from the present researchwere combined with data previously
obtained with the experimental apparatus by Isaacs and Gaudy (2). A

plot of the combined data is shown in Figure 15, and the regression

equation for these data was given by

K

pp00 = 0.0430 + 2,666 x 1070 [e/3/2] (62)

1

where K2 and G each have dimensions of hour ', and H is in feet. The

correlation coefficient was -0.987. ..

The regression of K2_200 on U/H3'/2 for the combined data was

= 3/2
K2_200 = -0.0283 + 0.3252 [U/H ] (63)

and the correlation coefficient was 0,989,

It seems evident from the correlation coefficients for Equations 59
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through 63 that the reaeration data correlates equally well with ejther

the velocity gradient, G, or the mean velocity, U.

2. Stirred Tank
Seventy-nine reaeration experiments were conducted in the stirred
tank reactor. The experiments covered a range of impeller speeds'from

184 to 736 rpm, and reaeration rates from 0.089 to 1.25 h\f"1

(log base e).
The impeller speed was calibrated with the drive micrometer posi-
tion as given in Chapter IV of this thesis. The dataare presented in

Figure 16, and the impeller speed was.given by

Shaft speed, rev/min = 36.8 [dial positio&] (64)

The composite data for the reaeration experiments are given in
Table IX. The power input to the system, P, ft-1b/sec, as given in
column 4 of Table IX is for a 4-inch square«pitch marine impeller. The
following equation for power input was developed from data reparted by
the equipment manufacturer (66), using the relationship given in

Equation 47:

ft-1b _ -6 3
P, Te-g-‘- 05150 x 10 N (65)
or
Tog P = -6.832 + 3.0 log N (66)

where N is the impeller speed in revolutions per minute. The water vis-
cosity as given in column 6 may be found in hydrau]ié reference materialb
Cblumn 7 gives fhe reaeration rate constants for the respective experi-
ments. The K2 values are adjusted to 20°¢ by Equation 58 and presented
in column 8. The data in columns 7 and 8 are for use with natural log-
arithms, and the data in column 8 hgye been adjusted for use with common

logarithms and presented in column 9.
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TABLE 1x
COMPOSITE DATA FOR REAERATION EXPERIMENTS IN. STIRRED REACTOR

1 2 3 4 5 6 7 8 9 10 11
, KX PR 5o
Exp. Speed Impeller P Temp ux104 2'{ 2'290 2'2? GX]O] " ?02
No. Dial rpm ft<4/sec C__Ib/ft-sec hr~ hr” hr” hr” (Kpx10%)
1 10 368 7.500 .5 10.206 0.117 0.158 0.364 13.905 1.199
2 10 368 7.500 5 10,206 0.097 0.139 0.320 13.905 1.143
3 10 368 7.500 5 10.206 0,105 0.150 0,345 13.905 1.176
4 10 368 7.500 5 10,206 0.102 0.146 0.336 13.905 1.164
5 10 368 7.500 5 10.206 0.095 0.136 0.313 13.905 1.133
6 10 368 -7.500 5 10.206 .0.102 0.146 0.336 13.905 1.164
7 15 552 25.293 5 10.206 0.337 0.487 1.108 25.536 1.682
8- 15 552 25.293 5. 10.206 0.326. 0.466 1.073 25.536 1.668
9 15 552 . 25.293 5 10.206 0.340 0.486 1.119 25.536 1.687
10 15 552 25.293 5 10.206 0:335 0.479 1.103 25.536 1.680
11 - 184 0.936 10 8.801 0.070 " 0.089 0.205 5.290 0.949
12 5 184 0.936 10 8.801 0.074 0.095 0.219 5.290 0.978
13. . 5 184 . 0.936 10 8.801 0.074 0.094 0.216 5.290 0.973
14 5 184 0.936 10 8.801 0.073 0.093 0.214 5.290 0.969
15 10 368 7.500 10 8.801 0:151 0.191 0.440 14.974 1.281
16 10 368 7.500 10 8.801 0.142 0.181 0.417 14.974 1.258
17 10 368 7.500 10 ©8.801 0.141 0.178 0.410 14.974 1.250
18 10 -+ 368 7.500 . 10 8.801 0.144 0.183 0.421 14,974 - 1.262
19 15 552 25.293 - 10 8.801 0.345 0.438 1.009 27.499 1.641
20 15 552 25.293 10 8.801 0.343 0.436 1.004 27.499 1.640
21 15 552 25.293 10 8.801 0.340 0.432 0.995. 27.499 1.635
22 15 552 25.293 10 8.801 '0.343 - 0.435 1.002 27.499 1.639
23 20 736 59.980 10 8.801 .0.740 0.939 2.163 42.346 1.973
© 24 20 736 59.980 10 8.801 0.742 Q.942 2.169 42.346  1.974
25 20 736 59,980 .10 8.801 0.771 0.979 2.255 42.346 .1.991
26 - 20 736 59.980 10 - 8.801 -0.756 0.959 2,209 42.346 1.982
27 5 184 0.936 15 7.692 0.081 . 0.091 0.210 5.658 0.959
28 5 184 0.936 15 7.692 0.082 0.092 0.212 5.658 0.964
29 -5 184 - .0.936 15 7.692 0.078 0.088 0,203 5.658 0.948
30 5. 184 0.936 15 7.692. 0.080 0.090. 0.207 5.658 0.954
31 10 368 7.500 15 7.692 0.145 -0.163 0.375  16.017 ° 1.212
32 210 368 7.500 15~ 7.692 0.144 . 0.162° 0.373 16.017 1.210
33 10 © 368 7.500 15 7.692 0.129 0.145 0.334 16.017° "~ 1.161
34 10 368 7.500 15 - 7.692 0.139 " 0.157 0.362 16.017 1.193
35 15 552 . 25,293 15 7.692 0.35] 0.396 - 0.912 °29.414 - 1,598
36 15 552 25,293 15 7.692 0.350 0.394:. 0.907 29.414 1.595
37 15 . 552 25,293 15 7.692 0.323 0.364 0.838 29.414 1.561
38- 15 552 25,293 5. - 7.692 .0.337- 0.380 0,875 29.414 1.58Q
39 20 736 59.980 15 . 7.692 0.721 0.812 .1.870 45.296 1.910
40 20 736 59.980 15 7.692 0.767 0.864  1.990 45.296 1.936
41 20 736 59,980 15 7.692 0.750 0.845 '1.946 45,296 - 1,927
42 20 736 59,980 15 7.692 0.738 0.831. 1.914 45,296 1.920
43 5 184 0.936 20 6.779 0.103 0.103 0.237 6.027 1.013
44 5 184 0.936 20 6.779 0.105 0.105 0.242 6.027 - 1.021
45 5 © 184 0.936 20 - 6,779 0,116 0.116 0.267 6.027 1.064
46 5 184 0.936 = 20 6.779 0.105 0.105 0.242 6.027 1.021
47 10 368 7.500 < 20 5.779 0.200 0.200 0.461 17.062 . 1.301
48 - 10- 368 7.500 20 - €.779 0.192 0.192 0.442 17.062 1.283
49 10 368 7.500 20 €.779. 0.197 0.197 0.454 17.Q062 1.294
~50 15 552 25.293 20 €.779 -0.431 . 0.431 0.993 31.332 1.634
51 15 552 25.293 20 6.779 0.401 0.401 0,924 31.332 1.603
52 - 20 736 59.980 = 20 €.779 .1.090 . 1.090 2.510 48.250 2.037
53 20 736 59,980 20 6.779 1.067 1.067 2.457 48.250 2.027
54 20 736 59.980 20 6.779 1.252 1.252 2.883 48.250 2.097
55 20 736~ 59.980 20 6.779 1.136 1.136. 2.616 48.250 . 2,055
56 10 368 7.500. . 25 6.914 0.191 0.170 0.392 "18.114 1.230
57 10 368 - 7.500 25 6.914 0.196 . 0.174 0.40] 18.114 1.240
58 10 368 7.500 25 6.014 0.188 0.167 .0.385 18.114 1.223
59 10 368 7.500 25 6.014 0,193 -0.171 .0.394 18.114 1.233
60 . 15 LY 25.293 25 . 6.G14  0.428 0.380 0.875 33.266 1.580
61 15 552 25.293 25 6.014 0.410 0.364 0.838  33.266 1.561
62 15 552 25.293 25 6.0i4 0.363 .0.323 0.744 33.266 1.509
63 15 552 . 25.293 © 25 6.014- 0.389 0.345 0.794 33.266 1.538
64 10 368 7.500 25 6.014 0.193 0.171 .0.394 18.114 1.233
65 10 368 7.500 25 6.014 '0.194- 0.172 0.396 18.114 1.235
66 15 552 25.293 25 6.014 0.440 0.390 0.898 32.266 1.59]
67 15 . 552 25.293 25 6.012 0.523 0.464 1.069 32.266 1.667
68 15 552 25.293 25 6.014 0.45]1 0.400 0.921 32.266  1.602
69 15 552 25.293 25 6.014 0.421 0.373 0.869 32.266 1.572
70 15 552 25.293 25 6.014 0.504 0.447 1.029 32.266 1.650
Al 7.5 276 3,162 22.5 6.380 0.130 0.122 0.281 11.420 1.086
72 7.5 27¢ 3.162 23.0 6.303 0.142 0.132 0.304 11.489 1.121
73 7.5 .27¢ 3.162 22.5 6£.380 0.139 0.131 0.302 11.420 1.114
74 12.5 460 14.62 23.0 6.303 0.283 0.263 0.606 24.705 1.420
75 12.5 460 ©14.62 - 22.8 6.334 0.283 0.265 0.610 24.644 1.423
76 17.5 644 40.18 23.4 6.247 9.732 0.675 1.554 41.138 1.829
77 17.5 644 40.18 22.8 6.334 0.742  0.693 1.596 40.855 1.841
78 17.5 644 40.18 22.9 6.319 0.690 0.644 1.483 40.903 1.809
79 17.5 7 6 0.744 1.713 40.807 1.872

644 40.18 22. .349 0.794
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The velocity gradient data given in column 10 were computed from

Equation 41, which is

Pg
G = 3655v[;;;-
M

A semi-logarithmic plot of the reaeration rate constant versus the
velocity gradient is shown in Figure 17. The regression equation for
the data is

6

0.2503 x 107G

K = 0.0697 x 10 (67)

2-200
The correlation coefficient for the equation was 0.987. The reaeration
coefficient, K, (hourf]) is for use with natural logarithms.

Since the flow pattern in stirred vessels is related to the geo-
metric and kinematic parameters of -the reactor and impeller, the
relationships found from this research cannot be extended to other
installations unless dynamic similitude is maintained. However, this
does not impose undue restrictioné on the use of the equations presented
in this report, since the conditions adopted for this research are in
accord with recommended conditions for stirred tanks (56), and should be
used in all operations where aeration in mechanically stirred vessels is

achieved through turbulence.

C. Deoxygenation Studies

1. General Comments

The experiments on deoxygenation responses were designed to eval-
uate the relationships which exist for biological degradation in closed
quiescent systems with those occurring in open turbulent systems. For
presenting the results, the experiments have been grouped according to

substrate and type of seed used. The data are presented so as to show
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the relationship which existed between the simulated channel and the
stirred tank, the oxygen uptake in the simulated channel and the bottle
systems, the stirred and quiescent bottle systems.

The summarized data for the deoxygenation experiments are presented
1n‘Tab1é X. The notations used in the table are as follows:

1. System designation

A = simulated river channel
B = stirred tank
C = bottle system

2. Substrate designation

G+GA = glucose-glutamic acid, mg COD/1

S = settled sewage collected from the primary clarifier effluent
launder, Stillwater, Oklahoma, sewage treatment plant, mi/1
M = non-fat dry milk, mg/1

% protein
% lactose

manufacturer's analysis: 36.7
51.0
8 % fat
0
5

% mineral
% moisture

6
1
0
8
3.

3. Seed designation

S

settled sewage

AS = settled sewage acclimated to substrate

4, BOD designation

Yp = oxygenvuptake to plateau

Y5 = b-day oxygen uptake

La = "first stage" or "carbonaceous stage" oxygen uptake

K1 and k] = rate constant for portion of -oxygen uptake curve

that was. approximately defined by a first order decreas-

ing relationship



SUMMARTZED DATA FOR DEOXYGENATION EXPERIMENTS

TABLE X

Exp Substrate  Initial Initial  Lag p Y La Yoy s / S 5 ks
Group 4  System Substrate Seed Conc. cop Carbo. Hours (Plateau) (5-day) mg/l /7 cop /COD Hour~1 Day~! Da_y']
A : 15415 30 - 15 14 11.0 - 23.0 25.8 0.37 0.76 0.0247 0.252  2.06
I A B G+GA S 15+15 .30 15.5 12 11-.0 ©26.0 30.8 0.37 0.86 0.0153 0.159 2.22
C 8+ 8 15 8 .. 36 L= 15.4 18.3 C - 0.55 0.0205 0.214 -
A ’ 15+15 - 30 15 14 10.5 “19.2 20.1 0.35 0.64 0.0355 0.370 1.62
B B - G+GA S 15+15 30 16 14 12.0 20.4 - . 0.40. 0.68 - - 1.66
C 8+ 8 20 - . 40 - 13.1 16.4 = 0.44 0.0232 . 0.242 0.95
A 15+15. 29.5° 15 - 19’ 11.9 22.3 - 26.7 0.40 0.76 0.0132 0.137 2.97
C B GtGA S- 15+15 30 i5 . 12 1.7 23.7 31.9 0.39 0.79 0.0104 0.109 2.10
C 7+-7 - 16.5 7.6 . 50 - 10.1 - 12.7 - 0.34 0.010 0.104 . -
A 15415 31 7.5 18 12.0 19.9 24.7 0.39 0.64 © 0.0093 0.0975 2.3%
D B - G+GA S 15415 30 7.5 15 . 12.5 28.4 32.4 0.42 0.95 0.0176 0.184 2.18
C : 7+ 7 15.9 . 4.0 50 - 1.8 - - 0.36 - - -
A : 15415 30 15 12 12.0 22.1 23.8 0.40 0.74 - 0.0212 0.220 2.32
t B G+GA S 12412 25 13.5 12 10.0 - 21.2 29.7 0.40 . 0.84 0.0123 0.129 2.42
- C 9+ 9 18 7.0 24 - - . 13.0- 18.6 - 0.44 0.0086 0.089 1.46
A B 15415 30.3 15.1 30 9.0 .. 20.3 - 20.1 0.30 0.67 0.049 0.510 2.06
F B8 G+GA N 12412 25.7 31.0 24 12.0 23.6 20.0 0.47 0.92 0.037 0.383 2.19
C - 8+ 8 16.0 7.7 48 - 15.2 16.1. - 0.51 0.047 0.487 1.09
A 15415 28.4 15.2 24 "L - 20.6 22.3 0.42 1 0.72 0.025 0.26 2.92
II G B G+GA AS 12412 26.8 13.5 24 A - 19.5 20.4 0.4 0.73 - 0.029 0.30 2.92
C 5+ 5 10.5 5.5 24 L= -18.4 - - 0.65 - - -
A 15415 30.8 14.4 24 11.5 17.4 20.0 0.37 0.57 0.0133 0.14C 2.18
H B G+GA AS 14+14 28.0 -13.2 12 “12.0 26.0 - 0.43 0.93 - - 2.09
C 5+ 5 10.6 -4.9 36 _= 18:2 22.0 - 0.61. 0.0110 0.115 1.23
A 15+15 30.0 - 18 12 11.0 20.7 . 23.4 0.37- 0:69 0.0172 0.179 1.90
I B G+GA AS 12412 22.0 14.6 12 10.5 . 23.7 23.5 0.48 1.01 0.0370 0.383 1.90
c _6+ 6 12.6 9.3, 12 - . ~.20.0 - - 0.67 - - -
A 250 52 2.7 0 12.5 27.6 28 0.24 0.53 0.022 0.230 -
III J B S S 200 43 2.7 0 - 9.6 "19.3 19.3 0.20 0.40 0.021 0.218 -
C 45 - 5.8 2.5 20 - - 16. 1 18.3 - 0.50 0.024 0.253 -
K A S s 230 46.5 1.4 0 11.5 24.9 33.4 0.25% 0.54 0.012 0.122 -
B 300 . 60.8 1.4 7 12.5 35.7 38.9 0.21 0.59 0.025 0.257 -
L A M s 50 56 25 36 23.3 30.0 - 0.42 0.54 - - 1.04
IV B - . 60 64 24 .80 - 25.9 35.8 - 0.40 0.56 - - 1.86
A 50 53 19 0 17.0- 29.2 '30.7 0.32 0.55 0.023 0.240 2.25
M B M S 40 45 16 0 19.6 40.7 50.2 0.43 0.90 0.014 0.146 2.21
€ 20 22:6 7.2 45 - 18.0 19.2 - 0.34 0.054 0.565 0.48
A 50 50.22 17 2. 18.4 24.7 - 2.3 0.3 0.49 0.0  0.617 1.8
) N B M AS 40 47.0 15.6 12 15.9 40.0 - 0.34 0.85 - - 1.13
C 20 19.0 5.4 96 - 14.5 - - 0.29 - - -
o A M AS 50 '38.3 20.7 48 18.5 23.3 25.6 0.48 0.61 0.031 0.324 1.27
B 40 30.0 17.1 48 15.7 21.6 23.2 0.52 0.72 0.029 0.304 1.59
VI p A " s 30 31.5 ~13.5 36 11.3 19.6 20.7 0.36 0.62 0.033 0.341 2.19
c G+6A 30 3.7 14.8 36 23.6 237 0.3z 0.68 0.038  0.402  2.15
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ki = rate constant for increasing rate portion of oxygen

uptake curve

2. Group I - Experiments Using Sewage Seed and G]ucose-G]utamic Acid
Substrate. '

The first group includes experiments A through F, which are the
experiments conducted using glucose and glutamic acid or sodium gluta-
mate-as substréte and settled sewage as seed. The seed was collected
from the primary clarifier effluent launder at the Stillwater, Oklahoma,
sewage treatment plant, and aerated for about fifteen hours before
using. This group of experiments extends over a period from early March
to mid-August, thus including biological populations existing at thé
plant during both cald and warm seasons. Figures 18 through 27 show
pertinent 5-day metabolic responses of the four systems for this group
of experiments.

The oxygen'uptake for the simulated channel and the stirred tank
were essentially the same. The mean lag period for the two systems was
16.3 hours with a minimum of twelve hours and a maximum of thirty. The
longer lag periods were associated with lower initial viable counts.,

In both open systems the oxygen uptake curve shows a lag period
followed by an increasing rate of oxygen uptake which was found to be
defined by a first order increasing rate relationship. This logarithmic
increasing oxygen utilization rate corresponded to the log growth phase
of the bacterijal growth curves. This phase of the oxygen uptake was
found in all cases to correspond to the period of substrate-removal.

The beginning of the plateau region of the oxygen uptake curve occurred
at the point of substrate exhaustion and maximum viable counts.

The beginning of the oxygen plateau occurred at the point of
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minimum dissoTved oxygen concentration in the reactor;(see Figure 51 at
the end,of this section). The sag point as defined by the oxygen sag
equation (EquationvS)visﬁa position on the oxygen content curve repres-
senting the'cbhdition where K]L equaTs:KzD. The transition across this
point as defihed,by the sag eduation is a continuous function where as
the BOD remaiﬁiﬁg,ﬂL, beqomes smaller thefproduct K]L goes from greater
than to less than the product of.KZD; prevek, as shown by these
experiments,vfhe System goes from a pro]iferating to. an endogenous
condition et the sag’poiht. ;In'ofher WOrds, the Tow point in the sag
a]wayéeoccukred‘at the pdint where_the-exegenous‘substrate was exhausted
and fhe rate of exygeneuptakevwas decreasing at a rapid rate at this
time, giving a rather abrupf change_from‘decreasing‘to‘increasing in the
dissoived oxygen content of the'reaeﬁorvliquid at this poﬁnt,

| Fo]]bwfng the removal of. the exogenous substrate, there was a rapid
recovery in ﬁhe exygehfcontént'of’the_]iduid-during:a period”where the
rate of oxygen utilization was very low, This'pefiod geneka]ly lasted
~about ten hours-and resulted in a plateau in the oxygen uptake curve, .
Bhatla and GaUdy»(45) have proposed that the plateau in the oxygen
uptake curve represents the oxygen uptakeeby_the bacteria during a
| statiohary grQWth.phaSe;"The fesu]ts-found in these experiments also
'indicéte‘that‘the b]ateau'beginseatzthe point of exogenousvsubstrate
depleinh which occurred at'the,bojnt of maximum-bacteria growth.

The p]ateauvwes fo]Towed'by a regfonvof increasing oxygen demand of
short duration. However, tHe influence of this demand on the oxygen
dep]etfon of the water was insignificant. This secondary demand was
fo]]owed by a deereasing'uptake rate of oxygen uti]fzation of "long

duration. This last decreasing rate extended in most cases to the
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termination of the experiment at five days. This last portion of the
oxygen uptake curve was the only part that was defined, even in the
broadest terms, by a first order decreasing rate.

The average oxygen uptake at the plateau was 39 per cent of the
theoretical COD, and the value varied only from 30 per cent to 47 per
cent, This represents the oxygen uptake during the growth period and it
was the only portion of the oxygen uptake curves related directly to the
initial substrate concentration. An oxygen uptake of approximately 40
per cent of the theorefica] at the plateau has also been reported by
Gaudy, Bhatla, and Abu-Njaaj (67), and by Busch (38).

The average 5-day uptake for the open systems in this group was
77 per cent with a range from 64 per cent to 95 per cent. These values
are slightly higher than the 70 pér cent theoretical demand reported by
Ballinger and his associates (68) of the Analytical Reference Service,
U. S. Public Health Service. However, this study also reported a
standard deviation of -approximately 20 per cent in the 5-day BOD. Hence
it seems apparent that wide variations are to be expected in the 5-day
results. | |
The average decreasing deoxygenation rate constant was 0.232 day"]
for the open mixed systems in this group of experiments. However, the
value varied from 0.098 to 0.510 day'].

The increasing oxygen uptake rate for the experiments in

1 1

group 1 was 2.2 day = with a range from 1.62 to 2.97 day . For exper-

iments A, C, D, E, and F, the average increasing rate constant was

! with a range from 2.06 to 2.97 day']° The average increasing

2.3 day”
rate constant for the five experiments (2.2 day']) was 9.5 times the

average decreasing rate constant of 0.232 for the same group of
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experiments. Thus it is»seeh'that the decreasing rate constant was
insignificant in the oxygen balance of fhe open systems; but that the
critical period for the systems.wés during the time df exogenous sub-
strate utilization where the.oxygen‘uptake rate was an'increasfng
function. Furthermore, from theSevdata'it was concluded ‘that the term
“k]La“ has_nO"validity’invan oxygen thake'expression,,since the
decreasing raté'portion“of the'oxygen uptake curve is unrelated to the
initia] substrate. ‘In‘fact,‘the substrate is exhausted prior to this-
portion of theiéurve; | | o |

- The oxygen upfaké in tHe bottie'SyStems was- 43 per cent of the
initial COD’f6r the‘5-day périod._ This compares with an average uptake
~of 77‘per cent df-thé ﬁhédrefica]‘forzthe opén systems. One major
cause of ﬁhisidifferencelwas-the longer ]ag period experienced with the
bottiensystems; The aVerége Tag period for this group»of experiments -
was forty hdurs for thé bott]é‘systems, compared‘with an average of only
16.3 hours for the opeh<systeh$a Furthermore, there was no indication
of phasic uptakeiin the bottles. There was an 1hcreasing rate of oxygen
uptake dﬁring}the.substrate‘uti]ization; but thé uptaké curves appear to
level off at a low rate of dxygen uptake at thé point of substrate
dep]etion,‘and'there‘was no definite indication of a secondary demand.
This may have been caused’by a lower level, or lack of predator activity
because of the ]ower,bacteria population achieved in bott]evsystems.
wilson and Harrison'(42) found that the oxygen uptake prior to the
plateau was not affected‘by céi]»concentratioh,‘but that the endogenous
phase was related to the numbér of ce]]s'presentf The p]ateau-ih the
open systems cdrfesponded to the b]ateau observed in the bottle systems

but'the lack of a secondary demand in the bott]e'Systemsbresulted in a
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much Tower 5-day oxygen'demand, Because of the long lag period, the
development of the predator'popujation'in“most cases was de]ayed to very
near the end of the experiment,v Thus the.secondary uptake in the bottle-
systems was apparently too sma]] to be detected.

In general, the metabO]ic patterns .were similar in the mixed and
quiescent 2;4 ]itertbott]es; and‘there-was,no difference in the 2.4
liter bottles and the standard 300 m1 BOD bottles. :Uhile it has been
reported by Lordi and Heukelekiah (69) that the‘first stage BOD was
approximately 42 per cent higher 1n stirred systems than in quiescent
‘systems mixing appeared to have no effect on the kinetics .observed in
this.research. However,vtheyyfound that the nitrification occurred two
to three.daysxearlier'under stipredfopenlconditions than under‘quieseent,
closed. cond1t1ons | |

M1x1ng can ]og1ca]]y be expected to contrlbute to deoxygenat1on in
at 1east two ways,‘aM1x1ng,br1ngs the organ1sms into contact with the
substfate, and provides unifprhysubstrate'coneentration throughout the
' ]iqdid In a quiescent system'this contact is achieved throdgh the
motility of the organism and mo]ecu]ar and eddy diffusion of the sub-
strateu Microscop1c examination of the b1o]og1ca] so]]ds taken from the
BOD bottles in this research showed large numbers of mobile bacteria.
The oxygen uptake data from the present research 1nd1cate that for the
dilute substrate‘coneentrations such as exist in the BOD bott]e,‘
bacteria motiiity and substrate“diffusion'are sufficient to prevent any
inhibition of substrate utilization rates. 'This was shOWn not only 1in
the oxygen uptake rates, but also in the substrate depTetion data and
in the biological counts. None of these parameters show any difference

in biological kinetics between the mixed bottle and the quiescent bottle.
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Attempts were:made'to'measure biological solids; howeyer, only a
~ few hundred ml of_sémp]e waé'required to completely clog the 0.45 u
fi]ter and it was not possible to obtain a sufficient quantity of
so]ids for weighing, »During the Togarithmic growth phase, filtering
times as_gréat as twenty-four .hours Were required to filter a one liter
sample volume. Attempts at cdncentréting-the solids by centrifugation
were unSuccessful bécausé ofrthe‘1ow solids concentration.

Optical denSityAmeasureménts.are feported fof the two open systems.
The optica] dénsity'was'read:at 540 mu using a 3/4 inch diamefef sample
tubén However,'at theSe Tow cbhcehtrations thé results reported are
not suffiéient1yva¢¢urate to permit the determination of solids.
Research in this 1aboratory has shown,fhat optica1 density Va]Ues lTower
than about 0.070 (85 perfceﬁtvtransmittance) are unreliable for esti-
mating so]fds,'sfnce7the relationship between SoTidsbéhd optital density
is not ]fnear}ih this'range; -The reTat1ve values indicated by the
optical density curves were ‘in agreement with other parameters'measured.
| The optita] density data‘indicate fhe sameblag periods and growth pat-
terns as observed for the oxgen uptake and viable count data° |

For experiments ¢, D, E, and‘F;:the méan viable éount'inérease for
the two opeh_systemé was from about 3000 organisms/ml to 45 million
organisms/ml. Thus'ﬁhe initial count Was 1ess than 0.01 per cent of
the final count; 'TheAaverage‘bactéria growth from the time of seeding
to the end.bf’thélgrdwth phase was approximately 45’m11]10n organisms/ml
as determined by the viable count. For an average wet cell weight of

-lo".lz

grams, this gives a wet cell growth of 45 mg/1 or a dry cell
Vweight of 9 mg/1 (cell 80 pér cent moisture). This gives a cell COD of

(1.41x9) =12.7 mg/1 [ce]] COD = 1.41 cell mass (70)]. This is
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approximately 42 per cent of thé applied COD. This gives about 80 per
cent recovery of the applied COD at the plateau, with 39 per cent
accounted for by the oxygen uptake and 42 per cent by the cell mass.
However, the viable count may be low due to clumping, and the average
cell weight and percent moisture could have sufficient variation to
account for this deficiency in the materials balance.

Protozoa counts were also included for Experiment F as shown in
Figures 26 and 27. The protozoa growth lags the bacteria growth. It
appears from this and Tater experiments that there was a threshold level
of bacteria required to support protozoa growth. It was noted that the
protozoa growth was accompanied by a Aecrease in the viable count.

The protozoa growth period also corresponds to the second phase of
oxygen uptake. No specific attempt was made to identify the protozoa;
however, some of the predominate types present were those belonging to

the family Ochromonadidae, the stalked family Aloricata, and the family

Parameciidae. Nematodes were also present in small numbers. The pro--
tozoa included both free swimmers and stalked forms attached to parti-
cles of microbial floc. The ]arger‘species of free swimmers were the
last to appear and the first to d;sappear during the growth cycle. The
major predators appeared to be the Targe number of stalked species which

fed in and adjacent to the floc particles.

3. Group II - Expériments Using Glucose-Glutamic Acid Substrate and
Acclimated Sewage Seed

The second group includes experiments G, H, and I, which are the
experiments conducted using glucose and glutamic acid or sodium gluta-
mate as substrate, and acclimated sewage seed.  The data for these

experiments are shown in Figures 28 through 33.
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The seed was collected from the primary clarifier effluent launder
at the Stillwater, Oklahoma, sewage treatment plant, and fed on the
g]ucdse-g]utamic acid substrate for one week before using as seed for
experiment G (Figures‘28vand 29). A hay infusion was prepared by boil-
ing some hay 1n water and adding,the liquid to the remaining seed from
experiment G Which-had»been'aéclimated for one week. The seed was then
fed the same substrate for an additional week before Qsihg with experi-
ment H. Jahn‘(61)'has reﬁoﬁted‘that this‘is helpful in increasing the
growth of’paramecium,:hypotridhé, and méhy small ciliates which'feed'on
bacteria. | n  o |

The daily feeding”réte GF:SO mg/]bof'both g]udose ahd g]umatic acid
was sufficient to.give.a heavy'growth of protozoa. There Was_np signifi—v
cant effect‘detected from,the addition of»the hay fnfusion. There was
an increase in the-farge ffee:éwimméhs and‘nematodes, but these are
thought to have deVeToped as a‘fesUTt'of‘the pko]onged acclimation
period. |

There was less variety in the‘p1ate.COjoniés from the acclimated
seed than from the_sewage.éeéd; The plateS'obtaihed'at zero time for
experiment_G showed only two types of colonies. Approximately two-
~thirds of the colohiesfwére~white>ahd uniform in size; and the other
one-third was b]ueﬂi There was some change in pigmentation of the
colonies as the expéfihent progressed. Most of the colonies plated at
120 hours from the opéh systems.wére White,.with a few rea, green, and
blue ones being noted. The cqlonies plated Ffom the boti]e systems were
mostly blue, with a fewfwhite’ones on the plates.

 The lag period was twenty—fbuk hours for all systems in experiment

G, which was 10hger than the average for the open system experiments in
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group I using sewage seed. This appears-te indicate that the "lag"
does’ not entire1y,represeht an acclimation period, butvthat it was aTso
affected by Tow bacterial numbers.v‘There was a‘considerab]e reduction
in viable count during-the ]ag}period (see 0 and 12-hour counts shown
in Figure.28-F). | |

The viable count beaks’tor'allbsystemS'occurhed at the same time as
the substrate'was‘ekhausted and the oxygen uptake p]ateau began, as was
‘ observed for exper1ments us1ng non- acc]1mated seed. The higher viab]e
count in the acclimated seed gave a shorter lag per1od for the bott]e
systems. In experiments G, H,.and,I, the lag period was shortened to
twenty-four hours,foh‘the bottle systems_as compared with an average lag
of forty hddrs for the fiverexperiments’ih}group'I. The higher bacteria
~counts -in the c]osed systems appears to have been sufficient to cause a
secondary uptake fohﬁthebbottle systems, giving ah oxygen- uptake
approaching,that observeddfprvthe open ‘systems. Not.on]y was the lag
period the same tor both the opeh and closed systems, but the wide dif-
ference in the 5- day oxygen uptake for the open and closed systems that
was observed for the experiments in group I was not found in this group
of experiments. This appears to give additional sypport to the concept
that.the-second phase of dxygen uptake“ts related to predator activity,
since the bacterial and"protdzoa growth‘ajsb occurs»much earlier in the
bottle system for this groUp of experiments than in the group I experi-
ments. ‘ | | |

The seed: inoculum for the stirred tank in experiment H was higher
than that used in the_simuiated channel. This produced a shorter lag
period for the stirred tank than was found fdr the stmu]ated channel.

The higher inoculum of bialogical solids also appears to mask the
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plateau which was less evident in the curves shown in part C of Figures
28, 30, and 32, than was found for the experiments in group I.

A die-off or inactivation was observed for the protozoa in both the
open and closed systems (Figures 32-F and 33-C) during the lag period.
This was apparently caused by the reductjon in bacterial population when
the seed was diluted to 5 ml/1 when the systems were seeded. Dead or
inactive protozoa and nematodes were visible in the samples taken for
microscopic examination until near the end of the log growth phase.

This inactivation appeared to occur Very rapidly fo]]owihg the seeding
of the units. Approximately forty-five minutes elapsed between the time
of seeding and the microséopic examination, and except for experiment I
there was no protozoa activity at the time of this initial microscopic
examination.

The average oxygen uptake at the plateau was 39 per cent of the
theoretical O2 demand value. This iS the same average per cent as was
observed for the group i experiments. The average 5-day BOD was 66 per
cent of the theoretical for the simulated channel experiments in this

group.

4. Group III - Experiments Using Settled Sewage as Substrate

Two experiments, J and K, were conducted using settled sewage as
substrate. The settled sewage wés collected from the effluent launder
of the primary clarifier at the Stillwater, Oklahoma, sewage treatment
plant. The fime of flow to the plant plus inplant time was estimated
to be about five hours. An additional one and one-half hours were
required to collect and transfer the sewage to the units. Thus the
initial samples were for sewage approximately seven hours old. ‘The_

5-day responses observed in these experiments for the selected parameters
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are shown in Figures 34, 35, and 36.

The oxygen uptake for the open systems was essentially defined by a
first order decreasing rate formulation. The k] rates varied from 0.122
day'] to 0.257 day']. The k] rates for the open system data shown in
Figures 34 and 36 were calculated on the basis of a first order decreas-
ing rate reaction for the entire durafion of the experiment. It is seen

1

from Table X that the rate constants are 0.230 and 0.218 day ' for the

channel and tank, respectively. The decreasing rate constants for

1 for the channel and tank,

experiment K were 0.122 and 0.257 day~
respectively.

Figures 34-A and 36A indicate that there was no exogenous carbo-
hydrate in the sewage at the beginning of the experiment. Both total
and filtrate COD are shown for both experiments. There was little
change indicated in the soluble COD during the experiment, and it
appears that a small residual COD exists in sewage that may be caused by
biologically stable compounds. McWhorter and Heukelekian (40) have also
reported a residual COD when using glucose as substrate. There was a
significant decrease in total COD during the first couple of days of
the experiment.

The viable count increased from about two million to twenty million
organims/ml during the first day of the experiment. This increase was
then followed by a gradual decrease in viable count during the following
four days.

Hoover and his associates (35) probosed in 1952 that the substrate
assimilation phase of biochemical reactions is often completed before
the sample . is introduced into the BOD bottle. The results of these

experiments also indicate that most of the biological growth had
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occurred_prior to the begiﬁning«of»the experiment. Since the higher
oxygen demands were found (from other experiments in the present
research) to be_asgociated with the period 6f biological growth, it is
indicated thét the critical period of oxygen Uptake had occurred.prior
to the beginning of the‘experiment._ |

Gaudy,'et al. (46)_have also reported decreasing oxygen uptake
rates for systems_having high bio]ogica] solids to substrate ratios.
This fypé of oxygeh uptake was also reported for nonproliferating bio-
Togical systems (71). Thus it appears that systems having high biolog-
ical solids and.1ow‘substrate cohcentrations exhibit oxygen uptake rates
that are essentially défined by decreasing first order rate kinetics.

As shown in‘ngure-35—C, the bottle systems exhibited a lag period
~of about twenty hours, whereas there was no 1ag period found in the
tank or channel system{ Since there was no difference'in the open and
closed systems othef'than‘dijution; théré'was no ather apparent reason
for the lag.  The lag_berioq‘in the>c]Osed.systems was followed by a
normal oxygen uptaké curve as observed in the:experiments of the other
groups. _. | |

The sewage éontained a sufficient quantity‘of clay.and other
inorganics to affect thevobtica].density readings. Much of this material
settled to the bottom of:theichanhe] dUring the experimentm After about
the third day of the eXpériments, the sewagé.was essentia]1y clear, as

shown by the 16w optical density data.

5. Group IV - Experiments Using Dry Milk as Substrate and Sewage Seed
It was deemed desirab]évto study the response of a complex sub-
strate in the four systems selected for this research. Therefore,

Experiments L and M were conducted using non-fat dry milk as substrate
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and settled sewage as seed : The data for these experiments are given in
Figures 37, 38, and ®. |

The genera] nature of the response of the complex waste was the
same as that observed for the g]ucose glutamic acid substrate. The
oxyten uptake exh1b1ted a ]ag, followed by.an increasing rate which
occurred at the same t1me as the substrate was removed and the bacteria
were exh1b1t1ng ]ogar1thm1c growth " The 1ncreas1ng oxygen uptake rate
was fo]]owed by a p1ateau and a secondary demand as was observed for the
exper1ments 1n group I. |

_ An exceptlonally 1ong ]ag was found for experiment L (Figure 37).

In fact, the ]ag_per1od wascso 1ong-for the bottle systems that no
oxygensuptake waseeXhibttedtdurtng'the_S—day'e*perimenta1 period. No
'carbohydratevwas remoVed in the bott1e systemgvand no biological growth
was exh1b1ted in the v1ab1e counts Thev1ongerr1ag:periods observed
for the bott]e system appeared to be caused by the lower substrate con-
. centratlons, since the seed mater1a1 was the same for a]] systems
| The fraction of -the 1n1t1a1 COD removed at the p]ateau was 42 and
40 per cent for the-simulated channe]-and stirred tank, respectively,
in exper1ment L. For}eXperiment M the'p]ateau occurred at 32 and 43
per cent COD removal for the two open systems. The rate COnstant, ki’
was also found to be of”theysame magnitude as observed»for experiments
in groups I and II. o | |

The oxygen uptake for'the bott1e systems invexperiment-M (Figure
38-D) shows a 1onger lag period and a ]ower 5-day oxygen demand than was
observed for the open un1ts. Here as in the exper1ments‘1n group I,
the oxygen demﬁnd for the bott]e systems corresponds to the plateau

value for the open systems, 1nd1cat1ng that the second phase of oxygen



(o]
O

L
= o— Ot —1 0
o e 1 O
P Q{ 2 3 A
e o N Ja-TANK 3 o @
@ CHANNEL — N E
g . [ DN I - oo A | _IMIXED BOTTLE . )
<< ‘s#———-—o—-————q——f-—-—{o—————‘-:*-——-———a
@
- 2 al 5 . “QUIESCENT BOTTLE'
— Bsh ' 5
s > in g
50 o\ ] g
&y L
E’ 40 | . = TANK o
& . " CHANNEL —7= ' A\ : @
o 30 o \ 25 MIXED BOTTLE
o B \ A A | AT A
20 =20 Pv . A %
\ I AN - o) ]
10 S SV S — 15 e O — D
O+ Q O X
. o S o QUIESCENT . BOTTLE |0
©
35 > i 5
A _
o
=~ 30 L d 0
3 /QA5’/°' @
o 25 <Y e 8
g _
EL—a 4
% 2 CHANNEL (F,o* ’ s, /O/O\U\.a— + B~ |
8 _
5 }/ J o CHANNEL—1» ] SNy \o)é
Z 15 7 z © ATANK | i
15} a i
& c; _ e TANK E , K77 MIXED BOTTLE
x # 5 i
° K / g Bl L - R i
5 - I N S R (7 e —?
O/J P N 0’/ | \\ﬁ*\oj/ “QUIESCENT BOTTLE [°
oL [ ol (! | ] im! /[j/ 3 3 s
70 10 20 30 40 50 60 70 8 90 00 O 120 O 10 20 30 40 50 60 70 80 90 100 10 [20

TIME, HOURS : TIME, HOURS

Figure 37 - Changes in system parameters using dry milk substrate and sewage seed
collected on 5-4-1968 (Experiment L).

8elL



CARBOHYDRATE , mg/f

CcOoD, mg/#

OXYGEN UPTAKE (BOD), mg/{

20 qg 40 = e
B @ O)
| , , _
> =Y 3% G- 50D, CHANNEL UNIT
10 T TANK 4 30 |@=BOD, 300 my BOTTLE
' \ A= BOD, MIXED 24 # BOTTLE o
5 \\ . o5 | _O: BOD,QUIESCENT 24/ BOTTLE e
CHANNEL N ' F——JCHANNEL
o o5t ——&—p G—o—8 2., | ,o‘/‘ _
’ - g o~ L —
so & S s A pu:Es{CENT} BOTTL/E»5§:4
’Ei\\ | ' . ' 9/ - MIXED BOTTLE—2% '
20 N - CHANNEL : e Z’d
\ _ 7
30 \ gTANK . - 1{- 5 . . //j‘ CD BOTTLE
. N2
\ . <
20 A m O ﬁlﬂ/o 2 a8
AN : | ®
10 > 5 - > 40
S g o P e
0 - 2 30 -
7 w
@ s S " e
40 : o+ 3 20 2 o
: : o7 o T =
35 1 =10 o = i o
-1 P
, L rark S e e T I S U PO Ml g
30 ' = , ——— 0
e ©®
2 g K“/‘o’— — £ 8 : '
e -CHANNEL 3
20 r //o‘/c 8 7 ‘/B>‘§T\‘D~/TANK
i o o p4 \tk\
15 o T ¢ A <~
5/ / = 4,// A CHANNEL = O—8><p—T 0| o[
10 Fg o 50 0
J g
5 Y 4
O E‘ /¢/ 3 N L .V . —
O 10 20 30 40 50 60 70 B8O 90 100 1O 120 O 10 20 30 40 50 60 70 80 90 60 O I20
TIME, HOURS _ TIME , HOURS

Figure 38 - Changes in system parameters using dry milk substrate and sewage seed
coliected on 5-12-1968 (Experiment M).

6cl



CARBOHYDRATE, mg/}

COD,mg/f

LOG VIABLE COUNT

10

130

__IQUIESCENT BOTTLE
R £
MIXED BOTTLE—-:‘S‘\\
N
%—-&—J_——Q
MIXED BOTTLE
) O i her
il ° .__lQUIESCENT BOTTLE
— L
N
'\ A
§ 5
R
\
MIXED | BOTTLE—__ ,/
L~ =T8T | |
A=
—
VAN A
-/ ‘/ :
= ——<=T—QUIESCENT | BOTTLE

3
O 10 20 30 40 50 60 70 80 90 100 1O 120

TIME, HOURS

Figure 39 - Changes in bottle system parameters using dry milk
substrate and sewage seed collected on 5-12-1968
(Experiment M).



131

uptake was probably delayed in the more dilute system.

In summéry, it seems apparent that while seed compoéition may vary
sufficiently to cause different lag periods, the rate of oxygen uptake.
during the substrate removal phase and the ratio of the oxygen uptake

to initial COD are consistently of the same magnitude.

6. Group V - Experiments Using Dry Mi]k as Substrate and Acclimated
Sewage Seed o N |
Group V Tnc]Udes experiments N and 0 which are the experiments con-
ducted using non-fat dry milk as substrate and acclimated sewage seed,
The data for these éxperiments are éhowh in Figures 40 through 43.
Because_of the_]ong lag periods experiehced in experiment L, which
could have been caﬁsed‘by the 1owlsdlids.concentration or the need
for an acclimation period, the-sewagé séed used!in these experiments
was grown on dry mi]k.substrafé for‘pne week prior to beginning the
experiments. Miéroécopit‘exdmination of the seed showed high concentra-
tions of protoioa and nematodes. The bacterial count in the systems was
about 2 x 105 after adding 5 ml of seed/}. However, acclimation of the
seed to the substrate‘did‘hot.e]iminate the lag period; in fact, there
is no apparent explanation for the difference in the lag period observed
for the two oben systems as shown in Figure 40-C. The initial condi-
tions were the same for-the two reactors as shown by the initial COD,
carbohydrate, and viable count (Figure 40). There was a decrease in
viable count for thé‘simu]ated channel and the bottle systems during
the first déy of thé experimenfo The protozoa activity ceased during
this period, éhd dead or inactive protozoa and nematodes were observed
by microscopic examination of samples.

The experiment was repeated about three weeks later, using a
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different acc]imated seed. The results of this experiment are shown in
Figures 42 and 43 (experiment 0). The initial viable count was of the
same magnitude as was obserVed fer experiment N, tAedecrease in the
viable coUnt occurred during the‘first»day of aeratiOn (Figure 42-E) as
was found for exper1ment N.. | |

The growth pattern observed for the exper1ments in th]s group and
for group II exper1ments where acclimated seed was also used, 1nd1cate
that the lag peridds‘not‘on]y'represent an acciimation pefiod, but it
appears that the.]ag_periodbmay also be re]eted to di]utfon, i.e.,
initial number of feedihg organisms. It is seen from experiments N and
0 that a seed groWing‘on a substfate exhibits a significant lag peﬁiod

when both the seed ahd,substrate‘are‘diluted,

7. Group VI -'Re1ation ef Respthe in Chahnel and Bottle Systems for
Equal Substrate Concentrat1ons
The resu]ts of the prev1ous experlments 1nd1cate that the longer

lag per1ods and ]ower 1ncreas1ng oxygen uptake rates -observed in the
closed systems were caused by a lower substrate concentration. There-
fore it was decided to aerate the dilution water for the bottle system
with oxygen, thus ra1s1ng the oxygen concentratlon to a suff1c1ent
level to permit the use of a higher substrate concentratlon in the
bottles.

| Experiment P was run using the sime1ated channel and the bottle
systems which included the standard 300 ml BOD bottles, the 2.4 liter
mixed bottles, and the 2.4 ]iter quiescent bott]es.  The dilution
water was éerated with coﬁpressed oxygen and the seed and substrate
were added, giving an initia]“COD in the bottle system of 34.7 mg/1

and a COD of 31.5 mg/1 in the channel.
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The relative response of the channel and the 300 ml BOD bottle sys-
tem is given in Figure 44. It is seen that the lag period for the
bottle system iﬁ now‘essentia]]y the same as was observed for the‘chan_
nel. Therefore, it seems that the lag period is related to the sub-
strate concentration. The initial COD in the BOD bottles was slightly
higher than that of the channel, and this-also gave a é]ight]y shorter
lag periddn The increasing rate constants fok.the two systems shown in
Figure 44 avre fhe‘sameg_The p]ateau:occufred at essentially the same
position ahd at the‘time'correSponding to the substrate depletion and
max fmum bacterial counté;.f |

The earlier bacteria growth inbthe‘BOD bott]es-appeared to induce
an earlier protozoa growth énd higher second phase oxygen uptake. The
Tower initialﬂviable couht'in-the channé] appears to have delayed the
onset of protozoa growth in that system; however, aé seen from Table X,
there is only a'sma]j'difference in either the k, or the Ky rate corstant
for the two systems. The percent COD removed at the plateau was 30 per
cent for the channel, and 32 per cent for the bottle system. Sixty-two
per cent of the COD was removed in the channel in five days, and 68 per
cent was removed in the bottle system.

Figure 45 shows the observed 5-day response in the three types of
bottles used in this research. It is seen that there was no signifi-
cant difference in the‘response obsérved for the quiescent bottle and

the mixed bottle for the relatively lowbdegree of agitation employed.

8. Group VII - Bottle Systems Employing‘Various Substrate Concentrations
The results of'Expefiment Pi(Figuﬁes_44 and 45) indicated that the
lag period and oxygen uptake kétes are related to substrate concentra-

tion. Therefore, experiments were designed to determine the effect of .
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substrate concentration on the lag period and the increasing oxygen
uptake rate. These experiménts are designated Q and R, and the data;are
shown in Figures 46 through 49.

Four systems employing a glucose-glutamic acid substrate and sewage
seed were established, using standard BOD bottles for incubation. The
dilution water was aerated with compressed oxygen, which gave an initial
oxygen concentration of 29 mg/1 for experiment Q. This oxygen concen-
tration was not sufficient to supply the oxygen requirements throughout
the substrate utilization period, but the objective of these experiments
was to determine the effect of substrate concentration on the system
kinetics during the increasing oxygén uptake period. Thus this oxygen
concentration was sufficient to permit the employment of substrate con-
centrations to well above the range found in receiving streams.

The initial COD concentrations for experiment Q are shown in
Table XI and Figure 46-D. The results of experiment Q are shown in
Figures 46 and 47. There was essentially no oxygen used during the
first twelve hours of incubation. The increasing rate of oxygen uptake
was found to be related to the substrate concentration. The optical
density data, whichare a measure of growth, also indicated a relation-
ship between growth rate and substrate concentration.

The oxygen uptake data shown in Figure 46-Bare plotted on a semi-
logarithmic scale in Figure 47. It is seen from the data that the
oxygen uptake during the substrate removal phase was defined by a first

order increasing function of the following form:

dy _
e KiY : (68)
where Y is the oxygen uptake, and Ki is ‘the increasing rate constant. .

The rate constants for the four systems are given in Table XI.

S
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TABLE XI

OXYGEN UPTAKE RATE CONSTANT AND INITIAL COD VALUES
FOR EXPERIMENTS Q AND R

Bottle Initial K. d -1
Experiment System COD, mg/1 j» 98y
Q A 30 0.83
Q B 100 1.82
Q C 124 2.15
Q D 140 2.23
R A 94 2.05
R B 142 2.32
R C 198 2.48
R D 258 1.87

In order to obtain data over a wider range of substrate concentra-
tion, experiment R was conducted using four systems with initial COD
concentrations varying from 94 to 258 mg/1. Sewage seed and glucose-
glutamic acid were also used in this experiment. The results of -this
experiment are given in Figures 48 and 49.

The lag period was about one day, with the same growth pattern
being exhibited during the oxygen uptake period as was observed for all
of the previous experiments. The increasing rate of oxygen uptake was
found to be related to substrate concentration, -

In order to measure the effect of mixing on oxygen uptake under
the higher substrate loadings, one bottle from each system in experi-
ment R was mixed with a magnetic stirrer, and the oxygen uptake was
measured with an oxygen probe and a micro-ammeter. The mixed bottles
were placed in a water bath which was isolated from the magnetic
stirrer by an air space. The relative uptake rates are shown by the
data given 1in Figures 48-C and 48-D and in Figure 49. The data as

shown in Figures 48-C and 48-D indicate that the lag period was
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shortened s]ight]y by mixing. However, a semijog plot of the data as
shown in Figure 49 shows that the increasing rate (line slope) for the
mixed bottles was actually slightly lower than was observed for the
bottles ihcubated -underlquiescent'conditions° The indication of a
shorter lag period as shoWn by Figures 48-C and 48-D was most probably
caused by a‘decréase in.sehsitivify of the oxygen probe with time.
Since the probe had to be Teft in the bottle ét all times, it was not
possible to run routine senéitivity checks as was done in previous
experiments where the probes were used to moni tor oxygen concentration
in the open Systems; B

As may be observed.by the relative slopes of -the oxygén uptake
éurves’for'the mixed and quiescent bottles as shown in Figure 49, there
was nd increase in’tﬁe»oxygen uptake rate constant as a result of mix-
ing. In fact, as_pveviouély noted, the Tine slopes indicate a slightly
]ower;rate“constahtlfor the-mixed systems, but here again this could be
attributed to a decrease in'sénsitivity‘with‘time for the probes used
in monitoring the d15301Ved~oxygen cdncentratibno

The only abnormality observed in this research was that found for
system D in ekperfment R. The oxygen uptake rate for this system was
lower than the rates observed forlsystems B and C, which had lower sub-
strate Concentrations,‘ | |

The semilog plots of the oxygen uptéke daté as shown in Figures 47
and 49 inditate that fhe oxygen.Uptake rate was defined by a first
order increasing funﬁtiOn sihi]ar,to the 1ogafithmic phase of biq]ogi—
cal growth. These increasing oxygen uptake rate constants (ki) for
experiments Qénd R were computed from these semilog plots, and are

given in Table XI.
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Figure 50-A is a plot of oxygen uptake rate constant (kj) versus
initial COD. It is seen that this plot is of the same form as pro-
posed by Monod (72) for biological growfh. Figure 50-B is a Lineweaver-
Burk plot of the same data. The Lineweaver-Burk plot is a straight line
form of the equation for growth rate as proposed by Monod (73). It is
seen that the data approximate a straight 1ine. The maximum oxygen

1

uptake rate constant (k ) was found to bé 3.79 day ', and the

i max
constant Km was - 103. The curve shown in Figure 50-A was plotted from

the following equation:-

) s
ky = 3-79[3'?1‘0?] (69)

The increasing oxygen uptake rate constants for the channel, tank,
and bottle systems for experiment B are also shown in Figure 50-A.
These data were not used in computation of the constants in Equatﬁon 69,
but were included to show that the relative substrate concentrations
used in the three systems was reflected in the magnitude_of‘ki?

In summary, the results of the present research indicate that the
biological response to a substrate is no different in a dilute flowing
stream than js found in any batch experiment. The critical oxygen
demand for the receiving stream occurred during the period of substrate
removal, and the oxygen uptake rate during the increasing log growth
period was related to the initial substrate concentration as shown by
Equation 69.

It is seen from Figure 51 that there was a very rapid recovery in
the oxygen content of the stream following the depletion of the exogen-
ous substrate. The second phase demand occurring at aboUt.forty hours

is seen to have had little effect on the oxygen content of the stream.



25

2.0

05

INITIAL COD, mg/Jf

O |=EXPERIMENT B
| //
-0 =EXPERIMENT Q =i
[] | =EXPERIMENT R In
@)
D{ Y
3 /|
. S
ki-k;mox Stk
Y
0 50 100 150 200 250

100

o]
o

COD/k; ,mg/# /DAY
D (023
o (@]

20

Ol EXF’[ERIM:ENT ct:
1}z EXPERIMENT R
/C
P
{ '1/C
P
7 =
5 s _ K ]
- K k;:;\ox k; max [S]
0 40 80 120 160 200

INITIAL COD, mqg//}

Figure 50 - Oxygen uptake-substrate concentration relationship.

8rl



DISSOLVED OXYGEN, mg//f

OXYGEN UPTAKE,mg/f

0O

149

T

0O 10 20 30 40 50 60 7O 80 90 100 10 [20
TIME, HOURS '

Figure 51 - Oxygen sag and oxygen uptake curves (Experiment A).




150

The plateau began at the low point in the 0, cur?e (27 hours), and ended
at the beginning»of’the-second phasé 6Xygeh_dgmand (39 hours), giving a
12-hour O2 recovery peribd during the p]atéag; The oxygen uptake curve
(BOD) from 39 houks_fo']ZO'hours‘was essentia]]y‘defined by a decreasing

monomolecular rate of 0.252 dayf]

1

. This compares with an increasing

rate (ki) of 2;06vday'

during the logarithmic growth phase.



CHARTER VI
~ DISCUSSION OF RESULTS

A. Oxygen So]ub1]1ty

There is no apparent exp]anat1on for the differences in the oxygen
so]ub111ty data reported by Truesda]e and ‘his assoc1ates (4), and that
reported by the Stream Po]]ut1on Contro] Section of the Tennessee
Valley Author1ty‘(5).. Both groups used the Winkler method of analysis
forbdisso]vedioxygen.”:BOth 1aboratories1used an amperometric endpoint
by a back titration procedure fo]]owing.the addition of excess thio-
'sulfate.-_The-differenpe'in'thelanaTytiCalfprocedure-at'this.point»was
that the English group*usedbpotassiUm'iodateﬂas a*primary»standard in
place of potassium‘bi-iodateo- Hart (74) has proposed that the analy-
tical procedures.usedhby the Eng]ish group'may have resu]ted in the
loss of jodine by vo1at1]1zat1on as be1ng a p0551b]e exp]anat1on for
the d1fferences in the data »
| Know]es and Lowden (75) haveVshown that the amperometric procedure
is the most sensmtlve means .of detectzng the 1od1ne endpotnt using
th1osu]fate The1r study 1nd1cated that 0.07 ml of O 025 N 1od1ne was
requ1red to g1ve a detectab]e b]ue color w1th so]ub]e _starch. Th1s
~indicates that the d1sappearance of the b]ue color when t]trat1ng to a
visual endpo1nt»precedesvthe{amperometr1cvendpolnt by_0.07 ml when

using 0.025>N'thiosu1fate, For the‘samp]e'voiume used in this research,

151
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this difference was 0.07 mg/1.

The solubility of oxygen determined in the present investigation
was 0.05 mg/1 lower at 30°C, and 0.14 mg/1 Tower at 20°C than the
values reported by the TVA group. Hence it appears that there was no
genuine difference jn the results of the present research and thevoxygen
solubility data presented by the Stream Pollution Control Section of
TVA, but that the difference in the data was due to the method employed
for detecting the endpoint.

As pointed out by Isaacé»and Gaudy (2), a real test of the correct-
ness of solubility data is a semilog plot of the oxygen deficits as
shown in Figure 3. The solubility data from the present research were
used in determining the reaeration rate for the one hundred and eleven
reaeration experiments reported in Tables VIII and IX. The semilog
plots obtained from the data indicate that the oxygen deficits .obtained
by using these saturation data were correct.

The saturation data from this research were also in good agreement
with the values obtained by Isqacs (25) using the alpha method for
determining the oxygen solubility.

While the barometric pressure depends on several factors, the most
important factors affecting solubility are temperature and the baro-
metric pressure correction for elevation. Oxygen solubility data are
usually presented in tables for the temperature range found in natural
waters, therefore the solubility for a desired temperature at 760 mm
pressure is readily available. However, the correction for pressure is
often neglected, even though it may be significant. In fact, records
of -barometric pressure are not ordinarily available in environmental

engineering laboratories.
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Twenty months of barometric pressure records obtained in connectian
with this research indicate that the average barometric pkessure cor-
rection for elevation is approximately one inch mercury per 1000 ft
elevation. A one-inch pressure correction gives a 3.4 per cent cor-
rection in the solubility of oxygen. At 20°C this correction is 0.30
mg/1. Barometric pressure data from the Manual of’Barohetry (76) for
several cities across the United States between about 36° and 38°
latitude also indicate an average decrease in pressure of one inch
mercury per 1000 ft elevation.

It may be more satisfactory for some laboratories to obtain baro-
metric pressure data from other sources than to equip their laboratories
for collecting it. Barometric pressure data for an area are available
from local weather stations and from weather reports broadcast by
local television stations. The pressure data given on television
weather reports have been adjusted to a sea level datum, so . they must be

corrected to correspond with the local datum.

B. Reaeration Systems

Oxygen transfer in turbulent systems is a complex phenomenon
which at present lacks complete definition and the principal deficiency
in defining reaeration is the ]aqk of ‘a means of defining the rate of
surface renewal. Higbie (14) has shown that mass transfer across the
gas-water interface is defined by Fick's law (Equation 26), and the
rate of mass transfer is related to surface age.

0'Connor and Dobbins (13), as well as Dobbins (18), have presented
equations relating the reaeration rate constant to surface renewal.
However, as so ably pointed out by others (16)(19)(20), it is doubtful

if there is any substance to the assumptions made in the development of



154

Equations 13, 14, and 15.

The film theory is not:consistent with what-ié known about turbu-
lent flow. The penetration theory as applied to turbulent f]ow.by
Danckwerts (]5) relates the reaeration rate to surface age. It is
assumed that liquid eddies originate‘in the,furbu]ent core of -the water
and migrate to the éurfaée, where they are exposed'to the atmosphere for
a short period of time before being displaced by other eddies. "The
oxygen—enriched.eddy is then returned to the bulk of the 1iqu1d, where
the absorbed oxygen‘is,distributed by turbU]ence. The problem 1lies in
the fact that the suffaCe renewa]vfate cannot be determined.

Tsivoglou, et al. (27) concluded from the ]aboratory experiments
on gas transfer ;apa@ify.that fn tUrbu]ent éystems reaeration takes :
place in at least tWo steps;  These are thebdiffusion.ofvgas acfosé the
1iquid-gas interface, followed by thé dispersion of the dissolved gas
throughout the main body of water. It was concluded that the dispersion
rate depehdé primari]y‘on thé kihd‘énd degree of turbulent mixing rather
than on mo]écu]ar gaseous diffusion. .

The simu]ated channel, which was designéd by Isaacs and Gaudy (2)
of this ]aboratory and‘whiéh wés gsed in the present research, is the
first apparatus to”the writér’s knowledge which provides a method for
creating continuous streamfiéw conditions in the laboratory. This
equipment appears to provide a very sétisfactory,method for studying
the mass transfer phase{of‘the oxygen ba]ahce without interference from
the factors in the -balance thdt cannot be eliminated in the natural
stream. _

The prediction equation (Equation 22) proposed by Isaacs and Gaudy

(2) gives excellent correlation with the data from this research. The
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additional parameters proposed by Isaacs and Maag (26) would appear to
give wider app]ication to the model.

As shown by Equation 37, the energy gradient as given by the
Darcy-Weisbach equation is '

¢

5= g' Dg
The term S is the vo1umetric‘réte of-enefgy-dissipation in ft-1bs of
energy per pouhd,of‘wafer pef‘footfof flow. Webber (12) states that for
turbulent flow the energy dissipation is due almost entirely to eddy
viscousvforces,IWith the‘dynamiébviscous forces being negligible.
Tsivdg]ou (27) has concluded that the dispersion of the gas throughout
the Tiquid depends on the kihd and degree of turbulence. Thus it seems
- evident that the rate of reaeration éhou]dvbe related to the volumetric
rate of eneréy dfssipathn.; |

The hydraulic engineer has experienced the same problems which the
bioénvironmenta]:ehgineer presenfly faces in definihg turbulence. After
_passage of nearly a centuryﬁfromﬂthe fime of development bf thevDarcy-
Weisbach equation for réte‘of energy']oss; there are several prediction
type of flow equations in general use. These are the Chezy, Hazen-
Williams, and the Manning equations. This sifuatioh exists even though
authqrs of -various textbooks on hydraulics oppose the use of these
equations because of ‘their limited application (11)(12)(64). The
equations are satisfactory for use in sﬁtuations where the hydraulic
parametersvare similar to the conditions for which they were developed
but, 1like the prediction equations for reaeration, the results are dis-
appointing when they are applied to conditions outside their Timited

range.
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The velocity gradient equation (Equation 40) as proposed by Camp
and Stein (54) is not restricted in its application. The velocity
gradient is expressed in terms of stream parameters=which define the
rate of energy dissipation. As shown by Equations 36 and 37, the para-
meters are f, U, and D. The analysis of the data from this research
gave excellent correlation for the reaeration rate constant with the
velocity gradient, and it appears on the basis of the above statemehts
that the velocity gradient is not restricted in its application. The
use of this relationship makes it possible to benefit from the contri-
butions of the hydraulic engineer by relating the rate of energy dis-
sipation to the dimensionless friction factor, f.

The kind and degree of -turbulence are defined by the nature of the
system. Thus it was not possible to relate a flowing system to a
stirred baffled system in terms of a velocity gradient. This is
apparent from the data in Tables VIII and IX, and from the regression
equations for the simulated channel and the stirred tank (Equations 61
and 67). There is a Tinear relationship between k, and G for the
channel, but the relationship is TogarithmiCafor the stirred tank. A

1 1

velocity gradient of 106’hr' gives a K2-2O° value of 0.124 hr™' for

]‘for the channel with a one-foot water

the stirred tank, and 2.40 hr~
depth. Thus it seems apparent that the velocity gradient is affected
by the geometric and kinematic relationships of the system, and a
velocity gradient value for a flowing system is not applicable to a
stirred system.

The stirred tank was found to be readily adaptable to.]aboratbry

and pilot plant use in reaeration and deoxygenation studies.
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C. Deoxygenation Studjes

It has been proposed that the "microbiology of waste waters could
more properly be termed the microbiology of heterogeneous populations"
(77). However, the bioenvironmental engineer has in general failed to
apply the principles of biological growth to problems in waste treat-
ment. This 1is particularly true in regard to the oxygen uptake in the
BOD bottle and the application of bottle data to the events occurring in
the receiving stream. The BOD test has probably been the subject of
more research effort than any dther facet of waste treatment, and yet
Hoover proposes "no one considers it adequately understood or well-
adapted to his own work" (35). In the opinion of the writer, the prin-
cipal cause of this perplexing circumstance is that the objective of
most of the research on the BOD test has been to seek refinements on the
basis of decreasing first order rate kinetics and the objective has not
been to elucidate the basic‘princip1es of the deoxygenation process and
application of the results of the test.

While Phelps (10) partly developed the concept of first order
decreasing rate kinetics for BOD rearation, he has also noted that there
is no justification for the reaction being monomolecular. As far back
as 1931, Butterfield (34) pointed out that the reaction most certainly
had to be diphasic. In 1958, Busch (38) presented data showing that
oxygen uptake during the BOD exertion consists of two phases separated
by a plateau. Bhatla and Gaudy (45) have since published results of
extensive laboratory studies which verify that the plateau does exist in
the oxygen uptake curve. In view of the knowledge that is presently
available relative to the response of a microbial population to a sub-

strate it is somewhat surprising that bottle BOD data are so widely
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employed. The substrate-growth relationships proposed by Monod (72)
indicate that the growth'ratetand'hence the oxygen uptake rates are
related tp substratefconcentration, While the test has been widely
criticized because of:1aek of'adequate understanding and description of
the reaction kinetics;_itiis universally employed in the_assessment of
wastes in the design and aperational control of nastevtreatment facili-
ties, in establishing eff]Uent ertteria for wastes -before discharging
to the receiving stream and in ana]yses of stream data.

The oxygen ut111zat1on k1net1cs observed in the present research-
was very d1fferent‘from what~1s described by decreasing first order
kinetics. . The'upper partion of FigUre’SZ shows a typical type of - |
oxygen sag curve as defined by the "sag equation“*prqposed by Streeter

-and Phelps (])(Equétipn.B); aiong:with a sag curve as observed in the
current research.; While it is recognfzed.that'the entire reCOVery
process is 1mportant in the overa]] use of the ‘receiving stream, the
critical stretch ex1sts in the reach designated by the d1stance BD in
Figure 52.

The results of the‘present'researeh indicate thdt the'bio]ogica]
kineticsber the substrate remeval'phese of waste'degradation is defined
by growth k1net1cs as g1ven by a convent1ona] S shaped growth curve.

As shown by data from a]] of the present research except the two exper-
iments using sewage substrate, the oxygen uptake exhibited a lag per1od
followed by a'period of increasfng rate of oxygen uptake corresponding’
to the perfod of substrate removal and bacterial growth. As substrate
became 1imiting, there was an infiection point in the oxygen uptake
chrve where»the curve goes from concave upward to concave downward. At

the inflection point the rate of change in oxygen uptake went from an
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increasing function to‘a_decreasingbfunction, and the maximum rate of
oxygen uptake occurred at this pointa .The-oxygen uptake rate decreased
to a very low value at the sag point, which was'shown by the experimental
data to be at-the'point_of‘eXOgenous substrate removal and maximum bac-
terial popu]atfon.: The Tow point in ‘the sag is shown as point D in
Figure 52. ‘The oxygen uptake‘continued at a very low rate for several
hours fo]]ow1ng the point of exogenous substrate remova] The data for
experiment B glven in Tab]e II shows. an oxygen uptake of on]y 0.57 mg/1
tfor a 4-hour period 1mmed1ate]y fo]]ow1ng the dep]et1on of the exogenous
substrate Th1s per1od (D E in F1gure 52) is shown as a per1od of
.oxygen recovery in the d1sso]ved oxygen curve and as a plateau in the
oxygen uptake curve; At the t1me‘correspond1ng to the end of the
plateau, the dissolved oXygen content'had recovered from the critical
point. The piateaukwas followed by‘a period»of,increasing oxygen uptake
that. was offlowfmagnitude andehOrt'duration,COmpared’with the rate of
uptake during the substrate uti]ization period. This period‘was foi-
Towed by a ]ow‘rate’of oxygen uptake of extended,duration that was
essent1a]1y defined by decrea51ng rate k1net1cs

Present pract1ce is to force an oxygen uptake curve for bottle data
to fit monomo]ecu]ar decrea51ng rate k1net1cs by the constructlon of a
line such as Tine H-F_1n ngure 52. This assumption provides.solutions,
but the validity of these solutions is questionable, and it certain]y
does not bring one any c]oser to the correct solution. _As noted in the
resu]ts of the oresent,research,»ki.day']vWas 9.5 times higher than k]
for the same group of exper1"ments° Gannon'(78)»reported rirer yelocity
constants 18.5 timesjgreater than the rate‘constants found from BOD bot-

tle data.’GunnersOn(79) has noted that while the computation of oxygen
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balances in streams requires a number of assumptions and approximations,
probably the most troub]esome‘of these is the assumption that the BOD
rate coefficient, k], is a constant. Gannon (78) has also shown that
because of the problem of fitting BOD data to a first order decreasing
rate relationship, the k] value obtained can vary over a wide range
depending on the method of evaluation. It was shown that the evaluation
of the same set of data by various mathematical and graphical procedures
that have been proposed for computing k] gave a range from -0.0002 to

], and it was noted by the author that none of the procedures

0.0232 day”~
[%ee Gaudy, et al. (58) for brocedures gave satisfactory results when
applied to a 2-stage curve. | |

Orford and Ingram (36) héve noted that the monomolecular equation
is a poor expression because of the variation of k] and L with time of
observation, and because the parameters have very little physical or
biological significance. ‘Buswell; et al. (80) also have noted that the
BOD reaction is not-defined by the monomolecular Taw.

The course of the deoxygenation process observed in the open sys-
tems in the present research was the same as that found by Isaacs and
Gaudy (2) using the simulated channel used in the present research, and
by Gates, et al. (48), using a stirred tank reactor. Both Isaacs and
Gaudy, and Gates, et al. noted a Tlag followed by a period of rapid
oxygen uptake that was defined by increasing, and not decreasing,
kinetics. The curves presented by Isaacs and Gaudy (2) also show a
longer lag period for the bottle data than open systems, and in most of
the experiments a lower 0xygen demand dUring the first five days.

The Tag periods experienced in the present research indicate that

the: period was related to initial seed concentration and to substrate
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concentration. The average lag for the open systems in Group I experi-
ments was 16.3 hours with a range from 12 to 30 hours. Similar lag
periods were indicated by the.data presented by Gates, et al (48). The
data reported by Gates and his associates also showed a Tonger lag period
for lactose than for the other substrates employed. Long lag periods
were also observed in the present research when dry milk was used as a
substrate. McWhorter and Heukelekian (40) reported that an increase in
seed concentration reduced the lag period, but the initial seed concen-
tration had little effect on the variation in the lag. Pipes, et al. -
(41) reported wide variation in lag periods observed for various sub-
stratés, and the data reported by Bhatla and Gaudy (45) also indicated
variability in the lag period. Thus, it seems apparent that the sum-
mary opinion and experimental evidence is that the BOD reaction is sub-
ject to widely varying lag periods and is’npt adeduate]y approximated by
decreasing rate monomo]ecu]af kinetics. Also, the data from bottle
experiments give widely varying results which are not suitable for
applying to stream analyses.

As shown by the results of experiments Q and R, the increasing
oxygen uptake rate was defined by the same type of kinetics as proposed
by Monod (72) for biological growth. Thus the rate constant, ki’ is
related to a measure of the biological generation time. Therefore, if
oxygen uptake rates are related to substrate concentration, data from
bottle experiments cannot be used to evaluate conditions in the receiv-
ing stream unless the substrate concentration is the same in both
systems. |

The oxygen uptake curve and sag curve for experiment B (channel)

for the period from the end of the lag to the oxygen sag point are
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shown in‘Figure 53° It is seen that the growth kinetics as proposed by
Monod (72) detines the oxygen uptake to‘the‘inf]ection>point of the
curve. The s1ope of the oxygen uptake curve is the rate of oxygen
uptake, Z%3 and the 1nf1ect1on po1nt is by definition the po1nt where
the rate'of change of slope changes from an increasing rate to a decreas-
ing rate. Thus the 1nf]ect1on po1nt (point C) is the position of max-
imum oxygen uptake rate

The 1nf]ect1on point was not the sag po1nt because the rate of
oxygen uptake (Y-— ]0k1 (t‘to)) at this point was greater than the rate
of reaeration‘(KzD), and the oxygen content‘of the water continued to be
depressed unti] the rate of deoxygenation was equa] to thebnate of
reaeration. Thus, it 1s seen that the sag point did not correspond to
the p01nt of maxmmum oxygen uptake rate. |

A]though the rate of oxygen uptake was decreas1ng heyond the
1nf1ect1on point, it was st1]1 cons1derab]y greater than the reaerat1on
rate (KZD) to nean_the'po1nt of exogenous sqbstrate depletion. . Thus it
appears from the results of the present research that sinoe‘respiration
requirements of -a proliferating system were considerably greater than
the endogenous respiration requirements, the oxygen sag point in the
stream will generally occur at the point of substrate depletion. Hoover,
et al. (35) neported that the respiration rates of growing organisms was
ten to tnenty times that of the endogenous rate.

~ Growth kinetics are not adequate]y defined beyond the inflection

point. Kinetics,as proposed by Monod (72) defines the oxygen uptake
| .only to the point of inf]ection.b The oxygen uptake curve beyond the
inflection point was a decreasing function, but it was not a first

order function. While there are mathematical relationships for defining
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an S-shaped curve similar to a growth curve, the constants in the
resulting equationgmust be-evaluated by curve-fitting procedures and
would not be genera]iy app]icab]e since the curve must be related to the
substrate concentfation as shown by Equation 69. The growth-substrate
relationship as given:by this equation shows that higher initial sub-
strafe cohcentrations will give a'greater kj; and hence, a greater rate
of -oxygen uptake during the growth period. This information on the
oxygen Uptake rate is présenfed to show that the oxygen uptake in dilute
systems was definéd by kinétics similar to the growth relationships as
proposed by Mohod‘and to giVe.additﬁonal eviaence that the results of
the preseht research indicdte'that oxygen uptake rates for dilute sys-
tems such as are found in rgceiying‘streams ahd BODvbottTés are related
to substrate concentration. Thereforé, data from BOD boftles should not
be used in stream ana1yses{‘fThis fact‘was a]so indicated by the
reaction rates obServedvin thévppen.ahd c105ed_SyStems‘émp1oyed in the
present research. | | |

»McWhorter and Heuké]ekiah (40)-haVe_reported thaf the oxygen uptake
rate was near maximum af the poinf of substrate exhaustion. .However,
this is contrary to fheresu]fs‘observed in this research, as shown in
Figuré 53, and it is also chfrary to present concepts of growth kin-
etics. Garrettjahd'séwyer'(BZ) found that the oxygen uptéke rate was
directly proportional to sUbstrate,concentration‘at low concentrations
of BOD. This conceptpwouid involve a two-phasé growth-spbstrate
re]ationship which is also contrary to commonly accepted growth con-
cepts. Gaudy, Ramanathan, and Rao (81) havevsh0wn that growth rates are
Tower for systems operafed at ]owef substrate concentrations, and that

growth rates were defined by kinetics as proposed by Monod.
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Experiments J and K of the present research employed settled sewage
as substrate. It is seen from Figures 34 and 36 that the oxygen uptake
rate for the open systems was reasonably defined by decreasing mono-
molecular kinetics. The data indicate that the carbohydrate and the
exogenous soluble COD were depleted before the start of the experiment.
The decrease in the total COD during the experiment could be caused by
the utilization of particulate matter by the microbial population (there
was no decrease in cell count), by cell respiration or oxidative assimi—
lation, and by predator activity. Also, there was no bacteria log
growth, and hence there could be no increasing oxygen uptake phase.

| Hoover and his associates (35) probosed that the BOD test consists
of two biochemical reactions, and that whenever a monomolecular reaction
rate with a velocity constant of 0.1 day-] is observed in a BOD test,
the reaction is solely one of endogenous respiration.

Isaacs (25) has shown that settTed sewage exerts an oxygen demand
that is approximated by decreasing monomolecular kinetics. The data
presented also show a lower 5-day BOD exertion in the bottles than in
the open turbulent system. Komolrit, Goel, and Gaudy (71) have also
shown that growing system solids subjected:to endogenous conditions
exhibit an oxygen uptake that is defined by decreasing kinetics. Thus
it appears that systems employing high solids to substrate ratios or
nonproliferating systems exhibit oxygen uptake rates that are essen-
tially decreasing rate monomolecular in form. The results of the exper-
iments employing sewage as substrate indicate that the_bﬁo]ogica] growth
in sewage a few hours old may be in an oxidative assimilation or endog-
enous phase. It most certainly was not in a growth phase, since the

available soluble exogenous substrate had been depleted by this time
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and the viable count has reached the stationary phase in the growth
cycle.

A similar situation most surely existed in rivers below sewer out-
falls in times when raw sewage was discharged to receiving streams.

The sewage was not chlorinated, thus the conditions in the river may
have been similar to what existed in the simulated channel and stirred
tank in experiments J and K of the presehtvresearchu That is, the time
of flow in the sewers was sufficient for the biological growth to occur
before or very soon after the sewage reached the river. Thus, investi-
gations of polluted streams below the large cities as reported by
Streeter and Phelps (1), Theriault (31), and Adeney (31) would be
expected to give oxygen uptake curvés that are defined by decreasing
first order kinetics. The Tow value of 0.1 day'] for the rate constant
reported for the river water is a further indication that endogenous
respiration was being measured. These conditions no longer exist below
most of -our major cities. Today, sewage is at least subjected to pri-
mary treatment followed by chlorination before being discharged to the
receiving stream. Therefore,:there are no extensive sludge deposits
below outfalls, and the biological population is almost nil because of
the chlorine residual. Hence-a new biological population must develop
in the receiving stream after the chlorine residual is exhausted.

The report by Gannon (78) on a survey of the Clinton River below
the Pontiac, Michigan,'sewe} outfall, indicates that the chlorine
residual persisted for 0.65 miles below the outfall. The dissolved
oxygen profile shown for the stream indicates that-a lag existed below
the point where the chlorine residual was exhausted. This lag was fol-

Towed by an increase in oxygen uptake manifested by an abrupt sag in
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the oxygen content curve. The nature of the sag indicates a period of

rapid oxygen uptake following the lag, which is in accord with the con-
cepts proposed from the results of the présent research. Also, it was

reported that the bottle data for the river water did not agree with or
correlate with stream measurements,

The oxygen uptake curves observed in the present research are also
of the type as reported by Bhatla and Gaudy (45) for high energy systems
using sewage seed and glucose substrate. The curves indicate the
existence of a lag period varying from about fifteen hours to two days,
depending on the seed composition. The experiments using a one per cent
settled sewage seed indicate a lag of approximately eighteen hours.

The lag period was followed by a rapid increase in oxygen uptake rate,
corresponding to the period of substrate depletion. The plateau
occurred at the point of maximum bacteria population and substrate
depletion.

The oxygen uptake rates observed during the plateau in the_présent
research show that the oxygen uptake rates are very low in the absence
of an exogenous substrate. The second phase of oxygen uptake observed
in the present research corresponded to predator growth as was observed
by Bhatla and Gaudy (45) for both high and low energy systems. No evi-
dence of a secondary growth as a result of protozoa activity as pro-
posed by Butterfield (34) was indicated in this research. In fact, it
was found that bacteria growth must precede predator growth. As noted
in the reéu]ts, there was an inactivation or die-off of the protozoa
following inoculation of the systems with acclimated seed. Microscopic -
examination of samples indicated that the protozoa were completely

jnactive, and appeared to lyse. New predator growth was not observed
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until bacterial growth was near a maximum. Thus the results of the
present research indicate that predator activity was responsible for the
second phase of oxygen uptake.

The present research also shows that the fraction of the theoreti-
cal oxygen uptake exhibited at the plateau was 39 per cent in the open
systems and that the variation from this mean was not great. Gaudy,
et al. (44) reported an average removal at the plateau of 34 per cent
using glucose as substrate. Isaacs and Gaudy (49) reported an average
removal of 35 per cent for four experiments using glucose-glutamic acid
substrate. More extensive studies reported by Gaudy, et al. (67) cover-
ing forty-six experiments using a variety of substrates and seeds indi-
cate the oxygen removal at the plateau is generally between 30 and 40
per cent of the theoretical. Busch (38) has reported that the plateau
BOD value for glucose is 41.1 per cent of the theoretical oxygen demand.
While there appears to be some variation in the oxygen uptake-BOD
relationship at the plateau, it is emphasized that the variations are
small compared with the variations found for the 5-day BOD values.

The experimental evidence from the present research indicates that
mixing in the range found in natural streams, has no effect on the rate
of oxygen uptake or on biological growth. Rickard and Gaudy (57) have
shown that agitation does increase the oxygen uptake rate. Lordi and
Heukelekian (69) have also reported higher oxygen uptake in stirred
systems than in quiescent systems. However, the studies reported by
Rickard and Gaudy employed continuous flow experiments at much higher
substrate loadings and higher mixing rates than were used in the present
experiments. Lordi and Heukelekian also reported that nitrification

occurred two to three days earlier under stirred open conditions than
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under closed conditions. While no nitrogen analyses were made, the
general shape of the oxygen uptake curves do not give any indiéation of
nitrification occurring in any of the experiments reported herein.

It is not thought that the high oxygen tensions employed in experi-
ments Q and R had any effect on the biological response observed.
Zobell and Stadler (82) found that the oxygen utilization per cell is
independent of dissolved oxygen within the range employed in these
experiments. However, they found that in concentrated nutrient solu-
tions, rich in particulate matter and high bacterial concentrations,
oxygen may become Timiting in the vicinity of the respiring cells,
expecially if the cells exist in clumps. Under these conditions the
higher oxygen tensions would increase the oxygen gradient in the vicin-
ity of the clumps of microbial floc. However, only dilute substrate
concentrations and low biological solids were employed in the present
research.

On the basis of the results from the present research and the
findings of others as noted, it appeérs very evident that data obtained
from BOD bottles in the Taboratory are not applicable for predicting the
course of deoxygenation in flowing streams. The open stirred reactor
as employed in the present research is, in the writer's opinion, the
most suitab]evmeans available for ascertaining the pollutional char-
acteristics of a waste water. A reactor of sufficient volume can be
used to permit sampling for several analyses, as wag done in the
present research. Not only was the stirred reactor found well-suited
for use in laboratory studies, but also the capital investment and
space requirements are no greater than what is required for the standard -

BOD procedure. The system selected should have a variable speed drive
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so as to permit operation at,a‘seTected reaeration rate.

The use 6f an open stirred reactor would elimijnate the inaccurate
assumptions and approximatiohs'that are associated with the use of the
BOD bottle in deoxygenation Studies, and aTso provide’an accurate
assessment of the deoxygenatidh process 6ccurring in the natural stream.
Tﬁis procedure also prOvides'a heans for;determining reaeration rates
in stfeams from thé‘aétuaj‘oxygen uptake data obtained from experiments

in the stirred reactor.



CHAPTER VII
CONCLUSIONS

A. Oxygen Sqlubility

1. The results of the present research and those of the other
recent studies (4)(5) indicate that the oxygen saturation data given in
Standard Methods (3) are inﬁokrect.

2. The results of this investigation support the data for oxygen
so]ubi]ity‘réported in_ the ASCE-Pkogress,Report (5) based on 0.07 ml
of 0.025 N iodiné béing requffed to give a detectable color as reported
by Knowles and LoWden-as being correct. Since the data from this
investigation indiqate that the starch‘endpoint does give a lower
oxygén solubility than the amperometric endpqint,‘studies involving the
use of a visual starch endpoint in dissolved oxygen determinations

should use saturation data based on a starch endpoint.

B. Reaeration Studies

1. The velocity gradient eqguation proposed in this research and
the equation presented by Isaacs and Gaudy {(2) correlate equa]]y well
with the reaeration rate coefficient for the data obtained in the
present research.. |

2. The volumetric rate of energy dissipation depends on the
nature of the system. The velocity gradient for the flowing system was

developed from the Darcy equation for flow in turbulent systems, and
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the velocity gradient equation for the stirred tank was developed for a
baffled tank employing a marine impeller on a vertical shaffm Hence
the velocity gradient for a flowing system is not related to one for a
stirred tank, o

- The hydraulic parameterslf, U, and D, are required to define the
volumetric rate of'ehergy dissipation and the vertical velocity dis-

tribution for a flowing stream.

C. Deoxygenatjon Studfes 

i The deoxygenation response is_nOt defined by decreasing mono-
molecular kineties, This is true for both closed bottle systems and
open turbu]eht systems. The results of the present research clearly
indicate thet the bio]ogica] response to a substrate in dilute systems
produces an autocatalytic growth curve and that biological growth is
directly kef]eeted_in the oxygen uptéke_rates which are defined by
1n¢reasin§ kihefjee to the infieCtion’point in'the oxygen uptake curve.
Thebincreasing rate constahté for thié period are.approximately ten
times greaﬁer than_the corresponding decreasing rate constents,; A
diphasic oxygen uptake occure.in a turbulent stream.

2. Mixing in-the range employed in the present research appears
to have no effect on the b]o]og1ca1 kinetics in systems emp]oylng Tow
substrate concentrat1ons such as ex1st in rece1v1ng streams and BOD
bottles. Thus the biological response is 1ndependent of the reaeration
rafe or degree of turbulence of the systeh'for‘the range of turbulence
found in natural streams. | | _

3. The oxygen uptake at ﬁhe plateau is related to the initial
substrate concentration. For both the open and closed systems employed

in the present research, it was found that approximate]y 39 per cent of
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the theoretical oxygen requirement had been exerted at the point of
substrate depletion.  Hence the percent oxygen uptake is independent of
substrate concentration; however, the oxygen uptake rates were related
to substrate concentration, and hence were different for the open and
closed systems. Also, the lag periods were longer for the bottle
systems énd the 5-day BOD values were significantly different for the
open and closed systems.

4., The critical reach of the receiving stream corresponds to the
biological growth period which occurs during the removal of the exogen-
ous substrate. Even for low substrate concentrations the oxygen uptake
rates during this period will céuse a significant decrease in the
oxygen content of the stream. The actual magnitude of the decrease in
oxygen concentration will depend on the substrate concentration and the
reaeration rate. The oxygen uptake rates which are exhibited after the
removal of -the exogenous substrate are much less in magnitude, and in
themselves do not have a significant effect on the oxygen balance of
the stream.

5. Because of the varjability and magnitude of the lag period in
the BOD test, a short term test has no significance.

6. Oxygen uptake in dilute systems was defined by kinetics
similar to the kinetics for biological growth, as proposed by Monod.
Therefore, the oxygen uptake rate during the period of substrate utili-
zation is related to substrate concentration, and BOD data from diluted
bottle systems are not applicable to receiving streams. If one is to
determine the actual oxygen uptake rate and the true effect of a waste
on a receiving stream, the use of a system similar to the stirred tank

employed in the current research is recommended. The open stirred
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system can be operated fo_giVe the reaeration rate of -the receiving
stream and the trye streém:reSbonse to' a waste can be ascertained.
High Qxygen tensﬁon bottile Systems such as wekevemp]oyed in experiment
Plof-the present reéearch,can be used. However., this procedure

. requires ihtehsive‘sampling to'obiain sufficient data for analyses.



CHAPTER VIII
SUGGESTIONS FOR FUTURE WORK

1. Since oxygen solubility is so important in the overall oxygen
balance in receiving streams, additional research is needed to deter-
mine the difference in solubility when using,én amperometric endpoint -
and a visual starch endpoint. Statistical data are needed on the
individual's ability to detect the starch endpoint.

2. 1t appears that the velgcity gradient, G, sufficiently defines
turbulence to provide a means of correlating turbulence to the dimen-
sionless friction factor, f. Howevér; more data are needed where
channel roughness is varied. Experiments could be designed to measure
reaeration under various roughness conditions in the simulated channel.
employed in the present research.

3. Results of the present research indicate that oxygen uptake
is related to substrate concentration. This relationship is defined
to the inflection point in the growth curve by Monod kinetics. Addi-
tional research is warranted to elucidate the factors which influence
the position of the inflection point in the oxygen uptake curve and to
define the oxygen uptake curve beyond the inflection point.

4. The effects of chlorination on the oxygen uptake in the
receiving stream have not been determined. It is evident that the

chlorine residual greatly reduces the biological population, but it is
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not known how this‘affects the new growth which must develop after the
chlorine residual is exhausted. The nature of this new growth is what
causes the oxygen depletion in the»reéeiving stream, and at the present
time the bioenvifonmenté]'engiheer has not determined where this new
growth will occur, and what substrate concentrations are involved in

the oxygen uptake.
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