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Abstract—Hypolimnetic aeration is becoming increasingly important as a fisheries management and water
quality improvenient technique, however its application has been restricted by a paucity of practical
reference material. Hypolimnetic aeration includes partial and full 1t designs and several airfoxygen
injection systems. Positive displacement compressors flanged to three phase electric motors are the
preferred air supply and power for most lake aeration projects. Internal combustion power is adequate
for short term use and wind power is in the developmental stage. Rubber compressed air hose is
recommended for lake aeralion applications. Free air delivery is the air volume taken into the COMPressor
at standard temperature and pressure however actual output volume is regulated by discharge pressure.
Performance specifications of full lift hypolimnetic acrators are based on water:air ratios, oxygen increase,
transfer efficiencies and oxygenation capacity. An empirical sizing method is proposed using hypolimnetic
volume, hypolimnetic oxygen consumption, water flow, air flow and inflow tube radius. Outfiow tube
radius should equal or exceed inflow tube radius to achieve high flow rates and aflow efficient removal
of residual bubbles. Floatation requirements are calcuiated from the total weight of the separator box,
inflow and cutflow tubes and the theoretical water head.

Key words—hypolimnetic aeration, air compressors, air line, transfer efficiencies, aerator design,
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NOMENCLATURE

& = bubble-water velocily (ms™ 1
K, = entrance constant (dimensionless)
[ = friction factor (dimensionless}
0, = water flow {m’s~ !}
g = acceleration of gravity (ms™3)
L =depth of air release (m)
TFaw = density of airwater mixture (kgm %)
I'w = density of water (kgm %)
AH = entrance, exit and friction losses {m)
T'a = density of air (kgm7)
(), =mean volumetric air flow (m°s~!)
Q. = volumetric air flow (m*s™'}
AP = pressure drop across orifice (kgem™ 3
h = pressure drop in supply system (kg cm ™)
0.0, = velumetric ratio of water 1o air flow
r = radius of inflow tube (m)
d = diameter of inflow tube (m)
PR = pressure required in compressor (kg cm3).
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INTRODUCTION

Hypolimnetic aeration is becoming increasingly im-
portant as a fisheries enhancement and water quality
improvement techaique. Since its development in the
late 1940s (Mercier and Perret, 1949), more than
twenty scientific papers have appeared describing
various hypolimnetic aeration projects (see Taggart
and McQueen, 1981 for review). The majority of
these projects were concerned with assessing its effect
on the lake ecosystem and developing new tech-
nology. However, the more practical aspects of hypo-
limnetic aeration such as aerator design, sizing and
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installation have not been well documented in the
literature. This results in a “re-invention of the
wheel” each time a hypolimnetic aeration project is
undertaken.

The purpose of this paper is to examine specific
design, equipment and operational components of
hypolimnetic aeration systems which [ believe are
inadequately documented in the scientific literature.

AIR SUPPLY

An impertant component of a well engineered
hypolimnetic aeration system is the air supply. This
topic can be divided into four sections: compressors,
power source, power transmission and air lines.

Compressors

Compressors suitable for lake aeration applica-
tions are displacement types: reciprocating piston,
rotary screw and rotary vane. In reciprocating com-
pressors air is compressed by a piston {oliowing a
reciprocating motion within a cylinder. They are
generally designed for intermittent operation and
should be run into a receiving pressure tank for
maximum efficiency. Rotary screw compressors use
two parallel screws joining on a thin oil film as a
compression seal. Rotary screw compressors are suit-
able for continuous operation and could be used in
aeration systems where high power {>45kW) is
required. Rotary vane compressors operate via radi-
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Power source

There are basically three different power sources
for air compressors: internal combustion, electric and
wind. Internal combustion cngines are generally
fueled by gasoline or diesel fuel. Gasoline or diesel
power is only useful for short term (1-2 month) use
due (o the frequency of maintenance {i.e. daily),
noise;odour problems and increasing fuel costs.

Electric motors are available in single phase or
three phase. Three phase motors are preferred as they
are manufactured in a wide range of power sizes and
are less expensive to purchase, operate and repair
than single phase motors. However many raral dis-
tricts do not have three phase electricity available. In
this situation, single phase motors are perfectly ac-
cepiable. This s an imporiant distinction as it deter-
mines the number. size and cost of the compressors,
elecirical contracting fees and operating costs. Single
phase motors are generally restricted lo a 5.6 kW
{7.5h.p.) maximum size. If more than 5.6kW in
single phase power is required then multiple units are
necessary. It is advisable to check with the local
power company on the type and capacity of their
electrical system before purchasing any equipment.

Wind power is still in the developmental stage.
however it should eventually become a viable alterna-
tive for smali isolated lakes as conventional energy
costs continue to rise. Reider (1977} concluded small
wind powered compressors were technically and eco-
nomicaily comparable with electric compressors in
small scale applications.

Power transmission

Most compressors are available with one of three
drive mechanisms: flange-mounted motors, v-belt
drive and direct flexible coupling (Atias Copco,
1578}, In flange-mounted designs the motor shalt is
coupled dircetly 10 the compressor shaft and the
moter housing is flanged to the compressor body.
Advantages of this design include no transmission
power 1oss, reduced maintenance through absence of
power iransmission parts, reduced unit size and
simplified installation. Direct flexible couplings are
the second choice and used where flange mounting is
nof possible. This method retains most of the advan-
tages of flange-mounted motors. v-Belt drives are the
least compact form of drive mechanism. This type of
power iransmission entails a power loss of approx.
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47, and requires @ more expensive foundation and
la than the other methods (Atlas
Copeo. 1978). Hawever. v-helts offer more fexibility
in adjusting compressor speeds and are reliable if
properly maintained.

ger floor space

Air line

The choice of air line material is an important
consideration as it influences capital costs, operating
costs, and potential problem areas. Air line materials
include rigid mewal or plastic pipe. fexible poly-
ethylene pipe and standard rubber compressed air
hose. Although rubber air hose is more expensive
(2 x } than other types of air lines, its ease of installa-
tion, durability and strength compensate for the
initial purchase price.

The internal diameter of air lines is an important
factor. Small lines restrict air flow on long sections,
whereas using overly large pipe on short runs is an
unnecessary expense. Air iine diameter is selected on
the basis of minimizing pressure loss and cost for
cach installation which is a function of the internal
diameter, length, and construction of the air line
(Atlas Copco, 1978). Most compressor manu-
facturers publish tables or nomograms of pressure
loss based on air flow, pressure, internal hose di-
ameter and length {e.g. Ingersoll-Rand, 1971). In
practice the British Columbia Fish and Wildlife
Branch has achieved satisfactory results with com-
pressors  under 2.8 mimin~' free air delivery
{100 f* min~') using the following guidelines:

0.76 m (0-250 f1) 1.9cm (0.75in.) i.d.

76-152 m {250-500 f1) 253em (L.0inyid.
152-457 m (500-1500ft)  3.8cm (1.5in.)id.
457-914 m (1300-3000 f1)  5.1em (2.00n.)i.d.

RATED AND ACTUAL AIR FLOW

A confusing concept in lake aeration is the
difference between the rated output and the actual
volume of air delivered by a compressor. Air com-
pressors are rated by the manufacturer in terms of
frec air delivered (FAD) at specific operating tem-
peratures and pressures. Free air delivered is the
volume (usually expressed in standard cubic feet pes
minute, iec. SCFM) at 10kgem~? and 20°C
(14.71bin " and 70°F) which a compressor with the
intake open to the atmosphere takes in, compresses
and delivers at the stated delivery pressure. For
example, a 5.6 kW (7.5 h.p.) compressor operating at
70kgem™ (1001bin™%) may be rated for
0.8 m’ min~' (28 SCFM) free air delivery. The actual
output  of this compressor is 0.l m*min~!
(3.6 min~"yat 7.0 kgem 2 (100 1bin ). After leav-
ing the compressor this volume of air expands back
to .8 m'min"' (28ft* min~') at normal sea level
atmospheric  pressure  1.O0kgem™? (14.71bin"?)
te.81kgem 10kgem ™ x 0.1 m® min ' = 0.8 m®
min~'. In theory, the discharge volume decreases as




Hipobm
the discharge pressure increases in accordance with
Boyie's Law (2,17, = P.F, at constant temperature}.
and the discharge \olwm {172) expands back to the
original intake volume ¢1°,} at standard conditions
(1.0kgem™ and 21°0).

PERFORMANCE SPECIFICATIONS

Hypolimnetic acrators exhibit a wide range in size
and operational cfficiencies {Taggart and McQueen.
982). The criteria used to evaluate hypolimnetic
aerators are based mainly on hydraulic efficiency and
ability to add oxygen 1o water pumped through the
system.
Water:air ratios

Water:air ratios (0,/0,) are the volumetric ralio of
water to air flow (compressor free air delivery) in the
riser tube. Aerators with higher water:air ratios
circulate more water per unit air volume {and
energy}), hence are more efficient at generating large
volume water flows. Water:air ratios for full lift
hypolimnetic aerators range from 7 (Hess, 1975) to 31
{Bernhardt, 1974).

Oxygen increase and transfor efficiency

Oxygen flow 1o an aerator is determined by the
volume of air supplied hy the compressor. Since air
is approx. 21% oxygen by volume {Davis, 1975),
initial oxygen input is restricted to 2 1% of compressor
output at any fixed flow rate. Oxygen input may be
increased by injecting pure oxygen. however this
procedure may be impractical in remote areas or for
large lakes. Transfer efficiencies for fult §ift acrators
range from 59, (Bengisson er al., 1972) 1o 30%,
(Bernhardt, 1967), and oxygen increases per cycle
range from 0.7mgt ' (Ashley, 1983) to 6.0 mgi '
(Fast, 1971). Most aerator designs have relied on high
hydrostatic pressure as the driving force for oxygen
transfer. The co-current method of bubble-water
transport in the inflow tube becomes progressively
less efficient at oxygen transfer in shaliow depths.
Declining hydrostatic pressure is mainly responsible
for this drop, however the decreasing oxygen content
of rising air bubbles also contributes to poor oxygen
transfer efficiency in shallow water (Speece, 1974).

Additional factors influencing oxygen transfer
efliciency are oil content of air and bubble size. Most
air compressors are oil lubricated and release a small
quantity of oil {28 g/1416-2124 m?) in the compressed
air. All oil should be removed belore it reaches the
acrator as oil contamination of air bubbles inhibits
oxygen transfer at the air-water interface and reduces
overall transfer efficiency {Lorenzen and Fast. 1977).

The influence of air bubbie size on oxygen transfer
efficiency is related to the mechanics of oxygen
diffusion at the bubble—water interface and e fliciency
of air-lift pumps. The oxygen transfer process cecurs
in three stages {Eckenfelder and Ford., 1968}, Initially
oxygen molecules from the gas phase are rapidly
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through the undisturbed Hguid film. however as
turbulence levels increase the surface film is disrupted
and renewal of the film becomes responsibie {or
transferring oxygen 1o the Hguid {Eckenfelder. 1969}

To maximize transfer cfficiency bubhie velocity
should be high in relation to water velocity, ie. large
bubbles. Unfortunately large bubbles and higher
velocities decrease air-bubble contact time in the
aerator and reduce air-lift pump efficiency (Andeen,
1974). Small bubbles (<0.5mm) have lower rise
velocities and provide a higher surface area o volume
ratio which enhances oxygen exchange (Andersen
and Hurd, 1971), however small bubbles require
small diffusor orifices which can lead to clogging

water

_probi e'ns Therefore bubbie size in the range of

2.0-2.5mm (dia.} is recommended for hypolimnetic
aeration {Speece, 1974). However, since bubbles tend
1o rise in “clouds™ and coalesce during ascent it may
be difficult to accurately conirol bubble size.

Oxygenation capacity and cosi

Oxygenation capacity is defined as the amount of
oxygen transferred o ihe water per unit work effort
{Symons et al., 1967} Literature valuss range from

1810 1.09 kg O, kWh ' (Lorenzen and Fast, 1977).

Oxygenation cost is the energy cost required fo
dissolve | kg of oxvgen in water. Although few
comparative figures are available. oxvgenation costs
are usually less in full §ft hypolimnetic aerators. Fast
el al. (1976) compared oxvgenation costs for full Lift,
partial lift and oxygen injection systems and con-

cluded full kit hypolimnetic serators were almost
twice as eflicient as the other systems.

DESIGNING AND SIZING
HYPOLIMNETIC AERATION SYSTEMS

One of the most important aspects of hypolimnetic
aeration is developing methods for sizing com-
pressors and hypolimnetic aerators to lakes. Loren-
zen and Fast (1977) and Taggart and McQueen
(1982) recently reviewed this topic and proposed two
methods for sizing hypolimnetic aeration svstems. In
this section 1 will outline an empirical method derived
from the aforementioned papers and experience with
the Black Lake hypolimnetic aeration system {Ash-
ley, 1983). This procedure contains some unproven
assumptions which are noted in the text and assumes
the reader is familiar with the literature. A compilete
example of the sizing procedure is given in the
Appendix,




Step I Estimate hypolimnetic volunie

Hypolimnetic volume can be estimated using an
accurate bathymetric map and a series of summer
temperature profiles. One must be careful to obtain
the largest estimate of hypolimnetic volume to avoid
undersizing the system.

Step 2. Estimaie hypolimneric oxygen consumpiion

Hypolimnetic oxygen consumption can be esti-
mated by observing the rate of oxygen depletion
following  spring  stratification. The  spring
stratification period is preferable to inverse winter
stratification as oxygen and temperature conditions
will approximate those encountered during actual
aeration. Total hypolimnetic oxygen content is then
plotted against time, and the depletion rate (in
kgday ') calcuiated from the maximum slope of the
regression line (Lorenzen and Fast, 1977).

Step 3. Calculare water flow

The amount of water required to balance daily
oxygen consumption is the total daily oxygen con-
sumption {mg day~*' O.) (Step 2) divided by the input
rate of the aerator {mg!l "). Theoretically this daily
water flow should balance daily oxygen consumption.
This is an important assumption of this procedure.

The critical factor in this calculation is the input
rate of the aerator which can range between 0.7 and
9.0mgl ! (average = 4.6 mgl'), and are difficult to
predict {Taggart and McQueen, 1982).

Step 4. Calculate inflow and oulflow rube size

Omne of the most important criteria involved in
designing a hypolimnetic aerator is determining the
size (L.e. length and diameter} of the inflow and
outflow tubes. To optimize oxygen transfer efficiency
inflow and outflow tube lengths should be as long as
practically possible in shallow lakes (< !0m max.
depth), and extend well into the hypolimnion in
deeper lakes. Inflow tube radius is derived from the
formula for calculating flow, i.e.

Q,=mr’xu

rearranging:

r= \Qm
where:
r = radius of inflow tube (m),
» = bubble-water velocity (ms™') and
Q.. = water flow (m's™").

0. was calculated in Step 3 and v was estimated at
1.2ms™ " Taggart and McQueen (1982) used this
formuia fo derive inflow tube radius and concluded
that the actual inflow tube radius should not exceed
the calculated radius.

Outflow tube radius should equal or exceed the
inflow tube radius. If the total cross-sectional area of
the outflow tubes is less than the inflow tubes a
buildup of water will occur in the separator box and
reduce flow rates.

KEvNerH [ay ASHLEY

Increased outflow tube area also decreases outflow
current velocity relative to inflow velocity. Low cur-
rent speeds reduce the risk of sediment disruption
{Smith et af., 1975} and aliow more efficient degassing
in the separator box. The outflow tube should also be
fitted with a 45 or 90 degree elbow to prevent
mmediate recirculation of aerated water and mini-
mize sediment disruption.

inflow and outflow tubes have been built from a
variety of materials including fibreglass, steel plate,
polyethylene, reinforced neoprene/wire mesh and gal-
vanized sheet metal. The basic requirements are that
the pipes are air-tight, water-tight and strong enough
to withstand installation and positioning within the
lake.

Step 5. Determine entrance, exit and friction losses

These losses are calculated with equation (5) (Ap-
pendix) and are used to estimate the total head loss
for the system. The effect of the air bubbles inter-
spersed with the water in the inflow tube is assumed
to have a negligible effect on the head loss calcu-
lations {Lorenzen and Fast, 1977).

Step 6. Determine the density of the air-water mixture

The density of the air-water mixture in the inflow
tube is estimated using equation {6} (Appendix)
which assumes that the theoretical head generated
(AH) is a result of the density difference between the
air-water mixture in the inflow tube and the outside
water. 1t is also assumed that one-half of the the-
oretical head is used to pump water up the inflow
tube and an equivalent amount is used to pump water
back down the outflow tube (Lorenzen and Fast,
1977).

Step 7. Calculate air flow requirements

Equation (7) is used to estimate the air flow
required to pump water through the aerator at the
design specifications. As a design check, this volume
is compared to the theoretical air volume calculated
from Step 2. The Step 7 volume must equal or exceed
the theoretical volume to satisfy the measured hypo-
limnetic oxygen demand.

Step & Estimate compressor pressure and power re-
quirements

The fast step involving air flow is determining the
pressure and power requirements of the air com-
pressor. Pressure reguirements are estimated from the
sum of the pressure drops in the air supply system
(Lorenzen and Fast, 1977)

PR(kgem ™2y =AP + 4+ L{1.0/10.1)
where:

PR = pressure required,
AP = pressure drop across diffusor orifice (ap-
prox. 0.4-0.7kgcm™?),
L = depth of air release {m) and
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# = pressure drop in air line, valves, elbows eic.
{from tables: e.g. Ingersoll-Rand. 1971: in
kgem ™),

This relationship establishes a general pressure
requirement for a given installation and indicates
whether a iow pressure blower, single stage com-
pressor or double stage compressor is required. One
then selects a compressor with an operating pressure
0.7-1.4kgem ™ (10-201bin ) above that estimated
from the formula.

Compressor power is then calculated from
standard engineering formulae (e.g. Horton. 1959)
or obtained from compressor manufacturer’s
spectfications for the required pressure and volume
output.

Step 9. Calculate separator box size and floatation
requirements

A separator box is required to position the inflow
and outflow tubes and provide a waterproof de-
gassing area for the aerated water. The box should be
well insulated to minimize warming of hypolimnetic
water. The size of the box is not critical however its
minimum size is determined by the diameter of the
inflow and outflow tubes. The Black Lake separator
box was 2.4 x 1.2 x 0.9 m and housed two 0.76 m dia
tubes. 1 believe a similar ratio of length, width and
height to inflow tube diameter will form a suitable
separator box size for any tube diameter.

Floatation requirements of the separator box are
estimated from the total weight of the separator box,
tubes and water head. Waterproof fioatation foam
will support approx. 27kg (601b) per 0.028 m®
(1.0ft") of foam volume. The floatation should be
constructed around the outside perimeter of the
separator box and securely attached. A weight factor
which is often overlooked is the weight of the water
head in the separator box when the system is oper-
ating. This can be estimated from AH/2 (Step
5) x area of the separator box = cubic meters of
water x 1000 kgm ' = total weight (kg) of water
head. 1 believe the best strategy is to design the
floatation requirements as described, and operate the
system with the separator box partially (one-third to
one-half} submerged. The system should be operating
efficiently in this position and generating higher flows
than it the separator box remained at the surface
(Smith er al., 1975). If too much air (and water) is
supplied the separator box may submerge completely
and begin destratifying the lake.
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APPENDIX
Example of Sizing a Hypolimnetic Aerarion Sysiem

Step . Hypolimnetic volume = 1,600,000 m",
Step 2. Maximum hypolimnetic oxygen consumption =

B.2mgl ‘day . Total consumption = [.000,000 m’ <
02mel fdav =2 x [0 mgday ™' or 2 x 10%kgday™*
Step 3. Water flow. 2 x 10fmgday "2mgt ' (aerator
input  rate) = I < 10fiday ¥ or I x 10miday”! or
Llem s
Step 4. Calculate inflow and outflow tube size.
) fwater flow f demis’ o
Tube radius = [~ / - =0.35m
Yy EXr \ 7x1.2ms!
Tuhe diameter =0.55m x 2=11m
where:
v = bubble-water velocity (estimated).
Step 5. Determine entrance, exit and friction losses.
K, < 8Q:
Entrance loss = —r:—-gi
n° D
802
Exit loss = 7,Qr
n-Dig
L x 8Q}
Friction loss ='L, <Q“
.D.g
4 2 ’ﬁ_
DT pE E
x 2= AH
41 167 ]
79.8)
1 (0 023(12 )
(1 L ‘ IRE )
x2=026m

where:
K, (entrance constant) = 0.5,
0.02,

0, = water flow (m*s '),

{ (friction factor) =

D = pipe diameter {m),
£ = acceleration of gravity (ms %)

L = depth of air reicase {m)

Step 6. Calculate density of air-water mixture.

L xTw _ 152:2 X EGOG=979 kgm-’
L +AH 122 +026

Faw =

where
Faw = density of air:water mixiure (kg m~=7%
I'w = density of water (kgm ™7},
L = depth of air release (m) and

AH = entrance, exit and friction losses (m).

Step 7. Calculate air flow.

KENNETH 14N ASHILEY

Then ¢,

. 1’\ w GO0 - {116
- "'9 EgIx %;a ?
=004m*s !
ar
2dmimin b
Compare to theorcueal demand = -
= 300,14, tdem-
=0.46 m min !
2dmimin > 046 mimin ' o air fow s OK.
where

.= mean volumetric air fow rate {m*s™’),
@, = volumetric air flow rate (m's™ '}

Q. = water flow rate (m* s},

I, = density of air {kgm 7).

I, =density of water (kgm™)

[, = density of airiwater mixture {kgm ™

Step R. Estimate compressor pressure and power require-
ments.

Pressure required = AP+t + L{1.0°106.1)

= {35 festy + 0.35 {est) + |
19kgem™?

2200010 =

=19+ Ld{esty = 33 kgam™" maximum
pressure required

where
AP = pressure drop across orifice (kgom ™7, estimated),

j1 = pressure drop in supply system (kgom ™7, esti-
mated) and
L = depth of air release {m}.
Compressor power {from manufacturer's specifications} for
33kgem™? and air flow of 24mimin~! is I3KW (e
Hydrovane SR66060)
Step 9. Calculate separator box size and floatation
requirements.
Ratio of length to width 1o height 1o tube diameter is
3:16:1.58:1.18:]
Length= Y6 x Lim=335m
Width=1.8xl.Lim=1.7m
Height = .18 x LLim=13m
where: 1.1 m = tube diameter.

Floatation requirements = AH 2 x area of box =0.20 m/2 %
(BS5mx 1L7Tmy=07Hm x Hi()(ai\v, m~ = 774 ke + weight
of tubes and box.




