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Free-surface air entrainment in open-channel flows
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In hydraulic engineering, free-surface aeration is a natural phenomenon occurring in smooth channel flows. In self-aerated
flows, a key aspect that has not yet been well understood is the formation mechanism of free-surface air entrainment. In this
research, the process of free-surface entrapped deformation is analyzed theoretically and the critical radius of curvature for air
entrainment is obtained, affected by flow mean velocity and depth. When the severity of local free-surface deformation ex-
ceeds the critical condition, the entrapped free surface encounters closure in the unstable deformation movement process, re-
sulting in air entrainment. This inference agrees well with observed experimental results that are obtained from the processes
of surface entrapped deformation and air entrainment captured by a high-speed camera-based data acquisition system. This
agreement indicates that self-aeration occurs in low-velocity open-channel flows. It is also confirmed that free-surface turbu-

lent deformation provides a mechanism for air entrainment.

hydraulic engineering, self-aeration, turbulence, free surface, open-channel flows

Citation:
10.1007/s11431-016-0220-1

Wei W R, Xu W L, Deng J, et al. Free-surface air entrainment in open-channel flows. Sci China Tech Sci, 2016, 60: 893-901, doi:

1 Introduction

Steep chutes and spillways are of great importance in the
design of hydraulic structures. Under certain conditions in
such chutes and spillways, a large amount of air can be en-
trained through a free surface into the water in high-velocity
flows. In self-aerated open-channel or chute flows, a key
aspect that has not yet been well understood is the formation
mechanism of air entrainment [1,2]. It is well known that
self-aeration is caused by the interaction between a turbu-
lent boundary layer and free surface [3-5]. Traditionally, it
is believed that the inception of air entrainment occurs as

soon as the turbulence development reaches the free surface.

However, this is the necessary condition for air entrainment
[6]; the sufficient condition is that the eddy turbulence in-
tensity should exceed a certain threshold [7]. This condition
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must be relevant to the microscopic deformation movement
on the free surface of water. However, there is a lack of
understanding regarding this process.

Traditional studies note that ‘air bubbles can be entrained
into a flow when drops led by a breakup of liquid masses
fall back into the bulk liquid in the end and bubbles pulled
into the water are transported along with the air-water flow’.
Studies on drop impact have shown that drop impact indeed
causes the entrainment of bubbles [8,9]. Researchers studied
the impact of drops on stationary and fluid liquid surfaces
[10-13]. The results showed that the critical conditions for
the drop size and impact velocity are strict and that the
amount of entrained air bubbles is smaller in a flowing lig-
uid than in a stationary liquid. Based on these studies, criti-
cal conditions for the onset of self-aeration and the for-
mation of drops have been established.

However, self-aeration also occurs when the flow veloc-
ity is so low that the turbulence intensities are not suffi-
ciently high to cause drops to eject out of the bulk liquid
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and entrained air [14,15]. This indicates that drop impacts
are not the only process of entraining air. Falvey and Ervine
[16] considered the formation of bubbles caused by distort-
ed free-surface closure; the mechanism they proposed ex-
plains the air bubble entrainment at flow velocities smaller
than the critical value required for the formation of air-
entraining drops, but the relationship between free-surface
deformation and air entrainment is still not very clear. In
addition, considering the random direction of turbulent
movement, it is necessary to treat the entrapped free-surface
roughness and the breakup liquid mass equally, and both
these processes happen simultaneously. The dynamic and
kinematic processes at free surfaces play important roles in
the case of free-surface deformation affected by turbulence
intensity [17,18]. However, the research conducted on this
topic is insufficient and only little is known about the char-
acteristic features of such flows.

The objective of this research is to present a simple two-
dimensional model of free-surface deformation based on
dynamic and energy transitions, with the aim to describe the
relationship between free-surface entrapped deformation
and air entrainment. A microscopic sufficient condition for
surface air entrainment is developed. Moreover, the
free-surface deformation and air bubble entrainment pro-
cesses in high-speed open-channel flows is studied using a
high-speed video system to capture associated events in
detail. The theoretical model-based analysis is applicable to
the visual process of air entrainment caused by free-surface
turbulent movement. This study therefore gives further in-
sight into the structure of free-surface turbulence in
high-speed velocity flows.

2 Advances in study of air entrainment mecha-
nism

Rein [19] analysed the mechanism of air entrainment due to
drops falling back into the bulk flow, following the classical
approach of Davies [20] based on dynamic and kinematic
processes. A critical condition is obtained: a drop that is
projected from the bulk flow and that contributes to air en-
trainment will separate only if the maximum height of its
trajectory exceeds its radius. The maximum height of a drop
depends on the velocity and depth of the open-channel flow.
This is a typical description of free-surface deformation for
self-aeration.

Based on the critical condition for drop generation and
self-aeration, Rein [19] compared actual drops with
free-surface drop shapes obtained from previously photo-
graphs in self-aerated open-channel flows. The comparison
showed that the conventional concepts of drop formation
are inadequate to explain the ejection of drops to heights
observed in experiments and that the energy of the ejected
drops is not sufficiently high for air entrainment, implying
that drop impacts are not the only process of entraining air.
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High-speed stop-action photographs taken during flume
experiments showed that the free surface of water remains
intact but very contorted with a very small quantity of flying
droplets over the free surface of the self-aerated open-
channel flow at high velocities and air content [21,22]. Fur-
ther, based on the air-water structure of self-aerated flow, a
new concept of entrapped air, which represents the air en-
trapped between gaps created by surface roughness, was
developed to distinguish the air from the entrained air bub-
bles. Now, the aim is to further explore the relationship be-
tween free-surface entrapped deformation and self-aeration
both theoretically and experimentally.

3 Free-surface entrapped deformation process

3.1 Ciritical condition

Considering a small element entrapped deformation on a
free surface caused by a characterised eddy with the instan-
taneous vertical fluctuation velocity (V') in turbulent
open-channel flows, the two-dimensional model for this
process is generalised as shown in Figure 1. With the de-
velopment of entrapped deformation, the roughness be-
comes larger and deeper. When the kinetic energy of the
eddy E, exceeds the surface energy E,, the free surface will
become unstable. This instability is asymmetrical and dis-
ordered, and during this process, the entrapped deformed
free surface can move transversely under horizontal fluctua-
tion velocities (v, v,'). When the two sides of the free sur-
face achieve closure in the opposite direction, air bubble
entrainment occurs and self-aeration is generated in the
open-channel flow.

When E, and E, are equal, which can be considered as a
critical condition for air entrainment, an energy balance that
relates E, and E, has to be accounted for:

E =E,. (1)

The turbulent kinetic and surface energies can be com-
puted by [19, 23]

1 4 (DY ,
E =—-p-—n|—| V75, 2
=3 3n(2) @
Egzrcrcz~0', 3)

where V' is the fluctuation velocity of the eddy in the y di-
rection, ¢ is the surface tension, and p is the water density.
D is the characteristic size of the turbulent eddy. Broc-
chini and Peregrine [24] analysed the turbulent eddy size
that is able to disturb the surface with the energy of surface
deformation. Considering the gravity (0.13gD) and surface
tension (1.570/pD) effects, they suggested the following
relationship between D and local typical velocity v':

V> zO.l3gD+1'SZ)O-. (4)
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Figure 1 Sketch process of free surface deformation and air entrainment.

In the present study, the local typical velocity v' is as-
sumed to be the friction velocity v,, and before the surface
entrapped deformation occurs, the surface tension effect on
the instantaneous turbulent eddy size is neglected, that is,
v = 0.13gD.

In eq. (3), rc is the radius of curvature at the apex of the
deformed free-surface profile, which represents the severity
of surface deformation. The surface deforms more severely
for a smaller radius of curvature. Based on the above analy-
sis, the condition for the critical radius of curvature rc that
would result in air entrainment caused by entrapped surface
deformation (eq. (1)) becomes

1
pD3v!2 2
.= —- . 5
¢ ( 120 ] ©)

When the actual local ry of the free-surface entrapped
deformation is smaller than the critical rc (ry < rc), the de-
formation severity becomes greater and the turbulent level
caused by the eddy is large enough to overcome surface
tension effects. Under this situation, the free surface will
become unstable and will loosen. During this process, the
free surface can achieve closure under the fluctuation effect,
and the air entrapped in the free surface will be entrained
into the water flow in the form of individual bubbles. When
ro > rc, the local surface deformation is less severe and the
surface tension can overcome the turbulent fluctuation
pressure and the deformed free surface can remain stable.
Under this situation, the entrapped air will not be entrained
into the water flow. Consequently, the actual surface de-
formation caused by the turbulent eddy has an important
effect on the air entrainment.

3.2 Theoretical limiting condition for free-surface de-
formation

Under the ideal condition that the surface tension can over-

come any turbulence level and the entrapped surface is sta-
ble under constant pressure fluctuation p’ in the process of
deformation, there will always exist a state where the sur-
face deformation is balanced. At the instant of maximum
deflection, p' is balanced by the surface tension pressure
20/, and the hydrostatic pressure y,pg, and y,, is the max-
imum depth to which free-surface deformation develops.
Davies [20] related pressure fluctuations in the free-surface
zone to the square of the friction velocity v, p’ = Cipv,. A
hydrostatic force balance at the apex of the entrapped sur-
face yields

Cpv,” = 2r_0'+ YnP8- (6)

The relationship is proved correct when C; is of the first

order, and the relationships for v, = v and C; = 1 are veri-

fied a posteriori. In the free-surface region with the mean

flow velocity V, an upper limit of friction velocity v, is de-

termined from the relationship between V and v, according
to the law of the wall [25]:

V 1. Hyv
—=—In—-F
v, K v

T

+B, 7

where x is the Von Karman constant (0.4) and B is a con-
stant (5.2). Previous theories and experiments about
free-surface fluctuation are studied [26,27], and the value y,,
is estimated as

Y ®—> (8)

oo |

where K is the mean kinetic energy at the free surface,
which is nearly equal to one half of the square of the fluctu-
ation velocity v'. Therefore, the interaction of the turbulent
eddy and free surface results in the formation of a radius of
curvature that is suitable for the ideal condition:
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r o= . )

This is the most severe deformation of the free surface
without instability and air entrainment under a certain tur-
bulence condition. Comparing eq. (5) with eq. (9), the criti-
cal condition for air entrainment through free-surface en-
trapped deformation is obtained as

r, <TI.. (10)

m

The results are twofold: 1) the free-surface entrapped
deformation depends on the flow mean velocity and water
depth and 2) air entrainment occurs only if the flow condi-
tion exceeds a threshold, as shown in Figure 2.

Figure 3 shows the effects of V and H on both the critical
deformation r¢ (eq. (5)) and ideal deformation ry, (eq. (9)).
rc and ry, are normalised by the water depth H relative to the
entrapped deformation radius of curvature.

First, note that with an increase in the mean flow velocity
V and water depth H, the value of r,/H decreases, and this
indicates that the ideal severity of entrapped deformation
that can be achieved by the free surface becomes more in-
tensive. Considering r, to be the surface shape, the
free-surface roughness becomes increasingly pronounced
with Vand H.

When critical severity of entrapped deformation is
achieved, if V is small, ro/H also becomes small, and air
entrainment caused by surface entrapped closure occurs
under the turbulence effect only if the severity of the
free-surface entrapped deformation is quite large. With an
increase in V, the critical deformation condition for air en-
trainment becomes less severe. This is mainly because a
higher turbulence intensity makes it easier for the free sur-
face to achieve closure, and the level of surface deformation
required for air entrainment decreases compared with the
case when the turbulence intensity is low. With an increase
in the water depth for identical V, rc/H decreases, indicating
that the air entrainment condition through free-surface
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Figure 2 Comparison of rc and r,, in free surface air entrainment.
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entrapped deformation becomes more critical for larger wa-
ter depths.

The intersection point of each two-curve set (Figure 3) is
the critical condition for air entrainment through free-
surface entrapped deformation. When the r,/H curve is
above the rc/H curve (r/H > rc/H), the severity of free-
surface deformation cannot reach the critical deformation
condition and air entrainment will not occur. When the r,/H
curve is below the ro/H curve (r/H < rc/H), the severity of
free-surface deformation can exceed the critical condition
and self-aeration occurs. The critical velocity Vc for r,/H =
rc/H is shown in Figure 4. With an increase in the water
depth, the critical velocity increases. The effect of the water
depth on both rc and Vi agrees with the phenomenon that
the inception of self-aeration in an open channel is located
further along the downstream with an increase in the water
depth [28,29]. The relationship is approximately represented
as

V.2
€ =14-H', (11)
28
H=0.01m: refH ----- rJH
H=0.03 m: ro/H rJH
H=0.10 m: relH ----- roH
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=
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Figure 3 Relationship between flow conditions and free surface defor-
mation.
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Figure 4 Critical flow velocity of air entrainment from rc= ry,.
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Based on the present analysis, V is approximately 3-5
m/s for H = 0.01-1 m. This result indicates that air entrain-
ment occurs at low velocities of water flow, which is
agreement with the previous experimental observations
[30-32], whereas the conventional theories about drop im-
pacts and wave breaks estimated that the critical velocity for
self-aeration is larger than 5 m/s.

4 Experimental observations

Experiments are performed in a flat chute, which is 18 m
long and 0.3 m wide and has a channel slope a = 28°, as
shown in Figure 5. It is made of planed glass boards, and
the sidewalls are 0.3 m high. Water is supplied through a
closed-circuit system, which includes a flume, large tank
below the chute, and pressure head tank. The water pump is
controlled electronically, thus providing a fine discharge
and facilitating the adjustment of the flow velocity of the
approaching water. The water flows to the flume through a
smooth convergent nozzle, and the exit is 0.12 m high and
0.3 m wide. The convergent nozzle is adjusted and is suffi-
ciently long to ensure that the water is calm and flows to the
chute with little disturbance (i.e., with a smooth free sur-
face).

Free-surface deformation and air entrainment occur very
rapidly, in the order of 10 ms, and a high-speed camera-
based data acquisition system is always used to study sur-
face roughness characteristics [33]. In the present study, a
high-speed camera system is used to capture and present the
entire process of free-surface entrapped deformation and air
entrainment. The system includes a high-speed video cam-
era (Motion Pro Y3-Classic, Integrated Design Tools Inc.,
USA), a Nikkor lens, an adjustment-fixing mechanism, and
a computer. High-speed cinematic results are obtained for a
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1280 x 504 pixel region at 6000 frame/s with an exposure
time of 1.7 ps. A set of LED lights is placed opposite the
flume as an artificial supplementary light source to improve
image quality. The shooting scope is 40 x 12 cm’, and the
shooting position is close to the nozzle exit (approximately
0.5 m away). The velocity at the shooting position is ob-
tained by using the discharge per unit width and the initial
water depth at the nozzle exit (0.12 m). To achieve accurate
free-surface deformation, the lens is adjusted to the same
elevation as the free surface of water flow and controlled
perpendicular to the sidewall of the flume. To reduce the
sidewall effect, the focusing plane is set at the central lon-
gitudinal plane during the shooting period, and the surface
deformation is considered to be mainly the result of water
turbulence.

Figure 6 shows the processes of free-surface deformation
and air entrainment at flow velocity V = 7.6 m/s. Because of
the interaction of the surface tension and sidewall effect, the
water profile near the sidewall is higher than the central
water profile. The free-surface roughness and the develop-
ment of free-surface deformation into the flow can be
clearly seen. In the size analysis of surface deformation, the
free-surface position is the local average position from both
the sides of the entrapped area. A distinctive surface air
trough is entrapped in the water, resulting in a longitudinal
vortex (Figure 6(a), t = 0.004 s; Figure 6(b), + = 0.003 s),
and air is finally entrained and detained by the main flow as
bubbles (Figure 6(a), t = 0.026 s; Figure 6(b), r = 0.011 s).
A cycle duration is typically 107 s for the present visual
observation, and it is uncertain as to what extent this cycle
duration can be applied to other conditions. The free-surface
entrapped deformation and air entrainment processes are
schematically shown in Figure 7, as interpreted from Figure
6.

As shown in Figure 8(a), at the original time (¢ = 0.000 s),

Supply and return
water system
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-
s s
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I
phatttyl |

Figure 5 Schematic of experimental channel and high-speed camera acquisition system.
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Figure 6 Processes of surface deformation and air entrainment: (a) Large bubble entrainment (d,, = 12.4 mm); (b) small bubble entrainment (d, = 4.2
mm).
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Figure 7 Sketch of free surface movement and air entrainment: (a) Large bubble entrainment (d,, = 12.4 mm, Figure 6(a)); (b) small bubble entrainment
(da = 4.2 mm, Figure 6(b)).
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Figure 8 Key periods of free surface deformation and air entrainment: (a) Large bubble entrainment (d,, = 12.4 mm, Figure 6(a)); (b) small bubble en-

trainment (d,, = 4.2 mm, Figure 6(b)).

there is a clear ‘hollow’ entrapped in the water flow; the
free surface on both the sides are higher than the entrapped
centre, and the size of the small free-surface roughness is L,
=30.2 mm and y,; = 8.7 mm. Atz = 0.010 s, with the devel-
opment of the entrapped ‘hollow’, the free surface becomes
stable, the apex develops deeper into the flow, and the apex
width becomes larger with Ly = 41.5 mm and yp = 12.1 mm.
Then, at ¢t = 0.010-0.020 s, the free surface is unstable and
becomes loose. It can be seen that the free surface achieves
closure from ¢ = 0.020~0.026 s, and an air bubble is en-
trained into the flow with d,, = 12.4 mm (¢ = 0.026 s, along
the x direction). For relatively small air bubble entrainment
(dap = 4.2 mm, Figure 8(b)), the entire process is similar to
the one described above and the free surface achieves clo-
sure at a relatively low position.

The simple two-dimensional theoretical analysis results
are in good agreement with the experimental observations in
terms of the free-surface deformation and air entrainment
processes, and the free-surface roughness plays an im-
portant role in helping us understand the formation of
self-aerated air-water flows. The surface entrapped defor-
mation can be assumed to be a Gaussian-curve-type defor-
mation and can be well approximated like the surface ejec-
tion deformation [19,20]; r is given by

2
r= L (12)
8y

where L is the width of the curve and y is the maximum
deflection, as shown in Figure 1. Detailed experimental data
on the free-surface deformation are obtained, as shown in
Figure 9. The radius of curvature centralises between the
critical condition r¢c and ideal condition r, when the

ro/H

riH

V (m/s)

Figure 9 Comparison of experimental and theoretical values (H = 0.12
m).

entrapped free surface becomes unstable initially. This in-
dicates that the free-surface deformation severity in experi-
ments exceeds the critical condition when surface instability
occurs; however, it cannot reach the ideal maximum defor-
mation severity because the surface tension cannot balance
the greater turbulence effect.

Two key issues are involved in the formation of self-
aerated air-water flow: (1) penetration of air into the free
surface of water, that is, the air entrainment mechanism and
(2) existence of air in the flow, that is, the air diffusion ca-
pacity. The present study shows the mechanism of
free-surface air entrainment; that is, when the free-surface
deformation exceeds the critical form condition, air will be
entrained into the water during the process of free-surface
instability. In addition, various macro-scale flow character-
istics cause the free-surface deformation. The high local
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turbulence intensity of the free surface can be improved by
water drop impact, free-surface roughness caused by a solid
surface such as a stepped and rocked chute, and nar-
row-deep flow that is affected by the side solid surface, ex-
cept for the main flow mean velocity [34,35]. Although
clear similarities have been observed in such self-aerated
flows over smooth and stepped chutes, some distinctive
features have been reported in many studies [36-39]. The
air diffusion in water flow is controlled by a process of air
transport, which is affected by the mean turbulence intensity
and buoyancy of water. Further studies on aerated air-water
flow should focus on analyzing the tiny-scale surface form
feature and the influence of air entrainment mechanism on
self-aeration scale effect.

5 Conclusions

In this study, based on a simple two-dimensional model of
free-surface deformation, the process of entrapped defor-
mation and air entrainment is analyzed and a critical radius
of curvature of the free surface is developed for the for-
mation of self-aeration. The critical condition of
free-surface entrapped deformation depends on the flow
mean velocity and water depth, and air will be entrained
into the water during the process of free-surface instability
when local radius of curvature exceeds the critical condition.
The theoretical analysis results are in good agreement with
the results of the observed air entrainment process. This
indicates that free-surface entrapped deformation caused by
turbulence is a possible mechanism by which self-aeration
occurs in open-channel flows. Based on the present theoret-
ical analysis, the critical velocity of air entrainment is found
to be approximately 3-5 m/s for a wide range of flow
depths 0.01-1 m. This result indicates that air entrainment
and self-aeration can occur in low-velocity open-channel
flows. Further studies on aerated air-water flow should fo-
cus on analysing the tiny-scale surface form feature and the
influence of air entrainment mechanism on self-aeration
scale effect.
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