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ABSTRACT

The purpose of this study was to determine the physical char—

acteristics of three waste stabilization pond systems . The total detention

time and loading of three pilot plants were the same. However, the physi-

cal arrangements of the pretreatment anaerobic pond and facultative ponds

were different. Each of the three systems included a maturation pond as

the final polishing unit.

Physical characteristics were evaluated by measuring diurnal

fluctuations in p H ,  dissolved oxygen (DO) , temperature and suspended

solids. The experiments were conducted under different climatic conditions.

A well-defined thermal stratification appeared in each pond

during the middle of the day. High p H ,  D O  and temperature were observed

above the thermal barrier during the day. Below the thermal barrier the

pond w a s  essentially void of oxygen, also pH and temperature remained

relatively constant.

A deeper aerobic zone w a s  found to exist during the cooler peri—

ods . However, there w a s  no significant reduction in suspended solids

during the cooler months. A higher influent BOD removal w a s  also obtained

in  winter.
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C ON CLUSIONS

Anaerobic conditions are more likely to occur in summer  than in winter

because the intense fermentation in the sludge layer exerts a high

oxygen demand in the lower strata. The existence of thermal strati-

fication also prevents mixing between the upper and lower layers .

A deeper aerobic zone exists in winter than in summer. Thus light

intensity, if above saturation level, is not necessarily the critical

a factor in pond performance.

High pH values caused by algal blooms should not be overlooked in

design because these high pH conditions may curtail s o me  bacterial

activity.

In semi—trepical areas , it is suggested that the design loading should

consider summer condition when  nuisance conditions are more likely

to occur. It is also suggested that w hen  designing facultative ponds

the aerobic and anaerobic zones should be considered separately due

to the intense stratification which occurs in these ponds.
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I. INTRODUCTION

Waste  stabilization ponds have been employed successfully

in the treatment of domestic and industrial wastewaters . In areas where

land is reasonably priced and moderate climatic conditions prevail, the

waste stabilization pond is a n  efficient and economical method of waste-

water treatment.

In waste stabilization ponds, the treatment process depends

upon the effective use of bacteria and algae. The degradation of putres-

cible organic material occurs as a result of aerobic, facultative and anaer-

obic microorganisms. The successful operation requires an  aerobic environ—

ment near the surface, but the normal transfer of oxygen across the air—

water interface either by diffusion or by natural mixing is inadequate.

Therefore, for successful operation of a pond system it is necessary to

employ the photosynthetic action of algae.

It is well known that the principal products of aerobic bacterial

oxidation of organic matter are ammonia, carbon dioxide and water; which

except for solar energy are the requirements for algal photosynthesis.

In the presence of sunlight, algal growth occurs in ponds with conversion

of carbon dioxide into organic compounds and free oxygen, which in turn,

is used by the bacteria to oxidize the wastes. As long as the algae, in

conjunction with natural surface aeration, can provide an  excess of oxygen

above that required by the aerobic or facultative bacteria, a relatively

aerobic environment will be maintained in some sections of the pond.



Algae use carbon dioxide in their photosynthetic activity, and

their removal of carbon dioxide is responsible for the relatively high pH

conditions. Algae can also reduce the free carbon dioxide concentration

below its equilibrium concentration with air and consequently, can cause

a n  even greater increase in pH.

During the period of warm, calm weather, algae tend to accu—

mulate in such numbers as  to form visible "blooms" . The solar energy

absorbed by algae cause the upper layer of the pond to warm readily.

The relatively warm surface waters resist mixing with the cooler bottom

waters and consequently thermal Stratification occurs. The covering of the

water surface by these algal mats also shuts off the sunlight essential

for photosynthesis in the deeper layer, thereby preventing continued reoxy—

genation of the deeper waters.

In the absence of free oxygen, conversion of carbohydrates

to bacterial cells occurs with formation of organic acids and related com—

pounds. The organic acids may be decomposed anaerobically to methane

and carbon dioxide during growth of methane-forming bacteria. This produc—

tion of organic acids may depress the local pH within the lower strata of

the pond.

Several trace elements are required for algal metabolism.

Generally, in waste treatment there is no problem in maintaining an  ade-

quate level of trace elements. However, nitrogen and phosphorus are

frequently deficient in industrial wastes. The lack of these two elements



retards the formation of protoplasm and reduces the rate of stabilization.

1—1 Objective

The purpose of this study w a s  to evaluate the physical char—

acteristics of the three pilot-plant pond systems at the Govalle Sewage

Treatment Plant in Austin, Texas. It w a s  hoped that a n  evaluation of the

physical characteristics of these experimental ponds would yield valuable

information to help improve the present design criteria of waste stabilization

ponds.

Mixing appears to be of prime importance in the successful

performance of waste stabilization ponds , and by.observing the more impor-

tant physical parameters , it w a s  intended to determine the effect of strat-

ification upon the degree of mixing.

1 - 2  Scope

The experiment w a s  limited to diurnal measurement of temper—

ature, D0, ,  pH and suspended solids at various depths. These pond systems

were designed to treat the domestic sewage at a loading of 70 lb BODS/

acre/day. Other parameters, including light intensity, wind velocity

were measured to support the primary objective.



II . LITERATURE REVIE W

Successful pond operation depends o n  bacterial decomposition

of wastes, mostly under aerobic conditions. In some types of ponds,

aerobic conditions can be maintained by the natural photosynthetic process

of algae which may provide the required oxygen more economically than

mechanical devices .

2 -  l Bacterial—Algal Commensalis  m

As shown in Figure l , bacterial—algal commensaiism is the

mechanism responsible for waste stabilization. Bacteria oxidize the organic

constituents of the waste. The soluble nutrients produced, primarily ammonia

and carbon dioxide, are utilized by algae which, with energy from sunlight,

liberate oxygen by photosynthesis. The oxygen produced in many cases

is sufficient to meet the bacterial demand in upper pond segments. Anaer—

obic action in the lower layers and aerobic activity in the surface layers

proceed simultaneously resulting in what is termed as facultative system.

As described by  Oswald (1966), four principal biological

transformations are of concern in ponds. The first of these is the aerobic .

conversion of dilute solutions of carbohydrates in wastes into bacterial

solids , carbon dioxide and water. This reaction probably occurs as follows:

6(CH o)x+ s o  —-—> (CH2 2 O ) X  + E C O  + 5 H  0 + energy (2—1)2 2 2

In the presence of sunlight, algae are responsible for the conversion of

carbon dioxide into organic compounds and free oxygen through the process



UBLE DEGRADABLE
ERIAL

SETTLEABLE / ALGAE ‘\
sou sD 02 002,NH3,P04

t: \1— \‘ BACTERIA /

{C
D

]> _.
H

'—

1' BACTERIA ——» CH4I+COZI+AIH WI .
’//<\\///\\///\//\\\///\//\/K\\// \‘7/\\///\///\V//\‘

FIG I
STABILIZATION POND PROCESS



of photosynthetic oxygenation. This reaction is essentially the reverse

o f  aerobic oxidation:

49—.___.q___11 ht & al ae > 2(CHZO)X+ 0 + H  0 (2—2)(CI-120)X + C O  2 2
2

The third biological transformation of concern is the organic

acid formation. This reaction converts carbohydrates to bacterial cells

with the formation of organic acids in a benthal environment void of oxygen:

>':‘ (CHZO)X + 2CH3COOH  + energy (2-3)5(CHZO)X

Once produced, organic acids may be decomposed to methane and carbon

dioxide through the action of methane-forming bacteria. In this case, the

reaction is:

2 1/2 CH COOH _—'“> (CHZO)X+ 2CH4+2CO +energy(2—4)
3 2

2—2 Photosynthesis

Photosynthesis and consequently solar radiation has been

termed themost  important factors in determining the course and effectiveness

of the stabilization process. Studies indicate that only a negligible amount

of oxygen is contributed to the liquid by surface reaeration. Mills (1961) _

reported that no oxygen could be found in facultative ponds two hours after

sunset; even though, the pond recovered quickly each morning. Oswald

concluded that without vertical mixing caused by wind, atmospheric reaer-

ation will introduce less than 40 pounds of oxygen per acre per day even

under anaerobic conditions.



During the period of algal blooms , strong photosynthetic acti—

vity tends to produce much greater amounts of oxygen than required by

bacteria in oxidizing the organic matter. Krauss (1956) stated that the

algae may  release twenty times as much  oxygen in photosynthesis as they

utilize in metabolism.

As a result of photosynthetic action supersaturation of dis-

solved oxygen may occur. D O  values as high as 3 4  mg/l have been

observed in South Africa by  Marais ( 1966 ) ,  and 250 pounds of oxygen

per acre per day have been reported (Mackenthum 19 64 ) .  During the periods

of supersaturation there is a loss of oxygen to the atmosphere. This

deaeration can  often be observed to occur in the form of visible bubbles

of oxygen.

Specifically, photosynthetic oxygenation is a two—phase

process. The first phase consists of the absorption of light energy, the

removal of hydrogen atoms from water with production of molecular oxygen

and the formation of high energy phosphate compounds by the conversion

of adenosine diphosphate (ADP) to adenosine triphosphate (ATP). The

second is a chemical phase which involves the use of hydrogen atoms,

along with the stored energy, to chemically reduced carbon dioxide. The

energy absorbed is used to split water molecules into hydrogen and oxygen

atoms and to form high energy phosphate compounds in the chloroplasts

of the algal cells (Varma & Talbot, 1965).



2 — 3  Algae

Over 15,000 species of algae have been catalogued, but only

four major groups of algae are of importance in the study of waste stabili—

zation ponds (Jackson 1965). Of particular significance are the commonly

found green and blue—green algae.

It is recognized that changes in temperature, vitamins, dissolved

salts , light intensity, dissolved gases, trace amount of nutrients, geometry

of the container, etc. have a marked effect upon the periodicity of algal

blooms. However, the interaction of these various factors is extremely

complex and not well understood (Fogg 1965). Therefore, it is of importance

to examine critically these environmental factors which affects the growth

rates; namely temperature, nutrient condition, pH and light intensity.

2-4 pH

The continuous removal of carbon dioxide from the water by

algal photosynthesis tends to change the pH of the water. If oxygen is

made available through photosynthesis and the pH is favorable, aerobic

decomposition occurs with production of carbon dioxide and ammonia.

This stimulates further algal growth which in turn boost the pH. The pH

will increase u p  to 10 or more as the algae increase their photosynthetic

activity during daylight hours (Neos 1966) .

As the pH increase, the alkalinity forms change, with the

result that carbon dioxide can be extracted for algal growth both from

bicarbonates and carbonates in accordance with the following equilibrium



equations.

_ w} :

+ + -Z H C O 3  é-——— C O 3  H 2 0  C O 2  (2 5)

C03= + H20 <——? o‘ + coz (2—6)

Thus, the removal of carbon dioxide by algae tends to cause a shift in the

form of alkalinity present from bicarbonate to carbonate, and from carbonate

to hydroxyl until a n  inhibitory pH is reached (Sawyer 1967). Increase pH

may also result in deposition of phosphates and inhibition of bacterial

oxidation which ultimately leads to a decrease in nutrients for photosyn-

thesis.

At night photosynthesis and uptake of carbon dioxide by the

algae greatly decreases, while absorption of carbon dioxide from the atmos—

phere continues, as  a result, the carbonate equilibrium may be shifted

to the left and the pH-adjusted until equilibrium is reached.

Energy from light is absorbed by the chlorophyll, a green pig—

ment in algae, and through a series of reactions, is transformed into chemical

energy which is stored in the molecules of algae. The demonstration of

photosynthesis during dark periods indicates that the algae have consider-r

able capacity for storing energy obtained during light periods and can

metabolize heterotrophically for some  time following the onset of a dark

period by converting organic matter to protoplasm.

2—5 Illumination

Variation in light intensity with depth is largely determined
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by algal density which varies seasonally from pond to pond. One study

o n  light penetration showed that 99 percent of incident light w a s  observed

in less than 20 inches of depth. In contrast to this, the depth for absorp—

tion of 99 percent of incident light in a nearby artificial lake w a s  almost

21 feet. Towne, et al. (1957) while studying ponds in the Dakotas, found

that only one percent of surface light penetrated the pond's upper six inches.

The light intensity in a homogeneous Chlorella Pyrenoidosa

suspension decreases according to concentration and depth in compliance

with Beer-La mbert Law

I =1 Ioe—KCI (2-7)

where

I = light intensity after passage through some  medium

Io = original light intensity

K = absorption constant

c = concentration of algal cell

1 = depth

Algae are capable of withstanding wide variation in light inten—

sity. Beginning at a saturation level for some algae o n  the order of 500

foot—candles and increasing to 5,000 foot—candles, the photosynthetic

rate is independent of light intensity. At a n  intensity less than saturation

the rate decreases, while above 5,000 foot-candles, oxygen production

is completely inhibited (Steila, 1968). An expression deriving the fraction

of light utilized has been developed by Hermann and Gloyna (1958) is



ll

represented as:

f = _:_s__ (lnéo- + 1) (2—8)
0 s

where

f = fraction of light utilized

I s  = saturation intensity

IO = original light intensity

2 —  6 Temperature

Temperature affects photosynthetic oxygen production as

well a s  other biological reactions. However, different species undoubt—

edly have different temperature and light requirement and it could be that

a particular species predominates at a particular season because the pre—

vailing temperature and light conditions favor it.

The optimum oxygen production for some  species is obtained

at 200C. Limiting lower and upper value appear to be about 4 0 C  and 370C,

respectively. Yet, the occurrence of blue-green algae in certain situations

may  be directly attributable to their tolerance of high temperatures. Also,

some  algae have been observed growing well under a cover of clear ice.

As previously noted, algae use only a small percentage of

the solar energy for photosynthesis and the remainder is absorbed as  heat;

therefore the upper layers of a pond is readily warmed. The resulting

relatively w arm, less dense surface waters resist mixing with the cooler,

denser  waters beneath a n d  thermal stratification occurs. Above the
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thermocline, the temperature increases to the maximum of the day. Below

the thermocline, the temperature drops quickly to approximately ground

temperature. A difference of 110C between the surface and four meters

depth has been measured during the summer  in Israel (Wachs and Berend,

1968 ) .  Temperature lapses near the surface of a pond at a rate of 2°C or

more per foot have been reported by Oswald (1968), but these rarely con—

tinue downward for more than two feet.

Using a continuous type of reactor and a soluble milk com-

pound as substrate, yield a rate constant and temperature relationship

(Suwannakarn and Gloyna, 1963).

KT = K35 (1.085)(T_35) (2—9)

where

K T  = reaction rate at temperature T

K35 = reaction rate at 350C

T = temperature in 0 C

- Studies by Oswald (1964) and Marais (1966) on the tempera—

ture effects of sludge fermentation indicate there is approximately a

sevenfold increase in gas evolution for each rise in temperature of 50C,

over a temperature range of 80C to 240C.  The observed increase in gas

evolution rate for a rise in temperature is probably a compound effect of

a n  increase in metabolic activity plus a n  increase in the number of active

organisms.

Temperature influences are also indicated by the types of
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organisms present. Cairns (1955) observed that a given type of organism

usually had a definite temperature range at which optimum growth occurred.

A change in temperature could, therefore, affect the competitive position

of a species and their relative distribution in a population. Consequently,

the overall rate of oxidation may  be influenced.

2—7 Nutrients

It is well known that algal cells which are deficient in nutri—

ents are unable to utilize light as efficiently as cells having unlimited

access to nutrient. McCombie (1960) in a discussion of temperature, light

and nutrient effects o n  the green algae, states that temperature acts as  a

typical controlling factor governing the rate of growth by determining the

rate of metabolism. The concentration of nutrient salts shifts the temper—

ature optimum for growth.

Neil (1957) reported a heavy algal bloom in Sturgeon Lake in

1954  w h e n  the sunlight w a s  diminished and temperature cool, but w h e n

the phosphate content w a s  also relatively high (soluble 0. 149 ppm and

total 0. 165 ppm). He also stated that of all the nutrients necessary in

algal metabolism the most critical are often found to be nitrogen and phos—

phorus.

Gotaas and Oswald (1957) have collected considerable evidence

indicating that the species of algae which are effective in photosynthetic

oxygen production utilize ammonia as the principal source of nitrogen.

Gerloff and Skoog (1957) considered nitorgen to be even a more critical
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factor in limiting algal production in natural waters since phosphorus is

stored in plankton as excess and may  approach ten times the actual need.

Sylvester and Anderson (1964) reported that Green Lake in Washington has

offensive algal blooms, yet the concentration of phosphorus is seldom

above 0 .01  mg/l.

Aside from nitrogen and phosphorus, magnesium and potassium

are essential to algal growth. Magnesium is essential because it is a n

integral part of chlorophyll molecules and potassium because salts of this

metal are prime constituents of algal cell sap.

The majority of algal species use only free carbon dioxide and

nutrients in photosynthesis (Neilsen, 1955). However, there is some  indi—

cation that a few algae utilize the carbonate ion (Osterlind, 1948). Gener—

ally, the 0.03 percent of C O  normally found in air is sufficient to permit
2

an optimum rate of photosynthesis (Davis, 1953).

Bacteria in the presence of ample amount of organic matter

can  supplyas much a s  20 mg/l of C O  in a supersaturated state. Log-2

arithmic growth rates of bacteria under favorable conditions can deliver

large amounts of C O  required for algal bloom development. It should be
2

pointed out that while either aerobic or anaerobic bacteria degrade organic

matter and produce high concentration of C O2  locally, thermal stratifi—

cation hinders the transfer of this nutrient to all areas of the pond.



III. EQUIPMENT AND PROCEDURES

This research w a s  conducted o n  a set of pilot—plant scale

pond systems specifically constructed for this purpose at the Govalle

Sewage Treatment Plant of the City of Austin. These pond systems were

designed such that the location of the anaerobic zone w a s  different in

each case, since it w a s  felt that the anaerobic zone played a major role

in the stabilization of wastewaters. A description of the three different

pond systems, a s  well as the feeding and sampling schedule, test pro-

cedure, and instrumentation follows.

3—1 Pilot—Plant Pond

The total detention time and loading of the three systems were

the same. System I consisted of a n  anaerobic pond, a facultative pond

and a maturation pond. System II consisted of a facultative pond with a

deep trench in the middle of the pond and a maturation pond. System III

w a s  similar to that of System II except there w a s  no sludge trench in the

facultative pond. The facultative ponds and the maturation ponds were

equal in surface area. , Figure 2 shows the general layout of the three pond

systems .

3—2 Feeding Schedule

Sewage w a s  pumped at a rate of ten gallons per minute (gpm)

from the grit chamber into the three pond systems by three automatically

controlled pumps. A circular screen was provided around each influent

15
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line to prevent clogging of inlet line by large particles. These screens

were cleaned daily in order to obtain a more representative sewage.

Pacultative Pond II and Pacultative Pond III both received a n  average load

of 70  lb BODs/acre/day while the Anaerobic Pond in System I receives

640 lb BODs/acre/day.

3-3 Sampling and Test Procedure

Sampling stations were located at the mid—point of each pond.

During the profile studies, a rubber raft w a s  used. The location of the

raft w a s  controlled by several stakes which were set near the edge of each

pond. Diurnal measurements were conducted once a w e ek  for several weeks.

Each test w a s  started early in the morning and continued every two hours

until relatively stable conditions were observed.

3-4 Instrumentation

The various pond parameters were measured with a minimum

of instruments in order to simplify analyses. The pH  w a s  determined with

a Beckman Electromate pH Meter. Dissolved oxygen w a s  determined by

a Galvanic Cell Oxygen Analyzer and Azide Modification of the Winkler

Method (Standard Methods) . An  adjustable thermistor w a s  used to deter— -

mine the temperature. Millipore Filters (I-IAWG 047 So) were used to mea—

sure suspended solids.



IV. EXPERIMENTAL RESULTS

Pond performance w a s  established o n  the basis of temperature,

p H ,  dissolved oxygen and suspended solids profile. Experimental results

obtained from these studies will be discussed in this chapter.

4 —  1 Temperature

The diurnal temperature profiles, Figure 3, Show that thermal

stratification appeared in each pond during the middle of the day. Tem-

peratures as  high as 38°C  were observed near the surface layer; the tem—

perature then dropped quickly to a bottom temperature of about 30°C  and

remained relatively constant.

Early in the morning w h e n  wind mixing occurred, the tempera-—

ture w a s  uniform throughout the pond. As the sunlight intensity increased,

the temperature increased gradually due to the absorption of solar energy.

The excess heat absorbed by  algal expidited the formation of

thermal stratification. The temeprature near the surface layer increased

rapidly to the maximum of the day while below the warm water layer the

temperature remained practically constant at 30°C  due to the fact that heavy

algal density reduced the availability of the light in the deeper layers.

In the evening, when  the ambient air temperature w a s  lower

than the water temperature, the excess heat o n  the top layer dissipated

away into the atmosphere. As a result, the temperature o n  the top layer

w a s  less than the lower layer.

18
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The sink of the cooler top layer induced mixing. Thus, the

temperature decreased gradually with depth. As  long a s  the air tempera—

ture w a s  lower than the water temperature o n  the top layer, this mixing

as  a result of overturning continued until a uniform temperature throughout

the depths w a s  obtained.

The duration of stratification and degree of mixing depended

mainly on the air temperature, water temperature, geometry of the pond

and wind conditions. During some summer nights, when  the air tempera—

ture w a s  relatively high, cooling by radiation w a s  not sufficient to mix

the pond and thermal stratification persisted for longer periods.

The stratification tended to inhibit the mixing of the upper

layers of water with the lower layers because of density differences. This

inhibition of mixing also brought about a stratification in other physical

characteristics of the water, namely D O ,  pH and suspended solids.

It w a s  found that a higher average temperature w a s  recorded

for the deeper pond than the shallow pond even though the shallow pond

may  temporarily have had higher temperature near the surface during the

day. Excess heat w a s  quickly dissipated from the shallow pond at night

whereas it seemed to be retained in the deeper pond. Besides, the deeper

pond may not have been completely mixed as the shallow pond.

4—2 Dissolved Oxygen

Diurnal variation of dissolved oxygen are illustrated in Figure

4 and coincided with the thermal gradient. Aerobic condition developed
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near the top layers during the day wi th  dissolved oxygen varying from

minute amounts to supersaturation. Below the zone of solar heating the

pond remained void of oxygen in this zone.

The presence of excess dissolved oxygen in a pond indicated

that oxygen was being produced by algae at a greater rate than it was being

utilized by  both bacteria and algae.

The amount of oxygen present depends o n  the algal density

a s  well a s  light penetration. In general, oxygen produced by  algal photo-

synthesis w a s  greatest in the surface layers and decreased with increasing

depth. In some cases w hen  the algae concentrations were highest at

deeper depths, higher oxygen concentrations were also observed at this

depth.

One study o n  Maturation Pond III w a s  conducted w h e n  the algal

density was relatively low. This low turbidity allowed the sunlight to

penetrate into the full depth. As  a result, aerobic condition prevailed

throughout the depth of the pond although no supersaturation w a s  observed.

It is interesting to point out that the highest suspended solids concen—

tration appeared at the two—foot depth in the same  study when  the maxi-

mum dissolved oxygen concentration and pH also existed at the same

depth. This phenomenon illustrates that at this light intensity, the

photosynthetic rate depends o n  the amount of algal cells present. These

parameters are plotted versus depth in Figure 5.

The water temperature, wind velocity and relative humidity
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of the ambient air determine the amount of oxygen escaping from the

surface. In the evening when solar radiation decreased, the amount of

- oxygen produced by photosynthesis w a s  less than that which escaped

from the surface and a n  overall reduction in the dissolved oxygen concen—

tration in the pond occurred. The reduction in dissolved oxygen concen—

tration continued as  respiration requirements exceeded the input of photo—

synthetic oxygen.

Some measurable dissolved oxygen w a s  also present near

the surface of the Anaerobic Pond. Figure 6 shows that some oxygen

w a s  present during the middle of the day.

A deeper aerobic zone w a s  found to exist during the cooler

periods. However, these appeared to be no significant reduction in

suspended solids during the cooler months. Therefore, light penetration

and photosynthesis w a s  not a critical factor under this condition. Although

bacteria utilized oxygen at a lower rate in breaking down organic matter

during the cooler months. The high oxygen demand of the gas products

from the bottom by active fermentation during the warmer periods should

not be overlooked. Considering the effect of the temperature o n  anaerobic

fermentation, it would seem  that a n  additional depth should be provided

in order to maintain a deeper section of the pond under aerobic environment.

4—3 9H

Algae utilize C O  a s  a carbon source resulting in a n  increase2

in the p H .  A typical diurnal pH profile, Figure 7, shows a difference
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be tween  the  uppe r  l ayer  and  the lower  l aye r  o f  the wa te r  which r e l a t e s

wel l  to the the rmal  s t r a t i f i c a t i on .  A r i s e  i n  pH to about  9 or  h ighe r  caused

by  the  uptake  o f  CO by  the  a lgae  can  be s een  in  the  uppe r  l aye r  dur ing
2

the  day .  Be low th i s  l aye r  t he  pH was  un i fo rmly  low .

Although CO i s  produced by  bacteria  con t inuous ly ,  the a lgae
2

rapidly  u se  the CO2  r e su l t i ng  i n  the  e l imina t ion  o f  CO2  from the  wa te r .

Carbon can  a l so  be  ext rac ted  for a lga l  growth from bicarbonate  and  carbon—

ate  wi th  the  r e su l t  o f  a further i nc rea se  i n  pH un t i l  an  inh ib i to ry  e f fec t

on  a lga l  pho tosyn thes i s  occu r s .  According to the  da t a  obse rved ,  i t  s eemed

that  t he  maximum to le rab le  va lue  i s  i n  the  ne ighborhood o f  pH 11  , (F igure

7 ) ,  a l t hough  i t  i s  pos s ib l e  tha t  t he  inh ib i to ry  pH va lues  va r i e s  w i th  a lga l

spec i e s  .

The ac t iv i ty  o f  mos t  bac t e r i a  i s  r educed  s ign i f i can t ly  a s  pH

r i se s  above  9 .  The  r e l a t i ve ly  h igh  pH va lues  nea r  t he  su r face  caused  by

v igo rous  pho tosyn thes i s  du r ing  the  day t ime  h inde r s  t he  p roduc t ion  o f  CO2

by  bac te r i a .

The  ex i s t ence  o f  t he rma l  s t ra t i f ica t ion a l so  b locks  t he  sou rce

o f  CO2  and  o rgan ic  ac id  from the  l ower  Strata  wh ich  may  neu t r a l i ze  the

h igh  pH wa te r  on  t op .  Consequen t ly  t he  d i s so lved  Oxygen  and  pH rema in

h igh  unti l  mixing occu r s  a s  a r e su l t  o f  an  over tu rn .  After  t h i s  over turn

mixing des t roys  the  ex i s t ence  o f  s t r a t i f i c a t i on ,  a more  uniform pH and

d i s so lved  oxygen  l eve l  w i l l  ex i s t  i n  pond .

The  d iu rna l  va r ia t ion  i n  pH in  the Anaerobic  Pond  were  s imi l a r
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to the dissolved oxygen observations. A pH of 8.5 w a s  observed near the

surface and values of about pH 7.0 were noted throughout the rest of the

pond.

4-4 Suspended Solids

A plot of dissolved oxygen, pH, temperature and suspended

solids versus depth at the mid—day for each pond is presented in Figure 8.

The suSpended solids concentration decreased with increasing depth above

the thermal boundary, but it increased with increasing depth. The existence

of thermal stratification divided the pond into a n  aerobic zone and a n  anaer—

obic zone.

In the aerobic zone the suspended solids were predominately

algal cells. This decrease in concentration with depth might be expected

o n  the basis of light penetration. However, there is always some  mixing

which occurs as a result of thermal and wind driven currents.

The saturation level for the photosynthetic process and algal

growth is much less than the light provided at Austin during the summer.

The excess radiant energy provided by intense sunlight may  actually

be detrimental to cell growth. Under such conditions, the motile algae

o n  the surface tend to move downward where the light is more favorable

for growth.

The optimum temperature for algal growth varies from species

to species. The distribution of algal cells in ponds depend largely o n  the

optimum temperature of the dominant species. In summer, filamentous
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blue—green algae were predominant and were frequently found floating

near the surface.

The presence of thermal stratification at the middle section

of the pond prevented mixing between the upper layer and the lower layer.

In the transition zone the dissolved oxygen concentration w a s  low and

curtailed the production of algal nutrients by aerobic bacteria. The lack

of nutrients and light penetration resulted in a low algal cell concentration

in this zone.

The suspended solids measured in the anaerobic zone may

consist of benthic algae and suspended sludge particles in addition to the

live algal cells. It is possible that the increasing suspended solids with

depth w a s  due to colloidal solids and other debris buoyed up  by gasification

resulting from anaerobic decomposition.

A summary of the experimental results under different climatic

conditions is presented in Table 1. It is apparent that pond performance

w a s  not as  effective in summer  as during the cooler periods although the

higher temperature in summer  w a s  more favorable for bacterial action.

High pH above the thermal gradient during the summer  appeared to inhibit

aerobic action although there w a s  excess oxygen available. The intense

anaerobic fermentation in the lower strata also created a large load o n  the

aerobic or facultative zone.

During the cooler periods, little degradation took place in

the sludge layer and the pond bottom became primarily a settling zone.



TABLE 1

SUMMARY OF INFLUENT BOD REMOVALS

% BOD Removal Avg. Temp.* (0C) Avg. pH**
Pond System

Summer Winter Summer 'Winter Summer Winter

SystemI 9 6  9 7  30 12.6 9.8 8.1

System II 95 9 6  30 12.4 9.7 8.5

System III 95 97 30.5 12.7 9.2 8.4

* Average temperature from 8 a.m. to 10 p.m.

* *  Average pH  in upper layer thermally stratified pond from 8 a. m .  to

10 p.m.
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The relat ively deeper aerobic zone and optimum pH facilitated the aerobic

bacterial break—down of organic matter.

Generally, the degradation rate in summer was high, but the

B O D  feedback from the bottom sludge w a s  also high. In winter, the

degradation rate was low, but a low BOD load was received from the

sludge. Thus, the two processes tended to balance out and decrease the

cyclic variation in effluent BOD.



v. DISCUSSION

Marais  (1964) applied the  concept "time of explosure" with

temperature  and  deg rada t ion  ac t i on  for  designing a plug f low process

where  the  i nfluen t  was  a s su red  a s  a s l ug  o f  BOD. The e f f luen t  BOD for

cont inuous  f low was  given by :

0)

_ Y - ~ -k.t -(Q/V)tYt — (V/Q) L0 e e dt (5-1)

where

Y .= effluent five—day BOD (mg/l)

Y = inf luent  five—day BOD (mg/l)

t = r e t en t ion  t ime

V = vo lume  o f  p roces s

Q = flow per  day

K = degrada t ion  ra te  cons t an t

Resolv ing  Equa t ion  (5—1) and  so lv ing  in  t e rms  o f  a r e ten t ion  f ac to r ,  i t

i s  possible,  to develop Equation (5—2) .

Y
Yt ‘ K t+l (5'2)

T

where

K = degrada t ion  r a t e  a t  t empera tu re  T
T

As  ind ica t ed  i n  the typ ica l  BOD decay  r e l a t i onsh ip  for a ba t ch  sys t em,  the

in f luent  BOD i s  degraded according to Equat ion  (5—3) .

Y = Ye (5—3)
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Thus, for a fixed percentage reduction it can  be shown  that  for a single

pond the ratio of the degradation constants are equal to the ratio of the

retention time  .

K35 = tT = Q(as-T) (5_4)
T 35

where

K = reaction rate for various temperatures

t = retention time

o
T = temperature( C)

Studies o n  a series of laboratory—scale ponds operated at a different tem—

perature, Suwannakarn and Gloyna (1963) indicated that Q = 1.085 and

K35 = 1.2. The Q value is Close to the 9 1.072 value that w a s  accepted

by Hermann and Gloyna (1958).

Marais and Shaw (1961) noted that for a given liquid depth,

there appears to be a n  upper limit to BOD in a pond which must not be

exceeded if aerobic conditions are to be maintained, namely

_ 750
P ‘ 0.6d+8 (5'5)

where

P = maximum BOD allowed

d = depth

The inhibition of chlorophyll sythesis and the suppression of

photosynthetic oxygenation due to the presence of toxic compounds have

been studied by Huang and Gloyna (1967). A toxicity factor is suggested
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to be added to the design equation.

C
—8 (T —T) K( O —)= + _V 1 . 5 4 x 1 0  Q Y G  o toe Koto l (5 6)

where

V = designed volume of the pond, acre-ft

Q = quantity of influent flow, gal/day

Y = 5-day BOD, mg/l

Q = temperature coefficient

To = observed maximum temperature, 0 C

T = expected minimum temperature, 0 C

t0 = reaction time

K = toxicity coefficient

C O :  original concentration, mg/l

KO = observed rate constant

Marais (1966) considered the influence of the sludge layer

and assumed the anaerobic degradation of the sludge to be a first—order

reaction. A modified equation is expressed as follows:

P .
1)u : Ktlfl-ll ( f p  + C p f s )  (5—7)

where

Pu = ultimate BOD in a pond, mg/l

P u i :  ultimate BOD in influent, mg/l

K = degradation constant, l/day

t = retention time, d a y
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fp = fraction of influent BOD in pond liquid

fs = fraction of influent BOD in sludge layer

c p  = fraction of fermentation products from sludge layer

entering pond liquid

Equation (5—7) considers the whole liquid depth under aerobic conditions.

However, it is difficult to maintain the whole pond under a n  aerobic

environment without employing mechanical devices, especially during

the summer  when  intense stratification occurs.

Past designs are based o n  a n  effective aerobic depth and in

order to maintain the original design depth under aerobic conditions a n

additional depth would be required. The BOD reduction obtained below

the thermal barrier through anaerobisis has been neglected.

In trOpical areas where nuisance conditions are more likely

to occur during the summer, facultative pond design should be based o n

summer  rather than winter values . Therefore, it is suggested that pond

design should be divided into two separate phases. An  aerobic section

above the thermal barrier and a n  anaerobic section for the rest of the pond

depth.

Assuming a mean  effective depth in the pond, the retention

time required for a certain degree of treatment can be calculated from the

following equation:

Y = —"“ (5-8)
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where

Y = influent soluble BOD, mg/l

Y = effluent B OD, mg/l

t = retention time in aerobic section

K = aerobic degradation rate

This equation can be modified for anaerobic processes by the incorpor—

ation of a n  anaerobic degradation rate constant as  follows:

Y
o= W f + .-

Y t  K t  + 1  ( p  C p f s )  (5 9)
s 2

where

K s  = anaerobic degradation rate

t2 = retention time i n  anaerobic section

A total retention time can be obtained through mass balance by assuming

aerobic depth (011) and anaerobic depth (d2) .

+d1 d 2

where

t = total retention time

d 1 :  aerobic depth

012 = anaerobic depth

The above equations are based o n  the assumption that aerobic and anaer—

obic processes take place without any mixing. Although the mixing does

occur as a result of overturning mixing and may  cause a‘complete mixing

in ponds, it is believed that the total BOD removal will remain unchanged.
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Usually the occurrence of algal b looms  and the resulting high

pH are overlooked in practical designs. Yet, these blooms do occur and

the efficiency decreases. Algal cells leaving the pond also contribute

to the total effluent BOD,

The commonly recommended design depth is four to five feet.

However, additional depth, particularly where settleable solids are present,

provides added flexibility. A shallow pond provides better dilution and

disperse of nutrient solids, but it is also too sensitive to changes in

environmental conditions. By keeping the ponds sufficiently deep, some

periodically occurring nuisance conditions can be prevented. A deep

pond also may be a more economical design, although light energy may

not penetrate to the full depth, the latter may  not be a major significance

nor desirable .
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FACULTATIVE POND I
Ju ly  21 ,  1969

8:00 11:00 14:00 17:00 20:00 22:00
degth (ft) Temp. (0C)

0 29.4 30.5 36.3 35.2 33.3 —-
1 29.3 30.4 33.4 33.5 32.8 ——
2 29.2 30.2 32.4- 31.1 30.7 ——
3 29.1 29.6 30.6 29.8 30.3 ——
4 29.1 29.5 29.8 29.7 29.5 -—
5 28.9 29.1 29.7 29.3 29.2 -—
6 28.7 28.9 29.5 29.0 28.9 ——

pH

0 9.5 9.8 10.7 10.9 10.7 —-
1 9.4 9.7 10.3 10.7 10.6 ——
2 9.4 10.0 9.9 9.8 9.7 ——
3 9.4 9.6 9.5 9.6 9.7 ——
4 8.8 8.8 8.7 8.8 9.0 ~—
5 7.6 7.2 7.0 7.1 7.5 ——
6 7.2 7.0 7.1 7.0 7.3 - -

Dissolved Oxygen (mg/1)

0 0 .4  7 .4  28 .3  27 .4  13 .6  12 .8
1 0 .4  7 .3  19 .1  25 .3  10 .5  12 .8
2 0 .2  5 .0  3 .1  4 .2  4 .4  5 .1
3 0 .2  1 .9  1 .7  0 .2  2 .0  1 .9
4 O O 0 0 0 .9  0
5 0 0 0 0 0 0
6 0 0 0 0 0 0



IflATURATHDN PONIDI
August 22 , 1969

9:00 11:00 13:00 15:00 18:00 21:00

degth (ft) Temp. (0C)
0 29.0 34.0 36.1 38.3 36.5 —-
1 28.7' 29.4 29.8 30.9 31.6 —-
2 28.6 28.7 28.7 29.0 29.1 —-
3 28.0 28.2 28.2 28.5 28.2 —-
4 27.5 27.6 27.6 27.8 27.8 —-

pH

0 9.3 10.3 10.4 10.5 10.7 --
1 9.5 9.5 9.6 9.6 9.5 —-
2 9.2 9.3 9.1 9.2 9.2 ——
3 9.2 9.2 8.6 8.2 8.8 ——
4 7.5 7.7 7.7 8.2 8.0 ——

Dissolved Oxygen 0ng/D_

0 0.1 23.0 22.6 27.8 24.0 5.0
1 0 2.6 5.3 10.5 5.0 0
2 0 0 0.3 1.3 0.5 0
3 0 0 0 0 0 0
4 0 0 0 0 0 0
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10 :00  12 :00  14 :00  16 :00  18 :

Temp.(OC)

31 .0  32 .2  36 .8  36 .6  35 .
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PAC UL TATIVE POND III
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February 8, 1970

Weather condition — Windy

Temp. (0C)

depth(ffl A - l  F - l  34-1 F - Z  34-2 F - 3  DA-S

0 1 9 . 8  1 7 . 2  18.2 16.5 17.8 1 7 . 0  1 7 . 2

1 18.5 17.0 18.0 16.2 17.5 16.8 16.8
2 17.0 17.0 14.2 15.0 13.2 16.2 13.2
3 16.5 1 3 . 6  12.1 12.5 1 2 . 0  1 3 . 0  1 2 . 0

4 16.5 11.5 11.2 12.0 11.2 12.0 11.2
5 16.2 11.0 12.0 11.2
6 16.2 11.5 11.2
7 16.0 11.4
8 16.0 11.2

pH

depth(ffl ADUX F - l  Dfl-l F - Z  34-2 F - 3  34-3

0 7 . 4  8 . 2  8 . 6  8 . 9  9 . 4  9 . 4  9 . 4

1 — 8.2 8.6 8.9 9.2 9.2 9.3
2 7.4 8.1 8.2 8.3 8.7 9.0 9.0
3 — 7.7 7.8 8.2 7.8 8.8 8.9
4 7.3 7.6 7.3 8.0 7.4 8.7 8.6
5 - 7 . 4  7 . 7  8.5

6 7.3 7.6 8.3
7 - 7 . 5

8 7 . 3  7 . 0

Dissolved Oxygen (mg/i)

depth<f0 ADUX F-l Dfl—l F-Z BA—Z F-S 34-3

0 1.3 9.0 15.2 14.0 16.7 17.8 16.7
1 0 . 5  10.5 1 2 . 8  13.8 1 5 . 7  17.6 1 5 . 0

2 0 7 . 6  8 . 1  5 . 3  4 . 6  10.2 8 . 1

3 0 2 . 7  2 . 7  3 6 0 . 7  1.9 1 . 7

4 0 0.3 0 1.1 0 1.3 0
5 0 0 0.2 0.2
6 0 0 0 0
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