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Abstract

In plunging jets and at hydraulic jumps, large amounts of air bubbles are entrained at the
impingement of the liquid jet into the receiving body. Air is entrapped and advected into a
turbulent shear layer with strong interactions between the air bubble advection process and
momentum shear flow. In this new physical study, air—water flow measurements were sys-
tematically repeated with identical inflow length, inflow depth and inflow velocity in a ver-
tical supported jet (PJ) and a horizontal hydraulic jump (HJ). Detailed measurements were
conducted with the same instrumentation. Both similarities and differences were observed
between the two multiphase gas—liquid shear flows. Visual observations showed a key dif-
ference in the outer region, with a buoyancy-driven flow in the plunging jet with negligible
void fraction, versus a strong recirculation motion with uncontrolled interfacial aeration
in the hydraulic jump. Differences were also observed at the impingement perimeter, in
terms of fluctuation frequencies and amplitudes, for identical inflow conditions. Both flow
conditions yielded intense local singular air entrainment and close results were observed
in terms of void fraction, bubble count rate, bubble chord sizes and interfacial area in
the shear layer, in both the plunging jet and hydraulic jump. The transfer of momentum
between impinging jet and receiving water, as well as the effect of buoyancy, were however
affected by the flow geometry.

Keywords Air bubble entrainment - Plunging jets - Hydraulic jumps - Physical modelling -
Singular aeration

1 Introduction

With the very different fluid specific weight, the free-surface is typically a sharp interface
between air and water. There are however situations leading to strong mixing of air and
water, a phenomenon called air bubble entrainment or self-aeration [27, 34]. Both plunging
jets and hydraulic jumps are examples of local air entrainment and may commonly occur
in hydraulic, chemical, industrial and natural applications [9]. A plunging jet is defined as
a water jet impinging a receiving pool of water. Large amounts of air bubbles are entrained
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at the impingement of the liquid jet and receiving body [4, 16]. Entrapped air bubbles are
advected into a turbulent shear layer with strong interactions between the air advection pro-
cess and momentum shear flow [14, 15, 20, 31]. Considering the simple case of a vertical
supported jet, a free shear layer develops immediately downstream of the jet impact, and
the impingement perimeter is a line source of vorticity and air bubbles. A related shear
flow situation is the horizontal hydraulic jump. It is characterised by a transition from
supercritical flow to a subcritical flow [1]. Strong energy dissipation, air entrainment and
large-scale turbulence take place [21, 24, 33]. Applications of hydraulic jumps include
stilling basins of a dam, weirs and aeration structures for oxygen balance of a river system
[27]. Analogies between a shockwave from a supernova explosion and a circular hydraulic
jump have also been proposed by Foglizzo et al. [19].

An earlier study showed some analogy in terms of void fraction distributions between
hydraulic jumps and plunging jets, albeit without identical inflow conditions and a limited
data set [7]. Herein new air—water flow measurements were repeated with identical inflow
depth and velocity in a vertical supported jet and a horizontal hydraulic jump. The new
two-phase flow measurements presented both similarities and differences between the two
gas—liquid shear flow configurations. The results are discussed in terms of the two-phase
flow properties.

2 Physical experiments and instrumentation
2.1 Experimental facilities

The two-phase flow measurements were performed in two distinct large-size experimental
channels, with the same multiphase flow instrumentation and identical inflow conditions
for all series of experiments.

The vertical plunging jet experiments were conducted in a two-dimensional vertical
supported jet channel, previously used by Bertola et al. [2, 3] (Fig. 1a). The receiving tank
was 1.5 m deep, 1.0 m wide and 2.5 m long, with glass walls (Fig. 2a). The jet nozzle was
0.27 m wide (B=0.27 m) and 0.012 m thick, followed by a 0.35 m long jet support, at 89°
from the horizontal to prevent flow separation. The horizontal supported jet facility was
a 3.2 m long 0.5 m wide (B=0.5 m) hydraulic jump flume (Fig. 1b). The channel invert
was made out of HDPE and the sidewalls were 3.2 m long glass panels (Fig. 2b). The
flume was horizontal and the inflow was delivered through an adjustable vertical rounded
gate. The downstream water conditions were controlled by an overshoot gate located at the
downstream end.

Both facilities were supplied with a constant head water reticulation system, enabling a
perfectly constant water discharge during the entire experiments. The same instrumentation
and inflow conditions were used for both series of experiments.

2.2 Instrumentation

The clear-water jet thickness was measured using rail-mounted pointer gauges, with an
accuracy of + 0.5 mm. The water discharge was measured with a Venturi meter designed
based upon British Standards and calibrated on site, with an expected error of less than
2%. A Dwyer® 166 Series Prandtl-Pitot tube was used to record clear-water velocity.
The tube diameter was 3.18 mm with a hemispherical total pressure tapping at the tip
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Fig. 1 Definition sketches of the vertical supported plunging jet and horizontal hydraulic jump channels. a
Vertical supported plunging jet channel, b horizontal hydraulic jump channel

(@ 1.18 mm) and eight static pressure holes (@ 0.4 mm) equally spaced, located 27 mm
behind the tip. Calibration was not needed because of the ASHRAE tip design.

The air—water flow properties were recorded using two dual-tip phase-detection
probes. Each dual-tip probe was equipped with two needle sensors developed at the
University of Queensland. Each needle sensor consisted of an inner electrode insulated
from the outer needle (ID=0.5 mm). One probe had an inner electrode made out of
silver wire (@=0.25 mm), while the other used a stainless steel acupuncture needle
(@=0.18 mm). Each dual-tip probe was manufactured with two identical sensors sepa-
rated transversally by Az=2 mm and 2.3 mm, with the leading and trailing sensors were
separated longitudinally by Ax =4 mm to 6 mm. The probe sensors were simultaneously
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Fig.2 Photographic observations. a Vertical supported plunging jet channel: (Left) V,=2.46 m/s; (Right)
V,=4.5 m/s, b horizontal hydraulic jump channel: (Top) V,=1.79 m/s; (Middle) V,=2.46 m/s (Bottom)
V,=4.5 m/s—Flow direction from right to left
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excited by an air bubble detector electronics (Ref. UQ82.518) with a response time less
than 10 ps. The sampling rate was 20 kHz per sensor for 90 s for all probes.

Flow visualisations were conducted with two cameras: a Sony™ Xperia XA1 Ultra cam-
era with a frame rate of 30 fps and a resolution of 1920 1080 pixels, and a Casio™ EX-10
Exilim operating at 30 fps or 120 fps with a resolution of 640x480 pixels. For the advec-
tion speed of the vortices as well as for estimating the toe fluctuation frequency, the videos
were analysed manually to guarantee maximum reliability of the data. For the impingement
perimeter characteristics, the video movies were processed with Matlab™ using 1200 frames.
Photographic observations were also undertaken with a dSLR camera Pentax™ K3 (Fig. 2).

2.3 Experimental flow conditions

The experiments were carried out for three different inflow conditions, with impact veloci-
ties V,=1.79 m/s, 2.46 m/s and 4.5 m/s for both the plunging jet and hydraulic jump. The
free jet length x; was also constant for all inflow velocities in both setups: x;=0.1 m. The
gate opening in the hydraulic jump was chosen in a manner to reproduce the same impinge-
ment conditions as in the plunging jet. The same impingement velocity V, and jet thickness d,;
were achieved, as well as the same impingement Froude and Reynolds numbers denoted Fr;
and Re,. Table 1 summarises the inflow conditions for the present study. Herein, the Froude,
Reynolds and Morton numbers are defined as:

F Vi
1= )]
Vved,
R V, d, )
e =p
v
4
gH
Mo = =— 3)
po
Table 1 Experimental flow conditions (Present study)
Apparatus B Q d, X, d; Vv, Fr, Rel Mo d,
m m¥/s m m m m/s m

Plunging 027 0.0037 0.012 0.098 0.0076 179 6.56 137x10* 2.54x10”"" N/A
jet 0.27 0.0067 0.012 0.089 0.0101 246 7.80 248x10* 2.54x10™"" N/A
0.27 0.0139 0.012 0.098 00114 45 1345 514x10* 254x107"" N/A
Hydraulic 0.5  0.0067 0.008 0.098 0.0077 179 652 137x10* 2.54x10”"" 0.066
jump 05 00118 0.01 0.8 00101 246 7.80 248x10* 254x107'" 0.107
0.5 0.0247 0011 0.098 00112 45 1355 5.14x10* 254x107"" 0213

B: channel width; d,: jet thickness at impingement; d,: hydraulic jump conjugate depth; d: jet thickness
at nozzle; Fr;: jet Froude number at impingement; Mo: Morton number Mo=g><p4/(p.c3); Q: water dis-
charge; Re,;: jet Reynolds number at impingement; V| jet velocity at impingement; x,: longitudinal distance
from nozzle to impingement
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with g the gravity acceleration, p and p the density and dynamic viscosity of water respec-
tively, and o the surface tension of air and water.

3 Basic flow observations
3.1 Presentation

In a plunging jet, air entrapment takes place at the interface between the plunging jet and
the receiving pool of water [17]. The impingement perimeter is a flow singularity and line
source of vorticity and air bubble entrainment [9]. Downstream of the impingement point,
two substantially different flow regions may be distinguished, as illustrated in Figs. 1a, 2a.
These are the momentum shear layer, where viscous forces are dominant, and the outer
region, where the movement of the air bubbles is mainly buoyancy-driven [30, 34]. In a
hydraulic jump, the jump toe represents the impingement point of air entrainment [25].
Similar to the plunging jet, two flow regions are found downstream of the jump toe
(Fig. 1b, 2b): the shear layer and the recirculation region above. The recirculation region is
characterised by a negative velocity, in the opposite direction of the impinging flow. Impor-
tantly, in both the plunging jet and hydraulic jump, the developing shear layer does not
coincide with the advective-diffusion layer of air.

Although both plunging jets and hydraulic jumps are examples of local air entrainment,
there are some differences between the two flow situations. The four main differences are:

(a) Wall jet analogy An analogy between a hydraulic jump and a plane turbulent wall jet
was first proposed by Rajaratnam [26]. The velocity profile in the shear layer of the
hydraulic jump is very close to a wall jet pattern [12, 26].

(b) Outer/recirculation region An important difference is the recirculation movement in the
upper flow region in the hydraulic jump. While the outer region is buoyancy-driven in
the vertical plunging jet (Fig. 2a), the hydraulic jump shows an important recirculation
motion in the upper part of the flow (Fig. 2b).

(c) Buoyancy force direction In regions outside the shear layer, the movement of the bub-
bles tends to be buoyancy driven. The buoyancy force always act in the opposite direc-
tion to the gravity force, leading to a 90° rotation between the flow direction and the
direction of buoyancy force for the hydraulic jump and a 180° rotation for the plunging
jet.

(d) Interfacial air-water exchange Both the plunging jet and the hydraulic jump are exam-
ples of local air entrainment at the impingement perimeter. In the hydraulic jump how-
ever, a large amount of un-controlled interfacial aeration and de-aeration are observed
through the roller surface.

3.2 Advection of large coherent structures

In the developing shear layer, large-scale coherent structures are advected downstream and
may grow through vortex pairing (Fig. 3). The roll-up of large eddies in the shear layer is
not symmetric across the shear layer, favouring the entrainment of high-speed fluid (i.e. water
herein) in the cores [6, 23]. The advection speed Uyq, of the large vortices was measured
between their formation at the impingement point and the downstream flow region. Figure 4a,
b present the probability density functions (PDF) of the advection speed of vortices in the
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Fig.3 Advection of large vortical structures in the developing shear layer
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Fig.4 Dimensionless advection speed U,qq,/V of large vortices in turbulent shear region of vertical plun-
ing jet and horizontal hydraulic jump, (a, Left) Probability distribution functions of dimensionless advec-
tion speed U,qq,/V in the plunging jet, (b, Right) Probability distribution functions of dimensionless advec-
tion speed Ugyq,/V in the hydraulic jump, (¢, Left) Dimensionless advection speed U.qq,/V as a function
of the inflow Reynolds number Re,—Comparison between plunging jet and hydraulic jump (Present data),
(d, Right) Dimensionless advection speed U.qq,/V, as a function of the inflow Reynolds number Re; in
hydraulic jump—Comparison with literature data [11, 35, 32]
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plunging jet and hydraulic jump respectively. In the plunging jet flow, the data were very close
for all three inflow velocities, yielding Uqq,/V=0.16 in average. The advection speed of vor-
tices in the hydraulic jump could not be recorded accurately for the smallest inflow veloc-
ity, V;=1.79 m/s, because no defined large-scale motion could be identified as very little air
was entrained at the roller toe. The data for the two highest inflow velocities yielded Uqq,/
V,=0.21 in average. Overall the advection speed of vortices was smaller in the plunging jet
than in the hydraulic jump as illustrated in Fig. 4c.

The present hydraulic jump data are compared to the literature in Fig. 4d. The results sug-
gested that the vortex advection speed in the present study was smaller than in previous stud-
ies, but still within the same order of magnitude. Importantly all data showed the dimension-
less advection speed of vortices to be independent of the inflow Froude and Reynolds numbers
(Fig. 4c, d).

A most interesting part of this investigation concerns the advection of large coherent struc-
tures, clearly visualised by the air entrapment in the eddy cores. As they are advected in the
turbulent layer, the spacing between structures increased with increasing distance downstream,
while the eddy diameter also increased as a result of vortex paring.

3.3 Impingement perimeter characteristics

All experiments were undertaken with a mean longitudinal distance between the nozzle and
impingement location: x, =0.1 m. Visual observations showed however that the impingement
perimeter in the plunging jet and hydraulic jump constantly fluctuated about its mean position.
Figure 5 illustrates typical instantaneous impingement perimeter data. In Fig. 5, the dashed
area (i.e. x <0) corresponds to the jet nozzle. Table 2 regroups some key findings.

In the plunging jet, the probability density function of the instantaneous impingement
perimeter followed a quasi-normal distribution at all transverse locations, with the mode
around the median value. In the hydraulic jump, a bimodal distribution of the instantaneous
roller toe position was observed. Two peaks were recorded at x/d; =0 and at the median value.
The bi-modal distribution was due to the physical presence of the upstream gate, hindering the
jump toe to move upstream past x =0.

The experimental data showed that the impingement perimeter fluctuated with differ-
ent frequencies and amplitudes, depending upon the inflow conditions and geometry. The
impingement properties between plunging jet and hydraulic jump showed substantial differ-
ences under the same inflow conditions (x;, V;, d;). Much larger longitudinal fluctuations
of the impingement position were observed in the hydraulic jump compared to the plunging
jet (Fig. 5). In average, the fluctuation amplitudes were one order of magnitude larger in the
hydraulic jump. The impingement perimeter fluctuation frequencies were overall higher for
the plunging jet than for the hydraulic jump (Table 2). Different frequencies were observed for
all three inflow velocities in the plunging jet, whereas they were about the same in the hydrau-
lic jump for all three inflow velocities.
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Plunging jet data—x, =0.1 m, x,/d, =8, b Hydraulic jump data—x,=0.1 m, x,/d, =8.7

Table 2 Fluctuation frequencies and maximum amplitudes of the impingement perimeter fluctuations in

plunging jet and hydraulic jump

Inflow velocity Inflow Froude Inflow Reynolds Fluctuation Maximum Strouhal number
V, (m/s) number Fr; number Re,; frequency f amplitude A St = fffi

(Hz) (mm) '

PJ HJ PJ HI Pl HJ
1.79 6.5 1.37x10* 5.1 2.7 2 30-40 0.0216 0.0116
2.46 7.8 2.48x10* 2.2 2.7 3 40 0.0090 0.0111
4.50 13.5 5.14x10* 1.7 2.7 10 60-80 0.0043 0.0068

HJ hydraulic jump, PJ plunging jet
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4 Air-water flow properties
4.1 Void fraction and bubble count rate distributions

The turbulent shear region and the recirculation region were clearly evidenced in terms
of the void fraction distributions. Figure 6 shows typical void fraction distribution for an
inflow velocity V;=4.50 m/s at two longitudinal locations.

In the plunging jet, the void fraction distributions followed a pseudo-Gaussian shape,

reaching a maximum C_,, in the advective diffusion layer of air. Away from the support,

Fig.6 Dimensionless distribu- ( A)

tions of time -averaged void frac-

tion in the vertical plunging jet X HIJ, x-x1=0.062m
and horizontal hydraulic jump for A PJ, x-x1=0.062m
V,=4.5 m/s—Comparison with

Eqgs. (4) (turbulent shear layer)
and (5) (recirculation region), a
(x-x)/d;=5.4,b (x-x,)/d;=19.5 61 ]

O HIJ, x-x;=0.222m
< PJ,x-x1=0.222m
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the motion of bubbles was buoyancy driven. The peak in void fraction decreased with
increasing distance from the impingement point (x—Xx,), while the bell shape widened. The
void fraction data compared favourably with an analytical solution of the air bubble advec-
tive diffusion [14]:

2 2
=D R A=)
C — ex _ Cmax + ex _ Cmax 4
e || T Pl pr @
Y emax Y Cmax Y Cmax
where Q,;, is the air flux, Q is the water discharge, Y., is the transverse location where
C=C,,, x and y are directions along and normal to the flow, and D¥ is a dimensionless

diffusivify defined as D#=D/(V,d,), with D, the turbulent diffusivity in y-direction. Equa-
tion (4) is compared to experimental data in Fig. 6, where D¥, C,,,, and Y,,,, were selected
to best fit the data (Fig. 6, Red data).

In the hydraulic jump, the void fraction distributions presented a similar shape in the
turbulent shear region. The void fraction data showed a local minimum C* at a character-
istic elevation y*, corresponding to a transition between the turbulent shear region and the
recirculation region above. In the upper flow region, the void fraction increased rapidly
towards unity (Fig. 6), and followed a Gaussian error function [8]:

-Y
C=ll+er At (N fory > y* 3)
2 P =
Vi

where Y5 is the location where C=0.50, and D* is a dimensionless diffusivity in the recir-
culation region. The experimental data are compared with the theoretical solutions for the
turbulent shear layer (y <y*, Eq. (4)) and the recirculation region (y > y*, Eq. (5)) in Fig. 6.

A systematic comparison between plunging jet and hydraulic jump void fraction data
was conducted for identical inflow conditions and at identical locations from the air entrap-
ment. Close to the impingement perimeter, the void fraction distributions in plunging jet
and hydraulic jump were typically similar, although the hydraulic jump data presented
more scatter, and the void fractions in the plunging jet were slightly higher than in the
hydraulic jump for y < Y., (e.g. Fig. 6a). Further downstream, the data were generally
close in the shear region, and markedly different in the outer flow region (i.e. recircula-
tion). Overall, the void fractions in the turbulent shear layer followed quasi-Gaussian distri-
butions in both plunging jet and hydraulic jump. Maxima in void fractions decreased with
increasing distance from impingement (Appendix A), while the corresponding elevation
increased, as shown in Fig. 7a, b respectively. Figure 7 shows the variation of C__., and
Ycmax With increasing distance from the impingement point (x—x;)/d;.

The turbulent air-bubble diffusivity D reflected the strength of the turbulent advection
process in the turbulent shear layer, while D* characterised the aeration and de-aeration
process in the upper flow region. The diffusion coefficients D* results for plunging jet and
hydraulic jump are compared to the literature in Fig. 8a, b respectively. In the plunging jet,
D* ranged from 0.0053 to 0.019, and between 0.017 and 0.045 in the hydraulic jump. In
comparison, D* was between 0.00012 and 0.024 in the recirculation. The data indicated
that D* remained approximately constant independently of the longitudinal distance from
impingement, while D* tended to decrease with increasing the longitudinal distance from
impingement.

max

@ Springer



1086

Environmental Fluid Mechanics (2020) 20:1075-1100

Fig.7 Longitudinal distributions
of maximum void fraction in
shear layer C . and its vertical
elevation Y,,,/d; in the verti-
cal plunging jet and horizontal
hydraulic jump, a maximum void
fraction in shear layer C,,, with
trend lines for each inflow veloc-
ity, b vertical elevation Y,/
d,—Comparison with Eq. (8a)
for plunging jet (dashed line)
and Eq. (8b) for hydraulic jump
(solid line)
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The bubble count rate profiles in plunging jet and hydraulic jump showed very similar
trends, with a monotonic increase up to a maximum bubble count rate F,,, and followed by a
decrease towards zero, with increasing distance y from the support (Fig. 9). Further the maxi-
mum bubble count rate decreased with increasing distance from the impingement perimeter.
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Fig. 8 Longitudinal variation

of dimensionless diffusivities

in the turbulent shear layer for
hydraulic jump and plunging jet,
and in the recirculation region of
hydraulic jump, a Dimensionless
diffusivity D¥ in the turbulent
shear layer of vertical plunging
jet—Comparison with the data
of [2, 5, 7], b Dimensionless dif-
fusivity D* in the turbulent shear
layer of horizontal hydraulic
jump—comparison with the data
of [12, 13], ¢ Dimensionless
diffusivity D" in the recirculation
region of the hydraulic jump
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Fig.9 Comparison in terms of bubble count rate distributions in vertical plunging jet (Red data) and hori-
zontal hydraulic jump (Blue data) for two inflow velocities, a V;=2.46 m/s, b V,;=4.50 m/s

Both the maximum bubble rate and its characteristic elevation were very close for both plung-
ing jet and hydraulic jump, for a given inflow velocity and distance from impingement.

4.2 Interfacial velocity distributions

The interfacial velocity fields exhibited some characteristic distribution close to developing
shear layer results. In the plunging jet, the velocity field was characterised by a positive veloc-
ity in the turbulent shear layer and a negative velocity in the upward flow region (Fig. 10a).
The maximum velocity was close to the jet support. The velocity measurements compared
well to a modified analytical solution of the equation of motion in a free shear layer:

V-V._. -Y,
recirc l 1 —erf Ky 0.5 (6)
Vmax - Vrecirc 2 X=X
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Fig. 10 Dimensionless vertical ( A)
velocity profiles in vertical 6
plunging jet and horizontal ‘ B
hydraulic jump for V,=4.50 m/s, . AL 4'f8 33”23
a Plunging jet data—Comparison " o X_XI:O‘ 0 62m
with Eq. (6), b Hydraulic jump S5 4 ] a X‘le()' " 2m
data—Comparison with Eq. (7) v A ¢ \ - x—x1:0.162m
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VIV,

where V is the time-averaged velocity, V... is the mean recirculation velocity, V. is the
maximum velocity, Y 5 is the transverse position where V=V_ /2, and K is a coefficient
inversely proportional to the momentum exchange coefficient vy, assumed constant across
the shear layer: vp=V,(x—x,)(4K?) [28]. Herein both V,. ;.. and K were deduced from the
best data fit.
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In the hydraulic jump, the velocity field showed a wall jet profile, with a markedly nega-
tive velocity in the recirculation region (Fig. 10b). The velocity profiles were self-similar:

1/N
\% y
= fi <Y 7
Vmax <YVmax > oy Vmax ( a)
V-V, 1 y-Y 2
recirc —2( 1765 ‘Vmax fi > Yo
Vmax - Vrecirc P l 2 < YOAS ) 1 oy Vmax (7b)

where Yy, 1S the transverse position where V=V _  and N is a constant found to be
between 6 and 10. Figure 10 shows typical velocity profiles obtained in the plunging jet and
the hydraulic jump. The data are compared to Eq. (6) (Plunging jet) and Eq. (7) (Hydraulic
jump), showing a good agreement overall between data and analytical solutions.

The velocity distributions yielded some differences between plunging jet and hydraulic
jump. The velocity profiles in the plunging jet were somehow similar to a free shear flow,
with a buoyancy driven upward movement of air bubbles in the outer region. The hydraulic
jump data exhibited a marked wall jet similarity, with large negative velocities in the upper
region of the roller. For all three inflow velocities, the velocity data in the turbulent shear
region were more scattered in the hydraulic jump than in the plunging jet, with increased
scatter when V/V | tended towards zero.

A comparison between the plunging jet and hydraulic jump data yielded maximum
velocities V.. corresponding well between the two configurations for all three inflow
velocities. The longitudinal decay in terms of V. /V, was consistent the decrease of inter-
facial velocity with increasing distance from impingement along the jump roller and in the
plunge pool respectively. A comparison with previous data [2, 12] showed a good agree-
ment (data not shown).

In the plunging jet, the momentum exchange coefficient vy was estimated based upon
the best fit of the interfacial velocity data. For the hydraulic jump data, the eddy viscosity
was assumed to be comparable to that of monophase wall jet flow [29]. The ratio of the air
bubble turbulent diffusivity D, to the eddy viscosity vy was deduced, providing a compari-
son in terms of differences between air diffusion and momentum diffusion. Experimental
data are plotted as a function of the longitudinal position in Fig. 11. The results implied on
average D/v;~0.76 in the hydraulic jump and D/v;~0.24 in the plunging jet. The main
trend, i.e. D /up & 10°, suggested that the air diffusion process is of the same order of mag-
nitude, albeit lesser than the momentum exchange process in vertical and horizontal plung-
ing jet flows, within the experimental flow conditions. With D /v < 1, the diffusion of vor-
ticity was more important than the advective diffusion of air bubbles. The median value for
the vertical plunging jet was smaller than the horizontal hydraulic jump results. The trend
might suggest that the momentum transfer in the plunging jet might to be little affected by
the advective diffusion process. Whereas the turbulent momentum transfer in the hydraulic
jump seemed to reach the same order of magnitude than the advective diffusion process.

4.3 Air flux

Based upon the void fraction and velocity data, the air flux per unit width was calculated
based upon the conservation of mass of the air phase:
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Fig. 11 Ratio of turbulent diffusivity to the eddy viscosity D/vy as a function of the longitudinal distance
from the impingement point (x-x,)/d, in vertical plunging jet and horizontal hydraulic jump

y(V=0)
Qoir = / CVdy forV>0 (8)
0
Y
Grecire = CVdy forV<0 ©)
y(V=0)

where q,;, is the positive air flux in the air-bubble diffusion layer and .. is the negative
air flux in the recirculation region (HJ) and the outer flow region (PJ) respectively. In the
plunging jet, Y designated the transverse position where last data points were available
and where C tended towards zero. In the hydraulic jump, Y was equal to Y, commonly
accepted as an upper limit for the equivalent clear water depth [9].

Results for the entrained air flux q;, are presented in Fig. 12. The data showed that the
dimensionless air fluxes q,;/q,, in plunging jet and hydraulic jump increased with increas-
ing inflow velocity and decreased with increasing longitudinal distance from the impinge-
ment point for a given inflow velocity. The experimental data were close for both plunging
jet and hydraulic jumps:

68.4

' V. —176)d. \ "% /x — 125+ 884
%=4.03><10‘4<p( ' ) 1) <xdx‘> """ for PI and HJ data
1

u
(10

Qw
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Fig. 12 Dimensionless flux q;/ 0.5 T T
q,, of entrained air as a function n HJ, V{=1.79m/s
of the longitudinal distance from [} HJ, V{=2.46m/s
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with q,, the water flow per unit width., as shown in Fig. 12. The dimensionless recircula-
tion air fluxes q,.;./qy, in the hydraulic jump were best fitted by:
2244d;

Grecie _ 536" for HJ data (11)
Qw

The recirculation air fluxes in the plunging jet were significantly smaller than in the
hydraulic jump: q,./qy ~0 to 1.4x 107, and sometimes no recirculation motion could be
detected.

4.4 Turbulence intensity

The turbulence intensity is defined herein as the ratio of the root mean square velocity
fluctuation v’ to the inflow V,, and calculated based on the cross-correlation and auto-
correlation data (Appendix B). Typical results are shown in Fig. 13, for an inflow velocity
V,=1.79 m/s.

The plunging jet data distributions showed relatively constant turbulence intensities
across the shear layer, with a greater data scatter away from the support. In the hydraulic
jump, however, turbulence intensities were comparable to the plunging jet data at locations
close to the channel bottom, increasing with increasing elevation, becoming highly scat-
tered and reaching possibly-meaningless values for y/d,>1.5. Such outliers were previ-
ously reported in hydraulic jumps [32], and believed to be related to the large-scale longi-
tudinal fluctuating motions of the roller toe.

4.5 Particle chord length distributions and air-water specific interface area

The bubble chord lengths ch were derived from the bubble chord time measurements:
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Fig. 13 Longitudinal variation of ( A)

turbulence intensity Tu, = ' /V, P

in the vertical plunging jet and

horizontal hydraulic jump for PJ, Vi=1.79m/s
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where t, is the chord time and V the time-averaged interfacial velocity. For each cross-
section, the bubble chord size distributions were plotted at three characteristic locations:
ie. at Yo Where C=C, ., at Yg,.. where F=F . for both plunging jet and hydraulic
jump, and at Y, 5 where V=V ../2, for the plunging jet and at Yy, where V=V, for
the hydraulic jump. Typical results are presented in Fig. 14, where the figure caption gives
the values of maximum void fractions, maximum bubble count rates and dimensionless
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Plunging Jet Hydraulic Jump
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Fig. 14 Probability density functions (PDFs) of bubble chord lengths ch (mm) at characteristic locations for
plunging jet (Left) and hydraulic jump (Right) at x — x; =0.062 and 0.222 m—Data for ch=10.5 mm cor-
responds to chord lengths > 10 mm—Flow conditions: V,=4.50 m/s, Fr,=13.5, Re, =5.14x 10*

maximum interfacial velocities. In Fig. 14, each column corresponds to the probability of
bubble chord lengths in intervals of 0.5 mm. For instance, the column ch=3 mm corre-
sponds to the probability of chord lengths between 3 and 3.5 mm. The data for the last
column give the probability of ch>10 mm.

Overall the data showed generally a similar trend for all inflow velocities. The distri-
butions of bubble chords were positively skewed, with the mode having a size less than
1.5 mm. Close to impingement, the data showed a larger fraction of large bubbles. With
increasing distance from the impingement, the probability density functions shifted
towards smaller bubbles, e.g. the probability of smaller bubbles increased whereas the
probability of bubble chords larger than 10 mm decreased. The findings suggested the
entrapment of large air packets at impingements, which would be broken-up as they
were advected downstream within the turbulent shear layer [7, 9].
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The bubble chord mean data showed an overall decrease in mean bubble chord length
with increasing distance from the impingement point and with decreasing inflow veloc-
ity (Fig. 15a). Since the bubble chord PDFs were skewed, the skewness and the kurtosis
data are also shown in Fig. 15 for completeness. The hydraulic jump data showed a higher
skewness and kurtosis, compared to the plunging jet results. This finding indicated a higher
amount of large bubbles (2 mm < ch < 10 mm) in the plunging jet compared to the hydrau-
lic jump. In addition, the hydraulic jump data exhibited an important proportion of very
large bubbles (ch>10 mm). Effectively, the bubble chord lengths in the hydraulic jump
were mainly concentrated to sizes between 0 and 1.5 mm. The plunging jet data showed a
broader range of entrained bubble sizes, with relatively high probabilities for ch>2 mm,
especially for cross-sections close to impingement.

The specific air—water interface area a is defined as the ratio of the air—water interface
area to the total volume of air and water. It was estimated as:

4F
a=—

vV 13)

where F is the bubble count rate and V is the interfacial velocity [10]. Equation (13) is only
valid in the bubbly flow, for regions with void fractions lower than 30%. Figure 16 shows
the specific air—water interface area as a function of (x—x,)/d; at the characteristic location
where F=F_,.. For the two lower inflow velocities, the specific interface area a decreased
with increasing longitudinal distance from the impingement point. For V,=4.50 m/s, the
data were more scattered. Altogether, all the data showed that the specific air—water inter-
face area increased with increasing inflow velocity.

5 Conclusion

This study presents a systematic quantitative comparison of the similarities and differences
between horizontal (hydraulic jump) and vertical supported jets (plunging jet). The work
was undertaken through detailed physical experiments carried out under identical inflow
conditions in terms of inflow length, inflow depth and inflow velocity, as well as using
the same instrumentation. Video analyses of the impingement perimeter yielded substan-
tial differences in terms of the impingement conditions between the two configurations.
Larger maximum amplitudes of the impingement perimeter fluctuations were observed in
the hydraulic jump, combined with impingement perimeter fluctuation frequencies inde-
pendent of the inflow velocity. In the plunging jet, frequencies increased with decreasing
inflow velocity.

Phase-detection probe measurements allowed the systematic characterisation of a
broad range of multiphase flow parameters, including the interfacial velocity, void frac-
tion, bubble count rate and bubble chord size for three impact velocities V, =1.79 m/s,
2.46 m/s and 4.50 m/s. Similarities were observed in terms of local air entrainment
at the impingement point, void fraction distributions and dimensionless turbulent dif-
fusivities. Void fractions in the turbulent shear layer followed a quasi-Gaussian dis-
tribution in both plunging jet and hydraulic jump. Maximum void fractions decreased
and void fraction distributions widened with increasing distance from the impingement
point, indicating an advective diffusion process of air bubbles Smoother distributions
were found in the plunging jet, whereas the hydraulic jump data were more scattered
at cross-sections close to impingement, because of the streamwise fluctuations of the
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Fig. 15 Mean, skewness and

kurtosis of bubble chord length
ch (mm) in vertical plunging jet
and horizontal hydraulic jump

as functions of the longitudinal
distance from the impingement

point, a Mean bubble chord

length, b Skewness, ¢ Kurtosis
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jump toe. The turbulent diffusivities were approximately constant over the longitudinal
distance from the impingement point independently of the velocity and the setup.

Although both configurations are seminal examples of local air entrainment and the
hydraulic jump was described as a limiting case of a horizontal plunging jet, some
differences were shown, mainly regarding the velocity distributions, the direction of
buoyancy force and the interfacial aeration in the hydraulic jump. The velocity distri-
butions presented substantial differences in the outer region: the hydraulic jump veloc-
ity data exhibited an important negative velocity in the recirculation region, following
closely a wall jet solution, whereas the velocity profiles in the plunging jet were close
to a free shear flow, with some buoyancy driven upward movement of air bubbles away
from the support. Some substantial aeration and de-aeration took place at the free sur-
face in the hydraulic jump roller. The different velocity profiles as well as the interfa-
cial aeration in the upper recirculation underlined differences between plunging jet and
hydraulic jump in terms of both the momentum transfer process and the air diffusion
process.

Further research is recommended at higher Reynolds numbers, for hydraulic and
fluvial applications. A systematic comparison with inclined jets would add valuable
information. Different instrumentation, e.g. with very small probe tip diameters, could
yield additional information concerning the microscopic structure of the flow. Addi-
tionally, oxygen measurements of the oxygen content in the flow upstream and down-
stream of the impingement point would add information on the oxygenation power of
both plunging jets and hydraulic jumps.
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Appendix A: Maximum void fraction in the shear layer

In the developing shear layer, the void fraction data followed a quasi-Gaussian distribu-
tion in both plunging jet and hydraulic jump. Maxima in void fractions decreased with
increasing distance from impingement, while the corresponding elevation increased, as
shown in Fig. 7 presenting the variation of C_,, and Y.,,, With increasing distance
from the impingement point (x—x;)/d,. The decay in maximum void fraction was best
fitted with a power law decay function:

X=X B
Cmax = A < > (14)

d;

where the coefficients A and B are summarised in Table 3. Equation (14) is compared to
experimental data in Fig. 7a. The observations showed a linear increase of the characteris-
tic location Y, With increasing distance from the impingement point, in both plunging
jet and hydraulic jump. Figure 7b shows linear trend lines for plunging jet data (dashed
line) and hydraulic jump data (solid line). The slope of the hydraulic jump trend line was
almost double the slope from the plunging jet trend line:

YCmax X = Xl . .

d—1 =132+ 0.037<d—1> for plunging jet data (15)

Y. _
% =135+ 0.067<X 3 X1 > for hydraulic jump data (16)
1 1

Appendix B: Turbulence intensity in air-water flows

When the velocity is measured with a dual-tip probe, the dimensionless standard devia-
tion of the interfacial velocity V equals:

) 62 — o2
v Xy XX
A AT a7
v T
where o, is the standard deviation of the cross-correlation function, o, is the standard

deviation of the autocorrelation function, and T is the travel time for which the cross-cor-
relation function is maximum. Kipphan [22] developed a similar result for two-phase mix-
tures in pneumatic conveying.

Table 3 Coefficients of the

. V, (m/s) A B
power law decay of maximum
void fr?lctlon in t.he Shear layer 1.79 0.268 ~0.930
of vertical plunging jet and
horizontal hydraulic jump 2.46 0.575 —0.704
4.50 0.682 —-0.491

@ Springer



Environmental Fluid Mechanics (2020) 20:1075-1100 1099

Assuming that the successive detections of bubble interfaces by the probe sensors is a
true random process, the cross-correlation function is a Gaussian distribution, and Eq. (17)
becomes:

T 2
Tue V2 <—Y> e (18)

\/; x T (Ryy)max .

where T, is the cross-correlation integral time scale, T, is the auto-correlation time scale,
and (ny)max is the maximum cross-correlation (when the time lag equals T) [18].

Assuming that the cross-correlation function is a Gaussian distribution and defining
Ty.5 the time scale for which: R, (T +7(5) =R, (T)/2, and Ty 5 is the characteristic time for
which the normalised auto-correlation function equals 0.5, Eq. (23) yields:

2 2
v/ V Tos — TO.S (19)

— =0.851 %
v T

Note that the calculations become indeterminate when the time-averaged velocity V
tends to zero.
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