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A plunging jet is an efficient device to entrain gas into liquid flow. In many practical occasions, the gas
entrainment needs to be carefully controlled, and the interaction between the shear flow turbulence
and entrained bubbles has to be better understood. This paper presents a physical study of vertical sup-
ported two-dimensional plunging jets using a relatively large-size facility. The air-water flow and turbu-
lence properties were measured with an intrusive phase-detection probe and a total pressure sensor
simultaneously. The inflow pre-aeration and turbulence level of the falling jet were carefully charac-
terised, and the effects of jet impact velocity and jet length on air entrainment in plunging pool were
investigated. The experimental results were systematically compared to relevant studies. A discussion
was developed on the quantification of turbulence intensity in highly-aerated flow based on total pres-
sure measurement. The flow turbulence properties were derived respectively from the interfacial phase-
detection signals and total pressure signals. The results highlighted difference in terms of the turbulence
intensities between interfacial motions and water-phase turbulence. The present work showed that the
jet impact velocity, jet length, inflow disturbance and pre-entrainment of air had considerable effects on
air entrainment capacity and subsurface air-water flow properties in plunging jets hence should be care-
fully characterised in relevant studies.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

A plunging jet is the impingement of a rapid jet into a slower
body of fluid. The occurrence of a plunging liquid jet is often
accompanied by the entrainment of environmental gas at the
intersection between the jet and the receiving bath, namely, along
the impingement perimeter (Ervine et al., 1980). The flow in the
downstream vicinity of the impingement point is a two-phase mix-
ing flow with development of a turbulent shear layer (Thomas
et al., 1983; Chanson, 1997). The intense turbulence and its inter-
action with the entrained gas bubbles enhance the mixing of fast
and slow liquid fluids, as well as the mass and heat transfer
between the gas and liquid phases (Chanson, 2009).

While a natural plunging jet flow such as a waterfall or a plung-
ing wave is mostly an uncontrolled hydraulic phenomenon, an arti-
ficial plunging jet can be generated easily in a relatively stable
manner and used as a device to facilitate fluid mixing in industrial
processes, like in chemical reactors and water treatment plants
(Bin, 1993; Kiger and Duncan, 2012). There are numerous occa-
sions where the flow aeration associated with the jet impingement
is beneficial (e.g. wastewater re-oxygenation, fish farming indus-
try) or, contrarily, undesirable hence must be minimised (e.g. bot-
tle filling, steel industry, nuclear reactor cooling system) (Kirchner,
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1974; Van de Donk, 1981; Qu et al., 2011). Understanding the gas
entrainment mechanisms, bubble diffusion processes and bubble-
turbulence interplay is of fundamental importance for a safe and
economical design/operation in these applications.

The most common plunging jets are water jets with free-surface
open to air. Physical modelling and theoretical analysis demon-
strated the critical role of the jet impact velocity on the onset of
air entrainment and the air-water flow patterns underneath the
impingement point (Sene, 1988; Bin, 1993). The jet disturbance
is another key parameter, often linked with the jet length, local
velocity turbulence and flow instabilities (Qu et al., 2011; Kiger
and Duncan, 2012). While the air entrainment regimes were suc-
cessfully investigated with high-speed flow visualisation
(Chirichella et al., 2002), detailed characterisation of air-water flow
properties in the plunging pool relied more upon intrusive phase-
detection techniques (Serizawa et al., 1975; Brattberg and
Chanson, 1998). Basic air-water flow properties that are of direct
concern to engineering applications include void fraction, air
entrainment rate, bubble size and penetration depth. These charac-
teristics were well documented in literature for various types (cir-
cular/planar, laminar/turbulent) of jets (Lin and Donnelly, 1966;
McKeogh and Ervine, 1981; Clanet and Lasheras, 1997;
Cummings and Chanson, 1997a, 1997b; Chanson and Manasseh,
2003; Soh et al., 2005). The development in data processing and
analysis in the past decade enabled further insight into the multi-
phase turbulence in terms of interfacial turbulence intensity, bub-
ble clustering and integral turbulent length/time scales (Chanson
and Carosi, 2007; Wang et al., 2014). Such measure of turbulence
level in highly-aerated flow is difficult because of the presence of
air bubbles, which not only limits the deployment of traditional
monophase-flow measurement techniques, but also challenges
the numerical modelling when the simulation results required ver-
ification against quantified bubble-turbulence interactions like
bubble grouping and turbulence modification (Mudde, 2005). For
plunging jet flows, there is lack of experimental study providing
benchmark data on such detailed levels, and the current under-
standing on this highly-aerated, highly-turbulent flow is still
vague.

To date, a number of studies demonstrated the impact of inflow
turbulence on the inception conditions of air bubble entrainment
(Ervine et al., 1980; Cummings and Chanson, 1999). Yet no study
recorded quantitatively the impact of inflow turbulence levels on
the two-phase flow properties for jet velocities substantially larger
than the onset velocity. Herein the present study aimed to investi-
gate the air-water flow properties in two-dimensional plunging
jets and the processes of bubble advection and diffusion under
the impact of intense turbulence. Physical experiments were per-
formed using relatively large facilities and latest data analysis
techniques. Systematic comparison was developed with particular
focus on the effects of different inflow turbulence conditions of the
jets upon the air entrainment and two-phase flow characteristics
in the plunging pool. The effects of impact velocity and jet length
were also tested for a range of flow conditions. The experimental
results are presented in the order of jet pre-aeration and turbu-
lence level, air-water flow properties in the plunging pool, two-
phase turbulence properties in the plunging pool, and air entrain-
ment rate.
2. Experimental setup and data processing

2.1. Experimental facility

The experimental setup was a two-dimensional vertical sup-
ported planar water jet. The apparatus consisted of a rectangular
jet nozzle, a receiving water tank and the water supply system.
Fig. 1 illustrates the experimental facility (Fig. 1a) and a detailed
side-view sketch of the nozzle and the jet (Fig. 1b), where x, y, z
are respectively the longitudinal, normal and transverse coordi-
nates. Water was fed into the nozzle from a constant-head tank
for discharges no greater than 0.0137 m3/s and from a high-head
pump for larger flow rates up to 0.038 m3/s. The flow rates were
measured respectively using an orifice meter and a Venturi meter
in the feeding pipelines, with expected accuracy within ±2%, and
the conservation of mass was checked for all experimental results.
The rectangular nozzle was 0.269 m wide with a 0.012 m opening,
discharging a quasi-two-dimensional planar jet into a large receiv-
ing tank. The free-falling jet was supported by a full-width PVC
sheet extending from the nozzle edge into the receiving pool.
The jet support was 0.35 m long, equipped with transparent side-
wall windows to facilitate visual observation. The nozzle and the
jet support were set at 88.5� from the horizontal to prevent jet
detachment. The receiving tank was 2.5 m long, 1 m wide and
1.5 deep, built with a sharp-crest weir that allowed for a constant
water level in the tank during the experiment (Fig. 1a). The large
pool setup ensured that the air entrainment and diffusion pro-
cesses in upper part of the pool were free of stagnation pressure
or boundary friction effects of the tank walls.

The same jet nozzle was used in the previous work of
Cummings and Chanson (1997a, 1997b, 1999), Brattberg and
Chanson (1998) and Bertola et al. (2017). Table 1 summarises the
respective flow conditions, along with remarks on the respective
instrumentation, scanning rate and duration. Compared to the
work in 1990s, the pipeline system and receiving tank were newly
constructed, and the instruments had different sensor sizes. The
sampling duration was substantially increased from less than 3 s
to 90 s according to a sensitivity study. New data collection and
processing techniques developed over the past two decades were
adopted (Chanson and Carosi, 2007; Wang et al., 2014). The recent
work of Bertola et al. (2017) was conducted using the same facility
and instrumentation, except for a modified inflow condition in the
present experiments linked to the installation of flow redistribu-
tors at upstream of the jet nozzle (Fig. 1b). The flow redistributors
were a series of mesh rollers fitting in the pipe T-junction. They
were introduced to reduce the three-dimensional flow instabilities
noted by Bertola et al. (2017). The effects of the mesh rollers on jet
turbulence modification and the consequential plunging jet air
entrainment are discussed specifically in this paper.

2.2. Experimental instrumentation

The air-water flow properties were measured locally with an
intrusive dual-tip phase-detection probe. The probe was equipped
with two parallel needle sensors. Each needle sensor had a core
electrode (£ = 0.25 mm) isolated from an outer electrode (£ =
0.8 mm). Bubbles were advected in the flow, and the air-water
interfaces were detected by the sensor tip based on the change
in electro-resistance between the core and outer electrodes when
the sensor tip was in air or water phases (Crowe et al., 1998).
The two sensors were aligned vertically against the jet flow direc-
tion, with a transverse separation Dz = 2 mm and a longitudinal
distance Dx = 7.1 mm between the leading and trailing tips. Both
sensors were sampled simultaneously at 20 kHz for 90 s at each
measurement location. While the basic air-water flow properties
such as the void fraction and bubble count rate were derived from
the time series of the phase-detection probe signal, a correlation
analysis of the signals of two sensors provided further turbulence
properties including air-water interfacial velocity and turbulent
length/time scales (Chanson and Carosi, 2007).

A miniature total pressure sensor was attached next to the
phase-detection probe to measure the local instantaneous total
pressure of the air-water flow. The pressure sensor had a 5 mm



Fig. 1. Sketch of experimental facility: (A) general view of the jet nozzle and receiving tank; (B) Side view of the jet nozzle and support.

Table 1
Experimental flow conditions and instrumentation of present and previous studies.

Q (L/s) d0 (m) V0 (m/s) x1 (m) d1 (m) V1 (m/s) Instrumentation, scanning rate and scanning duration

Present study 7.1 0.012 2.20 0.05 –- 2.4 Dual-tip phase-detection probe (£0.25 mm, 20 kHz, 90 s)
Total pressure sensor (£1 mm, 20 kHz, 90 s)6.2 0.012 1.92 0.10 0.0092 2.4

5.4 0.012 1.67 0.15 –- 2.4
11.1 0.012 3.42 0.05 0.0121 3.6 Dual-tip phase-detection probe (£0.25 mm, 20 kHz, 90 s)
11.0 0.012 3.40 0.10 0.0118 3.7
10.6 0.012 3.28 0.15 0.0101 3.7
17.8 0.012 5.51 0.05 0.0126 5.6 Dual-tip phase-detection probe (£0.25 mm, 20 kHz, 90 s)

Total pressure sensor (£1 mm, 20 kHz, 90 s)17.2 0.012 5.33 0.10 0.0135 5.5
16.9 0.012 5.23 0.15 –- 5.5

Cummings and Chanson (1997a, 1997b) 6.46 0.012 2.01 0.0875 0.010 2.4 Single-tip phase-detection probe (£0.35 mm, 40 kHz, 1 s)
Dual-tip phase-detection probe (£0.025 mm, 40 kHz, 1 s)
Pitot tube (£3.3 mm) & pressure transducer (500 Hz)

19.37 0.012 5.96 0.0875 0.0117 6.1

Brattberg and Chanson (1998) 4.61 0.012 1.43 0.10 0.0090 2.0 Dual-tip phase-detection probe (£0.025 mm, 20–40 kHz, 3 s)
Pitot tube (£3.3 mm) & pressure transducer (500 Hz)
Hot film probe (£0.3 mm)

8.56 0.012 2.65 0.10 0.0110 3.0
12.51 0.012 3.88 0.05 0.0118 4.0
12.10 0.012 3.75 0.10 0.0116 4.0
11.67 0.012 3.62 0.15 0.0114 4.0
15.49 0.012 4.80 0.10 0.0119 5.0
18.83 0.012 5.83 0.10 0.0120 6.0
22.14 0.012 6.86 0.10 0.0121 7.0
25.43 0.012 7.88 0.10 0.0121 8.0

Bertola et al. (2017) 6.7 0.012 2.07 0.10 0.0105 2.5 Dual-tip phase-detection probe (£0.25 mm, 20 kHz, 90 s)
Total pressure sensor (£1 mm, 20 kHz, 90 s)
Pitot tube (£3.2 mm)
Acoustic displacement meters (50 Hz, 180 s)

11.4 0.012 3.53 0.10 0.0115 3.8
17.4 0.012 5.42 0.10 0.0127 5.6
23.6 0.012 7.27 0.10 0.0127 7.4

Notes: Q: flow rate; d0: jet thickness at nozzle; V0: jet velocity at nozzle; x1: jet length; d1: jet thickness at impingement point; V1: impact velocity.
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outer diameter and a 1 mm diameter silicon diaphragm on the sen-
sor head, recording pressure variations based on the diaphragm
mechanical deformation. It provided an absolute pressure mea-
surement range from 0 to 1.5 bars, with a precision of 0.5%. Fig. 2
shows the side-by-side phase-detection probe and total pressure
sensor. The pressure sensor head and the leading phase-detection
sensor tip were at the same longitudinal (vertical) and normal
(horizontal, perpendicular to the jet support) positions, the centres
being separated by Dz = 6.2 mm in the transverse direction. The
same scanning rate (20 kHz) and duration (90 s) were applied for
the pressure sensor.

Moving in the x-y plane on the jet centreline (see Fig. 1b), the
relative positions of the probes to the plunging jet were controlled
by two fine-adjustment travelling mechanisms in the longitudinal
and normal directions. The probe positions were read out of digital
positioning scales with errors less than 0.1 mm in each direction.



Fig. 2. Dual-tip phase-detection probe and total pressure sensor in vertical jet.
Thick arrow shows the flow direction.

Fig. 3. Probability density function of total pressure samples in aerated free-falling
jet – V0 = 2.07 m/s, x = 0.1 m, y = 0.007 m; C = 0.12, F = 38.8 Hz.
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2.3. Data processing: turbulence intensities in aerated flow

Basic air-water flow properties were measured on the phase-
detection probe leading tip and analysed based on binarised
instantaneous void fraction samples which were 0 for water and
1 for air. A 50% threshold between the maximum air and water
probabilities was adopted for the signal binarisation (Toombes,
2002). The simultaneous scanning of dual-tip probe sensors pro-
vided further the time-averaged velocity of air-water interfaces
travelling in the longitudinal direction:

Vint ¼ Dx
Tint

ð1Þ

where Dx is the longitudinal separation distance between the two
phase-detection probe sensor tips, and Tint is average interfacial tra-
vel time over the distance Dx. Denoting Rxy(s) as the cross-
correlation function between the signals of two phase-detection
sensors and (Rxy)max the maximum cross-correlation coefficient, Tint
equals to the time lag of (Rxy)max, i.e. Rxy(s = Tint) = (Rxy)max.

The turbulent fluctuations in air-water interfacial velocity were
approximated based on the shapes of the auto-correlation function
Rxx(s) and cross-correlation function Rxy(s). Assuming a random
detection of an infinitely large number of air-water interfaces by
the phase-detection sensors, the correlation functions of the signal
followed a Gaussian distribution, and the interfacial turbulence
intensity Tuint was calculated as (Felder and Chanson, 2014)

Tuint ¼ v0

Vint
¼ 1

Tint

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
p

Txy

ðRxyÞmax

� �2

� T2
xx

 !vuut ð2Þ

where Tuint is the interfacial turbulence intensity, Vint is the local
time-averaged interfacial velocity, v0

int is the velocity standard devi-
ation, and Txx and Txy are respectively the auto- and cross-
correlation time scales defined as

Txx ¼
Z sðRxx¼0Þ

0
RxxðsÞds ð3Þ

Txy ¼
Z sðRxy¼0Þ

T
RxyðsÞds ð4Þ

In a highly-aerated turbulent flow, the interfacial velocity fluc-
tuations often differ from the water-phase turbulence. The quan-
tification of the latter may be derived from a total pressure
measurement, albeit this is not straightforward because of the
presence of air bubbles. That is, the total pressure signal in a bub-
bly flow contained pressure drops corresponding to the impact of
air bubbles on the pressure sensor. Fig. 3 shows a typical probabil-
ity density function (PDF) of total pressure signal in the aerated jet
(C = 0.12), where the bimodal PDF distribution reflected the water-
phase total pressure fluctuation around a mean value of 3.02 kPa
(relative to atmospheric pressure) and a significant amount of
pressure drop to 0.05 kPa due to the air bubble impact. Zhang
et al. (2016) developed an approximate approach to the water-
phase turbulence intensity in air-water flow based on the fluctua-
tions in total pressure:
Tuw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p02t

q2
wV4

w
� ð1�aÞa

4

ð1� aÞð1þ a
2Þ

vuut ð5Þ
where Tuw is the turbulence intensity of the water phase, p0
t is the

total pressure standard deviation, qw is the water density, Vw is
the local time-averaged water-phase velocity and a is the percent-
age of total pressure samples affected by air bubbles. The water-
phase turbulence intensity was obtained by eliminating the effects
of air bubbles which was interpreted in Zhang et al. (2016) in terms
of a = C, C being the time-averaged void fraction measured by
phase-detection probes. However, because of the different
geometries and response mechanisms of the total pressure and
phase-detection sensors, the void fraction often mis-predicted the
percentage of bubble-affected pressure drops in a bubbly flow, i.e.
a– C.

In the present work, two approaches were attempted to achieve
a more physical estimate of Tuw. Approach I was to determine a
directly from the total pressure signal by applying a single 40%
threshold between the two PDF peaks (Fig. 3), with a being the
number of pressure sample points below the threshold divided
by the total number of pressure samples. Approach II, on the other
hand, assumed a Gaussian distribution for the PDF of instanta-
neous water-phase total pressure, as illustrated in Fig. 3. After
removing the bubble-affected pressure samples below the thresh-
old, as described in Approach I, a Gaussian distribution was fitted
against the remaining PDF, and the standard deviation (p0

t)w was
obtained for the water phase, and Eq. (5) became:
Tuw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp0

tÞ2w
q2

wV
4
w

s
ð6Þ
with (p0
t)w < p0

t and a = 0. Note that Eqs. (5) and (6) neglected the
higher order terms Tuw

3 , Tuw
4 (Zhang et al., 2016). Further, the use

of water velocity and interfacial velocity made little difference in
high-speed bubbly flow where the non-slip condition applied, i.e.
Vw � Vint.



H. Wang et al. / Chemical Engineering Science 177 (2018) 245–260 249
2.4. Experimental flow conditions

All measurements were conducted on the jet centreline at sev-
eral cross-sections perpendicular to the jet support. Three jet
impact velocities were investigated: V1 = 2.4, 3.7 and 5.5 m/s. Here
V1 is the cross-sectional average jet velocity at the longitudinal
position of the impingement point (x = x1). For each impact veloc-
ity, three impingement positions were tested: x1 = 0.05, 0.1 and
0.15 m, corresponding to three jet lengths denoted x1 for simplic-
ity. The flow conditions are summarised in Table 1, where the jet
thickness at impact d1 was the equivalent clear water depth deriv-
ing from phase-detection probe measurements at x = x1. The
equivalent clear water depth was close to the theoretical jet thick-
ness given by the continuity and Bernoulli equations based on noz-
zle opening d0, nozzle velocity V0 and jet length x1.

3. Free-falling jet: pre-aeration and inflow turbulence

3.1. Air entrainment in free-falling jet

The free-falling jet was quasi-two-dimensional. The nozzle edge
induced a flow singularity at (x = 0, y = d0), and an interfacial air-
water mixing layer developed downstream at the jet free-surface.
The air entrainment through the jet surface is referred to herein
as the jet pre-aeration, with respect to the singular air entrainment
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Fig. 4. Air entrainment in free-falling jet: (A) Void fraction distributions at different cr
discharge – comparison with data of Bertola et al. (2017) at x = 0.1 m; (C) Longitudinal de
of Bertola et al. (2017); (D) Longitudinal development of maximum bubble count rate n
at the impingement point. The pre-aeration was expected to be dri-
ven by both jet surface disturbance originating from the nozzle
edge and the flow turbulence that interacted with the free-
surface (Hoyt and Taylor, 1977; Chanson, 1997).

Herein the jet pre-aeration was quantified using the phase-
detection probe on the jet centreline. Typical void fraction distribu-
tions are shown in Fig. 4a for a given nozzle velocity V0 = 5.3 m/s.
The results are compared with a previous dataset by Bertola
et al. (2017) in terms of the air entrainment ratio (Fig. 4b), air dif-
fusion layer thickness (Fig. 4c) and maximum bubble count rate
(Fig. 4d). The comparison showed similar streamwise variation
trends for all parameters between the present and previous stud-
ies, while the effects of inflow turbulence modification can be seen,
associated with the installation of mesh rollers in the upstream
pipeline (Fig. 1b). Compared to the earlier work without the mesh
rollers, a better-organised flow was delivered into the nozzle, with
a more uniform flow and less free-surface disturbance in the falling
jet, as well as potentially modified turbulence levels.

The void fraction distributions showed almost clear water with
little air entrainment immediately downstream of the nozzle, fol-
lowed by a rapid increase in the amount of entrained air along
the jet (Fig. 4a and b). In Fig. 4a, the void fraction profiles are com-
pared with the theoretical solution of the advective diffusion equa-
tion for air bubbles in a high-velocity water jet discharging into air
(Chanson, 1997):
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C ¼ 1
2

1þ erf
y� Y50ffiffiffiffiffiffiffiffi

Dt
x
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p
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þ 1
2

1� erf
yþ Y50ffiffiffiffiffiffiffiffi

Dt
x
V

p
 ! !

ð7Þ

where Dt is a depth-averaged diffusivity, Y50 is the location where C
= 0.5, V is the free-stream velocity and erf() is the Gaussian error
function. Eq. (7) describes a typical interfacial self-aeration process,
which agreed well with the present experimental data for x/d0 < 6,
and for x/d0 > 6 when y > Y50. For x/d0 > 6, y < Y50, the experimental
data showed higher void fraction than the theoretical prediction.
Similar findings were reported in Bertola et al. (2017) for large jet
velocities with even higher air content next to the jet support.
The difference between the physical data and theoretical expression
suggested additional sources of air entrainment other than the free-
surface aeration. Considering the initial clear-water jet condition at
the nozzle, the additional air entrainment was most likely caused
by the presence of unsteady three-dimensional structures in the
jet. Such disturbance structures developed along the jet and chan-
ged positions randomly in the spanwise direction, sometimes lead-
ing to air cavities between the jet flow and the support wall. This
may also explain the void fraction and bubble count rate distribu-
tions in the plunging pool, with a secondary peak next to the jet
support corresponding to the secondary air entrainment source
(see Section 4.1). The jet disturbance and associated flow instabili-
ties were reduced in the present study by introducing the flow
redistributors upstream of the nozzle, and the difference from the
earlier work of Bertola et al. (2017) can be seen in terms of interfa-
cial turbulence intensity and auto-correlation time scale in Sections
5.2 and 5.3.

Fig. 4b shows the longitudinal increase in air entrainment rate
for different jet velocities. Herein the jet air entrainment flux qa,j

was calculated as

qa;j ¼
Z d

0
CVdy ð8Þ

where d is the jet thickness, d = Y50 in the present study. The data
are compared with Bertola et al. (2017) for similar jet velocities,
where d was set to be the equivalent clear water depth that was
found close to Y50. The results showed comparable pre-
entrainment ratios qa,j/qw at the impingement point between 13%
and 24% for both experiments. Visually a more uniform surface
roughness pattern was observed in the present study, with smaller
jet disturbance and less flow instabilities. This was consistent with
the smaller thickness of surface air-water mixing layer (Y90 � Y10)/
Table 2
Turbulence intensity in aerated free-falling jet prior to impingement.

qw (m2/s) V1 (m/s)

Present study 0.0264 2.4
0.0230 2.4
0.0662 5.6
0.0639 5.5

Bertola et al. (2017) 0.0249 2.5
0.0424 3.8
0.0647 5.6
0.0877 7.4

Cummings and Chanson (1997a, 1997b) 0.0240 2.39
0.0720 6.14

Brattberg and Chanson (1998) 0.0171 2.0
0.0318 3.0
0.0465 4.0
0.0450 4.0
0.0434 4.0
0.0576 5.0

Notes: qw: water discharge per unit width; V1: impact velocity; x1: jet length; Tuw: turb
d0 for the present setup, as shown in Fig. 4c, where Y90 and Y10 are
locations with C = 0.9 and 0.1 respectively. Nevertheless, the broad-
ening of the surface mixing layer over the 0.1 m jet length was con-
siderable, characterising a relatively high jet surface disturbance. In
a given cross-section, the maximum bubble count rate Fmax was
consistently observed at a position close to the jet surface where
the void fraction C = 0.5. The results were overall consistent with
the literature on pure free-surface aeration in planar jets discharg-
ing into air (Low, 1986; Brattberg et al., 1998). The dimensionless
maximum bubble count rate Fmaxd0/V0 increased with increasing
jet velocity and, for a given velocity, decreased along the falling
jet (Fig. 4d). Compared to the setup in Bertola et al. (2017), a larger
number of bubbles (or water-air interfaces) were induced as a result
of the turbulence modification and free-surface breaking. Consider-
ing the comparable pre-entrainment air fluxes in both studies, the
higher bubble or interface count rate (Fig. 4d) could indicate
entrainment of smaller air bubbles, or higher jet surface fluctuation
rate detected by the fixed phase-detection sensor.
3.2. Turbulence intensity in pre-aerated jet

Velocity measurements in the falling jet showed negligible
boundary layer development against the jet support. The free-
stream turbulence intensity was estimated using Eqs. (5) and (6).
The results given by both approaches are summarised in Table 2
for the present study and Bertola et al. (2017), where the listed val-
ues are the average turbulence intensities for 0.5 < y/d1 < 0.8 at x =
0.1 m. The reference data of Cummings and Chanson (1997a) and
Brattberg and Chanson (1998) in Table 2 were obtained with differ-
ent methods (but with the same nozzle), the former using a Pitot
tube connecting to a pressure transducer and the latter using a
hot-film probe.

The two approaches yielded similar results with the same order
of magnitude. The jet flows in the present study had slightly larger
free-stream turbulence intensities than in Bertola et al. (2017),
linked to the presence of additional flow redistributors in the
inflow pipe. The higher turbulence intensity might be responsible
for the higher bubble count rate in the pre-aerated jets (Fig. 4d).
Both studies using the current facilities had more turbulent jets
than the experiments in 1990s. The effects of jet velocity on jet tur-
bulence intensity were not obvious. For a given velocity, the pre-
sent study and Brattberg and Chanson (1998) showed
consistently a larger turbulence intensity for a longer jet length.
x1 (m) Tuw Approach I (Eq. (5)) Tuw Approach II (Eq. (6))

0.05 0.052 0.058
0.1 0.111 0.084
0.05 0.058 0.091
0.1 0.045 0.146

0.1 0.087 0.056
0.1 0.041 0.059
0.1 0.039 0.044
0.1 0.017 0.042

0.0875 0.016
0.0875 0.0075

0.1 0.0173
0.1 0.0265
0.05 0.02
0.1 0.0285
0.15 0.03
0.1 0.025

ulence intensity deriving from total pressure measurement.
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4. Plunging jet: air-water flow properties

For all investigated flow conditions (2.4 m/s < V1 < 5.6 m/s, 0.05
m < x1 < 0.15 m), a bubble cloud formed underneath the impinge-
ment point, and the penetration depth increased with increasing
impact velocity V1. Visible vortical structures formed and were
advected in the shear layer (Fig. 1b), carrying entrained bubbles
into deep water. Both the entrainment of air and successive forma-
tion of large vortices appeared to contribute to free-surface fluctu-
ations in the receiving pool, leading to an instantaneous change in
jet length and oscillations of impingement point elevation around a
mean position x1. Some entrained bubbles were dispersed in water,
while the rest were driven back to the free-surface by buoyancy or
re-entrained into the shear layer by recirculating flow motions.
Basic air-water flow properties were measured on the phase-
detection probe leading tip, including the time-averaged void frac-
tion, bubble count rate and bubble chord length.
4.1. Void fraction

Fig. 5a presents typical distributions of time-averaged void frac-
tion C in the downstream vicinity of impingement point for V1 =
3.7 m/s, x1 = 0.1 m, at three depths. The void fraction profile exhib-
ited a marked maximum Cmax at a horizontal position YCmax. The
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Fig. 7. Bubble count rate in plunging jets: (A) Typical distributions of dimensionless bu
bubble count rate – Effect of impinging velocity, x1 = 0.1 m; (C) Longitudinal variation o
maximum void fraction decreased with increasing depth below
the impingement point. Fig. 5b plots the longitudinal decay of
maximum void fraction for various impact velocities with the same
jet length x1 = 0.1 m. The effects of jet length are illustrated in
Fig. 5c for two velocities.

In Fig. 5a, a secondary peak was seen in the first cross-section
((x � x1)/d1 = 2.5, i.e. x � x1 = 0.02 m) between y = 0 and YCmax.
This local peak void fraction corresponded to the extra air entrain-
ment next to the jet support, associated with the interaction
between some three-dimensional jet disturbance structures and
the support wall, which had allowed air in between the jet and
the wall. This was a unique type of jet pre-aeration observed for
supported jets with relatively long falling lengths and high devel-
oping disturbance. The void fraction profile was the superposition
of this pre-aeration and the analytical solution of bubble diffusion
equation with a point source of air bubbles at x = x1, y = d1

(Chanson, 1997):

C ¼ qa

qw

YCmax
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where qa is the air flow rate per unit width in the plunging pool and
D# is a dimensionless diffusivity assumed independent of the
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horizontal position: D# = Dt/(V1d1). Eq. (9) is compared with the
experimental data in Fig. 5a, the agreement indicating the bubble
transport in the subsurface bubbly flow being primarily an advec-
tive diffusion process. The magnitude of maximum void fraction
and the rate of its longitudinal decay were shown mostly consistent
between the present data and the data of Bertola et al. (2017) for
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Fig. 8. Positions of maximum void fraction and maximum bubble count rate as functions
and Chanson (1998) and Bertola et al. (2017).
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similar impact velocities (Fig. 5b). Although Eq. (9) implied a rela-
tionship Cmax / (x � x1)�0.5, a range of exponents between �0.35
and �0.6 were reported in the literature (e.g. Brattberg and
Chanson, 1998). Fig. 5b shows that a larger impact velocity led to
a larger maximum void fraction Cmax that decayed over a longer
longitudinal distance. This was consistent with the observation of
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more intense air entrainment and a larger bubble penetration depth
for a faster impinging jet. Similar effects of a longer jet length are
shown in Fig. 5c.

The diffusivity coefficient D# was derived from the best fit of Eq.
(9) to the experimental data. The results are plotted in Fig. 6 as a
function of the longitudinal position, with comparison to the find-
ings of Cummings and Chanson (1997b), Brattberg and Chanson
(1998) and Bertola et al. (2017). The present data yielded 0.01 <
D# < 0.07, agreeable with those of Cummings and Chanson
(1997b) and Brattberg and Chanson (1998). For most flow condi-
tions, the data showed an increasing trend in the longitudinal
direction as the diffusion layer expanded. Although the data of
Bertola et al. (2017) approached the same dimensionless value
D# � 0.07 downstream (Fig. 6), large diffusivities were obtained
close to the impingement point, showing a decreasing trend for
0 < x � x1 < 10d1. The decreasing trend was also observed for two
of the present jet conditions, namely, V1 = 3.7 and 5.5 m/s with
the largest jet length x1 = 0.15 m (see the arrow in Fig. 6). This rel-
atively high diffusivity in the vicinity of impingement point was
linked to the high jet disturbance and surface breaking that
resulted in a thickened air-water mixing layer below the impinge-
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Fig. 10. Time-averaged longitudinal interfacial velocity: (A) Definition sketch; (B) Typica
pressure measurement; (C) Longitudinal decay of maximum velocity, with comparison t
with comparison to data of Brattberg and Chanson (1998) and Bertola et al. (2017).
ment point. The impact of the disturbance on the subsurface bub-
ble distribution was only seen within a short distance (�10d1)
below the impingement point. Note that the jet disturbance level
was reduced in the present study, compared to that in Bertola
et al. (2017). As a result, only the most disturbing inflow conditions
in the present experiments were under the impact of large jet dis-
turbance thus showing a decreasing D#, whereas the same effects
were seen for all flow conditions in Bertola et al. (2017), even with
the lowest jet velocity. For a given impact velocity, a larger jet
length allowed for more developed jet disturbance hence yielded
larger diffusivity coefficients in the plunging pool.

4.2. Bubble count rate

The bubble count rate is the number of bubbles detected by one
phase-detection sensor per second. For a given void fraction, the
bubble count rate is proportional to the total interfacial area
between entrained air and surrounding water, thus relevant to
the air-water mass transfer. Several studies on air-water shear flow
showed strong coupling between bubble count rate and local shear
force as well as the flow Reynolds number (e.g. Wang and Chanson,
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2016). Fig. 7 presents the typical unimodal distributions of dimen-
sionless bubble count rate in the plunging jet (Fig. 7a) and the lon-
gitudinal variation of the maximum value Fmaxd1/V1 (Fig. 7b and c).
The presence of the maximum bubble count rate corresponded to
the singular air entrainment at the impingement point and the
most intense interplay between the entrained bubbles and local
shear stresses, during which large air packets were broken into
small particles. For a large impact velocity and jet length, a sec-
ondary local maximum was also seen between the dominant peak
and the support wall, in consistence with the above discussion for
the void fraction data.

The present data showed monotonically decreasing maximum
bubble count rate with increasing depth (Fig. 7b and c). The data
were agreeable with previous experiments using the same sensor
size for x � x1 > 8d1 (Bertola et al., 2017). For 0 < x � x1 < 8d1, how-
ever, the previous experimental results showed smaller maximum
bubble count rates, with an overall pseudo-parabolic profile shape
for the longitudinal evolution of Fmax (Fig. 7b) (Brattberg and
Chanson, 1998; Bertola et al., 2017). The high initial maximum
bubble count rate in the present study was associated with the
high interface count rate in the free-falling jets (Fig. 5d). Basically,
the present impinging jets were more breaking due to the installa-
tion of in-pipe mesh rollers. The breaking jet surface and associ-
ated generation of splashing drops entrained a larger number of
small bubbles at the jet impingement. These small air particles
had low momentum and were detrained rapidly over a short dis-
tance below the pool free-surface. For comparison, the dominant
processes in the previous experiments with less breaking jets were
the entrapment of large air packets and their breakup into small
bubbles by the shear forces, thus yielding a streamwise increasing
Fmax for 0 < x � x1 < 8d1. A larger impact velocity gave a larger
maximum bubble count rate at a given cross-section. While the
effects of jet length were not obvious for a small impact velocity
(e.g. V1 = 2.4 m/s in Fig. 7c), a larger bubble count rate was
observed, along with a lower longitudinal decay rate, for a rela-
tively high impact velocity (e.g. V1 = 5.5–5.6 m/s in Fig. 7c).

The presence of maximum void fraction Cmax and maximum
bubble count rate Fmax were respectively related to the develop-
ment of an air diffusion layer and turbulent shear layer
(Chanson, 1997). The respective horizontal positions YCmax and
YFmax did not coincide. Fig. 8 plots the position data for all tested
flow conditions. The present data were best fitted by
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A comparison with Brattberg and Chanson (1998) and Bertola
et al. (2017) showed good agreement of the present data with
the former and slightly larger YCmax and YFmax recorded by the lat-
ter. Note that simplistic linear fits like Eqs. (10) and (11) originated
the diffusion layer and the shear layer at 1.15 < y/d1 < 1.2, rather
than y = d1. This can be understood by noting that d1 was the
equivalent clear water depth, while, for a highly aerated free-
falling jet, the thickness of air-water mixing layer at the jet surface
should not be ignored.
4.3. Bubble chord length

The bubble size distributions may be characterised in terms of
the bubble chord length which is the time of a bubble spent on
the phase-detection probe tip multiplied by the local velocity
(velocity data are presented in Section 5.1). Fig. 9 shows the PDFs
of bubble chord length measured at y = YFmax in given cross-
sections. Fig. 9a shows the results at four cross-sections in the
same plunging jet (V1 = 3.6 m/s, x1 = 0.1 m), and Fig. 9b demon-
strates the effect of jet length for three jets with similar impact
velocity, all at x-x1 = 0.06 m. For all data sets, the bin size of PDF
was 0.5 mm, and all data greater than 10 mm were re-grouped at
the end of axis.

The results showed a broad bubble chord length spectrum from
sub-millimetres to centimetres. The probability distribution
skewed towards small bubble size, with the largest population
mostly between 0.5 and 1 mm. As the depth increased, the per-
centage of sub-millimetric bubbles increased and that of large air
packets (>10 mm) decreased (Fig. 9a), indicating a longitudinal
decrease in mean bubble size. Noting meanwhile the longitudinal
decrease in bubble count rate (Section 4.2), this implied a de-
aeration of the two-phase receiving flow with increasing depth.
In addition to the breakup of large bubbles during their advection
in the shear flow, the decrease in mean bubble size was also con-
tributed by the development of large-scale vortical structures.
Large bubbles were captured in these vortical structures, some
were ejected into ambient water by centrifugal force, and some
were recirculated back into the high-momentum region and expe-
rienced further break-up process. For an elongated jet length, a
greater proportion of large bubbles were detected at the same dis-
tance below the pool free-surface (Fig. 9b).
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5. Plunging jet: velocity and turbulence

The use of dual-tip phase-detection probe provided some mea-
sure of air-water flow turbulence properties by correlating the two
sensor signals. These properties included the time-averaged longi-
tudinal velocity Vint, turbulence intensity Tuint and auto-
correlation time scale Txx,int, the subscript int denoting the proper-
ties of air-water interfaces, which may differ from the liquid-phase
turbulence properties when the compressibility of air is not negli-
gible or the non-slip condition is no longer valid (e.g. when the
flow velocity is small). The total pressure sensor responded directly
to the velocity fluctuations in the flow, although the signal encom-
passed low-pressure samples associated with the impact of air
bubbles. Herein the velocity, turbulence intensity and auto-
correlation time scale were also derived from the total pressure
signals, denoted as Vw, Tuw and Txx,p. Comparison between the
results of two instruments is presented.
5.1. Time-averaged velocity

The time-averaged interfacial velocity Vint was calculated using
Eq. (1). Fig. 10a shows a definition sketch of typical velocity profile
in the plunging pool. Fig. 10b presents the experimental results in
two plunging jets with similar impact velocities but different jet
lengths, where the velocity profiles were measured at the same
depth beneath the impingement point. The velocity profiles
showed the transition from high-speed flow next to the jet support
to the still surrounding water. Large velocity gradient was
observed immediately below the impingement point, followed by
a gradual broadening of the shear layer with less sharp velocity
transition further downstream. The velocity distributions followed
the analytical solution of the equation of motion in a free shear
layer (Rajaratnam, 1976; Schlichting, 1979). A modified form was
proposed herein to take into account the upward flow reversal:

Vint � Vrecirc

Vmax � Vrecirc
¼ 1

2
1� erf

Kðy� y0:5Þ
x� x1

� �� �
ð12Þ

where Vrecirc is the mean recirculation velocity, Vmax is the maxi-
mum streamwise velocity, y0.5 is the horizontal position where Vint

= (Vmax � Vrecirc)/2, and K is a coefficient deriving from the assump-
tion of a constant eddy viscosity mT = (x � x1)V1/(4K2) across the
shear layer (Fig. 10a). Eq. (12) is compared with the experimental
data in Fig. 10b. Fig. 10b also included the water velocity Vw calcu-
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Fig. 12. Auto-correlation time scales of bubbly flow structures and air-water flow total
Bertola et al. (2017): (A) V1 = 2.4 m/s, x1 = 0.1 m; (B) V1 = 5.5 m/s, x1 = 0.1 m.
lated from the time-averaged total pressure by taking into account
the local void fraction and ignoring the static pressure component
in the high-velocity region. Comparison between the interfacial
velocity Vint and liquid-phase velocity Vw showed good agreement,
by which the non-slip condition was justified in the high-speed air-
water flow. In the surrounding water pool, the void fraction was
small and the velocity was negligible, and the total pressure equal-
led to the static pressure related to the local depth.

The maximum velocity Vmax decreased in the longitudinal
direction as the impinging flow decelerated in the receiving bath
(Fig. 10c). The present data showed consistent decay trend with
that of Bertola et al. (2017) for similar impact velocities. The pen-
etration depth is the distance over which the maximum interfacial
velocity decreased from V1 to zero at stagnation. The faster decel-
eration seen in Fig. 10c was in accordance with the observation of a
smaller penetration depth for a smaller impact velocity (Clanet and
Lasheras, 1997; Harby et al., 2014; Kramer et al., 2016). The change
in jet length did not modify the positive velocity distributions sig-
nificantly for the tested flow conditions. However, for all impact
velocities, no upward motion was recorded (Vrecirc = 0) for the
smallest jet length x1 = 0.05 m, whereas negative velocities (Vrecirc

< 0) were measured on the still-water side of the shear layer for
longer jet lengths x1 = 0.1 and 0.15 m. The presence of negative
velocity was associated with the rotational motion of large vortical
structures in the shear layer, as a form of Kevin-Helmholtz instabil-
ity, which was enhanced by larger jet disturbance developing over
a longer jet falling distance.

The expansion rate of the momentum shear layer is inversely
proportional to the coefficient K in Eq. (12). The value of K
increased almost linearly with increasing longitudinal distance,
as shown in Fig. 10d. The present data compared well with the pre-
vious datasets. As the depth increased and the local mean void
fraction decreased, the value of K in the air-water plunging jet
approached the typical value of K � 11 for monophase shear layers.

5.2. Turbulence intensity

The cross-sectional profiles of interfacial turbulence intensity
Tuint calculated with Eq. (2) are presented in Fig. 11 for two impact
velocities with the same jet length. The results are compared to the
data of Bertola et al. (2017) at close longitudinal positions. The
interfacial turbulence intensity results were typically at a high
level from 0.5 up to 3–4, increasing slightly with increasing impact
velocity and decreasing in the longitudinal direction. The very-high
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pressure field – Comparison with bubbly flow auto-correlation time scale data of
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turbulence intensity reflected the existence of non-randomness in
bubble distribution because of the bubble-turbulence interplay,
e.g., in a form of bubble clustering, which biased (flattened) the
correlation functions of phase-detection probe signals from a
Gaussian distribution (Eq. (2)). An evidence was the presence of
local maximum interfacial turbulence intensity in a horizontal
cross-section corresponding to the detection of bubbles advected
in large eddies in the shear layer (Fig. 11b). Sometimes
physically-meaningless large values were obtained due to the
presence of large-scale flow instabilities such as the oscillations
of shear layer position, fluctuations of free-surface elevation, and
spanwise movement of three-dimensional jet disturbance struc-
tures. This can be seen in the previous Tuint data of Bertola et al.
(2017) between y/d1 = 0 and 1.5 (Fig. 11b). These extremely large
values were believed to link with the formation of jet disturbance
structures against the jet support boundary and the associated
entrainment of air cavities between the jet and the wall, at a time
scale significantly greater than the turbulence time scale in bubble
advection. For comparison, the reduction of jet disturbance in the
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Fig. 14. Longitudinal variation of air entrainment rate in plunging pool, with comparison
0.1 m; (B) Effects of jet length for given impact velocity V1 = 5.5–5.6 m/s.
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Fig. 13. Characteristic positions of maximum auto-correlation time scales and
maximum time-averaged velocity gradient – 2.4 m/s < V1 < 5.6 m/s, 0.05 m < x1 <
0.15 m, 0.03 m < x � x1 < 0.19 m.
present experimental setup yielded much meaningful turbulence
intensity data.

In Fig. 11, the interfacial turbulence intensity Tuint is further
compared with the water-phase turbulence intensity Tuw deriving
from the total pressure data. Both approaches (Eqs. (5) and (6))
were applied. Similar results were obtained between the two
approaches with an error typically less than 15%. In some flow
regions with relatively high void fraction and low velocity, the
PDF of total pressure samples did not show well-separated bimo-
dal distributions as in Fig. 3, and we assumed a = C for Eq. (5) for
the approximate of Tuw in this case. Fig. 11 shows water-phase tur-
bulence intensities in the order of 10�1 in the jet core (e.g. 0 < y/d1

< 1.5 in Fig. 11 at x � x1 = 0.06 m, for both impact velocities), which
increased slightly in the shear layer (e.g. y/d1 > 1.5 in Fig. 11). The
water-phase turbulence intensity Tuw was typically one order of
magnitude smaller than the interfacial turbulence intensity Tuint,
suggesting considerable difference between the two quantities.
Further, one must be careful with the respective assumptions for
the use of Eqs. (2), (5) and (6) as well as the associated uncertain-
ties for the estimate of turbulence intensities in a highly-turbulent
bubbly flow.
5.3. Turbulence auto-correlation time scale

The auto-correlation time scale of phase-detection probe signal,
Txx, defined by Eq. (3), characterised a ‘‘lifetime” of the advective
bubbly flow structures. Its counterpart of total pressure signal,
Txx,p, was also calculated. Typical results are presented in Fig. 12
and compared with the bubbly flow time scale reported by
Bertola et al. (2017). It is noteworthy that, unlike the water-
phase turbulence intensity Tuw, the total pressure auto-
correlation time scale Txx,p was directly derived from the total
pressure signal and consisted of both contributions of water-
phase flow and bubbly flow structures detected by the total pres-
sure sensor. Therefore, the data Txx,p was expected qualitatively
larger than Txx, as proofed by the experimental results in Fig. 12.
Similar to the comparison of interfacial turbulence intensity Tuint

between the present work and Bertola et al. (2017) (Fig. 11), the
previous auto-correlation time scale data was extremely high next
to the jet support (0 < y/d1 < 1.5) because of the large-scale
unsteady flow motions in the form of longitudinal propagation
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and transverse movement of three-dimensional disturbance
structures.

In a given cross-section, the bubbly flow auto-correlation time
scale Txx exhibited a maximum value in the shear flow where
large-size vortical structures interacted intensively with bubbles.
The bubbly vortex maintained its coherent structure over a rela-
tively long distance when advected downward in the shear layer,
yielding a relatively large turbulent time scale. The magnitude of
dimensionless maximum auto-correlation time scale (Txx)maxV1/
d1 ranged from 0.001 to 0.005, independent of the depth and
increasing with either increasing impact velocity or increasing jet
length. The position of the maximum time scale y((Txx)max) was
found close to the characteristic position y0.5 in Eq. (12), as demon-
strated by Fig. 13. The position y0.5 was where the time-averaged
velocity gradient was maximum. Beyond this position with
increasing distance from the jet support, the total pressure auto-
correlation time scale Txx,p reached a higher level, because the large
time scale of free-surface fluctuations became overwhelming when
the kinetic pressure in surrounding water was negligible.
6. Air entrainment rate

The air entrainment in a plunging jet consisted of the pre-
aeration in the impinging jet and the singular air entrainment at
the impingement point. The air flux in the subsurface air-water
flow region was calculated in the form of Eq. (8), with the upper
limit of integral being the position of zero time-averaged velocity.
That is, the air flux qa was integrated across the positive velocity
region. The air entrainment rate, namely the ratio of entrained
air flux to water discharge qa/qw, is presented in Fig. 14 for selected
flow conditions, to demonstrate the effects of impact velocity
(Fig. 14a) and jet length (Fig. 14b) on its longitudinal evolution.
The data of Bertola et al. (2017) are included for comparison.

For all tested flow conditions, the results showed a wide range
of air entrainment rate from qa/qw = 0.05 to 0.8 for different impact
velocities and jet lengths at immediately below the impingement
point. The air entrainment capacity of plunging jet was signifi-
cantly enhanced by either increasing the impact velocity or elon-
gating the jet length. Despite some data scatter due to the
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Fig. 15. Comparison of air entrainment rate between experi
velocity measurement uncertainties, the present air entrainment
rate data showed generally a decreasing trend with increasing
depth, especially for large impact velocities. This was consistent
with the finding of Bertola et al. (2017). The longitudinal decreas-
ing air flux distribution in the near-field of impingement point was
believed to link with the relatively high jet disturbance level. At
large jet impact velocities, the high initial air flux at the impinge-
ment point and the following rapid decay between x � x1 = 0 and
�10d1 corresponded to a detrainment of the air bubbles entrapped
by the breaking jet surface and the fluctuating free-surface of the
receiving pool. These bubbles were not advected into deep water
because of their low momentum against the recirculating current
and buoyancy. The rate of detrainment became small further
downstream (15 < (x � x1)/d1 < 25), yielding relatively constant
air flux levels. For small impact velocities, constant air entrainment
rate was seen for 0 < (x � x1)/d1 < 25, similar to the finding of little
longitudinal detrainment reported by Brattberg and Chanson
(1998) albeit for a much wider range of jet velocities with lower
jet disturbance. Overall, the longitudinal evolution of near-field
air entrainment rate could be fitted with an exponential law:

qa

qw
¼ a exp �b

x� x1

d1

� �
ð13Þ

with the coefficients a and b as functions of the jet flow conditions.
Along with the present data and the data of Bertola et al. (2017), a
and b were correlated to the dimensionless impact velocity (2.4 m/
s < V1 < 7.4 m/s) and jet length (0.05 m < x1 < 0.15 m):

a ¼ 0:043
V1ffiffiffiffiffiffiffiffi
gd1

p þ 0:030
x1

d1
� 0:37 ð14Þ

b ¼ 0:00125
V1ffiffiffiffiffiffiffiffi
gd1

p � 0:00154
x1

d1
þ 0:0229 ð15Þ

Eq. (13) is compared with the experimental data in Fig. 14 for
given flow conditions. Its prediction for all investigated flow condi-
tions is plotted in Fig. 15 against the physical data, showing satis-
factory agreement for most conditions. It is noteworthy that,
though differences in air entrainment rate were observed between
the present and previous studies because of different jet distur-
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mental data and calculation by empirical law (Eq. (13)).
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bance levels (Fig. 14), the effects of jet disturbance were not quan-
tified in Eqs. (14) and (15) with current limited physical data in the
literature.

The air entrainment in the investigated plunging jet was char-
acterised by a substantial contribution of pre-entrainment in the
jet, including occasionally additional air entrainment between
the jet and support wall associated with the jet instabilities. The
proportion of pre-entrainment contribution was found typically
between 45% and 70% in the present study, higher for small
entrainment rates and lower for large entrainment rates. This pro-
portion range was higher than the range of 23–47% observed in
Bertola et al. (2017). Nevertheless, both studies indicated that,
for a plunging jet with highly turbulent inflow conditions, the jet
pre-aeration could be equally important as the air entrainment at
the jet impingement, thus should not be ignored.
7. Conclusion

A physical study was performed to investigate the air-water
flow properties and bubble-turbulence interplay in vertical planar
supported plunging jets. The air-water flow properties and total
pressure were measured in both falling jet and plunging pool. A
combination of three impact velocities and three jet lengths were
investigated. For the same impact velocity, a longer jet corre-
sponded to more developed jet disturbances at the impingement.

The impinging jet was characterised by substantial free-surface
air entrainment, with a rapid increase in air flux and surface mix-
ing layer thickness along the jet. Some large disturbance was
observed for large jet velocities and jet lengths, leading to addi-
tional air entrainment from occasionally-formed air cavities
between the jet and support walls. Quantification of free-stream
turbulence intensity was possible in the highly-aerated jet based
on total pressure measurement. Eliminating the bubble impact
from total pressure samples, the jet turbulence intensity was esti-
mated to be about 0.05. The installation of in-pipe flow redistribu-
tors upstream of the jet nozzle reduced the jet disturbance and
instabilities, while it slightly increased the free-stream turbulence
intensity.

The time-averaged void fraction and bubble count rate distribu-
tions in the downstream vicinity of impingement point were
affected by the pre-entrainment in the jet. The downward bubble
transport was primarily an advective diffusion process, and the
void fraction profiles followed the analytical solution of point-
source bubble diffusion equation. For most flow conditions, the
cross-sectional average bubble diffusivity increased with increas-
ing depth as the bubble diffusion layer broadened. However, with
a significant jet disturbance, high bubble diffusivity was observed
immediately below the impingement point, and it decreased to
the same level of Dt � 0.07 in deep water as for less disturbing
inflow conditions. Both maximum void fraction and maximum
bubble count rate increased with increasing impact velocity and
increasing jet length, and their positions did not coincide. The tur-
bulence modification and surface breaking in the jet led to large
bubble count rate at the impingement point and a monotonic lon-
gitudinal decrease in the corresponding Strouhal number, differing
from the dominant process of large entrained air packets breaking
into small bubbles for unmodified jet conditions.

The longitudinal velocity, turbulence intensity and auto-
correlation time scale were derived from both phase-detection
probe signal and total pressure signal, separately. Ignoring the sta-
tic pressure in high-velocity regions, the two instruments gave
close interfacial velocity and water-phase velocity. A variation in
jet length did not change the longitudinal deceleration rate for
the same impact velocity, but the flow reversal was enhanced with
a longer jet. The expansion rate of the shear layer was enlarged by
the presence of air bubbles and decreased as the flow de-aerated.
Remarkable difference was shown between the interfacial and
water-phase turbulence intensities. Any estimate of turbulence
properties involving correlation analyses could be sensitive to the
presence of large-scale turbulence and flow instabilities, and the
turbulence level in the affected region might be overestimated.
The bubbly-flow auto-correlation time scale showed a maximum
at the position of greatest velocity gradient, implying that the bub-
bly flow maintained its coherent eddy structures for a longer time
in the shear layer as well as for a larger impact velocity or a longer
jet length. The longitudinal detrainment rate in the near-field
could be modelled by an empirical exponential law as a function
of the jet velocity and falling height for a range of flow conditions.
The air entrainment rate data highlighted the pre-entrainment
contribution.

Overall, the jet impact velocity and jet length had significant
effects on the air entrainment and subsurface air-water flow prop-
erties in plunging jets. A larger jet impact velocity or a longer jet
length increased the air content, air-water interfacial area, air
entrainment rate and mean bubble size in the plunging pool. The
impact of jet disturbance was mainly observed within a short dis-
tance below the impingement point, in terms of bubble population,
diffusivity and detrainment. A correlation analysis could provide
indicators of large-scale disturbance. Both levels of inflow turbu-
lence and disturbance affected the air entrainment capacity of
plunging jets and potentially the mass/heat transfer, thus should
be carefully evaluated when the air-water flow is of primary
concern.
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