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Abstract: This experimental study presents an analysis of the air–water flow in rectangular free-falling
jets. The measurements were obtained downstream of a 1.05 m wide sharp-crested weir. The properties
of the air–water flow were registered in several cross-sections of the nappe. A conductivity phase
detection probe was employed, sampling at 20 kHz. Three different specific flows were considered,
with energy head over the crest of 0.080, 0.109 and 0.131 m to avoid scale effects. To analyze the flow
properties, air–water parameters during the fall, such as the phase change spatial distribution,
air–water phase change of frequency, Sauter mean diameter, bubble chord length, turbulent intensities
and spectral analyses, were studied. The jet thickness behaviors (inner jet core and free surface) were
also analyzed in the falling jet. The jet thickness related to a void fraction of 90% seems to be similar
to the theoretical proposal obtained by Castillo et al. (2015), while the jet thickness related to a void
fraction of 10% seems to be similar to the jet thickness due to gravitational effects. The results show
relative differences in the behavior of the upper and lower sides of the nappe. The experimental data
allow us to improve on and complement previous research.

Keywords: air entrainment; air–water flow; free-falling jets; laboratory model; phase detection probe;
rectangular jets

1. Introduction

The increase in the magnitude of design floods at large dams around the world and the new
regulations in demands have driven a more rigorous assessment of the spillways’ capacity and their use
in normal and extraordinary operating scenarios. Given the current capacity of many spillways, their
discharge capacity may be inadequate in extreme operating scenarios. During these events, dams may
overflow, thus compromising their stability and safety (US Department of Homeland Security-Federal
Emergency Management, FEMA [1]). In some cases, such as extreme events and/or in emergency
scenarios, the overflow may be considered as an extra discharge operation. This situation creates
new questions about the actions at the dam toe and in the regulation structures of the dams
(Wahl et al. [2]). Currently, it is necessary to evaluate these considerations and propose viable
technical/economic solutions.

Air–water flows are commonly present in nature and may also be found in hydraulic structures
(Chanson [3]). Air entrainment effects in hydraulic structures may be essential for safe operation
(Wood [4]). The flow properties and the energy dissipation mechanism are changed by the air present
in the flow. The aeration processes in high-velocity flows produce a modification of the air–water flow
structure and turbulent mixing processes (Boes [5]).
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The theoretical flow profiles of rectangular free-falling jets are affected by air entrainment through
the free surface. Self-aeration and atomization processes reduce the falling velocity and increment the jet
thickness (bulking process). Air entrainment and turbulent processes may also induce fluctuations
and instabilities in the free surfaces of turbulent jets. Moreover, nappe oscillation may cause vibrations
in the structure (Anderson and Tullis [6]). Besides this, pressure fluctuations, macroturbulence
and energy dissipation in the receiving plunge pools are also influenced by the air entrainment content
and the degree of jet break-up length. Hence, the mean pressure in the stagnation point of rectangular
jets tends to reduce as the falling distance/break-up length, H/Lb, rate increases, while the fluctuating
pressure tends toward a maximum value for H/Lb ratios between 1.0 and 1.3 (Castillo et al. [7]).
Knowledge of the impingement jet stream’s power is essential to preventing scour at the dam toe.

According to Ervine and Falvey [8], turbulence is paramount in the air entrainment mechanisms
in jets; turbulence fluctuations affect the jet spread and deformations of the free surface. Self-aeration
may be related to the turbulence boundary layer and the turbulent mixing processes. The internal
turbulence in the jets forms small waves and instabilities on the surface at the beginning of the jet.
The growth of these instabilities is related to the surface tension. Later, instabilities and waves are
amplified in the flow direction. The velocity of the non-aerated jet core is the same as the air entrained
within the turbulence instabilities in the free surface. Finally, turbulent fluctuations are large enough to
penetrate and affect the non-aerated core of the jet. The surface tension and the turbulent layer influence
the jet break-up length (Ervine et al. [9]). Through the air–water interphase there are continuous
exchanges of mass and momentum between water and atmosphere (Chanson and Toombes [10]).
According to Bertola [11], the air–water properties of rectangular free-falling jets may be determinant
in the energy dissipation and the air entrainment in plunge pools. The energy dissipation mechanisms
in rectangular free-falling jets can be divided into several steps (Castillo et al. [7]): spreading of the jet
during the falling (aeration and atomization), entrainment of air and diffusion of the jet in the water
cushion, impact on the basin bottom and recirculation and diffusion in the basin. Figure 1 shows a
sketch of the spreading of a rectangular free-falling jet in the atmosphere.

Figure 1. Spreading of a rectangular free-falling jet in the atmosphere. Adapted from Ervine and Falvey [8].
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Horeni [12] proposed one of the first known expressions to estimate the jet break-up length Lb
in rectangular jets. Later, Castillo [13] and Castillo et al. [7] proposed a practical design methodology
for rectangular free-falling jets. This methodology analyzes the jet thickness Bj and the break-up length
Lb. The jet thickness in rectangular jets is given as:

B j = Bg + Bs =
q√
2gH

+ 4ϕ
√

h
(√

2H − 2
√

h
)
. (1)

where Bg is the thickness of the jet due to gravitational effects, Bs the lateral spread, q the specific flow,
g the gravitational acceleration, H the vertical distance between the upstream and the downstream water
levels, h the total energy head over the weir and ϕ = KϕTu

*. For the three-dimensional nappe flow case,
Kϕ ≈ 1.24 (Carrillo [14]; Castillo et al. [15]). Tu

* is the turbulent intensity defined as (Castillo et al. [7]):

T∗u =
q0.43

IC
. (2)

with IC being the initial conditions:

IC =
14.95g0.50

K1.22C0.19
d

(3)

where K ≈ 0.85 is a dimensionless coefficient (Castillo [13]), and Cd is the discharge coefficient which
depends on the type of structure (Cd ≈ 1.85 for sharp weir crest and 2.10 for hydrodynamic spillway).

This work aims to experimentally analyze the self-aeration of turbulent rectangular free-falling
jets as measured downstream of a rectangular weir. For this purpose, a conductivity probe was used
for measuring the air–water flow characteristics in a relatively large experimental device.

2. Materials and Methods

2.1. Experimental Setup

This work was performed in a relatively large experimental device at the Hydraulic Laboratory
located in the Universidad Politécnica de Cartagena (Spain). This experimental device was specifically
built for the analysis of rectangular jets and their energy dissipation in overflow cases. The inlet flow
structure is a mobile device with a 4.00 m long and 1.05 m wide inlet channel. The inlet channel ends
in a sharp-crested weir without lateral contractions, located at an elevation of 2.20 m above the bottom
of the plunge pool.

In the inlet line, an electromagnetic flowmeter was used to measure the flow rates, with an
accuracy of ±0.5%. Further details of the experimental setup may be found in previous works
(Carrillo et al. [16–18]).

2.2. Instrumentation

The flow properties of the free-falling jet were measured using a conductivity phase detection
probe [18]. The intrusive probe was designed and built at the Universidad Politécnica de Cartagena
(Figure 2a). The conductivity probe was built considering the phase detection instrumentation that has
been used in previous works (e.g., Chanson [19,20]; Matos et al. [21]; Toombes [22]). The probe tip of
Ø = 0.25 mm was made of platinum.

The air–water phases were registered in the probe tip. The equipment detects the changes
in electrical conductivity between both phases (air and water), causing a sudden voltage drop when
the probe tip changes from water to air. Flow properties were analyzed from the signal processing
of the raw signal. A single-threshold technique was used for converting the raw signal into a binary
signal (air–water). The total time that the probe tip was in the air Σti over the total recorded time t is
known as the time-average void fraction (C = Σti/t).
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Previous analyses have shown that at least 30 s are needed for obtaining an uncertainty of about
±1% in the void fraction (Figure 2c). With these conditions, each measurement was sampled at a
frequency of 20 kHz for 45 s. Figure 2d shows the cumulative number of bubbles detected during
the sampling time.

Figure 2. Conductivity probe designed and developed at Universidad Politécnica de Cartagena:
(a) conductivity probe, Ø = 0.25 mm; (b) scheme of the probe location; (c) evolution of the void fraction
during the test; (d) number of bubbles accumulated by the probe sensor.

2.3. Experimental Test and Flow Conditions

The experiments were performed for three specific flows q (0.048, 0.072 and 0.096 m3/s/m). The local
measurements were carried out in different cross-sections of each specific flow. The probe tip was placed
in the jet centerline and aligned with the flow direction using the theoretical trajectory proposed by
Scimemi [23]. The probe tip was located at different distances from the centerline; the probe was moved
perpendicularly along the flow with a spatial resolution of 1.0 mm. Table 1 shows the experimental
test conditions and the Reynolds and Weber numbers, Re and We, respectively. Issuance conditions are
defined at vertical elevation Z = −h downstream of the weir crest (origin of coordinates), with Z being
the vertical coordinate. The issuance velocity is defined as Vi =

√
2gh0, where h0 = 2h. The maximum

Z/h ratio, where measurements were able to be obtained without influence of the instabilities around
the impingement point, has also been indicated.
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Table 1. Experimental tests and issuance flow conditions.

Specific Flow,
q (m3/s/m)

Energy Head
over the Weir Crest,

h (m)

Velocity at Initial
Condition,

Vi (m/s)

Reynolds Number at
the Initial Condition,

Re (-)

Weber Number at
the Initial Condition,

We (-)

Maximum Measurable
Free-Falling Distance Ratio,

Z/h (-)

0.048 0.080 1.78 47,148 1162 −21.3
0.072 0.109 2.07 70,721 2029 −15.6
0.096 0.131 2.25 94,202 2940 −13.0

In a sharp-crested weir, scale effects may be neglected when the total head h > 0.045 m and We > 1103
(Chanson [24]; Heller [25]). The flow conditions were selected to avoid scale effects in the jet
(h = 0.08–0.131 m). However, special caution needs to be taken when scaling air–water flows, since the air
bubble size is not correctly scalable (Chanson [24]). Hence, several parameters, such as the Sauter
mean diameter Dsm and the air–water chord length Ch, are difficult to scale.

3. Results and Discussion

3.1. Void Fraction Distribution

Void fraction measurements were performed with a conductivity probe in several cross-sections
of the falling distance. Several authors have analyzed the water core evolution in two-phase jets of
different types (e.g., Chanson [26]; Toombes [27]; Pfister and Schwindt [28]). However, analyses of
nappe jets are scarce [18].

During the fall, the amount of air that is entrained in the rectangular jet tends to increase, changing
the flow properties, such as the jet thickness B and the density of the mixture. Considering the spatial
resolution of 1 mm between measurements and the uncertainty of about ±1% in the void fraction,
Figure 3 shows the void fraction distributions C for different dimensionless falling distances Z/h, where
Z is the vertical distance from the weir crest to the center of each cross-section, and h is the energy head
over the weir. The points of the upper and lower nappe are where C = 0.90 was used to obtain the B90
jet thickness. This parameter defines the part of the jet in which the probability to find water is more
than 10%. The center of the B90 values was used to align the center of the cross-sections, allowing us to
compare the void fraction distributions.

Water 2020, 12, x FOR PEER REVIEW 5 o f 16 

 

Table 1. Experimental tests and issuance flow conditions. 

Specific 

Flow, 

q (m3/s/m) 

Energy 

Head 

over the 

Weir Crest,  

h (m) 

Velocity at 

Initial  

Condition,  

Vi (m/s) 

Reynolds Number at 

the Initial Condition,  

Re (-) 

Weber Number at the 

Initial Condition,  

We (-) 

Maximum Measurable 

Free-Falling Distance 

Ratio, 

Z/h (-) 

0.048 0.080 1.78 47,148 1162 −21.3 

0.072 0.109 2.07 70,721 2029 −15.6 

0.096 0.131 2.25 94,202 2940 −13.0 

3. Results and Discussion 

3.1. Void Fraction Distribution 

Void fraction measurements were performed with a conductivity probe in several 

cross-sections of the falling distance. Several authors have analyzed the water core evolution in 

two-phase jets of different types (e.g., Chanson [26]; Toombes [27]; Pfister and Schwindt [28]). 

However, analyses of nappe jets are scarce [18].  

During the fall, the amount of air that is entrained in the rectangular jet tends to increase, 

changing the flow properties, such as the jet thickness B and the density of the mixture. Considering 

the spatial resolution of 1 mm between measurements and the uncertainty of about ±1 in the void 

fraction, Figure 3 shows the void fraction distributions C for different dimensionless falling distances 

Z/h, where Z is the vertical distance from the weir crest to the center of each cross-section, and h is 

the energy head over the weir. The points of the upper and lower nappe are where C = 0.90 was used 

to obtain the B90 jet thickness. This parameter defines the part of the jet in which the probability to 

find water is more than 10. The center of the B90 values was used to align the center of the 

cross-sections, allowing us to compare the void fraction distributions. 

 
(a)                                        (b) 

 
(c) 

Figure 3. Void fraction distributions as a function of the dimensionless jet thickness B/(B90/2): (a) for 

Z/h around −5.0; (b) for Z/h around −10.0; (c) for Z/h around −15.0. 

0.00

0.25

0.50

0.75

1.00

-2 -1 0 1 2

C
(-

)

B/(B90 /2)
Z/h = -5.0, q = 0.048 m³/s/m

Z/h = -5.5, q = 0.072 m³/s/m

Z/h = -4.6, q = 0.096 m³/s/m

Lower 

nappe side
Upper 

nappe side
0.00

0.25

0.50

0.75

1.00

-2 -1 0 1 2

C
(-

)

B/(B90 /2)
Z/h = -10.0, q = 0.048 m³/s/m

Z/h = -11.0, q = 0.072 m³/s/m

Z/h = -9.1, q = 0.096 m³/s/m

Lower 

nappe side
Upper 

nappe side

0.00

0.25

0.50

0.75

1.00

-2 -1 0 1 2

C
(-

)

B/(B90 /2)

Z/h = -14.9, q = 0.048 m³/s/m

Z/h = -16.5, q = 0.072 m³/s/m

Lower 

nappe side

Upper 

nappe side

Figure 3. Void fraction distributions as a function of the dimensionless jet thickness B/(B90/2): (a) for
Z/h around −5.0; (b) for Z/h around −10.0; (c) for Z/h around −15.0.
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For Z/h ratios between−4.6 and−5.5 (Figure 3a), the void fraction profile is very similar in the three
specific flows, and the inner jet core showed almost clear water (C = 0), with its center displaced
to the upper nappe side. The shape of the void fraction distribution is not symmetrical, with less
air entrainment in the upper side of the nappe. As the flow falls, the water jet core tends to reduce.
For values of Z/h between −9.1 and −11.0 (Figure 3b), the air entrainment reaches almost all the jet
thickness, with few differences between the shapes of the upper and lower sides of the nappe jet.

For falling distances Z/h between −14.9 and −16.5 (Figure 3c), air entrainment is noticeable
in the entire cross-section, with minimum values of void fraction of 0.08 < C < 0.24. As the water falls,
the slopes of the void fraction distribution of the upper and lower nappe sides tend to be less sharp.

3.2. Jet Thickness

Turbulence has an important effect on rectangular free-falling jets during the fall. It modifies
the cross-section’s profile due to the spread of the jet thickness. The inner jet core tends to reduce due
to the air entrainment and the interaction with the boundary’s turbulent layer.

Figure 4 shows the dimensionless evolution of the thickness B90 and B10 as the flow moves from
the weir, where B10 has been estimated as the distance between the upper and lower nappe with a void
fraction of C = 0.10 (jet thickness with probability to find air of less than 10%). The Z/h normalization
seems to be a good choice for analyzing the trends of both parameters. The experimental data were
also compared with the aerated jet thickness Bj value calculated by Equation (1) of the parametric
methodology and the theoretical jet thickness considering gravitational effects Bg (see Castillo et al. [7]).

As stated by Carrillo et al. [18], although the jet thickness values may be affected by fluctuations
in the nappe jet, the B10 values seem to be similar to the jet thickness due to gravitational effects, while
the B90 values seem to be quite similar to the Bj values obtained with Equation (1).

Regarding the B10 value, the maximum absolute differences in the Bg values are around 5–8
mm. The jet thickness B10 disappeared for fall distances greater than 1.20–1.40 m (Z/h ratios between
−10.1 and −13.4). Regarding the comparison between B90 and Bj values, the maximum absolute
differences are roughly between 2 and 3 mm. These results may be affected by the spatial resolution
in the cross-section measurements (1 mm), and the void fraction’s relative accuracy (about ±1%).

Water 2020, 12, x FOR PEER REVIEW 6 o f 16 

 

For Z/h ratios between −4.6 and −5.5 (Figure 3a), the void fraction profile is very similar in the 

three specific flows, and the inner jet core showed almost clear water (C = 0), with its center 

displaced to the upper nappe side. The shape of the void fraction distribution is not symmetrical, 

with less air entrainment in the upper side of the nappe. As the flow falls, the water jet core tends to 

reduce. For values of Z/h between −9.1 and −11.0 (Figure 3b), the air entrainment reaches almost all 

the jet thickness, with few differences between the shapes of the upper and lower sides of the nappe 

jet. 

For falling distances Z/h between −14.9 and −16.5 (Figure 3c), air entrainment is noticeable in the 

entire cross-section, with minimum values of void fraction of 0.08 < C < 0.24. As the water falls, the 

slopes of the void fraction distribution of the upper and lower nappe sides tend to be less sharp. 

3.2. Jet Thickness  

Turbulence has an important effect on rectangular free-falling jets during the fall. It modifies 

the cross-section’s profile due to the spread of the jet thickness. The inner jet core tends to reduce due 

to the air entrainment and the interaction with the boundary’s turbulent layer. 

Figure 4 shows the dimensionless evolution of the thickness B90 and B10 as the flow moves from the 

weir, where B10 has been estimated as the distance between the upper and lower nappe with a void 

fraction of C = 0.10 (jet thickness with probability to find air of less than 10). The Z/h normalization 

seems to be a good choice for analyzing the trends of both parameters. The experimental data were also 

compared with the aerated jet thickness Bj value calculated by Equation (1) of the parametric 

methodology and the theoretical jet thickness considering gravitational effects Bg (see Castillo et al. [7]). 

As stated by Carrillo et al. [18], although the jet thickness values may be affected by fluctuations 

in the nappe jet, the B10 values seem to be similar to the jet thickness due to gravitational effects, 

while the B90 values seem to be quite similar to the Bj values obtained with Equation (1). 

Regarding the B10 value, the maximum absolute differences in the Bg values are around 5–8 mm. 

The jet thickness B10 disappeared for fall distances greater than 1.20–1.40 m (Z/h ratios between −10.1 

and −13.4). Regarding the comparison between B90 and Bj values, the maximum absolute differences 

are roughly between 2 and 3 mm. These results may be affected by the spatial resolution in the 

cross-section measurements (1 mm), and the void fraction’s relative accuracy (about ±1). 

 

Figure 4. Evolution of the dimensionless thickness of the jet during the fall for q = 0.048, 0.072 and 

0.096 m3/s/m (q = 0.048 and 0.072 m3/s/m, data obtained from Carrillo et al. [18]). 

-30.0

-25.0

-20.0

-15.0

-10.0

-5.0

0.0

0.00.10.20.30.40.50.6

Z
/h

B/h

B90/h, q=0.048 m³/s/m
B90/h, q=0.072 m³/s/m
B90/h, q=0.096 m³/s/m
Bj/h, q=0.048 m³/s/m
Bj/h, q=0.072 m³/s/m
Bj/h, q=0.096 m³/s/m
B10/h, q=0.048 m³/s/m
B10/h, q=0.072 m³/s/m
B10/h, q=0.096 m³/s/m
Bg/h, q=0.048 m³/s/m
Bg/h, q=0.072 m³/s/m
Bg/h, q=0.096 m³/s/m

Figure 4. Evolution of the dimensionless thickness of the jet during the fall for q = 0.048, 0.072
and 0.096 m3/s/m (q = 0.048 and 0.072 m3/s/m, data obtained from Carrillo et al. [18]).

3.3. Air–Water Phase Variation Count Rate

The air–water phase change count or bubble frequency F may be defined as the number of
air–water detections by the probe’s tip (Felder [29]). This statistical parameter is considered a good
estimator of the existence of air in the flow (André et al. [30]). The number of phase changes per second
in rectangular free-falling jets has been analyzed in this study with the phase detection probe.
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Figure 5 shows the air–water phase count rate F. At the beginning of the fall, the maximum values
of the interference frequency are observed in the limits of the free surface of the jet, corresponding to
the upper and lower nappe trajectories, with maximum values in the lower nappe side being slightly
higher than in the upper nappe side. These maximum values tend to increase with the dimensionless
falling distance Z/h: for values Z/h between −4.6 and −5.5 (Figure 5a), the maximum values are between
6 and 8 Hz; for Z/h between −9.1 and −11.0 (Figure 5b), the maximum values of F are between 8
and 14 Hz; and for dimensionless falling distances Z/h between −14.9 and −16.5 (Figure 5c), the bubble
count rate tends to increase to 13–21 Hz.

As the non-aerated inner core has disappeared in Figure 5c, the maximum values tend to appear
closer to the centerline of the cross-section. In all cases, the maximum air–water phase count rates
were observed with a void fraction between 35% and 70%.

Several studies (e.g., Brattberg et al. [31], Toombes [22]) have stated that a relationship between
the void fraction and the phase change count rate may be considered in two-dimensional water
jets and stepped cascades. This relationship follows an approximately parabolic shape that may be
defined as:

F
Fmax

= 4 C (1−C) (4)

where F and Fmax are the bubble phase count rate and the maximum bubble count rate in each section,
respectively, and C is the time-average void fraction.

Figure 5. Phase change count rate F as a function of the dimensionless jet thickness B/(B90/2): (a) for
Z/h around −5.0; (b) for Z/h around −10.0; (c) for Z/h around −15.0.
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Following these ideas, Figure 6 shows this normalization for the nappe flow case. The maximum
values of F/Fmax may be observed at around C≈ 0.50 (50% of the void fraction). For the range of velocities
tested (from 2.5 to 6.5 m/s), the normalization seems to be independent of the jet velocity, jet thickness
and aeration and the dimensionless falling distance. Considering the dispersion, the experimental
data reasonably fit with Equation (4) in relation to rectangular free-falling jets.

Figure 6. Dimensionless air–water phase frequency F/Fmax as a function of the void fraction C.

3.4. Sauter Mean Bubble Diameter

If the simplification that the shape of air entrapped is spherical and equally distributed is assumed,
then the air bubbles detected by the conductivity probe tip may be defined by the Sauter mean air
bubble diameter Dsm (Clift et al. [32]). This is the mean diameter of a sphere that has the same
distribution as the volume/surface ratio in the entire register. The Sauter mean bubble diameter may
be estimated as:

Dsm =
3 C V

2F
. (5)

where V is the mean velocity of the bubbles (considered as the gravitational velocity in each
cross-section), and F is the air–water phase change frequency.

Figure 7 shows the Sauter mean air bubble diameter for different falling distances from the weir.
The plot has been limited to the C ≤ 0.9 values. In general, the Sauter mean diameter values are
between 0.02 and 1.0 mm, with maximum values below 3.0 mm. Minimum values are obtained
in the center of the jet in all the cross-sections, with maximum values being obtained as the measurement
locations move to the free surface of the nappe. The minimum values also increase as the falling
distance increases in the closer sections. After falling distances of around 5–6 times the energy head
(Z/h > 5–6), the minimum Sauter mean diameter tends toward a constant value around 0.1 mm. Data
show a relatively low deviation from the symmetrical behavior tending to the lower nappe side, with
skewness values of between 1 and 2 for q = 0.048 m3/s/m, 1 and 3 for q = 0.072 m3/s/m and 2 and 3 for
q = 0.096 m3/s/m, where values closer to zero indicate a symmetric trend and lower dispersion.
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Figure 7. Sauter mean diameter in rectangular free-falling jets.

3.5. Air–Water Chord Length

According to Chanson and Carosi [33], the void fraction distribution does not adequately describe
the structure of air–water flows or the interactions between entrapped bubbles and the turbulent shear.
However, the signal processing may provide additional information about the flow characteristics.
The conductivity probe signals register the time by the air/water phase change, which is known
as the chord time. The chord time of the local measurements can be classified in terms of the bubble
chord length:

Ch = V·tch (6)

where V is the mean velocity (obtained as the gravitational velocity in each cross-section), and tch is
the chord time.

Some authors (e.g., Toombes [22], Chanson and Carosi [33], Felder, [34]) have considered the bubble
chord length distributions as a probability distribution function (PDF) in the form of a frequency
histogram. Other authors (e.g., Herringe and Davis [35]) have presented these data as a cumulative
probability distribution function. Figure 8, Figure 9, Figure 10 show the cumulative probability
distribution functions obtained for the bubble chord lengths that were measured in the upper and lower
nappes of the rectangular free-falling jets. The bubble chord lengths have a wide range of values
(from zero to 100 mm). The maximum slopes of the cumulative distribution were obtained with
the smaller bubble chord lengths (between 0 and 20 mm) in the three falling distances that were
analyzed. The cumulative probability distribution function slopes tend to reduce as the bubble chord
length increases. In general, the distributions of the upper and lower nappe sides show the same
trend, and few differences are observed as a function of the normalization of the falling distance Z/h.
These values agree with the results obtained by Brattberg [31] in two-dimensional water jets, whose
representative probabilities were between 2.0 and 2.5 mm with the maximum chord lengths of up to
100 mm.
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Figure 8. Cumulative probability of air bubble chord lengths in the upper and lower interfaces
of rectangular free-falling jets for q = 0.048 m3/s/m, Z/h = −5.0; q = 0.072 m3/s/m, Z/h = −5.5;
and q = 0.096 m3/s/m, Z/h = −4.6.
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Figure 9. Cumulative probability of air bubble chord lengths in the upper and lower interfaces
of rectangular free-falling jets for q = 0.048 m3/s/m, Z/h = −10.0; q = 0.072 m3/s/m, Z/h = −11.0;
and q = 0.096 m3/s/m, Z/h = −9.1.

Figure 10. Cumulative probability of air bubble chord lengths in the upper and lower interfaces of
rectangular free-falling jets for q = 0.048 m3/s/m, Z/h = −14.9; and q = 0.072 m3/s/m, Z/h = −16.5.

3.6. Turbulence Intensity

Several authors (e.g., Chanson and Toombes [10], Felder [34]) have experimentally observed
a relationship between the increase in the turbulent intensity and the number of entrainment
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bubbles/droplets in skimming flow cases. These studies stated that the turbulence intensity Tu

is correlated to the dimensionless bubble frequency by:

Tu = 0.25 + 0.193
(

F·dc

Vc

)0.539

. (7)

where dc is the critical flow depth (dc = 3
√

q2/g) and Vc the critical flow velocity (Vc = 3√qg).
Following these ideas, Figure 11 shows the turbulent intensity and the dimensionless air–water

phase count rate in rectangular free-falling jets. In the three specific flows, the range of values obtained
in each cross-section changes according to the dimensionless falling distance. The turbulent intensity
values are between 0.25 and 0.45–0.53. Differences in the three specific flows are related to the differences
in the phase change count rate F that is measured in the further cross-sections (see Figure 5c). The range
of Tu values obtained is similar to those obtained by [10] and [34], with maximum values of up to 1.7
in steeped chutes.

Figure 12 shows the turbulent intensity distribution as a function of the dimensionless distance
from the center of the jet B/(B90/2). The Tu distribution is similar in the lower and intermediate
falling distances (Figure 12a–c), with the maximum peaks obtained in the free surface of the jet
in the upper and lower nappe sides. Among them, the maximum values tend to be slightly higher
in the lower nappe side. Outside the B90 jet thickness, the turbulence intensity tends to reduce rapidly.
As the air entrainment reaches the inner core of the jet, the differences between the center of the jet
and the maximum peaks tend to reduce. In the furthest cross-sections from the weir crest (Z/h = −14.9
and −16.5), the differences in the turbulent intensity are more remarkable due to the differences
observed in the phase change frequency F (see Figure 5c).

Figure 11. Dimensionless relationship between turbulence intensity and air–water phase count rate
in rectangular free-falling jets: (a) q = 0.048 m3/s/m; (b) q = 0.072 m3/s/m; (c) q = 0.096 m3/s/m.
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3.7. Characteristic Frequencies and Spectral Analysis

The power spectrum density (PSD) is defined as a decomposition of the frequency. The typical
power spectra of the conductivity probe signals that were recorded at 20 kHz were obtained from the raw
signal in the rectangular free-falling jets, analyzed with FFT (fast Fourier transform) spectral analyses.

Figures 13 and 14 show the power spectral density in different falling distances, corresponding
to the upper and lower nappe sides, respectively. Independently of the normalized falling distance
to the weir crest Z/h, similar behavior is found in the upper and lower nappe sides. For frequencies
between 0.1 and 1 Hz, the power spectra density shows the higher values in each case. For frequencies
between 101 and 103 Hz, the spectral curves show a rapid decay, with a quasi linear slope. This may be
considered the viscous dissipation range. For frequencies higher than 103, the power spectral density
tends to stabilize at the same PSD value. These values are similar to those obtained by Wang [36],
who analyzed the power spectral density with a phase detection conductivity probe in hydraulic jumps.

Figure 12. Dimensionless relationship between turbulence intensity Tu and B/(B90/2) in rectangular
free-falling jets: (a) q = 0.048 m3/s/m, Z/h = −5.0; q = 0.072 m3/s/m, Z/h = −5.5; and q = 0.096 m3/s/m,
Z/h = −4.6; (b) q = 0.048 m3/s/m, Z/h = −10.0; q = 0.072 m3/s/m, Z/h = −11.0; and q = 0.096 m3/s/m,
Z/h = −9.1; (c) q = 0.048 m3/s/m, Z/h = −14.9; and q = 0.072 m3/s/m, Z/h = −16.5.
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Figure 13. Spectral analysis of the fluctuations of the conductivity probe signal in the upper nappe of
the rectangular free-falling jet for different falling distances between −4.6 < Z/h < −16.5.

Figure 14. Spectral analysis of the fluctuations of the conductivity probe signal in the lower nappe of
the rectangular free-falling jet for different falling distances between −4.6 < Z/h < −16.5.

4. Conclusions

Free surface aeration in rectangular free-falling jets may be considered an effect of the surface
instabilities and turbulent fluctuations which act on the upper and lower free surfaces of the nappe jets.
These processes affect the non-aerated inner core and change the flow properties (e.g., jet thickness
and density of the mixture). A better knowledge of the air entrainment mechanism in rectangular
free-falling jets will allow hydraulic engineers to know the flow characteristics of the impingement jets
into the plunge pools.

To minimize possible scale effects, the jet flow conditions were selected with energy head over
weir crest values between 0.08 and 0.131 m. For the minimum flow rate (q = 0.048 m3/s/m), the Weber
number is close to 1103, and some scale effects may be expected to appear. However, comparing
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the results of the three specific flows, no significant variations have been observed. Hence, our findings
may be considered exempt from systematic errors caused by surface tension.

The non-aerated inner core of the jet begins to disappear for falling distances Z/h larger than
10. The methodology proposed by Castillo et al. [14] for nappe jets seems to follow the jet thickness
corresponding to the Cair = 0.90 during the fall, while the gravitational thickness seems to be similar to
the jet thickness corresponding to the Cair = 0.10.

The maximum air–water phase count rates were obtained with void fractions between 0.35 and 0.70,
and these maximum values tended to increase with the vertical distance to the weir crest. The higher
frequencies in the cross-sections were observed near the free surfaces, and their values tended to
increase with the falling distance. For vertical distances Z/h larger than −14.9–−16.5, the non-aerated
inner core tended to disappear and the air–water phase change frequency in the inner core tended to
increase. The parabolic relationship between the bubble frequency and the void fraction seems to have
a relatively good fit in nappe jets, with the maximum F/Fmax values obtained around Cair = 0.40–0.60.

After a relative falling distance Z/h ≥ 10, the Sauter mean air bubble diameter tends toward a
value of 0.1 mm in the center of the air–water jet. The non-dimensional falling distance seems to have
no influence on the probability distribution functions of bubble sizes measured in the upper and lower
nappe sides, with similar chord length distributions at both free surfaces of the falling jet.

The range of the turbulent intensities seems to be related to the dimensionless falling distances,
increasing with the falling distance. The jet produces more spectral energy at low frequencies, with
the dissipation range at intermediate frequencies (between 101 and 103). For frequencies higher
than 103, the power spectral density tends to stabilize at the same value for all the considered
registers. The behavior between the upper and lower nappe shows slight differences in the void
fraction distribution, air–water phase count rates and Sauter mean air bubble diameter. However,
no remarkable differences were observed in the spectral analysis.
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