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effect of the pump's operation on the water quality parameters
of a stratified lake; (2) Optimize design for minimum head loss,
construct and evaluate a rigid diffuser for the lake destratifi-
cation pump; and (3) Determine the relationships of shaft power,
RPM and pump flow rate both with and without the diffuser.

The relationship between flow (Q) and power with a varying
propeller RPM was determined both without a diffuser and with an
optimum diffuser. The effect of the pump's operation on the lake
was determined by observing: temperature, dissolved oxygen,
alkalinity, pH, BOD5, surface turbidity, and composite algae
samples. The effect on fish was not observed.

Findings and Conclusions: The pump was capable of destratifying the

lake without the diffuser attached. The destratification
efficiency during this initial period of seven days was 6.0%.
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nearly zero. The destratification efficiency for this period
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CHAPTER I
INTRODUCTION

During late spring and early summer, the surface waters begin to
warm, as atmospheric temperatures increase, and a strata of less dense
water is formed above the cold bottom waters. As the surface strata
(epilimnion) warms and is wind circulated, the thermocline or middle
strata is developed and acts much as a diaphragm preventing surface-
induced circulation below that depth. Since waters below the thermo-
cline (hypolimnion) cannot be reoxygenated, they soon become void of
oxygen by chemical reduction processes and biological respiration,
forming a stagnant mass. As dissolved oxygen becomes depleted in
hypolimnion waters, many deteriorating chemical reactions occur leaving
the water mass high in hydrogen sulfide, phosphates, nitrates and var-
jous toxic metals (1).

0ligotrophic lakes do net exhibit anaerobic conditions in the
hypolimnion and therefore the water quality is net degraded as much.
Unfortunately, there are few oligetrophic lakes remaining. Most lakes
are eutrophic to a greater or lesser degree.

Reservoirs and natural lakes constitute a major source of water
supply for municipal, agricultural and other beneficial uses. Treat-
ment is required for a municipal water supply. Much of the time the
inlet structure will be located in the hypoelimnion. This peorer quality

water will often have taste and odor problems. The increased number of



impurities will raise the chlorine demand. The increased cost of treat-
ment makes pre-treatment in the reservoir a pessibility.

Hypolimnion releases often cause downstream fish kills and are
annoying to people in the area breathing the toxic hydrogen sulfide
gases released. Since the water is void or very Tow in dissolved oxy-
gen, it is not useful for stream flow augmentation and high concentra-
tions of undesirable chemical compounds may be released into the
streams (1).

Stratification and its effects are one of the most studied areas of
1imnology. Because of interest in the adverse effects of stratification,
efforts have been made to destratify reservoirs. Two major types of
destratification devices have been used: mechanical pumping of hypolim-
nion water to the surface, and release of compressed air or oxygen near
the bottom of a lake resulting in the movement and mixing of the water.

Most of these devices have been successful in destratifying lakes.
Improvement in water quality including oxygenation of the lower waters
has been observed. Unfortunately many of these devices were expensive
to operate or experienced breakdéwns allowing the lake to restratify.

A Tow-energy lake destratifier was deve]oped by Quintero and Garton
This pump was capable of pumping 0.674 cubic meters per second using
373 watts. It was an axial flow pump that moved water from the epilim-
nion to the hypolimnion. This study involved only the mechanical
aspects of the pump's operation. No data were collected on the effect
of operation on the lake's parameters such as temperature or dissolved
oxygen (2, 3).

Continued study of the Quintero and Garton destratification device

is reported in this research. The pump was modified including the



design of a rigid diffuser to optimize the reduction of head loss. The
effectiveness of the pump's operation on lake destratification was
determined by observing various physical-chemical and biological

parameters.
Objectives

1. Determine the effect of the pump's operation on the
water quality parameters of a stratified lake.

2. Optimize design for minimum head loss, construct and
evaluate a rigid diffuser for the lake destratification
pump.

3. Determine the relationships of shaft power, RPM and

pump flow rate both with and Without the diffuser.
Limitations of the Study

Since a raft and pump frame had already been constructed by the
department, this material was used. A 4.88 meter-long rigid diffuser
was constructed. Sheet metal used for construction came in lengths of
2.44 meters and the depth of the lake made 4.88 meters a suitable
length.

The maximum propeller RPM, and flow rates Q, were 1imited by the
373 watt e]ectr{c motor used in the study.

A 1imit was made on the number of physical and chemical parameters
investigated. Alkalinity, dissolved oxygen concentration, temperature,
pH, conductivity and turbidity were measufed. The only measurements
involving biological factors were the five day biochemical oxygen

demand (BODg) and the identification and quantification of composite



plankton samples. No attempt was made to study the effect of destrati-

fication on fish behavior or rate of growth.



CHAPTER 11
REVIEW OF- LITERATURE

Before attempting to- destratify a body of water whose natural condi-
tion is stratified much of the year, an understanding of thermal strati-

fication and its causes and effects is necessary.
Thermal- Stratification

Hutchinson, in- A Treatise on Limnology (4), describes the process

by which a cool lake in the spring is transformed ‘into a thermally
stratified lake in the summer.

The heating of a lake in the temperate latitudes begins
when' the entire body of water is near 49 C., the' temperature
of maximum density. If such water were of uniform trans-
parency and were quite undisturbed, radiation entering the
water surface and being absorbed exponentially would heat the
water at a rate falling exponentially from the surface, and
so would produce an exponential- temperature curve. Two
principal factors prevent such a process from taking place or
even being approached. First, evaporation will always cool
the surface layer, setting up convection currents. These
currents will be enhanced by back-radiation and loss of
sensible heat, especially at night. Second, the lake surface
will never be undisturbed: by the wind setting up: currents and
turbulent motion leading to mixing and downward transport of
momentum and heat.

The form of the resulting temperature distribution is
exceedingly characteristic. In all lakes of sufficient
depth, heating in the spring from a low temperature, the
water tends to become divided into an upper region of more or
less uniformly warm, circulating and fairly turbulent water
termed the epilimnion, and a deep, cold and relatively
undisturbed region termed the hypolimnion (4).

The zone of sharp temperature drop between these two regions is



termed  the Sprungschicht’ in’ Germany; the thermocline in America and the
discontinuity layer in England (5). The thermocline was defined by
Birge as that layer in which the fall- in: temperature exceeds 1° C. per
meter. Such a definition is quite arbitrary since in a warm lake a
thermocline of less than 1° C. per meter could-be stable. Hutchinson (4)
suggests defining the thermocline as the plane of maximum rate of de-
crease in temperature, or +in more formal terms the: plane defined by:

@ = d% = 0

dz° (2-1)

The .widely used term metalimnion is used to designate the whole of the
region in which the temperature gradient is steep. Figure 1 illustrates
the division of the three layers 1in a stratified lake.

The metalimnion is of special importance not only in
the mechanics of currents and mixing, but also in connection
with the biota in a lake. It divides the water mass into two
regions- characterized by fundamental differences. The epilim-
nion remaining under the influence of the atmospherge though
the turbulent currents that are created by every wind is kept
in motion, and any stratification set up in it can be only
transitory. The individual water particles travel between
the surface and the metalimnion through the many levels, as
do also the passively floating forms, of which the phytoplank-
ton are of particular interest. On the other hand, movements
in the metalimnion and the hypolimnion--if they occur at all--
occur predominately within the one level, permanent vertical
translocations of water particles take place only to a minor
degree. Above all, the metalimnion acts as a barrier between
the upper and the lower regions and prevents contact of the
hypolimnial water and of the organisms suspended in it (in
so far as they are not capable of independent movement) with
the surface, that is, with the air, and (when the depth is
great enough) bars them from the use of 1ight (5).

The more stable the stratification condition, the more energy that
would be required to break it. The expenditure of energy necessary to
upset an existing stratification or to bring it to a state where the
whole water mass would have taken on the mean temperature by mixing is

termed the stability of stratification. The idea of stability is



Figure 1. Typical Summer Thermal Stratification Pattern
After Symons, J. M. (6)



important since it gives a value for the resistance that a given state
of stratification is able to oppose the stirring effect of the wind and
thus also a value for the degree to which the hypolimnion of the lake
is shut off.

Since the center of gravity of a stratified body of water lies
Tower than that of an unstratified one (because denser layers are below)
Ruttner (5) defines stability as the work required to raise the center
of gravity an amount corresponding to its displacement downward from
its original position. This is equivalent to 1ifting the weight of the
whole lake by a distance equal to the difference between the two centers
of gravity.

A means of ca]éu]ating the effectiveness of a destratification
apparatus is suggested by Symons, et al. (6) Destratification efficien-
cy (DE) is defined by the ratio:

DE = Net change of stability from t] to t2 x 100
Total energy input from t] to t2

(2-2)
In their studies destratification efficiency values of from 0.2% with
mechanical pumping to 1.5% using a diffused air pump were reported.
" In the same study oxygenation capacity (0C) is defined by the
ratio: |

0C = Net change in oxygen balance from t] to t2
Total energy input from t] to t2

(2-3)

Values of oxygenation capacity ranged from 0.0% to 4.3%.



Eutrophication

During the past few years the word eutrophication has appeared in
newspaper and magazine articles about the environment. It has usually
been supposed to describe the process by which a beautiful lake or river
becomes converted into a body of water covered with decomposing blue-
green algae. The term was originally intended to mean the process of
becoming well fed. The eutrophic lake has a large supply of necessary
nutrients while the oligotrophic lake does not (7).

Eutrophication in combination with thermal stratification results
in extreme consequences; the most notable of which is the loss of
dissolved oxygen in the hypolimnion during the summer.

Figure 2 illustrates some of the differences between the oligo-
trophic Take (A) and the eutrophic lake (B). The curves give the typi-
cal late-summer temperatures and oxygen concentrations (02). The
oligotrophic lake is generally deeper and even though it is thermally
stratified, it does have much dissolved oxygen at all depths. The
eutrophic Take is generally shallower and during stratification the
hypolimnion will have Tittle or no dissolved oxygen. Examples of actual
temperature and oxygen curves from Lake Arbuckle in Oklahoma are given
in Figures 3 and 4 (8).

One of the symptoms frequently used to distinguish the degree of
the eutrophic state of a body of water is the algal standing crop. In
oligotrophic lakes, there are relatively small standing crops of algae
with a Targe diversity of genera. Highly eutrophic lakes genéra]]y
have large quantities of algae and few genera. An algal "bloom" occurs

when the number of algae per liter exceeds one half million (9).
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The water quality problems involved in the use of eutrophic surface
waters are a direct result of the proliferation of aquatic plants and
animals. Taste and odor due to algal growths are probably the most
frequent water quality problems related to eutrophication. The removal
of taste and odor by physical and chemical methods is quite expensive.
In a deep, thermally stratified lake, undesirable quantities of hydrogen
sulfide, iron, or manganese frequently arise when anaerobic conditions

occur in the hypolimnion (9).
Effects of Destratification

By definition, the primary effect of destratification is to break
the layers of thermal stability allowing the entire water mass to mix.
A column of water would be isothermal at all depths. At the same time
other physical and chemical parameters would be brought to some mean
value.

In the temperate zone most lakes are dimictic and naturally de-
stratify and mix twice a year, once in the spring and once in the fall.
The fall mixing has'more similarity with artificial destratification.
In the fall the hypolimnion may be anoxic and contain ammonia, hydrogen
sulfide and other undesirable materials. Upon mixing, the dissolved
oxygen may be dropped to zero or near zero. In combinatioh with other
toxic materials fkom the hypolimnion, fish kills may result naturally.

Artificial destratification generally would not cause a near
instantaneous turnover such as that occuring in the fall. However,
even if mixing is slower, dissolved oxygen concentrations can be lower-
ed, because of the heavy organic load that may be present in the

hypolimnion. An alternative is to continuously mix the Take beginning
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in the spring before stratification occurs. This way the hypolimnion
never becomes anoxic or builds up concentrations of toxic compounds.

Destratification generally results in a large increase in DO in
ﬁhe,hypo]imnion and some times a decrease in the epilimnion. This de-
c}ease in the epilimnion is thought to be due to the increased organic
load brought up from the hypolimnion by mixing. Mixing may eliminate
supersaturation of dissolved oxygen at the surface of lakes which
contain surface scums of blue-green algae (10).

Alkalinity, pH and carbon dioxide concentrations are directly
related to one another through the carbon dioxide cycle. During
stratification in a eutrophic lake the high photosynthetic rate at the
surface may deplete the free CO2 causing an increase in pH. ’In the
hypolimnion respiration produces free C02, lTowers pH and increases
alkalinity.

The immediate effect of destratification is a decrease in surface
pH and an increase in pH near the bottom (10, 11). Other changes near
" the bottom would include a reduction in both alkalinity and free C02.
Near the surface free CO2 would be increased.

The Quality Control in Reservoirs Committee of the American Water
Works Association (12) recommended artificial destratification to water
suppliers who are experiencing raw water quality deterioration in their
reservoirs as a result of anaerobic conditions in the hypolimnion caused
by thermal stratification. The general <improvement in water quality
reduced treatment costs enough to make artificial destratification
feasible.

Barnett (13) reported a defin{té.déé;é;se in chlorine demandudJF?géz

summer months after destratification. He also reported a reduction from
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$20,000 to $3,000 per year spent on controlling algae blooms. This
feservoir formed by C#sitas Dam is located in Southern California. The
coolest winter tempera®ure throughout the lake was about 12.8% C. After
three years of operation the average winter temperature had been raised
about 1,10 C. If unchecked this warming could become a problem. In
regions where the lakes are cooled each winter to about 4° c. or colder,
there would be 1ittle problem of continuously raising the lake's
temperature.

‘King (14) has suggested that the blue-green algae are more effi-
cient at obtaining CO2 from low concentrations than green algae, and
that under circumstances when pH is high, as in eutrophic lakes, blue-
green algae should predominate. Some‘species of blue-green algae have
been identified as the source of taste and odor problems. Shapiro (15)
investigated this hypothesis and found that by lowering pH and adding
nutrients to bags of lake water dominated by blue-green algae, there
was a shift to dominance of green algae. The addition of nutrients and
CO2 resulted also in a shift to green algae.

The mixing of a stratified lake is closely analogous chemically to
adding CO2 and nutrients. Symons, et al. (6) reported that when lake
water dominated by blue-green algae is mixed, the blue-green algae

decline and the green algae seem to become the dominant forms.
Methods of Artificial Destratification

There are two basic systems that have been used to thermally
destratify a body of water. They are mechanical pumping and the release

of compressed air or oxygen near the bottom of the lake.
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Compressed Air

The most simple use of compressed air is to release it from diffu-
sers along a pipe lying near the bottom of the lake. Oxygen can then
diffuse into the bottom water, but more importantly it sets the entire
mass of the lake in motion and can completely mix the lake. Major dis-
advantages are the high power requirement of air compressors, high
friction losses in the air lines and the inherent low efficiency of air
1ift pumps.

Lake Roberts in New Mexico was destratified using an air distribu-
tion system with porcelain microporous diffusers. The compressed air
supply was a 48.5 KW diesel powered air compressor. The lake had a
surface area of about 28.3 hectares and a capacity of about 120 hectare-
meters. Near the dam, the lake was 9 meters deep. Before mixing the
stability index was 2.02 KWH and after mixing 23 hours the index was
0.47 KWH. For this period the destratification efficiency was 0.14 per-
cent. After six days the stability index was reduced to 0.14 KWH and the
destratification efficiency reduced to 0.03 percent (11).

The Aero-Hydraulics Gun is a device using air. This is a Tow head,
high volume pump. Periodically air bubbles rise in a vertical tube to
promote piston action. The rising bubble forces water above it upward
and out of the pipe and entrains a volume of water behind it in the
vertical tube. The bubble shatters whkef- it reaches the top of the gun.
The water "shot" from the top of the "gun" behaves as a narrow turbulent
stream which entrains still further quantities of water along with
it (16).

Speece describes an efficient aeration technique known as the
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U-tube aeration system. Its name comes from the U-shaped path that the
water flow follows as air bubbles are injected (17).

) JBéfhhardt developed a hypolimnion aeration apparatus. The purpose
of the system was to aerate the hypolimnion without breaking the thermal
stratification of the lake. The system was used in Wahnbach Reservoir
near Siegburg, West Germany. According to German DIN standards drink-
ing water should be as cold as possible and not be warmer than 15° ¢.

A duct 2 meters in diameter and 21.3 meters long produced a flow rate of
1.92 cubic meters per second when air was supplied with a compressor =

with a power requirement of 36.5 KW (18).

Mechanical Pumping

Water has usually been pumped from the bottom to the top of the
lake (6, 19). The purpose is to pump cold, oxygen deficient water from
the hypolimnion to the surface where it can be reaerated by the atmos-
phere. Water can also be pumped from the surface down to the hypolim-
nion. Quintero used an axial flow pump capable of pumping 0.67 cubic
meters per second using 373 watts (2, 3). By this method warm, oxygen-
rich waters are pumped to the hypolimnion where the waters mix.

With the exception of the Quintero pump, most of the destratifica-
tion devices have high power requirements. Low operating cost is an
important consideration for any machine. Therefore power requirement
is an important design characteristic.

The flow pattern of the axial flow pump when flow exits the diffu-
ser could be approximated by a free turbulent jet. A free (submerged)
jet of turbulent fluid emerging from a circular nozzle at a Reynold's

number greater than 2500 entrains some of the miscible stationary fluid,
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and expands as shown in Figure 5. The outer limits of the jet are not

well defined, but form a cone of half angle about 10 degrees (20).

Design of Rigid Diffuser

Gibson (21) investigated the resistance to flow of water through
pipes having divergent boundaries. He found that a circular cross
section diffuser was more efficient than either square or rectangular
shapes. Figure 6 illustrates the relationship between head less and
the angle between divergent sides of circular pipes.

The equation used to calculate the loss in head due to enlargement

is:
Hy = Kk, (V2 - iy)°
29 (2-4)

where:

H2 = Loss of head due to enlargement, m

K2 = Less coefficient for expansion

V2 = Velocity before widening commences, mps

V3 = Velocity after widening has ceased, mps

The coeefficient K2 is formed by the cembination of wall friction effects
and large scale turbulence. In the case of a sudden enlargement, the
value of K2 is 1.0,

The optimum design of a diffuser can be illustrated using Figure 7.
This section consists of a straight taper pipe terminating in a sudden
enlargement. The case of a diffuser for the destratification pump
would be the same, except that the sudden expansion is intoe an infinite

lake.



Figure 5.
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Free Turbulent Jet Emerging from Submerged
Nozzle into Large Volume of Miscible
Fluid. The Expansion of, and Entrain-
ment by, the Jet are Shown Diagrammati-
cally. After Davies, J. T. (20)
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Figure 7. Diagram of Diffuser Terminating with a Sudden
Enlargement. After Gibson, A. H. (21)
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The loss is theoretically equal to:

2 2
Loss = k, (1 = V¥g)" + (V3 - Vp)
29 29 (2-5)
Since V2 is zero.
2 2
Loss = K, (V1 ~ V3) Yy
29 29 (2-6)

The coefficient K2 is a minimum when the angle is about 6 degrees.
As the angle is increased, K2 increases and the loss due to the first
term in Equation (2-6) increases. Meanwhile the second term decreases
as the angle increases. An optimum solution can be obtained by trial

of several angles.



CHAPTER III
EXPERIMENTAL EQUIPMENT
Pump

The axial flow type pump built by Quintero was modifigd and used in
this project. The three major parts of the pump are: a propeller, a
stationary casing and a diffuser (Figures 8 and 9). The modifications
included changing the propeller and designing a rigid diffuser.

The nine-bladed propeller (Figure 10) had an effective diameter of
1.06 meters. The chord angle of the blade varied from about 44° near
the hub to about 20° at the tip. The hub was 0.292 meters in diameter.
Quintero's propeller was the same diameter but had seven blades and the
pitch varied between 10° and 20°. Both propellers had been originally
designed for blowing air.

The pump body or casing (Figure 11) consisted of an air fan
housing shroud with a bell mouth type entrance having a radius of curva-
ture of 0.07 meters. A cylinder 0.737 meters long and with an inside
diameter of about 1.07 meters was added. A circular rim or 1lip 0.305
meters wide was added to the entrance.

Beneath the pump a rigid metal diffuser was installed. The length
was limited by the lake's depth and set at 4.88 meters. The inlet diam-
eter, D, was 1.07 meters. The loss in Equation (2-7) was calculated

for several values of the outlet diameter D3. The choice of optimum

23
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Figure 10.

Propeller and Current Meter
in Pump Casing

Figure 11. View of Casing
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dimension is independent of the inlet-velocity.

assumed as 0.91 meters.per second in order to calculate a head loss.

Table I is a summary of these calculations.

DIFFUSER HEAD LOSSES

TABLE I

Inlet velocity was

D3 N K, Loss
Meters Degrees Meters
1.83 8.9 0.15 0.0155
1.98 10.7 0.18 0.0149
2.13 12.5 0.20 0.0149
2.29 14.2 0.25 0.0171
2.44 16.0 0.27 0.060

The optimum outlet dimension was between 1.98 meters and 2.13

27

meters. The 2.13 meter dimension was selected because it was twice the

inlet diameter and had four times the inlet area.

some of his tests, used to determine Figure 6, with diffusers of the

same area ratio.

dimensions:

Inlet diameter
Outlet diameter

Length

1.07 meters

The resulting optimum diffuser had the following

2.13 meters

4.88 meters

Gibson (21) conducted
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The diffuser was constructed using a frame- of  structural steel
angles bent into hoops and connected with square steel tubing
(Figure 12). The interior was covered with sheet metal (Figure 13).
Floats were attached to the diffuser to balance its weight while in the

water, and to ease installation.
Supporting Structure

The pump was supported by a frame 1.83 meters long (Figure 14).
This dimension allowed the propeller blade to operate 1.22 meters below
the surface. A pair of gimbal joints (Figure 15) connected the frame to
the floating platform. The joints allowed the pumping unit to remain
relatively motionless while the platform rocked in the water. Attached
to the top of the frame was the electric motor, pulleys, shaft and

shaft bearing.
Platform

A wooden raft (Figure 16), 2.44 meters by 4.88 meters, held and
located the pump in the lake. The raft floated on 10 barrels and had a
floation capacity of about 1130 kilograms. Part of the floor could be
removed to allow raising the pump. A 2.44 meter A-frame with a winch

was used to Tift the pump.
Power Supply

A 120v/240v electrical power supply was brought from shore by an
underwater cable. A 373 watt Dayton electric motor was mounted on the
frame. For the powér and flow rate tests positive drive (timing belts)

was used fd avoid sTippage. Several different pulleys were used to vary



Figure 12.

Exterior View of
Diffuser
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Figure 13.

Interior View of Diffuser
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Figure 14.

Supporting Structure
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Figure 15. Supporting Frame with Gimbals

Figure 16. General View of Raft,
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the speed of the propeller shaft between 33 rpm and 56 rpm. The cali-
bration was made using a prony brake in the lab. This calibration curve
is Figure 17. During ordinary operation of the pump a V-belt drive

system was used.
Measuring Devices

The velocity of water flowing through the pump's throat was measur-
ed using a laboratory "Ott" current meter (Figure 10). A factory cali-
brated propeller 50 mm in diameter with a 0.05 pitch was selected. The
propeller was capable of measuring velocities in the range of 0.05 to
3.0 meters per second. The propeller calibration equation was used to
calculate the water velocity based on the revolutions per second of the
propeller. The instrument measuring the revolutions per second is shown
in Figure 18. The average throat velocity was measured using a system
proposed by Henderson (23). This system involved dividing the conduit
into six equal concentric areas (Figure 19). A velocity reading was
made at the center of each area and an average of the six areas was
taken as the average throat velocity.

Power input to the electric motbr was measured using a small scale
wattmeter. The prony brake calibration curve was then used to measure
the propeller shaft horsepower. Voltage and amperage were also measured.
The instruments were assembled as shown in Figure 20.

Temperature and dissolved oxygen profiles were measured using‘a
Tex—A-Dyne Mark IV oxygen monitor (Figure 21). This electronic device
was checked frequently using the Azide modification of the Winkler
method of determining dissolved oxygen as explained in Standard

Methods: (24).
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Figure 18.

Measurement of Velocity
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Figure 20.

Power Measuring Instruments
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Water samples at various depths were taken with a Van Dorn water
sampler (Figure 22). The pH was measured in the laboratory using a
Coteman model 37A portable pH meter.

Conductivity measurements were made using a Yellow Springs

Instrument Co. model 31 conductivity bridge.
Location of Equipment

Ham's Lake is a Soil Conservation Service flood detention reservoir
focated about five miles west of Stillwater, Oklahoma. The lake has a
surface area of almost 40 hectares and a volume of 115 hectare-meters
when at principal spillway elevation of 287.0 meters above sea level.
Area and capacity curves are shown in Figure 23. The deepest Tocation
1s about 9.5 meters. A map of the Take profile is shown in Figure 24,
Although it is a relatively shailow lake, it does exhibit thermal
stratification. The temperature difference between the surface and the
bottom is similar to deeper lakes in Oklahoma, for example Lake Arbuckle
In addition, oxygen stratification {s very pronounced. During summer
the surface water is supersaturated whiie the dissolved oxygen goes to
zero between three and four meters depth.

A caged catfish farming operation used Ham's Lake for several years.
During this time a heavy organic 1oad was built up from uneaten feed and
catfish waste. An example of the catastrophic events possible when a
stratified lake suddenly mixes occured in late August of 1972. An ex-
tended cool, clioudy spell had lTowered the temperature of the surface
water. Even though two surface aerators were operating among the cages,
the dissolved oxygen was reduced to between 2 mg/1 and 3 mg/1. During

one night the Take became unstable and the entire water mass mixed.



Figure 21. Measuring DO and Temperature Profiles
with Electronic Monitor

Figure 22. Van Dorn Water Sampler
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The dissolved oxygen dropped to very near zero while ammonia and
hydrogen sulfide were mixed throughout the water column. This combina-
tion of events was lethel to about 200,000 nearly market size caged
catfish, even those directly next to the aerators. As best could be
determined no free swimming catfish died. Apparently most swam up into
the necks and found areas where they could live. The cause of the fish
ki1l could partly be explained by the dense packing of fish in the cage
culture operation, though fish kills due to lake turnover have been

reported (11).



CHAPTER IV
METHODS AND PROCEDURE

A major objective of this study was to determine the effect of the
pump's operation on a stratified lake. Therefore, the lake was first
allewed to strétify. The pump was then operated for one week without
the diffuser attached, to determine if it was necessary in order for
the pump to destratify the lake. The pump was then operated the rest of
the season with the diffuser attached.

Eight stations were located by fleating markers on the lake. Each
day readings of dissolved oxygen (DO) and temperature were made at one
meter increments at each station. These readings were always made in
the morning beginning at 9:00 a.m. The electronic probe was used for
these readings and checked regularly using a standard thermometer and
the Winkler methed for DO. Each day a surface sample was taken from
near the platform to determine turbidity. This reading was made using
a spectrophotometer and a calibration to Jackson turbidity units.

Water samples were taken using the Yan Dorn water sampler. The
samples were taken from the platform until June 20; after that date a
station about 30 meters north of the platform was used. All water
samples were taken from 1, 3, 5, 7 and 9 meters below the surface.
Twice each week measurements of pH and conductivity were made using
laboratory instruments. Using the same samples, total alkalinity and

carbonate alkalinity were determined using the procedure from

43



44

Standard Methods (24). Carbon dioxide concentrations were determined

by nemograph (Figure 25) using the pH and alkalinity measurements. The
nomograph was constructed using data from Moore (25). Once each week
samples for determining the 5-day biochemical oxygen demand (BOD5) were

taken. The procedure from Standard Metheds was followed.

Composite algae samples were taken twice each week and preserved
using Lugel's selution. The composite sample was made by taking 125 ml
samples from the surface and 1 and 2 meter depths at several stations,
and mixing them together. The identification and counting of the algae
was done by an aquatic biologist.

The mechanical evaluation of the pump consisted of measuring the
shaft power, pump flow rate and propeller rpm both with and without
the diffuser, The propeller rpm was varied by changing pulleys on the
motor shaft. Observations of average throat velocity, propeller rpm
and watts were made for each conditioen.

Revolutions per second of the flow meter were recorded to the
nearest 0.1 rpm. One value was recorded for each pesitien of the flow
meter. The velocity in m/sec. was calculated for each reading using
the manufacturer's calibration curve. The average throat velocity was
taken as the average of the six readings for each of the six equal
areas.

The power input to the motor was measured to the nearest 1.0 watt.
Using the calibrations curve from the prony brake test (Figure 17),

values for power output of the shaft were determined.
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CHAPTER V

PRESENTATION AND ANALYSIS OF DATA

The data gathered in this research project falls into three
categories: physical-chemical, bielogical and mechanical analysis of

the pump and diffuser.

Physical-Chemical

Observation of physical-chemical parameters was used toe determine
the effectiveness of the pump's destratification capability. Changes in
these parameters are easier to measure and analyze than the biological

parameters.

Temperature and Dissolved Oxygen

The temperature and DO are probably the mest important parameters
that affect a lake. During periods of stratification aerobic biota are
excluded from the hypoelimnion by anoxia.

Figure 26 illustrates the changes in the temperature profile at one
station located about 30 meters from the pump. Other locations showed
similar profiles. On July 14 before any pumping was begun, the surface
water temperature was warmer than on June 29; however in deeper layers
the temperatures were nearly the same. On both dates strong temperature
stratification was observed. On July 14 there was a 13.5° C. tempera~

ture difference between the surface and the bottom. In the afternoon
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the temperature difference would be even greater since the surface often
warmed to near 30° C.

The pump was operated 9 1/2 hours on July 14 and operated contin-
uously after 9:00 p.m. on July 16. From July 16 to July 23 the pump
operated without the diffuser. The diffuser was installed during the
afternoon of July 23. The pump was then operated continuously until the
last week of October.

Operation of the pump without the diffuser for 9 1/2 hours on July
14 warmed the hypliminien water about 1,5° C. Also DO was present at
4 and 5 meters depths away from the platform. At the platform DO was
present at 6 meters. Before pumping, DO was absent at 4 meters every-
where in the lake. Since the pump had an effect on the hypelimnion even
though a diffuser was not used, the pump was operated for 7 days without
the diffuser. The lake warmed uniformly regardless of location. In
other-words, the temperature at a particular depth would be the same
whether it was near or far away from the pump platform. Figure 27
illustrates this fact with seven meter temperature readings taken at
several locations. Other depths show similar results.

On August 1 the temperature profile was nearly censtant at 26.5° C.
After August 1 the temperature difference in the water column was less
than 1° C. By August 16 the general temperature of the lake had in-
creased about 1° C. but the temperature profile was still nearly uni-
%Brm. Fall cooling is evident by the decreased but still uniform
temperature on September 5.

The warming of the lake from the start of pumping can be seen in
Figures 28, 29, and 30. First observation shows that the coldest water

at 9 meters warmed at the fastest rate. For about the first three days
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this warming was at an exponential rate. Similarity in the shape of
the curves can be seen at different locations. Station A-East was
located about 30 meters north of the pump and station SW-Neck was
about 600 meters to the southwest.

The changes in the DO regime are even more pronounced. Figure 31
shows the DO profiles for one of the same stations as the temperature
profiles. On June 29 the surface DO was 8.0 mg/1 and DO was zero below
5 meters. By July 13 the surface condition was similar but the DO
dropped from 7.2 mg/1 at 3 meters to 0 at 4 meters. Readings of DO
taken at sunset ranged as high as 10 to 11 mg/1. at the surface. This
highly supersaturated condition was due to the high rate of photesynthe-
sis occuring. On August 1, the first day that the temperature profile
was entirely uniform the DO profile ranged from 3.8 mg/1 at the surface
to 1.1 mg/1 at the bottom. This was a significant diuction in the sur-
face DO. The cause was probably the mixing of the SJfface water with
the high BOD water from the hypolimnion. Even moere significant was the
presence of DO at all depths. A general increase in DO had eccured by
August 16. The DO concentration was relatively uniferm altheugh not
saturated on September 5. More time was required to raise DO to a uni-
form level at all depths than was necessary to make the lake isothermal.
This was probably due to the high eorganic lead that was present in
Ham's Lake.

Figures 32 and 33 illustrate how the DO varied with depth after
pumping began. dxygen could be found at the Tower depths at the pump
earlier than at other locations. A longer period of time was required
to obtain uniform oxygen readings than was necessary to get an

jsothermal conditien.
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The raw data of temperature and DO profiles were too numerous to
make direct analysis of day to day changes practical. A computer pro-
gram, Table III, was developed that was capable of reducing these data
to a few parameters for each date. ThF parameters calculated were the
lake's elevation, velume and surface area, the weighted average tempera-
ture, the weighted average DO, the total mass of DO and the stratifica-
tion index. The weighted averages were calculated taking into account
the vo]umeiat each particular Tlevel.

The changes in the weighted average temperature and DO and the
stability index are graphed in Figure 34. The broken Tine on July 13
indicates the last day that no pumping occured. The solid line July 16
indicates that day en which continuous pumping commenced.

The average temperature was observed to increase both befere and
after mixing. The lake did net begin to cool until late August.
Although the surface temperature coeoled some after mixing, the average
temperature increased to a higher temperature than if the Take had not
been mixed. The heat budget of the lake was increased. The reason is
that the hypolimnion water had been warmed considerably.

The average DO generally varied between 5.0 and 6.5 mg/1 before
mixing. Unfortunately almoest all of this was at the surface. When
mixing began the average DO began to drop until it reached a low of
2°85 mg/1 on July 31. This drop was probably due to the oxidation of
G the high BOD water brought up frem the bettom. At ne time was the
surface DO near zero nor was a fish kill observed. The average DO
built back te its level before mixing, but DO was mixed throughout the

water column,
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The stability index is a measure of the resistance to mixing of a
stratified lake. The stability index generally tended to increase
during the warming period in June and early July. Variations in the
index occurred from day to day generally caused by the wind. On a
still day the top meter of water warmed up more than it did on a windy
day when the top 2 or 3 meters were usually well mixed. After pumping
began the stability index dropped sharply. By August 1 the stability
index was 0.033 KWH compared with 3.95 KWH on July 13 before mixing
began. After August 1 the index increased on some days, usually because
of the calm winds. Readings taken at dawn usually showed a nearly con-
stant temperature, indicating that the index dropped nearly to zero at

night.

pH, COo> and Alkalinity

The plots of the pH profiles for June 25 and July 13 on Figure 35
are typical of the enriched lake. A lake rich in nutrients is capable
of supporting a large crop of plankton. In the surface layers of the
Take exposed to sunlight, algae, carbon dioxide and water combine toget-
her by photosynthesis to preduce oxygen and sugar. Little photesynthe-
sis occurs in the hypolimnion since 1ight cannct penetrate to that depth.
Respiration still occurs there releasing COp- Since the hypolimnien
cannot mix, the CO2 is trapped. Carbon dioxide dissociates in water to
form carbonic acid. This reaction results in a pH decrease as the CO2
concentration increases. At about pH 8.3, the phenolphthalein end point,
no CO2 remains dissolved in water. Figure 36 shows that before mixing,
CO2 disappeared from the surface and increased in the hypolimnion. This

was accompanied by a pH generally above 8.5 at the surface. When COZ
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disappears photosynthetic algae use bicarbonate as a carben source.

The immediate effect of mixing was the reduction of pH in the sur-
face water and the increase of pH near the bottem. This was accempanied
by the return of free C02 to the surface and reductien of C@z near the
bottom. By August 1 the pH was nearly uniferm at about 7.7. Twice the
pH did rise above 8.5, the result of a bloom, but it fell back below
8.0 afterward.

For a menth before mixing, carbenate alkalinity was present at 1
meter and sometimes at 3 meters. As stratification became more intense
total alkalinity in the hypelimnion increased. Pumping lowered the
total alkalinity in the hypelimnion in a few days. A general decrease
in the total alkalinity threughout the water column developed in the
long run. Carbonate alkalinity was reduced to zero by July 30. Only
on two occasions afterwards was carbonate alkalinity present and then

only fer a short time.

B@D5

The mest striking feature of the B‘@D5 profiles in Figure 37 was
the increase in BOD5 in the hypelimnion during stratification and the
rapid decrease after mixing. Figure 36 shows that relationship among
BO!S, pH and C02. The sharp increase in BOD5 at 9 meters before mixing
was accompanied by an increase in CO2 and a slight decrease in pH.
Mixing allowed the organic material near the bottom of the lake te
oxidize since oxygen was then available. The C02 stored in the hypolim-

nion and the C02 preduced by the oxidation of organic matter resulted

in a moere uniform distribution of C@z throughout the water column.
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The availability of 002 also resulted in the reduction of pH in the

surface water.

Specific Conductance

Specific conductance yields a measure of a water's capacity to
convey an electric current. This property is related to the total con-
centration of the ionized substances in a water and the temperature at
which the measurement is made (24). Specific conductance followed a
pattern similar to other physical-chemical parameters. Figure 38
illustrates how specific conductance was stratified before mixing was
begun on July 16. By July 24 the stratification was less sharp and on
August 3 conductance was uniform top to bottom. The data in Table VII
of the appendix shows a reduction of conductance in August and September.
This was due to the heavy inflew from increased rains during that time.
The unusually Tow conductance and alkalinity figures for September 28
at 7 and 9 meter depths were probably due to heavy rainfall September 26

that raised the lake level about Q.3 meters.

Turbidity

Surface turbidity (Figure 39) measurements showed 1ittle change due
to the mixing. The range was between 10 and 21 Jackson turbidity units.
Usual readings were in the mid teens both before and after mixing. The
increase in turbidity September 14 was due to heavy runoff from a rain

storm.
Biological

Collection of biolegical data was limited to collection of plankton
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samples. No analysis of fish behavior or production was made. The
identification and counting of the plankten samples was done by a
biologist. The results are given in the Appendix.

For initial analysis the plankton was divided into four groups:
green algae {Chlerophyta), blue-green algae (Cyanophyta), flagellates
(Euglenophyta and Pyrrhophyta) and diatoms (Chrysophyta). Numbers of
these groups graphed versus time are given in Figure 40. The numerical
scale is legrithmic.

Early in June flagellates especially Euglena predeminated. Blue-
greens hit a small peak June 29 and then dropped until July 6. Their
numbers began building before pumping began and peaked July 19 with
bleom proportions. The blue-greens dropped sharply and did not build
back until a month later. Flagellates again hit a brief peak near the
end of July. On August 6 all types of plankton except diatoms had very
low counts. Diatoms began a quick growth rate and maintained high
numbers for about a menth and a half. Cyclotella was the most commoen
diatom but Melosira became more important late in the season. Blue-
greens built up to bloom proportions again in late August, and remained
high through September.

The expected shift in predominance from blue-green to green algae
apparently did not occur. Comparison of the counts observed showed
that blue-green algae were more numerous. Some of this may be mislead-
ing since some of the green algae forms had cell velumes larger than
the blue greens, and could still have a similar biomass even with
smaller numbers (26). There were changes in the types of blue-green
algae present (Figure 41). Before mixing Anabaena and Microcystis

(Anacystis) predominated. At the onset of mixing Dactylococcopsis
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appeared and became the dominant blue-green. Sometimes it was present
in numbers as high as 1,130,000 per liter. Frequently both Microcystis
and Anabaena are mentioned as being "nuisance" algae. After mixing
both of these algae were reduced in number and sometimes disappeared.
Dactylococcopsis has not been identified as being as troublesome as

Anabaena or Microcystis.
Analysis of Pump

Pump Operation

Originally it had been thought that the diffuser was necessary not
only to reduce head loss but also as a conduit to move the pumped sur-
face water to the hypolimnion. The power and f]owArate measurements
were first taken without the diffuser. Before installing the diffuser,
the pump operated during hydraulic testing for 9 1/2 hours on July 14.
Even though the exit of the pump was only 1.8 meters below the water
surface, apparently the pumped water had enough energy to penetrate the
thermocline located between 3 and 4 meters depth. That night when the
pump was shut off the hypelimnion water temperature had risen about 10
C. Earlier observations showed that the hypelimnion temperature did not
change prior to pumping.

The pump was continuously operated without the diffuser from 9:00
p.m. July 16 until 1:30 p.m. July 23. The pump was operated using the
18-tooth pulley with timing belt. The rotation was 37 rpm, the flow
rate 0.666 cubic meters per second and the power 261 watts. The rigid
metal diffuser was installed during the afternoon of July 23. The 18-
tooth pulley was still used but the flow rate increased to 0.773 cubic

meters per second and the power decreased te 194 watts. On August 2
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a V-belt drive system was installed. This drive rotated the propeiler
at about 44 rpm.

The V-belt drive was used during ordinary operation because of the
increased life of the belts. The timing belts were used earlier to
obtain a given speed ratio and were used in calculating the power

calibration curves (Figure 17).

Analysis of Pump Design

Comparison of the power and flow rate characteristics for the pump
are shown in Figure 42, Data for the Quintero pump are for conditions
with and without a flexible fabric diffuser (3). The diffuser dimen-
sions used are 4.88 meters long with an entrance of 1.07 meters diameter
and an exit of 2.13 meters diameter. The rigid metal diffuser had the
same dimensions. The Quintero data were obtained using a propeller
blade with less pitch but faster rotation.

At a constant 373 watts compare the flow rates for the four condi-
tions in Figure 42. Using the Quintero data there is a 32% increase in
flow due to the diffuser. The same 32% increase was found using the
Steichen data. However, comparing the two conditions both with and
without the diffuser, there is a 49% increase in the Steichen data.
This would indicate that there was little improvement in efficiency due
to the rigid metal diffuser compared with the plastic fabric diffuser
used by Quintero. A1l of the improvement could apparently be explained
by using the different propeller blade.

A similar comparison was made at 224 watts. The results were not
as uniform. The fabric diffuser resulted in a 24% improvement while

the metal diffuser showed a 33% improvement. Using the different
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propeller increased the flow 33% without a diffuser and 42% when the
diffuser was used.

At the Tower flow rate, the rigid diffuser appeared to be a 1ittle
more efficient. The propeller, with sharper pitch and which rotated
slower, showed a definite improvement in efficiency at all powers.

The improvement was greatest at the higher power requirements. -At 373
watts, which is a good operating range for this pump, there was no dif-
ference in the effectiveness of the two diffusers. Since a fabric
diffuser is much easier to build and install, a fabric skirt would be a
good choice for a future pump.

Calculation of the theoretical flow rate of the propeller was made
using the measured chord angle of the blade and assuming stationary
water. This theoretical flow rate of 0.988 m?rev compared with 1.24
ﬁ?fev when the pump was operated at 48 rpm with the diffuser attached.
This is a 25% increase in flow rate over the theoretical. One probable
explanation is that the flow rate is more strongly affected by the exit
angle of the blade rather than the chord angle. This exit angle varied
from 59 degrees at the hub to 37 degrees midway and 35 degrees at the
tip. The theoretical flow rate calculated using the exit angle is 1.54
ﬁ?rev. Another factor was that the water was not stationary.

Pre-whirl is the term referring to the rotation of the fluid before
the impeller. Pre-whirl can be either positive (I) if rotationiis in
the same direction as the impeller or negative (II) if in the opposite
direction (27). The ang]eo<1 is not then a right angle. Figure 43 is
the inlet velocity triangle for a pump with pre-whirl. The peripherial
velocity of the impeller iscxﬁ. the inlet velocity of the fluid is C1»

while W, is the relative velocity. Positive pre-whirl reduces the
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relative velocity which in turn reduces the theoretical head and allows
an increase in flow rate.

The current meter used a component propeller which measures the
axial speed component of eblique water currents within an angle of
deviation up to 36°. Since the flow is spiraling a rotating current
meter will be affected by it. The velocity indicated by the current
meter was low because the current meter rotated in the opposite direc-

tion of the pump. The error was probably less than 10 percent.

Effectiveness of Pump

The best way to measure the effectiveness of a destratification de-
vice is to measure the destratification efficiency defined in Equation
(2-?}° Daily measurements of stability index are given in-the Appendix.
Fof‘the first data analyzed the pump operated without the diffuser for
170 hours and used 44.4 5Wﬂ of energy. During this time the stability
index dropped from 3.95 KHH to 1.30 KWH. The destratification efficien-
cy was equal to 6.0%

By extending the period of analysis to August 1, when the lake was
fully circulating, another efficiency can be calculated. The pump was
operated for'a total of 377 hours and used 84.5 KWH. The stability in-
dex on August 1 was 0.033 KWH. The destratification efficiency was 4.6%

Table II compares destratification efficiency for several other de-
vices. This pump was found to be a very efficient destratification de-
vice in comparison. Several days were required to totally mix the lake.
This can be an advantage since a nearly instantaneous overturn is not
usually desired. This device would also be useful as:-a stratification

prevention device, if operation is begun before the lake stratifies.



TABLE II
COMPARISON OF VARIOUS DESTRATIFICATION EFFICIENCIES

Surface Max fmum Destratification
Dates of Volume Area Dept Efficiency

Lake Mixing Method Ha.- M. Ha. M. %
Ham's 7/16 - 7/23/73 Mechanical Pump 115 40 9 6.0
7/16 - 8/ 1/73 4.6
Roberts 23 hours Diffused Air 121 28 9 0.14
74 hours 0.04
144 hours 0.03

Boltz 8/ 6 - 9/10/65 Mechanical Pump 358 -39 19 0.2
6/ 2 - 6/ 7/66 Diffused Air 1.5

Falmouth 6/10 - 6/15/66 Diffused Air 567 91 13 0.9

9./



CHAPTER VI
SUMMARY ANB CONCLUSIONS

The objectives of this study were to: (1) Determine the effect of
the pump's operation on the water quality parameters of a stratified
lake; (2) Optimize design for minimum head loss, construct and evaluate
a rigid diffuser for the lake destratification pump; and (3) Determine
the relationships of shaft power, RPM and pump flow rate both with and
without the diffuser.

Ham's Lake, near Stillwater, Oklahoema, was chosen as the site of
this experiment. The water quality parameters observed were: tempera-
ture, dissolved oxygen, turbidity, pH, alkalinity, cenductivity and
biochemical oxygen demand. Composite algae samples were also taken.
The lake was allowed to stratify. Beginning July 16 the pump was
operated for one week without the diffuser. The rigid diffuser was
installed and the pump was then operated continuously until late
October, when natural fall mixing was underway.

Measurements of the pump's power input, shaft RPM and flow rate
were taken both with and without the diffuser attached. Pulleys.were

changed on the moter, varying the shaft RPM.
Conclusions

1. Within two weeks the pump completely destratified the
lake thermally.
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A longer period of timguwas necessary to destratify dissolved
oxygen than was necessary for thermal destratification.
Although there were some changes in algae species predominat-
ing in the lake, there was no real shift from blue-green

to green algae predominance.

The pump was capable of destratifying the lake without the
diffuser attached. The destratification efficiency during
this period of 7 days was 6.0%.

Fifteen days of operation were required to lower the stability
to nearly zero. The destratification efficiency for this
period was 4.6%. Destratification of all physical-chemical
parameters was observed.

No significant improvement in diffuser efficiency was found
in comparing the rigid metal diffuser with the flexible
fabric diffuser.

Use of the propeller with a pitch varying from 44° at the

hub to 20° at the tip resulted in as much as 49% more flow

at the same power as a propeller with pitch from 10° to 20°,

Recommendations for Further Study

1.

A long-term biological study of the effect of lake destratifi-
cation should be conducted in various geographical regions.
Model studies are necessary to determine the proper dimension-
less parameters needed to fit pump design to a lake.

Design and operate a large-scale model on a larger and

deeper lake.



4,

Consider operating a pump powered by the wind, so that
fuel or electricity would not be needed in an isolated

place.
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TABLE III
PROGRAM FOR CALCULATING STABILITY INDEX

R !

80/80 LIST

0000000001111111111£222222222333333333344444444445555555555666666666617T7T7771771718
12345678901234567890123456789012345678901234567830123456789012345678901234567890

cCCCOaOEC

510
500

201

202

600

90
16

15

30

31

50

DIMENSION T(10,10),0D(10410)ySUMT(10),SUMO(10), TAVE(10} 40AVE(10)

$,DATE(5)

WRITE(6,4500)

FORMAT (1H1)

KT=0

WRITE(6,201)

FORMAT (3X 4 *DATE' 47X, *ELEV*y 8Xy *VOL " 58Xy YAREAY 36Xy YAVE® 48X 9" AVE? 44X

Ly 'OXYGEN® 95Xy "'Sele!? s7Xs¢Selet)

WRITE(64202) .
FORMAT (15X s " FT* 43Xy ' AC-FT" 9 BX2*ACYy 60Xy "TEMP * 48X, 'DO %y TXy "KG 1y TX, 'K
1G-M*,6Xy *HP=HR")

WRITE(6,600)

FORMAT (/)

N IS THE NUMBER OF STATIONS

ELEV = STAFF GAGE READING IN FEET

READ(5416) Ny(DATE(I) sI=145),ELEV
FORMAT(1244X45A24F10.0)

IF(N.EQ.99) GO TQ 99

1 IS THE DEPTH -~ 1 IN METERS J= STATION #
READ(5,15)((T(14J),00(14J)91=1,10)+J=1,4N)
FORMAT(20F4.1)

CALCULATE AVERAGE TEMP AND 0D FOR EACH DEPTH
DO 31 I=1,10

SUMT(I)=0.

SuMa(1)=0.

NN=0

DO 30 J=14N

IF(T(I+J)«EQ.0.) GO TO 30
SUMT(I)=SUMT(I)+T(I,J4)
SUMO(I)=SUMO(I)+0D(1.+J)

NN=NN+1

CONTINUE

TAVE(I) = SUMT(I)/NN
OAVE(I) = SUMO(I)/NN
CONTINUE

TLAKE = LAKE TEMP USeES 1T

R= DISTANCE FROM SURFACE TO CENTER OF 4ASS OF LAKE

kXM= R * LAKE MASS

RR= DISTANCE FROM SURFACE TO CENTER OF MASS OF MIXED LAKE
VXR= VULUME * R USED TU FIND RR

0XKG= DISSOLVED OXYGEN, KG.

AVDO = D3 IN MG/ LITER

TT=0.

RXM=0.

FMASS=0.

VXR=0.

0x=0.

DC 50 I=1,9

TT=TT+ ((TAVE(I)+TAVE(I+1))/2)%VOL(ELEV,I])

OX=0X+( (OAVE(I) +0AVE(I+1))/2)*%VOL{ELEV,I)

RXM=RXM+( ( (DEN(TAVE(I))+DEN(TAVE(I+1)))/2)%VOL(ELEV,1)%(1~0.5))
FMASS=FMASS + (( (DEN(TAVE(I) ) +DEN(TAVE(I+1)))/2)%VOL(ELEV,1)}
VXR=VXR+{VOL(ELEVs1)*(1-0.5))

CONT INUE



TABLE III (Continued)

80/80 LIST

85

00000000011111111112222222222333333333344444444445555555555666666666677777777713
12345678901234567830123456789012345678901234567890123456789012345678901234567890

(g}

TT=TT+(TAVE(10)*VOLL (ELEV,9))
OX=0X+(0AVE(10)*VOLL(ELEV,9))
TLAKE=TT/VOLL(ELEV,0)

OXKG=0X#*10.

AVDO=0X/VOLL(ELEV,0)

RXM=RXM+( (DEN(TAVE(10))*VOLL(ELEV+9})%9.5)
FMASS=FMASS +(DEN(TAVE (10} }*VOLL(ELEV,9})
R=R XM/FMASS

VXR=VXR+( VOLL(ELEV+9)*%9.5)

RR=VXR/ VOLL(ELEV,0)

SI=STABILITY INDEX, KG-M

SI=(R~RR)*FMASS *1.0E7

SIHPR= STABILITY INDEX, HP-HR

SIHPR=(SI/1.0E7)%*36.529

ALT=923.,8 + ELEV

VOLUM=VOLL(ELEV+10)*8.107

AREAL=AREA(ELEV)

WRITE(69200)(DATE(I)sI=195),ALT,VOLUM,AREAL, TLAKE yAVDO ,0XKG»
*SI4SIHPR

200 FORMAT(1X45A2+FB8.2yF12.293F10.2+2F10.0,F10.4)

KT=KT+1

IF(KT.EQ.35) GO TO 510

GO TO 90

99 WRITE(6,500)

sToe

END

CALCULATES VOLUME IN HECTARE-METERS FOR GIVEN 1 M SLICE

FUNCTION VOL(ELEV,I)

I11=1-1

D=((ELEV+18.2)%0.3048)-11

VOL1=(~0s701202%D)+{0.67526%(D*¥2))-(0,097973%(D%**3))+(0.0118222%(D
$%%4))

D=p-1

VOL2=(-0s71202%D) + (0. 67526% (D¥k%2) } - (0.,097973%(D%*3))+(0.0118222%(D
$%%4))

vOL=vOLl-vOL2

RETURN

END

CALCULATES VOLUME IN HECTARE-METERS BELOW I DEPTH

FUNCTION VOLL(ELEVsI)

D=((ELEV+18.2)%0.3048)-1

VOLL=(=0,.71202%D}+(0.67526%(D*%2))=(0.097973%(J%*%3)}+(0.0118222%*(D
$%%4))

RETURN

END

FUNCTION DEN(T)

DEN=0.999868508517322 DO +(0.671760015421274 D-4%T)=-(0.89302500826
$9373 D-S%T*¥2)+(0.861137053280717 D~T*T**3)~(0.,616235641457997 D-9
$kT*%4)

RETURN

END

CALCULATES SURFACE AREA IN ACRES

FUNCTION AREA(ELEV)
D= ELEV + 18.2

AREA=(1.00277%D) ~(0.11605%D%%2)+(0.0065715%D%%3)-(0,00005537*D%*4

$)
RETURN
END




DATE

JULY
JULY

JULY
JULY
JULY
JuLy
JULY
JuLy

286.92
286.91
287.00
286.99
285,98

286497

286.97
288.590
286495
286.3%4
286.93
286.93
286+ 92
286.90
286.90
2864389
286,88
286.86
286485
286 .84
286.83
286.86
286.81
286480
286.80
286.79
286.76
286.75
286.75
286.74
286.73
286.71
286,70
286.69
286459

VoL
HA=-4

112.3
11l1.7
115. 4
1i5.1
li4.4
114.2
li4l.2
113. 5
113.6
112.9
112.7
112.5
112.2
1ll.4
111.4
111.1
110.5
109.7
109.3
109.1
108.7
109.9
107.9
107.6
107.3
106.9
105.7
105.5
105.5
105.3
104.9
104.0
103.8
103.4
103.1

TABLE 1V

AREA
HA

39.4
3%.2
40.2
40.1
39.9
39.9
39.9
39.8
39.7
39 .6
39.5
39.4
39.4
39.1
39.1
39%1
38.9

38.7

38.6
38.5
38.5
38.8
38.2
38.2
38.1
38.0
37,7
37.6
37.6
37.6
37.5
37.2
37.2
37.1
37.0

AVE
TEMP
C

21.8
19.8
20.7
20.9
21.3
21.7
22.0
22.5
22.8
24.0
24.1
24.3
24'5
25,0
23.5
23.7
24.0
24.3
2446
25.2
2542
25.2
25.9
264
2645
26.8
27.0
26.8
26.7
26.8
26.6
257
26.0
26.2
26.3

* 5

PRV AVMOVUVVUUVGUUVUREVUVILVOUC G N~NGC OO U4

¢ o ® o & 0 4 0 o 0 ¢ o

FPAdWOOONPOWONOCOVMIVWIROOV =R OFOMFNUWEWOY

STABILITY INDEX AND OTHER LAKE PARAMETERS

OXY GEN

KG

5535,
6552,
1246,
7780.
7218.
7375
1394.
8136.
8462.
6809.
6893,
6594,
6792«
6049%.
5650.
6137.
6373
6620,
7239.
6350.
5787.
6013.
6009.
6722,
6334.
5704.
6092.
5732.
6008 .
630%.
6057.
5127.
546l1.
4856.
4582.

SQI.
KWH

3.06
0.77
1.60
1.58
l.26
1.51
2.10
2.63
2.80
3.78
3.93
4. 09
4.97
3.65
2.55
3.10
3«48
2.91
3.11
3.57
3.44
3.42
4. 09
4031
4.62
4.71
4.51
4011
4.19
4.27
3.96
2.90
3.00
2.89
2.28
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TABLE IV (Continued)

DATE ELEV voL AREA AVE AVE OXYGEN Sel.
bl HA=M HA TEMP Do KG KwWH
C MG/L

JULy 29 285 .08 102.9 36.9 2644 5.2 5381. l.36
JUuLy 21 285.66 102.3 36.8 2640 34 3521. 0.96
JUuLY 23 286406 102.2 36,7 27,0 3.6 3695. 1.30
JULY 24 286.65 101.7 3646 27.1 4.0 4043. 1.37
JULyY 25 286.68 102.9 36.9 27.2 3.8 3909. 1.23
JULY 26 286 .67 102.6 36.9 27.0 3.2 3236. 0.84
JUuLy 27 280.66 102.3 36.8° 27.2 3.9 3949. 0.87
JuLy 30 286.76 105.7 37.7 26.9 3.7 3946. 0.48
JULY 31 285.75 105.5 37.6 26.6 248 3005. 0. 05
AUGUST 1 286474 105.2 37.5 2645 3.2 3325. 0.03
AUGUST 2 286.73 104.9 37.5 26.5 3.3 3478. 0.08
AUGUST 3 286.73 104 .6 37 .4 2645 3.7 3883. 0.12
AUGUST 6 286.69 103.4 37.1 26.0 4.6 4796 . 0.03
AUGUST 7 2806 .09 103.2 37.0 26.0 64 6589. O.11
AUGUST 8 286.67 102.6 36.9 26.3 6,1 6261. 0.15
AUGUST 9 286.32 108. 1 38.3 26.0 5.7 6203. 0.22
AUGUST 10 286 .82 108.1 38.3 26.4 5.7 6130. 0.48
AUGUST 13 286.79 106.9 38.0 27.0 4.9 5233. 0.51
AUGUST 14 286.79 106.9 38.0 27«1 4.8 5096. 0.55
AUGUST 16 236477 106.2 37.8 27.6 4.8 5051. 0.22
AUGUST 17 286476 105.9 37.7 27.38 5.7 6038, 0.41
AUGUST 20 286.74 105.0 37.5 28. 4 5.3 5562. 0.67
AUGUST 21 286.73 104 .8 374 28.6 4.5 4734, 0.72
AUGUST 22 286.72 104.5 37.3 28.5 3.7 3866 . 0.40
AUGUST 23 286.71 104.1 37.3 28.0 3.4 3505. -0.04
AUGUST 24 286.70 103.8 37.2 27.8 3.1 3211. -0.01
AUGUST 27 286466 102.3 36.8 2842 6.5 6648 . 0.83
AUGUST 30 286.63 101l.1 36.5 28.1 6.6 6703. 0.42
AUGUST 31 286.62 100.8 36.4 27 .7 7.0 7016. 0.29
SEPT 5 236.69 103.3 37.0 25.8 6.2 6421. - 0.02
SEPT 17 286491 111.8 39.3 22.7 4.7 5261. -0.03
SEPT 22 286492 112.3 39.4 23,0 6.0 6702. 0.50
SEPT 28 287.21 124.5 42.4 22.7 6.1 7612. 0.35
ocT 3 287.09 119.3 41.1 23.1 T4 8799 . 0.98
acT 18 . 287.09 119.3 4l.1 19.6 48 5781. 0.05

L8



DATE

MAY <24
MAY 29
MAY 31
JUNE 1
JUNE 4
JUNE 5
JUNE 6
JUNE 7
JUNE 8
JUNE 11
JUNE 12
JUNE 13
JUNE 15
JUNE 18
JUNE 20
JUNE 21
JUNE 24
JUNE 25
JUNE 26
JUNE 27
JUNE 28
JUNE 29
JULY 2

JUuLy 3

JULY 5

JUuLY 6

JUuLy 9

JULY 10
JUuLY 11
JuLy 12
JULY 13
JULY lo
JULY 17
JULY 18
JJLY 19

2349
203
21.8
21.7
21.5
224
234
24.2
2445
25.9
26.1
2645
27.1
2645
2%e5
25.3
25.9
25.5
25.8
27.0
264 6
2645
27.8
2843
2846
28'8
28.8
28.2
28¢ 4%
2£8.6
28.1
26.7
27.1
27.38
274

TABLE V

AVERAGE TEMPERATURE PROFILES

1

23.5
20.1
21.6
2240
21.8
22.4
23.2
2441
24,5
2642
26,4
26.8
27.2
2645
24.5
25.2
25.8
25.5
25.8
26.6
264 7
26.6
27.7
28,2
28.6

28.9

28.9
284
28¢5
28.6
28.2
26.9
27 .4
27.9
27.5

2

23.2
20.1
21.2
2143
21.8
2z.2
22.6
23.1
23.7
2640
2643
25.9
26.9
2645
24.5
24.8
25.4
25.5
25.8
2643
26.6
2646
27.6
28.1
28.4
28.7
26.8
28.5
28.4
28.5
28.2
27.0
27.4
27.5
27.4

AVERAGE TEMPERATURE,
DEPTH,

CELSIUS
MET ERS
3 4 5
2l.1 19.2 18.5
19.9 19.7 19.4
20,2 19.8 19.4
205 19.9 19.6
2le6 21.0 2045
22,0 21.2 20.5
21.8 20.9 20.2
22.0 21.0 20.0
22.1 2l.1 20.2
2246 21+2 20.3
22.7 2le1 20.1
23¢1 212 2042
24.4 19.3 18.0
264 2246 2046
24.5 22.8 20.4
2403 22.4 20.1
24,1 22.4 20.0
25.4 24.5 20.8
25.7 24.5 20,7
2640 2446 21.0
26,0 24.5 21.4
2549  24.6 2l.6
26.39 24.6 21.4
272 2447 21.9
270 24.5 21.6
27.5 24.7 21.7
2844 25.2 21.8
284 25.5 2240
28.1 25.4 22.0
28.1 25.4 22.3
27.9 }25.7 22.1
26.9 25.3 22.5
26.6 24.1 23.1
25.7 23.7 23.1

26,0 | 24.1

23.5

17.7
19.1
18.9
19.2
19.7
19.6
19.5
19.5
19.4
19.5
19.4
19.4
18.0
19.3
19.3
18.9
1l8.7
13.7
18.8
19.0
19.1
19. 4
19.0
19.4
19.0
19.1
19,1
19.1
19.4
19.0
19.3
20.8
21.5
22 5
23.2

16.6
18.5
1845
lu.6
18.6
18,0
18.5
18«4
18.5
18.4
18.3
18.4
16.6
18.3
18.1
17.8
17.7
178
17.6
17.8
17.9
17.4
17.8
17.6
17.5
17.5
17.6
17.5
17.4
17.6
18.6
20.0
217
228

15.0
16.0
16.3
6.6
16.9
17.2
16.5
17.2
loe.7
l6.7
16.7
16.6
16.6
16.6
16.4
16.2
16.1
16.2
l6.1
16.0
16 .2
16.1
15.9
15.9
15.8
15.9
15.8
15.9
15.9
15.8
15.8
15.8
18.1
20.9
22.5

88

13.8
14.5
l4.4
14.8
15 .4
15,06
15.5
14.9
15.2
15.2
15.2
15,2
15.1
15,2
14.9
14.5
14.6
14.6
14.7
14,7
14.8
14.8
14.6
14 .56
14.6
14.5
l4a5
14.6
14.5
14.6
14.5
1545
15.8
20.0
2le3



DATE

JULY 20
JuLy 21
JULY 23
JULY 24
S JULY 25
JULY 26
JUuLY 27
JULY 30
JULY 31
AUGUST
AUGUST
AUGUST
AUGUST
AUGUST
AUGUST
AUGUST
AUGUST
AUGUST
AUGUST
AUGUST
AUGUST
AUGUST
AUGUST
AUGUST
AUGUST
AUGIST
AUGUST
AUGUST
AUGUST
SEPT 5
SEPT 17
SEPT 22
SEPT 28
aCcT 3
9CT 13

27.1
26. 4
23.2
2862
28.2
27.6
27.7
2Te2
2646
2666
2665
2046
26.0
2661
264
26.2
26.7
é’ l3
27.5
27.8
28.0
29.0
29.2
2848
23.0
27.7
29.0
2845
28.1
25.8
2246
23.c
22+ 8
2340
19.5

TABLE V (Continued)

AVERAGE TEMPERATURE, CELSIUS

1

ZT.O
2665
27.8
2749
27.9
27.5
276
27.1
2646
2645
2665
2665
2640
26.0
26 .4
2641
26,7
273
27.5
277
28.1
28.8
29.1
287
28.0
27 .7
28.8
28.2
27 .8
25.8
227
23.2
22.8
2345
19.6

DEPTH, METERS
2 3 4

2648 26.71 25.9
26.4 26.0 2541
27.3 2643 25.9
27.4 [ 2644 . 25.8
27.3 26.7 2642
272 26.7) 2644
275 2648 2645
2649 2647 2646
2646 26,6 2646
26e5 2645 2645
26e5 2645 2645
26,5 2645 26e4
2640 2640 2640
25.9 25.9 25.9
26,2 2642 26a1
25.9 25.9 25.8
264 2601 2640
27«1 2648 26.7
27.0 26.7 26417
2746 275 2T.4
27.7 27.6 21.5
2842 28.0 27.9
28.6 28.2 28.1
26+6 28.5 284
28.0 28.0 28.0
278 27.8 27.8
28.2 21.1 21.5
2801 27.8 27.7
27.7 27.5 27.6
25.8 25.8 25.8
22.7 22,71 22.7
23.2 23.1 22.8
22.7 22.1 22.6
23e4 2341 22.9
19.7 19.7 19.7

5

2446
2447

" 25.7

2547
25.9
2642

2602~

264
2646
26.5
2645
2644
26.0
25.8
261
25.8
25.9
26.4
2646
27.3
27 o4
27.8
28.0
28.1
28.0
27.8
2745
2746
27 .5
25.8
2247
2245
2245
22.3
19.6

2443
2446
2546
25.6
25.8
26.0

26.4-1-

2664
2665
20665
26 4%
26,3
2569
2549
2662
25.7
25.9
26 .4
2645
273
27 o4
27.8
27.9
28 .0
28.1
27.8
27 o4
276
2714
25 <8
2267
2261
223
217
19.5

89

7 8 9
23.9 23.6 23.0
245 24,4 24.2
25.4 25.4 25.4
25.5 25.4 25.0
25.6 25.5 25.2
25.9 25.8 25.6

2600 25 09— 2546
2602 2061 26,1
26¢5 264t 26.3
26.5 2645 2644
264 2644 2640
2602 2642 2643
2660 2640 25.9
25.9 25.8 25.7
26.0 20el 26,1
25.7 2541 25.4
25.8 25.8 25.8
2602 2603 2643
26¢5 2644 2643
27.3 271.3 217.3
273 27.3 27.3
21.7 27T.7 27.56
27.8 27.8 27.8
28,0 27.9 27.9
28.1 2B.0 28.0
27.8 27.8 27.%
274 273 27.3
276 2745 2746
274 27.3 27.3
25.8 25.8 25.8
2208 22.8 2247
220 21.9 21.9
22.0 22.0 21.8
21.2 21.1 21.1
19.4 19.3 19.3
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TABLE VI

AVERAGE DISSOLVED OXYGEN PROFILES

MG/L

DISSOLVED OXYGEN,

METERS

DEPTH,

DATE
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JUNE 12
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JUNE 15
JUNE 18
JUNE 20
June 21
JUNE 22
JUNE 25
JUNE 26
JUNE 27
JUNE 28
JUNE 29
JULY 2
JUuLy 3
JULY 5
JULY o
JULY 9
JULY 10
JULY 11
JuLy 12
JULY 13
JULY 16
JULY 17
JuLy 18
JULY 19
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TABLE VI (Continued)

MG/L

DISSOLVED OXYGENg,

METERS

DEPTH,

3

DATE
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TABLE VII

PROFILES OF ALKALINITY, pH, COp AND CONDUCTANCE

Total Alkalinity as mg/1 CaC03

Depth,

Meters 5/22 6/4 6/11 6/15 6/20 6/22 6/25 6/29
1 m 108 112 109 112 110 113 13
3 105 107 108 10 112 108 M4 115
5 106 m 116 114 117 13 17 118
7 108 13 115 17z 133 17 123 123
9 125 126 130 136 136 132 150 157

Carbonate Alkalinity as mg/1 CaC03
1 0 0 12 23 12 12 10 12
3 0 0 0 0 4 0 10 0
5 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0
pH
1 8.1 7.4 8.8 8.94 8.62 8.87 8.55 8.55
3 7.6 7.3 7.7 7.66 8.47 8.16 8.47 7.85
5 7.45 7.4 7.4 7.48 7.46 7.47 7.43 7.87
7 7.4 7.4 7.4 7.55 7.52 7.55 7.50 7.43
9 7.7 7.3 7.6 7.1 7.63 7.65 7.54 7.47
in CO2 mg/1
1 1.6 8.3 0 0 0 0 0 0
3 5.0 9.0 4.1 4.5 0 1.3 0 3.0
5 7.3 8.5 8.3 7.3 7.7 7.4 8.3 9.5
7 8.3 8.5 8.7 6.2 7.2 6.3 7.5 8.8
9 4.7 11.0 6.3 5.1 6.3 5.6 8.3 0.0
Specfic Conductance micromhos/cm
1 286 246 262 276 301
3 290 255 265 290 309
5 295 263 273 272 313
7 299 272 252 306 317
9 299 282 302 334 321

é6



TABLE VII (Continued)

Total Alkalinity as mg/1 CaCO

3

Depth,

Meters 7/2 7/6 7/9 7/13 7/16 7/19 7/24 1/27
1 m 110 109 112 107 106 107 106
3 15 112 110 118 109 106 113 110
5 122 119 122 127 124 17 115 m
7 130 127 133 140 132 122 114 m
9 158 154 170 175 155 123 121 114

Carbonate Alkalinity as mg/1 (:a(:O3
1 12 12 25 19 12 12 6 4
3 0 0 23 0 0 12 0 0
5 " 0 0 0 0 0 ] 0
7 0 0 0 0 0 0 ] 0
9 ] ] ] ] 0 ] 0 0
pH
1 8.60 8.78 8.72 8.83 8.65 . 8.56 8.13 8.20
3 7.95 7.73 8.70 7.68 8.20 8.54 7.45 7.58
5 7.43 7.45 7.45 7.50 7.40 7.54 7.43 7.50
7 7.42 7.45 7.42 7.36 7.30 7.52 7.45 7.50
9 7.42 7.45 7.34 7.25 7.25 7.52 7.50 7.55
in CO, mg/1
1 0 0 0 0 ] ] 1.5 1.0
3 2.4 4.0 0 4.5 1.0 " 7.6 5.5
5 8.5 8.0 8.2 7.6 9.5 6.4 8.1 6.6
7 9.5 8.5 9.7 12.0 13.0 7.0 1.7 6.6
9 1.5 0.5 15.0 . 19.0 16.5 7.0 7.2 6.1
Specific Conductance micromhos/cm
1 312 283 275 261 258 287 275 261
3 312 291 27 268 246 275 283 2N
5 32 295 291 283 290 295 283 2N
7 292 291 299 299 299 295 283 275
9 374 318 334 339 322 299 287 279

€6



TABLE VII (Continued)

Total Alkalinity as mg/1 CaC03

Depth, :

Meters 7/30 8/1 8/3 8/6 8/10 8/13 8/17 8/20
1 104 105 105 105 104 103 103 102
3 105 105 106 105 103 104 104 104
5 106 108 108 103 103 105 103 103
7 106 106 107 105 103 104 104 104
9 113 110 109 106 105 108 107 105

Carbonate Alkalinity as mg/] CaCO3
1 0 0 0 0 0 8 8 14
3 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0
pH
1 8.00 7.73 7.75 7.95 8.25 8.53 8.64 8.77
3 7.57 7.74 7.80 7.97 7.85 7.94 8.05 7.74
5 7.52 7.65 7.75 7.95 7.83 7.76 7.78 7.70
7 7.47 7.70 7.70 7.90 7.80 7.66 7.73 7.70
9 7.50 7.70 7.62 7.82 7.65 7.60 7.7 7.62
in C02 mg/1
1 2.0 3.5 3.5 2.2 1.0 0 0 ‘0
3 5.4 3.5 3.2 2.1 2.9 2.2 1.7 3.5
5 6.0 4.6 3.7 2.2 2.9 3.4 3.2 3.9
7 6.8 4.0 4.0 2.5 3.1 4.3 3.7 3.9
9 6.8 4.1 5.0 3.0 4, 5.1 4.0 4.8
Specific Conductance micromhos/cm

1 261 275 264 268 244 238 250 253
3 261 268 264 265 241 241 250 256
5 261 268 264 265 241 244 253 256
7 261 268 264 265 24 244 253 256
9 268 268 264 268 244 247 253 256
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TABLE VII (Continued)

Total Alkalinity as mg/] CaCO3

Depth,

Meters 3/22 8/24 8/27 8/31 9/5 9/7 9/11 9/14
1 103 101 102 103 105 104 105 99
3 102 102 103 105 105 104 104 98
5 102 101 103 105 104 105 103 99
7 161 103 103 105 103 104 103 96
2 102 106 107 105 106 104 104 91

Carbonate Alkalinity as mg/1 CaCO3
1 0 0 0 0 0 0 12 0
3 0 0 0 0 0 0 0 0
5 0 ¢ 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0
9 0 0 ) 0 0 0 0 0
pH
1 7.95 7.75 8.15 8.19 7.90 7.96 8.55 7.65
3 8.06 7.80 7.85 8.19 7.95 7.88 7.80 7.76
5 7.74 7.80 7.80 8.19 7.95 7.88 7.72 7.76
7 7.65 7.76 7.76 8.10 7.95 7.88 7.62 7.72
] 7.60 7.66 7.69 7.95 7.85 7.83 7.62 7.55
in CO2 mg/1
1 2.2 3.4 1.4 1.0 2.5 2.1 0 4.3
3 1.6 3.0 2.7 1.0 2.2 2.5 3.1 3.2
5 3.0 3.0 1.0 2.2 2.5 3.7 3.2 2.8
7 4.3 3.3 3.3 1.5 2.2 2.5 4.7 3.5
9 4.8 4.4 4.1 2.2 2.8 2.9 4.7 5.0
Specific Conductance micromhos/cm
1 256 254 255 230 242 234 264 206
3 252 247 252 228 238 234 257 210
5 252 247 252 228 237 234 254 208
7 256 247 249 225 237 234 254 206
9 263 254 252 228 237 234 254 187
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TABLE VII (Continued)

Total Alkalinity as mg/1 CaCO3

Depth,

Meters 9/17 9/22 9/28 10/3 10/18
1 98 100 98 95 97
3 99 98 98 94 95
5 99 99 97 95 97
7 99 100 84 94 97
9 101 106 67 99 98

Carbonate Alkalinity as mg/1 CaCO3
1 0 0 0 0 0
3 0 0 0 0 0
5 0 0 0 0 0
7 0 0 0 0 0
9 0 0 0 0 ¢
pH
1 7.73 7.9 8.04 8.02 7.70
3 7.80 7.95 7.95 8.03 7.78
5 7.82 7.83 7.92 7.80 7.75
7 7.82 7.73 7.44 7.58 7.70
9 7.82 7.65 7.40 7.52 7.67
in (302 mg/1

1 3.5 2.4 1.7 1.7 3.8
3 2.0 2.1 2.1 1.7

5 2.8 2.8 2.2 2.9

7 2.8 3.5 5.9 4.7 3.8
9 2.8 4.5 5.1 5.7

Specific Conductance micromhos/cm

1 232 249 230 228 221
3 232 246 222 223 219
5 232 246 222 218 217
7 232 244 194 218 219
9 232 244 149 225 219
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TAB

LE VIII

PROFILES OF BODg

BOD; mg/1
Date Depth, Meters
1 3

5/30 2.4 1.6 1.4 0.8 6.2
6/ 6 3.0 1.0 0.6 1.8 8.0
6/14 2.4 1.6 1.0 2.4 10.0
6/20 1.7 1.8 2.6 3.8 7.5
6/27 1.9 1.9 2.3 3.4 6.1
775 2.6 3.2 3.6 5.4 18.0
7/12 - 3.4 2.2 6.9 15.5
7/18 3.2 2.6 4.8 6.6 8.5
7/25 0.8 1.8 1.8 1.8 4.4
8/ 1 1.5 2.6 2.8 2.4 2.8
8/ 8 2.3 1.6 1.8 1.0 1.4
8/14 2.6 2.8 0.6 0.4 0.6
8/22 2.5 3.4 2.4 3.0 0.2
8/71 1.8 2. 2.6 2.4 3.0
9/ 7 1.4 2.6 3.0 2.2 3.0
9/28 2.4 2.0 1.8 5.4 3.6




TABLE IX
TURBIDITY

Date Jackson Turbidity Date Jackson Turbidity
Units Units

June 25 19 August 2 15
June 26 19 August 3 15
June 27 14 August 6 21
June 28 15° August 7 21
June 29 14 August 8 17
July 2 13 August 9 19
July 3 13 August 10 19
July 5 1" August n 15
July 6 10 August 12 13
July 9 11 August 13 15
July 10 13 August 14 14
July 11 13 August 15 15
July 12 14 August 16 17
July 13 14 August 17 14
July 15 17 August - 20 14
July 16 17 August 21 11
July 17 14 August 22 1
July 18 13 August 23 14
July 19 12 August 24 n
July 20 20 August 27 13
July 22 12 August 30 14
July 23 n August 31 17
July 24 12 September 5 15
July 25 10 September 7 19
July 26 11 September 14 62
July 27 10 September 17 30
July 30 12 September 22 25
July 31 13 September 28 29
August 1 14 October 3 24

October 18 17
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TABLE X
PUMP DATA
Pulley 3Q P
No. RPM m~/sec Watts
No Diffuser
16 32 0.603 201
18 37 0.666 261
20 40 0.716 343
24 48 0.852 522
With Diffuser
16 32 0.702 157
18 37 0.773 194
20 40 0.852 239
24 48 0.991 373
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TABLE XI
PLANKTON COUNTS

100

Organism

6/ 8/73
Composite

6/12/73
Composite

6/15/73
Composite

6/21/73
Composite

6/27/73
Composite

CHLOROPHYTA

Ankistrodesmus
rthrodesmus
Closterium
Coelastrum
Cosmarium
Pediastrum
Scenedesmus
Spirogyra
Staurastrum
Tetraedon

CYANOPHYTA

Anabaena
Dactylococcopsis

Merismopedia
Microcystis
Spirulina

EUGLENOPHYTA
Euglena
Phacus

PYRRHOPHYTA
Ceratium

CHRYSOPHYTA
Cyclotella
Cymbella
Gomphonema
Melosira

Pinnularia

Surirella

Synedra

Tribonema

TOTAL

30,490

70,127

131,107
3,049

3,049

18,294

12,196

353,684

91,470

18,294

109,764

3,049

12,196

6,098

283,557

42,686

54,882

3,049
3,049

134,156

3,049

3,049

259,165

36,588

12,196

100,617

3,049

30,490

21,343

228,675

6,098

24,392

24,392

3,049

36,588

9,147

9,147
3,049
39,637

3,049
158,548



TABLE

XI \Continued)

101

Organism

6/29/73
Composite

7/ 3/73
Composite

7/ 6/73
Composite

7/ 9/73
Composite

7/12/73
Composite

CHLOROPHYTA

Ankistrodesmus
Arthrodesmus
Closterium
Coelastrum
Cosmarium
Pedias trum
Scenedesmus
Spirogyra
Staurastrum
Tetraedon

CYANOPHYTA

Anabaena

Dactylococcopis
Merismopedia
Microcystis
Spirulina

EUGLENOPHYTA
Euglena
Phacus

PYRRHOPHYTA

Ceratium

CHRYSOPHYTA

Cyclotella
Cymbella

Gomphonema
MeTosira
Pinnularia
Surirella
Synedra
Tribonema

TOTAL

152,450

6,098

18,294

3,049

6,098

207,332

15,245

6,098

6,098

97,568

6,098

3,049
15,245
12,196

33,539

3,049

24,392

9,147

115,862

3,049

6,098

60,980

3,049

39,637

3,049

15,245

27,441

3,049
9,147

170,744

173,793

3,049

18,294

3,049

9,147

3,049

213,430



TABLE

X1 (Continued)

1

102

Organism

7/16/73
Composite

7/19,73

Composite

7/23/73
Composite

7/27/73
Composite

7/30/73
Composite

CHLOROPHYTA

Ankistrodesmus
Arthrodesmus
Closterium
Coelastrum
Cosmarium
Pediastrum
Scenedesmus
Spirogyra
Staurastrum
Tetraedon

CYANOPHYTA

Anabaena

Dactylococcopsis

Merismopedia

ﬁicroczstis

Spirulina
EUGLENOPHYTA

Euglena
Phacus
PYRRHOPHYTA

Ceratium

CHRYSOPHYTA

Cyclotella
Cymbella

Gomphonema
Melosira

Pinnularia
Surirella

Synedra
Tribonema

TOTAL

286,606
15,245

6,098

6,098

6,098

393,321

3,049

9,147
3,049

225,862
544,544

43,316

3,049

3,049

15,245

9,147

859,457

6,098
79,274

3,049

15,245

3,049

21,343

3,049

152,450

6,098
9,147
9,147
9,147

9,147
12,196
3,049
3,049

128,058

15,245

6,098
6,098

9,147

3,049

228,675

3,049
12,196

6,098

304,900

3,049

27,441

3,049

6,098

378,076



TABLE XI (Continued)

103

Organism

8/ 6/73
Composite

8/10/73
Composite

8/10/73
1 meter

8/10/73
2 meters

8/10/73
3 meters

CHLOROPHYTA

Ankistrodesmus
Arthrodesmus
Closterium
Coelastrum
Cosmarium
Pediastrum
Scenedesmus
Spirogyra
Staurastrum
Tetraedon

CYANOPHYTA

Anabaena

Dactylococcopsis

Merismopedia

Microcystis

Sgiruiina
EUGLENOPHYTA

Eugiena
Phacus

PYRRHOPHYTA
Ceratium

CHRYSOPHYTA

Cyclotella
Cymbella

Gomphonema
Melosira

Pinnularia
Surirella
Synedra
Tribonera

TGTAL

9,147

3,049

94,519

18,294

137,205

21,343

12,196

3,049

454,301
6,098
30,490

3,049
15,245

557,967

21,343

271,361

33,539
3,049

3,049
3,049

375,029

6,098

21,343

15,245

3,049

3,049

307,949

30,490

387,223

9,147

125,009

33,539
3,049
3,049
3,049

204,283



TABLE XI (Continued)

104

Organism

8/13/73
Composite

8/13/73
1 meter

8/13/73
2 meters

8/13/73
3 meters

8/16/73
Composite

CHLOROPHYTA

Ankistrodesmus
Arthrodesmus
Closterium
Coelastrum
Cosmarium
Pediastrum
Scenedesmus
Spirogyra
Staurastrum
Tetraedon

CYANOPHYTA

Anabaena
Dactylococcopsis

Merismopedia
Microcystis

Spirulina
EUGLENOPHYTA

Euglena
Phacus

PYRRHOPHYTA
Ceratium

CHRYSOPHYTA

Cyclotella
Cymbella

Gomphonema
Melosira .,

Pinnularia
Surirella

Synedra

Tribonema

TOTAL

6,098

3,049

801,887

18,294
3,049

3,049

911,651

798,838

9,147

872,014

33,539

737,858

12,196

798,838

3,049

12,196

350,635

561,016

18,294

945,190

15,245
231,724

341,488

6,098

618,947
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TABLE XI (Continued)

Organism ' 8/20/73 8/20/73 - 8/20/73 8/20/73 8/20/73
Composite Surface 1 meter 2 meters 3 meters

CHLOROPHYTA

Ankistrodesmus 3,049 - -- -- -
Arthrodesmus - 6,098 - -- -
CTosterium - - - - -
Coelastrum 27,441 -- - 6,098 --
Cosmarium - - - 3,049 -
Pediastrum 9,147 21,343 15,245 15,245 6,098
Scenedesmus -- 6,098 3,049 - -~
Spirogyra -- 3,049 -~ 6,098 3,049
Staurastrum 3,049 - -- -- -
Tetraedon - ~- - -- --

CYANOPHYTA

Anabaena 12,196 6,098 36,588 12,196 3,049
Dactylococcopsis 131,107 36,588 112,813 155,499 1,143,375

Merismopedia - - - - -
Microcystis - - - - -
Sgiruiina - - - -- -

EUGLENOPHYTA

Euglena 6,098 - 18,294 15,245 3,049
Phacus
acu -- -- -- -- --

PYRRHOPHYTA
Ceratium - - 3,049 - -
CHRYSOPHYTA

Cyclotella 51,833 48,784 57,931 57,931 27,441

Cymbella -- -

Gomphonema - - - _— -
Melosira 6,098 6,098 6,098 12,196 15,245

Pinnularia 6,098 - —-- 3,049 -
Surirella - - 3,049 - -

Synedra - —_— - - _—
Tribonema - - _— - -_—

TOTAL 256,116 134,156 256,116 283,606 1,201,306



TABLE XI (Continued)

106

Organism

8/22/73
Surface

8/22/73
_1 meter

8/22/73
2 meters

8/22/73
3 meters

8/24/73
Composite

CHLOROPHYTA

Ankistrodesmus
Arthrodesmus
Closterjum
Coelastrum
Cosmarium
Pediastrum
Scenedesmus
Spirogyra
Staurastrum
Tetraedon

CYANOPHYTA

Anabaena
Dactylococcopsis

Merismopedia

Microcystis

Sgiruiina
EUGLENQPHYTA

Euglena
Phacus

PYRRHOPHYTA
Ceratium

CHRYSOPHYTA

Cyclotella
Cymbella

Gomphonema
Melosira

Pinnularia
Surirella

Synedra
Tribonema

TOTAL

731,760

18,294

3,049

103,666

12,196

884,210

6,098

9,147
765,299

36,588

908,602

9,147

9,147

6,098

3,049

3,049
847,622

54,882

109,764

6,098

1,051,905

9,147
884,210

54,882

91,470

18,294

3,049

1,073,248

3,049

9,147

3,049

3,049
887,259

-

36,588

128,058

12,196

1,082,395



TABLE XI (Continued)

107

Organism

8/27/73
Composite

8/31/73
Composite

9/ 5/73
Composite

9/ 7773
Composite

9/11/73
Composite

CHLOROPHYTA

Ankistrodesmus
Arthrodesmus
Closterium
Coelastrum
Cosmarium
Pediastrum
Scenedesmus
Spirogyra
Staurastrum
Tetraedon

CYANOPHYTA

Anabaena
Dactylococcopsis

Merismopedia
Microcystis
Spirulina

EUGLENOPHYTA

Euglena
Phacus

PYRRHOPHYTA
Ceratium

CHRYSOPHYTA

Cyclotella
Cymbella

Gomphonema
Melosira

Pinnularia
Surirella
Synedra
Tribonema

TOTAL

6,098

3,049

30,490

3,049

429,909
3,049

125,009

320,145
3,049
60,980
3,049

987,876

6,098

12,196
15,245
3,049

628,094
3,049

115,862

429,909

88,421

3,049

1,308,021

152,450

33,539

3,049

234,773

3,049
97,568

539,673

283,557

21,343

134,156

128,058

573,212

3,049

39,637

27,441

18,294
387,223

155,499

192,087

182,940

1,006,170



TABLE XI (Continued)

108

Organism

9/14/73
Composite

9/17/73
Composite

9/22/73
Composite

9/28/73
Composite

10/ 3/73
Composite

CHLOROPHYTA

Ankistrodesmus
Arthrodesmus
Closterium
Coelastrum
Cosmarium
Pediastrum
Scenedesmus
Spirogyra
Staurastrum
Tetraedon

CYANOPHYTA

Anabaena
Dactylococcopsis

Merismopedia

Microcystis

Sgiruiina
EUGLENOPHYTA

Euglena
Phacus

PYRRHOPHYTA
Ceratium

CHRYSOPHYTA

Cyclotella
Cymbetla

Gomphonema
Melosira
Pinnularia
Surirella

Synedra
Tribonema

TOTAL

3,049

338,439

21,343

3,049

67,078
3,049

109,764

6,098

554,918

6,098

6,098
6,098

3,049
1,131,179

30,490

3,049

27,441

145,862

1,329,364

45,735
478,693

21,343

100,617

3,049

682,976

3,049

3,049

3,049

88,421
143,303

359,782

42,686
286,606

125,009

512,232
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