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At hydraulic structures (e.g. weirs,
spillways), air-water transfer of atmos-
pheric gases (e.g. oxygen) occurs by self-
aeration along the chute and by flow
aeration in the hydraulic jump at the
downstream end of the structure. In this
Paper, experimental data are re-analysed
and compared with a numerical method to
predict the free-surface aeration. Aeration
at hydraulic jumps is also examined and
compared with existing correlations. Cal-
culations of free-surface aeration and
empirical correlations for hydraulic jump
aeration are combined to predict the dis-
solved oxygen content downstream of
weirs and spillways. Good agreement
between calculations and prototype data
is obtained. The results indicate that self-
aeration might contribute to a large part
of the oxygenation taking place at hydrau-
lic structures for small water discharges.
For large discharges, the reduetion or the
disappearance of free-surface aeration
affects substantially the aeration effi-
ciency.

Notation
A water quality coefficient
specific air-water interface area (m~ 1
g, Mean specific interface area (m~ 2
1 Yao
Gmean = 37— j ady
a0 JO
B weir aeration factor
B integration constant
) air concentration (Le. void fraction)
Cy air concentration at the outer edge of the air

concentration boundary layer
Cps  concentration of dissolved gas in water
(kg/m?) downstream of hydraulic structure

C,s  concentration of dissolved gas in water
(kg/m?)

C.., depth averaged air concentration: (1—¥o)
Crean =2

mean
gas saturation concentration in water (kgz/m?)

C

Cye  concentration of dissolved gas in water
(kg/m?) upstream of hydraulic structure

Iy molecular diffusivity of gas in water (m?*/s)

d mean water flow depth (m):d = [5*(1 — ) dy

dy, air bubble diameter (m)

i maximum air bubble diameter (m)

d water droplet diameter (m)

dy transition depth (m) defined as the depth
where dC/dy is maximum

(d). maximum bubble size (m) in turbulent shear
flow

£ aeration efficiency

E,  aeration efficiency of hydraulic jump
B aeration efficiency due to self-aeration
Fr Froude number

G’ integration constant

g gravity constant (m/s?)

K, liquid film coefficient (m/s)

k, roughness height (m)

Ly SPIllWay length (m)

q discharge per unit width (m*/s)

{g,). critical discharge (m?/s)
Re Reynolds number
deficit ratio
temperature (Kelvin)
time (s)
average flow velacity (m/s): U, =¢,/d
veloeity (m/s)
,  characteristic velocity (m/s) at whichy = Vo

ﬂ':licz“"-s“

Vo

v spatial average value of the square of the
velocity differences over a distance equal to
dy

W channel width (m)

(We), critical Weber number:

2
(i, = 2z
20

(We), self-aerated flow Weber number:

Vi, ¥
(Wa), = p, ~220
a
X distance measured along the spillway surface

(m)
Y,, characteristic depth (m) where C =60 Yo
Ys,  characteristic depth (m) where C =90%

¥ distance measured perpendicular to the
spillway surface (m)

¥ dimensionless distance: ¥' =¥/ ¥,

% spillway slope

¥ facror (close to unity) varying with the air-

water interface area distribution and the
dissolved gas concentration distribution

B air concentration boundary layer thickness
(m)

" dynamic viscosity (Ns/m?)

» kinematic viscosity (m?/s)

I density (kg/m”)

a surface tension between air and water (N/m)

w yorticity (s

Subscript

w water flow

Introduction

Presentaiion

One of the most important water quality para-
meférs in rivers and streams is dissolved
oxygen (DO). The oxygen concentration isa
prime indicator of the quality of the water.
Dams and weirs across a stream affect the air—
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water gas transfer dynamics. Deep and slow Growing
pools of water upstream of a dam reduce the bﬁ::g?ry
gas transfer process and the natural re-aeration

as compared with an open river; but some
hydraulic structures (e.g. spillway, stilling
basin) can enhance the oxygen transfer during
water releases. A typical weir structure
includes a spillway followed by a dissipation
basin with a hydraulic jump (Figs 1 and 2). Aer-
ation occurs along the spillway and at the

. hydraulic jump in the stilling basin.

i 2. Previous papers (Table 1) have attempted
to correlate the oxygen transfer at hydraulic
structures. Most studies provide empirical

| correlations to estimate the overall transfer

Point of inception

Self-aeration

7

Hydraulic jump

; efficiency, but the application of such corre- and hydraulic jump calculations are combined Fig. 1. Flow aeration
lations to a new structure is somewhat uncer- to predict the DO content downstream of weirs  af weirs and spillways
i tain. In this article a method to predict the gas and spillways. The results are compared with
transfer caused by self-aeration is developed. prototype data.’?
| The results are compared with experimental
! data.! The aeration calculations at hyvdraulic Air—water gas transfer
i jumps are discussed and existing correlations 3. Fick’s law states that the mass transfer

are compared with prototype data. Self-aeration rate of a chemical across an interface and in a

Table 1. Oxygenation formula for hydraulic structures*

Reférence Formula Remarks
(1) (2) (3)
Gameson” r—1=05ABH Model weirs

A = 0-85 (sewage effluent), 1-0 (moderately polluted),
1:25 (slightly pollated)
B =0-2 (slope), 1:0 {(weir), 1-3 (step weir)

Gameson et al.?” r—1=036AB H(l+0046 (T — 273-15)) Model weirs
Holler®® rga—1=02115 Prototype weir structures:
36 < H <107 m
Department of the r—1=0384 BH(1-011y)(1 + 0:046 (T — 273-15))
Environment?®
Foree?? ra = exp(0-525 H) Low-level in-stream dams
_ behaving as waterfalls
Avery and Novak*? r—1=*F Fr¥ Re® Weirs and hydraulic jumps
Butts and Evans® Department of the Environment3® Prototype hydraulic structures:
054 < B <220
Nakasone*! Ln(r) =k H* gl dfs Weirs
!
Railsback et al.*? 1 Navigation dams
I -0 W N
k—[F/(C, — Cygl
Rindels and 0-262 H Prototype weirs and
; 5= —_— 3+ 2034 d :
Gulliver*? 720 EXp(l + 2:153 g, g spillways
| water guality coefficient”
B welr aeration factor
Cs saturation concentration of dissolved oxygen in water (kg/m?)
Cyis upstream dissolved oxygen concentration (kg/m?)
L e tailwater depth (m)
Fr Froude number
H dam height (m)
Re Reynolds number
Tay. T15 OXygen deficit ratio at 20°C, 25°C —
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Fig. 2. Example of
self-aeration—Cotter
Dam, Australia (built
in 1910, 27 m high)
(a) view from
downstram; (b) view
of crest (water flows
Jrom right to left;
location of inception
point of air
entrainment should
be noted)
(bhotographs courtesy
of Mr P. D. Cummings)

(b)

quiescent fluid varies directly as the coefficient
of molecular diffusion and the negative gra-
dient of gas concentration.? The gas transfer of
a dissolved gas (e.g. oxygen) across an air—
water interface is controlled by the liquid.
Using Henry's law, it is usual to write Fick's

law as
d
E ans = KL G(C, . Cga.) (1)

where C,,, is the concentration of the dissolved
gas in water, K| is the liquid film coefficient, ¢

is the specific surface area, and C, is the gas
saturation concentration of dissolved gas in
water. A recent review of the transfer coeffi-
cient calculations in turbulent flows showed
that &, is almost constant regardless of the
bubble size and flow situations.* Using
Higbie's® penetration theory, the transfer
coefficient of large bubbles (i.e. 4, > 025 mm)
affected by surface active impurities can be
estimated as*

e
I{L=O-47\;"(ng,)(i—‘”) Je )

where D, is the molecular diffusivity, and u,
and p,, are the dynamic viscosity and density of
the liquid. Equation (2) was successfully com-
pared with more than a dozen experimental
studies.

4. Application to open channel flow. In
free-surface flows along a spillway, the pres-
sure variations are small, and the liquid density
and viscosity can be assumed functions of the
temperature only. In most practical applica-
tions, the temperature and salinity are constant
along a chute, and the coefficient of transfer K
and the saturation concentration Cg become two
constants in equation (1). Along a channel and
at each location, equation (1) can be averaged
over the cross-section, and it yields®

d K.a

= Co= '"U—:' (C,— %Cp) (3)
where U is the mean flow velocity, a,.,, is the
mean specific interface area, and y is a factor
(close to unity) varying with the distributions
of air—water interface area and dissolved gas
concentration,

5. If equation (3) is integrated along a
channel, flow aeration at weirs and spillways
can be measured by the deficit ratio » defined

as’

—= Cs a8 CUS

r= C.—C,, (4)

where Cygis the upstream dissolved gas con-
centration, and Cy is the dissolved gas concen-
tration at the downstream end of the channel.
Another measure of aeration is the aeration
efficiency E as’

patmtu_,; ! (5)
Cs — LUS r

6. Effects of temperature. The temperature
effect on the flow aeration was examined by
several researchers (Table 2). Reference 8 sug-
gests the use of an exponential relation to
describe the temperature dependence on oxygen
transier

Ln(7)

= 1.02417=To)
Tatre 1-0241 (6)




Table 2. Temperature dependence of flow aeration™
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References Temperature dependence Comments
(1) (2) (3
G tal?’ L : 273 .
ameson ef @ n(ry) — 140027 (T — 288.15) 27315 < T < 313-15K
Ln(r, )
Elmore and West? La(r;) 10941 (T-29%15) 27{.5'15 «T< 3{]3-15&;
L7 y) Adopted by APHA
Holler*® La(ry) Py #'in the range 1-014-1-047
La(ry)
Daniil and Gulliver** Lo(ry) T\ 20\ (P20 27315 < T < 313.16K
La(ry)  \293/ \ v N »

Gulliver ¢t al.*?

La(ry) _ T
R}

Ez‘g)”
iy

4(&__“)11?20(5_“)3;:
Py @

27316 < T < 313-16K

=1 +0:02103 (T — 273:15) + 8:261E — 5 (T —273-15)*

Daniil et al.** Ln(r;)
Lafr,,
Fdy reference temperature
Fis deficit ratio at 20°C

Fag, Vag, Pas deficit ratio, kinematic viscosity and density at 20°C

where 7 is the deficit ratio at temperature 7, T
is a reference temperature, and the constant
1-0241 was obtained by reference 9.

Oxygen transfer caused by
free-surface aeration

Flow description

7. Supercritical turbulent flows in open
channels are characterized by large quantities
of air entrained across the free-surface* (Fig. 2).
The entrainment of air bubbles modifies the
flow characteristics. '2!* Further, the high level
of turbulence and the air entrainment process
enhance the air—water transfer of atmospheric
gases and modify the downstream water
quality.

8. At a spillway intake, a flow over the
channel is quasi-uniform. Next to the invert,
turbulence is generated and a turbulent bound-
ary layer develops (Fig. 1). When the outer edge
of the boundary layer reaches the free surface,
turbulence can initiate free surface aeration.
The location of the start of air entrainment is
called the point of inception. Its characteristics
can be computed using boundary layer
methods.'®!'? Downstream of the inception
point, a mixture of air and water extends grad-
vally through the fluid. The flow character-
istics can be computed using the method

developed by reference 10 and extended by the
Author.!1+13

* Natural free surface aeration occurring at the water
surface of high velocity flows is referred to as self-
aeration,

Hydraulic characteristics of self-aerated flows
9. In self-aerated flows, the air concentra-
tion distribution can be represented by a diffu-

sion model of the air bubbles within the
air—water mixture'* that gives the shape of the
air concentration distribution for all mean air
concentrations

C= s
" B +exp(—G coszy'?)

(7

where C is the local air concentration defined as
the volume of undissolved air per unit volume
of air and water, B’ and G’ are functions of the
mean air concentration only,'®!* z is the spiil-
way slope, ¥ = ¥/ Y4, y is the distance mea-
sured perpendicular to the invert, and Vs, is
the depth where the air concentration is 90%.

10. Next to the invert, prototype'® and
model data'® depart from equation (7), indicat-
ing that the air concentration tends to zero at
the bottom.*!7 A re-analysis of these data
shows consistently the presence of an air con-
centration boundary layer in which the air con-
centration distribution is

EAJL
Cb R 6:11

where C, is the air concentration at the outer
edge of the air concentration boundary layer,
and 3, is the air concentration boundary layer
thickness. On Aviemore spillway, the
Author!*!7 estimated §,, = 15 mm. C, satisfies
the continuity between equations (7) and (8).
For spillway flows, the characteristic depth YVgq
is much larger than d,, and a reasonable
approximation is: C, ~ B/(1 + B’).

(8)
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Table 3. Critical Weber numbers for the splitting of air bubbles in water flows
Reference (We), Fluid Flow situation Comments
(1) (2) (3) (4) (5)
Hinse'® 0-585 Twao co-axial cylinders, Dimensional analysis
the inner one rotating
Sevik and Park?" 1-26 Air bubbles in water Circular water jet Experimental data. ¥V in the
discharging vertically range 2-1-4-9 m/s
Killen*® 1017 Air bubbles in water Turbulent boundary Experimental data. V in the
layer range 3:66-18:3 m/s
Lewis and Davidson®® 2:35 Air and helium bubbles in Circular jet discharging Experimental data. V in the
water and fluorisel vertically range 0-9-2-2 m/s
Evans et al.*? 060 Air bubbles in water Confined plunging Experimental data. V in the
water jet range 7-8-15 m/s
Note: measurements of bubble
size outside jet mixing zone
Lewis and 2-35 Cylindrical bubble Axi-symmetric shear Theoretical value
Davidson*? surrounded by flow
inviscid liguid

el

Fig. 3. Bubble size
distribution in
self-aerated flows:
comparison between
equation (11) and
experimental data

11. Velocity measurements in self-aerated
flows, performed on model*® and prototype,*®
showed that the velocity distribution follows a
1/6 power law distribution

V ¥\ 1/6
7~ (%) .

and is independent of the mean air concentra-
tion. For a given mean air concentration, the
characteristic velocity Vi, is deduced from the
continuity equation for the water flow*"

%= (1 — Cmenn] (J (1 i C)y'lfﬁ dy‘)_]
(1]

w

where C is computed using equations (7) and

(8).

Atr—water interface area

12. In a turbulent shear flow, the maximum
air bubble size is determined by the balance
between the capillary force and the inertial
force caused by the velocity change over dis-
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tances of the order of the bubble diameter. The
splitting of air bubbles in water occurs for'®

e
Pwl db
20

&

> (We), (10)

where ¢ is the surface tension between air and
water, d, is the bubble diameter, and »" is the
spatial average value of the square of the veloc-
ity differences over a distance equal to d,.
Experiments showed that the critical Weber
number (We). is a constant near unity (Table 3).
Assuming that the air bubble diameter is of the
order of magnitude of the Prandtl mixing
length (see Appendix 1), a maximum bubble
size in self-aerated flows (d,). is deduced from

equation (10)
(We). (3 '\
o (7) &0

Y 90
where (We), is the self-aerated flow Weber
number: (We), = p,, V2, Yoo/ 0

18. With the hypothesis that: {H1} the criti-
cal Weber number equals unity, and {H2) the
bubble diameter is of the order of magnitude of
the mixing length, equation (11) is compared in
Fig. 3 with experimental data obtained from
‘prototypes and models. The good agreement
between experiments and caleulations (equation
(11)) suggests that the assumptions {H1} and
{H2} are reasonable, and that equation (11) pro-
vides an estimate of the maximum bubble size
in self-aerated flows.

14, High speed photographs'®?? showed
that the shape of air bubbles in self-aerated
flows is approximately spherical and the spe-
cific interface area equals

a=6 —(:-

a. (12a)




for air bubbles in water. For water droplets in
air, the interface area is

1-C

k)

a="06

(12b)

where d, is the diameter of the water particles.

15. The calculation of the air—water inter-
face requires the definition of an ‘ideal” air—
water interface. An advantageous choice is the
location where the air concentration is 50%.
This definition is consistent with experimental
observations (Appendix 2) and satisfies the
continuity of equation (12).

16. Equations (11) and (12) enable the calcu-
lation of the air—water surface area in the
air-in-water flow. Little information is available
on the size of the water draplets surrounded by
water. Photographs suggest that the droplet
sizes are of similar size as the large air
bubbles,** and equation (11) may provide a
first estimate of the droplet sizes. It must be
emphasized that the contribution of large par-
ticles (bubbles or droplets) to the interface area
is relatively small,

17. In Fig. 4, equations (7), (8), (9), (11) and
(12) are plotted and compared with air concen-
tration and velocity data obtained on Aviemore
spillway.'?

Application: aeration efficiency of chutes

18. For spillway flows, the characteristics
of the point of inception can be computed using
Wood's formula.'” Downstream of the inception
point (Fig. 1), the aerated flow characteristics
can be computed using a simple numerical
model.' !¢ The results validating the model
were presented elsewhere.'! The Author®
showed that the air—water gas transfer
resulting from self-aeration can be estimated at
any position along a spillway.

19. Rindels and Gulliver! reported several
measurements of DO content upstream, down-
stream and along spillways and weirs. Their
photographs show clearly the existence of
‘white waters’ (i.e. free-surface aeration). For
these measurements, the self-aeration effi-
ciencies are deduced from the upstream DO
content and the DO content at various positions
along the chute upstream of the hydraulic
jump. These data are compared with self-
aeration predictions in Fig. 5. Fig. 5 shows a
reasonable agreement between the prediction
and the measurements,

Discussion : Mean specific interface area
20, Dimensional analysis® indicates that the
mean specific interface area is a function of the

self-aerated flow parameters (Yoq, Voo, Coenn)
and the fluid properties (p,,, o)
h éah
amein Y90 =fi Cmgan; Y_: (WgJe (13}
20

o
a

21.
the mean air concentration and Weber number
on the specific interface area using equations
(7), (11) and (12). The results indicate that the
interface area can be correlated as

The Author investigated the effects of

Brnean Yoo = 4193 (Cpupe)52% 3/ (We),

Equation (14) is obtained for C__,, between 0-:05
and 0+60, and (We), ranging from 1E + 5 up to
1E + 9 with a normalized correlation of (-98.

22. On prototype spillways, typical values
of Vg =20 m/s and ¥, =1 m imply (We), =
5-4 10°. For a mean air concentration C,,, =
0:30, the mean specific area is: @,,.,, = 101 m~".
Gulliver ¢t al.** re-analysed high-speed photo-
graphs obtained by Straub®®?* of a sectional
view of self-aerated flows through a glass side-
wall. Their analysis of the photographs indi-
cated at the specific area is independent of the
flow depth and flow parameters, and may be
estimated as

(14)

(15)

where d, is the maximum bubble diameter
observed (d_, = 2-7 mm). Equation (15) implies
Grean = 721 m ™ for C_,,, = 0-30. The Author

believes that the photographic technique used
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C data
ViVeg data
C equations (7) and (B)

—--— W/Vay equation (9)
—-— d: cm equation (11)
— a/1000 (1/m) squation (12)

Fig. 4. Air
concentration,
veloctty, bubble size
and specific
atr—water interface
areq distributions on
Aviemore spillway : 5
0o =223m?%s;

Yoo =022 m

Fig. 5. Oxvgen
transfer resulting
Sfrom free-surface
aegration: comparison
between correlations
and experimental
data’
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by Gulliver ef al.** gives the bubble size dis-
tribution in the side-wall boundary layer, which
is characterized by higher shear stress and
smaller bubble sizes than on the centre-line.
This might explain the differences obtained for
the interface areas.

Oxygen transfer at hydraulic jumps
23. At the downstream end of a spillway,
most flows are supercritical and the total head
is larger than that of the downstream river.
Most river and stream flow regimes are sub-
critical: a transition from supereritical to sub-
critical (i.e. hydraulic jump) occurs near the end
of the spillway (Fig. 1). The hydraulic jump is
characterized by the development of large-scale
turbulence, energy dissipation and air entrain-
ment. Gas transfer results from the large
number of entrained air bubbles and the turbu-
lent mixing in the jump. Several researchers
have proposed correlations to predict the
oxygen transfer (Table 4). Johnson?* developed
an empirical fit of prototype data that works
well with relatively deep plunge pools.
However, Rindels and Gulliver®® showed that
Johnson's method does not apply to the re-

Table 4. Oxygen transfer at hydraulic jumps™

aeration of low DO contents with shallow
plunge pools.

24. The Author re-analysed field data®
which provided DO measurements immediately
upstream and downstream of hydraulic jumps.
The upstream flow conditions of the jump were
computed from growing boundary layer'® and
self-aerated flow'! calculations. A comparison
between data and correlations (Table 4) indi-
cates that the correlation of Wilhelms ef @l.2¢
provides the best fitting for these data (Fig. 6).
In Fig. 6, the data are compared with two dif-
ferent predictions.

Dissolved oxygen downstiream of a
hydraulic structure

Results
25. At a weir (Fig. 1), the overall aeration
efficiency is

E=Eg +Ey (1 —Eg) (16)

where Eg, is the self-aeration efficiency, and’
E,, is the efficiency of the hydraulic jump. It
should be noted that £y, and E,; must be taken
at the same temperature of reference.

References Formula Remarks
(1) (2) (4)
Holler®® rag — 1 =0:0463 AV? Model experiments:

061 < AV < 2-44 m/s
27715 < T < 2959-15K

Apted and Novak*’ St K pidiat

Model experiments:
2<Fr<8
7, =004 m?/s

Avery and Novak*®

q 34 48
nis=l= 0'023(0-03¢5) (%

Model experiments:
2<Fr<9
1455 +4 < Re < 7-1E + 4
0013 <d <003 m
287-16 = T < 291-15K
W =0-10m

Avery and Novak*® ris—1 =k FrEt RS

B = 1:0043E —6: tap water with 0% NaNO,
k' =1:244F — 6: tap water with 0:3% NaNO,
k" = 1-53502E — 6: tap water with 0-6% NaNO,

Model experiments:
145E +4 < Re < T-1E + 4
v =1-143E — 6 m?/s
W =010 m

Wilhelms ef al.?®

ris— 1 = 4:924F — 8 Fr>100Rgl 03¢

Model experiments:

1-88 < Fr <956
24E +4 < Re < 4-3E + 4
W=038lm
Johnson** Empirical fit based on field data from 24 Prototype data; works well for
hydraulic structures deep plunge pools
*d upstream flow depth (m)

Fy upstream Froude number defined as: Fr = V/.jgd

Re upstream Reynolds number defined as: Re = Vd/v

Tyss Tag OXygen deficit ratio at 15°C, 20°C

W channel width (m)

AH head loss in the hydraulic jump (m of water)




26. In Fig. 7, field data':? are compared with
equation (16) computed using the self-aeration
and hydraulic jump calculations described
above. The two data sets are compared compu-
tations obtained with a single calculation
| method. The results indicate that the com-

bination of self-aerated flow calculations and
| hydraulic jump correlation provide a reason-
| able estimate of the oxygen transfer at weirs
| and spillways.

Discussion : self-aeration efficiency
27. The Author® performed a series of
oxygen transfer calculations in self-aerated
flows, assuming zero salinity, constant channel
slopes ranging from 15° up to 60°, channel
lengths between 20 m and 250 m, discharges,
from 05 m/s? to 50 m/s? roughness heights
between 0-1 mm and 10 mm (e.g. concrete
channels) and temperatures between 5° and 30°.
28. The analysis of the oxygen transfer
computations indicates that the free-surface
aeration efficiency is independent of the initial
gas content. For discharges larger than
05 m?/s, the numerical results suggest that
the aeration efficiency can be correlated by

(15-38—0-0351 T) (sin aj=1/2-13
) dw
SA == 1 —_— ——

(4.,

where (g,,). is the discharge for which the
growing boundary layer reaches the free
surface at the spillway end, and no self-aeration
occurs, The characteristic discharge (¢g,). can
be deduced from Wood's'? formula

(17)

(Gu)e = 0-0805 (L ppsy) ' *"* (sin o) 388 00975
(18)
Where Lspﬁlwﬂy iS the Spi“way Iength, and k‘ iS5

the roughness height,
29. In Fig. 8, experimental data' for pris-

, matic channels, numerical calculations (§§ 7—

¢ 22) and equation (17) are compared. The results
are encouraging and suggest that equation (17)
can provide a first estimate of the self-aeration
efficiency. Equation (17) provides Fy, as a func-
tion of the discharge, slope and roughness
height, for a given temperature. It should be

. noted that equation (17) is an empirical corre-
lation that has been developed for the dissolved
oxygen content only.

30. Self-aeration measurements and calcu-
lations indicate that: the aeration efficiency
increases with the temperature as observed pre-
viously ;27?8 the aeration decreases when the
discharge increases. It must be emphasized that
the calculations become inaccurate for flat
slopes (i.e. « < 15 degrees). For flat channels,
little self-aeration occurs and the gas transfer
process becomes dominated by turbulent
mixing.2? This process is not discussed in this
Paper,
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Conclusions
31. Along a chute, the upstream flow is

unaerated and little gas transfer takes place.
Downstream of the inception point of air
entrainment, the presence of air bubbles within
the flow increases significantly the interface
area and the gas transfer. The characteristics of
self-aerated flows can be computed with a
simple numerical method. These calculations
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Fig. 6. Oxygen
transfer at hydraulic
Jump on prototype
weirs

Fig. 7. Quverall
oxygen transfer at
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comparison hetween
celculations and
experimental data'?

Fig. 8. Free-surface
aeration: comparison
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model calculations,
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spillway of constant
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provide, at any position, the bubble size dis-
tribution and the specific interface area, from
which the dissolved gas content can be
deduced. For hydraulic jumps, a review of the
existing correlation suggests that one
formula® provides best results for some field
data.’

32. Self-aeration and hydraulic jump calcu-
lations can be combined to predict the aeration
efficiency of weirs. The calculations have high-
lighted that the discharge is a critical para-
meter in the air—water gas transfer. At low
discharges, self-aeration may contribute up to
80—100% of the total gas transfer (equation
(17)). For large discharges, there is a critical
discharge above which self-aeration does not
occur along the spillway, and gas transfer
occurs only in the hydraulic jump.

33. It must be emphasized that there is an
insufficient number of data available and that
the calculations depend greatly on the estima-
tion of the transfer coefficient K, .

Appendix 1. Bubble breakup in
self-aerated flows

34. In self-aerated flows (Fig. 1), observations of
bubble diameters (Table 5) indicate that the bubble
sizes are larger than the Kolmogorov microscale and
smaller than the turbulent macroscale. The length
seales of the vortices responsible for breaking up
bubbles are close to the bubble size.*®3! These eddies

Table 5. Average air bubble size in self-aerated flows : observed values

lie within the inertial range and are isotropic.’?3*

Assuming that the breakup of air bubbles is caused |
by shear fields over the length of a bubble, the turbu- |
lent fluctuation equals: v = (w d)* where wis the
vorticity. If the acceleration term d V/dx is small,

the vorticity equals: @ =dV/dy. It vields

dV =
2| —d 19
] (dy b) (19)

35. Equation (19) implies that the bubble diameter
is of the order of magnitude of the Prandt! mixing
length.® With this approximation, a maximum bubble
size in self-aerated flows (d,), is deduced from equa-
tion (10)

(dy). (We)g(__\r_ il
Yoo “J* (We), Yuu) ] R

36. Equation (20) is compared in Fig. 3 with
prototype and model data (Table 5). Equation (20)
satisfies the common sense that the maximum bubble "
size increases with the depth as the shear stress
decreases.** These results are consistent with observ-
ations. 3% Halbronn et al.'® observed ‘only
extremely fine bubbles’ (i.e. d, < 1 mm) near the
bottom as described by equation (20) (Fig. 3).

Appendix 2. Definition of an ideal
air-water interface

37. Air concentration distributions obtained from
model and prototype'®19:42:33 exhibit continuous
curves with respect fo the distance normal to the
spillway bottom, In the lower flow region, air bubbles

Experiment Slope: G Vo Vo dy;i Comments
(1) deg. m?/s m/s m mm (7)
(2) (3) (4) (5) (6)
Halbronn et al.'* 14:0 0:12-0:37 4-9 0-04-0:09 1:5—3 Model
(*) W =10-5m; b, =0:5 mm
Thandaveswara™®® 15-4-28 0-062-0-189 05-2 Model,
W =0457 m; &, =091 mm
Aviemore dam spillway'® 450 2:23 and 3-16 19-21-7 0-21-0-31 0-5-3 C < 0'5; prototype; wide
19-21-7 0-21-0:31 3-20 chanrel; #, =1 mm
_ 05 <C<09
20-2 0-285 05-3 3 Y4y <0:30; C<0:20
20:2 0-285 3-20 ¥/ V5 >0:30; C >0:20
Volkart®! 12:0 1-10 Air bubbles
1-65 Water droplets 7
() Circular pipe. D =024 m
Cain and Wood*" 450 2:23-67 0-5-3 Near the invert (%)
10-20 Next to the free surface (°)
Clyde dam mode!'® 52-3 0-20-0-40 12:3-17-8 0-036-0-054 0-3-4 Flow downstream of an aerator
W=025m; k=01 mm
St Anthony Falls*? 0-136-0-793 07-27 W = 0-457 m; &, = 07 mm (%)

(*) extremely fine bubbles observed near the bottom

(*) water droplet diameters

(%) based on experiments performed at Aviemore dam'*>7
(%) based on Straub and Anderson’s®® experiments
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Table 6. Definitions of the air—water interface in self-aerated flows

Notation Definition References
(1) (2) (3)
dr Transition depth (i.e. interface depth) where dC/dy is 23,49, 51
maximum, 0-45 < Cly = dy) < 0-65 for C,;, < 0-57
Yoo Air—water interface depth where the air concentration i1s 60% 19, 52, 53
Yish Free surface of the homogeneous air—water mixture in which 10, 11, 16, 34, 54
the slip ratio equals unity

are surrounded by water; in the upper flow region,
water droplets are surrounded by air.**'#:23% Pre.
vious studies (Table 6) have defined the air—water
interface as a function of the shape of the air concen-
tration profile or for a given air concentration. In the
upper flow region, high speed photographs?®!-38
showed overturning surface waves and water drop-
lets being projected above the water surface and then
falling back. Killen** discussed the concept of ‘air
entrained flows’ near the water surface. In any case,
experimental works!®1®37 showed that the air—water
flow behaves as a homogeneous mixture below 90%
of air concentration.*® Further, a review of these
studies and those presented in Table 6 indicates that:
for € < 40%, the air —water flow is characterized by
air bubbles and air pockets surrounded by a contin-
uous water phase; for C > 65%, the mixture consists
of water droplets flowing in an air flow. In between
(i.e. 40% < C < 65%), the flow is an undefinable air—
water mixture.

38. As a first approximation the ideal air—water
interface can be advantageously defined as the loca-
tion where the air concentration is 50%. This defini-
tion is consistent with the experimental observations
reported in Table 6.
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