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INTRODUCTION

Waste stabilization ponds are the most common method of wastewater
treatment in areas where large parcels of inexpensive land are available
and a high quality effluent is not required at all times (1). The major
advantage of a stabilization pond is the relatively low cost associated
with operation and maintenance of the system (I17). However, there are
several disadvantages associated with the performance characteristics of
stabilization ponds; these include hydraulic short-circuiting, long

hydraulic detention times, and high concentrations of effluent suspended

solids (24).

Nature of the problem

Hydraulic short-circuiting occurs in a stabilization pond when the
flow of influent raw sewage does not readily mix with the pond liquid.
Mixing of the raw sewage and the pond liquid is dependent upon the
relative density of each liquid; the density is generally inversely
proportional to the temperature of the liquid. Therefore, if the influent
waste stream has a temperature which is significantly different from the
pond liquid, mixing may be seriously impaired (35).

The concentration of organisms in a waste stabilization pond liquid
is low relative to other forms of biological treatment. Organisms
provide the actual treatment of the wastewater by reducing organic matter
which is dissolved or suspended in the water. Because the organisms are
widely dispersed, the wastewater must be contained for a long period to

Provide adequate time for the organisms to reduce the organic matter (36).



High concentrations of suspended solids are often found in the
effluent of a stabilization pond. The major cause of excessive con-
centrations of effluent suspended solids is due to large populations of
algae (20,24). In stabilizarion ponds, growth of algae depends on direct
radiation combined with a high concentration of nutrients available in

the pond liquid.

Purpose and scope of the study

The purpose of this study was to determine if baffles could improve
the performance of waste stabilization ponds.

Hydraulic short-circuiting can be reduced by installing baffles in
a stabilization pond. Baffles provide physical restrictions to form a
definite path which the influent wastewater must follow through the pond.
By changing the direction of flow, the baffles would also promote hydraulic
turbulence which would encourage mixing of the influent wastewater with
the pond liquid (25).

The submerged surface provided by baffles encourages the growth of
attached organisms. A large mass of attached organisms could increase
the overall concentration of microorganisms in the pond exposed to the
liquid which would decrease the time required to degrade the organic
matter.

The attached organisms could affect the concentration of suspended
organisms such as algae. Both the attached and suspended organisms would
be dependent on a common nutrient source; therefore, the growth of any
attached organisms would reduce the growth rate of suspended organisms by

utilizing some of the available nutrieats.
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Attached organisms usually form a dense slime which sloughs period-
fically; but, unlike the bouyant suspended organisms, it is usually dense
enough to settle out of the liquid under the influence of gravity. Con-
sequently, the attached growth in a pond could lower the concentration of
suspended solids discharged in the effluent.

The general objectives of this study were to determine the effects
of baffles on the performance and biological kineties of anaercbic, waste
stabilization ponds. To implement chis objective, the perfurmunces.of
three baffled model ponds were monitored and compared to the performance
of an unbaffled model pond.

The specific objectives of this study were as follows:

1. To describe and compare the biological kinetics of the systems

using mathematical models.

2. To determine and compare the extent of mixing which occurred in
the model ponds.

3. To determine and assess the advantages of each baffle con-
figuration.

4. To assess the growth and influence of the attached biomass.

5. To assess the growth and influence of the suspended biomass.

6. To determine and compare the quality of the effluents of the
model ponds.

T To determine and compare the diurnal variations of pH, alkalinity,
free carbon dioxide, and organic carbon in the effluent of the
model ponds.

8. To determine the dominant algal genera present in each of the

model pends,
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9. To determine the influence of a free liquid-air interface on

the performance of the model ponds,



LITERATURE REVIEW

A waste stabilization pond, as defined by Marias (26), is a shallow
man-made basin which utilizes natural biological processes to reduce
organic matter and destroy pathogenic organisms. The actual basin is
usually an earthen structure which is compacted and sealed to prevent

excessive seepage (10).

The physical and biological performance of waste stabilization ponds
are the major evaluation criteria used in this report. Therefore, brief
discussions will be presented councerning the treatment capabilities of
waste stabilization ponds, series operation of the ponds, effects of dis-
solved oxygen in the pond liquid, general effects of baffles on the
performance of a pond, and previous baffled pond investigations.

Treatment capabilities of waste
stabilization ponds

In most applications, waste stabilization ponds are emploved to
provide the only treatment given to a wastewater, except for disinfection
of the final effluent. In this capacity, waste stabilization ponds must
provide primary and secondary treatment of the wastewater, digestion of
volatile solids, and destruction of pathogenic organisms.

Primary treatment of wastewater is a process which removes much of
the solid matter suspended in the wastewater by sedimentation. Primary
treatment is usually accomplished by routing the wastewater through a
basin to reduce its velocity. Reducing the velocity of the wastewater

also reduces the hydraulic turbulence that tends to hold solid matter in



suspension. As a result of the reduced hydraulic turbulence, gravitcy
becomes the dominant force acting on the suspended solid matter; con-~
sequently, the solid matter will tend to settle to the pond bottom or
float to the water surface, depending on the relative density of the solid
matter.

Much of the solid matter removed during primary treatment can be
biologically digested. Digestion reduces the volatile portion of the
solid matter to respiratory end-products (7,19,36).

Secondary treatment of wastewater is a process which reduces the
colloidal and soluble portion of the organic matrer. Stabilization ponds
employ a biological process to accomplish secondary treatment by encourag-
ing the growth of organisms that can utilize organic matter as a source
of nutrients. Much of the organic matter is converted into cell proto-
plasm and the remainder is used for respiration. Even though much of the
organic matter is merely changed in form, the organisms can be separated
from the liquid more easily than cthe original colloidal and soluble matter
(142,8,14,16,18,27,31,32).

Many of the pathogenic organisms are destroyed during the treatment
of wastewater in a pond because these organisms are enteric in origin
and the ecosystem of a stabilization pond is not usually favorable for
their growth (9,16,26,30,40).

Series operation of waste
stabilization ponds

Waste stabilization ponds are usually comprised of a system of two
Or more individual ponds arranged in series. The individual ponds are

generally designated as primary, secondary, or maturation, depending upon



the type of treatment occurring in the pond (28,31,36,41).

Primary ponds provide primary treatment of the raw wastewater.
Generally, these ponds also provide an environment for the digestion of
volatile solid matter and storage for nonbiodegradable solid matter (20).

Effluent from the primary pond is usually discharged into a second-
ary pond where most of the secondary treatment occurs (18,32).

A maturation pond, sometimes called a tertiary or polishing pond,
further treats the effluent discharged from the secondary pond. 1In a
maturation pond oxygenation and improved biclogical quality of the waste-
water usually occur (9,26,30,38). The treated effluent from a maturation
pond is generally disinfected and then discharged into the receiving
stream.

Pond classification according
to oxygen concentration

The presence, or absence, of dissolved oxygen in the pond liquid will
determine the type of biological population, end products of the reduced
organic matter, kinetic rates of biodegradation, and also indicates the
rate of organic loading in the pond (8,43). Because of the importance of
dissolved oxygen, stabilization ponds are often classified according to
their dissolved oxygen content.

An anaerobic stabilization pond is completely devoid of any measur-
able dissolved oxygen (7,32). Anaerocbic conditions usually prevail when
a pond i{s subjected to a high organic loading rate. In an anaerobic
environment, organisms usually utilize more of the organic matrer for
respiration than for synthesis of new cells. High respiration to synthe-

sis ratios result in reduced suspended solids and more complete
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treatment. Another advantage of an anaerobic pond is the high surface
loading rates which require less land area. The principal disadvantages
of an anaerobfc pond are low rates of biodegradation, effluent devoid of
oxygen, and anaerobic respiration products which often include odorous
gases (19,22,27,36).

An aerobic stabilization pond contains measurable dissolved oxygen
throughout the entire depth of the liquid. In the absence of mechanical
aeration devices, these ponds are generally very shallow and used D:val}'
for maturation ponds (32).

A facultative waste stabilization pond contains both an aerobic zone
and an anaerobic zone. Near the surface, the pond liquid contains dis-
solved oxygen which forms an aerobic zone. Near the bottom of the pond,
the liquid is completely devoid of measurable dissolved oxygen. This
anaerobic zone permits the anaerobic decomposition of solid organic macter.
Because of the flexibility offered by a facultative-type stabilization
pond, it is the most widely used (8,15,43).

Effects of baffles on waste
stabilization pond performance

For the purposes of this report, a baffle will be considered as any
physical restriction which directs the flow of wastewater through a pond.
The major functions performed by baffles are to reduce hydraulic

short~circuiting and to provide a submerged surface which can encourage
the growth of attached biomass. Attached biomass growing on the surface
of the baffles could increase the total mass of organisms in the pond and
thus impreve the treatment efficiency. Hydraulic short-circuiting could

be reduced because the flow of wastewater through the pond would follow a
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path determined by the configuration of the baffles; depending upon the
baffle configuratiou, hydraulic turbulence could be promored which would
encourage mixing of the liquid.

By convention, an arrangement of baffles is usually designated by the
type of hydraulic characteristics which results, The three baffle con-
figurations considered in this report are the over-and-under, the end-
around, and the longitudinal.

An over-and-under baffle configuration forces the wastewater to move
from the bottom to the surface in an up and down fashion as the flow
proceeds through the pond. This baffle configuration forces the liquid
under a baffle and then directs the flow over the following baffle. Thus,
the vertical direction of flow is reversed at each baffle. The mean flow
path through a pond with over-and-under baffles would be longer than in
an unbaffled pond and the velocity of the wastewater would increase as a
result. Also baffles would increase the friction and the hydraulic
turbulence in the pond which would result in a larger hydraulic head loss
through the pond (3,4,5).

Anlend-around baffle configuration forces the wastewater to follow
a snake-like path, in the horizontal plane,through the pond. This
baffle configuration forces the liquid to flow through multiple channels
which are arranged in series. The flow leaves one channel and then is
forced around the end of the baffle into another channel. Thus, the
horizontal direction of flow is reversed at the end of each baffle. The
mean flow path through a pond with end-around baffles would be longer
than in an unbaffled pond and the velocity of the wastewater would

increase as a result, Also, the baffles would increase the friction and
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the hydraulic turbulence in the pond which would result in a larger
hydraulic head loss through the pond (3,4,5).

A longitudinal baffle configuration does not alter the direction of
flow, rather the wastewater is forced to flow through multiple, parallel
channels. The flow path through a pond with longitudinal baffles would
be equal to an unbaffled pond and the velocity would be approximately the
same. However, the baffles would increase the friction which would

increase the hydraulic head loss through the pond.

Previous baffled pond investigations

Most of the literature pertaining to the effects of baffles on the
performance of waste stabilization ponds are vague. Several investigators
(12,18,19,22,23,25,35,37) have used baffles in waste stabilization ponds
and indicated that the performance of the pond was affected.

Nemerow (35) installed over-and-under baffles in an anaerobic
stabili{zation pond which was used to treat wastewater from a poultry
processing plant, located near Millsboro, Delaware. These ponds had an
average organic loading rate of 935 lbs BOD/acre/day and a hydraulic
detention time of 7.35 days. The baffled pond was able to remove 72.5
pexcent of the applied BOD.1 Nemerow indicated that the baffles improved
sedimentation of heavy solids, flotation of grease and feathers, and
the submerged surface encouraged the growth of attached biomass. No
detailed information was included which could be used to determine the

effects resulting directly from the baffles.

181ochemica1 oxygen demand, five day.
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Howe et al. (22) performed a pilot-plant study using an end-around
baffle configuration in an anacrobic waste stahilization pond, treating
a chemical waste which contained a1 influent suspended solids concentration
of 30,000 ppm. The primary purpose of the baffles was to improve sedi-
mentation of the suspended solids. They indicated that the removal of
suspended solids was satisfactory, but no amounts or percentages ware
reported. This pilot study resulted in the construction of a similar,
full-scale pond located in Indiana. |

Reynolds (37) investigated the performance of three, anaerobic,
model ponds, each with a different baffle configuration; over-and-under,
end-around, and longitudinal. A scum baffle was installed in the model
ponds to retain floating materials. The scum baffle promoted the develop-
ment of a dense layer of scum which almost covered the entire liquid
surface of the model ponds. The results from Reynolds’ study indicated
that none of the baffle configurations significantly improved the per-
formance of the model ponds.

It is interesting te note that some investigators (12,18) have used
baffles to improve the performance of model ponds, but they did not
include baffles in corresponding pilot or full-scale operations. The
exclusion of baffles in full-scale ponds may have been due to economic

restrictions.
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EQUIPMENT AND PROCEDURES

Four individual model ponds consisting of a longitudinally baffled
pond, an over-and-under baffled pund, an end-around baffled pond, and an
unbaffled pond were used in this study. The model ponds were designed

and constructed by Reynolds (37).

Model ponds

Schematics of all four model ponds and their respective baffle con-
figurations are shown in Figure 1. Each pond was two feet wide, four
feet long, and four feet deep. A liquid depth of approximately 3.75 feet
provided an operating volume of approximately 200 gallons in each pond.

The ponds were constructed from 3/4 inch plywood which was covered
with fiberglass and resin to prevent leakage. After the fiberglass coat-
ing, the ponds were lined with pine lumber. The baffles were also con-
structed from pine lumber which provided a material homogenecity between
the pond liner and the baffles.

When the ponds were filled with water, each baffle configuration
supplied a total submerged surface area of approximately 10,000 square
inches and the walls supplied a submerged surface area of approximately
5,000 square inches. It was felt that the submerged surface area of the
baffles was significantly larger than the walls; therefore, the effects
resulting directly from the baffles could be detected and measured.

Because each baffle configuration supplied the same submerged surface
area, the performances resulting from each baffle configuration could be

directly compared to assess the relative effectiveness of each configuration.
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Experimental apparatus

A synthetic waste was supplied to the modal ponds through a combi-
nation of both an organic loading system and a hydraulic loading system.
Each system was operated independently. The entire system is shown
schematically in Figure 2.

During storage, the organic portion of the synthetic waste was highly
concentrated. The concentrated mixture was kept in a refrigerator ?hich
provided an average liquid temperature of 4 C. Conscquently, no excessive
organic matter reduction was realized in storage.

The concentrated, synthetic waste, stored iq the refrigerator, was
continuously mixed to maintain a homogeneous liquid. Concurrently, this
mixture was continuously metered into a storage loop by a peristaltic
pump1 which provided an average flow rate of 200 ml/hr.

Once every hour, a submersible pu.mp,2 which was located in a tank
filled with tap water, was actuated by a percentage timer.3 The pump
forced tap water through the srtorage loop and flushed the synthetic waste
into the pend, The tap water also served as a diluent to provide the
desired concentration of organic carbon.

Average daily flow rates through the ponds were controlled by setting
the pump timer to operate the pumps for a specified period of time each
hour. The pump operating times during the various runs are listed in

Table 1.

IPolystaltic pump, Buchler Instruments.
zLittle Giant Submersible Pump, Model 4.
3General Electric Percentage Timer, TSA-14.
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Table 1, Operating time of the hydrauliec dilution pumps (sec/hr).
Hydraulic detention time (days) Pump operating time per houy (seconds)
—_— e — ———
15.0 28
5.0 81
2:5 155
1.8 230

Fine adjustment of the average daily flow rates through the ponds
was accomplished using an adjustable valve that wag installed in the
hydraulic line,

To prevent back-siphuning of pond liquid into the tap water Storage
tank, a siphon break was installed in the discharge line at the highest
elevation.

The mixture of concentrated synthetic wWaste and tap water entered
the model pond through a diffuser which tended to distribute the influent
equally across the width.

A light fixture4 was mounted above each model pond and ad justed to
provide a light intensity of approximately 600 foot-candles at the water
surface. This intensity was recommended by Aquirre and Gloyna (1) for
successful growth of algae. An automatic timcrs was used to provide
alternating light and dark periods., Light was supplied to the ponds for

14 hours a day,

Synthetic waste

A synthetic waste was used to supply substrate and nutrients to the

model ponds, The main ingredients of the waste were powdered nonfat

4Western Lighting Corp. Four Tube High Intensity Light Bank,
Issue B,

SSears and Roebuck Light Timer, Model 6170.

——
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ional nitrogen and phosphorus were added in

the form of NH,Cl and :‘;;:jl’f), ¥ r-:_-.pc':‘t‘?v-'!\', to assure thar organiec carbon
% 2

4

was the limiting nutrient. Table 2 contains the proportional quantities

and characteristics of the ingredients used

in the synthetic waste.

Table 2. Characteristics of the concentrated synthetic waste and the
diluted influent to the model ponds.

Ingredient Quantity
Waste Concentrate

T0C* of milk . 400 mg/g
TOC of d.f.s. 4,300 mg/1l
Ratio milk/d.f.s. 100 g/1
pH 7.0
Temperature 4 &
Influent to ponds

TOC 200 mg/1
BOD /TOC 2.41
NH,Cl as N 10 mg/1
N83P04 as P 2 mg/l

Arotal organic carbon.

bIJog food supernatant.

The dog food was prepared by adding 90 grams of dry dog food to 500
ml of tap water and blending the mixture for 60 seconds at the highest
setting of a household-type food blender.8 The blended mixture was
diluted two liters with tap water and allowed to settle for 24 hours in

a refrigerator maintained at 3 C. After settling, the supernatant was

6Pet Instant Nonfat Dry Milk.
7Gaines Gravy Train.
aﬁaring Blender.
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decanted off and used as the synthetic waste. This method of preparation
provided an average organic carbon concentration in the dog food super-
natant of 4,300 mg/l.

Powdered, nonfat milk supplied most of the organic carbon to the
ponds. The dry milk had an approximate organic carbon (TOC) content of

400 mg per gram of milk.

Sampling procedures

During normal operation, the total volume of effluent from each pond
was collected for a period of 26 hours. Samples of the collected effluent
were analyzed for total organic carbon, soluble organic carbon, and
suspended solids.

To determine diurnal variations effluent samples were collected
hourly and analyzed for pH, alkalinity, and temperature. Free carbon
dioxide samples were collected every two hours. Samples to be analyzed
for total organic carbon, soluble organic carbon, and suspended solids
were collected every four hours.

The concentrated synthetic wastewater and tap water were analyzed
for total and soluble organic carbon each day prior to being placed into
the influent feed bottle,

Floating biomass which was trapped between the baffles of the over-
and-under pond were removed daily. Two or three samples of the floating
material were analyzed for total solids at steady-state operation during
each run. The average mass of floating material removed from the units
at various detention times is given in Table 3.

Attached biomass was sampled at the conclusion of each run. A

vacuum-powered scraper was used to obtain these samples (37). As the



19

Table 3. Average daily removal of floating materials fron the
over~and-under poncd (mg).

Hydraulic detention time Mass
(days) (mg)
15.0 6,500
5.0 900
2.5 1,900
1.5 _—

scraper was pulled up the submerged surface, attached biomass was loosened
and drawn into a collection bottle. The location of the sampling sites
used to obtain these samples are shown in Figure 3.

During the 15-day run, samples were taken from each pond and the

genera and percent composition of the algae were determined.

Analytical techniques

All analyses were made in duplicate and the average values were used
for computations and are reported in the Appendix.

Total and soluble organic carbon concentrations were determined using
a total organic carbon analyzerg (6). Soluble organic carbon was deter-
mined after filtering the sample through a glass fiber filter.'o

Suspended solids were determined using the technique presented by
Strickland and Parsons (42).

Alkalinity, total solids, BOD, 600.11 and free carbon dioxide were
determined using the procedures outlined in Standard Methoeds (2). An

electrochemical dewice#2 was used to measure pH. Dissolved oxygen and

gBeckman Instruments, Inc., Model 915.
1OHhatman Glass Fiber Filter GF/C.
TYChemicsl oxygen demand.
120rion Specific Ion Meter, Model 407.
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temperature measurements were reisured using an electronic dis=solved

13 ; ; :
oxygen probe = in conjunction wiz> a thormiscor,

analyzer necessitated the substizozion of an alterunate method for
determination of organic carbon; COD determinations were substituted for
organic carbon determinations. Fforrunately, the COD organic carbon
characteristics of both the infleuzzt and etffluent had been previously
established. Characterization peraneters for the effluent are given in

Table 4 and the parameters of the influent were given earlier in Table 3.

Model pond operation

During the initial start-up, each pond was seeded with 20 gallons of
municipal sewage (37). Seed was chtained from the primary waste stabili-
zation pond which was owned and czsrated by Logan City Corporation,
located near Logan, Utah.

The model ponds remained cor-letely anaerobic throughout the entire
experiment as a result of the hig: organic loading rate that ranged from
291 pounds BOD/acre/day to 2,910 pounds BOD/acre/day, during the 15 and
1.5-day runs, respectively. The crganic loading rates resulted from
maintaining an influent organic carbon concentration of 200 mg/l in the
raw wastewater and varying the hycdraulic detention time. Figure 4
illustrates the variation of orga-ic loading rate as a function of
detention time in a 200 gallon pond with an influent wastewater strength

of 200 mg/l.

1
3Elzctronic Instruments Limizad Dissolved Oxygen Meter, Model 15A.
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Table 4. Relationship between organic carbon, BOD, and COD determined
on the effluent of the coutrol pond during the 5-day run.

Characteristic Quanticy

Organic carboun measuremeat of the same sample

TOCa 94 mg/1

soc” (filtered) 67 mg/l

BOD g 267 mg/l

BODg (filtered) 197 mg/1

cop 279 mg/)

Ratio of parameters

COD/TOC 2.95
BOD 5 /TOC 2.84
BOD  (£) /S0C 2.94

850luble organic carbon.

The hydraulic detention time of the wastewater in the model ponds
was determined by weighing the effluent. After weighing, the effluent
containers were emptied, cleaned, and placed back in service. Any adjust-
ment then required to change the flow rate was performed by adjusting the
pump rate.

| To insure proper flow rates of concentrated synthetic waste, a flow
measurement was performed daily. At lower hydraulic detention times,
precipitate was observed in the feed lines; when this condition appeared
the lines were cleaned with hot water.

The constancy of the organic carbon content of the concentrated,
synthetic waste was maintained by preparing fresh substrate daily.

Floating matter which accumulated between the baffles in the over-
and~under pond was removed daily. This action insured good light

penetration and effective gas transfer.
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Occasionally, the light intensity on the water surface was measured

and, if necessary, adjusted to maintain approximately 600 foot-candles.

Calculations

Organic carbon concentractions in the concentrated, synthetic waste
were determined and regulated by utilizing a carbon budget measured at the
substrate storage loop (Figure 2). The equation used to determine cthe
desired organic carbon concentration of the concentrated, synthetic waste

was:

(TOC )F_ - (TOC )F
TOE, = bl et . S " % B O % % 3 5 WM

c F
..

where
TOC = total organic carbon, mass/volume
F = flow, volume/time
Subscripts:
¢ = concentrated, synthetic waste
p = pond liquid
t = tap water
Statistical analyses of data obtained from this study were performed

using procedures outlined by Dixon and Massey (11).
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MATHEMATTCAL MODFLS

Most stabilization pond desigas, particularly early designs, have
been based upon organic and hydraclic loading parameters established by
individual state boards of health (43). Most of theso loading parameters
have been determined empirically to establish design criteria that would
insure satisfactory treatment of wastewater within specific geographical
regions.

Empirically established loading parameters have provided reasonably
good pond designs. Generally, however, these parameters have not con-
tained provisions that would relate the rate or extent of biological
growth to removal of organic matter.

A more rational approach to pond design has been approached through
the use of kinetic models. Kinetic models provide a mathematical des-
cription of the ponds which can relate biological reaction rates to the
physical parameters of the pond and the strength of the wastewater.

Three kinetic models will be developed in this section: 1) the
Marias-Shaw kinetic model (a first order completely mixed flow model);
2) the Monod kinetic model (in conjunction with materials balances and
completely mixed flow); 3) a first order growth model with a plug-flow

reactor configuration.

Marias=Shaw kinetic model

Two investigators, Marias and Shaw (26), proposed and developed a
kinetic model to describe the reduction of soluble organic matter occurring
in a stabillzation pond. Their model is a variation of the original con-

cepts presented by Herbert (21).
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Marias and Shaw have reported that the change of the limiting nutri-
ent concentration due to biological growth follows first-order reaction
kinetics for a particular substrate, biological population, and environ-

mental conditions. This relationship can be ex ressed as a differential

equation which is:

where

S = concentration of the limiting nutrient, mass/volume

K = first-order degradation constant, time

t = time

The following development is presented to provide an in-depth com-
parison of the Marias-Shaw kinetic model and the other kinetic models
developed in this section. The original development has been slightly
modified to conform with the symbols and terminology used in this report.

The following assumptions were used by Marias and Shaw to simplify
the mathematics:

i. Complete and instantaneous mixing of influent, soluble organic
matter with the reactor contents.
ii. Equation 2 is valid.
iii. None of the reactor contents are lost by seepage or evaporation.
Figure 5 shows a schematic of a biological reactor which satisfies

the assumptions made above. The materials balance for the substrate in

the reactor is:
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Figure 5. Schematic of a biological reactor which contains a homogencous
mixture of soluble organic matter.

Net change of substrate| |Substrate entering _ Substrate leaving
in the reactor in influent in effluent

Substrate utilized
= : s o & o = = s €3)
by the organisms

Using the designations given in Figure 5, Equation 3 becomes:
V(dSi)net = SOth - Slet - V(dsl)g i a % ow o w @ ow = &)

where
v = reactor volume
(dsi)net = npet change of substrate concentration in the reactor,
mass/volume
S. = substrate concentration in the influent, mass/volume
S = substrate concentration in the effluent and the reactor,
mass /volume

F = flow rate through the reactor, volume/time
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]

(dsl)g = change substrate concentrationr due to biological growth,
mass /volume
Dividing Equation 4 by V and dt gives:
(dSl)net . boF . EJE._ Eﬁf}lﬁ -

de v v de

At steady-state conditions the net change of substrate concentration in
the reactor will be zero, or (dSI)nu(de = (), Also, the change of sub-
strate concentration will follow first-order reaction kinetics, or

Incorporating these criteria, Equation 5 now becomes:

(dS1)g/dt = KSI.
SF S,F
0--—3——-—&—-&5!.......... . . (&)

The mean hydraulic detention time in the reactor can be expressed as

a ratio of reactor volume and flow as follows:

v
8 = 5 e 5 8 % K F % @ 3 8 & = % = WM

where
8 = mean hydraulic detention time
Substituting the above expression into Equation 6 and rearranging,

the linear form of Equation 6 becomes:

o 1 _ ks d @ % 5 % % % 8 ® ¥ % 3 5 B

Equation 8 can be used to predict the concentration of substrate in the
pond effluent for any given hydraulic detention time or influent substrate

concentration after determining the value of the constant K.



Monod kinetic model

The purpose of the Mouod kinetic model is teo establish a mathematical

relaticnship between the growth of biological organisms and the change of
substrate concentration in the wastewater. To develop this kinetic model,
two basic relationships that were escablished by Monod (33,34) are employed.
An empirical relationship between growth rate and the concentration
of a limiting nutrient was established by Monod (33) and has been success=
fully applied to the biological reactions which occur in the treatment of

wastewater (12,32). The relationship is:

B S8 =T s e o o8 e o e e % (9)

where

u = specific growth rate, time

maximum growth rate, t:ime.1

=4}
(]

S = concentration of limiting nutrient, mass/volume
K = concentration limiting nutrient at one-half the maximum growth
rate, mass/volume

The maximum growth rate and the substrate concentration at half the
maximum growth rate are essentially constants for a given culture and
limiting nutrient (33).

Monod (34) also determined that the weight of organisms grown per
weight substrate utilized is a constant for a given organism, substrate,
and set of environmental conditions. This relationship can be expressed

Weight of organisms grown ) o
Weight of substrate utilized = * = * * *
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where
Y = yileld constant, dimeasionless
The following assumptions were used to simplify the development of
the model utilizing Monod's kinetic equation:
i. Complete and instantancous mixing of influent, soluble organic
matter with the reactor contents,
ii. None of the reactor contents are lost by seepage or evaporation.
iii. Equations 9 and 10 are valid.
iv. Organism growth rate follows first-order reaction kinetics; for
suspended organisms d¥X/dt = uX.
v. Both the attached and suspended organisms have similar growth
and decay rates.
vi. Both the attached and suspended organisms are distributed
homogeneously in the horizontal plane of the reactor.
vii. Vertical distribution of both the attached and suspended
organism is constant in the reactor.
Figure 6 is a schematic of a biological reactor which satisfies

the assumptions made above.

B S %, | -7 5

Figure 6. Schematic of a bioclogical reactor which contains suspended
and attached organisms and a homogeneous mixture of soluble
organic matter.
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The materials balance for the orgenisms in the reactor is:

Net change of

orginiens in = Oreganises entering - Organisms leaving
< R in influent in eff luent
Growth of suspended Decay of suspended
+ and attached organ- = and attached organ-
isms in the reactor isms in the reactor

n um mr ® w om om w4 m ws w GPID)

Using the designations given in Figure 6, Equation 11 becomes:

V(dx,)net + $(dM)net = Fxodt - FX.dt + V(d}(l)g = kd\ﬂ(‘dt

+¢(dH)g-kd¢MdL w 38 B @ w oa & 3 % = 02

where
V = reactor volume
¢ = submerged surface area
(dx1)net = net change of suspended organism concentration in the
reactor, mass/volume
(dM)net = net change of attached organism density, mass/area
xo = organism concentration in the influent, mass/volume
x1 = suspended organism concentration in the effluent, mass/volume
(de)g = change of suspended organism concentration due to growth,
mass/volume
(dM)g = change of attached organism density due to growth,
mass /area
F = flow rate through the reactor, volume/time

k, = specific decay rate which accounts for all cellular losses,

time-1
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The concentraction of organisms in the influent is negligiblzs when
compared with the concentraticn of organisrs in the reactor Therefare,
dividing Equation 12 by V and dt and neglecting the organisms in the

influent gives:

(dxijnec d (dM)ner -F (dK‘)h
S rrewars W Y Ry %y
p (dMg _ ¢
+ v ac v de i & W 3 e @ W% s & w a ¥

The growth rate of organisms in the reactor was assumed to follow
first-order reaction kinetics. Therefore, the following relationship can
be used to determine the rate at which the suspended organisms concen-

tration in the reactor changes as a result of growth
{dx1)g

dt - ux1 - . . . - . - . - . (1&)

And the change due to growth in the attached organisms is:

(g _

pres F % & ® @ o3 % % @ = (%3)

At steady-state conditions the net change of organisms in the reactor
will be zero, or (dx1)net/dt = (dM)net/dt = 0. Using the expressions for
growth given by Equations 14 and 15, at steady-state conditions Equation
13 becomes:

-FX

= --——-l - 1 .i
0 v + ux, deT + v uM v de ¢ & = 3 AI8)

Rearranging the above equation and solving for the dilution rate, 1/8,

yields:
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(p - kd) [1 4 3 :{ ] i w @ O e I T L 1 & )
I-: .-J

T =

Referring again to Figure b, a materials balance for the substrar.

in the reactor is:

Net change of
substrate in
the reactor

Substrate entering Substrate leaving
in the influent in the effluent

|
o

Substrate utilized (18)
by the organisms o

Using the designations given in Figure 6, Equation 18 becomes:

V(dS )met = FS dt - FS.dt - V(dS)g . . . . . . (19)

1

Including both attached and suspended organisms, Equation 10, Monod’s

expression for yield becomes:

(dxl)g + % (dM) g

(d51)3 Y @0

Y =

Substituting Equations 14 and 15 into Equation 20 and solving the result-

ing expression for (dS1)g gives:

(d51)3=%(x1+%}()dt R 2 )

Dividing Equation 19 by V and dt and substituting Equation 21 for (dS‘)g,

Equation 19 now becomes:

(ds1)net F S F §

— . v"-—v—l-% (x +1M) . s on s s (@D
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nbarrate concentrztion in

v

At steady-sctate conditions the net chauge wof
mpnasinge steadv-stats comlirt

the reactor is zero, or {dsl)n~=fdr =, 1

and rearranging, Equation 22 becomes:

S -8
o 1 U $ .
— x g [%‘ + 3 rt] P & )

By solving Equation 17 for specific growth rate and substituting the
resulting expression into Equation 23, the following relationship is

obtained:

b s WY L (N T | (PP 8
L] b § b M d 1 v

Simplifying and rearranging the above equation into a linear form gives:

VX

S -8 K
—"————-—'=~ie[1+ﬂ:l+’— N 1|
Y 1 v

By solving Equation 17 for specific growth rate, the resulting expression

can be equated to Equation 9 for specific growth rate. The following

relationship is obtained:

us
L = L +k
Ry F84 6[14-9--’1—] d

The above equation can be manipulated into the linear form as follows:

M
9&" %_] K

ﬁ - & - - - - - - -
1+ 9[1 s ]kd ;
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Equations 24 and 25 can be used to predict the mass of suspended and
attached organisms in a pond for any given influent substrate concen-
tration, effluent substrate concentration, hydraulic detention time, or

submerged surface arca after determining the constants Y, k.d, u, and K
S

Plug-flow kinetic model

Theoretically, a plug-flow condition will exist in a biological
reactor when a completely mixed, infinitesimally wide volume of liquid
passes through the reactor without mixing with any other similar infinite-
simal volumes. An infinitesimal volume of liquid in a plug-flow reactor
would behave as showm in Figure 7.

The following assumpt ions were used to develop the plug-flow kinetic
model:

i. Plug-flow movement of the soluble organic matter through the
reactor.
ii. None of reactor contents are lost by seepage or evaporation.

iii. Equaction 2 is valid.

iv. The rate of change in substrate concentration is a function of
both attached and suspended organisms.
v. Both the attached and suspended organisms are distributed
homogeneously in the horizontal plane of the reactor.
vi. Vertical distribution of both the attached and suspended
organisms is constant in the reactor.
vii. The reactor has a constant cross-section and flow rate.
The rate of change of substrate concentration can be a first-order

kinetic reaction which is:
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by e B

Figure 7. Schematic of a biologlcal reactor which contains suspended
and attached organisms and plug-flow hydraulic characteristics.

Change of substrate (Substrate concentration),
concentration in = f (Suspended organism concent- . « (26)
the reactor ration + attached organism
density)

Using the designations given in Figure 7, Equation 26 can be expressed as

a differential equation which is:

ds

——— R - 1
= kS (X, +5 ™M . . . . o ..o .. @D

Equation 27 can be rearranged and integrated as follows:

s
- 1 d_s =
S‘ = Sek(x1 +%n) dt

S, 0
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or
So 8
In §T = k8 (J(l + v M) . & & % 3 & w @ « & = €28)
where
k = degradation constant, volume/mass-time

Equation 28 can be employed to predict the retention time and wetted
surface area required to produce a designated effluent concentration when
So and k are known and the division between suspended and attached bio-

mass 1s selected.
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RESULTS AND DISCUSS [ON

Data were collected from four model ponds to determine the effects
of baffles on the performance of anaerobiec, scabhilization ponds. The
effects on performance resulting directly from the baffles were isclated
from overall performance by establishing the contrel pond as the datum to
which the baffled ponds were referenced. In addirtion, the relartive
effectiveness of each baffle configuration was determined by making a
comparison between the baffled ponds.

Throughout this study, major emphasis was placed on collecting data
that would allow an analysis of the performance of the treatment ponds
using the mathematical models, However, conventiocnal operating data
removal, suspended solids, attached solids, algae, pH, alkalinity, free
carbon dioxide, odor, effects of surface scum, and sedimentation of solids
in the over-and-under pond, were also monitored and reported.

The results for each parameter and model analysis are presented and
discussed separately in the following sections. Data are summarized in

Tables A-1 through A=22 in the Appendix.

Organic carbon removal

Removal of soluble organic carbon at various detention times in the
model ponds is shown in Figure 8. Reduction of soluble organic carbon
during the 15-day run was approximately equal in all the model ponds.
Below a hydraulic detention time of 5 days, removal of soluble organic
carbon decreased sharply and different removal percentages were observed

in the various ponds.
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Percentages of soluble organic carbon removed from the wastewater by
the model ponds were higher than those normally encountered for anasrohic
wastewater lagoons. At a detention time as low as 1.5 days, organic
carbon removal was 68 percent in the longitudinal baffled pond which had
a scluble organic carbon loading rate of 3,000 1b BOD/acre/day. The
characteristics of the synthetic waste and the physical dimensions of the
model ponds were presumed to be the principal reasons for the high per-
centage of organic carbon removal and also the high biological degr;-
dation rates observed during this study.

The principal source of organic carbon in the synthetic waste was
the dry powdered milk. Dry milk has a high organic carbon content,
approximately 40 percent by dry weight, and is biologically degraded
with relative ease. Therefore, the organic carbon in the wastewater was
present in a form easily degraded by the microorganisms and thus the
organic carbon was utilized at a rapid rate. Thus, the synthetic waste
is expected to result in higher removal than would be expected for a
typical waste.

The physical dimensions of the model pond were two feet wide by four
feet long by four feet deep. The walls of the models provided a surface
upon which bioleogical growth could occur, and the system probably closely
approximated a trickling filter or a bio-disc treatment device. The
boundary effects which were induced by the containing walls of the model
probably would not be apparent in a full-scale pond unless the surfaces
were placed very close together.

The differences in biological degradation rate between the baffling

configuration was a result of the attached growth on the walk and the
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improvement in flow characteristics. However, the cause of the unusually
high biological degradation rates observed in this experiment was prohably

the characteristics of the synthetic waste.

Suspended solids

The variations of average, effluent suspended solids at various
detention times are shown in Figure 9. Generally, effluent suspended
solids increased in the baffled ponds as the hyvdraulic detention time
decreased; however, the amount of suspended solids in the control pond
effluent decreased with decreasing detention time.

Microscopic observations of effluent samples indicated that most of
the suspended solids were comprised of algae.

During the 15-day run, the effluent from the baffled ponds contained
a lower concentration of solids than did the control pond. This was
attributed to the increased utilization of substrate and nutrients by
attached biomass found in the baffled ponds. Attached biomass competition
apparently competed more successfully for substrates and nutrients than
suspended biomass and thus reduced the quantity of effluent solids.

Below a hydraulic detention time of about 5 days, the quantity of
suspended solids did not appear to be affected by the attached biomass.
The increased hydraulic turbulence could have caused a change in the
attached mass. Also, lower percentages of nutrient removal could have
eliminated some of the competition between the attached and suspended
organisms.

Diurnal variations in Concentrations of effluent suspended solids

were not as pronounced as those usually reported in the literarure for
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facultative ponds (8,10,13). The general lack of diurnal variation was
attributed to the relatively low lipht intensity of 500 foot-candles as
compared to patural sunlight. At this intensity, algae could reside in
a stratified layer very close to the water surface during the periods
when the lights were operated. Consequently, after the lights were out,
the algae were already close to the surface and the quantity leaving in
the effluent was not seriously affected by the absence or prescace of
light. Figure 10 shows the diurnal fluctuations of effluent su_-;lwuc.!‘x!

solids during both the 15 and 5-day runs.

Attached solids

Each of the baffled ponds contained a larger mass of attached solids
than the control pond for the detention times tested. The growrh of
attached solids and type of organisms was apparently related to the sub-
merged surface area and hydraulic characteristics of the pond.

Figure 11 shows the variation in the mass of attached solids measured
in the model ponds for the various detention times. In general, the mass
of attached solids increased in all of the ponds as the hydraulic detention
times was decreased. This relationship resulted from increasing the
organic loading rate by maintaining a constant organic carbon concen-
tration in the influent substrate throughout the experiment.

Presence of attached biomass upon the submerged surfaces of the
model ponds allowed biological degradation of the wastewater to proceed
in a manner similar to a bilological filter. In both a baffled pond and
a biological filter, wastewater is passed over microorganisms that are

attached to a solid surface. The surface areaivolume r1atio in the model
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ponds was much smaller than that normally found in biological filters,
and because of this it is very unlikcly that the effect of the attached
biomass was as significant as the improvement of the mixing pattern
provided by the baffles,.

At the conclusion of this study, the baffles were removed from the
model ponds and two separate biological populations were observed on the
baffles. From the water surface to a depth of about two feet, a slimy,
dark-green growth was dominant. Below the dark-green growth, a fuzzy
appearing, light-brown culture was the dominant culture. The transition
zone between the twu populations was only a few inches. It was felt that
the dark-green growth coincided with the algal distribution in the pond
liquid.

A dark-pink coloration was observed at the interface of the baffle
surface and the attached biomass. Similar observations were reported by
Gloyna and Aquirre (18) during a model study of ponds, and they felt the
pink coloration was probably a result of purple-sulfur bacteria. Gloyna
and Aquirre (18) attributed the presence of purple-sulfur bacteria to
high organic loading rates and cold (about 12 C) temperatures. A temper-
ature of 20 + 2 C was maintained throughout this study which would indicate
that high organic loading rates can stimulate the growth of purple-sulfur
bacteria without cold temperatures. However, similar effects could also

be produced by temperature changes.

Algae
During the 15-day run, liquid samples were taken from the model ponds

and examined microscopically to determine the dominant genera of algae.

The geflera observed and the appromimate percentage of the total algal

*»
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population are reported in Table 5.

The predominant genera in each of the model pouds varied, but cthe
genera found in all of the model ponds were Oscillatoria, Euglena, and
Chlamydomonas. These genera are all commonly found in municipal waste
stabilization ponds (13,15,29). Qualities common to all three genara
include phototaxis and the ability to assimilate acetate anaerobically
(13,386).

Phototaxis is the ability of the algae to move with light as the
stimulant. The algal genera identified in the model ponds would tend to
reside in stratified layers to optimize the amount of radiation which
they recelved. It was noted in an earlier section of this report that

stratified layers were visually apparent.

Table 5. Algal genera present during the 15~day run and the approximate
percentage composition of the total population.

Pond Genera Percent composition
Longitudinal Oscillatoria 75
Euglena 20
Chlamydomonas 1
End-around Euglena 40
Chlamydomonas 40
Cscillareoria 2
Control - Chlamydomonas 90
. Euglena 1
Over-and-under Chlamydomonas 50
" EBuglena 50
. Over-and-under Euglena 99

(floating on surface}
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The model ponds were completely devoid of dissolved oxygen through-

out the entire experiment. In the presence of a high organic load these
algae could obtain energy from heterotrophic utilization of acetate and

thus not produce oxygen.

Alkalinity, pH, and free carbon dioxide

Daily, average values for alkalinity in the ponds ranged from 214
mg/l to 257 mg/l, measured as cacul. The average values of alkalinity
during the various detention times are shown in Figure 12. Typical
domestic sewage has an alkalinity of approximately 100 mg/l, measured as
CaCO3 (32). The high alkalinities observed during this study were caused
by the local tap water which has an alkalinity of ~200 mg/l, the charac-
teristics of the synthetic waste, and biological reactions.

Diurnal fluctuations of alkalinity were monitored during the 15-day
run and the 5-day run, and variations were not detectable.

Daily, average values of pH in the ponds ranged from 7.31 to 6.74.
Average values of effluent pH for various detention times are shown in
Figure 13. The pH was not affected by the baffles.

Diurnal fluctuations of pH were monitored during the 15-day run and
the 5-day run. No significant variations were detected. The absence of
a diurnal variation of pH was due to the high buffering capacity of the
pond liquor.

The concentrations of free carbon dioxide in the pond effluents were
measured during both the 15-day run and the 5-day run. Average, diurnal
values for free carbon dioxide concentration ranged from 34 mg/l to 93

mg/l, as CO The presence of free C0, indicates that algal photosynthesis

2|
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was not the dominant mechanism of algal priowth and iudlcaring the hetero-
trophic nature of their growth,

Diurnal fluctuations of effluent, free carbon dioxide are shown in
Figure 14. Variations occurring in the baffled ponds were somewhat
erratic, possibly due to experimental error,

The concentration of carbon dioxide in the control pond was relatively
constant during the light cycle; however, when the lights were turned off
at B8:00 p.m., an increase in the concentration of carbon dioxide was
cbserved. This increase probably resulted from decreased photosynthetic
activity of the organisms, Increased carbon dioxide concentrations,
during periods of darkness, indicated that 4@ porticn of the organisms

were photoassimilating organic matter (36).

Odor
During this experiment, the odors emitted from the model ponds could
be detected at a distance no further than a few feet away. Other investi-
gators (36,43) have reported that odors emitted from anaerobic ponds with
similar organic loadings were highly offensive. Odors associated with
the treatment of wastewater are generally caused by hydrogen sulfide and
certain organic gases which are produced during the anaerobic digestion
of organic matter (34).
The dark-pink coloration observed with the attached biomass in the
mMel ponds was thought to have been purple-sulfur bacteria. Thio-

rhodacae are a purple-sulfur bacteria that €an reduce hydrogen sulfide

8as, in the presence of light, to elemental sulfur. Thiorhodacae may
have been present in the attached biomass and actively reducing hydrogen

sulfide gas., Because hydrogen sulfide can be reduced by photosynthetic
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bacteria, baffles in a pond could provide a surface which would permit
large populations of these bacteria ro reside in the photosynthetic zone
of the pond and reduce the amount of odorous gases escaping to the

atmosphere.

Effects of floating material

The model ponds used in this study were also used by Reynolds (37)
in an earlier study. Reynolds installed scum baffles, upstream from the
effluent weirs, to retain any floating material in the ponds. At the
beginning of this study, the scum baffles were removed and any floating
material that began to accumulate was removed on a daily basis. The
amounts of floating materials removed are reported in Table 3.

Similar environmental conditions, synthetic substrate, hydraulic
loading rates, and organic loading rates were employed in both studies.
However, the performance of the ponds was dramatically affected by the
accumulation of scum.

When the ponds were operated with scum baffles, large quantities of
floating materials accumulated on the surfaces on the ponds. The amount
of floating materials ranged from 55 grams to 154 grams per pond (37).
The floating materials formed a dense layer of scum that covered most of
the liquid surface. As a result of the scum layer, light penetration
into the liquid and gas transfer across the liquid-air interface were
restricted.

An average pH value of 7.0 was maintained while operating the ponds
without scum baffles. When the ponds were operated with scum baffles,

the pH value averaged about 6.0. The lower pH value was probably due to
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an accumulation of carbon dioxide which was trapped bencath the layer of
scum,

An average alkalinity of about 235 mg/l expressed as Cil(:()_j' was
maintained during operation of the ponds with and without scum baffles.
The alkalinity of the pond liquid resulted from the characteristics of
the synthetic substrate which was sigilar in both cases.

Percentages of soluble, organic carbon removal for both operating
conditions are shown in Figure 15. Removal of soluble, organic carhon
ranged from 81 percent to 93 percent while operating the pouds without
scum baffles. When the ponds were operated with scum baffles, removal
of soluble, organic carbon ranged from 42 percent to 69 percent. The
lower organic carbon removals probably occurred because of the exclusion
of light by the scum layer.

When the ponds were operated without scum baffles, the concentration
of effluent suspended solids ranged from 31 mg/l to 120 mg/l. The con-
centration of effluent suspended solids were lower when the ponds were
operated with scum baffles because the baffles restricted movement of the
solids into the effluent and the dense layer of scum retarded the growth
rate of suspended biomass. Figure 16 shows a comparison of effluent
suspended solids for various detention times.

The mass of attached solids, during both phases of pond cperation,
are shown in Figure 17. When the ponds were operated without scum baffles,
the mass of attached solids ranged from 155 grams to 515 grams. The mass
of attached solids ranged from 33 grams to 78 grams when the ponds were
operated with scum baffles. The lower mass of attached solids was

probably a result of the exclusion of light indicating that photosynthesis
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was a more important factor in this study and that it may have been
involved in the higher treatment efficiencies

When the ponds were operated with baffles at a hydraulic detention
time of 2.5 days, a serious odor prublem resulted. When the ponds were
operated without scum baffles under similar loading rates, there were no
problems with odors. The dense layer of scum prevented odor reduction by
any purple-sulfur bacteria because light penctration was restricted.

Also, less removal of organic marter would have allowed partially decom-
posed matter to escape as gases when the ponds were operated with scum
baffles.

In summary, the dense layer of scum lowered the growth rate of
organisms which reduced the rate of organic carbon reduction by preventing
the light from penetrating to the organisms. 'Udur emission from the
ponds that had a layer of scum was greater than the ponds without the
scum because photosynthetic activity was decreased and organic matter
was not reduced as completely,

In many anaerobic ponds, a dense layer of scum is encouraged to
insure anaerobic conditions, retain heat, and trap odorous gases (3,7,19).
Excluding the provision for heat, the results of this comparison indicate

that. an anaerobic pond will perform better if no scum layer is permitted.

Hydraulic performance of the
over-and-under pond

Generally, effluent suspended solids discharged from the over=-and-
under pond were lower than the other ponds. The over-and-under baffle
configuration tended to limit the amount of effluent suspended solids by

trapping the floating material and improving the sedimentation and
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flotation of suspended solids.

The over-and-under baffles formed physical restrictions, similar to
scum baffles, which prevented much of the movement of floating material.
However, this condition tended to form a layer of scum which necessitated
the removal of the entrapped material to obtain satisfactary carbon
removal .

Both, sedimentation and flotation were probably accelerated in the
over-and-under pond because the gentle up-and-down flow promoted floccu-

lation and coagulation of the suspended solids.
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- THEORETICAL ANALYS IS DF RESUHITS

An unbiased analysis of the operation of the individual ponds requires
the use of some theoretical framework for interpreting the results. The
results show that a variation in organic carbon removal due to baffling
configuration occurs and this variation is a function of detention time.
Thus, it appears that mixing phenomena and/or growth kinetics are involved
in removal. By using specific models in interpreting the results, specific
design parameters which could be applied to practical design problems can

be determined and applied to the actual situations of BOD removal from

municipal sewage.

Marias-Shaw model

The kinetic parameter of the Marias-Shaw mathematical model was com-
puted using the mean steady-state values of the data cbtained for influent
and effluent organic carbon concentration and hydraulic detention time
(Tables A-1 through A-8). The data shown in Table 6 were used in evaluat-
ing the linear form of the Marias-Shaw model developed in an earlier

section of this report. The equation is:

So - S'I
__—é—- " KS' . . . . - . . - (8)

The biological degradation rates, K, for each of the baffled systems
are represented by the slopes of the linear regression equations shown in
Figure 18.

The unbaffled, control model pond had a biological degradation rate

of 0.815/day which was obtained from the regression equation having a
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correlation coefficient of 0.994,.

1

The over-and-under baffled, model poad had a biolegical degradation
rate of 1.011/day and the correlation coefficient for the regression
equation was 0.997. The slopes of the regression equations obtained

from the over-and-under pond and the control pond were compared statisti-
cally and a significant difference between the two slopes existed at the
5 percent level. Therefore, a 25 percent increase in the reaction rate
constant was produced by incorporating over-and-under baffles in the
model pond.

The end-around baffled model pond had a biological degradation rate
of 1.088/day which was obtained from the regression equation having a
statistical correlation coefficient of 0.961. The slope of the regression
equation was compared to the control pond and a significant difference
between the two slopes was found to exist at the 5 percent level. End-
around baffles increased the degradation rate in the model wastewater
treatment ponds by 34 percent.

The highest biological degradation rate determined with the Marias-
Shaw model occurred in the longitudinal baffled model pond. A rate of
1.533/day was obtained from the regression equation which had a statisti-
cal correlation coefficient of 0.,998. A statistical comparison of the
performance of the longitudinal baffled system with the control pond
showed the slopes of the two regression equations were significantly
different at the 5 percent level. Expressed as a percentage increase,

the longitudinal baffle configuration increased the biological degradation

rate by as much as 88 percent.



64

A direct comparison between the degradation rates obtained from the
1

various baffle configurations and the coutrol pond is weaningful becauvs

all the baffled model ponds contained equal submerged surface areas.

Thus, the materials required for construction would be approximately the
same for all the baffle configurations tested in this study. However, an
economic comparison of the baffled systems and the control may offset the
advantages produced by the increased reaction rates.

Statistically, the biological degradation rates obtained from the
over-and-under pond and the end-around pond were not significancly
different at the 5 percent level. However, the degradation rate obtained
from the longitudinal model pond was found to be statistically different
when compared to the other baffled model ponds, again at the 5 percent
level of significance. Therefore, it appears that based on the Marias-
Shaw model, performance in ponds is improved most by simply directing
the flow so that better mixing of the influent is obtained.

The longitudinal arrangement of baffles induced the highest biological
degradation rate and was therefore considered the optimum configuration
for the reduction of organic carbon. However, caution should be exercised
in selecting a baffle configuration solely on the basis of organic carbon
removal, because other factors could affect the overall performance of
the waste pond.

The degradation rate is inversely proportional to detention time, as
shown by Equation 8. Therefore, increasing the degradation rate with the
use of baffles decreases the land area required to degrade the same

quantity of organic carbon in a larger, conventional pond. Feasibility

of using baffles in wastewater treatment ponds would become a matter of
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engineering economy by which the costs of land and excavation are com-
pared to the costs of installing and maintaloning the baffles. A summary
of the kinetic parameters and a relative comparison of the model ponds
are given in Table 7.

The biological degradation rates obtained in this study were wmuch
higher than those reported in the literature. Marjas (26) reported that
a degradation rate of approximately 0.17/day could be anticipated for
treatment of municipal sewage in a faculrtative pond. Eckenfelder a#d
Ford (12) reported a degradation rate of 0.16/day for treatment of a
chemical waste in a facultative model pond and 0.0216/day for anaerobic
treatment of the same waste in a similar pond. The principal cause for
the unusually high degradation rates obtained in this study was presumed
to have been a result of the synthetic waste. The significance of the
degradation characteristics of the synthetic waste was discussed in the

Results and Discussion section.

Monod kinetic model

The Monod kinetic parameters were computed using the same data
employed with the Marias-Shaw model (Tables A-1 through A-8) and the value
for the attached and suspended biomass (Tables A-19 through A-22). These
data are summarized in Table 7.

The decay rate and yield constant were determined by using Equation

24:

VX Y

S -8 k
—?-—1. _d—aE+m +l - - - - - L] - - (24)
1
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Table 7. Summary of the kinetic parameters determined by the Marlas-Shaw
model and a relative comparison of the model ponds.

Model Pond

Parameter Over-and End-
Control ~under around Longitudinal
Degradation rate, dﬂy-l 0.815 1.011 1.0R8 12533
Correlaction Coefficient 0.994 0.977 0.961 0.998
For Regression Equation
Degradation rate ratio 1.000 1.250 1.340 1. 880
Required land area® 1.000 0.800 0.750 0.530

a
Calculated as the inverse of the rate constant.

The slope of Equation 24 is kde and the intercept is 1/Y. Graphical
solutions to determine these parameters are shown in Figure 19.

Having determined kd’ the maximum growth rate and KS can be obtained

from Equation 25.

M
o[1v] 4
(-s) L, (25)
H = ~ S ﬁ - - - - - - -
1+s[1+v—‘Lx! kg, \B/5

The slope f Equation 25 is Ks/ﬁ, and the intercept is 1/u. Plots of the
experimental values to determine the kinetic parameters are shown in
Figure 20.

The control model pond had a yield constant of 0.42 and a specific
organism decay rate of -0.01/day which was obtained from the regression
equation having a statistical correlation coefficient of 0.510. A
negative specific decay rate is not physically possible; however, the
value is small enough that it can be considered to be zero. Assuming
kd to be zero and solving Equation 25 graphically, the data do not appear

to even approximate a description of the control pond. All four detention
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times yield values that apparently represeut only one point in the
equation. Perhaps this ifndicates that the difference in biomass introduced
by the difference in baffling surface area controls the performance of

the ponds.

The over-and-under baffled model pond had a yield constant of 0,571
and a specific organism decay rate of 0.0076/day which was obtained from
the regression equation having a staristical correlation coefficient ot
0.997. A maximum growth rate of 0.152/day and a K, of 143.6 mp/]l were
obtained from the second regression equation which had a statistical
correlation coefficient of 0.888.

The end-around baffled pond had a yield constant of 0.546 and a
specific organism decay rate of 0.0070/day which was obtained from the
regression equation having a statistical correlation coefficient of 0.838.
A maximum growth rate of 0.154/day and a KS of 120.9 mg/1 were obtained
from the second regression equation which had a statistical correlation
of 0.997.

The longitudinal pond had a yield constant of 0.443 and a specific
organism decay rate of 0.0039/day which was obtained from the regression
equation having a statistical correlation coefficient of 0.630. A
maximum growth rate of 0.237/day and Ks of 253.5 mg/l were obtained from
the second regression equation which had a statistical correlation
coefficient of 0.958.

A statistical comparison of the slopes of both regression equations
(Equation 24) for all the model ponds showed no difference at the 5 per-
cent level of significance. Apparently the Monod model is not sensitive

enough to detect differences between the baffling arrangements, or there
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is little difference betwecen the biological populations in the systems.
A comparison of the kinetic paraweters obtained for the model ponds s
shown in Table 8.

The kinetic parameters obtained from the Monod model appeared
reasconable, and perhaps higher correlation coefficients could have been
obtained for all the ponds if additional hydraulic detention times and
more accurate solids samnpling techniques were employed.

The Monod model did not appear to provide valid kinctlc paraweters
for the control pond. This was probably due to the low ratio of attached
organisms to suspended organisms.

Although the correlation coefficients for the Marias-Shaw model were
better than for the Monod model, indicating better *f‘goodness~of-fit,’’
the Monod model coefficients give additional infermation of considerable
interprective and speculative value. The decay coefficients (kd) were
typical of extended aeration plants and essentially zerc, The yield
coefficients (Y) indicate the approximate carbon composition of the cells
(42 - 57 percent), values which are reasonable in light of typical
analyses of microbial populations., Although the saturation coefficlents

Table 8. Summary of the kinetic parameters of the model ponrds obtained
from the Monod model.

Model Pond u - K ky Y Correlation
day ng/l day-1 mg /mg coefficient
Control — — — .418 510
Longitudinal .237 253.5 .0039 443 .630
End~around . 154 120.9 0070 . 546 -838

Over-and-under 152 143.6 0078 971 997
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(Ks) were quite high, they are net totally unreasonable and indicate the
order of magnitude effect ol organic carbon oan the micrebial popularion
growth. The magnitude of Ks indicates some of the difficulty of evalu-
ating the growth kinetics of mixed heterotrophic-photosynthetic populations
and further suggest that algal communities which develop under anacrobic
conditions and perform heterotrophic functions, do not utilize organic
carbon substrates as efficiently as a bacteria dominaced community, é.g.
activated sludge communities. The rather high observed maximum specific
growth rates ( ) as compared to most anaerobic ponds is probably related
to the synthetic waste being more easily degraded than typical wastes.
However, this observation may be related to the same phenomena discussed

in reference to Ks.

Plug-flow kinetic model

Successful application of both the Marias-Shaw and the Monod kinetic
models were developed assuming that the systems were completely mixed.
The plug-flow kinetic model was developed to determine if the model ponds
approximated plug-flow.

The kinetic parameters for the plug-flow mathematical model were
computed using the data summarized in Table 7.

The plug-flow degradation rates were determined by using Equation 28.

This equation is:

So 'y
ln -S_; ted ke (xl o v H) - - - - - . - - - . (28)
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The slope of Equation 28 represents the plug=flov degradation rate.
Graphical solutions to determine the plug-flow degradation rates for the
model ponds are shown in Figure 27.

The control model pond had a plug-flow degradation rate of 00,0003
1/mg-day obtained from the regression equation having a statistical
correlation coefficient of 0.878. A value of 0.00011 1/mg-day was
obtained for the over-and-under baffled model pond, and the cor relation
coefficient was 0.863. The end-around baffled model pond plug-flow
degradation rate of 0.00015 1/mg-day was obtained from a regression
equation having a statistical correlation coefficient of 0.930. A plug-
flow degradation rate of 0.00012 1/mg-day was obtained for the longitudinal
baffled model pond, and the corresponding correlaction coefficient was
0.895. Table 9 is a summary of the statistical and kinetic parameters
obtained for the model ponds using the plug-flow mathematical model.

A statistical comparison between the slopes of the regression
equations obtained for the control pond and each of the baffled ponds
showed that no significant difference existed between the degradation
rates of any of the model ponds at the 5 percent level.

Further statistical analysis of the slopes of the regression
equations showed that the slopes were not significantly different from
zero at the 5 percent level. A zero slope would indicate that the plug-
flow degradation rate was zero. Therefore, it appears that the per-
formance of the model ponds is more closely approximated by a completely
mixed model.

Completely mixed conditions probably resulted from the intermittent

hydraulic dosing of influent to the ponds. The influent pumps were
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Figure 21. Determination of the plug-flow degradation rates.
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operated from 28 seconds/hour to 230 secouds/hour for the 15- and 1.5-day
derention times, respectively. Visual observations indicated that chis
pumping schedule imported adequate Energylto the pond liquid to provide
substantial mixing in all of the baffle arrangements. Therefore, it was
not surprising that a completely mixed model more closcly described the
performance kinetics., The intermittent dosing prevented the establish-
ment of steady-state hydraulic conditions which would have tended to

produce plug~flow (23,23).

Table 9. Summary of the kinetic parameters of the model ponds obtained
from the plug«flow mathematical model.

Model Pond k Correlation
1/mg-day coefficient

Control .000227 .B878

Ovar-and-under 000109 .863

Eud -around 000150 ,930

Longitudinal .000123 : .895




75

CONCLUSTONS

Based on the analysis of the results of the study, the following con-

clusions and observations seem justified at this time:

Pond operational variables

1.

8.

All of the ponds remained completely anaercobic during the study
period.

The synthetic waste used in this study was more biodegradable
than a typical municipal sewage.

The growth rate of suspended biomass was apparently reduced by
the effect of competitive growth of attached biomass.

The mass of attached biomass was a function of both baffle
configuratfon and the submerged surface area.

Suspended biomass was subject to increased washout at higher
hydraulic loading rates. During higher hydraulic loading rates
attached solids were substantially increased.

Algae identified in the ponds were typical of algal genera
observed in actual operating anaerobic and facultative waste
stabilizarion ponds.

Organisms capable of reducing odorous gases were present on
the baffle surfaces in the photosynthetic zone of the ponds.

A dense layer of scum on the surface of the pond liquid
apparently increases the odorous gases emitted from the pond.
A dense layer of scum on the surface of the pond liquid

decreased the kinetic rate of biodegradation, the pH of the



10.

11.

12.

76
liquid, and the amount of efflucnt suspended solids.
The hydrauliec characteristics of the ovor-and-under pond
increased the rate of sedimentation and flotation of suspended
solids; however, the floating materials were trapped between
the baffles and had to be rewoved.
Diurnal studies of pH, alkalinity, free carbon dioxide, and
organic carbon coucentrations indicated that very little diurnal
variation occurred. A small amount of free carbon dioxide
variation was ascribed to photosynthetic activities,
Although removal of organic carbon for the differeant pond
configurations varied from about 94 - 98 percent at the longest
detention time (15 days), a considerable effect of baffling
was observed at the lower detention times. At 1.5 days the
percent removal was 53 percent, 60 percent, 62 percent, and
70 percent for the control, end-around, over-and-under, and
longitudinal, respectively. This observation is reflected in

the analysis of the kinetic models (see below).

Analysis of kinetic models

1.

Direct comparisons with the performance parameters of the model
ponds appear valid for analysis of the three kinds of models,
i.e., Marias-Shaw model, Monod model, and the plug-flow model.
Although both the Marias-Shaw and Monod models simulated the
results quite closely, the Marias-Shaw model seemed most
accurate for these experiments. However, different kinds of

information are obtained from the Monod model which may be of
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value in interpreting the biological factors involved in pond
treatment .

According to the Marias-Shaw model, biological degradation rates
were significantly higher in the baffle poads than in the
control pond.

Of the different baffle configurations, the longitudinal pro-
vided the highest rate for reduction of soluble organic carbon
concentrations.

If the kinetic constants determined for the model ponds are
applicable to full-scale systems, a conventional pond without
baffles would require almost twice the land area as a longi-
tudinally baffled pond in order to produce an effluent of similar
qualicy.

The analysis of the kinetic models indicated that performances
of all ponds were similar to biological reactors that contained
a homogeneous mixture of soluble substrate. Thus, the plug-
flow model did not simulate the results very closely.

The performance of the ponds was described by a completely
mixed model incorporating attached biomass, indicating that

the assumption that growth rates of attached biomass and sus-
pended biomass were reasonably equal was a tenable assumption;
however, the performance of the control pond was not described

by the completely mixed model.
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RECOMMENDATIONS FOR FURTHER STUDIES

This study should be repeated using an actual municipal sewage as

the influent substrate.

A similictude study should be conducted to determine the scaling

factors to better control the influence of hydraulic characterisrics.
A similar study should be performed to determine the effects of

baffles in facultative ponds.
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Table A-5. Organic carbon concentration of pond effluent {(mg/l) during
the hydraulic detention time of 15 days.

Model “Pund
Control Over and Under Longitudinal End around

Day TOC soC TOC soc TOC 50C TOC SoC
2 51 18 18 10 40 12 40 12
4 73 - 19 21 13 36 10 37 10
6 79 12 11 11 28 6 41 10
8 76 26 21 18 34 9 41 13

10 79 25 20 14 36 18 39 19

12 .70 16 13 11 24 12 34 8

14 75 19 21 13 35 15 37 11
16 75 17 21 13 36 15 31 12
X 72 19 18 13 34 12 39 12
S 9 5 4 2 5 4 3 3

cv 13 24 22 19 15 32 7 28

Table A-6. Organic carbon concentration of poud effluent (mg/l) during
the hydraulic detention time of 5 days.

Model Pond
Contrel Over and Under Longitudinal End around
Day TOC SQC TOC S0OC TOC SOC TOC SOC

1 64 39 32 8 64 8 64 19
2 60 46 30 292 63 34 52 32
3 50 39 25 15 72 28 56 30
4 88 36 39 26 68 25 64 29
s 64 20 50 16 70 18 56 20
8 54 38 45 25 70 46 48 31
7 52 30 28 14 40 22 40 20
-8 48 30 36 22 44 30 32 18
I R 52 34 26 14 48 28 39 31
‘10 44 28 30 17 52 24 44 44
X 56 34 34 18 60 26 50 27
s 8 7 8 6 11 10 11 8
cv 14 21 24 32 18 38 22 30
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Table A-7. Organic carbon concentration of pond effluent {(mgfl) during
the hydraulic detention time of 2.5 days.

Model Pond

Control Over and Under longitudinal Ead around
Day TOC SOC TOC S0C TOC S0C TOC 30C
1 94 67 71 57 79 48 76 43
2 99 65 81 49 72 37 59 30
-3 g2 61 64 36 60 40 64 40
4 104 62 88 66 72 40 62 41
5 97 63 85 60 76 42 70 38
6 100 63 7o 56 68 42 64 42
7 94 62 72 45 68 42 52 31
8 a4 69 74 58 74 52 64 42
9 102 72 60 38 60 40 58 42

10 84 58
X 96 65 74 52 69 43 63 39
'8 6 4 9 10 6 5] 7 2
v 6 T 12 20 9 11 11 13

Table A-8. Organic carbon concentration of pond effluent (mg/l) during
the hydraulic detention time of 1.5 days.

Model Pond

Control Over and Under Longitudinal End around

Day TOC sSoC TOC SOC TOC sS0C TOC SOC
1 125 107 145 63 135 53 145 71
2 - 97 149 93 140 76 133 85
3 133 120 127 100 127 73 125 84
4 141 97 128 - 94 125 77 132 88
- B - 90 i27 84 107 73 141 o7
- 121 78 111 84 97 58 127 81
X 130 98 131 86 122 68 135 84

. - 9 14 14 13 17 10 9 9
cv 7 15 11 15 14 15 T 10




Table A-9. Total attached biomass for the hydraulic detention time
of 15 days.
Model Pond
Control Qver & Under Longitudinal End around
3ite grams Site grams Site grams 8Bite grams
1 16.58 1 19.80 1 36 .37 1 24 .20
2 1.79 2 143,94 2 13.96 2 132 .25
3 81.58 3 131.02 3 60.53 3 83.64
4 11.28 4 44 .22 4 13.67 4 76.51
' 5 56.79 5 72.80 o 21.29
G 19.61 6 157.03

7 11.41

8 28.59

9 6 .48

10 5.23

11 1.39

12 8.74

13 .92
Total 111.23 478.14 374 .36 J37.89

Table A-10. Total attached biomass for the hydrauliec detention time
of 5 days,
Model Pond
Control Over & Under Longitudinal End around
Site grams Site grams Site grams Sjte grams
1 4.76 1 19.90 1 35,76 1 58 .64
2 22.21 2 129,23 2 5.28 2 181 .74
3 86,54 3 96 .07 3 81.45 3 68,46
4 26.72 4 73.04 4 21.85 4 69,486
5 57.82 3 102.79 5 92.21
6 53.02 6 250,86

7 24.45

8 14 .99

9 12.36

10 .91

11 19 .45

12 3.27

13 11.82
Total 140.23 516.33 498,09 470,51




Table A-11, Total attached biomass for the hydraulic detention time
of 2.5 days.

Model Pond

Control Over & Under Longitudinal End around
Site grams Site grams Site grams Site grams
1 19.31 1 61.33 1 37.76 1 91.00
2 35.92 2 190,13 2 18 .89 2 227.51
3 32.67 3 B9.93 3 77.89 3 153 .46
4 111.26 4 64 .93 4 29 .67 4 53,08
5 57.08 5 38 .28 5 47,22
6 106,36 6 113.92

7 46 .68

8 22.65

9 38.98

10 18.21

11 13.73

12 14.78

13 25.40
Total 199,16 750.19 316.41 572,27

Table A-12. Total attached biomass for the hydraulic detention time
of 1.5 days.

Model Pond
Control Over & Under Longitudinal End around

Site grams Site grams Site grams Site grams

1 22.00 1 71.86 1 50.26 1 70.94
2 73.83 2 110.75 2 31.06 2 108.38
3 137.72 3 100,52 3 96.08 3 240,01
4 218.87 4 89.72 4 52.21 4 99,34

5 65.12 5 157.18 5 84,53

6 68,23 6 254.62

7 45.10 T 240,00

8 34 .23

9 31.56

10 25.28

11 12,02

12 13.70

13 33.48

Total 452.42 701.57 881.41 603.20
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Table A-17. Diurnal variation of free carboa dioxide (mg/1) during
the hydraulic detention time of 15 days.

— — - P —,

Model Pond
n_pontrol Over and Under Longitudinal End around
Time COqg Time COg Time COqg Time Coqy
12N 38 12N 22 12N 36 12N 23
-3 ' 39 3 32 3 36 3 38
4 41 4 30 4 40 4 40
6 42 ] 43 86 41 6 42
8 36 8 32 8 36 8 40
10 43 10 32 10 32 10 38
12M 54 12 38 12M 40 12M 36
2 490 2 40 2 43 2 68
4 44 4 37 4 44 4 59
8 38 6 34 6 30 6 38
8 40 8 32 8 32 8 40
10 416 10 32 10 32 10 38
X 42 34 37 42
s 5 5 5 11
oV 11 16 . 13 27

Table A-18. Diurnal variation of free carbon dioxide (mg/l) during
the hydraulic detention time of 5 days.

Model Pond

Control Over and Under Longitudinal End around
Time COo Time COg Time CQOg Time CQOo
12N 64 i2N 85 12N 86 12N 77

2 a7 2 87 2 81 2 79
4 70 4 93 4 76 4 95
6 64 & 90 6 74 6 76
8. 55 8 91 8 - 8 80
10 73 10 93 10 - 10 79
12m 15 124 97 12M - 124 94
2 80 2 a6 2 - p/ 94
4 Bl 4 93 4 - 4 96
6 74 2] 97 6 - 6 95
8 73 8 94 8 - 8 88
0 67 10 96 10 - 10 85
X 70 . 93 79 87
8 7 4 5 8

ey | 10 4 7 9
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Table A-19. Diurnal variation of effluent suspended solids (mg/1)
during the hydraulic detention time of 1% days.

Model Pond
Time ~ Cantrol Over and Under Longitudinal End around
12N : 120 - 80 - 28
4 ' 108 - 44 36
8 ' 128 - 68 40
12M 124 44 76 56
4 ' 112 - 40 72
8 ' 112 24 a2 56
12N 136 24 64 80
X - 120 31 6} ) 53
s 10 12 16 19
cv 8 38 26 36

Table A-20. Diurnal variation of effluent suspended solids (mg/l)
during the hydraulic detentlion time of 5 days.

Model Pond
Time Control Over and Under Longitudinal End around
12N 51 S0 46 40
4 69 72 47 78
8 ) 56 68 47 82
12M : 85 ' T8 - 54
4 _ T4 58 - 76
8 : 88 80 - 98
12N . - - - 76
X . 71l 68 47 73
s 15 12 1 18
cv- 21 46 1l 24
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Table A-21. Daily variation of effluent suspended so¢lids (mg/l) duriug
the hydraulic detention time of 2.5 days.
Model Pond
Day Control Over and Under Longitudinal End around
1 42 64 52 66
2 58 60 74 54
3 56 - 56 54
4 56 64 64 42
5 54 60 o8 52
3] 76 74 68 5141
7 60 72 70 62
X 57 66 63 3%
s 10 51 8 8
cv 17 9 1 14
Table A~22. Daily varilation of effluent suspended solids (mg/l) during
the hydraulic derention time of 1.5 days.
Model Pond
Day Control Over and Under Longitudinal End around
1 68 62 86 84
- 2 86 78 102 80
- 3 74 82 68 82
4 78 84 70 64
5 G2 60 - 83
6 o8 62 68 84
X 70 66 81 80
s 10 12 14 8
cv 15 18 18 10
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