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Abstract

Self-aeration in high-speed free surface flows occurs commonly and is of interest to ocean engineering, hydraulic
engineering, and environmental engineering. For two-phase air—water flows, macroscopic air—water flow properties
develop gradually, accompanied by the change of microscopic air—water structures. In this article, representational
experimental studies on macroscopic and microscopic characteristics of self-aerated open-channel flows are
summarized and compared. The isolated effect of the flow Reynolds number and air quantity on the differences in air
count rate and chord size are analyzed and discussed. The results show that the characterized flow depth ys, affected
by the turbulence transfer, is a specific criterion to distinguish the interior air—water structure development. Two
distinct linear trends of self-aeration are found, depending on the ys¢/yq, variation with a breaking point at C,,, =
0.50. The air count rate and size scale in self-aerated flows are affected by the air quantity of self-aerated flows, even
with identical flow Reynolds numbers. Thus, a specific parameter is proposed to assess the air-water structures and a
series of self-similarity relationships in self-aeration properties are obtained. The link between macroscopic and

microscopic air—water properties results in significant scale effect on air—water structures in self-aerated flows.
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1 Introduction

Self-aeration is a natural phenomenon in high-speed free
surface flows, characterized by a substantial amount of air
entrainment and strong air—water mixing. As the recogni-
tion of air—water flow in open channels develops, self-aera-
tion should be described in macroscopic and microscopic
scales. For macroscopic description, the air entrainment pro-
cess includes aeration inception and mixture depth affecting
the structure designs (Hall, 1943; Ferrando and Rico, 2002;
Takahashi and Ohtsu, 2012) and air concentration affecting
cavitation erosion protection (Rutschmann and Hager,
1990). For microscopic description, the self-aeration results
in a series of tiny-scaled air—water structures. Air-phase size
and air—water transfer have been recognized for their prop-
erties of atmospheric gas transfer (Gulliver and Rindels,
1993; Chanson, 2007, 2013) and mechanism of cavitation
prevention (Russell and Sheehan, 1974; Wu et al., 2017),
which is of interest to ocean engineering, hydraulic engin-
eering, and environmental engineering.

The total air—water mixture depth and mean air concen-
tration of self-aerated flow have been considered as two im-

portant parameters to describe the entire self-aeration devel-
opment (Wood, 1983; Hager, 1991; Afshar et al., 1994; Wei
et al., 2016). The self-aerated flow depth, usually defined by
the elevation where local concentration is 0.90, represents
the upper boundary of macroscopic air—water mixture, and
the mean air concentration at the cross-section represents
the aeration development level. However, whether there is a
characterized flow depth or another parameter to distin-
guish the air—water structure difference in the interior of
self-aerated flow is not clear, so this should be further stud-
ied to gain deep insight into natural air—water flows.
Moreover, differences in microscopic air—water struc-
tures for different macroscopic air—water flow conditions
are unavoidable (Heller, 2011; Schultz and Flack, 2013).
This is more distinct for self-aeration, owing to the air en-
trainment process through the turbulent free surface
(Volkart, 1980; Cain and Wood, 1981; Brocchini and Pereg-
rine, 2001a, 2001b). For example, air bubble count rate and
chord length distribution in high and low aerated regions at
the mixture flow cross-section are remarkably different
(Deng et al., 2015). Specific descriptions of self-aerated
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flows have been proposed involving entrapped air in the dis-
torted free surface flowing over the entrained air bubble
flow region at the mixture flow cross-section (Wilhelms,
1997; Chanson, 2002; Wilhelms and Gulliver, 2005). Feld-
er and Chanson (2016) discussed the specific air—water
properties in local region, where the air concentration is
0.50 of high-speed free surface flows over a stepped spill-
way, showing the effect of macroscopic free surface scale
on the detailed air—water structures. Valero and Bung
(2018) theoretically analyzed the relationship between mi-
croscopic free surface structure and macroscopic self-aera-
tion occurrence. These investigations indicated that macro-
scopic air concentrations may correspond to different micro-
scopic air—water structures. However, the recognition of
variations in microscopic air—water structure in self-aerated
flows is limited. Whether the air—water structures are
identical for the same macroscopic condition is still not
clear. A lack of information on the comparison of micro-
scopic air—water structures is the main constraint for better
understanding the relationship between macroscopic and
microscopic air—water characteristics in high-speed self-aer-
ated flows.

The objective of this research is to improve the insight
of microscopic interior links in self-aerated flows. A sys-
tematic comparison of air concentration variations based on
a series of representational studies is conducted, and a char-
acterized flow depth to distinguish the interior air—water
structures is proposed. Its relationship with macroscopic
parameters is analyzed within different self-aeration devel-
opment levels. Furthermore, the isolated effects of the flow
Reynolds number and air quantity on the differences in air
count rate and chord size are analyzed and discussed. A new
parameter for the determination of microscopic air—water
structures is provided.

2 Flow conditions
In past decades, a number of test measurements for self-
aeration in high-speed open-channel flows have been con-

Table 1 Hydraulic conditions for self-aerated flows
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ducted. Table 1 summarizes representational studies on self-
aerated open-channel flows, including physical models and
prototype tests, considering both self-aeration developing
and equilibrium states. This research was conducted in dif-
ferent periods, and the data were obtained by different
measuring techniques, including electrical conductivity
probes and phase detection intrusive probes. Although dif-
ferent techniques have some differences in the measuring
process, such as the calibration of the electrical conductiv-
ity probe, the tip sensor size of the phase detection probe,
the sampling rate, and the sampling duration, the basic the-
ory for air—water property measurement is the same and is
based on the signal variation between the air—water mixture
and clear water. Thus, the effect of different measurement
techniques on the analysis results can be neglected.

In the present study, the following definitions have been
used for local air concentration, air—water flow depth, cross-
sectional mean air concentration, air count rate, and air
chord length. The local air concentration C is defined as the
volume of air per unit volume. The air—water flow depth yq,
is defined as the elevation where C = 0.90. The air concen-
tration gradient & at the flow depth direction is defined as:

k= L 1)
d(y/y90)
The cross-sectional mean air concentration C,,, 18
defined as (Hager, 1991):
y=0
[ coay. @

Y=Y90

Cmean = —

The air quantity ¢, is defined as the air discharge per
unit width, deduced from ¢, = ¢, Crrean/(1-Cinean)- Alr count
rate F'is defined as the number of “air volume” per second,
where the air volume is considered as a unit air body sur-
rounded by two continuous air—water interfaces (Deng et
al., 2015). The air chord length of each air volume d is the
length of the straight distance between the two-continuous
air—water interfaces. The mean air chord length d .., is

References qy (m%s) ¢ Re Aeration state Comments
Anderson (1955) 0.2-0.6 15°-45°  Re>1.7x10°  Developing Models, electrl.cal conductivity probe.
Air concentration.
Straub and Anderson (1958)  0.1-0.9  7.5°-75° Re>1.2x105 Developing & equilibrium %Odels’ clectrical conductivity probe.
1r concentration.
Killen (1968) 04-09 30°-52.5° Re>3.5x105 Developing Models, electrical conductivity probe.
Air concentration.
Cain (1978) 2232 45° Re>1.7x106  Developing Prototype, phase detection intrusive probe.
Air concentration.
Xi (1988) 02 57 50 Re>2.4x105  Developing k/l_odels, phase_detectlon intrusive probe.
1r concentration.
Chanson (1995) 0.15 4° Re>1.1x10°  Developing & equilibrium Models, phase_detectlon intrusive probe.
Air concentration.
. . e Models, phase detection intrusive probe.
o 5 1)
Chanson and Cummings (1995) 0.15 4 Re>1.1x10°  Developing &equilibrium Air concentration, air chord length, air count rate.
. Models, phase detection intrusive probe.
. ° 5 s
Zhang et al. (2008) 0.4-0.8 45 Re=2.6x10 Developing Air concentration, air chord length, air count rate.
Wei (2015) 02-08 9.5°28° Re>13x105 Developing Models, phase detection intrusive probe.

Air concentration, air chord length, air count rate.
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defined as:

N N
dimean = Z nidi/z ni, (3)

i=1 i=1
where N is the total conducted air count and »; is the air
volume count with a chord size d;. These studies included
wide ranges of flow discharge per unit width ¢,,, channel
slope a, and flow Reynolds number Re = V-yqo/v, where V' is
the flow velocity and v is the kinematic viscosity. Based on
previous studies (Boes and Hager, 2003; Pfister and Chan-
son, 2014), scale effects related to air concentrations are
small when Re>(1.0-1.5)x105, whereas microscopic en-
trained air properties and diffusion process are likely to be
more affected by scale effects. The present analyses respec-
ted these limitations and focused on the self-similarities
between macroscopic and microscopic air—water properties;
thus, these scale effects on air concentration were small and
could be expanded to a wide application.

3 Air concentration gradient distribution
In high-speed open-channel flows, when self-aeration

1.0
0.84

0.6

klk

0.44

occurs at the inception point, air will be entrained through
the free surface and diffused into water flow under flow tur-
bulent effect. A continuous air concentration profile forms,
varying from clear water to free surface. When fully self-
aerated flow generates, air bubbles will reach the near-wall
area of the channel bottom without clear water in the entire
flow cross-section. In the interior of the self-aerated flow,
complicated air—water mixture structures exist, including in-
dividual droplets and air bubbles, air—water mixture foams
and contorted free surfaces, distributing in different acrated
areas of the cross-section. Because of different types of
air—water structures, a maximum value of air concentration
gradient &, exists in the middle of the mixture flow cross-
sections, as shown in Fig. 1. The value of air concentration
gradient k decreases from the peak point &, to both the free
surface and the clear water or the bottom wall. The previ-
ous “layered description” is based on the mathematical dif-
ference (Straub and Anderson, 1958; Wu, 1988), and the
flow depth where k., exists is considered the “transition
depth, ” which is an artificial transition plane separating the
entire self-aerated region into a high aerated region and a

o 4.0° (Chanson and Cummings, 1995)

0 7.5° (Straub and Anderson, 1958)
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< 28.0° (Wei, 2015)
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Fig. 1. Distributions of air concentration gradient in self-aerated region.
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low aerated region.

Based on the measured data analysis, the distribution of
the air concentration gradient is obviously different for dif-
ferent channel slopes and aeration conditions. First, in Fig.
la, when channel slope a<30°, or «>30° with clear water
existence, k,, locates around the flow depth where the air
concentration is 0.50, and the distribution profile of the air
concentration gradient is symmetrical as a parabolic shape
with C = 0.50, approximately presented as the solid line:
klk,, = 1-4(C-0.5)2. In Fig. 1b, for 45°<a<60° without clear
water existence, the distribution profile of air concentration
gradient becomes asymmetrical. According to the relative
positions of data against parabolic line, the difference oc-
curs both in the low- and the high aerated regions. &, loc-
ates in the high aerated region, where C>0.50. This indic-
ates that the self-aeration development level improves in a
steeper channel, and the air concentration gradient is re-
duced in a low aerated region and raised in a high aerated
region. When the mixture of air—water flow becomes more
uniform, with a = 60°-75°, as shown in Fig. 1c, the distribu-
tion profile of air concentration will be mainly in the highly
aerated region where no C = 0.50 exists, and &, locates
mainly in the spray and free-surface area, where C =
0.70-0.90 (Felder and Chanson, 2017). In this situation,
there is no obvious trend of air concentration gradient, in-
dicating that air—water mixture is highly uniform. This vari-
ation of distribution shape confirms the effect of the air—wa-
ter structure on the bubble frequency distribution analysis
by Toombes and Chanson (2007). They showed that the dis-
tribution of the air bubble count rate in high and low self-
aerated regions may exhibit an asymmetrical quasi parabol-
ic curve, which is affected by the microscopic air—-water
length scale.

In previous studies about air—water structures in self-
aerated flows (Wilhelms and Gulliver, 2005; Killen, 1968),
the detailed data showed a remarkable difference in en-
trained bubbles and entrapped air between high- and low-
aeration regions. The depth ys, where C = 0.50 is a specific
flow depth, representing the interior characteristics of the
air—water structure distribution. When the ys, existed in the
flow cross-section, the difference of the air concentration

1.0
0.8 4

< 0.6

K
2

= 0.4 on
C =050 &
02 | men 0-30 0
0.0 . : —
0.0 02 0.4 0.6
C

mean
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gradient profile remains between the high and low aeration
regions, even for the steep channel slope (a = 52.5°) and
high-aeration (Cy,,>0.50) situations. Moreover, if the posi-
tion of k,, is the transition depth from the individual bubble
flow to the large and complicated air—water structure mix-
ture region, it changes from yso to a highly aerated area
where C = 0.50-0.80, which indicates that the difference of
the air—water structure develops from the flow interior to the
free surface area. The bubble flow region gradually ex-
pands to the entire mixture flow cross-section, even in high
aerated region.

In Fig. 2, y5, shows a good self-similarity relationship
with the macroscopic mixture flow depth yq,. For C,,,<0.50,
the value of y50/y9o decreases linearly with the increase of
Cineans While it follows a different constant decay trend for
Cinear0.50. Altogether, the tested data fits are

Y0 1.0-0.8Cmeans  0.00 < Cpnean < 0.50; o

Y90

Y50

2 =21-3.0Chen,  0.50< Cinan <070 (5)
90

Furthermore, y5y/yq is affected significantly by aeration
level, independent of channel slope, developing and equilib-
rium aeration level. According to the data analysis on the
high-aeration conditions, the specific location of ys, will not
exist in the cross-section of self-aerated flows when Cy o
exceeds approximately 0.70. The decay trend of y5¢/y9
shows the process of air bubble interior diffusion with the
improvement of self-aeration development. For C,,,,>0.50,
local air concentration near the channel bottom was usually
larger than 0.30—0.40. This indicates that the air—water mix-
ture develops more uniformly and rapidly, resulting in a dif-
ference of the decay trend with large absolute value of
gradient.

Based on the basic studies, the ysq is the characterized
flow depth, representing the development of the interior
air—water mixture. By combining the parameters yy, and y,
(where the bottom of the self-aerated region locates), which
represent the macroscopic air—water mixture process, the air
entrainment downstream of the inception of self-aeration
can be classified into three general aerated zones, as shown
in Fig. 3, including the following:

1 4.0° (Chanson and Cummings, 1995)
0 7.5° (Straub and Anderson, 1958)
4 15.0° (Anderson, 1955)

x 28.0° (Wei, 2015)

v 30.0° (Killen, 1968)

¢ 45.0° (Cain, 1978)

> 45.0° (Zhang et al, 2008)

% 52.5° (Killen, 1968)

< 52.5° (Xi, 1988)

» 45.0° (Anderson, 1955)

+ 45.0° (Straub and Anderson, 1958)

» 60.0° (Straub and Anderson, 1958)

Fig. 2. ys50/ygy with increasing trend of Ceqn-
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Fig. 3. Sketch of three general self-aeration zones.

Zone A: weak self-aeration zone where y, # 0

Zone B: moderate self-aeration zone where y, = 0 and
Y507 0;

Zone C: strong self-aeration zone where ys5, = 0.

In Zones A and B, both high and low self-aeration re-
gions exist in the entire flow cross-section, and the differ-
ence of air—water structures remains, resulting in variation
of the air concentration gradient. The uniform gradient dis-
tribution in Zone C shows that the difference of the air-wa-
ter structure is relatively small. More detailed measure-
ments and verification are needed in the future because of
the limited data on air—water structures in Zone C. The de-
tailed analysis on the air—water structure in Zones A and B
will be conducted in the following sections.

4 Differences in air count rate and size

4.1 Effects of flow Reynolds number and air quantity
Experimental data from Wei (2015) contained a series of

6001  =Re=6.88x10% C,  =0.1544, ¢ =0.110 m¥/s
so0| ReT90x10° €, =0.1454,¢,=0.111 m¥s
400 o« oo
< .
T 300 o
e " . °
200{,» _* . .
. .
3 L
1003 "
———
00 02 04 06 08 1.0
c
(a)

systemic air—water properties in self-aerated flows, includ-
ing macroscopic air concentration distributions, air—water
mixture flow depths, and microscopic air count rate and
chord length in the self-aerated region. Thus, these data can
be used to analyze the microscopic air—water structures af-
fected by macroscopic air—water flows. The effects of the
mixture flow Reynolds number Re and air quantity ¢, on the
air count rate variation are shown in Fig. 4. For an approx-
imately identical cross-sectional mean air concentration
Crnean» the air count rate is higher for a larger Re and ¢,. The
difference is more obvious in the moderately aerated region
(0.2<(C<0.8), where both large and small scaled air—water
structures exist. This implies that the fragment and mixture
of uniform air—water flow are more developed for higher
Reynolds number and larger air quantity for identical local
air concentrations.

The differences in the air chord length distribution af-
fected by Re and ¢, are depicted in Fig. 5 and Fig. 6, re-

8007 = g=0.092 m¥s, Re=6.59x10%, C, =0.1481
o ¢ —0.157 m¥s, Re=6.70x10%, C. =0.1578
600 .
L ]
’:] L]
400 1 ‘ .
Py K .
m e [ ]
2001 ,% . " .
0 i
0.0 02 04 c 06 08 1.0
(b)

Fig. 4. Effects of (a) Re and (b) ¢, on the relationship between air count rate and air concentration.

0.4, WEEC=0.7417, Re=7.90x10% ¢ =0.111 m?*/s
7z4C=0.7520, Re=6.88x10°, ¢ =0.110 m*/s

Fig. 5.

mm(C=0.2331, Re=7.90x10%, ¢ =0.111 m*/s

031 2z2C=0.2044, Re=6.88x10%, g =0.110 m?/s

0.24

Pr (d)

0.11
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Effect of Re on air chord length probability distribution in (a) high and (b) low self-aerated areas.
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Fig. 6. Effect of g, on air chord length probability distribution in (a) high and (b) low self-aerated areas.

spectively. Each histogram column represents the count pro-
portion of air chord length in a d-interval. The count propor-
tion of the air chord length, 6—8 mm, is the column labeled
8 mm, and the column labeled 20 mm represents the count
proportion for an air chord length larger than 20 mm. First,
the count proportion in the small air chord length range (d
<6—8 mm) is higher for a larger Re. With the increase of air
chord class in the abscissa, the proportion preponderance for
larger Re declines gradually, exceeded by the count propor-
tion for a lower Re condition in the large air chord length
range. In terms of air quantity effect, the count proportion in
the small air chord length range is relatively preponderant
for larger g,. Besides, large scale air—water structure plays
an important role in the mixture flow, and the proportion for
air chord lengths larger than 20 mm is larger than 20%—
30%, even when the local air concentration is relatively low
(C=0.20-0.30).

The distributions of the mean air chord length d,.,, in
the self-aerated region affected by Re and ¢, are shown in
Fig. 7. Larger Re and g, result in a decrease in both d, ..,
value and distribution range. In the low aeration region
(where C<0.50), the range of d,,,, reduces from 0<d,.,,<
20 mm to 0<d,,.,,<10 mm, with the increase Re and g,. In
the highly aerated region (where C>0.50), the range re-
duces from 20<d,;.,,<100 mm to 20<d,;c,,<60 mm. The de-
crease of d,,.., contributes to the entire mixture uniformity
and the presence of air in the form of smaller air—water
structures. This demonstrates that both the entire flow Reyn-
olds number and the remaining capacity of air quantity in-

0.5
Ty .
0.4/ l /
i
03 /
© ol JZ ~o-Re=7.90x10%, ¢ =0.111 m%/s
: ~5-Re=6.88x10%, ¢.=0.110 m/s
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, —#—Re=6.59%10°, ¢ =0.092 m%/s
0.0+ . ) )
0 5 10

15 20 25 30
d,., (mm)
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fluence the microscopic air—water structure scales.

4.2 Relationship between flow conditions and bubble prop-
erties
Because of the coupling positive effect of Re and ¢, on
improving the air—water mixture fragmentation, a dimen-
sionless coefficient K, defined as:
_ Re- g,
v

K (6)

is proposed for the integration description of microscopic
air—water structure difference. In Fig. §, assuming that the
ratio of d,..n/Voo represents the fragmentation level of the
entire self-aerated flow, with the increase in K, the value of
dean’Voo decreases in both high and low aeration regions,
indicating that the size scale of the conveyed air in the self-
aerated region is much smaller. As the presence of air
bubbles can improve the flow turbulence level (Wang et al.,
1990), the part of g,/v in Eq. (6) can be considered as the ra-
tio of the inertia and viscosity, which is the “additional”
specific “air flow” turbulent effect. Consequently, the in-
ternal microscopic air—water structures are affected by the
turbulence intensity of both the macroscopic entire flow and
the microscopic specific air quantity.

Because of the significant difference in microscopic
air—water structure between the high and low self-aerated
regions, the mean cross-sectional air chord length is separ-
ately defined as (D ean)y and (Dypean)r, demarcated by ys.

High aerated region:

w| 17

)
0.7 /‘ )i ~o—Re=7.90x10%, ¢ =0.111 m¥s
[/ ./ ~o-Re=6.88x107, ¢ =0.110 m*/s
0.61 ¢ ~*~Re=6.70x10%, ¢,=0.157 m¥s
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)

Fig. 7. Mean air chord length d,,, distributions in (a) low and (b) high self-aerated area.
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Fig. 8. Effect of K on the d,,.,n/v9o distribution in the self-aerated region.

1 Y90

(Dmean) = Ainean(y)dy; (7)

Y90 — Y50 ¥s0
Low aerated region:
1 Y50
Y50 = Yo Yo
The effects of the coefficient K on (Dcan)r. and (Dpean)r
are shown in Fig. 9. To derive the relationship between
D pean/Voo and K, data from Chanson and Cummings (1995)
and Zhang et al. (2008) are considered. The self-aerated
flow Re and C,,.,, expand to 9.6x10° and 0.45, respectively.
With an approximately two orders of magnitude increase in
K, the air chord length decreases approximately by one or-
der of magnitude, following the power approximation:

(Dmean)L = dmeandy- (8)

D

M:ml{—“, 1.49x10° <K <3.07x10";  (9)
Y90

(Dmean)L _ —-0.5 9 11

ek — k0, 1.49%10° <K <3.07x10',  (10)
Y90

where m = 9x103 and n = 9x102 are the coefficients for the
high and low self-aerated regions, respectively, derived
from data analysis. Moreover, the length scale of the en-
trained air in the high-aeration region is in an order of mag-
nitude larger than that in the low aeration region, and the
difference remains throughout.

In terms of the air count rate, the effect of the coeffi-
cient K on the maximum air count rate at the flow cross-sec-
tion F,,, is shown in Fig. 10. The maximum F,,,, is nor-
malized as F,, Voo/ V. This data analysis indicates that with
the increase of coefficient K, the air bubble count increases.
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This gradient is generally large, following the power ap-
proximation:

F
—W;y% =2.8x107*. K% 1.49%x10° <K <3.07x 10"

(11)
5 Analyses and discussions

5.1 Interior transition interface of air—water structure

The transition interface hypothesis has been proposed in
the theoretical calculation model of the air concentration
distribution in self-aerated flows. The measurement test and
observation of self-aerated flows show the significant differ-
ence in air—water structure at the air—water flow cross-sec-
tion, including individual air bubbles, large-scaled spray and
cluster, free surface deformation and water droplets (Straub
and Anderson, 1958; Wu, 1988; Wei et al., 2015). For indi-
vidual air bubbles diffusing in water flows, the theoretical
analysis (Lin and Gong, 1962) based on the one-dimension-
al turbulence exchange developed the diffusion equation as:

1—2C)dC_

urCCOSH—K(— — =0, (12)
dy

1-C
where u, is the bubble rise velocity, 6 is the channel slope,
and K is the turbulent diffusion coefficient. The fluctuations
of air concentration, density and bubble rise fluctuations ac-
companied with the flow turbulence fluctuation were con-
sidered. In Fig. 11, the critical breaking point of air concen-
tration is C = 0.50 for the theoretical momentum transfer in
air—water flows. When the local air concentration exceeds
0.50, the form of the air—water structure as the carrier of
air—water momentum transfer changes from individual air
bubbles to other structures, such as spray, clusters, and wa-
ter droplets. Thus, it is reasonable to consider the character-
ized flow depth s, as the interior transition interface of the
air—water structure in self-aerated flows. In addition, com-
pared with the theoretical air concentration distribution pro-
files of self-aerated flows, the breaking point exists when
the aeration level is relatively low (Cy,4n<0.50), indicating
that the interior transition interface of the air—water struc-
ture always remains in the flow cross-section. When the aer-
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Fig. 11. Comparison between theoretical air concentration distribution
(solid line) and gradient profiles (dashed line).

ation level improves, the y5, moves toward the channel bot-
tom, and the effect of the interior transition interface gets
weak. The air concentration gradient profile finally gets
back to the continuous curve for strong aeration (Cpe.n>
0.50), indicating that the turbulence transfer in the air—wa-
ter flow occurs as air bubble transport. Consequently, ys is
the macroscopic parameter with specific microscopic prop-
erty, and it is reasonable to classify and represent the interi-
or development process of the air—water mixture on the
basis of ys.

5.2 Scale effect of microscopic air—water structure

Based on recent engineering practices, the local quant-
ity and size of microscopic air bubbles are the two key para-
meters for aeration and cavitation erosion protection (Wu et
al., 2017). A high count rate of small air bubbles can make a
good contribution to avoiding cavitation erosion (Chen et
al., 2003), even for the local air concentration lower than the
traditional criterion for cavitation erosion protection (Rus-
sell and Sheehan, 1974). The present analysis of the air-wa-
ter flows shows that the air chord length is smaller with lar-
ger air count rate for larger air quantity with other condi-
tions identical. When the air quantity and Reynolds number
of prototype self-aerated open-channel flows are much lar-
ger compared with the scaled physical model and that the
total air entrainment (the sum of entrained air and en-
trapped air) further increases with flow Reynolds number
(Wei et al., 2016), it is difficult to achieve air quantity simil-
arity. This results in difficulty to scale the relationship
between macroscopic air concentration and microscopic
air—water properties. For a prototype case in the Xiaolangdi
discharge tunnel chute flow (Liang et al., 2002), the coeffi-
cient K of the prototype air—water flow was approximately
103-10% orders of magnitude larger than that of the physical
model. Assuming that the mean cross-sectional air concen-
tration is approximately identical, this may lead to the de-
crease of the tiny-air-bubble size (air chord length smaller
than 4 mm) proportion by approximately 65.9% between the
prototype and the model measurement. The scale effects of
the entrained air bubble size and the amount of air—water
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flow are hardly reduced, resulting in the scale effect of the
microscopic air-water mixture. Small interactions between
air and water entities cannot be accurately scaled, and the
particle number reduces and the size of the particle gets lar-
ger in the scaled model compared with the prototype, even
with a large-scaled model and limitations with some critical
requirements (Felder and Chanson, 2017). Thus, it is neces-
sary to develop a new theoretical model of microscopic
air—water structure prediction based on air entrainment and
bubble diffusion mechanisms and to promote research of
aeration and cavitation erosion protection.

5.3 Self-similarity relationship

This study shows a link between macroscopic and mi-
croscopic air—water properties, confirming that the micro-
scopic air chord length and count rate are strongly affected
by the macroscopic flow Reynolds number and air quantity.
The analysis was conducted in a different experimental fa-
cility and with different instrumentation. The sensor size
and the specific threshold value affect the measurable sizes
and, particularly, the air chord length and air count rate, res-
ulting in some variations in the microscopic air—water prop-
erties of self-aerated flows. However, the agreement demon-
strates a wide spectrum use, including the developing and
fully developed self-aerated regions, based on a large num-
ber of data analyses. Eqs. (4)—(5) and Eqgs. (9)—(11) depict a
series of self-similarity relationships between interior air—
water structures and the corresponding macroscopic mix-
ture flow conditions. For the macroscopic characterized
flow depth, the well fit correlation between y5y/vgg and Cyean
is obtained in both the model and the prototype self-aerated
open-channel flows, independent of chute slope and such
flow conditions as Froude number and Reynolds number.
Moreover, the mean cross-sectional air chord length and air
count rate can be directly related to the macroscopic flow
Reynolds number and air quantity.

In further research on the detailed air—water properties,
it is necessary to pay more attention to the mechanism of air
entrainment in free-surface open-channel flows, developing
the theory and method about quantitative prediction of air
concentration and air quantity. Prototype scale experiments
are needed to verify and apply the present approach. Moreo-
ver, because the complex air—water structure information is
closely linked to the flow micro-turbulence dynamics, it is
strongly recommended that the air bubble scale and kin-
ematic characteristics should be investigated directly and in
detail.

6 Conclusions

An analytical comparison of interior air—water mixture
characteristics affected by the relationship between micro-
scopic and macroscopic air—water properties was conducted,
focusing on the self-aerated open-channel flows. A series of
experimental and prototype tests were conducted including
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those in both self-aerated developing and equilibrium re-
gions. The characterized flow depth y5, describing the self-
aeration development process was discussed. The effects of
flow Reynolds number and air quantity on microscopic air
chord length and count rate were investigated. The follow-
ing conclusions can be drawn.

As self-aeration of open-channel flow develops with the
increase of mean air concentration, the characterized flow
depth ys, distinguishes the process as two different linear
trends with a breaking point at C,.,, = 0.50. Based on a
series of systematic comparisons of air count rate and chord
size, the ysq is a specific criterion to distinguish the develop-
ment process of interior air—water mixture. Both flow Reyn-
olds number and air quantity in self-aerated regions influ-
ence the microscopic air bubble size scale and count rate.
For identical mean cross-sectional air concentration, the air
count rate increases, and the proportion of the small air
chord length improves for larger flow Reynolds number and
larger air discharge per unit width, with a decrease of mean
air chord length in the high and low self-aerated regions.
The coefficient K=Re"q,/v, considering both the macroscop-
ic flow turbulence and the air quantity, describes microscop-
ic air—water structure differences in self-aerated flows. A
series of self-similarity relationships exist between K and
the mean air chord length and air count rate.

Because of the link between macroscopic and micro-
scopic air—water properties in self-aerated air—water flows,
the microscopic air—water structures, including air size and
count rate, cannot be accurately scaled to prototype through
scale-physical experiments, even for the identical macro-
scopic flow conditions. It is necessary to pay more attention
to the air entrainment and bubble diffusion mechanisms in
self-aerated open-channel flows in the further research.
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