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;:There ate numerous documented research projects
l-ihich deal with aeration as applied to the restoration
,i:bfsmall lakes and reservoirs (see Toetz et al., 1972:
i:,bunst et at.,19741, a few involve deep water oxygen

A MODEL FOR THE DESIGN OF HYPOLIMNETIC AERATORS

C. T. Tnc,cerr* and D. J. MceuEEN
Departmenl of Biology, york University, 4?00 Keele Street, Toronto,

Ontario, Canada, M3J 1P3

(Rec eiued S e pt ember l98l)

Absaraca-Diffusor depth, air flow rat6, rise velocity md cross-sectional aea of the riser tube are the
major variables considered in the simple empirical model presented for use io the design of hypolimnetic
aerators. Water flow values predicted by the model were correlated with thos observed-in twenty
published feld experiments (r : 0.893). The model determined that some aerators are inefficient ani
their design could be improved. A discussion of required oxygen input during ae.ation is presented in
which the problems of hypolimretic oxygen depletion rates and oxygeo transfer efficiencies (observed
and absolute) are considered.

INTRODUCTION received little attention, and as a result there exist
several different designs which display various effi-
ciencies (fable l). Design models have been devel-
oped for destratification or circulation aeration (Ivak-
henko & Gulyan, 1972; Karasik et al., 1972:Karusik
& Stovbun, 1974; Smith et al., 1975: Lorenzen &
Fast, 1977; Carr & Martin, 1978; Shell & Stein, 1978).
The hydrodynamics and oxygenation capacity of bub-
ble plumes in stratified waters and bubble-water un-
coupling (which allows thermal stratification to be
maintained) has been modelled and tested by Rayyan
& Speece (1977). Lorenzen and Fast (1977) in their
extensive review of aeration described a hypolimnetic
aerator sizing model which may be needlessly
complex, and which does not fit the data presented in
this paper.

To augment the existing literature, and in an
attempt to provide a straightforward analysis of the
dynamics of hypolimnetic aeration, the followins
paper develops a simple, empirically derived mode'i
for use in aerator design for biologistq limnologists,
and environmentalists. It does not attemDt to con-
sider all of the engine€rin& pneumatic ani hydrody-
namic aspects ofaerator function, as many of the par-
ameters for such analysis are impossible to obtain
without sophisticated equipment generally unavail-
able to field biologists. There are two major sets of
problems that must be considered when designing an
aerator: (1) In order to determine the capacity of the
air compressor to be used in a particular lake it is
necessary to calculate (a) the volume of the hypolim-
nion; (b) the oxygen depletion rate during summer
stagnation, and (c) the desired hypolimnion DO. Lor-
enzen and Fast (1977) considered this subject and we
will review the problems involved in the discussion.
(2) After compressor capacity is known, the aerator
design requires calculation of(a) the length and cross-
sectional area of the riser tube, and ft) the cross-
sectional area of the return manifold tubes. These are
considered in the model outlined below.

i j :uu t rs r  s .  u t . ,  L  t  t lb

irjnjection (Fast et al.,1975a:Fast et al.,1977; Bianucci
Bianucci, 1979) and some involve air lift hypolim-

itic aeration. Bernhardt (1967) published the firsl
of an in situ hypolimnetic aerator operating

; an air lift pump (see also Bernhardt, 1974, 1978;
& Wilhelms, 1975), and similar experi-

soon followed (Fast, 1971a, b; Fast er al.,1973;
et al., 1975b; Ohle, 1974; Bengtsson & Gelin,
Smith er al., 1975; Wirth et al., 19751. There are

more recent studies flaggart, 1980; Taggart
1981; and Ashby and Northcote, Per-

Communication). Air lift pump hypolimnetic
operate by the release ofcompressed air from
at the bottom open end of a cylindrical riser

n air-water jet is formed in the enclosed riser,
water rises to the surface it is oxygenated and

gases (e.g. H2S) are vented to the atmosphere
The bubble-free oxygenated water is

t to lake restoration: (1) in stratified lakes

to the hypolimnion by gravity ffow and
via retum manifold tubes.

remains stable and. therefore. the
on remains cold and intact while being aer-
disolved oxygen concentration (DO) is

evated in the hypolimnion; and (3) concen-
I phosphorus, nitrogen and hydrogen sulfide

wn to decrease in the hypolimnion.
design of hypolimnetic aerators has

addr€ss: Department of Biolos* McGill Uni-rFeal, Quebec, Canada H3A t-B-i.
s.lake restoration. aeration, hypolimnion, aer-
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Table l. Observed and theoretical values of several variables in hypolimnetic aeration studies. Z = rise dlstance of air
water jet: F. : air flow' F. = water flow; r: radius of the riser tub€; o2 refes to iocrease in' 02.concentration up the
riser: b, t.e. is observed tiansfer efficiency of oxygen (uptake/supply). Theoretical values calculated from the model (see

text) are underscoreo

02 t.e.
(%\

z
(m)Lake

t2.2 8.0 80.0
l 33.4

12.2 80 120.0
133.4

1.8

20.0

8.5 3.4 55.9
49.8

( l  s -  r )  ( l  s -  ' )
F* o2

(mg I  - ' )

Wahnbach
(Bernhardt 1967)

(Bernhardt 1974)

(Bernhardt 1978)

Hemlock
(Fast. l9?l: Fast
ct al.. l9?3)

Silver
(Wirth et c/.. 1975)

Mirror
(Wirth er dl.. 1975)

Pure 02

Air and 02
Mixture

Larson
(Wirth et al.. 1975)

Waccabrc
(Fasl ?r al.. 1975b)

Jiirlasjtin
(Bengtsson &
Celin. 1975)

Tory
(Taggart. 1980:
Taggart & McQueen.
198 l )

6?.0 192'1.5

_p352_
| 6 . 7  3 6 1 l . l

l ) e R  S

48.3 24722
1836.9

15A 2833.3
2456.1

16.7 29t6.7
2492-'l

I 15.0 3521.1
32s6.8

50

50

45

21.3

42.0

42.0

42.0

42.0

42.O

5-6

3.9

t3.4

8.6

14.5 46.7 590.3
< t t  /

14.5 58.3 677.1
604.8

14.5 70.0 123.4
. 682.4

t2.2 13.?

t2.2 15.6

t2.2 19.0

12.2 E.0

12.2 4.5

12.2 10.6

178.0
186.5
238.0
207.3
190.0
236.1

120.0
l 33.4
?0.0
0 t ,

150.0
160.6

o.23
0.30
0.23
0.25
o.23
0.33

20*

l6*

23*

9*

10.6*

10.3t

28.8 1.0
r5.5 0.85
30.9 1.0
a2 r .5 l
5 l J  1 .0
38.0 l . l3
37.8 1.0
32.8 1.30
38.0 1.0
1 )  (  |  ? l

30.7 1.0
28.3 r.50

t2.5 0.69
tr.2 0.60
r 1.5 0.69
10,4 0.65
104 0.69
9.8 0.69

t3A 0.23
14.0 015
15.3 0.23
13.3 0.38
10.0 0.23
t2..4 0.40

0.23
0.30
0.23
0.30

0.58
0.3 t

0.30
1.45

0.29
0.r9

15.0
t6.1
15.6
20.3
t4.2
t5.2

10.0
16.7
15.0
t6.7

3.8
2.1

2.3
8.0

164
t4;7

252.5
138.3

883.3
3028.8

2.8

8

1.8-4.5 10.3-25.8

* After Smith er al. (1975).
+ After Lorenzen & Fast (1977).

THE MODEL

General desigtt

The hypolimnetic aerator we describc results from modi-
fications of designs by Bernhardt (1967. 1978). Fast et oL
(19?3), B€ngtsson & Gelin (1975), Smith er cl. (1975) and
Wirth er al. (1975). The system we rsommend (Fig. l)
includes a weighted intake collar which is suspended from
a flexible polyvinyl coated nylon riser tube suspended from

a head collar. Wirth (Personal Communication) attempteo
the us of a flexible rier tube but be found that it oscil'
lated violently dudng aerator operation which led to rapro
deterioration of the riser. Lorenzen & Fast (1977) mention
that the rirer should be rigid or it will collapse durrng
operation. However. two aerators using nexible riser lubes
hive since been successfully used with no apparenl vio-lenl
oscil lations or collapse (Taggart & McQueen. I96r:

McQueen, unpublisbed). A draw string below the head co!
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..r Fig. l. General design for a floating hypolimnetic aerator
., wittt a flexible polyvinyl riser tube. Dimensions depend

.. i 
*on design calculations which are given in the text.

,.,,,,i ',i"r at the point of riser attachment prevents air and water
lr,:j,-ftom leaking around the head collar. The air-water sebar-
i;1,;i;.r'ation chamber must have enough flotation to support the
..1 * system when under full operation and the manifold tubes
.,:i t should return water to different depths within the hypolim-

ifrion to facilitate mixing of hypolimnetic water. The float-
design permits the system to rise and fall with natural

in lake level and allows for portability of the
system.

compressor" and do not consider the fact that the com_
pressor must deliver air through a pipe from the shore-
based compressor to the air diffusor located at some deDth
in the lake.  To est imare the amount of  a i r  actual ly  de_
livered. the formula of Horton (1959) may be used:

/ ^ . ) 5 \ r t 2

F , : s s ( ' = +  l  { r )-  
\ W L /

where Fo:  a i r  f low ( f i3 min-11;  p:  pressure drop along
del ivery p ipe ( lb in- , ) ;  } tz :  weight  ( lb)  of  I  f r r  of  enrer ing
airat.ambient temperature; L: length of delivery pipe (fil
and d : diameter of delivery pipe (in.). The efect of ioup-
Iings, restrictions and bends can also be incoroorated inio
the calculation of F" (see Horton 1959). An examole of the
use of (l) above is given in the Appendix.

H 1'draulks
The amount of water that will flow through the aerator

depends on air flow and length (or depth) of the riser tube.
An estimate can be made using the proportionality equa-
pion of  Baines (1961):

F"' 1 /t s Po ooo 
Q)

where F, :  water  f fow ( l  s- t ) :  Z = r ise distance of the ai r
water jet (m) and F,: air flow (l s-t). This relationship
determines that for any fixed F.: F_ increases with 2
(Fie. 2), and flow efficiency of the bubbler system F./F.
increase also with Z (a result of increasine bubble size and
buoyancy with decreasing hydrostatic p.eisure during risey.
However, for any fixed Z, F"lF, decreases with incrlasins
F" (Fig. 3,. These above relationships suggest that the risei
tube should be as long as possible, and that small svstems
are more efficient than large ones.

Using equation (2) above. we calculated the theoretical
F* and F./f, for each ofthe 20 experimenrs listed in Table
l. We also used a step-wise regression of Z (depth of riser
tube in meters) and F. (air flow in I s-r,; on F*, iwater flow
in I  s-r ;  to produce the equat lon:

F " . :  Q t . t 6 l ? l . 66 ) (1 .85 )  ( 3 )

with a multiple correlation coefficient of 0.963. The result_
ing values are listed in Table l. A sample calculation
appears in the Appendix. It is interesting to note the simi-
larity in exponents between this equation and the formula
(2)  der ived empir ical ly  by Baines (196t) .

AII air compressors are rated by the manufacturer to
leliver specific volumes at fixed temperatures and press-

; but the specifications are invaiiably given .'at the

t rg .2 .
Depth - z Im)

Theoretical water flow (F,..) with respect to depth of riser tube (Z) ar various aii Row rates (5.
20. 30 and 40 ls- r.).

10.

re l0 tn

rr*l

rl
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Fu ( | s-rl

Fig. 3. Theoretical water flow (F.) with respect to air flow
(F,) at various riser tube depths (5, 10, 15 and 20 m).

Riser tube cross-sectional area

Having estimated F. and F* on the basis of compressor
capacity and depth, the cross-sectional area of the riser
tube must be determined. The ascending velocity of a freely
rising air-water plume varies with bubble size. Bubbles
with a diameter of 2-8 cm have a range in terminal rise
velocity between 30 and 60cm s-r (Ippen & Carver, 1954;
Andeen, 1974). Baines (1961) has stated that at an air flow
of 0.0051s-r or more. bubbles issue from an orifice as a
heterogeneous mixture of sizes which are independent of
the size ofthe orifice. The bubbles range in size from 0.16
to 2.5 cm dia. and reach an average rise velocity of
49cms-r at 1.5m above a diffusor releasing air at

0.47 I s-t. We observed bubbles ranging from 0.75 to 8 c6
dia. in the Tory Lake aerator. For our model we have
chosen a median bubble velocity of 0.46ms-^. Assumins
that bubble velocity determines maximum water velocity, 1l
is possible to solve for the optimum radius of the riser
tube:

where r :  radius of  the r iser  tube;  u:0.46ms-t  and
F- : water flow determined from (3) above (see Appendix
for sample calculation).

Because of friction, changes in bubble size and head
pressure it is impossible to make precise calculations in
advance of aerator design. However, with respect to basic
designs, it can be seen in Table I that the above relation-
ship establishes a general sizing criterion in that the actual
radius need not be greater than the calculated radius.

The approach outlined above is necessary because the
model is designed to produce an optimum estimate of r
(radius) based on known measurements of Z (depth) and r"
(air flow). However, the data set presented in Table I has
observod values for Z, Fo and r. It is therefore possible to
do a stepwise regression of these three values on F* (water
flow). The resulting equation is:

F- : (5.75'XF"o 45e)(zo 6e8)(5.14) (5)

with a multiple correlation coemcient of 0.993. The propor-
tion of variance reduced by r alone is 84.6/". This clearly
demonstrates that once air flow and depth have been
established, r becomes a critical parameter in determining
water flow rates.

Water return manilold tube sizing

Once the radius of the riser tube has been calculated it
remains to determine the cross-sectional area of the water
return tubes. We experimented with various water flow
rates (F,) and various total areas (M) of the manifold tubes
and measured the head (ft) of water in the air-water separ-
ation chamber of the Tory Lake aerator. Figure 4 indicates
that as F-/M (velocity) increases, i (height of water in
chamber above lake level) increases, and clearly when
F- :0 or when M becomes very large, /r approaches 0.

, : (I")"'
\ 1 t u  /

(4)

VEIOCITY (  m s-r)

Fig. 4. Height of head (ft) with respect to velocity (F"lM) of water flow (+1SD) in the Tory Lake
aerator. The solid points represent data collected with manifold area (M) set and air flow altered, open

points with air flow set and M altered, Superscripts are the number of measurement taken.



. It can be shown that F. depends upon h and the return
jube diameter and length. These are related by a trans-

iformed formulation after Horton (1959):

i r : .  h :
(0lc)2(L, + 16.46D)

yelocity (m s- t) is calculated from:

,: -!+- (8)-  
n(Dl2)

& 2 0
Manifold Area (m2)

61.The relationship between height of head (h) and
4srng manifold area (M) in the Tory Lake aerator
r constant air flow. Regression tine has an 12 value.of
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c in (6) above is a constant derived from Horton (1959)
where:

a:  [ ( log16D)(-7.98)]  + 18.74.  (9)

For the values of M and L, (9.6 m) in the Tory Lake
aerator the relationship between F* and ft was determined
(Fig. 5). During 1978 M was held at 0.032 m2 while F" (and
therefore F*) was altered. The result was a substantial in-
crease in head which was close to that predicted in (6)
above. In the second year F, (and so F-) was held constant
while M was altered. As M decreased h increased in a
manner close to that predicted. The above explains the
relationship between F*, M and h, but it does not define
the optimum value of M. A linear regression was per-
formed on the /r and M data from 1979 and Fig. 6 shows
that the regression line intercepts the x-axis (manifold tube
arca) at M : 0.23 m'. This is only slightly smaller than the
cross-sectional area of the riser tube of the Torv Lake aera-
tor (0.26 m2), and so not surprisingly the conclusion is that
the total cross-sectional area of the return manifold tubes
should not be less than the cross-sectional area of the riser
tube.

M o n i f  o l d  A r e o  ( m 2  )

Fig. 7. Theoretical relationship between head height (h)
and manifold area'assuming a fixed air flow rate of 3.4

l s _ r .

Aerator design

F* (m3 min-r)

Fig. 5. Theoretical and observed relationship between height of head (h) and water flow in the Tory
Lake aerator. The solid points (+l SD) were obtained with a constant manifold area (M\ and various
air flows (F,), and the open points with constant Fo and various M. Line superscripts are values of M.

Number of measurements taken for each point are given in Fig. 4.

g
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I

E
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o
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\ 7 t  /
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The relationship is tot precise as the model shows that
for any fixed valui of F* there is always some head. regard-
Iess of ho* large M may be. However' when F* remains
constant {e.g. 3.35 mr min- I  in the Tory Lake aerator dur-
ing 1979) it can be seen that h approaches u t]:lt:T
when M is equal to riser tube cross-sectlonal area (rlg' /''

DTSCUSSION

The observed and predicted flow rates are highly

correlated (Fig. 8). Bernhardt's (1978) Wahnbach

aerator displayed the greatest flow emciency
(28.8-51. '/.);with the highest value corresponding to

the lowest air flow used, as predicted by the model'

The Wahnbach aerator also had the greatest observed

oxygen transfer efficiency (45-50%). Both of these ob-

servations are no doubt related to the large \allue of Z

and hence a relatively longer bubble-water contact

time which increases oxygen transfer. Most other aer-

ators, notably those used in Hemlock, Silver' Mirror,

Larson and Tory Lakes have observed flow efficien-

cies of between 10.0 and 16.4/' and predicted values

of between 9.8 and 16.7/. which are not significantly

different from the observed (n: 12, a : 0.05, Stu-

dents' r-paired difference test)'
The Jiirlasjdn aerator (Bengtsson & Gelin' 1975)

had the lowest observed flow efficiency valve (2'3yo)'

This is a result of two factors: (l) the air flow

(380 I s- t; was too large as we have shown that at any

fixed depth F*/F. decreases with increasing F, (Fig'

3); and (2) the cross-sectional area of the riser was

undersized and restricted flow. The actual area was

0.283 m2 (r : 0.3 m), but our model determined that

an area of 6.6m2 (r:  1.45m) was required for an

estimated F* of 3029 I s- t. The small size of the riser

resulted in a 1.8 m high plume of water above the lake

surface during aerator operation (Lorenzen & Fast,

r9'7'7).
It is worth noting that in Fig. 8, when Jiirlasj<in is

included in the data set, the correlation between ob-

(i

served flow and measured flow is r :0.893 and the
relationship is described by the equation

FW: 124.7 + 0.840 FWO where Flll : predicred

flow and FWO is measured flow. When Jiirlasjdn ig
omitted from the data set r becomes 0.987 and the
regression line becomes FW: -4.9 + 0.855 FWO.

The second lowest flow emciency (3.8) recorded was
that of the LIMNO aerator (Atlas Copco, AB, Stock-

holm: Fast et al., l9'l5b). This is a result of the short

rise distance (Z : 3.5 m) which was permitted by aer-

, ator design, a factor which has been noted by others
(Bernhardt, 19?8). The observed water flow induced is
more than twice that predicted by the model and i5
most likely related to jet or pressure flow induced by
a large air flow (65.8 ls-t) which would be greater

than that induced by passive flow (freely rising bub-

bles). Bengtsson & Gelin (1975. p. 321) have stated

that the LIMNO aerator is advantageous because "fy

not lifting water to the lake surface, energy is saved

and higher emciency is achieved". Clearly, once

energy has been used to compress air for release at
depth, what happens to that air after release is irrel'

evant, as far as energy consumption is concerned

Furthermore, flow efficiency can be increased by
allowing for a greater rise distance. This would not

only increase flow efficiency but it would also result in

a longer period of bubble-water contact and, there-

fore, increase oxygen transfer and subsequently DO in .

the upwelling water.
Oxygen transfer efficiency is a major problem in

hypolimnetic aeration. From Table I it can be seen

that observed efficiencies range from 9% (Larson

Lake) to 50/. (Wahnbach Reservoir). Efficiencies are

calcuiated as the ratio of the mass of oxgyen supplied

(Or.) to the observed DO increase up the riser tube

(ADO), expressed as a percentage. This calculation :

neglects the possible effect of instantaneous oxygen

demand (IOD). Furthermore, no measurements of the

O, content in the air vented (O2,) from aerators have

been made, which would enable the calculation of

IOD as follows:

IOD:  Oz.  -  ADO -  O2. '

A similar problem is encountered when it is assumed '

that upwelling water will be saturated upon reaching ':

the top of the riser tube' Our observations in the Tory

Lake aerator show that this is not the case. In June

and September 1978 the water at the top of the riser '

was near saturation (Table 2), and in September 
''

approx. 60% of the otserved oxygen transfer took

piace within the first meter of rise (Fig. 9) Saturation

dropped to less than 60'l. in October 1978 and t0 l

belSw 25% for most of the summer of 1979 (Table 2) :

At the same time the greatest rate of transfer did not "

take place at greater depth. In June 1979 there was a

substantial increase in DO up the risel ::

(4.,1-8.9 mg 1- t ), but the greatest transfer '?)l ',

oc.urr"d between 3 and 1 m (Fig. 9). In August 1979 :

the greatest transfer occurred between 6 and 5 m but :,

this was followed by a decrease in DO between 5 ano ']

r J
=
L

1 2 3 4
FWO x 103

Fig. 8. Correlation between observed flow (FWO) and ffow
pr6di"t"d by the model (Fly). The correlation coefficient

r : 0.893. The open point is for the Jiirlasjiin aerator'

$
t
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Fig.9. The relationship between dissolved oxygen concen-
tration in upwelling water and depth in the Tory Lake

aerator riser tube on four occasions in 1978 and 1979.

3 m. In October the rate of transfer was almost linear
with respect to depth. These data suggest that oxygen
was being used instantaneously and, therefore. DO
measurements may be seriously underestimating ab-
solute oxygen transfer. These changes in observed
oxygen transfer appeared not to be related to hypo-
limnetic biochemical oxygen demand (BOD).
Although we did not monitor hypolimnetic BODt
(5day, 20'C) for most of the summer of 1978, we did
measure BOD from September through to the end of
the study. The maximum value recorded during the
fa l l  o f  1978 was 9 .0  +  0 .5SD (n :3 )  mg l - r  on  Sep-
tember 21, 1978. This can be compared to the maxi-
mum BOD measured during all of 19'79 which was
10.5 + 0.9 SD (n = 5) mg l-r on August 29. Although
there is a significant difference (r:0.05) between
mean maximum BOD in 1978 and 1979 amounting to
l.5mgl-r.  we do not bel ieve that i t  suff iciently
explains the observation that during 1978 the oxygen
saturation of water at the toD of the riser tube was
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> 50/.. while the saturation of the water at the top of
the riser was <30% during the fall of 1919 (Table 2,
Fig. 9). This means that it may be very difficult to
predict in advance the amount of oxygen required to
successfully aerate a given lake. This has been
attempted by Lorenzen & Fast (1977) who have
presented an extensive discussion of aerator design
with respect to required (or desired) oxygen input to
the hypolimnion predicted from oxygen depletion
rates. Those authors also pointed out that oxygen de-
pletion rates often underestimate (e.g. by 30% in Lake
Waccabuc) depletion rates that are observed during
aeration and they refer to Smith er a/. (1975) who
found that depletion rates were 3-4-fold greater dur-
ing aeration experiments in Larson Lake. Disturbance
of the sediment-water interface during aeration may
be responsible for increased depletion rates, but there
is no evidence that supports this conclusion, and
furthermore, while one might expect increased meta-
bolic activity of hypolimnetic bacteria populations
during aeration, preliminary experiments suggest that
hypolimnetic aeration decreases the percent respiring
bacteria (McQueen. unpublished).

The most suitable method for predicting oxygen
depletion rates in the hypolimnion may be that of
Cornett & Rigler (1979) who have shown thar areal
hypolimnetic oxygen deficit (AHOD) is a function of
the average thickness and temperature of the hypo-
limnion during summer stagnation and lake phos-
phorus retention (see also Cornett & Rigler, 1980;
Charleton, 1980). These models could be used in
determining hypolimnetic oxygen deficit which could
be used to assess necessary oxygen input by aeration.
But this will only solve half of the problem because
the few observations that have been made indicate
that it may be very difficult to predict the absolute
transfer efficiencies up the riser tube. Clearly more
work is required before this process will be properly
understood.

We have presented here an empirically derived
model for use in designing hypolimnetic aerators
which ensures maximum flow efficiency but may not
maximize oxygen transfer efficiency. However, until
absolute oxygen transfer during aeration is measured
and made predictable, we suggest that our design con-

Aerator design

F
o

P

Table 2. Dissolved oxygen concentration (mg I 
" t), at the bottom of the riser tube, and

at the top of the riser tube of the Tory Lake aerator. Temperature is that of the
upwelling water. Saturation is that of the top water

Date
Temperature

( 'c)

Oxygen Oxygen
Bottom DO Top DO uptake saturation

( m g l - ' )  ( m g l - t )  ( m g 1 - ' )  0 , , 1

June  l 5  1978
Sept.  I  1978
Sept.7 1978
Oct.  l9 1978
June 27 1979
Aug. 12 1979
Sep t . 27  1979
Oct.29 19'79

9.5
t4.5
13.5
10.0
7.7
9.2

10.2
10.0

3.80
0.00
0.zl0
3.35
4.q
0.40
0.55
0.45

9.60
8.00
8. l0
6.60
8.90
2.80
2.30
2.65

5.80
8.00
7.70
3.25
4.50
2.40
t .75
2.20

85
79
78
59
t )

z)
21
24
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siderations can improve the efficiencies of hypolimne-

tic aerators.
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APPENDIX

An example of use of the design model described in the
text is outlined below using equations (1)' (3) and (4) and
data collected from the Tory Lake aeration system'

The compressor used at Tory Lake (Taggart and
McQueen 198t) was rated to deliver 12ft3 min-l at
100 lL in 

- 2 gauge pressure (0.34 m3 min 
- I at

7.03 kg cm-2); however. delivery of compressed air
through more than 1000 ft (305 m) of pipe resulted in
reduced air flow and pressure drop. On 5 November 1979,
the ambient air temperature was 6'C and so llz [used in
equation (l)l was 0.791lb ft-3 Q. 1927, Horton, -1959)
Gauge pressure at the compressor was l7.5lb in-' and
gauge pressure at the aerator was equivalent to hydrostatlc
pressure at diffusor depth (8.5m) and was l2.42lb in-''
Therefore p : 17.50 - 12.42 : 5.08 lbin-'z. The diameter
(d) of the delivery pipe was 0.75 in and length (L) was
1018.? ft. Solving (1) yields F" = 7.09 ft3 min-t or
0.20 m3 min- r, which is only 607" of compressor capacity
Air flow measured by volume displacement at the aerator
was 0.221 m3 min- t.

The rise distance (Z) of the air-water jet was 8.5 m. At an
air flow (F") of 3.39 I s-t (average F"in 1979), the solution
to (3) yields F" : 49.8 I s- r. Actual F- was 55.9 I s-'r.

With an expected F- of 0.0498 m3 s- I and assuming a
rise velocity of 0.46 m s- t the value of r can be estimateo
with (4)  and y ie lds r :0.19m. The actual  radius of  the
Tory Lake riser was 0.29 m.


