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a b s t r a c t

A hydraulic jump is characterized by a highly turbulent flow with macro-scale vortices, some kinetic energy
dissipation and a bubbly two-phase flow structure. New air–water flow measurements were performed in a
large-size facility using two types of phase-detection intrusive probes: i.e. single-tip and double-tip con-
ductivity probes. These were complemented by some measurements of free-surface fluctuations using
ultrasonic displacement meters. The void fraction measurements showed the presence of an advective dif-
fusion shear layer in which the void fractions profiles matched closely an analytical solution of the advective
diffusion equation for air bubbles. The free-surface fluctuations measurements showed large turbulent
fluctuations that reflected the dynamic, unsteady structure of the hydraulic jumps. The measurements of
interfacial velocity and turbulence level distributions provided new information on the turbulent velocity
field in the highly-aerated shear region. The velocity profiles tended to follow a wall jet flow pattern. The
air–water turbulent integral time and length scales were deduced from some auto- and cross-correlation
analyses based upon the method of Chanson [H. Chanson, Bubbly flow structure in hydraulic jump, Eur. J.
Mech. B/Fluids 26 (3) (2007) 367–384], providing the turbulent scales of the eddy structures advecting
the air bubbles in the developing shear layer. The length scale Lxz is an integral air–water turbulence length
scale which characterized the transverse size of the large vortical structures advecting the air bubbles. The
experimental data showed that the dimensionless integral turbulent length scale Lxz/d1 was closely related
to the inflow depth: i.e. Lxz/d1 = 0.2–0.8, with Lxz increasing towards the free-surface.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

A hydraulic jump is the rapid transformation of a supercritical
open channel flow into a fluvial regime. It is characterized by a
highly turbulent flow with macro-scale vortices, some significant
kinetic energy dissipation and a bubbly two-phase flow region
(Fig. 1). Fig. 1A shows a definition sketch of the hydraulic jump
flow while Fig. 1B presents a photograph of hydraulic jump. The
hydraulic jump is typically characterized by its inflow Froude num-
ber Fr1 defined as

Fr1 ¼
U1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g � d1

p ð1Þ

where U1 is the depth-averaged upstream flow velocity, d1 is the
upstream flow depth, and g is the gravity acceleration. In a hydrau-
lic jump, the inflow Froude number is always greater than unity
[1–3]. In a hydraulic jump, the flow singularity at the impingement
point induces some air entrainment (Fig. 1). The air bubble entrain-
ment has some important implication in terms of interactions with
the turbulence structure and air–water mass transfer, including
ll rights reserved.
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oxygen transfer. Void fractions measurements in hydraulic jumps
were first conducted by Rajaratnam [4]. Resch and Leutheusser
[5] showed the effect of the inflow conditions on the void fraction
profiles. More recent studies included Mossa and Tolve [6], Chanson
and Brattberg [7], Murzyn et al. [8] and Chanson [9] (Table 1).
Turbulence characteristics in hydraulic jumps were investigated
by Rouse et al. [10], Resch and Leutheusser [5], Chanson and Bratt-
berg [7], Liu et al. [11] and Chanson [9,12]. These studies suggested
that the turbulence levels were large in the developing shear layer,
and that maximum values were observed shortly downstream of
the jump toe. In recent studies, Mouaze et al. [13], Chanson [9]
and Murzyn and Chanson [14] identified some turbulent length
scales in hydraulic jumps.

The aim of the present study is to examine thoroughly the air–
water turbulent flow properties in hydraulic jumps with relatively
large inflow Froude numbers 4.7 6 Fr1 6 8.5. Both the free-surface
fluctuations and turbulent length and time scales were investi-
gated altogether.
2. Experimental facility and instrumentation

New experiments were carried out in a 0.50 m wide, 0.45 m
deep horizontal rectangular flume, with 3.2 m long glass sidewalls
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Nomenclature

C air concentration defined as the volume of air per unit
volume of air

Dt turbulent diffusivity (m2/s) of air bubbles in air–water
flow

D0t turbulent diffusivity (m2/s) of air bubbles in interfacial
free-surface aerated flow

D# dimensionless turbulent diffusivity: D# = Dt/(U1 � d1)
D (1) flow depth (m) measured perpendicular to the flow

direction (2) clear-water flow depth defined as:
d ¼

R C¼90%
C¼0% ð1� CÞ � dy

dc critical flow depth
dmean mean flow depth
dstd standard deviation of the flow depth
(dstd)max maximum standard deviation of the flow depth along

the hydraulic jump
d1 flow depth (m) measured immediately upstream of the

hydraulic jump
d2 flow depth (m) measured immediately downstream of

the hydraulic jump
F air bubble count rate (Hz) or bubble frequency defined

as the number of detected air bubbles per unit time
Fmax maximum bubble count rate (Hz) at a given cross-sec-

tion
Fr1 upstream Froude number: Fr1 ¼ U1ffiffiffiffiffiffiffiffi

g�d1

p

g gravity constant: g = 9.80 m/s2 in Brisbane, Australia
Lj hydraulic jump length (m)
Lxz transverse air–water length scale (m):

Lxx ¼
R z¼zððRxzÞmax¼0Þ

z¼0 ðRxzÞmax � ds
Nab number of air bubbles per record
Q water discharge (m3/s)
qw water discharge per unit width (m2/s)
Re Reynolds number: Re ¼ U1�d1

m
Rxx normalized auto-correlation function (reference probe)
Rxz normalized cross-correlation function between two

probe output signals

(Rxz)max maximum cross-correlation between two probe output
signals

Tu turbulence intensity defined as: Tu = u0/V
T average air–water interfacial travel time between the

two probe sensors
TInt characteristic integral time scale:

T Int ¼
R z¼zððRxzÞmax¼0Þ

z¼0 ðRxzÞmax � Txz � dz
Txx auto-correlation integral time scale:

Txx ¼
R t¼sðRxx¼0Þ
s¼0 Rxx � ds

Txz cross-correlation integral time scale:
Txz ¼

R t¼sðRxz¼0Þ
s¼sðRxz¼ðRxzÞmaxÞ

Rxz � ds
(T0.5)xx characteristic time lag s for which Rxx = 0.5
(T0.5)xz characteristic time lag s for which Rxz = 0.5 � (Rxz)max

u0 root mean square of longitudinal component of turbu-
lent velocity (m/s)

V local velocity (m/s)
Vmax maximum velocity (m/s) at outer edge of boundary

layer
U1 depth-averaged flow velocities upstream the hydraulic

jump (m/s): U1 = qw/d1

W channel width (m)
x longitudinal distance from the sluice gate (m)
x1 longitudinal distance from the gate to the jump toe (m)
YCmax distance (m) normal to the jet support where C = Cmax

YFmax distance (m) normal to the jet support where F = Fmax

y distance (m) measured normal to the channel bed
z transverse distance (m) from the channel centerline
zmax transverse distance (m) where the cross-correlation

coefficient tends to zero
d boundary layer thickness (m) defined in term of 99% of

the maximum velocity: d = y(V = 0.99 � Vmax)
Dx longitudinal distance between probe sensors
m kinematic viscosity of water (m2/s)
q density (kg/m3)
r surface tension between air and water (N/m)
s time lag (s)
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and a PVC bed (Fig. 1B). The channel was previously used by
Chanson [9,12].

The water discharge was measured with a Venturi meter lo-
cated in the supply line and it was calibrated on-site with a large
V-notch weir. The discharge measurement was accurate within
±2%. The clear-water flow depths were measured using rail
mounted point gauges with a 0.2 mm accuracy. The free-surface
fluctuations were recorded using five ultrasonic displacement me-
ters MicrosonicTM Mic+25/IU/TC with an accuracy of 0.18 mm and a
response time of 50 ms, and an ultrasonic displacement meter
MicrosonicTM Mic+35/IU/TC with an accuracy of 0.18 mm and a re-
sponse time of 70 ms. The displacement meters were mounted
above the flow and scanned downward the air–water flow
‘‘pseudo” free-surface. The Mic+35 sensor sampled the free-surface
of the supercritical inflow, while the Mic+25 sensors were located
above the jump roller. Each probe signal output was scanned at
50 Hz per sensor for 20 min. The positions of the six acoustic dis-
placement meters are: (x � x1)/d1 = �8.33; 4.17; 8.75; 13.33;
17.92 and 33.

The air–water flow properties were measured with either two
single type conductivity probes (£ = 0.35 mm) or a double-tip con-
ductivity probe (£ = 0.25 mm, Dx = 7.0 mm). The probes were
manufactured at the University of Queensland. The conductivity
probe is a phase-detection intrusive probe designed to pierce the
bubbles. The phase-detection relies on the difference in electrical
resistance between air and water [15,16]. Herein the probes were
excited by an electronic system (Ref. UQ82.518) designed with a
response time of less than 10 ls. During the experiments, each
probe sensor was sampled at 10 kHz for 48 s. When two single-
tip conductivity probes were used simultaneously, the reference
probe was located on the channel centerline (z = 0) while the sec-
ond identical probe was separated in the transverse direction by a
known spacing z using the method of Chanson [9,12] (Fig. 2). Both
probe sensors were located at the same vertical and streamwise
distances y and x, respectively. The probe displacement in the ver-
tical direction was controlled by a fine adjustment system con-
nected to a MitutoyoTM digimatic scale unit with a vertical
accuracy Dy of less than 0.1 mm.

2.1. Data processing

2.1.1. Free-surface fluctuations measurements
The ultrasonic displacement probes were calibrated with clear-

water at rest against pointer gauge measurements for a range of
water depths shortly before each experiment. Koch and Chanson
[17] used the same sensors and applied this calibration technique.
They compared successfully the acoustic displacement readings
with instantaneous free-surface profiles captured with a high-
speed camera. Note that each sensor was set with no filter and
for multiplex mode.

With any ultrasonic displacement meter, the signal output is a
function of the strength of the acoustic signal reflected by the



Fig. 1. Hydraulic jump with partially-developed inflow conditions: (A) definition sketch; (B) photograph of a hydraulic jump: Fr1 = 7, x1 = 1 m, W = 0.5 m, shutter speed:
1/80 s, flow from left to right, with a single-tip conductivity probe and an acoustic displacement meter sampling at x = 1.2 m.
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‘‘free-surface”. Some erroneous points may be recorded when the
free-surface is not horizontal and in bubbly flows. Chanson et al.
[18] tested an ultrasonic displacement meter KeyenceTM UD300 in
a bubbly column with up to 10% void fraction. Their results sug-
gested that the ultrasonic probe readings corresponded to about
Y50 to Y60, where Yxx is the elevation where the void fraction is
xx%. During the present study, a comparison between ultrasonic
probe outputs and conductivity probe data showed that the ultra-
sonic probe reading gave a depth corresponding to about Y60 to Y80

in the hydraulic jump roller. When measurements were made in
the roller or downstream of the toe for largest Froude numbers.
In this case, some data errors were caused by bubbles, water
splashes and droplets coming into contact with the sensitive part
of the acoustic displacement meter. Herein, the data were filtered
to remove and replace erroneous points.

2.1.2. Conductivity probes
The air–water flow properties were calculated using a single

threshold technique and the threshold was set at about 45–55%
of the air–water voltage range (error <1% on void fraction). The ba-
sic probe outputs were the void fraction, or air concentration C, the
bubble count rate F defined as the number of bubbles impacting
the probe-tip per second, and the air chord time distribution where
the chord time is defined as the time spent by the bubble on the
probe-tip [19]. The statistical analyses of chord time distributions
yielded the mean chord time, median, standard deviation, skew-
ness and kurtosis. When two probe sensors were simultaneously
sampled, the signals were analysed in terms of the auto-correlation
and cross-correlation functions Rxx and Rxz, respectively (Fig. 2).
With the double-tip probe, the cross-correlation calculation gives
the air–water interfacial velocity V [16,20]. The time-averaged
velocity equals

V ¼ Dx
T

ð2Þ

where Dx is the longitudinal distance between probe sensors and T
is the average air–water interfacial travel time between the two
probe sensors. The turbulence levels were derived from the relative
width of the cross-correlation function compared to that of the
auto-correlation function



Table 1
Recent experimental investigations of air entrainment in hydraulic jumps with partially-developed inflow conditions

Reference
(1)

x1 m
(2)

d1 m (3) Fr1 (4) Re (5) Instrumentation (6) W m
(7)

[7] 0.50 0.014 6.3 and 8.5 3.3 � 104 and
4.4 � 104

Pitot tube (3.3 mm Ø), conductivity probe (double-tip, 0.025 mm inner electrode) 0.25

[8] – 0.021–0.059 2.0–4.8 1.6 � 104 to
8.8 � 104

Optical fibre probe (double-tip, 0.010 mm Ø) 0.3

[9,12] 0.50 0.013 5.1–8.5 2.5 � 104 and
7.7 � 104

Conductivity probes (single-tip, 0.35 mm inner electrode) 0.25

1.0 0.025–0.029 5.1–8.6 3.8 � 104 to
9.8 � 104

0.25

1.0 0.024–0.026 5.1 and 8.5 6.8 � 104 to
9.8 � 104

0.50

Present
study

1.0 0.024 4.7–8.5 5 � 104 to
9.8 � 104

Conductivity probes (single-tip, 0.35 mm inner electrode; double-tip conductivity probe,
0.25 mm inner electrode), ultrasonic displacement meters

0.5

Notes: F/D: fully-developed; P/D: partially-developed; and (–): information not available.
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Tu ¼ 0:851�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

0:5 � T2
0:5

q
T

ð3Þ

where s0.5 is the time scale for which the normalized cross-correla-
tion function is half of its maximum value such as: Rxz(T + s0.5) =
0.5 � (Rxz)max, (Rxz)max is the maximum cross-correlation function
for s = T, and T0.5 is the characteristic time for which the normalized
auto-correlation function equals: Rxx(T0.5) = 0.5 [21]. The turbulence
level Tu characterizes the fluctuations of the air–water interfacial
velocity between the probe sensors. When two single-tip probes,
separated by a known transverse distance z, were simultaneously
sampled, the correlation analysis results included the maximum
cross-correlation coefficient (Rxz)max, and the integral time scales
Txx and Txz defined as

Txx ¼
Z t¼sðRxx¼0Þ

s¼0
Rxx � ds ð4Þ

Txz ¼
Z t¼sðRxz¼0Þ

s¼sðRxz¼ðRxzÞmaxÞ
Rxz � ds ð5Þ

where s is the time lag, Rxx is the normalized auto-correlation func-
tion of the reference probe signal, and Rxz is the normalized cross-
Fig. 2. Sketch of two-phase-detection prob
correlation function between the two probe signals. Txx represented
an integral time scale of the longitudinal bubbly flow structures
(Fig. 2). It was a characteristic time of the large eddies advecting
the air–water interfaces in the longitudinal direction. Txz was a
characteristic time scale of the vortices with a transverse length
scale z [9].

In the present study, identical experiments were repeated with
different separation distances z, and a characteristic integral length
scale Lxz, and the associated integral time scale TInt, were calculated
as

Lxz ¼
Z z¼zððRxzÞmax¼0Þ

z¼0
ðRxzÞmax � dz ð6Þ

T Int ¼
Z z¼zððRxzÞmax¼0Þ

z¼0
ðRxzÞmax � Txz � dz ð7Þ

The length scale Lxz represented an integral turbulent length scale of
the large vortical structures advecting the air bubbles in the
hydraulic jump flow [9,22]. The turbulent time scale TInt was the
associated integral turbulent time scale but Eq. (7) is not a dimen-
sionally homogenous equation.
es separated by a transverse distance.



Table 2
Experimental flow conditions

x1 (m) d1 (m) Q (m3/s) d2 Lj (m) U1 (m/s) Re Fr1 Remarks

1.0 0.024 0.0273 0.150 0.50 2.28 5 � 104 4.7 Free-surface and air–water flow measurements
1.0 0.024 0.0291 0.165 0.52 2.42 6 � 104 5.0 Free-surface measurements
1.0 0.024 0.0337 0.192 0.62 2.81 7 � 104 5.8 Free-surface and air–water flow measurements
1.0 0.024 0.0402 0.230 0.80 3.35 8 � 104 6.9 Free-surface and air–water flow measurements incl. velocity measurements
1.0 0.024 0.0495 0.262 1.0 4.12 1 � 105 8.5 Free-surface measurements
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2.2. Experimental flow conditions

Several hydraulic jump flows were tested (Table 2). The jump
toe location was controlled by an upstream rounded gate and by
a downstream overshoot gate (Fig. 1). All the experiments were
carried out with the same inflow depth (d1 = 0.024 m) and the
same distance from the upstream gate (x1 = 1 m). The inflow was
characterized by a partially-developed boundary layer (d/
d1 � 0.4–0.6). Details of the experiments are listed in Table 2,
where Q is the water discharge, d2 is the downstream conjugate
depth, Lj is the measured jump length and Re is the inflow Reynolds
number defined as

Re ¼ U1 � d1

m
ð8Þ

with m the kinematic viscosity of water.
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Fig. 3. Free surface profile along the hydraulic jump: (A) variation of mean
The free-surface measurements were conducted for Fr1 = 4.7–
8.5 (Table 2). The air–water flow measurements were performed
for: Fr1 = 4.7, 5.8 and 6.9. The velocity and turbulence measure-
ments were performed for Fr1 = 6.9. The air–water flow properties
were measured in the developing air–water flow region (i.e.
(x � x1)/d1 < 25) where the upstream depth d1 was measured typi-
cally 0.10–0.20 m upstream of the jump toe. Full details of the data
sets were reported in [22].

3. Flow patterns and free-surface fluctuations

The hydraulic jump was a sharp flow discontinuity associated
with strong turbulent structures, intense air bubble entrainment,
and some significant spray and splashing. This was clearly observed
in the large-size facility and it is seen in the photograph (Fig. 1B). At
the impingement point, air packets were entrained in a developing
5 20 25 30 35 40

1)/d1

20 25 30 35 40

d1

flow depth and (B) variation of standard deviation of the flow depth.
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Fig. 4. Variation of the maximum free-surface fluctuation with a function of Fr1 number.
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Fig. 5. Air concentration distribution along the hydraulic jump: (A) Fr1 = 4.7 and (B) Fr1 = 6.9.
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shear layer which was characterized by intensive turbulence pro-
duction, predominantly in vortices with horizontal axes perpendic-
ular to the flow direction. The air packets were broken up in very
small air bubbles as they were entrained in the shear region and
the mixing layer was characterized by both large air content and
maximum bubble count rates. Once the entrained bubbles were ad-
vected into regions of lesser shear, bubble coalescence led to the
formation of larger air bubbles which were driven by buoyancy
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towards the free-surface. In the recirculation region above the free
shear layer, strong unsteady flow recirculation occurred.

3.1. Turbulent fluctuations of the free-surface

Typical mean surface profile (dmean/d1) and free-surface fluctu-
ation (dstd/d1) are presented in Fig. 3A and B, respectively, for var-
ious inflow Froude numbers. Herein dmean is the time-averaged
flow depth and dstd is the standard deviation of the flow depth.
The data were deduced from the ultrasonic sensor signals.

The time-averaged water depth data showed a longitudinal sur-
face profile that was consistent with visual observations and side
photographs of the hydraulic jumps. For example, let us compare
Figs. 1B and 3A. The standard deviations of the water depth data
exhibited a rapid increase with increasing distance from the jump
toe immediately downstream of the jump toe, highlighting the for-
mation of the jump (Fig. 3B). These large fluctuations in free-sur-
face elevations reflected the unsteady, dynamic nature of the
hydraulic jump, caused possibly by the production, break up and
pairing of macro-scale turbulent vortices in the developing shear
layer. The water depth fluctuation upstream of the jump toe is
not zero. The upstream flow is turbulent and some water depth
fluctuations must be expected. Upstream of the jump, (x � x1)/
d1 < 0, the free-surface profile was flat with small fluctuations
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Fig. 8. Dimensionless distributions of turbulent velocity in hydraulic jumps with partially
V/U1 in the hydraulic jump: Fr1 = 6.9, x1 = 1 m, d1 = 0.024 m and (B) dimensionless distribu
d1 = 0.024 m.
(dstd/d1 > 0). The reason of this could the horizontal oscillations of
the jump toe. As the recent studies demonstrated [14], the jump
toe oscillation frequencies took higher values with increasing up-
stream Froude number and this situation is consistent with the
free-surface fluctuations. The maximum standard deviations of
the water depth were typically seen for 10 6 (x � x1)/d1 6 15 (Fig.
3B). A linear relationship was observed herein between the maxi-
mum dimensionless free-surface fluctuation (dstd)max/d1 and the
inflow Froude number Fr1. This is illustrated in Fig. 4 where the
data are compared with a best fit relationship

ðdstdÞmax

d1
¼ 0:23� Fr1 � 0:52 for 2:4 6 Fr1 6 8:5 ð9Þ

Eq. (9) is compared with the present experimental data and datum
obtained by Mouaze et al. [13] in Fig. 4.

4. Distributions of void fraction and bubble count rate

Air bubble entrainment occurred in the form of air bubbles and
air packets which were entrapped at the impingement of the up-
stream jet flow with the roller. Typical void fraction distributions
in the hydraulic jump are shown in Fig. 5 for two inflow Froude
numbers. Each graph presents the vertical distributions of void frac-
0.6 0.8 1.0

/U1

3.0 3.2 3.4 3.6 3.8 4.0

Tu

-developed inflow conditions: (A) dimensionless distributions of interfacial velocity
tions of streamwise turbulent intensity Tu in the hydraulic jump: Fr1 = 6.9, x1 = 1 m,
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tion C as function of the dimensionless distance above the invert
y/d1 at several dimensionless distances from the jump toe
(x � x1)/d1. The void fraction distribution data exhibited a marked
maximum in the turbulent shear layer (Fig. 5). Such a result was
previously observed in hydraulic jumps with partially-developed
inflow conditions [5,23]. In the mixing layer, the distributions of
void fraction followed a Gaussian distribution first proposed by
Chanson [19,23]

C ¼ Cmax � exp �
y�YCmax

d1

� �2

4� D# � x�x1
d1

0
B@

1
CA ð10Þ

where YCmax is the vertical elevation of the maximum void fraction
Cmax, D# = Dt/(U1 � d1) is a dimensionless air bubble diffusion coef-
ficient, Dt is the turbulent diffusivity which averages the effects of
turbulent diffusion and longitudinal velocity gradient, x and y are
the longitudinal and vertical distances measured from the channel
intake and bed, respectively, x1 is the jump toe location, and d1 is
the inflow depth.

Eq. (10) is compared with some experimental data in Fig. 5. Eq.
(10) is an approximate expression of the analytical solution of the
advective diffusion equation for air bubbles [19]. It was found valid
for hydraulic jumps with partially-developed inflow conditions
and was validated with several data sets [5,7–9,23].

At the larger inflow Froude numbers, the present data showed that
the advected air was more thoroughly dispersed, and it remained sub-
merged for a longer distance from the jump toe (e.g. Fig. 5B). A com-
parison between Fig. 5A and B suggests that both the maximum void
fractions and the length of the air–water shear layer increased with
increasing inflow Froude numbers. The finding is in agreement with
the work of Gualtieri and Chanson [24] in a smaller channel. The dis-
tributions of bubble count rate exhibited a characteristic shape with a
distinct maximum Fmax in the air–water shear layer. This is illustrated
in Fig. 6 presenting some dimensionless distributions of bubble count
rate at several longitudinal locations for two Froude numbers
C, F.d1/U
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d 1
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Fig. 9. Comparison between air and water velocity measurements in hydraulic jum
x � x1 = 0.2 m.
(Fr1 = 4.7 and 6.9). The present data showed also a second, smaller
peak in bubble count rate in the upper flow region for C� 0.4–0.5.
The dominant bubble count rate peak Fmax was located in the devel-
oping shear layer. This was first reported by Chanson and Brattberg
[7] and further documented by Murzyn et al. [8] and Chanson [9]. It
is believed to derive from the high levels of turbulent shear stresses
in the air–water shear layer that break up the entrained air bubbles
into finer air entities. The present experimental observations showed
that the maximum count rate decreased with increasing distances
from the jump toe. This is illustrated in Fig. 7, where the maximum
dimensionless bubble count rate is plotted as a function of the longi-
tudinal distance from the jump toe. The trend was consistent with
some earlier observations [7–9].
5. Air–water turbulent velocity properties

Some velocity measurements were conducted in the hydraulic
jump for one inflow Froude number (Fr1 = 6.9), and some results
are shown in Fig. 8. Fig. 8A presents some typical dimensionless
velocity profiles in the shear region, while Fig. 8B shows some
dimensionless distributions of turbulence intensity. Note that the
velocity measurements were not conducted in the recirculation re-
gion nor near the free-surface, because the phase-detection intru-
sive probes could not discriminate the direction nor magnitude of
the velocity in complicated turbulent flows. In the present study,
the distributions of interfacial velocity showed a decreasing veloc-
ity with increasing distance from the invert, while the magnitude
of the velocity decreased with increasing distance from the jump
toe at a given elevation (Fig. 8A). The results were similar to veloc-
ity profiles in a wall jet. The analogy with the wall jet was first
introduced by Rajaratnam [25] and later documented in the air–
water flow region by Chanson and Brattberg [7]. It is illustrated
in Fig. 9, where the interfacial velocity measurements are com-
pared with the wall jet velocity distributions
1, V/U1

0.75 1 1.25

p and wall jet velocity distributions Eq. (11) – Fr1 = 6.9, x1 = 1 m, d1 = 0.024 m,
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V
Vmax

¼ y
yVmax

� �1=N

for y=yVmax
< 1 ð11AÞ

V
Vmax

¼ exp �1
2
� 1:765�

y� yVmax

y0:5

� �� �2
 !

for y=yVmax
> 1

ð11BÞ

where Vmax is the maximum velocity measured at y ¼ yVmax
, and

y0.5 is the distance (m) normal to invert where V = Vmax/2. Eq.
(11) is compared with past and present experimental data in Fig.
9. Fig. 8B presents the distributions of turbulence levels Tu in the
hydraulic jump. The turbulence intensities were large with typical
values between 200% and 350% in the turbulent shear layer. For
comparison, Resch and Leutheusser [5] obtained fluctuations of
the water-phase velocities of about Tu � 20–100% using a hot-film
A
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Fig. 10. Dimensionless distributions of integral turbulent time and length scales (Lxz/d1 a
(A) (x � x1)/d1 = 4.2, (B) (x � x1)/d1 = 8.3, (C) (x � x1)/d1 = 12.4, and (D) (x � x1)/d1 = 16.7.
probe with some crude signal processing. The difference of turbu-
lence levels between the present study and Resch and Leutheusser
[5] could be because of the different experimental techniques used
in these studies. With a Prandtl–Pitot tube, Chanson and Brattberg
[7] reported turbulence intensities between 20% and 40% in the
clear-water region next to the invert (y/d1 < 1). Interestingly, the
present data indicated a marked redistribution of the turbulence
intensity around (x � x1) = 0.4 m with a relatively more uniform
vertical distribution for (x � x1) P 0.4 m (Fig. 8B). Rouse et al.
[10] and Resch and Leutheusser [5] observed similarly some rela-
tively uniform profiles of turbulent intensity in their experiments.
It is suggested that buoyancy effects become preponderant for
(x � x1)/d1 P 16, and bubble detrainment yielded lower void frac-
tions and bubble count rates, hence lower interfacial velocity
fluctuations.
1, TInt.sqrt(g/d1)
5 0.6 0.7 0.8 0.9 1

1, TInt.sqrt(g/d1)
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nd TInt � g/d1), void fraction and bubble count rate – Fr1 = 4.7, x1 = 1 m, d1 = 0.24 m:
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6. Turbulent integral time and length scales

The analysis of the phase-detection probe signal outputs pro-
vided some information on the turbulent time and length scales
when some experiments were conducted with two identical
probes separated by a known transverse distance z and simulta-
neously sampled at high-frequency (Fig. 3). Some correlation anal-
yses were performed on the probe signal outputs using the
method of Chanson [9] and Chanson and Carosi [21]. The basic cor-
relation results included the air–water integral length and time
scales, Lxz and TInt which were calculated using Eqs. (6) and (7),
respectively. They were deduced from identical experiments
which were repeated for a range of probe separation distances z.
The length scale Lxz is an integral air–water turbulence length scale
which characterized the transverse size of the large vortical struc-
tures advecting the air bubbles in the hydraulic jump flows. It was
a function of the inflow conditions, of the streamwise position
(x � x1)/d1 and vertical elevation y/d1. Typical dimensionless distri-
butions of integral length scales Lxz/d1 are presented in Fig. 10. The
void fraction and bubble count rate distributions are also shown
for completeness. Fig. 10 illustrates some effect of the vertical ele-
vation y/d1 on the integral air–water turbulent length scale. Typi-
cally the integral length scale Lxz increased with increasing
distance from the channel bed, and the dimensionless integral tur-
bulent length scale Lxz/d1 was typically between 0.2 and 0.8. The
results were overall in close agreement with the experimental data
of Chanson [9]. They suggested further some correlation between
the void fraction and the integral length scale Lxz. For example,
in Fig. 10A and C. The integral turbulent time scale results were
consistent with the integral length scale data. Some comparative
results are presented in Fig. 10. The data showed further a solid
correlation between the integral time scale TInt and the integral
length scale Lxz for all inflow Froude numbers and longitudinal
locations (Fig. 10).
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7. Discussion

In hydraulic jumps with partially-developed inflow conditions,
the void fraction and bubble count rate profiles showed consis-
tently two distinct regions: (a) the turbulent shear region and (b)
the upper region (e.g. Figs. 5 and 6). In the air–water shear region,
the void fraction distributions exhibited a marked maximum Cmax,
which was always located above the location of the maximum
bubble count rate Fmax. The experimental observations showed
systematically that the maximum void fraction Cmax and maximum
bubble count rate Fmax were functions of the inflow Froude number
Fr1, of the inflow Reynolds number Re and of the streamwise posi-
tion (x � x1)/d1. The present results highlighted the influence of the
inflow Froude number on the air entrainment processes. At the
highest Froude numbers, the entrained air bubbles were more
thoroughly dispersed, and the largest amount of entrained air
and bubble count rates were detected in the turbulent shear layer.

The present results showed furthermore negligible cross-corre-
lations between two-phase-detection probes for transverse separa-
tion distance z/d1 > 0.6–0.8. The finding implied that any transverse
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Fig. 11. Dimensionless relationship between void fraction and integral turbulent time
h = 0.10 m, Re = 1.2�105, dc = 0.115 m, Step 10 and (B) hydraulic jump flow (present stu
length scale of the bubbly shear flow must be smaller than about
0.8 � d1. The integral turbulent length and time scale results were
consistent with the earlier study of Chanson [9]. Interestingly the
integral turbulent length and time scales may be compared with
the experimental results of Chanson and Carosi [21]. Their experi-
ments were conducted in a large stepped channel, and the same
instrumentation and signal processing technique were applied. In
skimming flows, air bubble entrainment takes place in the form
of some interfacial aeration, and the entrained bubbles are ad-
vected in a boundary layer flow. In contrast, air entrainment in
hydraulic jumps is a form of singular aeration: i.e. the air bubbles
are entrapped at the jump toe (Fig. 1A). The entrained bubbles are
advected in a developing shear layer, and there is some competi-
tion between the advective diffusion of air bubbles and of vorticity
[19].

Some comparative results are presented in Fig. 11, where the
dimensionless turbulence scales Lxz/dc and TInt � g/dc are presented
as functions of the void fraction, with dc the critical flow depth
(dc ¼

ffiffiffiffiffiffiffiffiffiffi
q2=g3

p
), and q is the water discharge per unit width. The re-

sults illustrated some differences between hydraulic jump and
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skimming flow in terms of integral turbulent scales (Fig. 11). The
quantitative results in skimming flow and in the shear layer of
the hydraulic jump were comparable. But substantial differences
were observed in the upper flow region of the hydraulic jump flow
(Fig. 11B).

These differences may reflect the recirculation nature of roller
upper surface, whereas the skimming flow free-surface region is
the locus of interfacial aeration with lesser vorticity levels.

8. Conclusion

New air–water flow measurements were performed in hydrau-
lic jumps with partially-developed inflow conditions for a range of
inflow Froude numbers 4.7 6 Fr1 6 8.5. The experiments were con-
ducted in a large-size facility using two types of phase-detection
intrusive probes, complemented by some measurements of the
free-surface fluctuations using ultrasonic displacement meters.
The new study was focused on the air–water turbulence character-
istics in the turbulent shear layer of hydraulic jumps with par-
tially-developed inflow conditions. The free-surface fluctuation
measurements showed large turbulent fluctuations that reflected
the dynamic unsteady structure of the hydraulic jump flows. A lin-
ear relationship was found between the normalized maximum
free-surface fluctuation and the inflow Froude number. The void
fraction measurements showed the presence of an advective diffu-
sion shear layer in which the void fractions profiles followed clo-
sely an analytical solution of the advective diffusion equation for
air bubbles. A similar finding was observed in earlier studies of
hydraulic jumps with partially-developed inflow conditions. In
the air–water shear layer, the distributions of void fraction and
bubble count rate exhibited both a marked maximum. The velocity
profiles tended to follow a wall jet flow pattern, with a decreasing
interfacial velocity with increasing distance from the jump toe.

The air–water turbulent integral time and length scales were
deduced from auto- and cross-correlation analyses based upon
the method of Chanson [9]. The result provided some characteristic
transverse time and length scales of the eddy structures advecting
the air bubbles in the developing shear layer. The dimensionless
turbulent integral length scales Lxz/d1 were closely related to the
inflow depth: i.e. Lxz/d1 = 0.2–0.8, with Lxz increasing towards the
free-surface.

The writers believe that the present results bring some new
light to a better understanding of turbulent processes in hydraulic
jump flows and of the interactions between entrained air and tur-
bulent structures. The results could have important implications in
terms of civil and environmental engineering structures.
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