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ABSTRACT 

This report discusses the engineering aspects of selecting or 

designing devices for lake aeration or mixing. A summary of frequently 

used aeration and/or mixing devices is presented. Bubble dynamics and 

oxygen transfer principles are described to provide the reader with an 

unde~standing of the basic processes and mechanics of aeration. The 

basic design parameters for a lake aerator are presented. The prin

ciples and parameters discussed are applied to a metalimnetic aerator 

design. Experiments performed to determine the external flow charac

teristics of a meta1imnetic aerator are presented. 

NOTE 

Previous publications on lake aerators and oxygen transfer 

include: "Aeration and Mixing Systems in Minnesota Lakes," (Pederson, 

1982); "Proceedings of the Symposium on Surface Water Impoundments," 

Volume II (Summerfelt, Holt, and McAlexander, 1980); "Optimum Mechani

cal Aeration Systems for Rivers and Ponds," (Hogan et a1., 1970); 

"Hypolimnetic Aeration/Oxygenation: A Synoptic Survey of Described and 

Prop,osed Systems," (Fast and Lorl7nzen, 1975); "Investigation and 

Discussion of Techniques for Hypolimnion Aeration/Oxygenation," 

(Hollard and Tate, 1984); "A Model for the Design of Hypolimnetic 

Aerators," (Taggart and McQueen, 1982); . "The Use of Standby Oxygen to 

Increase the Dissolved Oxygen Content in Treatment Plants and Receiving 

Waters," (National Council of the Paper Industry for Air and Stream 

Improvement, Inc., September, 1984); "Technology Assessment of Fine 

Bubble Aerators," (McCarthy, 1982); and "The Symposium on Reaeration 

Research," (ASCE, 1975). 
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I. INTRODUCTION AND MAJOR TYPES OF AERATION DEVICES 

1.1 Problem Description 

High nutrient loadings and nutrient recyling have caused many 

lakes to tend toward a eutrophic state. During the summer, oxygen 

depletion occurs in eutrophic lakes below the mixed layer often 

resulting in oxygen levels below those required to support various 

species of fish. The development of a thermocline caused by thermal 

stratification separates the upper warm, well-mixed aerobic layer, the 

epilimnion, from the cooler bottom layer, the hypolimnion. The 

dividing layer between the epilimnion and the hypolimnion, the 

metalimnion, inhibits the transfer of oxygen-rich epilimnetic water 

into the hypolimnion. The hypolimnion being in contact with the 

oxygen-demanding bottom sediments containing decomposing organic matter 

is rapidly depteted of its dissolved oxygen (DO) content often to the 

point of being anoxic. These anoxic conditions often extend into the 

metalimnion. The development of anoxic coridi tions results in the 

degradation of the quality of water. Anoxic conditions favor the 

formation of reduced species of iron and manganese and the release of 

hydrogen sulfide and ammonia. In addition, phosphorus is released from 

the sediments during anoxic conditions and may cause or accentuate lake 

eutrophication. The low oxygen level may result in summer fish kills. 

Winter fish kills also occur in shallow lakes due to low oxygen levels 

caused by decomposition and ice and snow cover restricting surface 

reaeration and light for photosynthesis. To alleviate the problems 

caused by low oxygen levels, various aeration and destratification 

devices are used in lakes and reservoirs. 
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1.2 Aeration vs. Destratification 

The general purpose of aeration is to maintain or introduce a 

sufficient dissolved oxygen (DO) level into part of or throughout the 

entire depth of the lake. Devices for this purpose fall into two 

general categories--those that maintain thermal stratification and 

those that do not. Devices that maintain thermal stratification 

introduce oxygen in the lower layers with minimal disturbance 

maintaining both the natural heat budget and a cold water resource. 

Those that do not maintain thermal stratification are designed to mix 

oxygen-rich epilimnetic water with hypolimnetic water that is deficient 

in dissolved oxygen and to increase reoxygenation at the lake surface. 

This paper emphasizes aeration aspects and designs. For an indepth 

discussion on destratification see "Methods of Total Lake 

Destratification" by Dortch and. Holland, 1980. For a comparison of in 

~ destratification efficiencies see "Impoundment Destratification 

for Raw Water Quality Control Using Either Mechanical or Diffused Air 

Pumping" by Symons, Irwin, Robinson, and Robeck, 1967. 

1.3 Pump and Baffle Systems 

Pump and Baffle systems are used to aerate a significant portion 

of a lake's volume. Large volumes of oxygen deficient water are pumped 

out of the lake to the top of a chute or flume where it cascades back 

to the lake or splash basin over a series of baffles; during the 

cascade, oxygen from the atmosphere diffuses into the water and 

unwanted gases are released. If the water is collected in a splash 

basin, it can be returned to the hypolimnion through a discharge pipe 
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WATER PUMP 

Fig. 1.1. Pump and Baffle Mechanical Aeration System for Hypolimnetic 
Aeration in Lake Bret, Switzerland (The Cross-Hatched Area 
Represents the Thermocline) (After Holland and Tate, 1984) 
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by gravity flow. (Fig. 1.1). Thermal stratification can be maintained 

despite some water heat loss. Pumps range in capacity up to 25,000 

gallons/minute (gpm). Small pumps are powered by a gasoline engine or 

an electric motor while the larger pumps are typically powered by a 

tractor power take-off. The portability of the pumps allows them to be 

transported to sites on different lakes as needs arise. These systems 

are typically used in the winter to prevent winterkill in lakes with a 

low winterkill frequency. A major advantage of this system is the 

ability to initiate pumping in late winter when the dissolved oxygen 

levels are low or beginning to decline rapidly. These systems do not 

set up currents or circulate water to the same extent as bubbler 

systems, therefore localized areas can be oxygenated rapidly to provide 

an immediate refuge for fish. It has been shown by Johnson and Skrypek 

(1975) that fish populations can crowd into and survive in a rather 

small portion of the lake in winter. If an alternative water source is 

used, i.e. a well, these systems can serve the dual purpose of 

oxygenating and elevating lake water levels. Pump and baffle systems 

are very energy, maintenance, and manpower intensive which makes their 

cost prohibitive on lakes which suffer frequent or extended periods of 

oxygen depletion. They are inefficient in the transfer of oxygen 

absorbed per kilowatt-hour expended since they pump water rather than 

air which is less dense into the water. Recirculation is also common 

(Pederson, 1982). 

1.4 Mechanical Surface Agitators (Spray Pumps and Surface Agitators) 

Mechanical surface agitators are basically surface oxygen transfer 

devices which use floating or submersible electric pumps to agitate the 
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surface or spray water into the air. However, when used in winter, 

surface cooling may establish natural convection currents causing 

substantial mixing at least to the depth of the draft tube intake. 

Thermal stratification may be affected depending on the draft tube 

position relative to depth. These units are energy intensive since 

they pump water rather than aj,r. Also recirculation may be rapid which 

decreases the oxygen transfer efficiency. These units are best suited 

for use in small lakes (Pederson, 1982). 

I.5 Axial Flow Devices 

An axial ... flow, low ... head, high volume water pu mp is a floating 

apparatus designed like a ventilation fan for upflow or down flow 

(Fig. I.2). It is designed for lake thermal destratification to 

prevent winter and summer fish kills. This type of system may have an 

advantage over air bubble and mechanical pumping systems because of the 

larger pumping capacity relative to energy requirements (Summerfelt et 

al., 1980). If this device is used in the downflow position, it can be 

used in the summer to scoop oxygen rich water off the surface of a lake 

in the morning and pump it down to the metalimnion or hypolimnion 

(Hogan et al., 1970). 

I.6 Oxygen Bubble Injection Systems 

With pure oxygen injection systems, hypolimnetic waters are 

withdrawn through a pipe, by a shore-based pump, and then 'oxygenated in 

the discharge line under high pressure (Fig. I.3). The combination of 

pure oxygen and high discharge line pressure results in the oxygen 

being almost totally dissolved before the hypolimnetic waters are 
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Fig. 1.3. Pure Oxygen Bubble Injection System for Hypolimnetic 

Aeration Used at Ottoville Quarry, Ohio, and Attica 

Reservoir, New York (The Cross-Hatched Area Represents the 

Thermocline.) (After Holland and Tate, 1984, p. A12) 
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returned to the hypolimnion. These sidestream pumping systems (SSP) 

are used in large and deep lakes and reservoirs. Thermal 

stratification is maintained provided that the exit velocity from the 

discharge pipe is low enough to prevent jet mixing (Holland and Tate, 

"1984) • 

A major consideration of aeration by injection in lakes is the 

pressurization of the oxygen or air that drives excess levels of 

gaseous nitrogen into solution resulting in fish mortality by the 

bends. In one case in West Germany, air injection raised dissolved 

nitrogen in contact with the air bubbles to 167% of saturation. Since 

105 to 110% of saturation is the maximum limit allowable for trout, 

diffused aeration may not be employed in certain situations <Speece, 

1975). 

1.7 Air Bubble Injection Systems 

Air injection by various bubbling devices is used to increase 

dissolved oxygen levels and/or create circulation and mixing. Air 

bubbler systems consisting of diffusers placed in the open water 

function as water pumps to circulate and oxygenate water throughout 

the lake basin causing thermal destratification. For winter aeration, 

clustering of the diffusers or air lifts in the deepest part of the 

lake, preferably in wind exposed areas, appears to be the most 

efficient method of placement for complete circulation and maintenance 

of large, continuous, open water areas. In comparison hypolimnetic 

aeration devices are designed to maintain thermal stratification while 

increasing DO levels. The air for air bubble injection systems is 
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provided by high volume, low pr:essure blowers at depths less than 12 

feet, or by low volume high pressure air compressors at depths greater 

than 12 feet (Pederson, 1982). The air is introduced at the lake 

bottom by various types of coarse or fine bubble diffusers or air 

lifts. An advantage of air injection systems is that there are no 

moving parts under water. The only system requiring general 

maintenance or repair is the air blower or compressor which furnishes 

the air supply from shore, These systems also allowversatili ty in 

water depth selection for placement of the air distribution system 

(Pederson, 1982). 

A major disadvantage of air bubbler systems for winter aeration is 

that the system must be started in early winter when oxygen levels are 

high and operated continuously ~ntil ice-out. Rapid declines in oxygen 

concentrations have been observed for a time following start-up of 

aeration systems and winterkill can be accelerated or intensified as a 

result of upwelling and circulation of oxygen deficient bottom water 

and organic material having a high biological oxygen demand (BOD) 

(Pederson, 1982)~ Because of the need to operate bubbler systems 

continuously throughout the winter, these systems are best suited for 

use in lakes with high winterkill frequently. Shutdown periods must be 

avoided since it is difficult to regain open water areas after freeze

up in winter (Pederson, 1982). 

Pontoon-mounted propeller aerators which inject air just below the' 

water surface are often used to move large volumes of water to oause 

sUbstantial mixing. This may cause thermal destratification. When 

these aerators are placed in series, their cumulative water moving 
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effect appears to be more than the total volume would be if the units 

were isolated. These aerators are portable and can be replaced wi th 

little down-time when problems occur. Because ambient air is injected 

near the water surface, there is no need to compress air to overcome 

pressures at depth, though the delivery system (impeller) requires an 

amount of energy that may offset this savings. Electrical wiring to 

each unit is necessary, and depending on the distance from the power 

source, line power loss may be a factor. Like bubbler systems, these 

aerators should be operated continuously beginning in early winter. 

This type of system is also best suited for lakes which winterkill 

frequently (Peder son, 1982). 

Hypolimnetic aerators are designed to maintain the natural heat 

budget and a coldwater resource. The two basic types of air injection 

systems for hypolimnetic aeration are full air lift and partial air 

lift systems. In a full air lift system, air or pure oxygen is 

injected near the bottom of the aerator and the air and entrained water 

plume rises fully to the surface before separating (Fig. 1.4). Partial 

air lift systems also inject air or pure oxygen at the bottom of the 

aerator, but the air/water plume cannot surface due to the design. The 

waste gases and water separate at some depth and the waste gases are 

allowed to surface through a vent tube and valve assembly (Fig. 1.5 

courtesy of Atlas Copco) (Holland and Tate, 1984). By not lifting 

water to the surface a smaller unit can be designed. The hydrostatic 

pressure in terms of waterhead is equal to the depth of the aerator 

since the vent tube valve pressure must equal the hydrostatic pressure 

to prevent water from exiting through the vent tube. The main drawback 
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of partial lift hypolimnetio aerators, oompared to full lift 

hypolimnetio aerators, is lower oxygen transfer effioienoy. This is 

due to the shorter rise distanoe of the bubbles whioh results in 

shorter bubble-water oontaot times (Taggert and MoQueen, 1982). 

A major consideration in the seleotion of the type of devioe to 

use for any situation is winter use. Safety oonsiderations are of 

major oonoern when using variou,s devioes whioh oause thin ioe and open 

water in winter. Several units are designed for both summer and winter 

use (i.e. partial 11ft hypolimnetio aerators) and do not disturb the 

ioe oover. 

I.8 Classification of Aeration Devioes Ex. Meohanics 

Aeration devioes are often olassified in ter,ms of meohanics. (See 

Table I.1). Water oirculation devices, -,mainly oentrifugal and axial 

flow pumps, are used to mix and ciroulate water volumes resulting in 

thermal destratification. Free oonveotion devices, mainly air or 

oxygen bubtiling systems, are designed to introduoe oxygen into the 

water by releasing bubbles at some depth. Buoyancy causes the bubble 

to rise to the su~faoe and oxygen transfer oocurs along the way. 

Foroed oonvection devioes suoh as aspir-ators induce turbulence and 

oause water movement by jet gassing. Jet gassing is the diSintegration 

of a gas jet into a range of ooarse and fine bubbles near the orifioe 

(Valentin, 1967). The olassifioation of oxygen transfer enhanoement 

devioes inoludes pump and baffle units, surfaoe agitators, and spray 

units. These units produoe turbulent mixing at the air water interfaoe 

and enhance the oxygen transfer process. 

" 
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TABLE I.1 

Mechanical Classification of Aeration Devices 

Classification 

Water circulation 
devices 

Free convection 
devices 

Forced convection 
devices 

Surface oxygen 
transfer 
enhancement 
devices 

Types 

Centrifugal pumps, 
Axial flow pumps 

Air bubbling systems, 

Forced air injection, 
Aspirators 

Pump and baffle 
(cascades), Surface 
agitators, Spray units 

Description 

Thermally destratifies 
water volumes by mixing 

Bubbles are released at 
depth and rise due to 
buoyancy 

Inject air under 
pressures causing jet 
gassing 

Atmospheric oxygen 
transfer is enhanced by 
turbulent mixing of the 
water surface 
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II. BUBBLE DYNAMICS AND OXYGEN TRANSFER 

11.1 Bubble Dynamics 

11.1.1 Bubble Formation 

Since oxygen is often introduced into the aquatic environment in 

the form of bubbles, an understanding of bubble dynamics in general is 

necessary to understand various characteristics associated with 

aeration diffusers. Bubble formation is dependent on flow rate, liquid 

viscosity, and the structural characteristics of the diffuser such as 

pore shape, size, and inclination. The main forces acting on a bubble 

at an orifice are buoyancy, surface tensio~, inertial, and viscous 

foroes. Hogan et al. (1970) concluded from their research that at 

sufficiently low flow rates a bubble formed at a small orifice under 

water is 10 to 11 times larger than the diameter of the orifice. 

Several bubble formation regimes have been defined by Valentin 

(1967) according to the orifice Reynolds numbers (see Table 11.1). The 

orifice Reynolds number is the diameter of the orifice multiplied by 

the gas jet velocity and divided by the kinematic viscosity of air (Re 

= do Vjl Va). Increasing the gas flow rate increases the orifice 

Reynolds number and produces a change from free to forced convection. 

The constant volume regime extends up to an orifice Reynolds number of 

about 200. In this regime the bubble diameter remains reasonably 

constant while the frequency of bubble formation increases as gas flow 

rate increases. As the gas flow rate is further increased the 

frequency of bubble formation becomes approximately constant while the 

bubble diameter or volume increases with gas flow rate. This region is 
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TABLE II.1 

Bubble Regimes (After Valentin, 1967) 

Regime 

Constant volume range 

Slowly increasing 
volume range 

Constant frequency 
(laminar) range 

Turbulent range 

Jet gassing 

Orifice Reynolds 
Number (Re) 

o - 200 

200 - 1000 

1000 - 2100 

2100 - 10,000 

10,000 -

Characteristics 

Bubble diameter constant; 
frequency of bubble 
formation increases with 
(Re) 

Frequency of bubble 
formation becomes 
relatively constant; 
bubble volume increases 
with gas flow rate 

Constant frequency of 
bubble formation dependent 
on orifice diameter; 
bubble volume increasing 
with increasing gas rate; 
bubbles beginning to break 
up 

Considerable spread of 
bubble size due to break
up of large bubbles; 
bubble size is independent 
of orifice diameter 

Fully developed turbulence 
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called the slowly increasing volume regime and extends up to an orifice 

Reynold's number of 1000. Between an orifice Reynolds number of 1000 

to 2100 the r~gion is known as the constant frequency region. At still 

higher flows in the turbulent region (above an orifice Reynolds number 

of about 2100) bubbles of a single size are no ,longer produced; instead 

there is a considerablee spread of bubble sizes with a production of 

numerous small bubbles due to the breakup of large bubbles carried by 

turbulence. In the turbulent region bubble size is independent of 

orifice diameter. Above an orifice Reynolds number of about 10,000, 

jet gassing occurs with fully developed turbulence. In general, above 

an orifice Reynolds number of 1,000, a range of bubble sizes is formed; 

the average bubble size becomes smaller at high gas flow rates. At the 

same time the average bubble size becomes increasingly independent of 

orifice size. Above an orifice Reynolds number of about 5,000, orifice 

diameter ceases to have much effect and bubble size is determined 

mainly by gas flow rate and liquid properties (Valentin, 1967). 

Surface tension is one of the minor factors determining the size of the 

gas bubble (Donoghue, 1943). 

11.1.2 Detachment and Rise of Bubbles 

It is assumed that the bubble will detach when its radius is equal 

to the distance of its center from the orifice, i.e. when its base 

reaches the orifice. 

A bubble forming in still water breaks away from the orifice 
when its buoyancy overcomes the attractive forces. These 
forces vary greatly with the impurities in the water. For 
example, if the surface tension of' the liquid that wets the 
orifice is decreased, the bubble formed is smaller, because 
the decrease in the holding force due to the surface tension 
has decreased the time of contact. (Donoghue, 1943) 
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Interfacial impurities also influence the bubble shape and therefore 

the rise velocity. The size of the bubble formed at the orifice 

decreases if the induction time is increased, because the area of 

contact of the bubble at any instant is then diminished so that the 

attracting force is decreased. Induction time is the minimum time of 

contact necessary for a bubble to adhere to a solid surface under water 

(Donoghue, 1943). 

After detachment it is assumed the bubble reaches its terminal 

velocity almost immediately. In pure water bubble terminal velocity 

increases with diameter up to about 1.5 mm with a rise velocity of 

about 34 cm/s. This diameter approximately corresponds to the largest 

one at which the bubble is still approximately spherical. Bubbles 

behave as solid spheres up to a Reynolds number of about 70 (Hogan et 

aI, 1970). Larger bubbles tend to zig-zag due to their ellipsoidal 

shape which slows them down (Valentin, 1967). The terminal velocity of 

an air bubble in water does not increase linearly wi th diameter (See 

Fig. II.1). Bubble residence time or contact time is the rise height 

of the bubble divided by. its terminal velocity. If the contact time is 

short, less mass transfer of oxygen from the bubble to the water 

occurs. 

11.1.3 Bubble Coalescence 

As the number of bubbles increases, the bubbles tend to coalesce. 

The average bubble size increases and the size distribution spread 

decreases during coalescence (Valentin, 1967>. The emerging bubbles 

coalesce if the distance between orifices is less than 10 times the 
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bubble diameter obtained at the lowest rate of flow. The orifice 

spacing must be greater for higher rates of flow if coalescence is to 

be avoided (Donoghue, 1943). 

In a bubble column an age distribution of bubbles exists as does a 

range of bubble sizes. Calder bank, Moo-Young and Bibby (1954) 

postulated that there are two distinct regimes of coalescence behavior: 

(1) a region of near-Stokes bubble flow where the velocity of 
rise is strongl y dependent on the bubble diameter and where 
coalescence of bubbles between different sizes can arise due 
to 'overtaking' (bubble diameter less than about 3 mm); and 

(2) a region of constant bubble rise <3 - 7 mm size) where 
coaiescence is much less frequent. 

In general, smaller bubbles travelling more slowly than larger bubbles 

are swept into the wake of the large bubbles and become part of the 

large bubble. In viscous solutions the clustering of bubbles is more 

pronounced. In inviscid liquids though, there is a tendency towards 

uniformi ty of gas bubble size, i.e. a move towards gas plug flow and 

little back mixing. 

Coalescence is more pronounced in aerators with riser tubes which 

have horizontal withdrawal ports. The horizontal velocity of the 

incoming water pushes the bubbles together as they begin their rise. 

Also the plume is confined by the riser tube walls which enhances 

coalescence. 

II.1.4 Bubble Surface Area 

Diffusers can be divided into coarse and fine bubble diffusers. 

Fine bubble porous diffusers typically produce average bubbles of 2.0 -

2.5 mm in diameter (Benefield and Randall, 1980). Coarse bubble non-

porous diffusers produce a bubble up to 25 mm in diameter (McCarthy, 
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1982). The larger the total surface area, the greater is the oxygen 

transfer. For a fixed flowrate, the production of small bubbles 

produces more surface area than if large bubbles were produced. For 

example, dividing a bubble of surface area (As) into two smaller 

bubbles will increase the surface area to 1.26 (As). 

11.2 Oxygen Transfer 

11.2.1 Oxygen Transfer Mechanics 

Oxygen transfer is the actual transfer of oxygen into the water 

across the gas/liquid interface. The interface is either between the 

water body and the atmosphere or between the water and a bubble 

travelling upward through the water body. In the case of surface 

aeration oxygen molecules must first be captured at the gas/liquid 

interface. Some of the incident flux of oxygen molecules rebounds to 

the atmosphere. The fraction of the total flux that is captured can be 

expressed as a surface capture coefficient. The oxygen molecules 

captured are then distributed to the underlying water layer by 

molecular diffusio~ and by eddy diffusion if turbulence is present. 

For an in-depth discussion on oxygen, transfer see Hogan et al., 1970, 

pp. 9-24. 

The molecular diffusion of oxygen within the water is governed by 

Fick's Law. Basically, Fick's Law states that the mass transfer of a 

substance per unit area is equal to a diffusion coefficient multiplied 

by the concentration gradient in the direction of diffusion. In the 

notation of this report Fick's Law for oxygen transfer is (National 

Council for Air and stream Improvement, Inc., 1984). 
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dM -D A dC 
dt = L dx 

where dM/dt = oxygen mass transfer rate 

A = area through which diffusion occurs 

DL = diffusion coefficient for oxygen in water 

(11.1) 

dC/dx = concentration gradient in direction perpendicular to 
difusion 

The concentration gradient can be expressed as a deficit per unit 

length (Cs - C)/XLo Thus 

where Cs = 
C = 

XL = 

KL = 

oxygen 

dM 
dt 

saturation concentration 

oxygen concentration in solution 

liquid film thickness 

absolute oxygen transfer coefficient 
coefficient) 

(11.2) 

(liquid film 

Dividing equation II.2 by the volume of liquid (~) into which transfer 

occurs gives the rate of change in concentration. 

dC 
dt 

where KLa = KLA/~ and can be determined experimentally. 

(1 I. 3) 

KLa increases with temperature. A commonly used relation to 

indicate the effect of temperature on KLa is 
(20-T) 

KLa ,20 = KLa ·6 (II .4) 
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where KLa ,20 ~ oxygen transfer rate coefficient at standard condition 
(20oC) 

KLa ~ oxygen transfer rate coefficient at T(oC) 

e = temperature correction coefficient (usu~lly 1.024) 

Saturation concentration decreases with increasing temperature 

'countering the effect of the increase in KLa with temperature. 

Therefore, the change in concentration over time tends toward being 

independent of temperature if the oxygen concentration in solution (C) 

is low (National Council of the Paper Industry for Air and Stream 

Improvement, Inc., 1984). 

Henry's law governs the solubilities of gases in liquids. Henry's 

law states that the solubility of a gas is linearly proportional to its 

partial pressure (Brown and Lemay, 1977). 

(II.S) 

where C = concentration 

k = Henry's law constant 

Pp ~ partial pressure 

Likewise, the satJ,lration concentration of oxygen in water (C s) 

increases with depth due to the incre~se,in pressure. For air bubbles 

at elevations less than 1000 m. and at temperatures less than 2S oC 

C' s = Cs at atmospheric pressure (~) (III.6) 

where C' s = pressure corrected saturation pressure 

p = absolute pressure at depth 

Patm = absolute atmospheric pressure 
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Table A.1 of Appendix A shows the increase in saturation concentration 

with depth. It can be concluded that water to be aerated should be 

withdrawn from as deep as possible to obtain the maximum concentration 

differential (Cs - C) and therefore the maximum oxygen transfer rate. 

For a given aerator, the magnitude of the bubble rise height (Hb) 

is fixed as well as the DO deficit (C s - C). Once a design is chosen 

the only variable parmeter is the average size of the bubble. Upon 

selecting the diffuser type, the average bubble size (db)' and 

therefore the bubble terminal velocity (V t ) and the liquid film 

coefficient (K L) become fixed values (Hogan et al., 1970). 

The usual practice is to evaluate the gas bubble pressure and 

bubble size at the mid-depth location (Hogan et al., 1970). Since Cs 

is a function of the partial pressure of oxygen in the bubble according 

to Henry's law, the value of Cs for pure oxygen bubbles will be (1/.21) 

times greater than for air bubbles generated at the same place and of 

the same size. Air is 21% oxygen by volume. Thus, if all other 

factors were to remain equal, the oxygen transfer rate for pure oxygen 

bubbles should be 4.7 time greater than for air bubbles generated at 

the same pressure and diameter (Hogan et al., 1970). 

II.2.2 Oxygen Transfer Efficiency 

The oxygen transfer efficiency (OTE) is inherent to each type of 

device. Oxygen transfer efficiencies for submerged aeration devices 

are usually calculated as the ratio of the mass of oxygen absorbed 

during aeration to that supplied while neglecting instantaneous oxygen 

demand. 



OTE = oxygen transfer rate x 100 (%) 
oxygen supply rate 
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For example, the oxygen transfer efficiency for hypolimnetic aerators 

is the ratio of the observed dissolved oxygen increase up the riser 

tube to the mass of oxygen supplied multiplied by 100 (as a percent) 

(Taggert and McQueen, 1982). Oxygen transfer efficiencies for devices 

which produce bubbles are expressed in decimal form and are called 

oxygen capture coefficients. The oxygen capture coefficient for 

bubbles is the ratio of the mass of oxygen transferred to the water 

after the bubble has risen to that originally in the bubble. An 

average capture coefficient (fcn) is found by dividing the mass 

tranl3fer rate for all' bubbles by the oxygen pumping rate. For an in-

depth discussion on oxygen transfer capture coefficients for bubbles 

see Hogan et al., 1970, pp. 49-63. Theoretical determinations of the 

capture coefficient will be covered in Section II1.2. Theoretical 

determinations are difficult since they require assumptions and do not 

include the effects of impurities and coalescence. Often the amount of 

oxygen input to the system cannot be determined (i.e. the atmosphere is 

the oxygen source, for surface transfer devices). Therefore for 

comparison, the aeration industry uses' an aeration efficiency often 

called the oxygenation capacity which incorporates the power 

requirement. Aeration efficiency is defined as the oxygen transfer 

rate divided by the power supplied kg02/kW-hr). See Appendix B for a 

summary of the reaeration efficiencies of reaeration devices measured 

by various researchers. 

Oxygen transfer is adversely affected by the degree of impurities 

i,n the water. "Clean water tests" performed on most aeration equipment 
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give a distorted representation of the ability of equipment to 

transfer oxygen. Most aeration equipment is subject to "dirty water" 

conditions. Even in relatively clear lakes substantial impurities in 

the form of algae and suspended matter can be found. Interfacial 

impuri ties depress mass transfer rates. The decrease is most 

pronounced with small (O.5-5mm) bubbles as opposed to large bubbles 

(>5mm), in inviscid liquids as opposed to viscous liquids, and in 

liquids of high surface tension as opposed to low surface tension. The 

effect of the surfactant depends on its chemical nature, on its 

concentration, and on the size of the bubble. Valentin (1967) pointed 

out that Houghton, Ritchie, and Thompson (1957) showed that even the 

most carefully purified water contains enough contaminant to inhibit 

the rate of solution of small bubbles to a marked degree. The transfer 

coefficient will decrease as the bubble ages. At low bubble ages the 

rate of diffusion of impurities to the interface is high (Valentin, 

1967). Extensive wastewater aeration data are available for comparison 

to lake aeration. The comparison between lake water and wastewater may 

not be ideal due to the. difference in impurity levels, still general 

trends from wastewater experiments may be adaptable to aeration 

research on lakes and reservoirs. The difficulty arises in determining 

the amount of impurity since this depends on both the type and quantity 

of the impurity. 

As the bubble size is decreased, the Reynold number is decreased 

and the residence time increases (Hogan et al., 1970) This by itself 

results in an increase in the capture coefficient; however, as the 

Reynolds number is decreased, the viscous forces increase relative to 
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the inertia forces and a thicker boundary layer of water can be 

anticipated to remain with the bubble as it rises. This will tend to 

decrease the capture rate, since the oxygen must diffuse across this 

thicker exposed layer (Hogan et al., 1970). 

In general, it is desirable to produce as small bubbles as 

possible in order to increase the total surface area and therefore the 

capture coefficient; however, three factors need to be considered. 

First, the rapid generation of smaller bubbles at the diffuser will 

require progressively higher pressure drops across the diffuser and 

hence progressively higher compression power for a fixed mass flow rate 

of gas. Fine bubble diffusers require more energy than coarse bubble 

diffusers due to the higher headloss across the diffuser and the 

stricter filtering requirements of the fine bubble diffusers. The 

total energy required to transfer a certain mass of oxygen into a 

volume of water with fine bubble diffusers is typically less because of 

the high oxygen transfer rate. This becomes evident by comparing 

typical aeration efficiencies (see Appendix B, Table B.2). Second, as 

discussed in II.1.3~ as the number of bubbles generated.per unit time 

increases, there is a tendency for adjacent bubbles to coalesce into 

la~ge diameter bubbles (Hogan et al., 1970). The third factor is that 

very small orifices or openings may not be practical due to clogging. 

According to Nicholas and Ruane (1975), diffusers can be plugged or 

clogged by one or more of the following: (1) sedimentation of silt and 

other solid material on the diffusers, especially when oxygen is not 

being injected, (2) biological growth on the diffusers,' (3) 

precipitation of chemically reduced chemical compounds in the water 
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which tend to plug the diffuser pores when oxidized by the oxygen, and 

(4) filtration occurring when water enters the diffuser system while it 

is dormant. Roe, F.C. (1934) also noted that diffusers clog from the 

air side of the diffuser. Causes include dust and dirt from unfiltered 

air, oil from compressors or viscous air filters, rust and scale from 

air pipe corrosion, construction debris due to poor clean-up, and 

solids entering through the diffuser or pipe leaks. It is important to 

note that a properly filtered air supply is the most important single 

consideration for minimizing diffuser fouling (McCarthy, 1982). 

Cleaning efficiency is the primary filter design characteristic 

and is determined by the equipment it is designed to protect. For fine 

bubble diffusers, the common standard recommended for effluent air 

quali ty is 0.1 milligrams or less of dirt per thousand cubic feet of 

air (McCarthy, 1982). 

An advantage of porous diffusers appears to be the ability to 

operate over a wider range of flow rates without sacrificing excessive 

transfer efficiency. This would allow the designer to design the 

oxygenation system for·a more average oxygen requirement, using a 

higher, but slightly less efficient, oxygen flux for peak oxygen 

requirements (Nicholas and Ruane, 1975). 
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III. BASIC DESIGN PARAMETERS 

III.1 Dissolved Oxygen Depletion Rate Determination 

It may be difficult to predict the amount of oxygen required to 

aerate a lake. Predictions often underestimate oxygen depletion rates 

that are observed during aeration (Taggert and McQueen, 1982). An 

oxygen depletion rate can be determined by analyzing phosphorus 

concentrations, BOD data, and/or the temperature and oxygen profiles of 

a lake over a specified time period in conjunction with the lake 

morphometry. 

Babin and Prepas (1985) tabled the winter oxygen depletion rates 

(WODR) for forty-eight temperate zone lakes in Canada (see Appendix B, 

Table B.7). Dividing each areal winter oxygen depletion rate (WODR) 

by the 'mean depth results in volumetric oxygen depletion rates which 

vary from 0.013 mg 02/l/d to 0.161 mg 02/l/d, The average depletion 

rate for the 48 lakes was 0.056 mg 02/l/d. Babin and Prepas (1984) 

develo~ed an empirical equation (correlation = 0.90) for the prediction 

of winter oxygen depletion rates based on a combination of mean summer 

total phosphorus (TP su in mg/m2) in the euphotic zone and mean depth 

(zin m): 

WODR = - 0.101 + 0.00247 TPsu + 0.0134 Z 
Summer oxygen depletion usually occurs in the hypolimnion and 

metalimnion since photosynthetic production of oxygen can occur in the 

epilimnion. A diel cycle exists in the epilimnion during the summer, 

Oxygen produced by photosynthesis during the light hours is consumed 

through respiration during the dark hours of the day. Taggart and 

McQueen (1982) suggested that a suitable method for predicting summer 
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oxygen depletion rates in the hypolimnion may be that of Cornett and 

Rigler (1979) who showed that areal hypolimnetic oxygen deficit (AHOD) 

is a function of the average thickness and temperature of the 

hypolimnion during summer stagnation and lake phosphorus retention. 

Welch and Perkins (1979) compiled hypolimnetic oxygen deficit rates for 

26 lakes in Washington State and Ontario (see Appendix B, Table B.8). 

These rates are given in mg 02/m2/d which refers to the rate of oxygen 

depletion per unit hypolimnetic surface during summer stratification. 

The average depth of the hypolimnion was not given for each lake; only 

the mean depth of each lake was given. Knowledge of each lake's 

stratification profile and morphology is necessary to relate the 

hypolimnetic oxygen deficit rate to the volume of the hypolimnion (i.e. 

mg 02/m3/d). Hypolimnetic oxygen depletion occurs mainly because of 

either biochemical oxygen demand or benthic uptake caused by the 

decomposition of organic material. Benthic uptake can represent a 

sizeable portion of the oxygen demand. For instance, a field study on 

central Minnesota lakes Louisa and Marie indicated sediment oxygen 

demands (SOD) of 0.18 to 0.47 gm 02/m2/d (Miller and Erdmann, 1984). 

Edberg and Hofsten (1971) monitored oxygen uptake by bottom 

sediments both in situ and in the laboratory. Values in the range 0.3 

to 3.0 gm 02/m2 /d were obtained at 19 localities in fresh and brackish 

water (see Appendix B, Table B.9). Comparative measurements showed 

that the laboratory measurements gave consistently lower oxygen uptake 

values than the in situ measurements. Laboratory experiments showed 

that oxygen uptake depended on the oxygen concentration. Experiments 
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showed no simple correlation between oxygen uptake and the content of 

organic matter in the sediments. 

If historical data in the form of temperature and DO profiles 

and/or BOD data are available. the dissolved oxygen depletion rate 

(mg/l/day) for each layer of the lake can be determined. An average 

dissolved oxygen depletion rate that is weighted according to the 

volume of each lay~r can be calculated for several layers. The volume 

of each layer is found using a bathymetric map of the lake by 

integrating area over depth. A safety factor is then applied which 

resul ts in the design dissolved oxygen depletion rate. This rate is 

then multiplied by the volume to be aerated resulting in the daily mass 

oxygen requirement. 

The steps to find the dissolved oxygen depletion rate for the 

metalimnion of a lake are as follows: The average thickness of the 

metalimnion as well as its location from the surface are determined 

subjectively by looking at the temperature and DO data for the whole 

season. Since the metalimnion lowers itself in relation to the surface 

as the season progresses, an average locatiori and thickness for the 

entire season ~as' to be chosen. Once the average location and 

thickness of the metalimnion are determined, the metalimnion is divided 

into an apr>ropriate number of layers. The dissolved oxygen value at 

each layer's center is then chosen as the average dissolved oxygen 

value for the entire layer. The dissolved oxygen value at the center 

of the layer is obtained by direct reading or linear interpolation of 

field data. For each layer the average oxygen depletion rate for the 

time period between two successive dissolved oxygen profiles is found 
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by taking the difference between dissolved oxygen values and dividing 

by the length of the time period. 

There are three depletion rates that can be used for design 

purposes. The first is an extreme dissolved oxygen depletion rate. 

This is determined by selecting the highest depletion rate value from 

each layer regardless of when that rate occurs. The values are 

weighted by volume and a weighted average is taken. The highest rate 

for each layer does not necessarily occur within the same time period. 

For example the highest depletion rate for the bottom layer may occur 

much earlier in the season than for the top layer. Using the extreme 

oxygen depletion rate, the highest rate, may result in the overdesign 

of the aeration system. A safety factor must be accounted for in any 

design. The size of the safety factor must be weighed against the 

economics of installing a larger system as well as size limitations. 

See section IV.5.1 for the calculation of the extreme dissolved oxygen 

depletion rate for Ryan Lake in 1985. 

The second type of oxygen depletion rate that can be determined is 

the average oxygen depletion rate for the entire metalimnetic layer for 

the time period between two dissolved oxygen profiles. The highest 

rate for the season could be chosen as the design value. The values 

determined in this manner are often much too low due to the averaging 

of values across the entire metalimnion. For instance, the top layer 

may be experiencing an increase in dissolved oxygen due to a storm 

while the bottom layer may be depleting its dissolved oxygen content at 

an extreme rate. 
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The third type of dissolved oxygen depletion rate, the seasonal 

dissolved oxygen depletion rate, is determined by taking the difference 

between the values of dissolved oxygen at the beginning and end of the 

period of decline for the season and dividing by the time period 

between dissolved oxygen profiles. This is done for each layer and a 

weighted average according to each layer's volume is taken to be the 

seasonal oxygen depletion rate. This value is often low also. 

III.2 Required Air Flow Rate Determination 

If a submerged aerator is'used, a required air flow rate must be 

determined. The major variables for a free convection aerator include 

the length and cross sectional area of the riser tube, the cross 

sectional area of the return manifold tubes or openings, the diffuser 

depth, and the selection of the average bubble size. Selection of 

bubble size determines the required air flow rate. Recall that higher 

aeration efficiencies are obtained using smaller bubbles. 

Determination of a, capture coefficient (f CD) is a convenient 

fractional form of the oxygen transfer efficiency which is used to 

determine the re.quVed air flow rate. The capture coefficient is so 

named since it represents the mass fr.action of oxygen captured by the 

water during the bubbles ascent. 

Hogan et ale (1970) point out that Ippen and Carver (1954) have 

shown that the capture coefficient (fCD) can be found by dividing the 

transfer rate for all bubbles by the oxygen pumping rate which for air 

bubbles in the notation of the report is: 

(III. n 
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where fCD = dimensionless capture coefficient (fraction) 

Qa,u = uncompressed volume flow rate of air 

Pa = mass density of air 

As,t = total surface area of all bubbles in the water at a given 
instant 

Note that in this equation consistent units are to be used throughout. 

Also note that uncompressed dry air is approximately 21% oxygen by 

volume. 

Since it is difficult to obtain the total surface area of all the 

bubbles, the capture coefficient is found for a single average size 

bubble. It is assumed that perfect spherical bubbles are formed. 

Recall that bubbles behave as spheres up to Reynolds numbers of about 

70 (Hogan et al., 1970). The uncompressed air flow rate can be 

expressed as 

Qa,u = ~b = 'ITdb3/6 (III.2) 

tr (Hb/Vt ) 

where db = average bubble diameter 

As = surface area of a sphere = nd 2 b 

~b = bubble volume = ('ITdb3 )/6 

Hb = bubble rise height 

Vt = bubble terminal velocity 

tr = bubble contact (residence) time = Hb/Vt 

Substituting for Qa,u and As in equation 111.1 results in the following 

equation for the bubble capture coefficient: 

fCD = 28.57 Hb KL Cs - C 
db Vt Pa 

(III. 3) 
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If the average diameter and the terminal velocity of a bubble can 

be determined, the capture coefficient can be estimated assuming 

spherical bubbles were produced. Using an average size bubble would 

give a theoretical capture coefficient for all the bubbles in the 

plume. This capture coefficient would not include the effects of 

coalescence or impurities. 

For an individual bubble at terminal velocity 

(III.4) 

wbere FD = drag force on bubble = (CD Ab Pw Vt 2)/2 

We = effective buoyancy force on the bubble = \1b(Pw - Pb)g 

g = gravitational constant 

Pb = density of the bubble gas = Pa for air 
- I 

Pw = density of the water 

CD = drag coefficient of a sphere 

Ab = projected area of tbe bubble = (TIdb2)/4 

The bubble terminal-velocity can then be solved for by substituting for 

\1b and Ab in terms of bubble diameter into equation 111.4. 

A relationship for the drag coefficient for spheres for 1 < Re < 

10,000 is given by Fair et al., 1968). 
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Co = 24 + 3 + 0.34 
Re (Re)0.5 

(III.6) 

where: v = kinematic viscosity of water w 

Re = bubble Reynolds number = Vtdblvw 

If the Reynolds number is less than 1.0, viscous forces are more 

important than inertial forces and equation 111.6 can be reduced to: 

CD = 24 IRe (Hogan et a1., 1970). Substituting this expression for CD 

into equation III.5 results in Stokes' law. 

gdb2( Pw - Pb) 

18\!w Pw 
(III.7) 

For Reynolds numbers greater than 1.0 an iterative procedure must 

be used to determine the terminal velocity since inertial forces become 

an important factor. Using the given diameter of the bubble, water 

temperature, and air temperature a terminal velocity is assumed and a 

drag coefficient is calculated from equation 111.6. Figure 11.1 can be 

used to determine an initial guess of the terminal velocity. The 

terminal velocity is then calculated from equation IlI.5 and compared 

to the assumed terminal velocity. If too great a difference between 

the two values exists the procedure is repeated. A good guess for the 

terminal velocity is the calculated terminal velocity from the previous 

iteration. The procedure is repeated until a suitable convergence is 

attained. For large bubbles (db> 1.5 mm), equation III.6 does not 

adequately predict the drag coefficients since large bubbles zig-zag 

and do not maintain their sheri cal shape. Figure 11.1 can be used for 
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predicting the terminal velocity of large bubbles if the water 

temperature is near 18°C. 

After the terminal velocity is determined an approximation of the 

mass transfer rate can be determined. For conditions in which there is 

no flow separation from the bubble (Re < 100,000) the liquid film 

coefficient (KL) is expressed as (Hogan et al., 1970): 

1/2 

(III.B) 

where; DL = diffusion coefficient 

t expo = exposure time for the fluid layer 

The fluid time of exposure can be approximated by dividing the bubble 

diameter by the terminal rise velocity. 

Integrating from, the initial time to the rise time or residence 

time of the bubble (tr = Hb/Vt ) gives the following result; 

(t )-1/2 dt = 2(t )112 expo r (III.9) 

o 

Since it is more convenient to use a constant value of KL, a fixed 

value of t expo will be used. Hogan et al., (1970) suggested using 

t expo = tr/4 = (Hb/V t )/4. Substituting this expression for t expo into 

equation lII.8 gives the following: 

(III.10) 
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For Reynolds numbers i 1.0, Stokes' equation for terminal velocity 

(equation 111.7) can be used. Substituting the espression for KL 

(equation IIl.10) into equation lII.3 and then substituting Stokes' law 

(equation 111.7) for the terminal velocity results in a convenient 

expression for the capture coefficient for Re i 1.0 or db i 0.12 mm. 

1/2 

(III.11) 

See Appendix A for an example using db = 0.12 mm. For' Reynolds number 

~ 1.0 the terminal velocity is determined by iterating since the drag 

coefficient changes with Reynolds number. Therefore, it is convenient 

to keep a velocity term in equation IIl.3 for Re ~ 1.0. Substituting 

equation IIl.10 into equation IIl.3 results in the following equation 

for Re > 1.0 or db ~0.12 mm. 

1/2 
32.24 [\:b] (111.12) 

Bird et al., (1960) express the average mass transfer rate as 

dM 
dt = A f':e:~o J 1/2 (Cs -C) (III.13) 

where t expo is equal to db/Vt rather than (H b/VT)/4, and the 

expression for KL is twice that of equation 111.8 given by Hogan 

et al., (1970). 
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(III. 14) 

The results of Bird et al., (1960) have been substantiated for gas 

bubbles of about 3 to 5 mm in diameter rising through carefully 

purified water. The presence of surface active agents cause a marked 

decrease in the 'mass transfer rates. Therefore, it is more 

conservative to use the approach used by Hogan et al., (1970) described 

previously. 

If equation 111.14 is substituted into equation 111.3 the 

following equation for the capture coefficient results: 

" fCD = 32.24 
C - C s (III.15) 

Babbit and Bauman (1958) reported that King (1955) using 

wastewater aeration data formulated the following empirical equation 

for bubbles with diameters from 2.5 to 7.6 mm. In the notation of this 

report: 

-1 
0.031 (Hb)0.18 (Cs - C)(H 0.13) t 0.86 (1.024)T 1 

• b r 
fCD = -......---------"---~--------- x -

(db)0.95 100 
(III.16) 

where fCD = capture coefficient (fraction) 

Hb = bubble rise height (ft) 

Cs = dissolved oxygen saturation concentration (mg/l) 

C = dissolved oxygen concentration (mg/l) 
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T = Water temperature (oe) 

tr = bubble rise time (seconds) Hb/V t 

db = bubble diameter (inches) 

It should be noted that the application of this formula is limited 

to condi tions normally met in the activated-sludge process and to a 

dissolved oxygen saturation of less than 50 percent. 

Geankoplis (1983) gave equations for the mass transfer 

coefficients for bubbles to the surrounding liquid. For small bubbles 

db < 0.6 mm the following equation has been shown to predict the mass-

transfer coefficient KL: 

where Nsc = Schmidt number = Pw/( Pw DL) 

~ = absolute viscosity of water 

(III.17) 

The first term on the right side of the equation is the molecular 

diffusion term, and the second term is that due to the free rise of the 

sphere by gravitational forces. For large bubbles db > 2.5 mm 

Geankoplis recommends using the following mass transfer coefficient: 

(1/3) 

KL = 0.42 Nsc(-0.5) (III.18) 

In the transition region between small and large bubbles 0.6 mm < db < 

2.5 mm, Geankoplis approximated the mass transfer coefficient by 

assuming that it increases linearly with bubble diameter. The 
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expression for KL by Geankoplis can be substituted into equation 111.3 

to obtain an "expression for the capture coefficient. 

See Appendix A for a sample calculation of a oapture ooeffioient 

for various sizes of bubbles. Also see Table A.2 for a comparison of 

values obtained using the various equations. Table A.2 reflects the 

variabili ty in capture coefficient formulations. Comparing capture 

coefficients with experimental oxygen transfer efficiencies for similar 

conditions suggests that the formulations by various investigators may 

apply to certain ranges of bubble size and submergence. Therefore, 

experimental data for each design should be consulted for an estimation 

of the design capture coefficient. Examining data on fine bubble 

diffusers (db = 2.5 mm) by Yunt et ale (1980) indicates variability in 

oxygen transfer eff~ciency at the same depth due to different flow 

rates. Huibregtse et ale (1983) summarized that for a specific 

diffused aeration device installed at a fixed depth three major 

variables affect oxygen transfer. These are 1) air flow per unit 

volume (a measure of mixing intensity or turbulence), 2) air flow per 

diffuser, and 3) the number of diffusers (diffuser denSity). To 

complicate matters, an increased pressure head equivalent to the 

pressure head above the outlet is applied by the vent valve to prevent 

water from gurgling up the· vent tube in in situ aerators. Also water 

flow reduces the contact time of the bubbles. Theoretical or empirical 

formulations do not exist for such circumstances. Engineering 

judgement must then be used to estimate the capture coefficient. 

General trends can be inferred from experimental values. 
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The daily mass air requirement can be found by dividing the daily 

mass oxygen requirement (see Section 111.1) by the fraction of oxygen 

in air determined on a mole fraction basis. The daily mass air 

requirement is then divided by the density of air to determine the 

theoretical air flow rate needed if all the pumped oxygen was captured 

by the water. The theoretical value should be adjusted for any oxygen 

not captured by the water during the bubble-water contact time. This 

is done by dividing the theoretical value by a capture coefficient 

(fCO)' 

Theoretically a capture coefficient greater than or equal to 1.0 

indicates that all the oxygen in a bubble diffuses into the water 

during the bubble's rise to the surface. Due to the effects of 

conglomeration, impurities, and the build up of a boundary layer film 

during the rise, the actual and the theoretical values may differ. 

Therefore, a theoretical capture coefficient greater than 1.0 is 

desired and may be necessary to achieve maximum oxygen transfer 

efficiency. The (DO) concentration gradient, (C s - C), in the above 

equation can be found from the temperature and oxygen profiles. 

The (DO) saturation concentration (C s ) obtained from the 

temperature profile can be averaged over the layer being analyzed. The 

(DO) saturation concentration at various depths initially have to be 

corrected for pressure before averaging (see the case study sample 

calculations, Appendix A.2). The average (DO) concentration before 

aeration, (C), initially can be obtained from the oxygen profile by 

averaging over the layer) or a minimum concentration can be assumed. 
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Localized cell re-circulation in the water flow pattern may 

present a problem in the estimation of the dissolved oxygen 

requirement. "Sbort circuit;lng" in the design of aeration devices for 

the metalimnion will be explained and analyzed in detail in Section IV. 

A partially aerated water mixture may enter the intake causing 

inefficiency in gas transfer due to a smaller difference between the DO 

saturation concentration and the (DO) concentration of the water 

entering the aerator, (Cs - C), which is the driving force. A smaller 

driving force requires more energy to produce the final desired DO 

level. For example Speece (1975) states that: 

A given piece of surface agitation equipment would dissolve 
oxygen into water having an actual DO of 1 mg/l at about 400% 
of the rate that would occur if the actual DO was 7 mg/l. 
Consequently, 400% as much horsepower would be required to 
transfer the same number of pounds of oxygen per day into 
water at a DO of 7 mg/l as compared with water having a DO of 
1 mg/l. 

Therefore, a large difference between the DO saturation concentration 

and the concentration of the water entering the aerator is desirable. 

Extracting water at a lower level is desirable because of the increase 

in DO saturation concentration caused by the increased pressure at 

greater depths. 

In summary, estimation of the amount of oxygen transferred to the 

water that flows through an aeration device and therefore the required 

a;i.r flow rate is a complicated procedure due to the many variables. 

The major unknowns include bubble size, effects due to impurities and 

coalescence, the amount of ox ygen captured from a bubble, and 

recirculation of aerated water due to short circuiting. 
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III.3 Actual and Required water Flow Rate Determination 

Once the uncompressed air flow rate is estimated the actual water 

flow rate (Qw,ac) can be approximated by a porportionality equation 

formulated by Taggart and McQueen (1982) for hypolimnetic aerators from 

a step-wise regression on data from 20 experiments. 

where Hb = bubble rise height (m) (length of riser tube) 

Qa,u = uncompressed air flow rate (l/s) 

Qw ac = actual water flow rate (l/s) , 

(rrI.19) 

It should be noted that this equation was determined for hypolimnetic 

aerators with long riser tubes and may not be applicable to 

metalimnetic aerators. A' pipe flow analysis approach for estimating 

water flow rates through a metalimnetic aerator will be explained in 

Section IV.5.5. A pipe flow analysis can also be applied to 

hypolimnetic aerators. 

To predict the water flow rate, an unsuccessful two phase flow 

analysis was attempted using various empirical equations found in the 

literature. The equations used were for small pipes (less than 25 cm) 

with large air and water velocities. Therefore, these equations were 

not applicable to aerators which have large diameters and slow air and 

water velocities. 

The estimated actual water flow rate must be larger than the 

required water flow rate (Qw,r>. The required water flow rate is found 

by dividing the required mass flow rate of oxygen by the desired 

increase in DO concentration (8C) in the aerator. Recall that the 
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required mass flow rate of oxygen is found by multiplying the DO 

depletion rate by the volume of the water to be aerated, and a safety 

factor. 

111.4 Maximum Riser Tube Radius 

The maximum radius of the riser tube can be found and compared to 

the design radius by noting that the terminal velocity of the bubbles 

should approximately equal the actual water flow rate (Qw,ac) divided 

by the area of the riser tube (Ar = ~rr2). This implies minimal 

hydraulic resistance in the water flow. 

(II1.20) 

Rearranging equation 111.20 results in an equation for the maximum 

. radius of the riser tube (rr) (Taggart and McQueen, 1982). 

1/2 
(III.21) 

The design riser tube radius need not be greater than the maximum riser 

tube radius. Due to economic and size constraints the design riser 

tube radius is often less than the maximum riser tube radius. This 

results in a reduced flow through the unit due to hydraulic resistance. 

111.5 ~ Requirements 

An empirical equation by. Kemmer (1979) for required horsepower, 

expressed in the notation of this report, is 

Power = 
Qw,ac x Pw x (OD) 

24 x qo (III.22) 
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where Qw ac = actual water flow rate (mgd) , 
Pw = density of liquid (8.34 lbs/gallon for water) 

(OD) = oxygen demand (ppm) 

qo = aeration efficiency (lbs 02/hp-hr) 

For example, to add 6 ppm of dissolved oxygen to a flow of 2.5 mgd with 

a device transferring 2.0 lbs 02/(hp-hr) requires 2.6 hp. 

Often the aeration efficiency is unknown for the device or design 

being considered. An estimation of the horsepower required for free 

convection aerators can be made by determining the pressure required by 

the compressor and applying the adiabatic compression formula for 

steady-flow mechanical work (Wsf) (Wark, 1983) 

(III. 23) 

(III.24) 

. 
where ma = mass flow rate of air 

K = 1.4 for diatomic gases 

T = absolute temperature 

R = air gas constant 

P1 = uncompressed (atmospheric) pressure 

P2 = compressed pressure 

Note that all air compressors are rated by the manufacturers to deliver 

specific volumes at fixed temperatures and pressures; the 

specifications though are given at the compressor and do not consider 
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the fact that the compressor must deliver air through a pipe from the 

shore-based compressor to the air diffuser located at some depth in the 

lake. The pressure required by the compressor for free convection 

devices will be the hydrostatic pressure at the level of the diffuser 

augmented by the head losses between the compressor and the point of 

release. This includes line headlosses, elbow head losses in the header 

and manifold assembly within the aerator, the headloss across the 

filtering system, the headloss through the orifice flow control device, 

and the head loss across the diffuser. All the above headlosses should 

be estimated or determined from manufacturer specifications. The line 

headloss can be estimated using the Darcy-Weisbach equation if the 

absolute roughness is known for the piping material. Moody's diagram 

can be used in conjunction with the absolute roughness to find the 

friction factor. 

The Darcy-Weisbach equation is (Daugherty and Franzini, 1977): 

where f = Darcy-Weisbach friction factor 

L = supply line (tube) length 

dL = supply line diameter 

V = velocity 

(III.25) 
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IV. METALIMNETIC AERATOR DESIGN 

IV.1 Problem Statement 

Aeration of the metalimnetic layer has been proposed as a 

biomanipulation method for eutrophic lakes. The purpose of the 

aeration is to develop or expand a light, temperature, and dissolved 

oxygen refuge for the zooplankton species, Daphnia. It is expected 

that, if the average size and the number of Daphnia is increased, algal 

populations normally associated with eutrophication will be reduced. 

The hydrodynamic problems encountered in the design of metalimnetic 

aerators are discussed and applied to the conditions found in Ryan 

Lake, Minnesota. 

IV.2 Biomanipulation Using Metalimnetic Aeration 

One of the techniques for alleviating the consequences of 

eutrophication in lakes with low cost and a minimum of public 

resistance is biomanipulation (Shapiro, 1985-86). Biomanipulation is 

the adjustment of an ecosystem through population control of some 

species of biota comprising the ecosystem. A method of biomanipulation 

for eutrophic lakes, proposed by the Limnological Research Center at 

the University of Minnesota, is the development of a light, 

temperature, and dissolved oxygen refuge for the zooplankton species, 

Daphnia (Shapiro, 1985-86). Daphnia playa significant role in the 

food chain of a lake. Daphnia graze upon phytoplankton (primarily 

algae) and are themselves fed on by small fish. Increasing the average 



49 

size and/or number of Daphnia would decrease the phytoplankton biomass 

which in turn is expected to increase the transparency of a eutrophic 

lake. 

Daphnia have the capability to raise and lower themselves within 

the water column on a 24 hour light-mediated circadian rhythm. Daphnia 

migrate toward the surface during the dark hours. They descend to 

lower depths during the light hours seeking a cold, dimly lighted 

refuge from their predators, small fish. In eutrophic lakes with 

clinograde oxygen profiles (Figure IV.1) the downward migration pattern 

of the Daphnia is usually interrupted by the lack of dissolved oxygen 

at the deeper levels of the metalimnion. Daphnia require at least 0.5 

mg/l of dissolved oxygen to survive. Small fish require more (2-3 

mg/l) but have the capability to dive after their prey into low 

dissolved oxygen levels for short periods of time. The ability of a 

small fish to strike its prey though is directly related to the amount 

of light it has available to see its prey. At lower light levels, a 

fish must be closer to its prey in order to see it. Small fish also 

desire warmer temperatures than those required for Daphnia survival.' 

Increasing or maintaining dissolved oxygen concentrations, by 

artificial aeration at the depth normally restricting the downward 

migration of the Daphnia might allow Daphnia to descend to darker and 

colder regions throughout the entire warm weather season and thus to 

survive in large numbers. In essence, a low light and cold temperature 

refuge could be created or expanded by artificial aeration of the 

restricting level. Since Daphnia require less oxygen than small fish, 

a dissolved oxygen refuge could also be maintained or expanded by 
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Fig. IV. 1 Summer Dissolved Oxygen Profiles in Lakes 
(After Wetzel, 1983) 
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increasing the amount of dissolved oxygen to a concentration required 

for Daphnia survival but undesirable to small fish. In summary, it is 

believed that a refuge for Daphnia from predation by small fish can 

alleviate some symptoms of eutrophication of a lake. 

To maintain or expand a light, temperature, and dissolved oxygen 

refuge, a technique for artificially aerating the restricting level 

which is often found in the metalimnion of eutrophic lakes must be 

designed. The metalimnion is the water layer characterized by the 

steep temperature change between the warm, well-mixed upper layer, the 

epilimnion, and the cold deep bottom layer, the hypolimnion (Figure 

IV.2). 

The~e are two types of desigris of metalimnetic aeration devices. 

The metalimnetic aerator can be designed with onshore aeration of the 

water. In that case, the aerator design, either a cascade or oxygen 

injection or air injection, is not significantly different from the 

various hypolimnetic aeration designs for lakes and reservoirs that are 

described in Section I. The primary difference is that the intake and 

withdrawal ports are located in the metalimnion rather than the 

hypolimnion (Figure IV.3). The second option is in situ aeration 

similar to that used in hypolimnetic aeration (Figure IV.4) We shall 

consider this second option. 

The following discussion will deal with the design aspects of an 

in situ metalimnetic aerator for lake biomanipulation. Hydrodynamic, 

problems with external and internal flow patterns will be discussed in 

separate sections. A design example for Ryan Lake, Minnesota will be 

given. 
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Fig. IV.2 Summer Temperature Stratification in a Eutrophic Lake 
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WATER PUMP 

Fig. IV.3 Mechanical Aeration System (top) and Oxygenation System 
(bottom) of a Metalimnion (The Cross-Hatched Area Represents 
the Thermocline). (Modified After Holland and Tate, 1984) 
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Fig IV.4 Metalimnetic Aerator (Schematic). 
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IV.3 External Flow Problems in Meta1imnetic Aerator Design 

IV.3.1 Location of Intake and Discharge Ports 
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Meta1imnetic aeration requires the extraction, aeration and re

injection of the water from the meta1imnion. Extraction of water from 

the hypolimnion, aerating the water, and discharging it into the 

meta1imnion is undesirable due to the high nutrient content of the 

hypo1imnetic waters. The meta1imnion serves as a barrier against the 

upward movement of nutrients as well as the downward movement of oxygen 

from the epi1imnion. Nutrient rich water extracted from the 

hypolimnion and transported upward to the meta1imnion would fertilize 

the meta1imnetic waters. This would increase biological growth within 

the meta1imnionthereby offsetting the original intention of reducing 

the eutrophicated state of the lake. 

Water must be extracted from the meta1imnion, aerated, and then 

disch~rged back into another level of the meta1imnion. This can be 

done in one of two ways. Water can either be extracted from the top of 

the meta1imnion, aerated, and returned to the lower meta1imnion, or 

water can be extracted from the bottom of the meta1imnion, aerated, and 

returned to the upper meta1imnion. 

Extracting water from the top of the meta1imnion and discharging 

it into the bottom of the meta1imnion (a buoyant plume design) has 

various drawbacks. The 'first drawback originates from the air lift 

principle used to drive an ~ situ meta1imnetic aeration device. Air 

or oxygen is injected at the bottom of the device and allowed to rise. 

Water is entrained into the device, and the drag force on the rising 

bubbles provides the force to lift the water up the column. Water that 
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is extracted from the top of the metalimnion and eventually discharged 

at the bottom of the metalimnion would first be sucked down toward the 

diffuser, lifted up the length of the column, and then pushed downward 

toward the outlet (Figure IV.5). This involves complex tubing with 

high head losses which encourages deposition of sediment and organic 

matter within the unit and may cause clogging of the diffuser. The 

second major drawback is the risk of an unwanted low dissolved oxygen 

barrier (layer low in DO) developing between the epilimnion and the 

discharge level (Figure IV.6). The third major drawback of upper 

withdrawal and lower reinjection is that withdrawn water may initially 

be high in dissolved oxygen. The dissolved oxygen concentration 

difference between the desired and the initial dissolved oxygen levels 

would be small. Thus according to Fick's law (Section II.2.1) the 

oxygen transfer rate inside the aerator would be corresponding small. 

The only possible advantage of withdrawing water from the top of 

the metalimnion and discharging into the bottom of the metalimnion is 

that a deeper refuge can be created without lowering the unit. 

Extracting water from the bottom of the metalimnion, aerating it, 

and discharging into the top of the metalimnion overcomes the above 

drawbacks. A complicated aeration device is not required since water 

only travels up a single column (bottom to top). The chance of an 

unwanted low dissolved oxygen barrier is very slim since aerated water 

is injected directly below the epilimnion and can be easily tied into 

the epilimnion. Plenty of oxygen exists within the well-mixed 

epilimnion due to photosynthesis and surface aeration. Water low in 

dissolved oxygen would be withdrawn assuring high mass oxygen transfer 
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Fig. IV.5 Metalimnetic Aerator Design (Schematic). 
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rates. The only disadvantage is that a deep refuge cannot be obtained 

unless the discharge level is lowered in the water column. If the 

distance between withdrawal and discharge ports is fixed, lowering the 

discharge port will also lower the withdrawal port. If the withdrawal 

port is lowered into the hypolimnion, water high in nutrients would be 

withdrawn which is undesirable. For the above reasons, only designs 

with lower withdrawal and upper reinjection were studied in detail. 

IV.3.2 Experimental Study of External Flow 

IV.3.2.1 Purpose of Experiments 

A metalimnetic aerator must withdraw water from the layers with 

strong temperature stratification, enrich that water with oxygen, and 

discharge it back near its withdrawal while avoiding "short circuiting" 

or recycling between withdrawal and discharge points (See Fig. !:V.7). 

The development of an artificially aerated water layer from the surface 

mixed layer on downward is desirable (see Fig. IV.8). Withdrawal from 

a density stratified ambient and discharge into a density stratified 

ambient are therefore the main hydrodynamic features which need to be 

studied for the design of a metalimnetic aerator. The jet trajectory 

and the thicknesses of the withdrawal and discharge layers are of 

importance in predicting short circuiting. There is ·also the question 

as of t~e degree to which the aerator will affect the water 

environment. 

A plume that is discharged will tend to seek its original density 

level. Mixing and entrainment with the ambient water at the discharge 

point (which has a different density) will change the density of the 
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discharging jet plume. The degree of plume dissipation depends on both 

the jet discharge velocity and the strength of density stratification 

of the ambient water. A dye flow-visualization study was carried out 

to determine if undesirable short circuiting occurs or if a desirable 

aerated water layer develops. 

IV.3.2.2. Description of Experimental Apparatus 

The basic components of the experiment were an insulated tank, a 

model aerator, a water pump, a hot and cold water source, a rotameter, 

a temperature meter, temperature probes, a-dye injection apparatus, an 

insulated equilibrium basin with a thermometer, a 35 mm camera, and a 

video camera and recorder (figure IV.9). The laboratory experiment was 

conducted at a scale of approximately 1:15 for typical summer lake 

conditions. 

A temperature stratification considered representative of a 

northern lake_in summer was reproduced in a 112 cm x 112 cm and 126 cm 

deep tank (16 cm of freeboard were allowed for a total tank depth of 

142 cm). The tank represented a water column 16.8 m x 16.8 m and 

18.9 m deep. A drain-and an overflow port were provided. Foam 

insulation one inch thick was glued to the outward sides and bottom of 

the tank. 53 cm x 122 cm viewing ports were provided on the tank's 

front and back sides. 

The aerator was represented by a cylinder 10.2 cm in diameter with 

three round intake and three round discharge ports of 0.79 cm diameter 

each. The corresponding prototype aerator would be 1.5 m in diameter 

with ports 11.9 cm in diameter. The vertical distance between intake 

and discharge ports of the model was 23.3 cm corresponding to 3.5 m in 
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the prototype. The model's size and flow rate were restricted by the 

small tank size. In order ~o produce typical corresponding prototype 

velocities and still see significant plume effects, the aerator had to 

remain a significant distance from the tank walls. 

Discharge velocities were simulated according to densimetric 

Froude similarity. Model flow rates though were restricted to values 

smaller than the corresponding prototype flowrates due to the small 

tank size. Two velocities were used in the model in separate 

experiments. The larger average model port velocity was 25.2 cmls 

including a 1.0 contraction coefficient typically used for thick walled 

orifices (Daugherty and Franzini, 1977). This corresponded to a 

prototype port velocity of 96.8 cmls including a 1.0 contraction 

coefficient. The smaller average model port velocity was 16.3 cml s 

corresponding to 62.9 cmls in the prototype. The jet Reynolds numbers 

were from 1347 to 2845 in the model representing Re values from 78,254 

to 165,280 in the prototype. 

The model aerator was not an actual working model of the prototype 

(air was not used to drive the flow). Instead the model was 

constructed from a four inch diameter tube with a divider near the 

middle which formed two compartments. A pump was used to withdraw 

water from the tank into one compartment via three ports and pump it to 

the other compartment where it was to be discharged into the tank at a 

different level via three ports. The water to be discharged was dyed 

enroute to the other compartment and the trajectory and growth of the 

colored water layer were followed in the experiment (Fig. IV.9). Small 

holes with plugs were provided near the top of each compartment for 
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bleeding out any air in the system. Small holes with plugs were also 

provided at the bottom of each compartment for draining water from the 

aerator when not in use. 

To regulate the flow through the aerator, a valve and rotameter (a 

Fischer and Porter Co. Precision Bore Flowrater (FP-1/2-27-G-10/85) 

with a BSVT-45 blunt body float) were used. For water temperature 

measurements a Yellow Springs Instrument Company temperature meter (YSI 

MODEL 46TU Tele-thermometer) was used in conjunction with YSI 400 

series thermister probes placed on a point gauge. An insulated 

equilibrium water temperature bath (open to atmosphere) and a 

thermometer measuring to within 0.1 0 C were used to observe equilibrium 

temperatures and calibrate the YSI 400 series probes. 

Temperature probes were calibrated against a thermometer placed in 

the equilibrium bath (which had a fairly constant temperature). 

Calibration was done by one of two methods. One was to remove the 

temperature probes from the point gauge to which they were taped and to. 

place them in the equilibrium bath. The other method was to place a . 

moveable temperature probe (calibrated against the thermometer) at the 

same level as the temperature probes wit~in the experimental tank which 

was full of water. The first method was more accurate but required a 

large amount of time and disrupted the original experimental set-up. 

Two probes read slightly lower than the calibrated measurements. The 

d~ta taken by these probes, probes Number 10 and Number 12, were 

corrected before placing them in Tables C.3 through C.12. The dye 

injection apparatus for flow visualization consisted of dye pouches and 

small valves tapped into the hose leading to the pump (Fig. IV.9). 
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IV.3.2.3 Preparation for Experiments 

The tank was initially filled to the desired location of the 

metalimnion midpoint with cold water (from a city tap). Hot water from 

a water heater was then placed on top of the cold water by gently 

filling the tank using a device that dissipates the water jet. If an 

energy dissipating device was not used, excessive mixing caused the 

formation o.f an unrealistic temperature profile not similar to lake 

stratification. The tank was filled until the water overflowed into 

the overflow drain thereby assuring a constant water depth for each 

experiment. The model aerator was designed to be easily raised or 

lowered within the water column with minimal disturbance. This was 

necessary to assure positioning of the intake and discharge ports 

within the metalimnion. The metalimnion could also be shifted down by 

draining cold water out the bottom of the tank if the metalimnion was 

too high. If the metalimnion was too low, it could be raised up by 

slowly filling cold water into the tank bottom via an energy 

disSipation device. The location of the metalimnion was monitored by 

moving a point gauge with temperature probes taped to it at measured 

intervals. After a suitable temperature p·rofile was· created, the 

unwanted air was bled from the water circulation system and the valve 

used to regulate the flowrate was set to the desired rotameter flow 

rate setting. The water was then allowed to come to perfect rest 

before recording the initial temperature profile. 

IV.3.2.4 Data Collection 

The primary data collected were the following: 
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1) equilibrium temperature 

2) air temperature 

3) temperature profiles 

4) location of the aerator ports 

5) water flow rate 

6) development and location of aerated water layer, and 

7) photographs or video tape recording of colored discharge. 

The equilibrium temperature (obtained from the equilibrium basin), 

the air temperature, the initial temperature profile, and the aerator 

location were recorded before initiating circulation. Timed 

measurements were initiated at the beginning of pumping. Dye was 

injected and timed pnotographs or a video recording were taken. The 

location and thickness of the aerated water layer as well as the 

correspond~ng temperature profile were recorded. For a data summary of 

Experiments 1A through 12 see Tables C.1A, through C.12. For each 

experiment'a figure with the initial and final temperature profiles is 

presented (see Figs. C.1A through C.12). The 'development of an aerated 

wat~r layer, the location of the model aerator intake and discharge 

ports, and the" direction of circulatio~ (either buoyant or plunging 

plumes) are also shown (see Figs. C.1A to C.12). The observed boundary 

and thickness of the dye layer, which represents an aerated water layer 

at specified times, are indicated by the shaded areas on Figs. C~1A 

through C.12. 

It should be noted that Experiments 1A and 1B were run without 

tank insulation; insulation was added for Experiments 2 through 12. 
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IV.3.2.5 Interpretation of Results 

Temperature profiles with the same general shape as in a 

stratified lake were produced in the tank. Experiments 1A through 11 

were run at water temperatures above those expected in typical northern 

U.S. lakes in summer since an extremely cold water supply (4 to SoC) 

was not readily availlable at the time the experiments were run (see 

Fig. C.1A through C.11). All the experiments were run in summer or 

early fall when the city water temperatures (city water served as the 

cold water supply) were above the temperatures normally expected in the 

lower depths of a northern lake in summer. Experiment 12 was run with 

water cooled to desired levels by using a refrigerator compressor and 

Freon cooling coils in another tank. The cooled water was then pumped 

to the tank for the experiment. The refrigerator compressor and Freon 

coils were not available at the time experiments 1 through 11 were run. 

Water density gradients at higher water temperatures are much greater 

than at temperatures near 40 c (water is heaviest at 40 C). Therefore a 

body of water at elevated temperatures will stratify more strongly than 

a cold water body with an equivalent temperature differential. The 

result is larger densimetric jet Froude numbers as temperatures 

approach 40 c while all other variables such as jet velocity are held 

constant. 

The densimetric Froude number for a circular jet is defined as 

-1/2 

F = V j [ (g D.1 p ) / Pw] 

where Vj = jet velocity 

g = gravitational constant 

(IV. 1> 



D = jet (port) diameter 

Pw = water density 

Ap = density difference between jet and ambient 
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A summary of the initial jet densimetric Froude numbers is given 

in Table C.13. Since the experiments were run using water at elevated 

temperatures, some of the experiments produced Froude numbers lower 

than those desired. General trends and conclusions were still 

extracted from the data from these experiments. 

In all cases, the temperature gradients at the upper and lower 

boundaries of the metalimnion became much sharper and the metalimnion 

became' well-mixed (i.e. see Figs. IV.10 and C.12). A discharge layer 

developed around the discharge ports. In time, the recycled layer grew 

from the discharge ports toward the withdrawal ports, and the initial 

temperature profile was altered in time. The base of the epilimnion as 

well as the top of the hypolimnion was eroded thereby increasing the 

thickness of the metalimnion (see Figs. IV.10 and C.12). Under natural 

lake conditions, erosion of the epilimnion will be compensated sin6e 

solar energy and wind will work toward restoration of an epilimnion. 

Natural conditions could be approximated in future experiments by 

placing heat lamps at the water's surface to prevent heat loss through 

the surface. The temperature at the water surface tends to move toward 

the equilibrium temperature. 

Experiments 1A through 5 were done using buoyant plumes, 

(withdrawal from the top of the metalimnion and discharge on the 

bottom). Initially it was expected that short circuiting, as defined 

in Fig. IV. 7, would be pronounced. The experiments (experiments 1 A 
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through 5) made it evident, however, that an aerated water layer would 

develop at the discharge level. Such a development could create an 

oxygen deficient barrier between the epilimnion and the discharge level 

(see Figs. IV.6, C.1A, C.1B, C.2, C.4, and C.5). A buoyant plume 

design was decided against for the above reason as well as for design 

reasons previously discussed in Section IV.3.1. Experiments 6 through 

12 were then done using a plunging plume design. In all experiments, 

except No.6, there was no initial recycling (short circuiting) between 

the discharge and intake ports. Experiment No. 6 was done under nearly 

non-stratified conditions with a large initial Froude number of 172.5. 

Discharged water plunged and mixed throughout the tank. Non-stratified 

conditions are highly unlikely during summer conditions. Nearly non

stratified conditions exist in winter. Therefore the unit may be used 

to prevent winterkill of fish. Open water conditions should not 

develop since the vent tube reaches to the surface and would freeze 

into the ice: 

The experimental data are given in Appendix C.' Several noteworthy 

phenomena were observed in the experiments. In the buoyant plume 

experiments (experiments 1A through '5) more aerated water lies above 

the discharge level than below it, as expected. Discharged water tends 

to move towards its original density level. In experiments 6 through 

12 mor~ aerated water lies beiow the discharge level due to the 

plunging. 

Experiments run with very warm water (i.e. experiment 1B) 

developed a thin discharge layer due to the extreme stratification. An 

experiment run at a lower discharge velocity and a fairly strong 
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stratification (i.e. experiment No. 2 with an initial densimetric 

Froude number of 13.5) developed a thicker discharge layer. Most of 

the discharged layer of experiment No. 2 lies above the discharge 

level. Comparing the results of experiment No. 1B and experiment No. 2 

indicates that reducing discharge velocities may enhance short 

circuiting. Decreasing velocity decreases mixing and entrainment with 

the ambient water thereby enhancing the buoyancy effect of the plume. 

It is recommended that future experiments be run at slower discharge 

velocities with varying degrees of stratification to verify this 

observation. 

Experiment 4 (see Fig. C.4) indicates that an oxygen barrier 

(layer low in dissolved oxygen) could form even in weakly stratified 

conditions with small discharge velocities. The initial Froude number 

was 32.0 and the model discharge velocity was 16.3 cm/ s. In 

experiments 4 and 5 (see Figs. C.4 and C.5) the amount of dye above the 

discharge point is nearly equal to that below it. This indicates that 

in weak stratification the plume will dissipate almost equally in both 

upward and downward directions. Short circuiting occurred after most 

of the metalimnion was aerated in both cases~ Experiment 8 shows the 

effect of withdrawing and discharging into the mixed layer. Aeration 

is needlessly wasted. Actual field designs must incorporate the 

possibility to lower the unit as the season progresses. This may 

require multiple ports or preplaced loops to prevent withdrawing 

nutrient rich hypolimnetic waters into th~ unit and discharging into 

the upper waters. Comparing experiment 9 to experiment 10 indicates 

that slower discharge velocities and/or a large temperature 
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differential (stronger stratification) between withdrawal and discharge 

levels will enhance the plume to return to its original density level. 

Experiment 10 like experiment 9 had a strong temperature stratification 

but was run at a higher velocity. The initial Froude number was 25.9. 

Even though a stronger velocity was used a large portion of the dyed 

water fell below the discharge level. This indicates that the plunging 

effect is not only highly affected by the discharge velocity but also 

by the difference in withdrawal and discharge water densities. 

Experiment 12, unlike the other experiments, was run with cooler water 

temperatures and is the most representative of summer lake conditions. 

Experiment 12 was run with the larger discharge velocity of 25.2 cm/s. 

A large portion of the dyed water plunged below the discharge level due 

to a large temperature difference between the withdrawal and discharge 

levels. A smaller velocity would have enhanced the plunging effect. 

Experiments at slower velocities with cooler water temperatures should 

be tried in the future. 

IV.3.2.6 Recommendations for Further Study 

1) Any future experiments should be run in winter when a readily 

available supply of cold water «8 0 C) is on hand (city water), or 

Freon coils and a compressor should be used. This will allow showing 

the effects of weak stratification on discharge layer development. 

2) A larger tank is recommend~d in order to eliminate the boundary' 

effects caused by the tank walls. By eliminating the boundary effects, 

discharge layer development, selective withdrawal layer development, 

and short circui ting can be studied in more detail. The tank should 
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also have more viewing port locations since lighting for photographs 

and video productions is difficult with only front and back viewing 

ports. 

3) Experiments should be run in an environment where heat transfer 

through the tank walls can be kept at a minimum. 

4) Natural conditions in summer could be simulated by placing a heat 

source (heat lamp) above the water surface. 

5) Experiments with slower velocities should be run to show the 

effects on short circuiting since there will be less mixing and 

entrainment. 

IV.3.3 Selective Withdrawal and Discharge Jet Mechanics 

The hydro mechanics of water recycling to and from the metalimnetic 

aerator involves two processes: selective wi thdrawal from a densi ty 

stratified environment through the lower ports and a jet discharge into 

a stratified ambient through the upper ports (Figure IV.8). 

In water with a uniform density gradient with depth, the thickness 

of the withdrawal layer (hw) is approximated by the relationship (TVA, 

1973). 

(IV.2) 

where ~ = thiokness of withdrawal layer (m) 

q = outflow per unit width = Qw,achr,Di (m2/s) 

E = -(l/Pw)dp/dz = density ,gradient number (m-1) 

-.£e. = vertj.cal density gradient across the withdrawal zone 
dz (kg/m ) (positive if density inoreases with depth) 

Pw = density at intake oenterline (kg/m3) 
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Equation (IV.2) was developed for withdrawal from reservoirs through a 

slot. It can be assumed that withdrawal into the metalimnetic aerator 

is through a slot around its periphery. Little work has been carried 

out on axisymmetric withdrawal from stratified ambients into circular 

ports. 

The jet discharge will spread out over a thickness (hd) which can 

be found by using jet models such as given by Shirazi and Davis (1972). 

Figs. B-1 and A-2 by Shirazi and Davis are reproduced in Figs. IV.11 

and IV.12 to I;lhow the jet behavior. The parameters in these figures 

are defined as: 

z ~ vertical distance below the discharge level 

x ~ horizontal distance from the port 

D ~ port (jet) diameter 

St = stratification number; for metalimnetic aerator equals 
distance between intake and discharge ports divided by port 
diameter. 

F= jet Froude number defined by Equation IV.1 

w ~ plume width defined as four standard deviations across the 
plume trajectory. 

AT ~ temperature differential between jet'oenterline and ambient .c 

ATo = temperature differential between jet centerline and ambient 
at discharge ' 

Applying Figs. IV.11 and IV.12 to the data of experiment 12 (Fig. 0.12) 

gives approximate values of 

h = 17 cm for the withdrawal layer w 

and W ;:: hd ~ 14 cm for the discharge layer (determined from Fig IV.12) 

The discharged jets are negatively buoyant because the water 

withdrawn from the lower part of the metalimnion is colder and there is 
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not much warming of the water while passing through the aerator. The 

plume trajectory drops 2.4 cm (determined from Figure IV.11) and 

therefore the discharge layer extends 9.4 cm below the discharge level. 

Note that Fig. IV.12 is for non-stratified condi tions but serves as a 

good approximation of plume width. The observed plume width was 

thinner due to stratified conditions. These experimental values 

compare to the distance between discharge and withdrawal ports equal to 

23.3 ·cm. The discharge layer observed in the experiment was about 27 

cm after 20 minutes and increased in thickness with time. Actual field 

withdrawal layers are often larger than experimental ones indicating 

that some recirculation of aerated water (short circuiting) may occur. 

The tendency for the discharged jets to sink is weak due to high 

discharge densimetric Froude numbers. For experiment No. 12 (Fig. 

C.12) the initial Froude number was 31.1 and the Froude number at 120 

minutes was 92.7 (Fig. IV.13). The Froude number approaches infinity 

as nonstratified conditions between the discharge and intake ports 

develop. 

The discharging negatively buoyant jet mixes and entrains ambient 

water at the discharge level thereby losing the negative buoyancy 

quickly. In Experiment 12, the aerated water reached the withdrawal 

level after approximatley 35 per cent of the volume between the 

discharge and withdrawal ports (corresponding roughly to the volume of 

the metalimnion) had been withdrawn (Fig. IV.14 and C.12) Field 

results may indicate short circuiting even earlier because of internal 

wave phenomena. 
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IV.4 Internal Flow Problems in Metalimnetic Aerator Design 

IV.4.1 Design Considerations 

The air bubbles used in metalimnetic aerators (Fig. IV.4) provide 

not only the oxygen to the water but also the force (buoyancy) which 

drives the water flow through the system. Therefore, water flow and 

gas exchange in these units are intimately coupled. 

A metalimnetic aeration device can either be a partial lift or 

full lift device. Recall that a partial lift device lifts water to 

some point below the water surface where the gases separate from the 

water. In contrast, full lift aerators lift water to the water surface 

before the gases and water separate. Full lift aerators produce higher 

aeration efficiencies due to the large rise height and therefore larger 

contact time of the bubbles (Holland and Tate, 1984). The rise height 
, 

of full lift metalimnetic aerators is the combined thickness of both 

the metalimnion and the epilimnion. The rise height of ametalimnetic 

partial lift device is restricted to the distance between the 

wi thdrawal and intake ports which is typically the thickness of the 

metalimnion. 

Water moving upward on the inside of the riser tube creates a 

pressure differential causing the riser tube to collapse inward if it 

is made of ,flexible material. Constructing the riser tube from 

flexible material is attractive because it allows easy installation; 

the unit can be collapsed into the dome covering the riser tube (Fig. 

IV.4). 

Either coarse bubble diffusers or fine bubble diffusers can be' 

used in a metalimnetic aerator. The type of diffuser recommended is a 
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fine bubble porous stone diffuser similar to the type used in the 

wastewater industry (Benefield and Randall, 1980> (See Fig. 0.4). 

Maintenance to prevent clogging and air filtering is more important for 

a fine bubble diffuser than for a coarse one, but the aeration 

efficiencies are higher for fine bubble diffusers. The aeration 

efficiency is the oxygen transfer rate divided by the power supplied to 

the unit (kg 02/kW-hr). The diffusers can be mounted on a symmetrical 

PVC header-manifold assembly. Symmetry is important to assure uniform 

oxygen release over the cross section of the unit. The unit needs to 

be maintained as level as possible. Orifice flow control devices 

should be installed to provide a uniform pressure distribution across 

the header-manifold assembly. These devices simply funnel the 

discharging gas through a small orifice located under each porous stone 

to create a uniform pressure differential throughout the system. The 

number of diffusers in the aerator (diffuser density) depends on both 

the required water flow rate and the oxygen transfer rate. 

Another consideration in the design of metalimnetic aerators is 

their placement relative to the depth of the metalimnion which thickens 

and also drops farther below the water- surface as the summer 

progresses. A unit installed to discharge into the top of the 

metalimnion in the spring of the year will probably discharge into the 

bottom of the epilimnetic layer in late summer. Therefore, some method 

of lowering the discharge port or the entire unit must be considered in 

the design. For example, a winch and pully system or loops and 

tighteners may be used. Multiple vertical ports are also needed to 

account for the thickening of the metalimnion. In summary, the 
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metalimnetic aerator envisioned is schematically shown in Fig. IV.4 

(also see Appendix D). 

IV.4.2 Diffuser Selection and Comparison 

Air bubble diffuser designs can be compared on the basis of 

orifice size and shape, coalescence of bubbles, arid plume 

configuration. Orifice diameters are not uniform nor circular in 

porous stones. Four comparison tests can be considered for fine bubble 

(porous stone) diffusers: 1) the dynamic wet pressure (DWP) test, 2) 

the air profile test, 3) the bubble release pressure (BRP) test, and 4) 

the specific permeability test. For instance, specific permeability is 

expressed by numbers which represent the quantity of air (cfm) which 

will pass through one square foot of dry diffuser surface at 70 0 F and 

25% relative humidity under a pressure of 2 inches of water (Ippen et 

al., 1952). A description of the other tests (which are primarily used 

to test for clogging) is given by Redmon (1985). 

IV.5 Sizing ~ Metalimnetic Aerator 

Sizing a metalimnetic aerator requires determination of several 

key parameters including the following: 

(1) Metalimnetic dissolved oxygen depletion rate 

(2) Required air supply rate 

(3) Required compressor and piping capacity 

(4) Dimensions of aerator and ports 

(5) Required water flowrate 

The steps used to determine these parameters, for Ryan Lake, in 

Robbinsdale, Minnesota, will be illustrated and explained. Ryan Lake 
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is the smallest of three lakes in the Twin Cities area for which data 

were acquired for the design of a unit. Ryan Lake was chosen for 

economic reasons. Only one unit was required for Ryan Lake while more 

would be required for the larger lakes. 

IV.5.1 Metalimnetic Dissolved Oxygen Depletion Rate 

Sizing a metalimnetic aerator for a particular lake requires data 

in the form of dissolved oxygen and temperature profiles measured 

throughout a summer season and a bathymetric map of the lake. The 

metalimnion's average thickness and depth from the water surface can be 

determined from temperature profiles. The metalimnion usually thickens 

and also drops further below the surface as the summer progresses. In 

Ryan Lake the average metalimnion extended from 3 to 6 meters from the 

surface in 1985. The temperature profile on June 25, 1985 is 

representati ve of the earl y su mmer thickness and depth of the 

metalimnion in Ryan Lake (Fig. IV.15) To determine the average extreme 

DO depletion rate in the metalimnion of Ryan Lake, the metalimnion was 

divided into 1 meter layers and the highest DO depletion rate at any 

time throughout the summer was found for each layer. The highest 

dissolved oxygen depletion rate (mg/l/day) for each layer was 

determined by 1) plotting the dissolved oxygen values for each layer 

against time (Fig. IV.16), 2) selecting the steepest negative gradient 

seen throughout the season for each layer, and 3) calculating the 

gradient (mg/l/day) by dividing the difference in dissolved oxygen 

observed by the time period between sampling dates (see Table IV.1). 

An average extreme DO depletion rate, weighted by the volume of each 
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layer, was then calculated for the entire metalimnion. The volume of 

each layer was found by integrating area over depth, (Table IV.n. The 

average extreme DO depletion rate for the entire metalimnion was 

calculated from Table IV.l as follows: 

(D.245 mgllIday)(37,710 m3) + (0.138 mg/lIday)(33,473 m3) + (0211 mg/lIday)(28,227 m3) 

37,710 m3 + 33,473 m3 + 28,227 m3 

= 0.20 mg/l/day 

An apparent D.O. depletion rate can also be calculated from 

biological oxygen demand (BOD) data. This is done by assuming, for a 

closed system, that the dissolved oxygen depletion rate is equivalent 

to the BOD. That is (d(DO)/dt = d(BOD)/dt = -Kd BOD). 

-Kdt· -Kdt 
DOt = DOi ' e is equivalent to BOOt = BODie (IV.3) 

where DOt = DO at time (t) 

DOi = initial DO 

BOOt = BOD at time (t) 

BODi = initial BOD 

Kd = deoxygenation coefficient = (lnDOt/DOi)/(-t) 

BOD data for Ryan Lake were not available, however. 

It is common to underestimate DO uptake rates. One of the reasons 

is that the apparent DO depletion rate is the sum of the actual DO 

depletion rate plus the sum of all DO inputs, e.g. by photosynthesis or 

rearation both or which may be affected by biomanipulation. Therefore, 
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TABLE IV.l 

Extreme Dissolved Oxygen Depletion Rates for Ryan Lake During 1985 

Depletion Rate Layer 
Depth Time LIDO LIDO [(me/l)] Vol~me 
~ Period mgll time da:ls (m ) 

3.0 ] 

6/25 - 7/5 2.45 2.45 = 0 245 37,710 10 • 

4.0 ] 

5/2 - 5/10 1.10 1 10- 0.138 33,473 8= 

5.0 ] 
5/10 - 5/24 2.95 2.95 = 0 211 28,227 14 • 

6.0 
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the calculated extreme DO depletion rate must be augmented by a safety 

factor on the order of 1.5 to 3 to arrive at the design DO depletion 

rate. With a safety factor of ,.5, the design DO depletion rate for 

Ryan Lake is (1.5)(0.2 mg/l/day) = 0.3 mg/l/day. 

IV.5.2 Required Air Supply Rate 

The required uncompressed air supply Qa,u (m3/day) is determined 

by multiplying the design DO depletion rate (DDDDR) by the volume of 

the metalimnion ~m and dividing by the density of air, Pa , the bubble 

capture coefficient fCD (see Section III.2) and by 0.23, because air 

contains 23% oxygen by weight. 

(IV.4) 

The bubble capture coefficient varies with the type of diffuser. For 

three bubble sizes, calculations using various empirical and 

theoretical formulas for the prediction of the bubble capture 

coefficient presented in Section III.2 are carried out in Appendix A 

and summarized in Table A.2. The calculations include an estimate of 

the average dissolved oxygen concentration differential (Cs - C) for 

Ryan Lake. Pressure corrected saturation values (Cs) for Ryan Lake are 

given in. Table A.1. Table A.2 indicates that the values of the 

calculated capture coefficient using various investigator's formulation 

vary greatly for the same conditions. It can be concluded that mass 

transfer rates cannot be accurately predicted using empirical or 

theoretical formulations. If possible the bubble capture coefficient 

should be estimated from experimental data. 
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Clean water oxygen transfer efficiencies at various air flow rates 

and various depths of submergence for fine bubble diffusers tested in 

standing water open to the atmosphere suggest using a value of 0.15 for 

the capture coefficient for the conditions found in Ryan Lake. The 

diffuser for Ryan Lake will be submerged under 6 m of pressure head. A 

pressure head of 3 m exists at the vent valve. The valve in the vent 

tube of a partial lift hypolimnetic aerator must be set to a trip 

pressure equal to the hydrostatic pressure of the depth of the air-

water separation point within the aerator. If the valve trip pressure 

is set too low, water will exit through the gas discharge pipe. This 

is undesirable. The bubble rise height is only 3 m. Also, bubbles 

released in a metalimnetic aerator through which water is flowing will 

have a shorter residence time than of the bubbles released in standing 

water. In addition, oxygen transfer efficiencies depend on air flow 

rate, diffuser density, and coalescence. Substituting ¥m = 99,410 m3, 

DDODR = 0.30 mg 02/1/day, fCD = 0.15 and Pa = 1.205 kg/m3 into equation 

IV.4 gives a required uncompressed air supply rate of 111.4 m3/day or 

0.0083 m3/s at an air temperature of 20 0 C 

(99,410 m'3)(O.~ ~ 0~lIday)(1000 1Im'3)(1kg 02)/(1x106 ~ 02) 
Qa,u = --------------~-----= 111.4 m'3/d 

(0.23 kg 02/kg air)..(1.205 kg air/m'3)(O.15) ay 

The required compressed air flow rate Qa,c (m3/day) at the diffuser can 

be found from the ideal gas law with the assumption that the gas 

temperature will remain constant. The compressed required air flow 

rate (m3/day) at the location of the diffuser was calculated as 

follows: 
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or 

(IV.5) 

(101.32 kN/m2)(717.4 m3/day) = [(9.81 kN/m3)(6 m) + 101.32 kN/m2](Qa,c) 

Qa,c = 453.8 m3/day = 5.25 lis 

where 'Jatm = volume of un compressed air at atmospheric pressure 

Pdif = pressure at depth of diffuser 

¥dif = volume of compressed air at the diffuser 

Yw = specific weight of water 

h = hydrostatic pressure head at the diffuser 

The volumetric compressed air flow rate at the compressor Qa,cc will be 

smaller than Qa,c due to the pressure losses through the air supply 

sistem. The required compressor pressure will be the hydrostatic 

pressure at ·the depth of the diffuser augmented by the head losses in 

the air supply system from shore. These head losses through the air 

supply system include the line headloss, head losses in the header and 

manifold assembly, the head loss ~cross the filtering system, the 

headloss through the orifice flow control device, and the headlo:;Jses 

across the diffuser. 

Through a pipe flow analysis it is estimated that a total of 1.0 m 

of water head is lost through the lines, elbows, filters, the orifice 

flow control device, and the diffuser (see Fig. D.4). Adding this to 

the 6 m of water head required for the hydrostatic and vent valve 
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pressure results in an estimated 7.0 m of water head above atmospheric 

pressure required by the compressor for Ryan Lake. Again using the 

ideal gas law: 

Qa,cc = 427.6 m3/day = 4.95 lis 

IV.5.3 Required Piping Length and Compressor Capacity 

The required piping length depends on the distance between the 

compressor and the aerator which is normally placed toward the lake's 

center. The piping size, material type, and length determines the line 

headloss. 

The required compressor power (kW) is determined from equation 

I1I.24 which was formulated from the adiabatic compression formula for 

steady-flow mechanical work. Substituting K=1.4, R=287(m2 /s 2/ 0 K), 

T=293.15 0 K, Qa,u=0.0083 (m3 /s), P1=10.33 m, and P2=7m + 10.33 minto 

equation 1II.24 results in an ideal power requirement of 0.47 kW. 

Assuming a total efficiency of 0.6 and a safety factor of 2.5 results 

in a required compressor power of (2.5)(0.47 kW)/0.6 = 2.0 kW. 

1V.5.4 Dimensions of Aerator and Ports 

The dimensions of the metalimnetic aerator depend directly on the 

required air and water flow rates and on the shape and type (either 

partial lift or full lift) of aerator. The riser tube diameter must be 

large enough to accommodate the required air and water flow rates 

without excessive coalescence due to conglomeration. The rise height 

of the bubbles and selection of the type of diffuser governs the 

average bubble size and therefore the oxygen transfer efficiency. 

Recall that if a partial lift design is used, the rise height of the 
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bubbles is restrioted to the thiokness of the metalimnion. For Ryan 

Lake, the thiokness of the metalimnion is about 3 m. 

The dimensions of the ports are determined by designing for an 

exit velooity large enough to prevent short oirouiting while keeping 

headlosses and erosion of the metalimnion to a minimum. To obtain a 

maximum rise height, reotangular slots or oval ports oould be employed 

instead of oiroular ports. The intake ports should be looated on the 

side of the aerator instead of on the bottom to prevent drawing 

nutrient rioh water from the lower layers into the aerator. 

To oompensate for the thiokening and dropping of the metalimnion, 

as mentioned before, a means of lowering, raising, and varying the 

distanoe between the inlet and discharge ports may be neoessary. This 

could be done by using a winch or preplaoed loops to shorten the anchor 

cables and by using more than one set of inlets or outlets. A winoh is 

preferred over prep1aced loops sinoe it oan be easily operated from the 

surfaoe. 

IV.5.5 Required and Aotual Water Flow Rates 

A required water flow rate through the aerator riser tube is 

oaloulated by dividing the required mass flow rate of oxygen by a 

desired increase in DO oonoentration in the aerator unit. The desired 

discharge DO level will depend on the speoies of Daphnia and fish 

~onsidered. It may also depend on how muoh oxygen exchange can be 

aohieved in a short aerator tube. Note that the mass flow rate of 

oxygen is found by multiplying the DO depletion rate by the volume of 

the meta1imnion. Note also that rapid dilution will ooour at the 

discharge port as the aerated water jet diffuses away from the 
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metalimnetic aerator. Figs. IV.11 and IV.12 provide some idea of the 

rapid dilution rates that can be expected. For instance, for a 

stratification parameter St of 30 and a densimetric Froude number of 31 

(experiment 12), aerated water dilutes to 5% of the initial 

concentration at 40 diameters from the discharge point. An average DO 

content of about 1 mg!l may be desirable throughout the metalimnion to 

provide a DO refuge for Daphnia. Metalimnetic DO levels above 4 mg!l 

(even within the immediate vicinity of the aerator) may be undesirable 

since small fish may then be able to survive within the metalimnion. 

For Ryan Lake a dissolved oxygen increase from 1 mg!l to 4 mg!l in the 

aerator was considered desirable. The required water flow rate (Qw,r) 

was determined as follows: 

Qw, r = (¥om)(DDODR)! lIC 

= (99,410 m3)(0.30 mg 02!1)!(4-1) mg!l!day 

= 9,941 m3!day 

(IV.6) 

The required metalimnion turnover time can then be found by 

dividing the volume of the metalimnion by the required water flow rate. 

The required water flow rate (Qw,r) must be less than the actual 

water flow rate (Qw,ac) which is produced by the rising air bubbles in 

the unit. The actual water flow rate analysis used is similar to pipe 

flow analysis. The actual water flow rate can be calculated by 

equating the drag force provided by the bubbles to the sum of the 
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resistance forces experienced as water flows through the system. The 

head losses include the friction on the riser tube walls, the drag on 

the air-diffuser and header-manifold air distribution assembly, the 

entrance and exit losses, and the turning losses. 

where: 

(i) Fbuoy = buoyancy or bubble drag force 

where Nb = number of bubbles = 

¥b = bubble volume 

Hb = bubble rise height 

Vb = bubble velocity relative to water 

Vw = water velocity in riser tube 

(ii) Fmom = momentum force of the discharging jets = PwQw,acVeNj 

The continuity equation is 

Qw,ac = AeVe = .ArVw 

where 

Fmom = Pw(ArVw)(Ve)Nj = PwAr2Vw2Nj/Ae 

Ae = exit (jet) area 

Ve = exit (jet) velocity 

Nj = number of jets 

(iii) Ffr1c = friction force on the riser tube walls 

(IV.7) 
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Appr~ximate Ffric as the drag force on one side of a flat plate of 

width equal to the circumference of the riser tube. 

where 

(iv) 

where 

(v) 

Ffric = CfPwVw2(1fDi)(Hb)/2 

Cf = friction coefficient = 0.0735/(Re)1/5 for Re < 107 
(Daugherty and Franzini, 1977) 

Di = inside riser tube diameter 

Re = Reynolds number = VwHb/vw 

v = water kinematic viscosity w 

Fent = (Yw)(hent )(Ar) 

hent = entrance headloss = Kent (V/12g) 

Kent = 0.5 for square edged entrances 

Fdif = drag force on the air diffusers 

(assume this will be equivalent to the drag force on a disk if dome 

diffusers are used.) 

Fdif = CdiSkPW(Vw)2(Ndif)(Adif)/2 

where Cdisk = disk drag coefficient = 1.2 (Venard and Street, 1975) 

(vi) 

where 

(vii) 

Ndif = number of diffusers 

Adif = projecte.d diffuser area 

Fpipe = drag force on header and manifold piping 
(approximate as the drag force on a cylinder) 

Fpipe = 2 
CpipePwVw (Lpdp)/2 

L = total length of piping p 

dp = pipe diameter 

Cpipe = pipe drag coefficient 

Felb = turning losses through riser tube 

Felb = Y/helb ) CAr) 



where Kelb = turning loss coefficient 

helb = elbow headloss = Kelb(Vw2/2g) 
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The unknowns include the water velocity and the various drag 

coefficients for the headloss terms'which are a function of the water 

velocity. An iteration procedure can be used to find the water 

veloci ty. With the water veloci ty, an actual water flow rate can be 

determined using the equation Qw,ac = VwAr(l-n) whe~e n is the air 

fraction of the total air and water flow. The actual water flow rate 

must be larger than the required one to prevent part of the metalimnion 

from becoming oxygen depleted. For Ryan Lake, the actual water flow 

rate was estimated to be 647 lis by using equation IV.7. It was 

assumed that an average bubble diameter of 2.54 mm (.1 inch) could be 

produced, the rise tube diameter was 1.76 m, the rise tube height was 

3.0 m and the total exit area was half the riser tube area. It was 

assumed that 6 porous dome stone diffusers would be used (see appendix 

D). The corresponding turnover time would be 1.8 days. The ratio of 

the water flow rate to the air flow rate was (647 1/s)/(5.25 lis) = 

123/1. The predicted ratio is more than three times as large as the 

ratios recorded for hypolinmetic aerators currently being used (Taggart 

and McQueen, 1982). The effects of conglomeration and uneven bubble 

distribution across the aerator cross section were not included in the 

analysis which results in a high predicted ratio. 

For comparison, an actual water flow rate Qw, ac was also 

calculated by a statistical equation, Equation 111.19, given by Taggart 

and McQueen (1982) for hypolimnetic aerators: 

Q = (H 1.16)(Q 0.66)(1.85) 
w,ac b a,u 
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Qw,ac = (3.0 m1• 16 )(8.3 1/sO.66)(1.85) = 26.7 lis 

The ratio of the water flow rate to the air flow rate would then only 

be (26.7 1/s)/(5.25 lis) = 5/1 indicating that this equation may not be 

applicable to metalimnetic aerators. 

IV.6 Maximum Riser Tube Radius 

The radius of the riser tube is an important design parameter in 

the design of aerators. The equation by Taggart and McQueen (1982), 

equation 111.20, was used to calculate the maximum radius of the riser 

tube for optimum flow efficiency. For an assumed bubble diameter of 

2.54 mm the maximum radius of the riser tube is: 

r = 
r [ 0.647m3/s J 

( 'IT ) (0.256m/s) 

1/2 
= 0.90 m 

Note that the maximum riser tube radius is slightly larger than the 

design radius which was 0.88 m. 

IV.7 Metalimnetic Aerator Design Recommendations 

1) The unit should be designed for easy installation. Possibly a 

flexible nylon unit could be collapsed into a dome which could be 

floated to the posi tion of installation by placing it in a crate that 

has flotation attached. If a flexible unit is designed, rigidity must 

be provided (i.e. solid rings) to prevent the unit from collapsing 

inward. 

2) A fine bubble diffuser should be used in order to obtain 

oxygen transfer efficiencies as high as 15 percent (see Fig. D.4). 

3) The unit should be designed for both varying metalimnetic 
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thickness and for dropping of the metalimnion as the summer season 

progressess. Multiple inlets or outlets would allow for varying 

metalimnetic thickness (see Fig. D.1 and D.3). Preplaced loops or 

hooks, or a winch could be used to lower the unit. A winch would allow 

lowering the unit from the surface without the help of a diver. Also, 

a winch is separate from the main unit and can be easily replaced, 

therefore allowing for an easier design. 

4) The uni t should be designed so that discharged water has less 

than 4 mg/l of dissolved oxygen per liter or less. A good design 

condition would be to maintain dissolved oxygen in the oxygenated 

region at or slightly above 1 mg/l. 

5) The unit should be designed with a dissolved oxygen depletion 

rate safety factor of 1.5 to 3.0. Previous aerator designs have often 

underestimated both present and future dissolved oxygen demands. 

6) Intermittent operation should be considered. This may be 

possible only if a larger unit is designed. An oxygen electrode 

located some distance from the unit could be used to switch the 

compressor on and off. 

7) Scheduling is critical in design since the unit may have to be 

installed by crane through the ice (if rigid) rather than floating it 

into place after iceout. Choosing the method of installation depends 

on the design of the unit. A rigid unit may be easier to install 

through the ice. A flexible packaged unit may be easier to float into 

place. 

8) The unit should be designed to accommodate field testing. The 

field data to be collected should include the water_velocity (flow 



100 

rate) through the unit, the air flow rate, the DO concentration of the 

water entering the unit, the DO concentration of the water immediately 

leaving the exit, and the DO concentrations at various distances and 

depths throughout the metalimnion at varying distances from the unit. 

These data are necessary for calculating of the oxygen transfer 

efficiency and the dilution of the plume. 

9) The rise tube length should be maximized if the additional 

cost and the more complicated design can be justified. If the unit is 

used for winter aeration, the top of the metalimnetic aerator body 

should remain at least 1 m under the surface of the lake to allow for 

ice formation. For example, if the discharge point for Ryan Lake is 

located 3 m below the water surface, the top of the aerator body should 

be 2 m above the discharge point (see Fig. D.3). 
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V. CONCLUSIONS 

Various types of aeration devices are currently being used to 

alleviate the problems caused by low oxygen levels in lakes and 

reservoirs. Biomanipu1ation using meta1imnetic aeration may be an 

effective method of combatting eutrophication. 

An understanding of the bubble dynamics and oxygen transfer 

mechanics and efficiencies is necessary for the design of an aerator. 

The basic design parameters include the dissolved oxygen depletion 

rate, the required air flow rate, the actual and required water flow 

rates, the riser tube radius, and the power requirements. The oxygen 

transfer efficiency, which is needed in order to determine the required 

air flow rate, is best determined or predicted from experimental data. 

The design of a meta1imnetic aerator requires consideration of 

internal and external flow aspects. Internal flow rates can be 

determined by an analysis similar to pipe flow analysis. External flow 

problems are encountered in meta1imnetic aerator design because of the 

restrictions of withdrawing and discharging into the meta1imnion. The 

external flow s~udy indicated that withdrawal from the lower 

metalimnion and discharge into the upper· metalimnion are necessary to 

prevent the development of a dissolved oxygen defiei t barrier. The 

experiments indicated that by increasing the exi~ velocity, short 

circuiting of aerated water could be kept to a minimum. The 

experiments also indicated that erosion of the epi1imnion occurs and 

the temperature profile becomes uniform throughout the aerated region. 
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APPENDIX A 

BUBBLE CAPTURE COEFFICIENT APPROXIMATIONS 

A.1 Calculation of Pressure Corrected Oxygen Saturation Concentration 

The water temperature profile in Ryan Lake, Minnesota on June 25, 

1985 was used to determine the average thickness and depth of the 

meta1imnion (See Fig. IV.15). The saturation concentration (C s ) of 

oxygen in water corresponding to the temperature (T) at each depth was 

found in Table 421:1, of Standards Methods for the Examination of Water 

~ Wastewater (American Public Health Assoc. et a1., 1981). 

Atmospheric pressure was assumed to be 760 mm Hg or 101.3 kPa. 

The saturation concentration was corrected for pressure caused due to 

overlying water at each depth by using equation 11.6. 

C' s = C ---p
s Patm 

(11.6) 

The pressure corrected saturation values CIS for the entire 

profile are given in Table A.1 
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TABL~ A.l 

TEMPERATURE AND DISSOLVED OXYGEN SATURATION CONCENTRATIONS 
FOR RYAN LAKE, MINNESOTA 

(June 25, 1985) 

Zo T 

(m) (oC) 

-... -
I 

Epilimnion 0.0 24.8 
I 
I 

1.0 22.8 

2.0 21.5 
I 
I 

_v_ 3.0 19.1 ... 
I 

3.5 18.1 
I 
I 

Metalimnion 4.0 14.5 

4.5 11.0 

5.0 9.2 

5.5 8.1 

v 6.0 1.2 - ... -
1.0 6.4 

8.0 5.6 

9.0 5.6 

Hypolimnion 10.0 5.5 
I 

-~- 11.0 5.5 

Zo = depth below surface 

T = temperature 

Cs 

(mg/!) 

8.21 

8.59 

8.81 

9.13 

9.43 

10.18 

11.01 

11.49 

11.80 

12.06 

12.31 

12.56 

12.56 

12.59 

12.59 

Cs = saturation concentration at 160 mm Hg 

C' s 

(mg/!) 

8.21 

9.42 

10.51 

11.18 

12.62 

14.12 

15.80 

11.05 

18.08 

19.06 

20.65 

22.28 

23.50 

24.11 

25.99 

C's = saturation concentration corrected for water pressure 
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A.2 Calculation £! the Dissolved Oxygen Concentration Gradient 

The average pressure corrected saturation concentration in the 

metal1mnion from 3.0 m to 6.0 m was calculated from the values listed 

in Table A.1. 

[11.78 + 12.62 + 14.12 + 15.80 + 17.05 + 18.08 + 19.06J/7 = 15.5 mg/l 

The conceniration (C) at withdrawal was taken to be 1.0 mg/l for 

biological reasons described in section IV.2 and IV.5.5. Therefore an 

average value of the concentration gradient was: 

(C' s - C) = (15.5 - 1.0) mg/l = 14.5 mg/l 

A.3 Calculation of ~ Air Bubble Capture Coefficient 

A.3.1 Microbubble Capture Coefficient Calculations 

The capture coefficient (fCD ) which is the mass fraction of oxygen 

originally in the bubble was derived in Section 111.2 by ·dividing the 

transfer rate for all bubbles by the oxygen pumping rate. For a 

Reynolds number <1.0 (bubble diameter S 0.12 mm for this condition), 

Stokes' law can be used to determine terminal velocity. This resulted 

in 

138 
=-

d 2 
b 

[ (III.11) 

A water temperature of 15 0 C, an air temperature of 20oC, a bubble rise' 

height (Hb) of 3 m (corresponding to the thickness of the metal1mnion), 

and a concentration gradient (Cs - C) of 14.5 mg/l were used for the 

calculations in the remainder of this appendix. 
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p = 1.205 kg/m3 = 1,205 mg/l ; "w = 1.14 x 10-2 
a 

Pw = 999.1 kg/m3 g = 981 cm/s2 = 9.81 m/s2 

The diffusivity of oxygen in water (DL) was taken 

Geankoplis, 1983. At 

and 

180 C, DL = 1.98 x 10-5 cm2/s 

250 C, DL = 2.41 x 10-5 cmf/s 

cm2/s; 

from Table 6.3-1 

These values were compared to the value given by Kreith (1968, p. 555) 

at 200 C, DL = 1.80 x 10-5 cmf/s. 

The air bubble was assumed to coolon its rise, therefore the 

value of DL corresponding to 18°C was used. Substituting the above 

values into equation 111.11 for a bubble 0.12 mm in diameter results in 

a capture coefficient (fCD ) of 3.03. This means that theoretically 

all of the oxygen in the bubble would diffuse into the water since 

the capture coefficient is greater than one. 

The equation for bubbles less than 0.6 mm given by Geankoplis 

(1983) can also be used for this case as a comparison. The terminal 

velocity for R ~ 1.0 can be determined as follows: 

CD = 24/R = 24/1 =-24 

cm 
= 0.81 s (III.5) 

The absolute transfer coefficient by Geankopolis; (1983) is calculated 

as follows: 



. ~ 

1/3 

. where Nsc = J-Iw/ (PwDL) = 576 

Pw = 1.14 x 10 -3 kg/m-s at 15°c. 

cm 
= 0.0133 -

s 
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(III. 17) 

Vt and KL can then be substituted into equation 111.3 to determine 

the capture coefficient 

Hb 
~ 28.57 

C - C s = 141.4 (III.3) 

Note this value after Geankopol1s is nearly 50 times larger than the 

value predicted using equation 111.11 given by Hogan, et ale (1970). 

This shows the variabili ty and degree of uncertainty in theoretical 

mass transfer approximations • 

A.3.2 Large Bubble Capture Coefficient Calculations 

A.3.2.1 Calculation of Bubble Terminal Velocity (Re ~ 1.0) 

db = 0.40 em (.assume a spherical bubble) 

Vw = 1.14 x 10-2 m2/s, at 15°C ;. Pw '= 999.1 kg/m3, at 15°C 

Pa .= 1.205 kg/m3, at 20°C 

Choose a terminal velocity from Fig. 11.1. 

Vt = 23.0 cm/s 

Re = Vtdb/vw = 807.0 

24 3 
CD = - + + 0.34 = 0.475 

Re (Re)0.5 
(III.6) 
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1/2 

= 33.11 cmls (III.5) 

2nd iteration: 

use Vt = 33.11 cmls (from 1st iteration) 

Re = 1,164 ; CD = 0.43 ; and Vt = 34.9 cmls 

3rd iteration: 

use Vt = 34.9 cmls (from 2nd iteration) 

Re = 1,202 ; CD = 0.446 ; and Vt = 34.2 cmls 

Convergence has been reached, Vt = 34.2 cm/s; this terminal 

velocity that is found with the use of equation III.6 is 33~ higher 

than the experimental value given in Fig. II.1 for the bubble diameter 

of 0.40 cm. The difference is because of the tendency of a large 

bubble to zig-zag due to its ellipsoidal shape. For consistency, the 

terminal velocities calculated by using the drag coefficients 

determined from equation III.6 will be used in the calculations that 

follow. 

A.3.2.2 Bubble Capture Coefficient CalculatiOns 

db = 0.40 cm 

If eqation III.12 formulated from assumptions by Hogan et ale (1910) 

is used, a small capture coefficient results. 

32.24 [D~:b] 1/2 =--
C - C s 

p 
a 

= 0.013 (III.12) 
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If equation III.15 formulated from assumptions by Bird et a1. (1960) 

is used, a large capture coefficient results. 

C - C s = 0.350 (III.15) 

-- If equation III.16 formulated empirically from wastewater data by 

King (1955) is used, a capture coefficient falling between the two 

previous calculated values results. 

(H 0.13)-1 
0.031 H 0.18 (C _ C) b (t )0.86 (1.024)T 

b s r 
f CD = ------------.,.......,..",.---------

(db )0.95 
x-= 0.183 

100 

where:, Hb = 9.84 ft'; tr = Hb/Vt = 8.79(s) 

db = 0.157 in ; T = 15 0 C 

(Cs - C) = 14.5 mg/l 

- Geankoplis' equation for large bubbles (db> 2.5 mm) was also used 

for comparison. 

0.39 ~ (III. 18) 
s 

Similar calculations were made for a 0.254 cm diameter bubble in using 

the same parameters as in the above capture coefficient calculations. 

Results of the capture coefficients for bubble diameters 0.40 cm, 

0.254 cm, and 0.012 cm are summarized in Table A.2. 
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TABLE A.2 

Air Bubble Capture Coefficients (fCD ) 

db Re Co Vt fCD fCD fCD fCD 
I I 
I I 

&.lbb1e I Reynolds I Drag Terminal 
I 

(Hogan Bird I 

Dianeter' Nunber ICoefficientlVe1ocity (cm/s) et a1.) et a1.) (King) I (Geankoplis) 
(em) 

O.lJOO 1202 0.45 34.2 0.013 0.350 0.183 0.294 

0.254 570 0.51 25.6 0.023 0.800 0.360 0.619 

0.012 1.0 24 0.81 3.03 141.4 
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APPENDIX B 

LITERATURE DATA SUMMARY 

B.1 Aeration Equipment Comparisons 

An overall comparison of reaeration methods done by King (1970) 

and tabled by Krenkel and Novotny (1980, Table 12.1) is given in Table 

B.1. A summary of typical aerator transfer efficiencies (oxygenation 

capacities) presented by Kemmer (1979) is given in Table B-2. Carr and 

Martin (1978, -Table 2) presented in situ oxygen transfer efficiencies --
for three air diffusers that were used to destratify and oxygenate 

dead-end finger canals near Port Charlotte, Florida. The devices used 

were a ceramic diffuser (Clean-Flo Laboratories, Inc., Hopkins, 

Minnesota, 55343), a lead-weighted perforated pipe (Air-Aqua pipe 

system, manufactured by Hinde Manufacturing Company, Inc., Highland 

Park, Illinois, 60035), and a venturi diffuser, (a Kembro(R) venturi 

copper venturi pipe, Kembro, Inc., Box 205, Mequon, Wisconsin, 53092). 

Results are given in Table B.3. Carr and Martin (1978, Table 3) also 

presented data from Eckenfelder and Ford, (1968) on transfer 

efficiencies for various surface systems tested in tap water. The 

results are given in Table B.4. Observed oxygen transfer efficiencies 

for in ~ devices placed in several lakes and reservoirs are given in 

Table B.S (Fast and Lorenzen, 1976, Table 1). A general summary of the 

major reaeration ~evices and aeration efficiencies with a general 

figurative description of each type is given in Table B.6 (Johnson 

1984, Table 1 and Figure 1). 



TABLE B.l Overall Comparison of Rearation Methodsa (From Krenkel and Novotny, 1980) 

Device 

Diffusers (including 
reservoir mixing) 

Mechanical aerators 

Turbine injection 

Venturi tubes 
Cascades 

U-tubes 

Hydraulic guns 

Pressure injection 
Fixed-cone valves 

Mechanical pump 
mixing 

Hypolimnion reaeration 
and mixing 

Molecular oxygen 

aFrom King (1970). 

Efficiency 

2.8% (est. 1-3 
Ib/kw h) 

2-5lb/kw h 

2-6 Ib/kw h (with 
admission by 
natural draft) 

2-3lb/kw h 
Detennined from 

empirical 
fonnula 

1-5lb/kw h 

.., 21b/kw h 

No data available 
No power use or 

loss is involved 

< Ilb/kw h 

> 21b/kw h 

14-55% 

Advantages 

Many types available 

Many types available. Natural or 
forced-air admission. Valves. 
piping. blowers. etc., are not 
required 

Natural or forced-air admission. 
Large discharges. Low first 
cost, low maintenance cost 

Natural or forced-air admission 
Maintenance free. Often 

associated with energy 
dissipation. Large discharges. 
No auxiliary equipment 
required 

Natural or forced air admission. 
Low maintenance cost. High 
surface transfer, longer 
contact time, increased deficit 
due to pressurization. Can be 
used in channel 

Efficient mixing, high surface 
currents, surface boil 

Associated with required energy 
dissipation. Large volumes. 
No auxiliary equipment 
required 

Simple equipment. Minimal 
maintenance 

Allows stratification to remain 
undisturbed 

Can be used with various types 
of contact devices. High 
transfer efficiency. No 
dissolved nitrogen 

Disadvantages 

Clogging. Requir~s filtering of air. Relatively low 
transfer efficiency. High first cost 

Swimming hazard. Obstructs channel. High first 
cost 

Possible power loss and adverse effects on 
turbine perfonnance. Restricted to sites with 
hydroplants 

Head loss. Small discharges 
Head loss may not be allowable. High first cost. 

Low transfer efficiency 

Not yet proven for large discharges. Possible 
plugging with debris or ice 

Primarily for mixing. Large bubble size. low 
transfer efficiency 

Small volumes 
Requires reservoir releases, which may not be 

possible 

Primarily for mixing. Low transfer efficiency. 
Verified only for relatively small volumes 

Relatively low transfer efficiency 

High cost of molecular oxygen 

I-' 
I-' 
0'1 



TABLE B.2 

(From Kemmer, 1979) 

Summary of Aerator Capacities 

Device 

Submerged aerators 

Porous diffusers (fine bubble) 

Nonporous diffusers (coarse bubble) 

Surface aerators 

Plate 

* Turbine 

Propeller 

i' Combination aerators 

* Small units may be higher 

111 

Typical ratings, 
lb 02/hp-hr 

4 

1.5 

2.0 - 2.5 

3.0 - 3.5 

2.5 - 3.5 

2 - 3 



118 

TABLE B.3 

(From Carr and Martin, 1978) 

Results of Dead-End Finger Canal Tests 

Device 

Venturi, 1/4 HP 1.8 

Perforated Pipe, 1/2 HP 2.2 

Clean-Flo, 1/2 HP, piston 4.4 

a BOD values were not available 

TABLE B.4 

(From Carr and Martin, 1978) 

Aeration Efficiency Values for Various Surface Systems 

Device 

Simplex 

Bladed Rotor-Pasveer 

Angle Iron Rotor-Pasveer 

Kessner Brush-Von der Emde 

2.3 - 4.4 

2.2 - 5.6 

3.6 - 5.0 

2.9 - 3.6 

Data from Eckenfelder and Ford (1968) ; all tests were conducted under 
laboratory conditions using tap water. 



Device 

SSP (Pure 
oxygen injection) 

Limno 

Full air lift 

TABLE B.5 

Observed Transfer Efficiency 

(After Fast and Lorenzen, 1976) 

Efficiency 
(lb - O2) 

(hp - hr) 

0.37 

Location of System 

Ottoville Quarry, Ohio 

0.15 Attica Reservoir, New York 

1.04 proposed estimate for 
San Vicente Reservoir 

0.90 Lake Waccabuc, New York 

119 

1.79 Wahnbach Reservoir, West Germany 
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Pneumatic diffusers 
or diffused air 
bubble plumes 

Diffused hydraulic 
buoyant water 
plumes 

Mechanical pumping 
with Iree Jets 

Hydraulic guns 

Air Ilf.llmno (air 
or molecular 
oxygen driven) 

Molecular oxygen 
Injection through 
fine bubble 
diffusers 

PNEUMATIC 
DIFFUSERS 

• .. . . : 
· . . . . ... .' . Je . · . :·f· '.~ .0 
~:.::.~ · .- .. . · .. . ::: :a~.~. 

, •• : •••••• j. 
./1 .••• • ... '....... •• -CiI.. , Jo,. A 

EHIcIenclM 

TABLE B.6 

(From Johnson, 1984) 
Comparative IMIfatlan ... fa ...... 

Devices lor In-reservolr rea.ratlon through mixing or destratllication 

MlxlngQ.8 
percent 

Aeration 0.6-
3.9 kglkWh 

No field proven 
efficiencies, 
may be greater 
than pneumatic 
diffusers 

Proven suitable for deep May yield nitrogen super- Johnson (1980) 
reservoirs, relatively saturation, may have King et al. (1983) 
low capital and operating clogging problems and Davis (1980) 
cost for deep reservOirs require filtering 01 air AWWA (1971) 

May be used In deep reser
voirs, potentially offers 
high efficiencies 

Unproven, concept has not 
been field applied, may 
cause nitrogen super
saturation 

Dortch (1979) 

Aeration less Simple equipment, may push 'Jetting effective only lor Garton at al. (1978) 
than 0.6 kglkWh surlace water down to shallow (less than 60 It Toetz (1979) 

Intake - replaces selec- deep) applications and rela- Holland (1983) 
tlve withdrawal tlvely small volumes 

Aeration 1 kg/kWh Efficient mixing of Moves relatively low volumes Hydraulic Research 

Aeration 0.2-
0.6 kg/kWh 

Aeration 1 .... 55 
percent oxygen 
transfer 0.3-
0.7 kg/kWh 

HYDRAULIC 
DIFFUSER 

"Vlf 
t 1 f r 1 
ott r rr 
nfrr 
t tf rr 
flUt 
tft rt 

, A 

upwelled water with 01 water, little gas trans- Station (1978) 
surlace, may use small fer from bubbles. Best for 
compressor small applications 

Devices fOf hypolimnion aeration with no reservolf mixing 

Allo,ws temperature stratI- Relatively low effiCiency 
flcatlon to remain with relatively high 
undlstrubed capital cost, alr.<frlven 

units may yield nitrogen 
supersaturation 

Allows temperature stratl
IIcatlon to remain undis
turbed, no nitrogen super
saturation, high transf.r 
efficiency 

PUMPING WITH 

High operating and capital 
cost 

FINE BUaBLE 
MOOECULAR 

HYDRAULIC OXYGEN 
GUN DIFFUSER 

':.::f ... ( 
J;:'\~'-. .... 

.. ~ " 

Bernhardt (1974) 
Fast et al. (1975) 
Fast et al. (1978) 

Speece (1973, 1978) 

. AIR LIFT 
HYPOt.I UNION 

A 
gas 

Aeration devices. 
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B.2 Oxygen Depletion Rates 

Babin and Prepas (1985) compiled the 1982-1983 winter oxygen 

depletion rates for 48 Canadian lakes (see Table B.7). Welch and 

Perkins (1979) compiled summer hypolimnetic oxygen depletion rates for 

26 lakes in Washington State and Ontario (see Table B.8). 

Oxygen uptake by organic bottom sediments often constitutes a 

large portion of the total oxygen depletion rate for a lake. This is 

referred to as Sedimentary Oxygen Demand (SOD). Edberg and Hofsten 

(1973) compiled in §.!.E! and laboratory values (see Table B.9). 
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TABLE B.7 (From Babin and Prepas, 1985 ) 
Winter oxygen depletion rales (WODR) (g 02'm-2'd-'), 

mean depth (I), total phosphoru~ (TP) (mg·m- 2). and chlorophyll a 
(Chi a) (mS'm- 2) from four sets of temperate zone lakes in Canada. 

Spring Summer Summer 
Lake WODR f TP TP ehl a 

Alberta-
Amisk N 0.5S4 10.7 S02 222 61 
Amisk S 0.848 19.4 422 219 86 
Baptiste S 0.775 12.6 320 202 64 
Eden 0.331 6.9 223 177 27 
Halfmoon 0.462 4.8 257 215 147 
Hasse 0.372 3.7 199 174 26 
Lessard 0.243 3.9 115 97 42 
Nakamun 0.285 4.5 181 135 72 
Peanut 0.407 5.5 260 211 37 
Sauer 0.363 4.2 265 208 28 
Wizard 0.533 6.2 235 192 64 

Centtal Ontario .. ·c•d 

Beech 0.282 9.8 81 73 10 
Bob 0.273 18.0 100 79 14 
Bosbkung 0.393 23.4 88 69 14 
Cameron 0.217 7.1 83 88 14 
Cranberry 0.075 3.5 70 83 11 
Eagle 0.169 7.9 92 76 22 
fourMile 0.282 9.3 124 98 16 
Gtun 0.117 6.1 91 87 16 
Haliburton 0.295 19.6 82 58 12 
Halls 0.373 27.2 71 63 13 
L.Bosbkung 0.127 7.6 80 59 19 
Maple 0.242 11.6 72 79 II 
Moose 0.295 16.6 77 73 13 
Oblong 0.186 ]1.2 73 66 25 
Pine 0.097 7.4 71 85 13 
Twelve Mile 0.286 11.5 76 68 16 

Northwest Ontarioc•r .• 
122 0.253 7.2 24 
132 0.]]0 3.3 17 
227 0.223 4.4 73 16 
230 0.138 6.2 41 
239 0.186 10.5 74 II 
lAO 0.]99 6.1 SO 7 
261 0.045 2.9 9 
265 0.171 9.8 18 
303 0.036 1.5 24 2 
304 0.236 3.2 71 3 
305 0.207 15.1 92 II 

Manilobah•i 
184 885 0.260 1.8 

882 0.270 2.1 90 
255 0.290 1.8 37 
318 0.220 1.6 64 

587 0.260 2.5 53 
721 0.240 1.6 26 
675 0.340 2.7 55 
200 0.320 2.8 54 
019 0.330 3.4 49 
Nora 0.420 4.2 57 
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TABLE B.8 

(From Welch and Perkins, 1979) 

Summer oxygen depletion rates and phosphorus loadings from lakes in the 
DEeD Cooperative Program gn9 Eutrophication and other lakes in 
Washington State and Ontario. ' 

! 
L LIZ,. L/,. ODR ,. Lake Year mg P/m"'! mg P/m' mg P/ml mg Otlml.d 

Shagawa, Minn. 5.7 1971 720 126 718 160 
1972 660 116 661 390 

0.61 West Twin, Ohio 4.3 1972 360 136 590 540 
0.55 4.3 1973 300 125 543 520 
0.58 4.3 1975 409 162 703 530 

1.27 East Twin, Ohio 5.0 1972 710 111 558 580 
1.08 5.0 1973 510 94 473 420 
1.17 5.0 1975 842 143 719 820 

0.41 Harriet, Minn. 8.8 1972 730 202 1780 450 
0.28 Calhoun, Minn. 10.5 1972 800 272 2883 1090 
0.45 Sammamish, Wash. 18.0 1974 670 83 1489 530 
0.27 Washington, Wash. 33 1964 2100 233 7689 810 
0.46 33 1974 470 31 1032 580 

1.73 Conadargo, N.Y. 7.5 1972 790 61 457 1010 
0.32 Pine, Wash. 6 1971 330- 172 1032 660 
0.32 Meridian, Wash. 12.5 1971 700- 175 2188 650 
5.33 Lords, Wash. 10 1975 800 15 150 240 

59.09 Cranberry,Ont. 3.5 1973 1300 6 22 60 
1.46 Green,Ont. 6.1 1973 206 23 141 160 
0.90 Halls,Ont. 27.2 1973 205 8 229 130 
3.4b Twelve-Mile, Onto 11.5 1973 331 9 97 170 
3.2b Eagle,Ont. 7.9 1973 224 9 70 180 
1.6b Boshkung, Onto 23.4 1973 331 9 206 190 
0.33 Bob,Ont. 18.0 1973 158 27 479 230 
l.5b Moose,Ont. 16.6 1973 224 9 149 270 

17.3 Pine,Ont. 7.4 1973 1055 8 61 270 
0.23 Four Mile, Onto 9.3 1973 110 51 478 300 
0.32 Haliburton, Onto 19.6 1973 124 20 388 310 

20 Beech,Ont. 9.8 1973 1520 8 76 360 
6.9 Maple,Ont. 11.6 1973 -826 10 120 380 
3.9 Ballinger, Wash. 4.5 1975 1400 79 358 156 
4.11 Chester Morse, Waah. 18.2 1973 300 4 73 175 

- Eatimate based on number and diatribution of people in the watershed. 
b Twelve Mile-Boahkung and Eagle-Moose data' separated by assuming no change i~ !Jow concentration. 
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TABLE B.9 

(From Edberg and Hofstein, 1973) 

OXYGEN CONSUMPTION OF SEDIMENTS IN THE LABORATORY AND in ,il" 

Or8. Oxygen con- OXy(ten con-

matter sumption in &umption 

<% dry Temp. laboratory TeIJlP. in situ 

Site Date weight) ee) (8 O. m-~ d- I ) ("C) (g 0 1 m-' d- I ) 

The Baltic (Salinity 4-6.7%0) 
Asko 1 15'7-71 12-8 15 2·S 

Asko I 1·9-71 12-8 IS 1'1 

Ask62 31,8-71 7-9 16 1·2 

Edeboviken I· 29'6-72 17-7 10 0·71 13 3·0 

Edeboviken 2· 29'6-72 11'4 10 0'40 IS 0'92 

Karlholm It 28,7-71 19·0 15 0·93 

Karlholm 2t 29'7-71 60·5 17 1·3 

Karlholm 3 30,7-71 2-6 17 1'7 

Lakes 
Ekolnt 18·8-71 0'6 13 0·58-1·2 18 2-6 

Erken I 22-3-72 10 0'32-0·36 4 0·43 

Erken 2 9,7-71 1·3 14 0·50 

Norrviken 1 t 4'5-72 40 10 '·1 So 1-8 

Norrviken 2~ 4'5-72 30 10 1·5 7 2-4 

Rarosen 26,8-71 12-2 10 0'21-1'08 17 2-3 

Running waters 
ArbogaAo I 
Venaviken 8'3-72 5 0·26-1'2 2 1'44 

7-10-71 10'3 10 0·68 

ArbogaAn 2 
Sjomosjon 8,3-72 II 10 0·31-0'61 0 0·31 

Arboga!n 3 
Jlders Bruk 8'10-71 8'S 9 0·84 

8'3-72 S 0'42-0·63 2 1·4 

• Sediment contains fibrous matter from a papermill where sulphite and around wood pulp is pro-

duced. 
t Sediment contains fibrous matter from a hard board mill. 

t Eutrophic lake with newly deposited alaae. 
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APPENDIX C 

METALIMNETIC AERATION EXTERNAL FLOW STUDY RECORDS AND PROFILES 

Data from each of the 13 dye flow-visualization experiments are 

gi ven in Tables C.1 A through C.13. A corresponding figure accompanies 

Tables C.1 A through C.12. Each figure contains the initial and final 

temperature profiles and the dye layer thickness (corresponding to 

aerated water) at specified times. 
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TABLE C.1A 

External Flow Experiment lA 
Temperatures (oC) 

Probe 0 10 
No. 

1 0.170 31.5 31.1 

2 0.248 31.4 I 31.1 

3 0.324 31.25 30.8 

4 0.400 30.6 29.4 

5 0.476 29.2 28.9 

6 0.553 28.3 28.6 

7 0.629 27.5 27.9 

8 0.705 27.2 27.4 

Aerated Upper 0.343 
Layer' Deeth (m) 

Location Lower 0.648 
Deeth (m) 

Aerated Layer 
0.305 Thickness (m) 
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TEMPERATURE (oC) 

o.o1.o ____ ~ __ ~15----~--~2~O----~---2~5----~---3~0----~--~35 

0.1 

0.2 

0.3 

0.4 

~ 0.7 

~ 
O.B 

0.9 

1.0 

1.2 

o 

\J 0 Minutes 

o 10 Minutes 

iii!( 10 Minutes 

Fig. C.1A External Flow Experiment 1A 
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TABLE C.1B 

External Flow Experiment 1B 
Temperatures (oC) 

Probe 
No. 

0 6 16 

0.165 36.9 36.4 36.1 

2 0.241 36.8 36.4 36.0 

3 0.318 36.5 36.3 35.8 

4 0.394 35.3 34.4 33.3 

5 0.470 26.5 26.1 26.3 

6 0.547 23.3 23.9 24.6 

7 0.623 23.1 23.1 23.2 

8 0.699 22.8 22.9 22.9 

Aerated Upper 
Layer DeEth. (m) 
Location Lower 

DeEth (m) 

Aerated Layer 
Thickness (m) 

24 90 

36.0 34.2 

35.8 34.0 

35.7 31.9 

32.2 28.6 

29.6 28.3 

25.1 27.8 

23.3 24.2 

23.1 23.3 

0.368 

0.622 

0.152 0.254 
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TEMPERATURE (OC) 

0.Or1~5 __ ~ __ ~~ __ ~ ____ -r ____ p-__ ~~ __ ~ __ ~~ __ ~ __ ~40 

0.1 

0.2 

0.3 

0.5 

0.6 

0.7 

O.B 

0.9 

1.0 

1.1 

o~--

0 

. I 

I 

'i] 0 Minutes 

-0 90 Minutes 
;:;:;=:: 90 Minutes :::::::: 

-;' 

/ 
0/ 

? 
I 

P 

Fig.C.1B External Flow Experiment 1B 
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TABLE C.2 

External Flow Experiment 2 
Temperatures (oC) 

Probe 0 17 41 
No. 

1 0.000 31.5 
2 0.076 33.3 
1 0.110 32.6 32.4 
3 0.152 33.3 
2 0.186 32.6 32.3 
4 0.228 33.2 
3 0.262 32.5 32.2 
5 0.305 32.4 
4 0.338 30.07 
6 0.381 29.6 
5 0.415 28.6 30.1 
7 0.457 28.1 
6 0.491 27.3 
7 0.567 26.8 
2 0.582 26.1 
8 0.643 25.6 
3 0.658 25.3 
6 0.704 
4 0.734 25.19 
7 0.780 
5 0.811 25.0 
8 0.857 
6 0.881 25.0 
1 0.963 25.0 
8 1.039 25.0 

Aerated Upper ---
Layer De~th (m) 

Location Lower 
em) -... -

De~th 

Aerated Layer 
Thickness (m) 

59 70 

31.9 31.9 

32.1 31.9 

31.9 31.8 

29.1 28.3 

28.1 28.1 

28.1 28.1 
27.3 27.8 

26.0 26.0 

25.7 

25.3 

25.3 

0.312 0.318 

0.572 0.584 

0.260 0.266 
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TEMPERATURE (DC) 

0.OlpO __ ~~ __ ~1~5 __ ~ ____ ~20 ____ ~ ___ 2~5 ____ p-__ ~3~O~~~ __ ~35 

0.1 

0.3 

--Ii .... 

EO•7 

Q 

0.8 

0.9 

1.0 

1.1 

1.2 

0-4---

• = 0 Minutes 

o 70 Minutes 

i;:~: = 70 Minutes 

0/ 
I 

1 

Fig. C.2 External Flow Experiment 2 

o 

! 
I 
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TABLE C.3 

External Flow Experiment 3 
Temperatures (oC) 

Probe 0 71 
No. 

1 0.134 29.4 29.2 

2 0.210 29.4 29.1 

3 0.287 29.4 29.1 

4 0.363 29.4 29.1 

5 0.439 29.4 29.1 

6 0.515 29.3 29.1 

7 0.591 29.2 29.0 

8 0.668 28.9 29.0 

9 0.710 28.3 28.7 

10 0.864 27.3 27.6 

Aerated Upper 0.000 
Layer Deeth (m) 

Location Lower 0.736 
Deeth (m) 

Aerated Layer 
0.736 Thickness (m) 

93 120 

29.0 28.8 

29.0 28.8 

29.0 28.8 

29.0 28.8 

29.0 28.8 

I 29.0 28.8 

29.0 28.8 

29.0 28.8 

28.7 28.6 

27.6 27.7 

0.000 

0.762 

0.762 
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TEMPERATURE (oC) 

0.010 15 20 25 

0.1 

0.4 

00.+; ........ 

5 

o . 
O.B I 

0.9 
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0 = 

1.1 ~~H? = 

1.2 

1.3 

1.4 

0 

120 

120 

Minutes 

Minutes 

Minutes 

r 
Q 

Fig. C.3 External Flow Experiment 3 
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Probe 
No. 

0.000 

2 0.076 

3 0.152 

4 0.229 

5 0.305 

6 0.381 

7 0.457 

8 0.533 

9 0.685 

10 0.762 

11 0.838 

12 0.914 

Aerated I Upper 
Layer I Depth (m) 
Location I Lower 

I Depth (m) 
Aerated Layer 
Thickness (m) 

TABLE C.4 

External Flow Experiment 4 
Temperatures (oC) 

0 15 39 60 90 

27.6 27.1 26.5 26.4 25.7 

29. 1 28~7 28.1 28.0 27.8 

28.4 28.5 28.2 28.1 27.8 

28.1 28.1 28.1 28.0 27.8 

27.8 27.8 27.6 27.6 27.3 

27.5 27.4 27.1 26.9 26.9 

27.0 26.9 26.7 26.8 26.8 

26.6 26.8 26.7 26.7 26.8 

25.8 25.9 25.8 25.9 26.0 

25.6 25.7 25.5 25.5 25.7 

25.3 25.3 25.3 25.3 25.3 

24.8 24.9 24.9 24.9 24.9 

0.406 0.368 0.330 0.298 

0.610 0.635 0.648 0.673 

0.204 0.267 0.318 0.375 

120 150 180 

25.3 24.7 24.5 

27.5 27.3 27.1 

27.6 27.4 27.2 

27.6 27.7 26.9 

27.1 27.0 26.8 

26.9 26.8 26.8 

26.8 26.8 , 26.8 

26.8 26.2 26.8 

26.0 26.0 26.1 

25.6 25.6 25.6 

25.3 25.3 25.3 

24.9 24.9 24.9 

0.279 0.267 0.267 

0.673 0.673 0.673 

0.394 0.406 0.406 
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'tEMPERATURE (oe) 

0.01rO __ ~~ __ ~1~5 __ ~~ __ ~20 ____ ~ ___ 2~5 ____ eP __ ~3~0 __ ~~ __ ~35 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

, 
o 

• 
0 

' .... ... ..... 
·~~~;m := 

0 Mjnutes 

180 MinutE's 

30 Minutes 

180 Mjnutes 

Fig. C.4 External Flow Experiment 4 
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Probe 
No. 

0.000 

2 0.076 

3 0.152 

4 0.229 

5 0.305 

6 0.381 

7 0.457 

8 0.533 

9 0.610 

10 0.686 

11 0.762 

12 0.838 

Aerated Upper 
Layer DeEth (m) 

Location Lower 
DeEth (m) 

Aerated Layer 
Thickness (m) 

TABLE C.5 

External Flow Experiment 5 
Temperatures (oC) 

0 23 45 64 

26.6 26.1 25.8 25.8 

28.3 27.8 27.4 27.2 

27.9 27.9 27.5 27.3 

27.3 27.4 27.2 27.2 

26 .. 6 26.5 26.1 26.0 

26.1 26.0 25.8 25.8 

25.7 25.8 25.8 25.8 

25.4 25.8 25.8 25.8 

25.3 25.6 25.7 25.8 

25.2 25.4 25.5" 25.7 

25.2 25.3 25.4 25.5 

25.2 25.2 25.2 25.2 

0.305 0.292 0.267 

0.737 0.775 0.800 

0.432 0.483 0.533 

95 154 180 

25.4 25.4 25.0 

27.0 27.1 26.8 

27.1 27.2 26.9 

27.0 27.1 26.8 

26.1 26.6 26.5 

26.0 26.6 26.5 

25.9 26.5 26.4 

25.9 26.5 26.4 

25.9 26.5 26.4 

25.8 26.4 26.4 

25.8 26.4 26.4 

25.3 26.2 26.0 

0.248 0.229 0.216 

0.813 0.826 0.838 

0.565 00 597 0.622 
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TABLE C.6 

External Flow Experiment 6 
. Temperatures (oC) 

Probe 0 20 64 
No. 

1 0.000 25.7 25.6 25.6 

2 0.076 26.7 26.7 26.9 

3 0.152 26.8 26.7 26.9 

4 0.229 26.8 26.7 26.9 

5 0.305 26.8 26.7 26.9 

6 0.381 26.8 26.7 26.9 

7 0.457 26.7 26.7 26.9 

8 0.533 26.7 26.7 26.9 

9 0.610 26.7 26.7 26.9 

10 0.686 26.5 26.7 . 26.9 

11 0.762 26.5 26.6 26.9 

12 0.838 26.4 26.4 26.6 

Aerated Upper 0.000 0.000 
Layer Del2th (m) 

Location Lower 0.700 0.800 
Del2th (m) 

Aerated Layer 
0.700, 0.800 Thickness (m) 

90 

25.1 

26.6 

26.7 

26.7 

26.7 

26.7 

26.7 

26.7 

26.7 

26.7 

26.7 

26.6 

0.000 

0.800 

0.800 



.' 

139 

TEMPERATURE (oC) 

0.01rO~~~~~1~5~~~~~2~0~~~~~2~5~~~~~3~0~~~~~35 

0.1 

0.3 

0.4 

0.5 

0.6 

0.9 

1.0 \J O·Minutes 

0 90 Minutes 

1.1 :::::::: 20 Minutes 
:>'.',". 

1.2 

1.3 

1.4 

Fig. C.6 External Flow Experiment 6 
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Probe 
No. 

1 0.000 

2 0.076 

3 0.152 

4 0.229 

5 0.305 

6 0.381 

7 0.457 

8 0.533 

9 0.610 

10 0.686 

11 0.762 

12 0.838 

Aerated Upper 
Layer Deeth (m) 

Location Lower 
Deeth (m) 

Aerated Layer 
Thickness (m) 

TABLE C.7 

External Flow Experiment 7 
Temperatures (oC) 

0 25 37 60 

30.0 29.3 28.9 28.1 

31.4 30.8 30.6 29.7 

30.9 30.1 30.3 29.4 

29.8 29.4 29.4 28.9 

29.1 29.2 29.2 28.7 

28.9 29.1 29.2 28.7 

28.6 29.0 29.0 28.6 

28.5 28.8 29.0 28.6 

28.3 28.4 28.4 28.1 

27.9 28.2 28.2 27.7 

27.6 27.7 27.6 27.2 

23.3 25.9 25.9 25.5 

0.184 0.178 0.140 

0.546 0.565 0.584 

0.362 0.387 0.445 

84 143 180 

28.3 26.6 26.1 

29.6 28.4 26.1 

29.4 28.6 28.2 

29.2 28.6 28.3 

29.0 28.6 28.4 

29.0 28.6 28.4 

29.0 28.7 28.4 

29.0 28.6 28.4 

28.6 28.6 28.4 

28.0 27.9 27.8 

27.5 27.2 27~0 

25.8 25.8 25.8 

0.140 0.000 0.000 

0.609 0.664 0.686 

0.457 0.664 0.686 
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TEMPERATURE (OC) 

O.Ol~O~~~~~1~5~~~~~2~0~~~~~2~5~~~~"3.0~~~~~35 

0.1 

0.9 

• = 0 Minutes 1.0 

0 = 180 Minutes 
1.1 .. ". 

.:.:.' == 15 Minutes ... 
1.2 ~~~~i~~~ = 180 Minutes 

Fig. C.7 External Flow Experiment 7 
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TABLE C.8 

External Flow Experiment 8 
Temperatures(oC) 

Probe 0 13 26 40 60 120 150 No. 

0.000 25.3 25.6 25.4 25.1 24.8 25.3 25.3 

2 0.076 26.9 26.8 26.7 26.6 26.7 26.4 26.3 

3 0.152 27.0 26.9 26.8 26.7 26.7 26.5 26.4 

4 0.229 27.0 26.9 26.8 26.8 26.7 26.5 26.4 

5 0.305 26.9 26.8 26.8 26.7 26.7 26.5 26.4 

6 0.381 26.9 26.8 26.8 26.7 26.7 26.5 26.4 

7 0.457 26.6 26.7 26.7 26.7 26.6 26.4 26.4 

8 0.533 26.4 26.6 26.7 26.7 26.6 26.5 26.4 

9 0.610 25.9 25.9 25.9 26.0 26.1 26.4 26.4 

10 0.686 25.4 25.5 25.4 25.4 25.4 25.4 25.4 

11 0.762 24.9 24.9 24.9 24'.9 24.9 24.9 24.9 

12 0.838 24.1 24.1 24.1 24.2 24.2 24.2 24.0 

13 1.016 21.6 22.2 22.3 22.3 22.4 22.4 22.5 

14 1.168 21.2 21.2 21.2 I 21.3 21.3 21.3 22.5 

Aerated Upper 0.000 0.000 0.000 0.000 0.000 0.000 
Layer DeEth (m) 

Location Lower 0.546 0.578 0.584 0.622 0.660 0.660 
DeEth (m) 

Aerated Layer 
Thickness {m) 0.546 0.578 0.584 0.622 0.660 0.660 
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TEMPERATURE (oC) 
15 20 2S 30 35 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.9 

1.0 

'V = 0 Minutes 

1.1 0 = 150 Minutes 
:.:~: h, 5 Mjnutes .. . . . 

1.2 ~~~~~~~~ = 150 Mjnutps 

Fig. C.8 External Flow Experiment 8 
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TABLE C.9 

External Flow Experiment 9 
Temperatures (oC) 

Probe 0 19 32 120 180 240 No. 

0.000 31.9 30.7 30.4 28.2 27.2 26.7 

2 0.07~ 32.6 32.0 31.8 30.2 29.4 28.6 

3 0.152 32.4 32.1 31.9 30.3 29.5 28.7 

4 0.229 31.6 31.6 31.6 I 29.9 29.2 28.7 

5 0.305 30.6 29.8 29.6 29.0 28.9 28.7 

6 0.381 29.4 29.6 29.4 28.9 28.8 28.7 

7 0.457 I 28.0 28.2 28.6 28.9 28.8 28.6 

8 0.533 26.8 27.2 27.3 28.3 28.5 28.4 

9 0.610 25.6 25.8 25.8 25.8 25.9 26.1 

10 0.686 23.9 24.5 24.6 24.6 24.6 24.7 

11 0.762 23.0 23.0 23.1 23.3 23.4 23.6 

12 0.838 20.9 21.7 21.7 I 22.1 22.2 22.1 

13 1.016 20.1 20.3 20.3 20.5 20.6 20.7 

14 1.168 20.1 20.1 20.1 20.2 20.3 20.3 

Upper I 

Aerated 0.254 0.241 0.229 0.203 0.000 
Layer Del2th (m) 
Location Lower 0.432 0.457 0.546 0.559 0.559 

Del2th (m) 
Aerated Layer 
Thickness (m) 0.178 0.191 0.318 0.356 0.559 
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Fig. C.9 External Flow Experiment 9 



146 

TABLE C.l0 

External Flow Experiment 10 
Temperatures (oC) 

Probe 0 15 35 10 120 180 No. 

0.000 21.6 21.9 28.1 21.3 26.2 25.2 

2 0.016 21.6 21.1 21.8 21.8 21.1 26.3 

3 0.152 21.5 21.5 21.5 21.4 26.3 25.8 

4 0.229 21.3 26.9 26.3 25.9 25.1 25.1 

5 0.305 26.6 25.8 25.4 25.3 25.4 25.5 

6 0 .• 381 25.1 25.4 25.3 25.3 25.3 25.4 

1 0.451 23.5 24.5 25.1 25.2 25.3 25.4 

8 0.533 21.7 22.2 23.3 24.6 25.0 25.3 

9 0.610 20.9 21.1 21.3 24.4 21.9 22.3 

10 0.686 20.8 20.9 21.0 21.1 21.4 21.5 

11 0.162 20.7 20.8 20.9 21.0 21.1 21.2 

12 0.838 20.7 20.7 20.8 20.9 21.0 21.1 

13 1.016 20.7 20.1 20.8 20.8 20.8 20.8 

14 1.168 20.6 20.6 20.7 20.8 20.8 20.8 

Aerated Upper 0.229 0.216 0.165 0.140 0.102 
Layer De(!th (m) 

Lower 0.546 Location De(!th (in) 0.457 0.521 0.559 0.512 

Aerated Layer 
Thickness em) 0.228 9.305 0.381 0.419 0.470 
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Fig. C.10 External Flow Experiment 10 
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TABLE C.11 

External Flow Experiment 11 
Temperatures (oC) 

Probe 15 38 60 87 136 No. 

1 0.000 26.1 26.2 26.4 26.1 26.5 25.8 

2 0.076 26.1 26.2 26.2 26.1 26.2 26.0 

3 0.152 25.7 25.8 25.8 25.8 25.8 25.6 

4 0.229 25.4 25.3 25.2 24.4 24.8 24.5 

5 0.305 24.9 24.5 24.4 24.2 24.2 24.2 

6 0.381 23.9 I 24.2 24.2 24.2 24.1 24.1 

7 0.457 23.1 23.3 23.8 23.9 24.0 24.0 

8 0.533 21.8 22.0 22.3 22.6 23.1 23.4 

9 0.610 20.2 20.3 20.6 20.7 20.8 21.1 

10 0.686 19.9 20.0 20.1 20.2 20.4 20.5 

11 0.762 19.7 19.8 19.9 20.0 20.1 20.2 

12· 0.838 19.6 19.6 19.7 19.7 19.9 20.0 

13 1.016 19.4 19.4 19.5 19.6 19.7 19.7 

14 1.168 19.0 19.2 19.2 19.3 19.4 19.5 

Aerated Upper 0.241 0.235 0.229 0 •. 222 0.197 
Layer Del!th (m) 
Location Lower 0.432 0.470 0.514 0.533 0.546 

Del!th (m) 
Aerated Layer 
Thickness em) 0.191 0.235 0.286 0.311 0.349 
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Fig. C.l1 External Flow Experiment 11 
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TABLE e.12 

External Flow Experiment 12 
Temperatures (oe) 

Probe 0 20 40 57 95 120 150 180 
No. 

1 0.000 19.9 23.3 22.9 21.4 23. 1 21.6 21.0 20.0 

2 0.076 19.7 20. 1 20.3 20.3 20.8 20.8 20.8 20.6 

3 0.152 19.5 19.6 19.6 19.4 19.2 18.4 18.1 18.0 

4 0.229 19.1 18.3 17.8 17.6 17.6 17.5 17.6 17.6 

5 0.305 18.3 17.4 17.2 17.0 17.2 17.2 , 17.4 17.4 

6 0.381 16.7 17.2 , 16.9 16.9 17.0 17.2 17.2 17.3 

, .... : 

7 0.457 '14.7 16.4 16.7 16.8 17.0 17.1 17.2 17.2 

8 0.533 12.8 13.6 14.7 15.6 16.5 16.7 16.9 16.9 

9 0.610 11.6 11.7 , 11.8 11.8 12.2 12.4 12.8 12.9 

10 0.686 11. 1 11.3 11.3 l 11.4 11.6 11.6 11.9 12.0 

11 0.762 10.8 10.9 11.0 11.0 11.2 11.3 11.4 11.5 

12 0.838 10.5 10.6 10.7 10.8 10.9 11.1 11.2 11.3 

13 1.016 10.4 10.6 10.7 10.8 10.9 11.0 11.1 11.2 

14 1,168 10.4 10.6 10.6 10.7 10.8 10.7 11.1 11.1 

Aerated I Upper , 
0.203: 0.191 0.165 0.152 0.140 0.114 0.102 

I DeEth (m) I 

Layer I , 
I LOwer I I 

Location 1- / 0.470/ 0.508 0.521 0.52110.552 0.552 0.552 I DeEth (m) I I I I I 
I I I I I 

Aerated Layer I I I I , 
I- I 0.2671 0.3171 0.3561 0.3691 0.412 0.438 0.450 Thickness (m) I I , I 
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Fig. C.12 External Flow Experiment 12 
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TABLE C.13 

10 

Metalimnetic Aeration External Flow Study Data Summary 

,. 

Experiment No. 1A 1B 2 3 4 5 6 

Model Flowrate 
37.0 37.0 23.9 23.9 23.9 37.0 37.0 (cc/s) 

Prototype 
Discharge 96.8 96.8 62.9 62.9 62.9 96.8 96.8 
Velocitl (cm/s) 

Model Discharge 
25.2 25.2 16.3 16.3 i6.3 25.2 25.2 Velocity (cm/s) 

Initial 
31.6 20.3 13.5 107.1 32.0 50.5 172.5 Froude No. 

Buoyant Rising 
(B) or Plunging B B B B B B P 
(P) Plume 
Equilibrium 
Temp. (oC) 21.0 21.0 21.0 21.0 

'~ 

(Oe) 24.4 26.2 Air Temp. 21.3 20.1 22.4 

Date Performed 7/3/85 .7/31/85 8/9/85 8/13/85 8/14/85 8/15/85 8/16/85 

Initial 'Model 
Jet 2681 2845 1689 1596 1538 2317 2323 

Relnolds Number 
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TABLE C.13 (cont'd) 

Metalimnetic Aeration External Flow Study Data Summary 

Experiment No. 1 8 9 10 11 12 

Model Flowrate 
31.0 31.0 23.9 31.0 23.9 31.0 (cc/s) 

Prototype 
Discharge 96.8 96.8 62.9 96.8 62.9 96.8 
Velocit;t (cm/s) 

Model Discharge 
25.2 25.2 16.3 25.2 16.3 25.2 Velocity (cm/s) 

Initial 
68.2 10.1 11.6 25.9 21.1 31.1 Froude No. 

Buoyant Rising 
(B) or Plunging I P P P P P P 
(P) Plume I 

I 

Equilibrium 
Temp. (oC) 21.15 20.1 20.4 20.6 20.9 18.1 

Air Temp. (oC) 22.0 I 18.9 20.6 21.5 22.0 I 20.9 

Date Performed 8/16/85 8/19/85 9/5/85 9/5/85 9/6/85 10/21/85 

Initial Model 
Jet 2415 2301 1512 2011 1341 1658 

Re:;tnolds Number . I 
I 
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APPENDIX D 

.. PROPOSED METALIMNETIC AERATOR DIAGRAMS FOR RYAN LAKE 

., The following figures include the basic dimensions for proposed 

metalimnetic aerators for Ryan Lake. The metalimnetic aerators shown 

are round with outlet and intake slots around their periphery. Figures 

D.l and D.3 are figures of proposed metalimnetic aerators with multiple 

vertical intake ports which allow for a varying metalimnetic thickness. 

A movable slide or flap would cover one of the intakes. Figure D.3 

presents a metalimnetic aerator with an extended rise tube length. If 

the discharge level is at 3 m, the top of the metalimnetic aerator body 

of figure D.3 is 1 m under the surface of the lake. If the unit is 

used for winter aeration, th~ top of the metalimnetic aerator body 

should remain at least 1 m under the surface of the lake to allow for . 
ice formation. 

Figure D.2 shows a top view for both figures D.l and D.3. Six 

dome diffusers are indicated. To the pipe distribution system an air 

line is' attached below the diffuser in the center. Figure D.4 displays 

the various components of a fine bubble dome diffuser proposed for a 

metalimnetic aerator for Ryan Lake. 
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Fig. D.l Proposed Metalimnetic Aerator for Ryan Lake (Two Vertical 
Intake Slots with Top Intake Slot Closed) . 
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Fig. D.2 Top View of Proposed Metalimnetic Aerator for Ryan Lake 
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Fig. D.3 Proposed Metalimnetic Aerator with Extended Rise Tube Length 
for Ryan Lake (Two Vertical Intake Slots with Top Intake Slot 
Closed) 
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Fig. D.4 Porous Dome Diffuser 




