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CHAPTER I
INTRODUCTION

Frankland believed that the slightest amount of sewage in water was
injurious to health.  In 1870, he said: "To remove it (sewage) from
water would require the strongest of oxidizing agents. To .think to get.
rid of organic'mattér by exposure to the air for a short period of time
is absurd" (1). Frankland is usually credited with being the originator
of the bjochemical oxygen demand test, since he showed that the amount
of oxygen consumed upon storage of a sample of water containing organic
matter was dependent upon the time of storage. Since then, the BOD
test has been used for many purposes; the original purpose, and the one
of concern in this research, is the prediction or -estimation of the
amount of air (oxygen) required to stabilize organic matter in a receiv-
ing stream.

Waste waters (either treated or untreated) ultimately flow into a
receiving stream. . In the presence of sufficient nutrients such as
nitrogen and phosphorus, which are usually present in ample amounts,
the organic matter in the stream is used as a carbon source for aerobic
heterotrophic microorganisms. The growth of these organisms lowers the
dissolved oxygen (DO) content in the stream. The DO is replaced largely
by surface reaeration, and if the oxygen supply is replaced rapidly

enough in comparison to the raté of oxygen depletion due to microbial



growth, the dissolved oxygen will, after a perfod of decreasing concen-
tration, recover to its former level. A mathematical description of:
this process was provided by Streeter and Phelps (2) in 1925. The
Streeter-Phelps sag equation is based upon two opposing first crder
decreasing rate reactions, deoxygenation and reaeration. While the rate
of physical reaeration of a body of water can be shown to follow such
kinetics, factors such as depth, velocity, turbulence in the flow,
stream geometry, and green plants and bottom deposits affect the kin-
etic constants for physical reaeration. The law stated by Streeter and
Phelps also describes first order decreasing rate deoxygenation. How-
ever, in recent years, many studies have indicated that such a kinetic
mode is not obtained in the stream or in the BOD bottle, which is
usually used as the laboratory reactor in studies designed to determine
the velocity constant, K, and the ultimate oxidizability of the organic
matter present in the stream (2). It is difficult to believe that a
"repction" which involves complex substrates such as sewage and indus-
trial wastes with complex microbial populations would follow laws of a
monomolecular reaction.

A large portion of the work which has helped establish a clearer
picture of the kinetics and mechanisms of -BOD exertion in the BOD bottle
and in dilute substrate systems in general has emanated from the bic-
engineering laboratories at Oklahoma State University (3)(4)(5)(6)(7).
Isaacs and Gaudy (8) found that the characteristics of BOD exertion in
the BOD bottle did not compare to those in a simulated receiving stream.
Later, Jennelle and Gaudy (9) showkd that the dilution technique, which
is the standard operating procedure in the BOD bottle analysis, could

not be reliably employed because the concentration of organic substrate



affected the Togarithmic velocity constant for oxygen uptake. Also,
they found that the mixing rates used had no effect on the biological
kinetics in systems employing low substrate concentrations. They-
devised a procedure for obtaining the oxygen uptake or BOD curve using
an open stirred reactor for which the reaeration characteristics had
been previously determined. Jennelle also found that the relation of
oxygen uptake with substrate concentration was defined by an equation
similar to Monod's equation for biological growth kinetics.

Since it has been generally concluded that the Streeter-Phelps sag
equation is inadequate for the prediction of a stream's assimilative
capacity, it is felt that efforts should be made to use the recent
developments in BOD kinetics and mechanisms to propcse a new method.

A direct procedure which can be employed in the laboratory and related
to the stream, has been proposed by Jennelle and Gaudy {9), and Gaudy
(10). An open stirred reactor may be used, in which the reaeration rate
may be determined for a partiéu]ar temperature, volume, and stirring
rate. The stirring rate is set to provide a reaeration constant (Kz)
approximately equal to that of the stream, and the waste effluent can be
added to the reactor at the same dilution as in the receiving stream.
From the resulting DO profile and the known K2 value, the O2 uptake may
be calculated. The BOD curve may then be combined with the K2 value
for the stream {or values for several reaches in the stream) to calcu-
late the DO profile in the stream. In using this method, one employs
the natural receiving stream water and the waste water concentrations
which will exist in the stream, and generates actual O2 uptake curves.,
The resulting curves may exhibit various types of kinetics; however, it

is not necessary to describe the curve mathematically.



One phase of the present research involves investigation of the
effects of the reaeration rate on the course of oxygen uptake in open
stirred reactors. It was proposed to use values of K2 which would not
be much in excess of those normally observed in a receiving stream.
Because of the changing geometry of streams, the amount of oxygen trans-
ferred varies in each reach; however, if 02 uptake is the same for a
range of K2 values, a sing]e,O2 uptake curve may be used for the calcu-
lation of the sag.

The major part of the investigation involved the employment of open
stirred reactors to determine oxygen uptake curves for both synthetic
and whole wastes. Using the simulated channel employed previously in
the bioengineering laboratories of Oklahoma State University (8)(9),
the oxygen uptake data developed in the open reactors could then be com-
bined with the known reaeration rate for the simulated stream and, using
a numerical computation technique, the course of the sag in dissolved
oxygen could be calculated and compared to the observed oxygen depletion

and recovery for the same amount of waste in the simulated stream.



CHAPTER 11

LITERATURE REVIEW

The principa1 concern of the present research invelves the bio-
chemical oxygen demand concept in relation to the assimilative capacity
of a receiving stream. The topic requires a review of the history and
concept of the BOD test, the development of the test, its kinetics and
mechanisms, and its use in predicting a stream's assimilative capacity,
including the Streeter-Phelps sag equation and other methods.

Frankland (1) believed that "the oxidation of the organic matter
in water is .effected chiefly, if not exclusively, by the atmospheric
oxygen dissolved in the water. If, therefore, water contaminated with
organic matter be perfectly excluded from the air in a carefully stopped
bottle, the gradual diminution in the amount of DO indicates exactly the
progress in the oxidation of the organic matter." Since 1870, and
Frankland's time, extensive work has been done concerning the BOD test
and concept. Theriault (11) wrote a critical review of the work from
1870 through 1927. Also, 0'Brien and Clark (12) published a review
containing 816 references. Montgomery (13) in 1967, reviewed the dilu-
tion method of BOD dé&termination and compared it to respirometer tech-
niques. These threé_revﬁews cover the historical development of the
BOD test and, therefore, -only a brief review of the test and concept as

they apply to stream purification will be presented in this report.



The BOD test has been applied to determine the strength of sewage
or wastes, to measure treatment plant efficiency, to design sewage and
waste treatment units, to establish stream and effluent standards, to
set sewage charge rates, and to calculate the amount of pollution added
to a stream. From its extensive use and varied applications, a great
amount of controversy has arisen concerning both the BOD test and the
concept.

Frankland (1) is credited by many as being the first to use a BOD
test, and he believed the mechanisms to be strictly chemical (i.e., not
bjochemical) reactions. In 1884, Dupré (14) first suggested that the
microphytes in water consumed dissolved oxygen for their own metabolic
processes. Adeney and Becker (15) were the first to use the dilution
technique, and established the 5-day period for the test. With a few
modifications to the BOD analysis in the first half of this century,
the test is essentially the same as it was 100 years ago.

In the early 1900s, some investigators tried open vessels in place
of sealed bottles to make allowance for-reaekationg However, Theriault
(11) said "tests in open vessels are utterly inadequate for the purpose
of supplying information concerning the balance which, under natural
conditions, is obtained between the rate of reaeration and the rate of
deoxygenation of a polluted water. It's more simple to consider them
separately." Perhaps because of the "simplicity" factor, further work
with the BOD test was continued using the standard dilution technique
and sealed bottles.

Along with the standard BOD test, standard kinetics of the expres-
sion of oxygen utilization during the incubation period became "stand-

ardized" in the minds of many workers. 1In 1944, Phelps (16) stated that



"there is no real justification for holding that the rate of decrease of
BOD is exactly monomolecular. In practical application, it appears on
extensive study to be so nearly monomolecular as to justify the use of
our present formulas. On the other hand, there are some facts suggest-
ing that the monomolecular law does not exactly express the situation.”
Many invesfigators, inc]uding‘Thériau]t (11), before the above statement
was made, had used and continued to employ the monomolecular interpret-
ation of the BOD curve. This type of kinetic expression is still
employed today.

The earliest notation of BOD kinetics other than first order was
in 1926 by.Greenfe]der and Elder (17), who suggested that a second stage
of BOD exertion could be due to the death of some organisms, ther%py
furnishing food for others. In 1959, Busch (18) reported two-stai@
oxygen uptake curves and defined the separation of the stages as fhe
"plateau." He attributed the second stage to the metabolism of bactéria,
by protozoa. 5

McWHorter and Heukelekian (19) explained the phases of substrate
utilization in four steps: (1) Exogenous substrate is used for oxida-
tion, synthesis, and storage. The ce]]‘weight is at a maximum when sub-
strate is removed. (2) Stored carbon is used and nitrogen content of
the cells continues to rise, while oxygen uptake becomes slower. (3)
Utilization of reserve cellular constituents ensues, and oxygen uptake
proceeds at a still slower rate. (4) Metabolism continues very slowly.
They observed a pause between the exogenous and endogenous phases,
which was shorter for the higher substrate concentrations and did not
appear above 1000 mg/1 substrate. In the following discussion, Pipes |

stated that the oxygen uptake of a given mass of microorganisms is a



function of the metabolic activity of the bio-mass, and is therefore at
the minimum during endogenous respiration and maximum during exponential
growth.

Extensive work with the BOD concept has been completed at Oklahoma
State University in the Bioenvironmenta] laboratories. Gaudy, et al.
(3) defined the BOD curve and proposed theories to explain the plateau.
They found that the first phase of oxygen uptake correspands to the
period of substrate removal and includes periods of bath exponential
growth and declining growth rate. The plateau occurs at maximum viable
count, and the last phase corresponds to a sharp decrease in numbers of
viable bacteria. The plateau usually occurs during the first or second
day of -incubation. Also, 30 to 40 percent of the theoretical oxygen
demand has usually been exerted at the beginning of the plateau. The
plateau was found to occur with both heterogeneous and pure cultures.

The four theories proposed to explain the occurrence of a plateau
in BOD exertion were, briefly: (1) for heterogeneous populations, a
change may occur in predominance; either the species of bacteria pre-
dominating may change or protozoa may become predominant; (2) some of
the cells which have reached maximum growth may lyse and release prod-
ucts which produce a secondary growth; (3) the same population of organ-
isms which have used the exogenous substrate may continue to predominate
but may need an acclimation period to synthesize new enzyme systems for
metabolism of ‘endogenous stores; and (4) an acclimation period may be
required for the metabolism of byproducts released during the metab-
olism of the exogenous substrate. A fifth theory was also proposed
from the work of Gaudy, Komolrit, and Bhatla (20), wherein diphasic

oxygen uptake curves may be produced when sequential removal of two



exogenous substrate occurs. In summary, the plateau is considered to be
caused by a change from metabolism of the original exogenous substrate
to metabolism of a secondary substrate, which may be the bacterial cells
produced during the first phase. The pause or plateau between the
phases is thus due either to an acclimation period or to a lag between
cessation of ‘metabolism by one population and initiation of rapid metab-
olism by another population. |

Later, Follett and Gaudy (5) used complex wastes, including some
from wood pulp and paper mills and sewage. The plateau was evident,
and correlated with the maximum cell population. It also appeared to
be'1ess pronounced at high substrate concentrations. It was concluded
that the number of -compounds in a waste has little effect on the occur-
rence of the plateau,

Bhatla and Gaudy (7) continued their work with heterogeneous popu-
lations and the role of protozoa in BOD exertion. = They were eventually
able to construct the following generalized sefuence of occurrences in
e xertion of BOD during the incubation period: During the rapid phase
of bacterial growth, the exogenous substrate is used for energy and
synthesis. At the time of maximum bacterial population and exhaustion
of exogenous substrate, the cells begin to use intracellular substances.
Only a few protozoa may have been present initially, and since their
major-food source is bacteria, they have not been able to grow rapidly
until this food source is plentiful; the protozoan population now begins -
to increase. If no protozoa were present, the pacterial endogenous
phase would continue and, therefore, the plateau might extend on with
no second stage of oxygen uptake. However, as the protozoa increase

and consume the bio-mass, a second stage of oxygen uptake is exerted,
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The destruction of the bio-mass or "self-clarification" may be observed
directly in the reaction vessel as well as under the microscope. .

Gates, Mancy, Shafie, and Pohland (21) have reported the results
of studies using the open stirred reactors. They first investigated the
sag equation at various reaeration rates and with various combinations
of substrates and seeds including pure cultures, They found no agree-
ment in their sag curves with the Streeter-Phelps sag equation. While
comparing the oxygen uptake curve with the sag curve, they noted that
the plateau and the maximum bacterial count corresponded to the minimum
point in the sag. They also concluded that the influence of the bac-
teria continues approximately four hours beyond the Tow point in the
sag, due to either oxidation of stored material or oxidation of released
metabolic intermediates. The substrate had been removed by the time
the minimum point of the sag occurred; however, with some multiple sub-
strate systems--for -example, glucose and lactose--the DO recovered after
the glucose was removed. Then the lactose exerted-a second lag.

In 1961, Lordi and Heukelekian (22) made investigations aimed at
determining whether the rate of mixing had any influence upon the bio-
logical oxidation occurring in polluted waters. Using sewage and tap
water, they compared open quiescent and closed systems, and open stirred
reactors versus closed systems. At constant temperatures for all tests,
they found no difference in oxygen uptake for the open quiescent and
closed systems, but stirring increased the oxygen uptake in the open
jug, with increased stirring velocities resulting in greater differences
in oxygen uptake compared to the sealed bottles. Gannon (23) also com-
pared the standard BOD bottle, open mixed jug, and sealed mixed bottle.

He found mixing caused an increased rate of oxygen utilization.
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Isaacs and Gaudy (24) compared BOD exertion in the standard BOD
bottle to that in a simulated channel. A sag curve was computed using
the Streeter-Phelps equation and the Kl value from a BOD bottle, and
then compared to the actual (observed) curve in the channel, and no
similarity was found. One of the primary differences between the two
oxygen uptakes was the presence of a more pronounced lag in the BOD
bottle than in the turbulent system. This difference could have been
attributed to the initial seed concentration of the two systems. If the
seed in the BOD bottle was equal to that in the channel, the oxygen
uptake curves were.roughly the same. The authors found three distinct
phases of 02 uptake: (1) substrate utilization and increase in biolog-
jcal solids, (2) plateau, and (3) 0, uptake increase due to growth of -
protozoa.

Recently, Ali and Bewtra (25) investigated the influence of turbu-
lence on various parameters of BOD progression. They used two sets of
BOD bottles for each experiment, with one set sealed and quiescent, and
the other set sealed and stirred by a hagnetic stirrer. The uptake
rate was found to increase significantly with stirring when either sew-
age or glucose was used as substrate. The 5-day BOD was also found to
be higher in all cases. They also agreed with Isaacs and Gaudy (24) 1in
finding that the lag period was reduced with stirring.

Jennelle and Gaudy (9) compared oxygen uptake in four systems:

(a) an open channel, (b) an open stirred reactor, {c) closed bottles
quiescently incubated, and (d) closed bottles stirred -during incubation,
It was concluded that the agitation due to stirring in the bottles did
not result in an increase in the rate of BOD exertion over that of the

quiescent sealed bottles. However, the open stirred reactor and the
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open channel resulted in a higher oxygen uptake, and were comparable.
Studies were run to determine whether the lower substrate concentration,
necessitated by the normal dilution technique, was the influential var-
iable. The rate of 02 utilization was found to be dependent upon ini-
tial concentration of substrate, i.e., lower rates at lower concentra-
tions. The importance of this finding is evident in the fact that the
rates of 02 uptake control the downward leg of the sag curve, and
determine the minimum DO in a receiving stream. Therefore, the direct
use in the sag equation of a rate constant which has been bbtained by
employing the usual BOD dilution techniques cannot be expected to result
in an accurate prediction of the minimum DO unless the dilution factors
are the same in the BOD bottle and the stream. Several substrate con-
centrations were employed in these studies, and the logarithmic 02
uptake rate constant, Ki’ was determined. The Monod relationship
appeared to describe the_curve_resu]ting from a plot of Ki vs initial
substrate concentration. Constants similar to Monod's Mnax and K were
determined,.Ki max and Km’ and these values were found to Tie within
the same range as the microbial growth constants (26). These results
also agree with similar ones reported by Gates, Marlar, and Westfield
(27) for open systems. Because of the importance of determining such
relationships in the prediction of -oxygen depletion, further work,
along the lines purused by Jennelle and Gaudy, was carried out by Kelly
(28).

With the early -development of the general belief that the kinetics
of BOD exertion followed a definite and mathematically describable
course independent of mixing energy and concentration of carbon source,

it seems natural that attempts would be made to incorporate such
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concepts into formulatijons for estimating the course of DO depletion in
natural waters. The most significant efforts in this regard led to
development of the sag equation by Streeter and Phelps (2). Regarding
exertion of BOD, they formulated the following law: "The rate of bio-
chemical oxidation of organic matter is proportional to the remaining
concentration of -unoxidized substance, measured in terms of oxidiza-
bility." Streeter and Phelps noted: "This law happens to be similar

to that which defines the course of monomolecular reaction..... " Having
concluded to their satisfaction that such definiteness was warranted,
they were free to consider the whole process of self-purification in
terms of two phenomena: (1) oxygen consumption by the biological decom-
position of organic substances, the velocity of which is quantitatively
in accordance with the velocity constant determined in the BOD test,

and (2) reaeration, due to a DO deficit, by the absorption of atmos-
pheric oxygen. The result of this simple balance was the following
general equation for the dissolved oxygen deficit curve:

-K,t

,K.La -K,t -K,t 5

D= Kzl:—KI- e 1. e 2 ) + Dae
whére Da = initial DO saturation deficit of the water, D = saturation
deficit after time (t), La = initial oxygen demand of the organic mét-
ter of the water,'Kl = deoxygenatfon coefficient, K2 = reaeration
coefficient. Their studies on the prediction of DO depletion in the
Ohio River .seemed to augur well for adoption of -the sag equation as a
useful method for estimating DO depletion due to entry of organic
wastes to natural water courses.

This -approach has been the subject of much criticism, however,

For-example, Leclerc (29) has described the events after a waste enters
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the stream and nature reacts to 1t: Some material is held in suspension
and deposited on the stream bed. Putrescent or oxidizable materials are
diluted; some are converted into stable forms. The water is continu-.
ously reaerated while microbes and reducfng reactions -deoxygenate the
water. Plants add oxygen during daylight hours, and remove it during
dark periods. Temperature affects the amount of self-purification and
the reaeration rate. This free and valuable self-purification varies
with each stream. Leclerc and many other authors criticize the
Streeter-Phelps equation because it does not include these important
aspects of the oxygen balance. More will be said about improvements in
the sag equation later in this chapter.

A further review of the reaeration aspects is warranted in order
to help to understand the sag equation. - The value for K2 used in the
Streeter-Phelps equation is often selected on the basis of whether the
stream has a slow, medium, or fast velocity. However, the degree of
turbulence in a stream varies with the geometry of the banks and stream
bed. Different chemical and biological factors may influence the ease
of reaeration. The three categories of stream velocity used by'
Streeter-Phelps are too broad to describe adequately the effect of
reoxygenation on the assimilative capacity of a stream, and K2 values
should be determined for the particular reach of stream in question
rather than be selected and inserted into the équation in accordance
with such a "loose" definition. -

Isaacs -(30) reviewed the work of many investigators who have
studied river reaeration and proposed methods to calculate the reaera-
tion coefficient for any stream. The basic premise of all reaeration

formulas has been that K2 is proportional to some function of surface



15

renewal or turbulence and inversely proportional to some function of
the depth. It is important to note that other factors can affect K2°
For example, Kothandaraman (31) found that contaminants in river water
decrease the reaeration rate by approximately 15 percent as compared to
the rate for distilled water. Kehr (32) compared K2 values in tap water
to reaeration rate constants with sewage, sewage sludge, and constitu-
ents of sewage. He found that sewage concentrations of 0.5 to 10 per-
cent or more decreased KZ’ especially at higher flow velocities (turbu-
lence), and believed the decrease was due to surface tension effects.

While the two opposing forces of the Streeter-Phelps sag equation, -
reaeration and deoxygenation, are usually considered of prime impor-
tance for description of the assimilative capacity of a stream, many
investigators feel more variables should be added to the equation to
describe the various physical, chemical, and biological events in a
stream. Kittrell and Kochtitzky (33) in 1947 stated that the greater
assimilative capacity of a turbu1ent stream is due partially to its
increased reaeration capacity. But they believed that the rapid reduc-
tion in BOD was possibly due to adsorption of organic matter to bottom
deposits where anaerobic degradation occurred Without depletion of DO
or reaeration capacity.

Wuhrmann, Ruchti, and Eichenberger (34) described two processes
of self-purification: (1) sedimentation and formation of benthic
deposits, (2) entrance into the food chain of the free floating organ-
isms..  The simulated stream employed in their studies:was a 546-meter
channel, and the substrate consisted of sugar beet molasses, fortified
with glutamic acid and phosphate, made up in "ground water." A hetero-

geneous population rapidly developed, and some organisms attached to
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the bottom and sides of the channel in five days. The substrate was
removed during the first 100-200 meters.

Owens, Knowles, and Clark {35) developed an equation to predict
the distribution of DO in rivers; it included the following factors:.
light intensity, temperature, amount of aquatic weeds present, initial
oxygen content, and photosynthetic and respiratory rates of aquatic
plants and benthic deposits. Their equation is an attempt to balance
the various parameters against the change in oxygen content per unit
surface area of the reach.

Lee and Hwang (36) have made a statement which is probably an
accurate generalization regarding many of the complicated models. "The
mathematical models that must represent a complex blending of biolog-
jcal, chemical, and physical factors are not simple and must be rep-
resented by complex differential equations. For a fairly complex sys-
tem, these equations cannot be solved analytically."

The foregoing review was intended to demonstrate the broad areas
of research involved in making approaches to estimations of the course
of DO depletion in receiving streams and in estimating assimilation
capacity. In general, reaeration of the stream is due mainly to phys-
ical processes, and while the methods of estimating the physical
reaeration constants could be subject to greater refinement, this mode
of reaeration is probably so.dominant over other complicating factors .
that the inclusion of other factors in mode]s does not seem warranted.

The work of Isaacs and Gaudy and of Jennelle and Gaudy, as well
as a report by Gates, provide some indication that work on the exertion
of oxygen demand (rather than reaeration) offers a fruitful avenue of

investigation which may lead to development of predictive techniques
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involving laboratory simulation of 02 utilization in receiving streams
for practical estimation of the DO profile. The use of the BOD dilut--
tion technique does not seem adequate for this purpose, and the

present work was initiated to gain .insight into possible new labora-

tory and computational techniques for predicting DO profile.



CHAPTER III

EQUIPMENT, PROCEDURE, AND ANALYSIS

A. Laboratory Equipment

1. Stirred Reactor Systems

The mechanically-agitated reactor was a flat-bottomed cylindrical
Pyrex vessel with a diameter of 8.125 inches and a depth of 18 inches.
Mixing was provided by either a Teflon-coated magnet (Sargent Magnetic
Stirrer) or a 2-inch propeller, located one inch from the bottom of the
reactor, mounted on a vertical shaft and driven by a Bodine 1/50 hp
motor. The bar magnet speed was regulated by the use of the settings
onffhe\Sargent stirrer. . The impeller speed was regulated by a rheo-
stat. Constant temperature was maintained in the reactor by a Precision
Scientific Lo-Temptrol recirculating water bath. Three reactors could
be placed in a rectangular plexiglass vessel which served as -the water
bath tank.

The oxygen monitoring equipment consisted of a Precision Scien-
tific 1éad-silver oxygen probe and a microammeter. The probe was.
immersed in the 1iquid, the reéading was made, and the probe was
removed. The agitation in the reactor ensured adequate velocity across

the probe membrane.

10
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2. Simulated Channel System

The simulated channel used was the apparatus developed by Isaacs
(30) at the Oklahoma State University bioengineering laboratories.  The
apparatus is constructed of fiberglass and consists of a flat-bottomed
cylindrical channel with rotating ‘inner and outer walls. The channel
provides a rectangular cross-section of flow, having an inside diameter
of-48¢in¢hes,'and‘an outside diameter of .73 inches. The .rotating walls
are independentty driven by variable speed 3 hp,motors; The channel
width is 12.5 inches, and a maximum opérating water depth is 18 inches.
More detailed description of the apparatus and a discussion of its
operation can be found in recent literature (8)(9).

Since the reaeration rate was determined before each test run at a
previously selected wall rotatibn, it was not necessary to take vel-
ocity measurements of the water. The rotational speeds of inner and
outer walls were checked with a stopwatch, and they remained constant

throughout the experimental period.

B. Experimental Procedures

1. Effect of Reaeration Constant on Oxygen Uptake

In these studies, three Pyrex vessels were used, and agitation .
was accomplished with magnetic stirrers and later with motor-driven
impellers. Each vessel was fi]]ed with ten liters of tap water;
stirring was initiated, and the system was allowed to equilibrate to
the constant temperature selected for the experiment (20, 22, or 25°C).
The stirrers were adjusted to three different speeds.

To check sensitivity of the DO probe, a 2-1iter beaker was filled

with tap water and stirred until DO saturation was approached. A
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standard BOD bottle was filled from this source of water, and a probe
reading was taken at the same time on the water in the beaker. The
manganous sulfate and alkali-iodide-azide reagents were added to the
BOD bottle, and DO was determined according to the Alsterberg azide
modification of the Winkler Method described in Standard Methods (37).
This dissolved oxygen value was used with the microammeter reading to
determine the initial sensitivity in accordance with the manufacturer's
recommendation, and the same method was used throughout the experiments.
The sensitivity of -a recently renewed probe was usually high, and it
decreased to a re]ative]y stable range before sensitivity was lost.
Several checks were required during each experiment, and the DO values
were calculated by using an average sensitivity value between the
standardization times. The probes were serviceable for various lengths
of time; the average was two weeks.

The dissolved oxygen was removed from the reaction fluid by adding
sufficient sodium sulfite to remove 8.0 mg/1 of oxygen with approx-
imately 0.02 mg/1 cobalt chloride as a catalyst. The dissolved oxygen
concentration was monitored at 15-minute intervals to establish a zero
time. When the meter reading demonstrated an increase over the pre-
ceding value, that Tatter sample time was taken as zero time for the
reaeration part of the experiment.
| Each reaeration experiment was monitored from an initial Tow DO
value (near zero) until the saturation Tevel of dissolved oxygen was
approached. = The recorded values were used to define the saturation
concentration of dissolved oxygen, CS, and a reaeration rate constant,
K2° The o method which has been described by Isaacs and Gaudy (8) was

used in determining the reaeration constant. It should also be noted
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that this method was modified to some extent in later experiments. - This
aspect will be discussed in Chapters IV and V.

The procedure outlined above was followed for many experiments at
different stirrer.settings, and many repetitive experiments at the
same stirrer setting. In later reaeration experiments, the motor-.
driven impellers were used in place of the magnetic stirrers. In
general, the magnetic stirrers were used for experiments run at low
Ko values, and the impellers for experiments at higher'K2 values.

Upon completion of the reaeration portion of the experiment, ali-
quots from stock solutions of mineral nutrients, buffer and substrate
were added to the vessels to obtain the desired concentration of -"pollu-
tants." Table I shows the stock concentrations of mineral medium per
100 gm/1 carbon source. The source of microbial seed population was
either acclimated cells from a batch activated sludge reactor fed daily
from. the above stock solution (identified as old cells), or fresh sewage
from-the primary clarifier of the Stillwater, Oklahoma, waste treatment
plant (i.e., unacclimated seed). The seed for the final experiment was
prepared by acclimating a sewage sample for a period of one day. The
concentration of seed employed in each experiment is listed on the fig-
ure or in the text of Chapter IV. The concentration is expressed in
the standard units used in the BOD test; i.e., as the volume percent of
microbial suspension added.

Zero time for the deoxygenation~poftion of each experiment was
established with the completion of the seeding procedure, and a dis-
solved oxygen reading was taken at that time. The DO was monitored
throughout the deoxygenation and recovery periods. Checks on the sensi-

tivity of the probe were made at various times during the experiment.
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Samples of the mixed 1iquor were subjected to microscopic examination

at various times during the experiment. The reaeration constants, K2,
and DO saturation values were determined using the DO values obtained
prior to adding the carbon source. The accumulated 02 uptake curve

(BOD curve) was computed using these reaeration factors and the observed
dissolved oxygen values during deoxygenation and recovery after adding
the substrate. The computational procedure employed is outlined in the

Appendix of this report, and sample calculations are provided therein.

TABLE I

COMPOSITION OF GROWTH MEDIUM STOCK SOLUTION PER-100 gm/1 OF
SUBSTRATE AS GROWTH-LIMITING NUTRIENT

Carbon Source1

(NH4)2504 50 gm/1

MgSO477H20 10 gm/1 
FeC]3°6H20 0.05 gm/1

Mn§04-H20 1.0 gm/1

CaC]2 0.75 gm/1

KH-2P04 52.7 gm/]

K2HP04 107 - gm/1

Tap Water - To volume

1G]ucose, glucose-glutamic acid, slaughterhouse waste,
Kraft Tiquor, or hardboard waste
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2. Experiments . on the Prediction of Dissolved Oxygen Sag Curyes in the
Simulated Channel From Oxygen Uptake Curves Developed in the Open Jar
Reactors

The simulated channel and stirred open reactors were filled to the
desiréd depth (18 inches for the channel, 670 1iters; 10‘1iters for the
stirred reactors) with tap water, and equilibrated to constant temper-
ature. The water bath was set to keep the temperature of the stirred
reactor equal to an average of the range of temperatures in the chan-
nel. - The channel wall speed and the motor setting for the open jar were
adjusted to predetermined speeds, and both were allowed to aerate for
several hours before adding the sodium sulfite and cobalt chloride.
These compounds were added to the channel -in the same proportions men-
tioned in the preceding section for the stirred tank.

Monitoring of dissolved oxygen in the channel was accomplished by
inserting the probe in the watqr, reading the value, and then placing
the probe in a beaker of water for storage. The probe sensitivity was
determined by the procedure previously described. After obtaining the
data to determine reaeration characteristics of the vessels, the salts,
buffer, substrate, and seed were added to each unit at the same timé
and in the same concentrations. When industrial components were used,
the same ratio of total COD to supplemental nitrogen source was main-
tained. The systems were brought to volume, and the paraméters moni -
tored ‘were temperature, speed, microscopic examination, probe sensitiv-
ity, and dissolved oxygen. Each experiment continued for approximately
six days. The substrates employed were glucose and equal portions of
glucose and glutamic acid; later, various natural waste components were

employed. At the completion of each run, the accumulated oxygen uptake
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was calculated according to a method previously described (sample cal-
culations are in the Appendix), and plotted for the stirred tank. - Cal-

culations were made from these 0, uptake curves, using the initial

2
dissolved oxygen and the aeration rate in the channel to derive a sag
curve in the simulated river chahne]. This DO profile could then be
compared with the actual profile observed in the simulated stream.
Sample calculations are presented in detail in the Appendix. The final
experiments were conducted to check the procedure using actual wastes.
One waste effluent was obtained from a nearby slaughterhouse and meat
packing plant. - A sample was collected from the plant effluent shortly
after a killing period, and before any type of treatment. The waste
consisted mainly of blood, and was deep red in color. A COD of 16,250
mg/1 was registered for this waste. Two preliminary experiments were
made on the waste in the open reactors to become familiar with the
treatability characteristics of the waste at COD concentrations from 50
to 200 mg/1., A mixture of sewage and slaughterhouse waste was aerated
for 24 hours to develop a seed. A third experiment was conducted to
predict the effect of the wdste on the artificial or simulated river.
vAfter-storage in the cold, the waste retained its original COD of
16,250 mg/1, and was diluted to yield 50 mg/1 in two open reactors and
in the channel. The same procedures were followed with this substrate
as with the synthetic wastes. In~addition, COD samples were taken
initially, at the low .point of the sag, and at the end of the experi-
ment. The second industrial waste consisted of wood pulp and digester
liquor obtained from a hardboard manufacturer. The liquid was pale
brown in color, and contained very little fiber. The pH was 4.5, and

the COD of the stock liquor was 6,600 mg/1; the waste was deficient in
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nitrogen. Preliminary experiments were run to establish optimum seed
and substrate concentration for subsequent experiments in the open
reactors and the simulated stream. Digester blowdown 1iquor from a
kraft pulp mill was also employed. The black liquor had a CQD of
150,000 mg/1, and a pH of approximately 10. Thé high sulphur content
of -this liquor was evident, and some sulphur (probably as st) was
str1pped,upon‘aerat10n‘of a dilute sample. Thé sulphur content caused a
slight immediate chemical 02 demand leading to an immediate increase 1in
DO deficit of approximately one mg/1. This deficit was rapidly satis-
fied, i.e., within one hour.

An experiment was performed to compare the Streeter-Phelps sag
prediction method with the procedure presented in this report.  The
procedure previously outlined for the open stirred reactors and simu-
lated river were employed in this run, and BOD curves were also develop-
ed using standard dilution BOD bottle technique. The substrate was a
combination of a fresh supply of slaughterhouse waste and the original
supply of hardboard plant waste. The dilution water for -the BOD bottles
was the same as that used in the jars and in the simulated river, i.e.,
concentrations of the mineral salts and buffer were proportional to the
nutrient concentration in the jars and the river. The two substrates
were necessarily diluted in accordance with the requirements of the
standard technique. The seed WaS»obtained from sewage, and was accli-
mated to the waste for 24 hours, then added to the bottles (at final
concentration of 0.5 pércent)u Prior to adding the above .constituents
to the BOD bottles, -the tap water‘was aerated with compressed air-to
about 8.5 mg/1 DO. Immediately after preparing the BOD bottles, the
tap water was carefully added to the bottles by siphon. The bottles
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were incubated in the same water bath used for controlling the temper-
ature for the reactors; they were submerged to maintain a water seal.
BOD bottles were periodically removed for dissolved oxygen analysis
during the duration of the experiment (five days).

The predicted DO profile in the river calculated using the open
jar technique was compared to the DO profile predicted by the Streeter-

Phelps equation, using the standard BOD bottle technique.

C. Analytical Procedures

1. Dissolved Oxygen

Dissolved oxygen was monitored electrometrically using a Précision
Scientific Company DO analyzer. The instrument was standardized
frequently, using the Winkler Method as explained in Standard Methods
(37).

2, Microscopic Examination

Wet -mounted slides of random samples from the units were observed
in order to gain some insight as to the type of microbia] populations
present, A Carl Zeiss phase contrast microscope was employed, and the

samples were viewed at magnification of 970x.

3. Chemical Oxygen Demand
The COD procedure was that described in Standard Methods (37) for
a 20-ml sample size, and the dilute procedure for concentrations less

than 50 mg/1 COD was used.



CHAPTER IV
RESULTS

In all, thirty-six experiments were conducted. For convenience in
presenting the results, the experiments are referred to by number-as
well as‘describtive name. The experiments were numbered chronological-
1y, but are not necessarily presented in chronological order.- (Some of
the thirty-six experiments which were conducted are not included in
this report.) The present-chapﬁer is divided into two major sections:
Phase A, "Effect of Reaeration Constant on Oxygen Uptake," and Phase B,
"Experiments on the Prediction of Dissolved Oxygen Sag Curves in the
Simulated Channel From Oxygen Uptake Curves Developed ‘in the Open Jar
Reactors."

Experiment 11 was a reaeration run which was made to determine the
consistency of K2 values with the magnetic stirrers running at varijous -
speeds. In this experiment, the water was deaerated and allowed to
aerate to approximately saturation level. DO was measured at frequent
intervals during reaeration. Then without stopping or adjusting the
stirring speed in any fashion, the water was again deaerated and the
reaeration period again allowed to proceed. This procedure was follow-
ed for three serial reaeration periods. It was found that K2 remained
constant for any specific magnetic stirrer setting.

Experiments 12, 13, 14, and 15 were conducted to gain insight into
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the effect of substrate concentration on rate and kinetic order of 02
uptake. . In general, these experiments verified the previous conclusions
of Jennelle and Gaudy (9). However, more work on this aspect seemed
warranted, and a decision was‘madelto initiate a separate study along
these Tines., This study was made the subject of an MS thesis by a
colleague in the bioenvironmental laboratories (28).

Experiments 16 and 17 were run-to determine the best depth at which
to lTocate the propeller. It was found that placement one inch from the
bottom of ‘the jar reactor was better than a location near the middle
depths. Once obtained, these results were incorporated into the exper-

imental procedures.

A. Effect of Reaeration Constant on Oxygen Uptake

Twelve preliminary experiments, which are not reported here, were
conducted to develop technique and -establish a relationship between the
stirring speed and the reaeration rate. The o method used by Isaacs
and Gaudy (8) was employed to calculate the saturation value, Cg, and
the resulting deficit values were used to calculate the reaeration rate,

K It was found that the calculated Cs value varied with the position

'z
on the reaeration curve for which the initial time values were chosen.

Davis (38) states that the ca]cu]ation points. should be located at the

extremities of the first order decreasing curve; however; many erratic -
values were found and some Cs values indicated supersaturation. Isaacs
has made sample calculations (8) showing effects of assuming Cs,va]ues

too high or too low; the resulting semi-logarithmic plot of deficit

versus time will not be a straight line. Therefore, after these pre-

liminary experiments, a trial and error method was developed in which
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CS values were selected to determine deficit values which plotted a
straight 1ine for Ko calculation. This method of finding a CS value
required much lTess time than did computing the o method equation until
a suitable or average value was found to fit the majority of data
points. Thus, the method employed to calculate K2 was, in the main, a
graphical approach to the o method. After the reaeration portion of -
each experiment, the saturation value listed in Standard Methods (37)
for the experimental temperature was used to calculate the deficits for
the deoxygenation and recovery phases of the experiments.

From these preliminary runs, it was found that a relatively large
range of K2 values could be obtained using the magnetic stirrers 0.87

-1 1

to 3.86 day =~ (calculated using natural logarithms). The mag-

day
netic stirrers were limited to this range because at very low speeds,
fluctuations in power-at times practically stopped the stirrer, while
at fast speeds, the magnet would at times spin off center. However,
the above range of values encompasses reaeration rates in a large num-
ber of natural streams. In later experiments; stirring motors with
long shafts and propellers were used.

-Fourteen experiments were conducted using the open stirred react-
ors to determine the relationship between reaeration rate and oxygen
uptake. Various.concentrations of glucose were used, but the Ky was
the only variable in an individual experiment. The temperature for.
runs one through 10 was 259C, runs 18, 19, and 20 were at 20°C, and the
final run, number 34, was made at 22°C. Results from two runs (numbers
one and three) were discarded because of difficulties with the DO
probe.

Figure 1 shows dissolved oxygen concentration during reaeration to



30

determine K2 values and five days of the DO profile due to addition of -
a carbon source. This figure represents a set of sag curves typical of -
the remainder of the experiments in this section. Data points for the
first 26 hours show the recovery of DO after its chemical removal by
su]fite{ the difference in reaeration rates jn the jars stirred at dif-
ferent rates is quite apparent. When enough sampling points had been
obtained to determine K2 values, the synthetic waste was added (arrow
on figure). The final concentration in the reactor was 75 mg/1 glucose,
with 0.25 percent acclimated cells added for "seed." The initial delay
(1ag) in the downward leg of the DO sag curve occurred in many of the
runs. It was eliminated in other runs in which a higher seed concen-
tration was used. For some runs, the downward and upward legs of the
DO sag were not as smoothly curved as those shown in Figure 1, and they
are termed "phasic" DO sag curves. This figure also illustrates
three different types of sag bottoms. The curve for jar three is V-
shaped, which was characteristic of units with higher reaeration val-
ues. The curve for jar one has a slightly rounded bottom; many of the
curves had this appearance. Jar -two had the lowest K2 of all runs.
Although the DO meter indicated the presence of a small amount of dis-
solved oxygen, -the amount registered is most probably a result of lack:
of sensitivity in the DO probe. When this type of flat bottomed curve
occurred, it was assumed that the DO actually attained zero. Under
such conditions, the calculation of 02 uptake using the DO profile data
is not recommended. The recovery periods for these systems yielded
smooth curves; however, some runs exhibited #phasic" recovery curves.
This experiment was terminated after 183 hours, at which time the DO in

the units was near saturation level.



Figure-1. Typical DO Profiles for Open Stirred Reactors, Including the Reaeration
Phase Before Substrate Addition.

Experiment 20: 75 mg/1 Glucose, 0.25 percent Acclimated €ells

0= Jdar 1, K, = 0.091 hr!
O = Jar 2, K, = 0.044 hr™t
A= Jar 3, K, = 0.165 hr 1
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Figure 2 shows the accumulated 02 uptake curves :calculated from
the sag curves of Figure 1. It can be seen that these curves do not
follow "monomolecular" law; i.e., they do not follow a first order
decreasing rate kinetic form. The shape of the curve for 02 uptake
varied somewhat with each run, but an autocatalytic S-shape was typical-
ly observed.. A distinct "plateau" was not evident in this run, nor
were plateaus found as typical features of all 02.uptake curves. The
early break in the curve for jar two at 40 hours was proably caused by
DO deficiency. The difference.in K2 values, covering the rather broad
range of 0.044 to 0.165 hr'l,‘is‘seen to cause cohsiderab]e differences -
in the 02 uptake. . The final values after 183 hours were 33.2 mg/1 for
the ]ow_Kz, 40.3 mg/1- for the intermediate K2, and 51.5 mg/1 for the
high K,. .

In order to point out similarities as well as variations from the
results shown above for -other experiments of the same type, the remain-
ing data are described briefly.in the manuscript, and four additional
02 uptake graphs are presented. - Pertinent observations are also includ-
ed in a summary table (Table II). at the end of this section of the
chapter.

In experiment two, a glucose concentration of 50 mg/1 was employed
and the seed was 0.5 percent old cells. The K2 values were 0.069 and

0.090 hr~l.

The bottom of the sag occurred about five hours earlier
with the lower KZ? and the minimum DO was maintained for eight hours.
The higher K2_va1ue-resu1ted in a sag curve in which the recovery phase
began immediately after the minimum point was reached. The minimum
dissolved oxygen concentration was 1.3 mg/1 for the system with the

higher Kz,wand 0.3 mg/1 for the lower one. After three days, the DO



Figure 2. Typical Oxygen Uptake Curves for a Wide Range of Reaeration Rates.

Experiment 20: 75 mg/1 Glucose, 0.25 percent Acclimated Cells

O = Jar 1, K2 = 0.091 hr"l
0= Jar 2, K, = 0.044 hr™t
A= Jdar 3, K, = 0.165 hrL
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had practically recovered to the initial values. The‘02.uptake curves
were identical, and after 54 hours the total oxygen consumed for both
units was 23 mg/1. This experiment was of rather short duration, and
a second phase of 02 uptake would not have been detected had conditions.
been such that a second phase would have occurred with longer aeration.
In experiment four, the glucose concentration was lowered to 30
mg/1, and the seed was decreased to 0.25 percent .old cells. The mini-
mum DO was 4.9°mg/1 for the jar stirred to produce a1K2 of 0.112 hrflj
and 4.7 mg/1 for the jar with the ]ower-K2 (0.081 hrfl). With the Tow
substrate and seed concentrations, the sag curves had a characteristic-
ally slow decrease to the minimum DO and a slow recovery. Both 02
uptake curves were S-shaped or autocatalytic in nature. At the end of
the experiment (52 hours), 13.7 mg/1 02_had been used for the system
with the greater»Kz, and 11.9 rﬁg/]-O2 in the jar with the lower K2_va1ue,
A substrate concentration of 10 mg/1 in run five proved‘too low to
yield a reliably calculated 02 uptake curve. - At the K2 values employed,
only a slight sag or none at all was exerted. Two 02 uptake curves
were calculated at this concentration, and they were very similar.
Both appeared to follow first order decreasing kinetics to 48 hours, at .
which time the total oxygen uptake was 8.7 mg/1 for the system with a

1 and 7.0-mg/1 for a K, of 0.108 hr'l.

K, of 0.090 hr
In experiment six, a supstrate concentration of 40 mg/1 glucose
and 0.25 percent old cells wére,used, The difference between the K,
values was slight:and, therefore, the sag curves and 02,uptake curves
were essentially the same. . The minimum DO was 3.6 mg/1, and again the
sag curves had gradually s}obing sides. The 02 uptake curves were. S-

shaped to 40 hours, when a sudden decrease in 02 uptake rate occurred.
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After 68 hours, the oxygen consumed was 15.3 mg/1 for a K2 of 0.069
he™!, and 16.7 mg/1 for a K, of -0.076 hr™l.

A concentration of -20 mg/1 carbon source ‘in run seven resulted in
a much Targer sag than was observed with the 10 mg/1 employed in exper-
iment five (K2_va1ues were only s]ighf]y Tower in experiment seven).
However; the minimum DO was 4.0 mg/1 for the low_K2 value, and the legs
of the sag curves flattened. The 02 uptake curves were S-shaped and
all increased at the same rate to 32 hours, at which time the 02 uptake
rate decreased sharply. The end of the autocata]ytié 02 uptake phase
occurred earlier in-the unit with the lowest K2 than in the others, and

the system with the highest K, exhibited the greatest total uptake.

2
In experiment eight, a wide range of~K2_va1ues was employed. How--
ever, at the fast stirring rate, the stirring magnet would spin off
center occasionally, and .this set of data was of doubtful validity. The
values for K2 were 0.053, 0.091, and 0.20 hrflg and the glucose concen-
tration was 50 mg/1 with a 0.25 percent seed of old cells. The data
for the system with a_K2 of 0,20}hr'1‘were.discarded, A large differ-
ence was noted in the sag curves for the two remaining jars. An 18-hour
lag was observed in both units, after which the dissolved oxygen
decreased in one jar from 6.6 mg/1 to 0.70 mg/1, whereas in the system
with a higher K2? the DO decreased from 7.0 mg/1 to 4.2 mg/1. Again,
‘both 02 uptake curves were S-shaped. However, unlike many other exper- .
iments, the rate of-Ozluptake appeared to be greater for the system
with the Tower K2'
Experiment nine was the first run in wHich fresh sewage was used as
the seed. . Thirty mg/1 glucose and 0.25 percent seed were added to

reactors with reaeration rate constants of 0.060, 0.093, and 0.108 hr'la
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A11 three responded with a 20-hour lag phase, a small sag, a slight
recovery period, and another sag and recovery. The first sag occurred
after 36 hours; the greatest depression in DO occurred in systems with
Tower K2 values. Also, the rate of recovery was slower in the system
with the 'Iowest;K2 value. The second sag was much more pronounced for -
the Towest K2 systém. - The minimum-DO of the second sag occurred at 72

1, and at 90 hours

hours for -the unit operated with a K2 of 0.060 hr~
for the others. The O2 uptake curves :for this experiment, shown in
Figure 3, are slightly multiphasic and are essentially parallel lines
for the systems with.K2 value of 0.093 and 00108-hrf1, It is noted that
after almost six days, the total oxygen utilized for the unit with a K2
of 0.108 hr'l’was 26 mg/1. It appears from these results that Tower O2
uptake can be expected in systems with ]owerszlva]uesn

A variety of sag curves was obtained in experiment 10, in which
the substrate concentration was 40 mg/1 and a seed of 0.25 percent old
cells was employed. - A1l three units had an 8-hour lag. The sag curve
of the unit with a K2-of 0.058 hr71 declined sharply to 0.6 mg/1 DO,
and the minimum level persisted for 10 hours. This flat bottom may
have been caused by faulty probe response, because in another experi-
ment (six) at this level of substrate with a comparable K,, the sag
curve exhibited a rapid recovery of DO, The sag curve for the reactor
with a K2 01’,00085-hr"1 exhibited the latter type of curve. . The higher
Kz»of 0.105 hrfl'resu1ted in a sag curve with a slow declining leg and
a rapid recovery leg. The Ozjhﬁtéke curves calculated from-these sags
are shown in Figure 4. At the lTow and medium K, values, the 0, uptake

curves were similar, while the higher value of K2 resulted in a lower

uptake rate during the second and part of the third day.



Figure 3. Phasic Oxygen Uptake for a Low Concentration of Substrate.
Experiment 9: 30 mg/1 Glucose, 0.25 percent Sewage

O= Jar 1, K, = 0.108 hr~2

O= dar 2, K, = 0.093 hrt

A= Jar 3, K, = 0,060 hrt
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Figure 4. Oxygen Uptake Response due to Various Reaeration Rates.

Experiment 10: 40 mg/1 Glucose, 0.25 percent Acclimated Cells

0= Jar 1, K, = 0.105 el
O= Jar 2, K, = 0.085 A
A= Jar 3, K, = 0.058 hrdl
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In experiment 18, the effect of medium to high,K2 values on 02
uptake was examined, The seed was 0.25 percent old cells, and 50 mg/1
glucose was employed as a substrate. As would be expected, the lower K2
values yielded the greater DO deficits at the Tow points in the sag
curves. The dissolved oxygen depletion for a-K2'of~O,210 hr'l was only
0.6 mg/1. Figure 5 is a plot of the O2 uptake Curves for this experi-
ment. It is noted that for the higher K2 values, -the increasing leg of -
the S-shaped curve (approximate exponential phase) appeared to yield a
slower rate of O2 uptake. However,)with a DO deficit of -only 0.6 mg/1,
the validity of the calculation procedure may be in doubt. In any
event, it would appear that at a two-fold difference in Kz_va1ue-(0.09
versus -0.210 hr'l), reaeration rate (agitation or turbulence) can affect
O2 uptake rate. |

A wide range of K2_va]ues was used in run.19: 0.047, 0.089, and

0.154 hr-l,

Also, the feed was 1ncreésed to 75 mg/1, while the seed was
0.25 percent old cells.' A long Tag of 24 to 36 hours and a double sag
was observed for all three units. At the time, such a double sag was
thought -to represent an abnormal curve, and experimert 20 was run. This
éxperiment was shown -in Figures 1 and 2.

The final experiment to compare reaeration rate and 02_uptake was
conducted in-the same fashion as all previous experiments. Four jars
covering a large range of K2 values were employed.  Each was inoculated
with 50 mg/1 glucose and 0.5 percent of an acclimated seed developed
from sewage.. In all units, a slight initial sag occurred during the
first day with partial recovery before the main sag developed. Figure
6 shows the resulting 02 uptake curves. There is a‘definite indication

that the degree of reaeration can-affect.Oz uptake. Units one and four



Figure 5. 0Oxygen Uptake Curves for a High Range of Reaeratjon Rates.

Experiment 18: - 50 mg/1 Glucose, 0.25 percent Acclimated Cells

0= dar 1, K, = 0.128 hr"
0= Jar 2, K,
A= Jar 3, K, =0.210 e

0.090 hr-1
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Figure 6.. The Effect of Reaeration Rate on the Course of Oxygen Uptake.

Experiment 34: 50 mg/1 Glucose, 0.50 percent Acclimated Cells

0= Jar 1, K, = 0.078 hr™*
O= Jar 2, K, = 0.116 hr™t
A= Jar 3, K, = 0.065 bl
O = Jar 4, K - 0.095 hlr"1

2
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with K2 values of 0.078 and 0.095 hr'l,“respectively, yielded essen-
tially the same Ozyuptake curve. However, the very large difference
between O2 uptake curves for jars two and three (highest and lowest
values of K2) indicates that greater-O2 uptake can be expected at higher
K2 values. . An increase in 02 uptake wifh increasing~K2_va1ues was also
shown for three systems in Figure 2. . In Table II, key features. of each

of the experiments are summarized.

B. Experiments on the Prediction oquissolved Oxygen ‘Sag Curves»in the

Simulated Channe]_From.Oxygen Uptake Curves Developed in the Open Jar
Reactors
The next series of experiments was undertaken to determine whether

0, uptake data could be employed to predict -the DO profile of the sim-

2
ulated stream at known K2 values. It was hypothesized that if this

were possible, there would be some basis for formulating recommendation
of ‘@ method to replace the usually employed BOD dilution technique. The
numerical integration technique used in the'present study to prediqt;
the DO profile does not require mathematical definition of the kinetic
course of 0, uptake (i.e., BOD exertion). Sample calculations demon-
strating the computational technique are given-in Table IV in the |
Appendix.

For this set of experiments, mixing in the open .jar reactors was
provided by motor-driven propellers rather than magnetic mixers. The
stirring speeds were usually higher than those obtained with the mag-
netic stirrers, and the speed could be more reliably controlled. The

operating temperature for the jars and river is noted in the legend of

each figure. In order to make direct comparison of the course of -



TABLE II

SUMMARY OF THE EFFECT OF REAERATION CONSTANT ON OXYGEN UPTAKE
1 2 3 4 5 6 7 8 9 10 1
Exper. Jar Glucose -1 Type of Seed Initial Minimum Type of 0. Uptake Curve Total 02 Effect of on 0. Uptak
# mg/1  hr and % Type of Sag Curve DO mg/1 DO mg/1 yp 2 P Used, mg/1 ect o KZ p Uptake
2 1 50 0.069 old cells smooth-flat bottom 5.9 0.3 S-shaped 23 - 54 hr  Both curves identical for this period
2 0.090 0.50% smooth- V -bottom 6.6 1.3 S-shaped 23 - 54 hr  of time
4 1 30 0.081 old cells - smooth 6.1 4.7 S-shaped 12 - 52 hr  Curves separate after 12 hrs
2 0.112 0.25% smooth 7.0 4.9 S-shaped 14 - 52 hr
5 1 10 0.108 old cells flat 6.8 6.7 first order decreasing 7 - 48 hr  Curves very similar during this time
2 0.090 0.25% flat 6.2 6.0 first order decreasing 9 - 48 hr period
6 1 40 0.069 old cells smooth 6.1 3.7 S-shaped 15 - 68 hr  Curves very similar
2 0.076 0.25% smooth 6.2 3.6 S-shaped 17 - 68 hr
1 20 0.091 old cells smooth 7.2 4.5 S-shaped 16 - 76 hr  Curves diverged in accordance with
7 2 0.083 0.25% smooth 7.1 4.7 - S-shaped 13 - 76 hr  values with lowest K, yielding lowes
3 0.062 smooth 6.1 4.0 S-shaped 10 - 76 hr 02 uptake
8 1 50 0.091 old cells smooth 7.0 4.2 S-shaped 21 - 93 hr  Considerable difference inthe 0o uptake
2 0.053 0.25% smooth-flat bottom 6.6 0.7 S-shaped 25 - 93 hr  curves, system with highest Ky value
yielded towest 0 uptake
1 30 0.108 sewage smooth-double sag 7.7 5.5 S-shaped - plateau 26 -141 hr Units 1 and 2 very similar. Difference
9 2 0.093 0.25% smooth-double sag 7.8 5.6 S-shaped - plateau 23 -141 hr  between units 1 and 3 too great to
3 0.060 smooth-double sag 7.2 3.1 S-shaped - plateau 19 -141 hr consider as one curve )
1 40 0.105 old cells phasic 6.7 4.5 S-shaped 20 -108 hr 0y uptake in system with highest K pro-
10 2 0.085 0.25% smooth 6.5 2.2  S-shaped - plateau 21 -108 hr  ceeded at slowest rate during the 36-
3 0.058 smooth-flat bottom 5.1 0.6 S-shaped 19 -108 hr  hour period following the first day
1 50 0.128 old cells smooth 7.5 5.8 S-shaped 28 ~107 hr  System with highest K2 yielded Tower
18 2 0.090 0.25% smooth 6.5 4.5 S-shaped 32 -107 hr 0y uptake
3 0.210 flat 8.1 7.5 S-shaped 26 -107 hr
1 75 0.089 old cells smooth-double sag 8.9 2.3  S-shaped - plateau 34 -150 hr  Three completely different 0, uptake
19 2 0.047 0.25% double sag-flat bottom9.3 0.6 S-shaped 30 -150 hr  curves P Y 2 P
3 0.154 smooth-double sag 7.6 5.6 S-shaped - plateau 30 -150 hr
1 75 0.091 old cells smooth-V-bottom 8.2 0.5 S-shaped 40 <183 hr  Curves diverged in accordance with K2
20 2 0.044 0.25% smooth-flat bottom 6.7 0.3 S-shaped 33 ~183 hr values with Towest K2 yielding
3 0.165 smooth~V-bottom 8.7 2.8 S-shaped 52 -183 hr  Towest 0, uptake
1 50 0.078 new phasic-double sag 6.8 3.8 S-shaped - plateau 37 -146 hr  Units 1 and 4 very similar 02 uptake
2 0.116 acclimated phas]c-doub1e sag 7.3 4.5 S-shaped - phasic 47 -146 hr  curves. Ko values for units 2 and 3
3 0.065 cells phasic-double sag 6.7 4.6 S-shaped - phasic 28 -146 hr  too different te compare curves with
4 0.095 0.50% phasic-double sag 7.0 4.6 S-shaped - phasic 39 -146 hr units 1 and 4

37
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exertion of BOD, the feeding and seeding methods for the reactors and
artificial river were exactly the same, unless purposely made different,
as was the case in some experiments.

After several experiments with glucose-glutamic acid and glucose
alone, three actual wastes were used to test the method. The first was
essentially animal blood from a s]aughterhouse'and_meét‘packing,company._
The waste was collected from the plant.outlet -1ine before any type of
treatment. The second waste was from.a hardboard manufacturer and was
also collected prior to treatment. fhe third substance was black 1liquor
from a kraft pulping plant and was obtained before the material was
recycled for reclamation of chemicals. One set of figufes,is shown for -
the glucose and glutamic acid runs, two for the glucose experiments,
and all figures for the three wastes. Finally, the figures are shown
for the concluding experiment which was designed to compare the
Streeter-Phelps method with the new method reported here.

In experiment 21, a mistake in substrate concentration was dis-
covered after the run was concluded. The river was fed a total con-
centration of 60 mg/1; however, the jars received only half this con-
centration. In experiment 22, the river was run with 30 mg/1 total sub-
strate (15 mg/1 glucose plus 15 mg/1 glutamic acid), while one jar had
30 mg/1 and the other, 60 mg/1. Similar 02,uptake curves were obtained
in the open reactor and river, both of which contained 30 mg/1 total
substrate. Only slight depressions of DO (i.e., "sags") were observed
at this concentration, and the lag phase in the jar was approximately
64 hours. These two preliminary runs provided experience with the
river, the calculation procedure, and insight into concentrations of

substrate and seed to be employed in subsequent experiments.
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Figures 7, 8, and 9 show data for experiment 23 in which the sub-
strate consisted of a mixture of glucose and glutamic acid (30 mg/1
each), and sewage seed (0.5 percent) was employed. The remaining expéf—
iments with this substrate w111»5e_compared-to these figures. The data-
for this experiment were also used in the sample calculations (presented
in the Appendix) forroz‘uptake and the predicted sag curve.  The K2
values were all rather high, with that in the river (0.120 hr'l) falling
between the values for -the two jars (0.099 and 0,136-hr'1), The reactor
with the highest K2 (jar one) resulted in an-abnormally high 02 uptake
rate, which may have been due to an error in substrate concentration,
and the data could not be employed for predicting the DO profile in the
river. It can be seen in Figure 7 that there was a delay or lag in
initiation of the downward leg of the DO profile in the jar. This lag
is evident in the 02 uptake curves shown in Figure 8; it amounted to
approximately 12 hours. However, if the 12-hour lag -phase in the jar
was eliminated from the calculation, the predicted sag curve correspond-
ed well with the actual (observed) sag curve in the simulated river
(Figure 9). The predicted Tow point of -1.90 mg/1 DO occurred at the
same time but was approximately one mg/1 DO below the actual. Thus,
the technique appeared to provide an acceptable approximation of the
actual profile, albeit a conservative estimate of the minimum DO.

In a similar experiment (run 24), two jars were used. The fresh
sewage seed produced an initial lag phase (20 hours) in the open
reactors, but none in the river. Also, the decreasing leg of the sag
curve -was somewhat phasic in the jars, while the curve for the river
was smooth. These‘two differences caused the low point of the sag for

the jars to occur 32 hours after that for the river. Although there



Figure 7. Actual Sag Curves for Open Stirred Reactor and Artificial River. .

Experiment 23: 60 mg/1 Glucose-Glutamic Acid, 0.50 percent Sewage

0= gar 2, K, -1 23%

0.099 hr
-1

A= River, K, = 0.120 hr™+, 21-22°C"
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Figure 8. Oxygen Uptake Curves Calculated From Sag Curves in Figure 7.

Experiment 23: - 60 mg/1 Glucose-Glutamic Acid, 0.50 percent Sewage

0= Jar 2, K, = 0.099 hr~1, 23%C.

2
A= River, K, = 0.120 hr!, 21-22°%
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Figure 9. Sag Curve Predicted From 0, Uptake Curve Compared to Actual River Sag
Curve. ‘

Experiment 23: 60 mg/1 Glucose-Glutamic Acid, 0.50 percent Sewage

1

0.099 hr~1, 23%

0.120 hr~t, 21-22%

0= Jar 2, K,

A= River, KZ
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was only one mg/1 difference in the minimum DO values, the 02 uptake
was greater for the jars than the river, and the difference appeared to
be due to the two-phase decreasing leg of the sag curves :in the jars.
The greater 02 uptake in the jars did not appear to be attributable to
a difference in K2 values, since there was only a small difference in
these values: 0.102 in the river, compared to 0.114 and 0J34-hr?1 in.
the jars. The 02 uptake curves were of the same general shape as those
shown in Figure 8, except for the longer initial lag phase. One pre-
dicted sag curve fell below zero, and the other had a minimum point of
0.24 mg/1 DO while the observed minimum DO in the river was 2.0 mg/1 DO.
Again, the jars predicted a conservative picturization of the DO pro-
file in the river, but one which surely was not within acceptable 1im-
its. It was concluded from this experiment that unacclimated seed
(fresh sewage) should not in any case be employed -as seed material.
Starting with experiment 25, various acclimation procedures for
seeds were tried in efforts to remove the lag phase in the open reactors.
Fresh sewage was acclimated to glucose in minimal salts and buffer med-
jum in order to begin an experiment with a pre-adapted microbial popu-.
lation. Effort was made to determine.the:percentage-of.seed necessary
and the duration of the acclimation time for the seed. The substrate
for experiment 25 was 60 mg/1 glucose, and 0.5 percent seed was added
to the jars and river. Results for this run are shown in Figures 10, -
11, and 12. To develop a seed, a sample of fresh sewage was. supplement-
ed with glucose (approximately 1000 mg/1) and buffer salts. The system
was aerated for 36 hours before use in experiment 25. The sag Curve in
the river started immediately, and reached a minimum-DO of one mg/1.

approximately 40 hours before the reactors reached a low of 2.5 mg/1



Figure 10. Actual Sag Curves for Open Stirred Reactors and Artificial River.,
Experiment 25: 60 mg/1 Glucose, 0.50 percent Acclimated Cells -
0.108 hr

O=Jdar 1, K, , 22%

0.134 hr~t, 22%

0.080 hr¥, 21-22%

O= Jar 2, K2
A= River, K2
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“Figure 11. Oxygen Uptake Curyes Calculated From Sag Curves in Figure 10.

Experiment 25: 60 mg/1 Glucose, 0.50 percent Acclimated Cells

0= dar 1, k, = 0.108 hrl, 229 -
0= Jar 2, K, = 0.134 -, 22°
A = River, K, = 0.080 hr~t, 21-22°

2
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Figure 12. Sag Curves Predicted From 02 Uptake Curves Compared to Actual River
Sag Curve.

Experiment 25: 60 mg/1 Glucose, 0.50 percent Acclimated Cells

O = Jar 1, K, = 0.108 hrl, 229
O = Jar 2, K, = 0.134 hr™T, 22°C
A= River, K, = 0.080 hr™2, 21-22%

2
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(Figure 10). Oxygen uptake curves are shown in Figure 11; 02 uptake
in jar one (K2=0.108 hr'l) was somewhat lower than in jar two (K2=()J34
hr'1). From-ngure 11 it can be estimated that 02 uptake in the jars
lagged that in the river by approximately 24 hours. - In Figure 12, the
actual river sag curve and the curves predicted from the jars are com-
pared, These profiles do not coincide, and, in the main, the curve pre-
dicted using the data from jar one provides a more satisfactory esti-
mate of the profile.

The glucose-glutamic acid combination was used as substrate in
experiment 26. The seed was developed in the same manner-as for exper-
iment 25, but -the sewage was aerated for -24 hours rather than 36 hours.
A 1.5 percent seed was added to the‘jars in order to remove the lag.
However, this amount of seed proved to be too high, and dissolved oxy--
gen decreased to zero and did not recover for 12 hours, The usual 0.5
percent seed was added to the river, which reached a low point of 1.4
mg/1 DO. It was impossible to evaluate any effect of time of pre-
aeration of seed on lag time because the high amount of seed prevented
any lag at all and caused the DO to fall to zero rather rapidly. In
all; three units there was a small second sag after partial recovery from
the minimum DO. . The higher 02 uptake in the jars as compared to the
river caused both predicted curves to fall below zero for -several hours.
Since the Kzlva1ues in the jars and the river were essentially the same

(0.090 and 0.115 versus 0.087 hr~t

, respectively), the greater 0, up-
take in the jars can be attributed to the greater amount of seed mater-
ial. A check for substrate concentration (filtrate COD) carried over
with the seed was not made in this experiment but previous determina-

tions of carryover COD indicate that the higher 02 uptake was not due
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to extra substrate because of the greater amount of seed.
Experiment 27 was similar to experiment 25, except that 50 mg/1
glucose was used instead of 60 mg/1. A 1.0 percent seed was used in
the reactors, and 0.5 percent was employed in the river. This time,
the seed was grown on glucose and preaerated for 20 hours before use.
A11 three units, showed a rather rapid decrease in DO, with essentially
linear kinetics to the low point. Jar one, with a K2 of 0.086 hr'l,
exhibited a Tow point of 0.80 mg/1 DO, and jar two sagged to 1.40 mg/1
DO (Kz_of 0.098 hr—l). Sag curves for both jars had a rounded bottom,
compared to'the V-shaped bottom of -the sag in the river. The K2 of -the

river was 0.077 hrfl

» and the minimum DO was 0.50 mg/1. Oxygen uptake
in both jars could be represented by .a single line, and Oz_uptake for -
the river was similar to-that in the jars. The predicted DO profiles
were close. to that observed in the river. The predicted curves yielded
a minimum DO of zero, whereas 0.5 mg/1 was recorded in the river.
Experiments 28 and 29 were conducted to compare effects of .using
‘0.5 percent and 1.0 percent seed in the artificial river. In experi-
ment 28, thé Jjars received 0.5 and 1.0 percent seed, respectively, and
the river, 1.0 percent. In-experiment,ZQ, the jars received 0.5 and
1.0 percent seed, whereas azo;éxpercéﬁt seed was employed in the river.
The substrate was 50 mg/1 g]ﬁcose in both runs, and the K2 values were
practically the same for both the river and the jars for both runs
(total range of 0.091 - §¢.098 hr'l). The seed was developed as in-
experiment 27. The 1.0 percent seed in the river caused a sag with a
minimum DO of 0.15 mg/1. fhisvconcentratdon'was,recorded for five
hours, which indicates that DO in all probability actually reached

zero. When the river contained 0.5 percent seed, the minimum DO was
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0.75 mg/1; however, the rate of depletion as well as ‘the rate of 02
uptake appeared to be slightly slower than when the 1.0 percent seed
was used. This experiment was carried forward for-only one day because
the major aim was to determine whether the addition of -a greater amount
of seed to the river would greatly affect the course of 02 depletion in-
the downward Teg of the river ‘profile. - The results indicated that the
additional seed did not have a very significant effect; however, in the
jars, the difference in amount of seed did appear to make a difference
in the rate of DO depletion. In fact, it appeared that the experiment
was terminated before the Tow point of the DO sag was attained in the
Jjar which received the 0.5 percent seed.

As a final experiment for a glucose system, run 30 is presented in
Figures 13, 14, and 15. This experiment was essentially a repeat of
experiment 29 (i.e., same Kz;values, seeding procedure, substrate, etc.).
In jdr two, which received the 1.0 percent seed, the DO approached zero
and remained at this Tow level for nearly 16 hours,_whichAnegated;its
use for ca]culat_ing»_anso2 uptake curve. . Consequently, the data for jar
two are.not shown. Figure 13 shows the observed DO profiles in the river
and in jar one. Even though the seed concentration was the same in. the
jar. and in the_r&ver; and even ‘though the KZAVa1ues were nearly the same,
02-dep1etion,in the river proceeded more rapidly.

The oxygen uptake -curves are shown in Figure 14. In the simulated
river ‘there is evidence of a slight "plateau." . However, the 02 uptake
curve calculated from the DO depletion in the jar shows no evidence of
a -"plateau." - The 02 uptake curves are rather similar; -i.e., either
could be considered as a rough approximation of the other, and, if an

average curve were constructed, it might -be usable within acceptable



Figure 13. Actual Sag Curves for Open Stirred Reactor and Artificial River.

Experiment 30: 50 mg/1 Glucose, 0.50 percent Acclimated Cells

0.098 hr!

O=dar 1, K , 21°¢C

2
A = River, K,

0.091 hr-t, 19-21%
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Figure 14. Oxygen Uptake Curves Calculated From Sag Curves in Figure 13.

Experiment 30: 50 mg/1 Glucose, 0.50 percent Acclimated Cells

= 0.098 hr™1, 21°C

1

O=Jar 1, K2
A= River, K , 19-21°C"

, = 0.091 hr~
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Figure 15. Sag Curve Predicted From 02 Uptake Curye Compared to Actual River
Sag Curve.

Experiment 30: 50 mg/1 Glucose, 0.50 percent Acclimated Cells

0.098 hr 1, 21°%
-1

O = Jar 1,_ K2

A = River, K , 19-21°%¢

2 0.091 hr
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Timits for -engineering prediction. It is noted that this 02 uptake
curve (jar one) is the one 02 uptake curve obtained in all of the exper-
imentations which approximates in any way the "monomolecular" form. -
However; even in this one case, there is some evidence of autocatalytic
(S-shaped) 0, uptake.

It is seen in Figure 15 that the DO profile predicted from the jar
data yields approximately the same minimum DO as that observed in the
river. The difference in "downstream”" Tocation of the low point of the
sag is approximately 3/4 day, and in some instances this magnitude of
difference could be an important factor.  The major reason for displace-
ment of the low point in the predicted sag is the slightly phasic nature
of DO depletion in the downward leg of the sag in the jar (see Figure
13). Had this not occurred, the difference in location of the points
of low DO would have been considerably smaller. The predicted curve
shown in Figure 15 is much 1ike the one for experiment 25 (see Figure
12) where the decreasing leg of the curve was phasic in the jar but not
in the river.

Experiment 31 (Figures 16, 17, and 18) was the first:in which an
industrial waste was employed. Slaughterhouse waste was-diluted to 45
mg/1- COD in two open jar reactors and in the simulated stream. The
seed population was obtained by inoculating fresh sewage into a sample
of the waste plus mineral salts and aerating for 24 hours. Since pre-
vious, experience indicated that there might be a Tag period in the jars
when the same seed concentration was employed in the jars and the sim-
ulated river, the seed concentration in the open jar reactors was
increased. However, it can be seen from Figure 16 that the 1.0 percent

seed for the jars was too high in comparison to the river, which had a



Figure 16. Actual Sag Curves for Open Stirred Reactors and Artificial River.

Experiment 37: 45 mg/1 S]aughferhouse Waste

O=4dar 1, K2 = 0.081 hr'l; 1.0 percent Acc]imated\Ce]]s,AZIOC-

0= Jar‘-2,vK2 0.]02_hr—1; 1.0 percent Acclimated Cellsy 21%¢C
0.059 hr~}

A = River, K

, , 0.50 percent Acclimated Cells, 18-19°C
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Figure 17. Oxygen Uptake Curves Calculated from Sag Curves in Figure 16. .

Experiment 31: 45 mg/1 Slaughterhouse Waste

1

0= Jar 1, K, = 0.081 hr™!, 1.0 percent Acclimated Cells, 21°C

0= Jar 2, K, = 0.102 hr'l, 1.0 percent Acclimated Cells, 21°C
' 2

A = River, K, = 0.059 hr™", 0.50 percent Acclimated Cells, 18-19°C
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Figure 18. Sag Curves Predicted From-Oz,Uptake Curves Compared to Actual River:
Sag-Curve. :
Experiment 31: 4S'mg/1731aughterhouse HWaste

o= Jdar 1, K, = 0.081 hr~1

, 1.0 percent Acclimated Cells, 21°%C

B = Jar 2, K, = 0.102 hr™!, 1.0 percent Acclimated Cells, 21°C
A = River, K

) -1
, = 0.059 hr

, 0.50 percent Acclimated Cells, 18-19°C
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0.5 percent seed, and the DO depletion in the jars proceeded more
rapidly than in the river, even.though thé reaeration rate in the river:
was considerably lower than in the jars. The calculated 62 uptake
curves are shown in Figure 17. Similar curves were obtained, and it can

be seen that the 0, uptake curve in the river pmﬁteeded somewhat more

2
slowly to the "plateau" area and the overall or total 02 uptake was
lower than for the open jar reactors. - The lower rate and total amount
of 02 utilization reflect the combined effects of lower seed population
and Tower reaeration rate. - Integration of the 02 uptake curves obtained
in the jars with the reaeration coefficient of the river resulted in a
conservative prediction of the DO profile in the river, as shown in
Figure 18. - In both predicted curves, the DO decreased to zero and
recovered rapidly, and the bottom of the sag occurred four hours before
the time actually observed in the simulated river.

During the experiment, COD samples were taken at the point. of min-
imum DO in each unit. The average value for all three units was 17 mg/1 -
COD (filtrate). Filtrate COD was also determined at the end of the 5-
day experiment, and the same value was obtained. Thus it may be suf-
mised that the available carbon source -in the waste had been removed at
the time of the "plateau."

Digester 1iquor from a hardboard manufacturing operation was used
in experiment 32 (Figures:19, 20, 21). The initial COD in the two jars
and the artificial channel was 48 mg/1. Fresh sewage was aerated-with
the waste (plus buffer salts medium) for 43 hours and added to the units
to yield a concentration of 0.5 percent initial seed population.

In this experiment, similar values for reaeration cons;ant in the -

open -jars and the river were maintained by design and, as can be seen



Figure 19. Actual Sag Curves for Open Stirred Reactors and Artificial River.

Experiment 32: 48 mg/1 Hardboard Waste, 0.50 percent Acclimated Cells

0= dar 1, K, = 0.087 hr™?, 21%
O = Jar 2, K, = 0.108 heo!, 219
A= River, K, = 0.091 hre~l, 20-22°C
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Figure 20. Oxygen -Uptake Curves Calculated From Sag Curves -in Figure 19.
Experiment 32: 48 mg/1 Hardboard Waste, 0.50 percent Acclimated Cells

O = Jar ]’ K; = 0.087 hr—ls Z]OC

2

0= Jar 2, Ky = 0.108 hr™l, 21°

A= River, K2

0.091 hr~1, 20-22°¢
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Figure 21. Sag Curves Predicted From 02 Uptake Curves Compared to Actual River
Sag Curve. :

E*periment-32: 48 mg/1 Hardboard Waste, 0.50 percent Acclimated Cells
0= Jdar 1, K, = 0.087 hr?, 21°%

b= Jar 2, K, = 0.108 hr™t, 219
A= River, K, = 0.091 hr™!. 20-22%
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from Figure 19, the DO profiles are very similar. The 02 uptake curves
calculated fromlthese results are shown in Figure 20. They 1ie very
close to each other, especially 1n the region of rapid-o2 utilization,
which is the most significant poftionrof the curve -from the standpoint
of prediction of critical deficit. The curves did not -exhibit a def-
inite "plateau;" however, they were typical S-shaped curves character-
istic of a system in which microbial growth is the dominant "reaction;"
i.e.y they could in no way be construed as following a "monomolecular"
type kinetic order.

Figure 21 shows the plot of the two predicted curves compared to
the actual curve observed for the river. COD analyses taken at the low.
point in the sag and at the end of the experiment indicated that the
available substrate had -beén removed at the point of minimum DO.

Experiment 33 (Figures 22, 23, 24) was conducted using digester
blow-down Tiquor from a kraft pulping operatijon as substrate.. This
1iquor is extremely high in organfc content and contains excess cooking
chemicals, which are later subjected to recovery processes which also
drastically reduce the organic content. An acclimated microbial popu-
lation for -use as seed was developed from an initial seed of municipal
sewage. Cells were transferred daily or every other day for -about two
weeks into fresh medium containing the black 1iquor, and a well aerated
sample was. employed as source of acclimated séed for the experiment.

The initial COD in the jars and simulated river was 70 mg/1. How-
ever, a considerable portion of the COD of this waste is not metabol-

jcally available and the 0, depletion was not -large, -as seen in Figure

2
22. The initial decrease in dissolved oxygen of approximately one mg/l

is most probably due to an initial chemical demand of reduced sulfur



Figure 22. Actual Sag Curves of Open Stirred Reactors and Artificial River.

Experiment 33: 70 mg/1 Kraft Liquor, 0.50 percent Acclimated Cells -

0= Jdar 1, K, = 0.094 hrl; 220¢

O= dar 2, K, 1

[}

0.122 hr™+, 22°%

A= River, K, = 0.069 heol, 21-22%
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Figure 23. Oxygen Uptake Curves Calculated From Sag Curves-in Figure 22.

Experiment 33: '70,mg/1 Kraft -Liquor, 0.50 percent Acclimated Cells

O = Jar 1, K, = 0.094 hr-l; 229
0= Jar 2, K, = 0.122 hr™}, -22%
A= River, K, = 0.069 hr™1, 21-22°C
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Figure 24. Sag Curves Predicted From 02 Uptake Curves Compared to Actual River
Sag Curve. -

Experiment 33: 70 mg/1 Kraft LiQuor, 0.50 percent Acclimated Cells

0= dar 1, K, = 0.0% hr-l, 22°¢
0= dar 2, K, = 0.122 hed, 229
A= River, K, = 0.069 hr™!, 21-22°C
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compounds in the black Tiquor. The resultant oxygen uptake curves are
shown in Figure 23. During the first day (i.e., the time required to
reach the Tow point in the sag curve), the 02 uptake curves are prac-
tically the same. However, following this time, the rate of 02 uptake
in the river slowed down more rapidly than in the open jars. As has
been noted in other experiments, lower K2 values tend to give lower
overall rates of 02 uptake.

In Figure 24, the DO profiles predicted from the 02 uptake curves
in the jars are compared to the profile observed invthe river. The pre-
dicted curves are rather close to the actual curve with respect to min-
imum DO and time to attain maximum deficit, but because of the greater
0, uptake in the jars after the first day (Figure 23), the predicted
recovery leg of the profile lags the actual profile.

Experiment 35 (Figures 25, 26, 27) employed a carbon source con-
sisting of a combination of slaughterhouse and hardboard pulp wastes.
The hardboard waste was from the same waste sample used in experiment
32, and it retained its previous characteristics during the 6-week cold
storage period between experiments. A fresh sample of the slaughter-
house waste was obtained. The COD concentration of this sample was
38,000 mg/1 (compared to 16,250 mg/1 for the previoug sample).

The general procedure for this run was the same as described for
experiment 32. A seed was developed by acclimating an initial seed of
fresh sewage to a mixture of slaughterhouse and hardboard wastes. After
the reaeration stage of the experiment, the two jars and the river were
polluted with 55 mg/1 total COD of the two wastes {24 mg/1 COD of
slaughterhouse waste and 31 mg/1 COD of hardboard waste) and 0.5 percent

acclimated seed. Mineral buffer salts, including nitrogen source, were



Figure 25. - Actual Sag Curves of Open Stirred Reactors and Artificial River.

Experiment 35: 24 mg/1 Slaughterhouse Waste Plus 31 mg/1 Hardboard
Waste, 0.50 percent Acclimated Cells -

2

0 = dar 1, K, = 0.170 hrol, 22°¢
0= dar 2, K, = 0.120 hel, 229
A = River; K, = 0.090 hr™}, 20-23°C
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Figure 26. Oxygen Uptake Curves Calculated From Sag Curves in Figure 25.

Experiment 35: 24 mg/1 Slaughterhouse Waste Plus 31 mg/1 Hardboard
Waste, 0.50 percent Acclimated Cells

O=dar 1, K, = O.]Z@ahPJQEEQZQG»
o= Jar 2, K, = 0.120 hrl, 229
A= River, K, = 0.090 hr~l, 20-23°¢
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Figure 27. Sag Curves Predicted From 02 Uptake Curves Compared to Actual River
Sag Curve.

24 mg/1 Slaughterhouse Waste Plus 31 mg/1 Hardboard

Experiment 35:
Waste, 0.50 percent Acclimated Cells

0= Jdar 1, K, = 0.170 hrl, 22°C

0= dar 2, K, = 0.120 he~l, 229

A= River, K, = 0,090 he™!, 20-23°C
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adHed in proper-proportion for -a 50 mg/1 total COD concentration (i.e.,
although the slaughterhouse waste contained organic nitrogen, 1nofganic‘
nitrogen was added to ensure that nitrogen concentration was not a
Timiting factor).

The reaeration rate constants for jars one and two were 0.17 and
0.12 hr'l; respectively, and in the rivér.Kz was 0.0g}hr’ls The
observed sag curvesvare'shown in Figure 25. A1l three curves were very
much- alike with the exception of the "step" recbveny phase which
occurred in the river. .

The 02 uptake in jar -one (K2_= 0.17 hr'l) was significantly greater
than in either jar two or the river (Figure 26). The curve obtaided in
jar one.could not -be used to predict, with an acceptable degree.of accu-
racy, the sag curve for the river. It is possible that somewhat more
substrate than wa$ intended was inadvertently added to jar :one. - The
initial COD of the stock "pollutant" was 55 mg/1; however, it can be
seen that 59 mg/],O2 was utilized in jar one in 5 2/3 days. All units
received waste from the same stock vessel; thus a pipeting error may
have occurred when adding waste to jar~oné,

The predicted sag curves and the actual river sag are compared in
Figure 27. The DO profile predicted from‘02vuptake in jar two "sagged"
below zero DO. The DO could be calculated as minus 0.54 mg/1, or a
total difference from the actual minimum DO of 1.34 mg/1. The decreas-
ing leg, the time of minimum DO, and the general characteristics of the
recovery phase were comparable for both profiles.

To compare the method of -predicting a sag curve reported in this
thesis with the standard Streeter-Phelps procedure, a BOD bottle exper-

iment was conducted using the same combination of é]aughterhouse and
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hardboard wastes. The same stock quantities of waste were used, but in
order that DO in the bottles not be exhausted, the combined waste was
diluted five-fold. A 0.5 percent acclimated seed was added, The dilu-
tion water was made by adding minimal salts, nitrogen, and buffer
(Table I) in proportional amo@nts for a_;dta] COD concentration of 10
mg/1. Initial COD determination was made on the contents of the BOD .
bottles, and a value of 18 mg/1 was recorded. This value was considered
as only an approximate check on the several dilutions from the concen-
trated stock.

The data poﬁnts for the BOD bottle curve in Figure 28 were obtained
by taking samples, titrating, and calculating the BOD in mg/1 with a
seed blank correction according to Standard Methods (37). The values
recorded for each sample were multiplied by the dilution factor (i.e.,
DO x 5) in order to compare the BOD curve from the bottle with that gen-
erated in the artificial river. The dotted line portion is treated as
a lag phase when using the standard dilution technique-and first order
decreasing rate kinetics of BOD exertion assumed in the Streeter-Phelps
equation; therefore, the "lag" was eliminated in making calculations.
Also plotted is the 02 uptake curve from jar two of experiment 35,
which was used to predict the sag curve for the river in that run. It
may be seen that the higher substrate concentration and possibly the
degree of mixing was reflected in a more rapid rate of 02 uptake during
the first day,

Calculation of the "BOD constants," kl and La’ were made using the
o method described by Gaudy, et al. (39). Ly was found to be 58.6 mg/1,

1

and k, was 0.224 day ~. These values, along with the k, of 0,938 da,y'l

1
for the river and 8.8 mg/1 saturation DO in the river- (from experiment



Figure 28. Oxygen Uptake Curve From BOD Bottle Compared With Curve From Figure 26.

Experiment 36: 18 mg/1 Combined Slaughterhouse and Hardboard Waste,
0.50 percent Acclimated Cells

O = Standard BOD Bottle Data, 22°C

A = Jar 2 of Experiment 35, K 1220

5 = 0.120 hr
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35) were employed to calculate the sag according to the Streeter-Phelps
equation. Figure 29 shows the resulting DO profile (octagonal markers).
The minimum DO was computed as minus 0.6 mg/1 at 0.79 days.

For comparison, the same 02 uptake curve was also employed to cal-
culate a DO profile using the mathematical integration method employed
in this thesis (triangles). The dotted 1ine portion of the bott]é curve
was used in this case, i.e., there was no need to eliminate a "lag."

The minimum DO was found to be minus 1.60 mg/1 at 30 hours.

These two predicted curves may be compared to the DO profile pre-
dicted from the 02 uptake curve of jar two in Figure 27. In the pre-
vious experiment, it is recalled that the dilution factor -in the jar -and
the river were the same. The nature of the organic matter was the same
in both experiments, and an acclimated seed was employed (although not
jdentical.seed samples)}. Thus, all three predicted profiles may be
compared to the actual DO profile for the river shown in Figure 27, It
can be seen that the open jar technique provides a predicted profile

more in accord with the one observed in the river.



Figure 29. Two Predicted Sag Curves Calculated From Standard BOD Bott]e Oxygen
: Uptake Curve in Figure 28.

Experiment 36: 18 mg/1 Combined Slaughterhouse. and“Hardboard'Haste,
0.50 percent Acclimated Cells -

(O-= Sag Curve Predicted by Streeter-Phelps Equation
A = Sag Curve Predicted by Numerical Integration Method
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CHAPTER V
DISCUSSION AND RECOMMENDATIONS

A. Effect of Reaeration Constant on Oxygen Uptake

The expéniments conducted in this phase of the research were
designed to evaluate the effect of reaeration rate on oxygen uptake.
Lordi and Heukelekian (22) found no difference in BOD exertion when com-
paring open and closed quiescent reactors. However, stirring in the
open reactor resulted in an increase in 02 uptake over ‘the closed quies—'
cent jar, and the increase was magnified at greater mixing rates. Their

K2 values were 0.48, 0.82, and 1.06 days'1

(1oge). Gannon - (23) used
samples of river water to study the effect of mixing versus quiescent
conditions on 02 uptake in sealed BOD bottles. After.fivevdéys the
mixed bottle had utilized eight mg/1 DO compared to six mg/1 for the
quiescent bottle with a slight increase in uptake rate for the mixed:
bottle. Jennelle and Gaudy (9) found stirring in sealed bottles -to
have no effect on oxygen uptake when compared -to quiescent bottles.
However, agitation in open systems did cause an increase in 02 uptake.
They also concluded that mixing, in the range employed in their
research, appeared to have no effect on the biological kinetics when
the systems employed low substrate concentrations such as exist in

receiving streams and BOD bottles. Therefore, changes in reaeration

rate in the range of those usually occurring in natural streams might
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be expected to have 1ittle or no effect on oxygen uptake.

The results of the present research help clarify and, in certain
respects, qualify, the tentative conclusion of Jennelle.  The range of -
reaeration rate constants used in the present study was 0.04 to 0.21
hr'l (base e). It was found that with increasing K2 values the amount
of oxygen uptake after the apparent logarithmic uptake phase was some-
what greater than that for Tower K2 values. In comparable systems, it
was observed that aftér this phase the 02 uptake curves in the slowly
increasing raté pha;e(s) of uptake differed in increasing amount with
increasing}différencevin K2. However, it was observed that 02 uptake
curves in the increasing rate phase of 02 uptake,(from zero to the
point of inflectien or until the plateau) were usually very similar
unless one reaeration rate constant was approximately double the other.
This first phase of 02 uptake is of greatest importance in sag curve
analysis because, in general, it describes the period of rapid DO
depletion and the time of occurrence of the low point of the sag. In
general, it would appear that one cannot totally disregard the K2 value,
i.e., 02 uptake curves developed in the laboratory in open reactors

should be obtained at K, values as close as possible to those expected

2
in the receiving stream. ‘
It should also be pointed out that the "sensitivity" of the DO
probe presented some problems in analyzing results of various runs.  As .

can be seen in Figure 1, the rapid decline in DO recorded for unit two
and the extended flat bottom of the sag provide some indication that the
DO actually went to zero even though zero DO was not recorded. In any
event, there was in all probability a period of time, perhaps 3/4 day,

when the system was operating under a period of tension which could have



111

been of sufficient magnitude to 1imit the system. This period of near
zero DO also appeared as a distinct change in phase in the calculated
oxygen uptake curve. When this extended period near zero occurred, it
seems reasonable to assume that the organisms could have utilized more
oxygen if it were supplied. The period of adjustment to the new envi-
ronmental condition (oxygen-limited metabolism) makes it unwise to

compare O_ uptake during such periods with that in periods in which the

2
system did not experience any deficiency in oxygen or to use these data
in calculation. It is suggested that if an experimental unit exhibits .
such an extended flat curve near zero DO, the profile data should not

be employed to calculate the 02 uptake (BOD) curve. Instead, a new

unit should be started up using a lower concentration of carbon source

or a s]ighﬂy,higher-K2 value.

In summary, it may be concluded that the effect of reaeration rate
constant on oxygen uptake is small during the increasing rate phase of
02 uptake unless the K2 values differ greatly. A rough rule of thumb,
based upon experiments such as those shown in Figures 2 and 6, might be
taken as differences in K2 on the order of a factor of two. In general,.
the data indicate that the greater the reaeration rate constant, the
greater will be the total oxygen uptake. A survey of the summary data
in Table II shows that, in those experiments in which none of the sag
curves Rad a flat bottom (column 6), the total 02 used (column 10)
increased wi‘th-K2 (column 4). Also, it may be concluded that if a DO
curve in the open reactor sags near zero for a period of more than an
hour or so, a comparison cannot be made with sag curves not going to

zero, because of the possible effect of low oxygen tension on the bio-

chemical behavior of the bio-mass.
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As discussed in Chapter II, much controversy has existed concern-
ing the kinetics of the BOD curve. The Streeter-Phelps (2) first order:
decreasing rate description of the curve has since been improved by
many authors (17)(18)(19). Extensive studies by Bhatla and Gaudy (7)
have completely described the phasic BOD curve, .including the plateau.
Several theories were proposed to explain why the plateau and phasic
nature of ‘the BOD curve occur. For systems containing heterogeneous.
microbial populations, the second stage of carbonaceous 02 demand was
shown to be due to predators (protozoa) metabolizing the bacteria grown
during the first stage of 02 uptake, and the plateau was observed
between stages, depending upon the relative rates of increase of the
two populations and period of timeibetween peak numbers of bacteria and
protozoa.

In the present research, the oxygen uptake.curve could best be
described as a .conventional S-shaped growth curve. . As shown by the fig- .
ures in the first .section of Chapter IV, the oxygen uptake usually
exhibited a 1ag<period‘fo]]owed by a period of increasing rate of up-
take. The lag period or slow decline in DO was found to be directly
related to the type and percent of seed used. Also, McWhorter and
Heukelekian (19) reported that an increase in seed concentration (by
volume) reduced the lag period. In the present study, acclimation of
the seed to the test substrate for a period of time not extending too
long into the endogenous phase, was found to eliminate the lag period.
At the inflection point, -the increasing rate changes to a decreasing
rate. . The low point of the sag curve corresponds to a breakover in the
02_uptake curve with very slow uptake afterward. This also marks the

disappearance of the usable exogenous substrate. The DO will increase
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from the minimum as the uptake curve remains flat or rises very slowly.
If protozoa were initially present in the seed, their growth rate should
increase after the bacteria have reached their maximum population. As
the protozoa grow and multiply, using the bacteria as substrate, they
exert an oxygen demand on the system which appears as a second {hcrease
in rate.

The time period between the attainment of the maximum bacterial pop-
ulation and the beginning of appreciable oxygen utilization by the pro-
tozoa corresponds to the length of the slow O2 uptake period or plateau.
If no protozoa are present, the slow uptake may continue with no second
increase in O2 uptake rate. In‘heterogeneous systems, not-all bacteria
may act as a .food source -for protozoa; also the protozoa may not reach
a population large enough to exert an O2 demand greater than the reaer-
ation force. During the present research, many different variations of
oxygen uptake curves were observed. However, the generally phasic type.
of;02‘uptake curves observed by Bhatla and Gaudy (7), Isaacs and Gaudy
(24), Jennelle and Gaudy (9), McWhorter and Heukelekian (10), and Gates

and co-workers (21)(27) were also observed in this study.

B. Experiments on the Prediction of Dissolved Oxygen Sag Curves in the

Simulated Channel From Oxygen Uptake Curves Developed in the Open Jar

Reactors

In this section of the study, experimentation was conducted using
the open stirred reactors as "models" to predict a DO sag curve exerted
by a specific waste concentration in a simulated receiving stream. The
predicted curve was compared to an actual curve observed in the simu-

lated stream apparatus.
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This portion of the study included fourteen experiments using syn-
thetic waste to check the method of predicting stream sag. The method
has been explained in Chapter III and sample calculations are shown in
the Appendix of this thesis. Two jars and the river were adjusted to
predetermined réaeration rates. However, in some experiments at least
one K2 value would result in a sag curve which either approached or
reached zero DO for an extended period of time, and these data were not
used for prediction. |

A seed was acclimated, in most cases, for a 24-hour period, which
corresponded to the length of time employed in determining the reaer-
ation rate of the jars and river, When a 0.5 percent seed was applied
to the river, the_decrease in DO started immediately; however, for the
synthetic wastes, a 1.0 percent seed was necessary to start the DO
decrease in the jars at the same rate. The lag in the DO removal curve
naturally corresponds to a lag in the 02 uptake curve. The mathematical
integration method using'the 02 uptake curve calculates this lag into
the predicted curve, which delays the time of occurrence of the sag com-
pared to that in the river. As pointed out earlier, Isaacs (30) noted
that the concentration of seed had an effect on the length of the lag
period. Gates, et al. (27) stated that the greater the amount of bio-
mass, the greater the substrate utilization, and this controls the
falling 1imb of the 02 sag curve. The conclusion of Gates, Marlar, and
Westfield (27) concerning the influence of substrate concentration on
the decreasing leg of the sag curve, i.e., the rapidly increasing por-
tion of the 02 uptake curve, agrees with the findings of Jennelle and
Gaudy (9). Fkom-the results of their experiments, it was concluded that

BOD bottle data cannot be used to evaluate conditions in a receiving
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stream unless the substrate concentration is the same in both systems,
because they observed that the kinetics of the 02 uptake curve to the
inflection point followed a Monod-type relationship (40) between 0,
uptake rate constant and substrate concentration. Further studies have
recently been conducted in the bioenvironmental laboratories of Okla-
homa State University by Kelly (28) to substantiate the existence of
the hyperbolic relationship betweenO2 uptake rate and substrate concen-
tration using various methods to determine}oz uptake. He found that a
Monod-type curve could be constructed and, consequently, a direct rela-
tionship between initial substrate concentration and oxygen uptake rate
cah ‘be formulated during the phase of exponential increase in 02 uptake
(downward leg of the DO sag). Kelly's work forms a part of the overall
investigation on kinetic description of--O2 uptake or BOD exertion, and
was conducted at the same time as the present study. The findings pro-
vide substantive support to the present results, and they are discussed
in more detail by Kelly (28).

Some of the problems which can occur in using the techniques
employed in the present studies may be seen in the data shown in Fig-
ures 7 - 15, It is noted in Figure 7 for the glucose-glutamic acid
system that an 8-hour lag and the phasic,dec]inihg‘]eg_of the DO profile
in the open reactor delayed the time of occurrence of the minimum DO as
compared to that in the river, If the lag is "calculated out,” the sags
occur at the same time, as seen in Figure 9. For this particular run
only, a 0.5 percent fresh sewage seed from the primary clarifier launder
of the municipal treatment plant at Stillwater, Oklahoma, was used, and
thus, there was a slower DO removal for both the river and jar. The

lag in the open jars is much greater in Figure 10 for a glucose system,
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and there was a much larger phasic shift during the downward leg of the
DO profile. This lag may also be ignored or "calculated out" in making
a prediction of the river profile, but the change in phase remains and
delays the predicted DO sag bottom by 10 hours (see Figure 10). This
experiment also had two very different recovery stages, which averaged
out later. In Figure 14, the shape of the 02 uptake curve for the open
reactor was closer to the monomolecular shape than any other obtained
in this study. This curve predicts a sag which is delayed 13 hours
from that observed in the river: The delay is partly due to the phasic
naturé of fhe downward leg of the sag curve observed in the jar. Also,
it is noted that there was no evidence for the "plateau" in the open
jar reactor, whereas there was in the river. This does not infer that
the first order kineti¢c BOD curve could be employed in predicting DO
profile, because even though the plateau was "masked" or did not -occur
in the jar, this curve did exhibit an apparent first order increasing
portion during the first 12 hours. In order to eliminate, or in any
event, reduce the problems caused by the long lag due to acclimation
time, -the investigator must use an acclimated seed. The use of a thor-
oughly acclimated seed certainly seems justified, since the actual
receiving stream will naturally Become acclimated to the waste effluent.
The phasic declining‘1imb occuwred_in-several experiments, includ-
ing those.in which glucose was the sole carbon source. Gates, et al.
(21) noted phasic removal of substrates with some combinations of com-
pounds; with a recovery phase before the second sag due to the second
substrate. Considerable work has been done in our laboratories concern-
ing sequential substrate removal with heterogeneous populations. Gaudy,

Komolrit, and Bhatla (20) cited several mechanisms explaining the
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- phenomenon for various ages of the biological system. In young cell
systems, the suppression of enzyme function as well as repression of-
enzyme induction were demdnstrated to be possible mechanisms. For the
glucose system in the present study, the organisms may have changed a
portion of the substrate into other substrate(s), creating a multisub-
strate system, resulting in phasic substrate utilization which was
manifested in phasic 02 depletion in the downward leg of the profile.
This type of curve is very clearly seen in Figure 10 (jar one). It is
worthy of note here primarily to delineate the fact that occurrence of -
such curves is not exceptional. The phasic nature of substrate removal
and/or 02 utilization has been observed in many systems, and its exist-
ence provides a strong argument for the use of the DO prediction method
herein employed rather than the sag curve approach of the Streeter-
Phelps type which requires formal mathematical description of the 02
uptake curve.

Microscopic examinations were made during the experiments-at var-
jous ‘times mainly to note changes in protozoan population. As discussed
briefly earlier, and as extensively delineated by Bhatla and Gaudy (7), .
the protozoa population is belijeved to be the most general cause for
the second major uptake’in the BOD curve. In most observations, the
protozoan population was very sparse during the declining leg of the
sag curve. When a large increase in protozoa occurred, it was after
the DO profile had recovered from the sag bottom. During this time,
the 02.uptake rate had decreased to a period of very slow increase or
had undergone a flat period with zero increase, i.e., the plateau had
occurred. In some cases, protozoa could be observed to be "grazing" on

the floc particles. This process of self-clarification due to predator
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activity has been reported by many; such observations have been réported
by Bhatla and Gaudy (7) and by Isaacs (30). . The metabolism of bacteria
by protozoa has been shown to be a prominent cause of the second stage
O2 uptake; and the delay time between the creation of protozoan food
source and attainment of rapid protozoan population increase has been
showh to define the plateau. A plateau was not always observed in this
study, but a substantial protozoan population developed in each run,
Also, each system exhibited self-clarification by the end of five days.
The Tack of a plateau in many runs implies a smooth transition in the
predator-prey relationship. Differences in occurrence of a plateau may
be due to differences in the number (and type) of protozoa present
initially in the different seeds. High initial protozoan populations
may, in some instances, foster a more rapid increase of protozoan num-
bers, thus melding the two stages .of 02 uptake and eliminating the
plateau.

Figures 16 - 27 described the results of several experiments to .

test the sag prediction method using actual wastes. A quantity of fr}:h.
sewage was acclimated to each waste prior to each experiment, Also thé
mineral salts, buffer, and nitrogen were added for each waste. . a
In the experiment using_s]aughterhouse‘waste (Figures 16, 17, 18),
the seed concentration was 1.0 percent in the jars, and 0.5 percent in
the river. It can be seen.in Figure 16 that this extra seed in the jars
was - not warranted, and probably caused the DO removal rate to be some-
what greater for the jars than the river. The small second sag in the
Jjars and later in the river may. have been due to some type of remaining
substrate or to 02 uptake by the protozoa. A high concentration of

predators was present initially; also COD values of samplés taken at



119

the bottom of the sag and after five days; were equal. Therefore, the
probable reason for the small second uptake is unknown.

The probable effect of the initial seed concentration may be seen
in Figure 17. The difference in Ozbuptake or time to attain the pla- .
teau was approximately .five hours. in Figure 18, it was seen that this
caused .a 5-hour differential in time to attain the low point of the DO
sag. The difference in K2 values of the river and jar two was rather
substantial--nearly twoffo]d“ However, the predicted curves were very
similar. Unit one had a K2 closer to that of the river, and the pre-
dicted curve fell one mg/1 DO below the actual. This margin of error:
is adjudged small for a seven mg/1 actual deficit, and it is felt that
without the difference in seed, the prediction would have been even.
closer to, the observed profile.

In experiments on the hardboard pulping waste (Figures 19, 20, 21),
the K2 values of the jars bracketed that of the river, and all were
rather closely grouped. The resulting Oz,uptake curves were S-shaped
and nearly superimposable during the critical phase of O2 uptake (see
Figure 20). Again, protozoa were present and clarification occurred
during the experiment. The predicted curves were practically traces of
the observed curve in the simulated river. The difference in predicted
and observed minimum DO level was only 0.7 mg/1.

| The most complex whole waste used was the kraft digester blow-down
liquor. However, most of the indicated COD of this material was lignin, .
which is not a utilizable substrate, and which remained in the system
after five days. The lag phase in the units probably would have been
two or three days if the seed had not been acclimated for two weeks.

- These experiments were shown in Figures 22, 23, and 24. The ]ower»K2 of
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the river caused this system to exhibit the greatest deficit. The
effect of K2 on 02 uptake was not evident until the recovery stages of
the DO, as can be concluded from Figure 23. With an acclimated seed,
such as should exist in the river, the most important stage of the sag
curve and thereby the 02 uptake curve, is the declining leg (rapidly
increasing phase for 02 uptake) which occurs during the first two days
after the waste enters. In these experiments,vthé time to reach maxi-
mum deficit -and the,émount of deficit were the same for the predicted
and actual curves. A second small sag in the jars before recovery from
the first sag (Figure 22) caused the predicted sag (Figure 24) to
exhibit a Tonger time period at the minimum DO than was observed in the
river. As with the previous experiments using actual wastes, the pre-
dicted sag curves are adjudged to provide rather good estimates of the
DO profile.

In order to study a very complex substrate, a combination of-
slaughterhouse and hardboard wastes was used in the finé] set of experi-
ments in the artificial river. In this case, the microorganisms were
acclimated to a mixture of the two wastes.  The combination was removed
in 16 hours and with one major DO sag (Figure 25). A second small sag
in the jars was noted at approximately two days. This effect was also
noted for the s1aughtérhouse waste experiment. The Ozruptake curve was
much greater in the open jar which was operating at the high K2 value.
A11 three curves were S-shaped and exhibited an apparent exponential
(increasing) phase of 02.uptake. After this initial rapid first order
increasing uptake, the curves "broke over" for a period of time, and
then a second large increase in uptake took place. Follett and Gaudy

(5) also observed the occurrence of a "plateau" with complex substrates,
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such as paper mill wastes.

An attempt to use this combination of wastes in a standard BOD
bottle test led to many problems. Many trial runs were made in an
effort to find the right substrate concentration and seed percentage
with the limited amount of initial DO available with the standard dilu-
tion technique. The dilution of stock CODs of several thousand down to
approximately 10 mg/1 was difficult and resulted in measured CODs of 18
mg/1 per bottle. The same 0.5 percent seed concentration used in the
jars and river was used in the bottles.

The two curves in Figure 19 calculated from the BOD bottle 02 up-
take curve predict a very large DO sag. The Streeter-Phelps equation
gave the typical rounded bottom with first order decreasing limbs. The
numerical integration method using the same curve and including the lag
phase of uptake, predicted a more phasic sag curve with a V-shaped bot-
tom. It can be seen that the 02 uptake curve from the open stirred
reactor (Figure 27) predicted a DO profile which was much closer to the
actual curve for this combination of wastes than did the calculations
using the 02 uptake curve developed in the BOD bottle. .

As discussed in Chapter II, many of the topics of research concern-
ing stream assimilative capacity have involved the addition of terms and
factors to the Streeter-Phelps equation. The effect of benthic deposits
and various plant 1ife (autotrophy) are not included in the Streeter-
Phelps equation and are not included in the method proposed here. - These
are indeed complex biological phenomena in themselves, and they require
mathematical description of equal or greater complexity than the exer-
tion of carbonaceous BOD due to entry of waste to streams. The two

opposing factors of the Streeter-Phelps equation are, however, the major
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ones -affecting the DO profile, and understanding their interrelation-
ships should ideally precede consideration of the other factors affect-
ing the DO balance.

The main purpose of the present study was to apply the "new kin-
etics" of BOD exertion to predict effects on the kinetic course of the
DO balance in a stream, and to develop a laboratory procedure which
approaches the conditions in an actual stream, thus enhancing the engi-
neering capability of predicting the profile. These two important
practical aspects have been largely overlooked by many investigators
who appear to be content with attempts to add additional terms to an
equation for description of the more complex situations. Such attempts
provide more sophisticated and complex -equations, but do little to pro- .
vide practical and useful predictive technique for control of stream
pollution. The general approach to prediction of the DO profile herein
studied has been outlined in brief by Jennelle and Gaudy (9) and devel-
oped further by Gaudy (10). The present investigation was intended to
test the approach, to refine and revise, where need be, the general con-
cepts involved, and to provide recommended methodology for practical
employment of the technique. The results of the present study using
the simulated river channel apparatus to assess the credibility of the
profile predicted from the open jar 02 uptake curve indicate that the
approach has considerable potential and a tentative recommended pro-
cedure based upon these findings is given in the following section. It
might be argued that the best test of the procedure would be its use to
predict the profile in an actual receiving stream, followed by a moni-
toring program to check the general accuracy of the predicted sag or

critical DO lTevel. Considerable space could be devoted to arguing the
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pros and cons as to whether this would be the best test of the scien-
tific predictions of the approach (e.g., consider the problems involved
in measuring the,K2 values in various reaches of natural stream). 1In
any event, it is worthy of noting that the general approach was recently
employed by Gaudy (personal communication) in estimatifig the effect of
treated effluent on the DO resource in a natural stream. Subsequent
monitoring of the stream over a sufficient perfdd?of time should pro-
vide field data regarding the usefulness of ‘the predictive technique.
In summary, the procedure used in this research eliminates the
"plug in" values and the inadequate monomolecular BOD kinetics usually
assumed to exist. The open jars and stirrers may be set up to operate
at the actual waste dfiution expected in a stream and at the expected
range of reaeration rates in the stream. This-allows a closer approach
to the actual conditions which will exist in the receiving stream and
therefore must produce data of greater predictive value than can be

derived from the standard BOD dilution technique.

C. Reconmended Procedure

The eduipment needed for the laboratory tests includes two or
three battery jars, a small, dependable, adjustable speed motor with
shaft and propeller for each jar, and a DO meter with probes. The jars
used in the present study were 15-1iter capacity; larger capacity jars
would also be usable. Smaller working volumes are not desirable because
errors -in making up dilutions are magnified, and large ranges of-K2
values may be difficult to attain and hold steady throughout the exper-
imental period. The Bodine motors used herein needed no maintenance,

and can be expected to run continuously for long periods of time. If
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the vo]tagé in the laboratory is variable, a voltage regulator may be
necessary to maintain constant stirring speed. Because the probe mem-
brane is rather delicate, and since the probe loses sensitivity, more
than one probe js required to allow for problems during an experiment.
The sensitivity of the probes -must be checked versus the Winkler DO
method in Standard Methods (37); therefore, a few bottles and reagents
are needed.

The system should be run at the "design" temperature, i.e., the
critical temperature for which the prediction of -the DO profile is to
be made. Since this is usually the warmest expected temperature, a
refrigerated system is not needed. Temperature control can best be
attained by immersing the jar reactors in a water bath; thus one temper-
ature controller can be used for duplicate (or triplicate) reactors. .

It is believed that sodium sulfite with cobalt chloride catalyst
is the easiest and cheapest way to remove the DO from the water. Very
small quantities of these reagents are needed for each run. These chem-
icals, those for the DO test, and the mineral salts listed in Table I
are the only needed reagents.

To begin a run, the jars shbu]d be filled with water from the
receiving stream, which is then allowed to reach an equilibrium temper-
ature. The motors should be set by rhéostat control to a stirring
speed that will provide a reaeration rate in the approximate range of
that expected in the river. The reaeration of the receiving stream may
vary from reach to reach, but in genera]-the‘most important reaeration
rate or rates are those expected during the first one or two days of
flow time from the point of entry of waste to the river. A family of

laboratory sag curves developed in the jar at K2 values bracketing
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those expected in the river will give the best estimate of the down-
ward leg and the bottom of the actual sag curve in the river. The K2
of the river -may be estimated by one of the many existing methods, for
example, the formula of Isaacs and Gaudy (8).

When the temperature of the water in the reactor becomes stable
and the stirrers are set, one adds -the sulfite and cobalt catalyst. The
DO will immediately decrease and should reach a minimum value between
zero and 1.0 for the test results in generating reaeration data to cal-
culate KZ' Unless far too much sulfite was added, it should all have
reacted within 30 minutes. The investigator should record DO every 15
minutes after -addition of ‘the chemicals in order to establish zero time
for the reaeration experiment. The reaeration may be allowed to pro-
ceed until the saturation value for the operating temperature is
approached.

It was found that the mest consistent method for checking probe
sensitivity was to use a separate container of water at approximately
the same temperature as the test jar. A two-liter beaker was used in
this study, and was aerated for a few minutes with a magnetic stirrer.
The probe was inserted for a reading while a BOD bottle was filled by
carefully submerging it in the beaker. This may be done throughout the
run.at least twice a day; thus the probe is checked without removing
water from the battery jar reactor.

The investigator may add the waste to the jars at any time after
sufficient DO has been added by reaeration to permit easy calculations
for KZ' (A useful calculation procedure for K.2 was given in Chapter IV).
This initial DO for the experiment may vary somewhat from the initial

deficit value expected in the receiving stream, because this is taken
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into account in the prediction calculations. However, it is just as
easy to "pollute" the jar at an initial DO deficit close to that
expected in the river as at any other, and such a procedure provides the
investigator with a direct pre]iminary-esﬁimate of the river profile.

The dilution to be employed, i.e., ratio of receiving water to
waste effluent, depends upon .the conditions and purposes for which the
DO profile is being estimated. For example, in a case where the degree
of treatment of the waste prior to discharge has been determined by
considerations other than stream assimilation capacity (e.g., by state
law), a sample of the treated effluent (presumably a sample from a
pilot plant operation or a waste similar to the one expected at the
site in question) can be used at a dilution which is determined by the
estimated daily volume of waste and the design or minﬂﬁuh flow condition
of the receiving stream (the average daily flow of the driest seven con-
secutive days of flow of 10-year occurrence is often employed). Other
dilutions should also be employed: It is jmportant to stress that in
accordance with the findings of ‘Jennelle and Gaudy (9), as well as
Kelly (28), dilution (i,eo, substrate concentration) affects the kin-
etic expression of the BOD exertion curve. Therefore, separate exper-
imentally determined 02 uptake curves are needed for each dilution of
waste and river water. Water is siphoned from the jar, waste is added,
and then the volume is readjusted to)the initial value with river water
and seed suspension.

If extra nutrients are believed necessary, they should be added
with the waste. 1In the interest of providing a conservative engineer-
ing estimate and in order to ensure that the carbon source is the

limiting nutrient, the usual inerganic chemical supplements (nitrogen
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and phosphorus) should be added. The investigator may or may not take
the view that even if these essential inorganic chemicals are not pres-
ent in the river water or effluent now, they may be at some time in the
future. This is really a matter of engineéring Jjudgment, and such
addition depends upon the purpose of makfng~the study.

The seed must be pre-acclimated to the waste being studied. There-
fore a separate unit (e.g., a two-liter beaker) may be used to accli-
mate organisms to the waste. One can use a small batch-fed reactor to
maintain an acclimated seed population. A DO reading should be taken
when the volume has been readjusted in the jar to establish a zero read-
ing. ~ The investigator must follow the DO throughout the sag and recov-
ery stages, obtaining sufficient DO values to construct an accurate
picture of -the profile from which to calculate the 02 uptake curve. In
all cases in this study, the exertion was essentially complete, with
good recovery of DO, in five days.

Some important guidelines to be observed during the deoxygenation
study are: (1) the faster the change in DO, the more often readings
should be taken; (2) microscopic examinatiohs should be made to note
the increase in bacterial growth and later the protozoan growth; (3)
the speed of the stirrers should be checked daily to guard against vari-
ations in speed; (4) the sensitivity of the DO probe must be checked
(small changes in probe sensitivity are to be expected); (5) the jars
should become more turbid, then show signs of clearing; (6) phasic legs
of the sag curve can be expected; (7) in order not to let algae grow
in jars, shielding from 1ight may be necessary; (8) the DO should not
go to.zero, and on the other hand, (9) the sag should not be too

slight, since calculation of the 0, uptake (BOD) curve depends upon
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production of a well defined sag curve.

The calculations for 02 uptake and the prediction curve are pre-
sented in the Appendix. These computations are not particularly labor-
fous; however, a calculator with a memory cell greatly facilitates the

calculation.



TABLE VI
CONCLUSIONS

The results of this study support the following conclusions:

1. The effect of reaeration rate on 02 uptake requires further
definition. However, from this study, the apparent practical range for
effect of reaeration rate constant was established as follows: If ‘one
K2 value was double another, the system with h'ig.her‘k,K2 value exhibited
a greater-oz‘uptake throughout the experiment.

In order to compare the 02 uptake curves obtained at different
reaeration rates, the sag curves from which the 02 uptake curves are
calculated must have shown reasonably well defined sags, e.g., consider-
ing an .initial DO of 8.0 mg/1, a sag which fell below 6.0 mg/1 but did
not go to zero. Since the DO is obtained electronically, two or three
jars are no more difficult to operate than one, and with the jars set
at various‘Ké values in the range of those. expected in the river, the
investigator may observe the effect of reaeration rate on the sag curve.
If a flat bottom sag curve is obtained with the DO hovering near zero,
it must be assumed that oxygen tension will have affected 02 uptake,
and such a curve should be disregarded.

2. When using an added microbial seed population, it should
always be acclimated to the waste under study. The organisms in the

river will become acclimated to an existing waste; those existing in.
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the waste (e.g., treated effluent) are already acclimated. Therefore,
the comparability of the 1aboratory.02 uptake curve and that which will
exist in the river is enhanced by employing an acclimated seed in the
experimental work.

3. The type of BOD kinetics observed in this study compared. favor-
ably with data on 02 uptake dilute systems from this laboratory using
untreated effluents or a pure carbon source. The 02 uptake curves were
never of -first order -decreasing kinetic form. With the dilute sub-
strate concentrations used, an autocatalytic curve was obtained for both
the open stirred reactors and the artificial river.

4. The presence of protozoa was noticed in each experiment, and
an increase in their numbers corresponded to the clarification of the
units. . Although the plateau was not a]way$~manifest, its occurrence
was dependent on the size of the protozoan population and the time
interval between the maxima in the bacterial and the protozoan growth
cycles. The above statements are based solely on microscopic obser-
vations which did not involve attempts to make precise direct counts
of bacteria and protozoa. They substantiate results of quantitative
experimentation on population changes made in a previous study in the
bioenvironmental engineering laboratories. .

5. The motor with long shaft and propeller was found to provide
reliable and constant speed stirring. The volume of reactor liquor in
the jar.and in general the "scale" of the experimental setup seem ade-
quate as adjudged by the fact that the results compared favorably with
those obtained in the larger scale "artificial” river.

6. The calculations for oxygen uptake and for the predicted sag.

are very easily facilitated with slide rule or calculator. The
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proposed method to predict the DO profile in a stream does not require
forcing the‘O2 uptake data into any definable kinetic order. Rather, an
attempt is made to simulate in the open reactor jars, conditions extant
In the receiving stream. The present results indicate that this

approach can be successfully employed.



CHAPTER VII
SUGGESTIONS FOR FUTURE WORK

1. Additional studies should be conducted to further define the
effect of reaeration constant on oxygen uptake. A higher K2 value did
not always result in greater 02 uptake compared to a lower K2 value.

A definite conclusion on the relation of agitation with 02 uptake could
not be reached.

2. Continued improvements ma& be made in the prediction method by
including ways to assess the effects of benthic deposits and/or plant
life on the DO concentration in the stream. There may be cases wherein
one or both of these factors exert a greater demand on the stream than
that due to the utilization of the waste. MWork to determine relative
magnitude of effect on the DO profile could prove useful in adjusting
the prediction calculations.

3. Assessment of the method in the field should be continued to

find areas in the procedure which might be refined.
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APPENDIX

A. Calculation of -Oxygen UptakelfromMOpen,Jar,Reactors

The reaeration rate of the open stirréd reactor(s) must be known
in units of hrfl (base e), and this rate should roughly approximate the
reaeration rate in the reach(es) of the river under study. The method
used to deter‘min«eithe‘K2 in the jar -was explained in the text.

From the DO values recorded during the experiment, the deficit at
each time may be found by subtracting the DO from the saturation value
for the operating temperature employed. Table III includes the com-
plete data used to determine the 02 uptake for -experiment 23 for a
single jar.

Column 1 shows the time of the DO reading, and column 2-1ists the
deficit at each time. - The reaeration rate for the jar is multiplied by
the deficit and recorded in column 3. Column 4 lists the time interval
. between DO determinations.

The amount of DO put into the system during a specific time inter-
val by reaeration is determined by multiplying KZ’ deficit, and the
length of the interval; these values are listed in column 5. Column 6
lists the DO reading, and the change in DO during each interval is the
difference in DO recorded in column 7. - The oxygen utilized during the
time interval is given.in column 8 and is equal to the DO added by
reaeration minus the change in DO concentration in the system, i.e.,

column 5 minus column 7. Column 9 shows. the summation of the values

129
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TABLE III
CALCULATION OF OXYGEN UPTAKE FROM OPEN JAR REACTORS

2. 3 4 5 6 7 8 9

D KoD at - S2P% o ao 5.7 0p Uptake
mg/1  mg/l-hr  hr  mg/l  mg/l  mg/l. mg/l mg/1
1.50 015 o5 g4 70200 e g2 O
0.88  0.09 7082 0.12

2,78 0.24 0 0.24
0.88  0.09 7.82 0.36
25 0.23 ' -.09  0.32
0.97  0.10 7.73 0.68
10.5  2.04 3 198 4.02
295  0.29 | 5.75 4.70
2.5 .85 -.95 1.80
3.00 0.39 . 4.80 6.50
2 0.80 32 1.2
1.22  0.42 4.48 7.62
2 0.87 - _31 1.18
4.53  0.45 87 497 | 8.80
v . 1.25. 0.57 .21 0.78
5  4.74  0.47 3.96 / 9.58
1.75  0.86 42 1.28
516 0.5 3.54 10.86
2 1.11 -.83. 1.94
599  0.59 2.71 12.80
2 1.25 -’63 1.88
6.62  0.66 2,08 14.68
4.75  3.41 21.25  4.66
5 7.87  0.78 | 0.83 . 19.34
5.75 4.40 32 4.08 ,
7.55  0.75 1.15 23.42
3 211 93 1.18
6.62  0.66 2.08 2460
4 2.44 94 1.50
5.68  0.56 3.02 26.10
4.5 2.37 73 1.64
4.95  0.49 3.75 27.74
12.75  6.17 13 6.0 -
182 0.48 | - 3.88 4 33.78
5.25  2.29 82 1.47
4.00  0.40 4.70 35. 25
8 2.72 1,12 1.60
288 0.29 5.82 36.85
2.5 3.13 72 2.4
216 0.21 6.54 | 39.26
1.5, 2.30 28 2.02 |
1.88 - 0.19 6.82 _ 41.28
13 2.05 _ ‘58 1.47
’.;1030 00‘!3 3 75 D 48 7040 0 0 48 42 75
1,30 013 75 048 gy : 43,23

1

(yp}

s =-8.70 mg/1 K2 = 0.099 hr-
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given in column 8. The quantities listed in column 9 can now be
plotted versus time (column 1) to obtain the curve of accumulated oxy-

gen.uptake. This curve is shown in Figure 8 .in the text.

B. Calculation of DO Profi]e~From~Experimenta]]y.Determjned Oxygen

Uptake Curves

Calculation of a DO profile from an experimentally determined 02
uptake curve-is, in a sense, a reversal of the previous ca]cu]atien,
The K, value(s) employed are those estimated for the receiving stream
and the initial deficit employed is that for the receiving,stream-at 
the temperature of interest for the stream. The calculations shown in
Table IV were made -using the 02 uptake curve developed in Table III of
the Appendix (plotted in Figure 8 of the text).

Column 1 indicates the times at which values from .the 02 uptake
curves were chosen. . The sample calculation starts with hour 12;becau%e
Jthe lag phase in Oz_uptake was ignored and this time is assumed to be
zero. The basis of the integration method is the assumption that with-
in an increment of time the reaeration rate remains the same. Conse-
quently, it is best to select as small an increment as is practical.
The length of each interval is given in column 2.

'The,values from the uptake curve at each time are listed in column
3. The amount of oxygen utilized in each interval is the difference
between the values in column 3, and this change in oxygen uptake is
given in column 4,

The initial deficit of the stream is the starting deficit for the
calculations in column 5. To obtain the values in column 6, the K2

value of the stream is multiplied by the initial deficit for the
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2 3 5 6 7 8-
A O2 Uptake A02 D KzDAt ADO DO
Hour hr mg/ 1 mg/1 mg/t  mg/l mg/1 mg/1
12 4 0.80 1.25 1.96 0.9 3] 6.84
16 , 2.05 2.27 6.53
2 0.80 . 0.55 .25
18 2.85 2.52 6.28
2 0.90 0.61 .29
20 , 3.75 2.81 5.99
2 0.95 A 0.67 .28
22 4.70 » 3.09 5.71
2 - 1.25 0.74 51
24 _ 5.95 3.60 5.20
‘ 2 : 1.25 0.86. .39
26 - 7.20 3.99 4.81
2 1.10 , 0.96 .14
28 ! 8030 . 40]3. 4067
: 2 1.60 - -7 0.99 .61
30 9.90 4,74 4.06
2 1.30 1.14 .16
32 11.20 . 4.90 . 3.90 .
2 1.80 1.18 .62
34 13.00 5.52 ‘ 3.28
2 2.00. 1.32 .68
36 15.00 6.20 2.60
2 ‘ 2.00 v 1.49 51
38 17,00 6.71 2.09
2 1.80 1.61 19
40 18.80 6.90 _ ._ 1.90
) 2. 1.60 1.66  -.06
42 20.40 6.84 1.96
» 2 1.50 1.64 -¢14 '
44 , 21.90 6.70 . 2.10
2 1.50 1.61 -. 1
46 23.40 . 6.59 2,21
, 2 0.75 1.58 -.83
48 24.15 5.76 . 3.04
4 _ 1.55 2.77 1.22
52 25,70 4,54 4,26
| 4 1.50 2.18 - .68
56 27.20 3.86 , 4.94
4 1.60 1.85 -.25 :
60 28 .80 . 3.61 5.19
4 1.85 1.73 12
64 30.65 3.73 5.07
4 2.00 1.79 .21
68 : 32.65 3.94 4.86
4 1.65 1.89 -, 24
72 34,30 3.70 : 5.10-
4 1.15 1.78 -.63
76, 35.45 3.07 5.73
8 1.55. ~ 2,95 1.40
84 37.00 f 1.67 v 7.13
8 1.45 1.60 . -.15
92 38.45 1.52 R 7.28
8 1.45 1.46 -.01
100 39.90 1.51 7.29
10 . 1.70 1.81 -.11 -
110 10 41.60 1.10 1.40 168 - 58 7.40
120 . 42.70 ° 0.82 > 7.98
C. = 8.80 mg/1 K, = 0,120 hr™!

n
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interval and the Tength of the interval. The product, in mg/1, is the
amount of oxygen added by reaeration, and this is subtracted from the
amount of 02 assimilated, i.e., column 4 minus column 6, The change in
dissolved oxygen is listed in column 7 and is a positive number when
the amount of oxygen used is greater than that added to. the system. A
negative change in d%ssolved oxygen indicates that the amount of 02
added by reaeration exceeds oxygen uptake. ~K new deficit value is
established fof~the next interval by adding or subtracting, according
to the sign of DO, the change in DO from the preceding deficit. Column
8 is-the difference between column 5 and the séturatibn value. These
DO values are plotted versus the time in column 1 to obtain the pre-.
dicted sag curve: The resulting curve is compared to the actual river:

sag in Figure 9 of the preceding text.
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