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a b s t r a c t 

This experimental study analyzes submerged hydraulic jumps generated in a 1.05-m wide stilling basin 

that receives overflow rectangular impinging jets, with the vertical distance between the sharp-crested 

weir and the bottom of the plunge pool being 2.20 m. Five submerged hydraulic jumps downstream of 

non-developed nappe jets were analyzed, with vertical falling distances to break-up length ratios between 

0.76 and 0.78. The impingement velocity range was from 6.12 to 6.33 m/s, while the water depth / im- 

pingement jet thickness ratios were between 8.45 and 15.00. The velocity field and air entrapped were 

measured in several cross sections, with the farthest sections being located 1.0 m from the stagnation 

point. The entrapped air (void fraction and phase change detection) behavior measured with a phase- 

detection probe was classified as a function of the distance to the stagnation point / impingement jet 

thickness ratio and/or the mean void fraction of the vertical profiles. The maximum void fractions were 

observed near the free surface. However, the higher phase change detection frequencies (up to 130-140 

Hz) were obtained near the bottom for local void fractions smaller than 0.15-0.20. The non-dimensional 

velocity distribution seems to be similar to previous published studies, extending their validity range. 

Furthermore, the free hydraulic jumps formula has been adapted to estimate the air rate in the shear 

stress layer and the growth of the characteristic length in the plunge pool. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

In recent decades, improvements in the knowledge of the time- 

eries and changes in dam safety regulations have made it nec- 

ssary to re-evaluate the spillways and outlets capacity of large 

ams, and their operational scenarios around the world. Several 

tudies (e.g., FEMA, 2013 , 2014 ) have demonstrated that many 

eirs may have an insufficient flow discharge capacity, thereby 

ncreasing the possibility of being overtopped in extreme events. 

uring extreme conditions, the overflow may be considered as an 

dditional operational strategy, although at the risk of raising new 

ydrodynamic scenarios for the dams that may cause local erosion 

nd scour at the toe of the dam. 

The type of stilling basin is a technical-economic choice be- 

ween a lined shallow plunge pool or an unprotected deep plunge 

ool. For safety operations, the designers require data regarding 

he magnitude and frequency of the hydrodynamic actions at the 
∗ Corresponding author. 
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ottom of the plunge pool. The impingement jet characteristics and 

he water cushion depths define the bottom requirements to resist 

cour at the toe of the dam ( Annandale, 2006 ). 

Several studies have focused on the air entrainment, free sur- 

ace perturbations and break-up length of turbulent jets (e.g., 

oreni, 1956 ; Ervine and Falvey, 1987 ; Ervine et al., 1997 ; 

astillo, 2006 ). In addition, the characteristics of the near region 

ow of turbulent jets entering water cushions have been stud- 

ed by several authors (e.g., Albertson et al., 1950 ; Ervine and 

alvey, 1987 ; Ervine et al., 1997 ; Bollaert and Schleiss, 2003 ; 

hanson et al., 2004 ; Manso et al., 2007 ; Bertola et al., 2018 ;

u et al., 2018 ). 

A better understanding of the flow pattern in submerged hy- 

raulic jumps of plunge pools is essential for the designers as it 

ay affect their designs. The entrapped air in the plunge pool 

ay play an important role in hydraulic structure safety opera- 

ions. This creates a great increment in the flow depth of the mix- 

ure. The entrained air may also affect the behavior of the still- 

ng basin, influencing the characteristics of the vortices. Accord- 

ng to Duarte et al. (2015) , two opposing effects may be generated 
under the CC BY-NC-ND license 
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Fig. 1. Definition sketch of a submerged hydraulic jump downstream of a nappe jet. 
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y air entrainment. Due to its lower apparent density, aerated jets 

ave lower momentum than similar clear water jets, contributing 

o having lower pressures on the bottom of the plunge pool. How- 

ver, the air bubbles lower the shear stresses in the pool, allowing 

he aerated jets to flow with a higher velocity. The influence of air 

ntrainment is a balance between these two effects. 

A hydraulic jump is a local non-uniform transition from super- 

ritical to subcritical flow regime. The hydraulic jump is a discon- 

inuity in the free surface characterized by a steep upward slope, 

he development of eddies at different scales, surface waves and 

ndulation of the free surface, spray, energy dissipation and large 

mounts of air entrainment. Due to their high energy dissipation, 

hey may be designed as energy dissipaters, whose efficiency is di- 

ectly related to the supercritical Froude number. A review of the 

eneral knowledge in free hydraulic jumps and equipment to mea- 

ure the flow properties may be found in Valero et al. (2018) . 

According to Wood (1991) , the void fraction is one of the key 

arameters to be analyzed in hydraulic jumps. The entrained air in 

tilling basins may affect the behavior and the safety operation of 

ydraulic structures (e.g., to protect hydraulic structures from cav- 

tation damage, to design the required wall elevation of the stilling 

asin to avoid overflows due to bulking and/or undulations of the 

ree surface, among others). 

In free hydraulic jumps, the air enters mainly at the jump toe 

nto a free shear layer, characterized by intensive turbulence pro- 

uction, predominantly in vortices with axes perpendicular to the 

ow direction. A better knowledge of mixing, diffusion, transfer 

rocesses and air/water gas exchanges depends on the ability to 

easure these two-phase turbulent flows ( Murzyn, 2010 ). 

When the tailwater level is higher than the conjugated or se- 

uent water depth, for the same inlet Froude number, the hy- 

raulic jump is drowned out. In submerged hydraulic jumps gen- 

rated downstream of gates, the air entrainment and the turbu- 

ence intensities are smaller than for their free jump counterparts 

 Rajaratnam, 1965 ), as well as showing relatively gentle surface 

rofiles ( Long et al., 1991 ). Long et al. (1990) considered that sub-

erged hydraulic jumps may be treated as a transition between 

ree hydraulic jumps and wall jets, and may be treated as wall 

ets under an adverse pressure gradient. The authors also dis- 

inguished three regions in submerged hydraulic jumps: the de- 

eloping, the fully developed, and the recovering regions. Later, 

eiqing et al. (1998) distinguished three regions in the main flow 
2 
irection of plunge pools: region I located between the impinge- 

ent point of the free falling jet and the distance from the bot- 

om where its influence does not affect the characteristics of the 

ubmerged jet; region II located near the stagnation point, where 

he flow experiences such considerable deflection that the veloci- 

ies decrease rapidly and the pressures increase sharply; region III 

n which the flow behavior is similar to that of a submerged wall 

et, the main flow diffuses rapidly along the bottom of the plunge 

ool and a large recirculating region is formed at the surface. 

Fig. 1 shows a sketch of a submerged hydraulic jump generated 

n a plunge pool. The figure includes the velocity and air concen- 

ration distributions based on the results obtained and the obser- 

ations made by several authors in hydraulic jumps. 

With regard to the plunge pool aeration, there are at least three 

ain mechanisms as reported by Ervine (1998) . The first mecha- 

ism considers the surface disturbances of the falling jet on the 

eration process, with the minimum jet velocity to entrain air de- 

ending on the jet turbulence level ( Ervine et al., 1980 ). In the sec-

nd mechanism, a thin air boundary layer is dragged along by the 

et; the air flow may be able to enter the receiving water when 

 gap is formed between the jet and the recirculating flow. This 

econd mechanism is usually only thought to be significant for jet 

elocities beyond 5 m/s. The third mechanism is a free-surface aer- 

tion which contributes to the overall aeration rate. This can be 

resent in the falling jet, particularly at high velocities ( > 6 m/s), 

nd can also occur due to the violent disturbances on the surface 

f the plunge pool. 

Using phase detection probes, several studies have focused on 

he void fraction or air concentration analysis in free hydraulic 

umps (e.g., Chanson, 1995 ; Murzyn and Chanson, 20 07 ; 20 09 ;

urzyn, 2010 ). Two different regions may be distinguished: an air- 

ater shear layer near the bottom, characterized by smaller bubble 

izes (typically in millimeters) and high air content, and a recircu- 

ation region located in the upper part of the vertical profiles. A 

trong unsteady recirculation appears in the second region, with 

ubbles of different sizes, and the presence of air-water packets. 

ear the free surface, a foam structure layer may be observed. To 

he best of our knowledge, the current understanding of two-phase 

ows in the submerged hydraulic jump of free falling rectangular 

ets is scarce (e.g., Castillo et al., 2017 ; Carrillo et al., 2020a ). The

resent work aims to improve the studies in the far field of the 

lunge pool (namely fully developed submerged wall jet region). 
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Fig. 2. Detail of the plunge pool in the experimental facility with the optical fiber probe. 

T

g

t

2

b

r

p

t

s

t

2

2

c

d

v

0

m

g

a

e

b

i

c

l

i

m

a

c

o

m

l

a

w

s

t

o

m

t  

(  

p

e

d

w

j

a

t

a

t

a

1

H

S

m

s

m

c

l

w

c

t

w  

r

his study experimentally analyzes submerged hydraulic jumps 

enerated downstream of rectangular falling jets, with falling dis- 

ances from the weir crest to the bottom of the plunge pool of 

.20 m. An optical fiber probe and a back-flushing Pitot tube have 

een employed to analyze the entrapped air and the velocity field, 

espectively. Void fraction rates, free surface undulation pattern, 

hase-change detection frequency, mean velocities near the bot- 

om, and Sauter mean bubble diameter have been analyzed in the 

ubmerged hydraulic jumps generated downstream of the stagna- 

ion point of rectangular free falling jets. 

. Materials and methods 

.1. Experimental setup 

The experiments were conducted in an experimental facility lo- 

ated in the Hydraulic Laboratory of the Universidad Politécnica 

e Cartagena (Spain). The relatively large infrastructure may be di- 

ided into two parts: 

A 4.00 m long and 1.05 m wide inlet channel that ends in a 

.85 m rectangular sharp-crested weir with a weir height of 0.325 

. The channel has a labyrinth to increase the flow trajectory, two 

ravel filters and a 0.30 m honeycomb panel for dissipating energy 

nd straightening the streamlines before the weir. The weir crest 

levation was located at vertical distance P l = 2.20 m from the 

ottom of the stilling basin. 

A 1.05 m wide, 3.00 m long, and 1.60 m high stilling basin, built 

n methacrylate ( Fig. 2 ). The plunge pool enables different water 

ushion depths to be analyzed by modifying the height of the wall 

ocated in the downstream side. Further information on the exper- 

mental device is available in Carrillo (2014) . 

The flows were measured with an Endress + Hauser electro- 

agnetic flowmeter installed in the supply line. The device had 

n accuracy of ±0.5%. The upstream energy head over the sharp- 

rested weir was estimated with a point gauge, with an accuracy 

f ±0.5 mm. 
o

3 
An optical fiber probe and a modified Pitot tube were used to 

easure the entrapped air and the velocity field in the center- 

ine of the stilling basin. The submerged hydraulic jumps gener- 

ted downstream of the stagnation point of the impingement jets 

ere measured in ten cross sections, spaced 0.10 m apart. The 

tagnation point was considered by using the trajectory of the cen- 

ral nappe proposed by Scimemi (1930) . According to our previ- 

us findings, this expression seems to be a good estimator of the 

aximum pressure distribution point measured on the bottom of 

he plunge pool, with differences of ±1 cm for q > 0.037 m 

3 /s/m

 Carrillo, 2014 ; Castillo et al., 2014 ). In each section, the vertical

rofile was measured. The probes were mounted on a trolley that 

nabled longitudinal, transversal and vertical displacements. The 

esired location in the three directions was measured by rules, 

ith an estimated accuracy of ±1 mm. 

The flow conditions were selected to analyze non-developed 

ets (vertical distance between the energy head over the weir crest 

nd at the end of the plunge pool to the break-up length ra- 

io H/L b < 1.0), and effective water cushion depths (water depth 

t the end of the plunge pool to impingement jet thickness ra- 

io Y/B j > 5.5 according to Castillo et al., 2015 ). To facilitate the 

nalysis of the water cushion ratio influence ( Y/B j from 8.45 to 

5.00), the cases selected had a similar impingement jet velocity, 

/L b ratio and angle of the impingement jet θ j , estimated by the 

cimemi (1930) formula, and mean void fraction at the impinge- 

ent condition C mean, j . 

Five different submerged hydraulic jumps were studied in the 

tilling basin, with specific flow rates q from 0.099 to 0.073 

 

3 /s/m, and equivalent impingement Froude number F ∗r , that is, 

alculated with gravitational jet thickness B g and gravitational ve- 

ocity V j , from 15.51 to 17.13. The gravitational data were obtained 

ith the Bernoulli formula, neglecting energy losses and without 

onsidering air entrainment. Tables 1 and 2 summarize some of 

he most representative parameters in rectangular free falling jets, 

here h is the energy head over the weir crest, and R e and W e are,

espectively, the Reynolds and Weber numbers obtained upstream 

f the sharp-crested weir. 
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Table 1 

Experimental flow conditions: dimensional parameters. 

q (m 

3 /s/m) h (m) H (m) Y (m) V j (m/s) B g (m) B j (m) L b (m) θ j ( °) 

0.099 0.144 2.044 0.290 6.33 0.017 0.034 2.69 78.4 

0.089 0.135 2.001 0.324 6.26 0.016 0.032 2.61 78.7 

0.085 0.130 1.979 0.341 6.23 0.015 0.030 2.57 78.9 

0.079 0.124 1.938 0.376 6.16 0.014 0.028 2.51 79.0 

0.073 0.118 1.907 0.401 6.11 0.013 0.027 2.45 79.2 

Table 2 

Experimental flow conditions: non-dimensional parameters. 

q (m 

3 /s/m) Y/B j (-) H/L b (-) C mean, j (-) F ∗r (-) R e (-) W e (-) R e 
0.2 W e 

0.6 (-) 

0.099 8.45 0.76 0.54 15.50 161463 2794 1286 

0.089 10.25 0.77 0.55 15.80 146565 2456 1168 

0.085 11.28 0.77 0.55 16.24 138498 2277 1103 

0.079 13.20 0.77 0.54 16.62 129021 2072 1028 

0.073 15.00 0.78 0.56 17.11 119771 1876 954 
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Following Castillo (2006) and Castillo et al. (2015) , the impinge- 

ent jet thickness was estimated as: 

 j = B g + 2 ξ = 

q √ 

2 gH 

+ 4 ϕ 

√ 

h 

(√ 

2 H − 2 

√ 

h 

)
(1) 

here ξ is the lateral jet spread thickness due to the turbulence 

ffect and ϕ = K ϕT u , with T u being the turbulence intensity and 

 ϕ = 1.24 for nappe flow case. 

The break-up length L b defines the distance from where the 

et becomes fully developed, which means that the non-aerated 

et core disappears (see L b in Fig. 1 ). It was calculated as per

 Castillo et al., 2015 ): 

L b 

B i F 
2 

i 

= 

K (
K ϕ T u F 2 i 

)0 . 82 
(2) 

ith B i , F i and T u being the jet thickness, the Froude Number, and 

he turbulent intensity at the issuance conditions, respectively, and 

 ≈ 0.85 a dimensionless coefficient. 

For prototype specific flows ( q >> 0.25 m 

3 /s/m), a mean tur- 

ulence index T u ~ 1.2% may be considered ( Castillo, 2006 ). How- 

ver, for laboratory specific flow ( q < 0.25 m 

3 /s/m), the tur- 

ulence intensity at issuance conditions may be estimated as 

 Castillo et al., 2015 ): 

 

∗
u = 

q 0 . 43 

IC 
(3) 

C = 

14 . 95 g 0 . 50 

K 

1 . 22 C 0 . 19 
d 

(4) 

ith IC being the initial conditions, g the gravitational acceleration, 

nd C d the discharge coefficient. 

Possible scale effects may affect the initial conditions of the 

et in the weir. To reduce the scale effects in rectangular weirs, 

anga Raju and Asawa (1977) estimated that the effects of viscos- 

ty and surface tension vanish for R 0 . 2 e W 

0 . 6 
e > 900 or head of 11.0

m for water at 20 °C, in which R e = 

√ 

g h 3 /ν and W e = ρg h 2 /σ are 

he Reynolds and Weber numbers, and ν , ρ and σ are the kine- 

atic viscosity, the water density and the surface tension of the 

ater, respectively. 

Although the values shown in Tables 1 and 2 fulfil the recom- 

endations of Ranga Raju and Asawa (1977) , the air bubble size 

s not correctly scalable. For that reason, the air-water flow phe- 

omenon must be scaled with particular caution ( Chanson, 2009 ). 

.2. Optical fiber probe 

To register the local void fraction, an RBI-Instruments phase de- 

ection change device was used. The equipment consisted of an op- 
4 
ical probe that ends in a Descartes’ prism. Considering that the 

ater and the air have different refraction indexes, 1.33 and 1.00, 

espectively, the intensity of the reflected light may be related by 

he Fresnel formula. An optoelectronic module measures the light 

ntensity reflected or diffracted by the prism depending on the 

uid in contact with the prism and converts the signal into volt- 

ge. The rise and fall of the voltage are the arrival and departure of 

he phase change at the sensor tip, respectively. Thus, optical fiber 

quipment can be used to estimate the local phase change of the 

ir-water mixture ( RBI-Instruments, 2012 ). 

Murzyn et al. (2005) considered that the minimum bubble 

ized detected by the device may be in the order of the optical 

ber diameter (40 μm) in slow moving flows. However, the small- 

st size becomes a function of the signal sampling frequency (10 6 

z) at high velocities. 

Stutz and Reboud (1997a , 1997b ) found that the relative uncer- 

ainty of the void fraction measured with optical probes can be es- 

imated at approximately 15% of the measured value, and the sen- 

itivity to a threshold variation is less than 1%. 

For an accurate estimation of the air entrapped in the flow, the 

tatistical count of the number of air bubbles in contact with the 

ips of the probe should be considered ( Stutz, 1996 ). Hence, it is

ecessary to have large enough measurements for accurate results. 

n a study of stepped spillways, Boes and Hager (2003) consider 

hat the accuracy of the void fraction in air-water flows is related 

o the variation of the air-water phase, instead of the sample du- 

ation t . Moreover, in stepped spillways, André et al. (2005) per- 

ormed a sensitivity analysis of the probe behavior to test the min- 

mum duration of their registers. The authors consider that mea- 

urements of 60 s may be considered a good balance between the 

uration of the sampling sequence and accuracy in order to ob- 

ain quasi-stationary values that are statistically representative of 

he void fraction. To err on the side of caution, previous studies 

n submerged hydraulic jumps have considered a sample time of 

0 s ( Carrillo et al., 2020b ), obtaining a relative uncertainty of less 

han 1% of the mean value of the void fraction in this type of 

ests. 

Ervine et al. (1997) proposed that the dominant frequencies 

n plunge pools may divide into two cases related with the im- 

ingement jet velocity V j . The lowest frequencies are linked with 

arge scale eddies with dimensions in the order of the plunge pool 

epth. Those frequencies are characterized by a recirculating veloc- 

ty V r ≈ 0.035 V j , and a Strouhal number of the dominant eddies 

 = fY/V j ≈ 0.01, where f is the dominant fluctuation frequency. The 

ddy sizes contained with half of the shear layer width are char- 

cterized by the Strouhal number in the shear layer S s = f s Y/V j ≈
.25. 



J.M. Carrillo, F. Marco, L.G. Castillo et al. International Journal of Multiphase Flow 137 (2021) 103579 

0

2000

4000

6000

8000

10000

0 15 30 45 60 75 90

segnahc
e sahpforeb

munevitalu
mu

C

t (s)

0.1

0.12

0.14

0.16

0.18

0.2

0 15 30 45 60 75 90

C a
ir
( -)

t (s)

Void fraction
Mean value
±1% relative uncertainty

Fig. 3. Evolution of the phase changes and the air concentration measured by the optical fiber probe during a test. 
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Fig. 3 shows that, although the phase change detection fre- 

uency does not seem to be affected by the sample time (the slope 

f the cumulative number of phase changes is similar throughout 

he entire register), more than 60 s seem to be necessary to obtain 

 relative uncertainly below 1% in the void fraction measurements. 

Taking those ideas into account, the far field downstream of the 

mpingement jet point of the stilling basin was analyzed. A sam- 

le duration of 90 s was set in all the experimental campaign to 

educe the relative uncertainty of the measurements, considering 

he expected large-scale eddies in the plunge pool. The statistically 

epresentative values of the void fraction were validated through 

epeatability tests. 

Measurements were obtained with the probe located perpen- 

icular to the bottom. In the vertical position, the sensitive tip 

orms a 45 ° angle with the horizontal and it was oriented to the 

pstream side. This design may reduce the bias effect in three- 

imensional flow structures when only one tip is being used. Ac- 

ording to Boes and Hager (1998) , the size of the probe tip is

ather small, so that it allows the measurement of tiny bubbles 

f about the probe tip diameter and the disturbance to the flow 

s small. However, as the flow may not be oriented in a single di- 

ection in a hydraulic jump, this equipment was used only to mea- 

ure void fractions. A vertical definition of 0.0067 m was used near 

he bottom and near the free surface to capture the wall jet and 

he free surface undulation. In the middle part of the vertical pro- 

les, the vertical resolution was incremented up to 0.020 m. In to- 

al, more than 1600 points were obtained with the optical probe 

evice. These results allowed several parameters to be obtained: 

he local void fraction C air , the phase change detection frequency F , 

nd the water depths where the local void fraction was 90% ( y 90 ),

mong others. 

.3. Back-flushing pitot tube 

The time-averaged velocity field was measured by a modified 

itot tube to avoid air entrainment in the pipelines. The tip of the 

ube was positioned in the same positions as the optical fiber in 

he stilling basin. The Pitot tube has a diameter hole of 2.3 mm 

o measure the total pressure head at the tip of the tube, and a 

ing of ports located in the circumference of the tube to obtain the 

tatic pressure head. The external diameter of the Pitot tube is 12 

m. Total and static pressure heads were recorded with GE Druck 

odel UNIK 50 0 0 pressure sensors, with a measuring range be- 

ween -200 and + 800 mbar and an accuracy of ±0.04% of their full 
5 
cale. The accuracy of the instantaneous pressure data was ±0.01 

 after the static calibration. Signals were recorded for 90 s at 20 

z. 

To avoid the entrainment of air into the pneumatic pipelines 

f the Pitot tube, a back-flushing system was mounted. Following 

atos and Frizell (20 0 0) and Matos et al. (2002) , the back-flushing

as forced by a reservoir of constant head which fed both the total 

nd the static pressure ports. Needle valves were used to control 

he back-flushing flow. To reduce the perturbation of the measure- 

ents by the back-flushing system, the flow rate was limited to 

lmost zero. 

Wood (1983) considered the following expression to obtain the 

ean velocity from the back-flushing Pitot tube in air-water flow 

onditions: 

 = 

√ 

2 g�P 

ρw 

( 1 − λC air ) 
(5) 

here V is the time-averaged velocity, g the gravitational acceler- 

tion, �P the difference between the total pressure head and the 

tatic pressure head, ρw 

the water density, C air the local void frac- 

ion, and λ the tapping coefficient which accounts for the non- 

omogeneous behavior of the air-water flow near the stagnation 

oint of the Pitot tube. 

Considering that the recirculation and backward flow may af- 

ect the measurements of the Pitot tube ( Matos and Frizell, 20 0 0 ;

atos et al., 2002 ), the local mean velocity analysis was limited to 

he wall jet region near the bottom of the plunge pool. 

. Results and discussion 

.1. Void fraction in the plunge pool 

The local void fraction C air may be estimated with phase change 

quipment relating the sum of the time the probe tip is in air 

 
tGi ) and the total time duration t of the measurement. An op- 

ical fiber probe was used to obtain the void fraction profiles in 

ubmerged hydraulic jumps of nappe jets. In each submerged hy- 

raulic jump, cross sections from X = 0.10 m to 1.00 m were ana- 

yzed. At least 30 points were measured per cross section, obtain- 

ng more than 1600 registers. 

Data of the different cross sections have been classified as a 

unction of two different dimensionless parameters: the X/B j ratio, 

ith X being the distance of the vertical profile to the stagnation 
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Table 3 

Minimum and maximum values of X/B j and C mean per submerged hydraulic jump. 

q (m 

3 /s/m) Y/B j (-) H/L b (-) X/B j, min (-) X/B j, max (-) C mean min (-) C mean, max (-) 

0.099 8.45 0.76 2.9 29.4 0.17 0.24 

0.089 10.25 0.77 3.1 31.3 0.12 0.21 

0.085 11.28 0.77 3.6 35.7 0.09 0.20 

0.079 13.20 0.77 3.6 35.7 0.09 0.20 

0.073 15.00 0.78 3.7 37.0 0.08 0.20 

0
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0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

y/
y 9
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Cair (-)
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20 < X/Bj ≤ 30
30 < X/Bj < 37

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

y/
y 9
0

Cair (-)

0.08 < Cmean ≤ 0.13
0.13 < Cmean ≤ 0.19
0.19 < Cmean < 0.24

Fig. 4. Local void fraction profiles in the plunge pool. 
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oint and B j the impingement jet thickness, and the average con- 

entration C mean in each cross section, defined as: 

 mean = 

1 

y 90 

y 90 ∫ 
0 

C air dy (6) 

here y 90 is the vertical distance from the bottom at which 

 air = 90%. 

Table 3 details the range of the X/B j ratio and the C mean ob- 

ained per submerged hydraulic jump. Regarding the X/B j ratio, 

ll the flow conditions have vertical profiles between 3-4 and 30. 

owever, the highest specific flow, with the biggest impingement 

et thickness, has the smallest maximum X/B j ratio. The C mean ex- 

reme values obtained in each submerged hydraulic jump show 

reater variability, with few overlaps between the higher specific 

ow (with the smaller Y/B j ratio), and the other specific flows. 

Fig. 4 shows the void fraction profiles ( C air = 
tGi /t ) of the five

ubmerged hydraulic jumps analyzed. The y -axis has been normal- 

zed by the y 90 value. The data have been grouped into four sub- 

lasses as a function of the X/B j ratio. Different behaviors may be 

onsidered in the vertical profiles. All the profiles show their min- 

mum values of C air near the bottom ( y/y 90 < 0.10). The vertical 

rofiles closer to the stagnation point show a first maximum peak 

round 0.15 < y/y 90 < 0.30, with the largest void fractions reach- 

ng values of around 20-25%. Those local peaks seem to be related 

ith the air bubbles and the air pockets entrapment mechanisms 

bserved by Ervine (1998) . As Chanson (1995) reported, these air 

ockets are broken up into very thin air bubbles as they are en- 

rained in the turbulent shear region, characterized by large air 

ontent. As the flow moves downstream from the stagnation point, 

he bubbles are diffused into regions of lower shear stresses, and 

he maximum peak of void fraction detected near the bottom tends 

o decrease. For 0.40 < y/y 90 < 0.70, the C air value tends to a con-

tant value in the vertical ( d C / ( y/ y ) ≈ 0 ) , that reduces from 8- 
air 90 

6 
3% to 5-7% as the distance from the stagnation point increases. 

ear the free surface ( y/y 90 > 0.75-0.80), the air entrapped values 

end to increase rapidly from 0.15-0.20 to 0.9. This may indicate 

he unsteady flow depth generated by intense turbulence and vor- 

icity in the receiving pool as Ervine (1998) suggested. 

The data can also be classified by considering the mean void 

raction in the vertical profile. Fig. 4 also shows the void fraction 

ata in a dimensionless way as a function of the average concen- 

ration in the vertical. Three different sub-classes can be identified. 

he vertical profiles with the maximum C mean values (from 0.19 

o 0.24) show a first maximum peak near to the bottom (around 

.15 < y/y 90 < 0.30), with the largest void fraction values reach- 

ng around 20-25%. This sub-class was mainly obtained with the 

ross sections measured by the maximum specific flow and the 

inimum water depth, and for the cross sections located closer 

o the stagnation point in the other specific flows (see the C mean 

ange in Table 3 ). The maximum peak near the bottom is not de- 

ected by the optical probe equipment in the other sub-classes. The 

ata located at greater X/B j ratios from the stagnation point tend 

o coincide with the smaller C mean values (see Fig. 4 ). For 0.20 <

/y 90 < 0.80 (for 0.30 < y/y 90 < 0.70 in the maximum C mean values

ub-class), the C air value tends to a constant value in the vertical 

hat reduces from 8-13% to 5-7% as the average concentration de- 

reases. Near the free surface, the void fraction increases rapidly 

ndependently of the sub-class. 

Taking into account the analytical distribution of void fraction 

onsidered by Chanson and Brattberg (20 0 0) and by Murzyn and 

hanson (2009) in the air-water shear layer of free hydraulic 

umps, the formula can be adapted to analyze the distribution of 

he void fraction measured near the stagnation point in the sub- 

erged hydraulic jumps as: 

 air = C max e 

( 

− ( ( y −y C max ) / B j ) 
2 

4 D ∗( X/ B j ) 

) 

valid for y < y C (7) 

min 
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Fig. 5. Vertical distribution of void fraction at the beginning of the submerged hy- 

draulic jump for the minimum and maximum specific flows. 
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Fig. 6. Variation of the free surface undulation pattern and mean void fraction. 
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here C max is the maximum void fraction in the shear layer, Y C max 

he vertical distance from the bottom to the maximum void frac- 

ion C max , D 

∗ a dimensionless turbulent diffusivity, and y C min 
the 

ertical distance from the bottom to the local minimum void frac- 

ion at the boundary between the turbulent shear flow and the 

ecirculation regions (see Fig. 1 ). 

The dimensionless diffusivity D 

∗ = D t /(V j B j ) , with D t being the

urbulent diffusivity assumed constant at a given longitudinal po- 

ition, and V j and B j are the jet thickness and velocity at the im-

ingement point, respectively. D 

∗ deduced from best-fit data per 

ertical profile, ranged from 0.2 to 0.4, was in the order of that re-

orted by Bertola et al. (2018) for a similar impingement Reynolds 

umber in planar plunging water jets, tending to increase as the 

mpingement Reynolds number tends to reduce. 

Fig. 5 shows the detail of the shear stress layer measured with 

he minimum and maximum specific flows ( q = 0.099 m 

3 /s/m, 

/B j = 8.45, and q = 0.073 m 

3 /s/m, Y/B j = 15.00, respectively) in

he cross sections located between 0.10 and 0.30 m from the stag- 

ation point. Although the formula proposed by Murzyn and Chan- 

on (2009) was obtained for partially-developed hydraulic jumps 

ownstream of a gate, the adjustments show reasonably good 

greement once Eq. (7) has been modified for rectangular impinge- 

ent jets. 

.2. Free surface undulation pattern 

The water surface along a submerged hydraulic fluctuates, and 

he free surface is usually treated as an averaged depth profile 

 Long et al., 1990 ). Another recurrent treatment of the free surface 

n air-water flows is to use the equivalent water height h eq , defined 

s the equivalent water depth that there would be in the absence 

f entrained air. In each cross section, the equivalent water height 

an be obtained as: 

 eq = ( 1 − C mean ) y 90 (8) 

Fig. 6 shows the equivalent water depth, h eq , as a function of Y ,

ith Y being the y 90 value at cross section X = 1.0 m of their corre-

ponding submerged hydraulic jumps, and the mean void fraction 

 mean along the plunge pool. In general, all the C mean values tend 

o decrease as the X distance increases from the stagnation point, 

hile the h eq /Y ratio tends to increase, from 0.63-0.80 near the im- 

ingement point to 0.83-0.92 at X = 1.0 m. Those values confirm 

he expected reductions in mean air concentration and mean flow 
7 
elocity as the cross sections are located further away from the 

mpingement point. 

Several studies (e.g., Lopes, 2011 ; Carrillo et al., 2019 ) analyzed 

he variation of the unsteady flow depth at a given location with 

onductivity probe measurements. Following the same approach, 

ig. 6 also shows the ( y 90 -y 20 )/ Y ratio, with y 20 being the vertical

istance from the bottom at which C air = 20%. The y 20 value was 

elected taking into account the smaller void fraction above the 

 C air / ( y/ y 90 ) ≈ 0 region observed in Fig. 4 , in which all the void

raction profiles show C air ≤ 0.20, occurring for y/y 90 ratios be- 

ween 0.4 and 0.7. Taking the sharper change in d C air / ( y/ y 90 ) into

ccount, the ( y 90 -y 20 )/ Y ratio was considered as an estimator to an-

lyze the free surface undulation in the plunge pool. In general, 

he distance between y 20 and y 90 tends to decrease slightly as the 

ow moves downstream. This indicates that there is a small re- 

uction in the free surface undulation, namely waves, along the 

tilling basin that seems to be somehow related to the C mean re- 

uction. The results registered with the higher specific flow and 

he smaller water cushion depth ( Y/B j = 8.45 case) tend to obtain a 

onstant ( y 90 -y 20 )/ Y ratio around 0.20 along the different cross sec- 

ions. This different behavior seems to be related with the smaller 

ubmergence ratio of this hydraulic jump. 

.3. Phase change frequency 

Several authors (e.g., Murzyn et al., 2005 ; Murzyn and Chan- 

on, 2007 ) have analyzed the phase change detection frequency F 

n free hydraulic jumps. However, there are few references to sub- 

erged hydraulic jumps downstream of rectangular impingements 

ree falling jets flows. 

Fig. 7 shows the phase change frequency detected by the optical 

robe as a function of the X/B j ratio. The sub-classes identified in 

he previous section can be used to define different behaviors. The 

ocal bubble count rate has been plotted in a dimensionless way, 

nabling comparison with those distributions previously obtained 

y several authors in free hydraulic jumps (e.g., Chanson and Brat- 

berg, 20 0 0 ; Murzyn et al., 2005 ; Chachereau and Chanson, 2011 ;

hanson and Chachereau, 2013 ). As those authors indicated, the 

aximum change detection frequency may be linked with the 

arge turbulent shear stresses near the bottom of the plunge pool 

hat break up the entrapped bubbles into finer particles (typically 

illimetric in size). This phenomenon resulted in a higher number 

f bubbles impacting on the optical fiber tip. The results show the 

haracteristic profile reported by Chanson and Brattberg (20 0 0) in 

ree hydraulic jumps, which is a triangular profile in the turbulent 
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Fig. 7. Dimensionless change detection frequency profiles in the submerged hy- 

draulic jump. 
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hear region, an abrupt change of slope at the upper edge of the 

hear region and a flatter shape in the re-circulation region. 

The profiles closest to the beginning of the submerged hy- 

raulic jump show a clear maximum peak around 0.10 < y/y 90 

 0.30, with the maximum reaching values of around 130-140 

z for a X/B j ratio between 3 and 10. The measured maximum 

requency values were similar to those obtained by Murzyn and 

hanson (2007) , who measured maximum frequencies of around 

20 Hz with a Froude number of 8.30 in free hydraulic jumps. 

he maximum frequency peak is related with the entrapped 

ir in the plunge pool entered by the air-water turbulent jet 

hat generates high irregularities around the impingement point 

 Ervine et al., 1980 ). 

As the flow moves downstream, the maximum peak detected 

y the probe near the bottom tends to decrease. For 0.50 < y/y 90 

 0.80, the detected frequency tends to a constant value in almost 

ll the distances ( F between 10 and 50), with the maximum val- 

es for the cross sections located at X/B j ratios between 20 and 

0, while the closest sections to the stagnation point show the 

mallest values. Near the free surface ( y/y 90 > 0.90), the change 

hase frequency tends to reduce rapidly. This sharp reduction in 

requency is consistent with the free surface undulation observed, 

hich is associated with larger time scales. 

Considering the C mean values, the maximum peak observed near 

he bottom may be identified with the maximum values of C mean 

bserved in Fig. 4 (between 0.19 and 0.24). The maximum frequen- 

ies near the bottom tend to reduce as the C mean in the vertical 

rofiles reduces. In the intermediate part of the vertical profiles, 

he minimum frequencies tend to correspond with the minimum 

 mean values (between 0.08 and 0.13), while the values registered 

n the other two sub-classes considered in Fig. 4 tend to be mixed. 

The frequency profiles can also be analyzed if they are nor- 

alized as a function of the maximum frequency F max obtained 

n each vertical profile ( Fig. 8 ). Different regions are observed. The 

igher F/F max values are obtained for low local concentration val- 

es ( C air < 0.20). Those points mainly correspond to the C air and 

 peaks observed near the bottom in the previous figures. How- 

ver, in cross sections with small C mean values and/or located fur- 

her away from the stagnation point, the range of frequencies in 

he vertical is smaller than near the impingement region. 

For 0.20 < C air < 0.80, the F/F max values are around 0.30 for 

 < X/B j < 20. However, the data are scattered in the profiles lo- 

ated further from the stagnation point. Near the free surface ( C 
air 

8 
 0.80), the F/F max ratio tends to rapidly reduce to zero (larger time 

cales region). 

.4. Distribution of velocities in the dissipation basin 

Using a modified Pitot tube corrected by the local void frac- 

ion with Eq. (5) , the time-average velocity measurements were 

btained in the same positions and conditions registered with 

he optical probe. This equipment enables the quasi-unidirectional 

ow in the wall jet of the submerged hydraulic jump to be an- 

lyzed. Near the bottom it may be considered that the stream- 

ines are mainly parallel to the bottom, and the Pitot tube seems to 

e accurate at obtaining the horizontal mean velocity V x . Outside 

he wall jet, the flow is not quasi-unidirectional and, according to 

atos and Frizell (20 0 0) and Matos et al. (2002) , measurements 

ay be affected by the angle of the velocity vector. For that rea- 

on, the velocities in the backwards region were not considered in 

he analysis. 

Previous studies (e.g., Rajaratnam, 1965 ; Wu and Rajaratnam, 

995 ) have obtained that the vertical mean velocity profiles in the 

orward flow of free and submerged hydraulic jumps may be an- 

lyzed if they are normalized with a velocity scale equal to the 

aximum velocity V max at any section, and with a length scale δl 

qual to the vertical distance y between the bottom and where the 

ocal velocity V = V max /2 . The velocity gradient is negative at this 

ocation. 

Assuming this normalization, Castillo et al. (2017) proposed an 

djustment formula based on physical and numerical measure- 

ents of a submerged hydraulic jump downstream of nappe jets 

ith four specific flows between 0.023 and 0.082 m 

3 /s/m for dis- 

ances from the stagnation point that are greater than 0.4 m. 

e Dios et al. (2017) proposed a different adjustment for impinge- 

ent Froude numbers between 3 and 5 for submerged hydraulic 

umps generated downstream of a vertical sluice gate. 

In this work, the length scale δ1 and the maximum velocity 

 max were obtained in each vertical profile of the five submerged 

ydraulic jumps. In the analyzed cases, the maximum mean veloc- 

ties were obtained in the vicinity of the bottom in the cross sec- 

ions located closest to the stagnation point, with maximum veloc- 

ty values between 2.54 and 4.05 m/s. 

Fig. 9 shows the normalized velocity profiles in the submerged 

ydraulic jump. Although the same sub-classes based on the X/B j 
atio have been considered in the figure, no remarkable behavior 

hange was found among the data. The highest velocities were reg- 
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Table 4 

Experimental adjustment proposed by several authors. 

Authors Experimental adjustment Research R 2 

Rajaratnam (1976) 
V x 

V max 
= e 

−0 . 693 

( y 

δl 

)2 

Plane turbulent free jet– nozzle 0.94 

Lin et al. (2012) 
V x 

V m a x 
= 2 . 3 

(
y 

δl 

)0 . 42 (
1 − er f 

(
0 . 886 

y 

δl 

))
Free hydraulic jump– sluice gate 0.91 

De Dios et al. (2017) 
V x 

V m a x 
= 2 . 0 

(
y 

δl 

)1 / 7 (
1 − er f 

(
0 . 55 

y 

δl 

))
− 0 . 39 Submerged hydraulic jump– sluice gate 0.96 

Castillo et al. (2017) 
V x 

V max 
= 1 . 48 

(
y 

δl 

)1 / 7 (
1 − er f 

(
0 . 66 

y 

δl 

))
Submerged hydraulic jump– nappe flow 0.97 

New adjustment 
V x 

V max 
= 1 . 70 

(
y 

δl 

)0 . 11 (
1 − er f 

(
0 . 53 

y 

δl 

))
− 0 . 26 Submerged hydraulic jump– nappe flow 0.98 

where er f (u ) = 

2 √ 

π

∫ u 

0 

e −t 2 dt

Fig. 9. Dimensionless profiles of horizontal mean velocity in the plunge pool. 
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stered close to the bottom. The mean velocity tends to decrease 

s the flow separates from the bottom. The registered values are 

lso in agreement with the different dimensionless velocity distri- 

utions proposed by the studies listed in Table 4 , as can be seen

or their respective R 2 values for the current dataset. As reported 

y Long et al. (1990) , the profiles of submerged hydraulic jumps 

re similar to those of a classical wall jet for y/ δ1 up to about 1.5.

eyond that, the V x / V x,max profiles are mostly influenced by the re- 

ersing flow. The results also concur with the model proposed by 

ajaratnam (1965) , considering the submerged jump as a wall jet 

nder an adverse pressure gradient. 

The Rajarantam (1976) expression seems to follow the trend as 

he measurement points move from the bottom. However, this ex- 

ression is unable to reproduce the expected velocity reduction for 

/ δ1 ratios < 0.1. The Lin et al. (2012) expression was obtained for 

ree hydraulic jumps and tends to obtain the maximum velocities 

lightly further away from the bottom wall than the other formu- 

ae. The empirical formulae obtained by Castillo et al. (2017) and 

e Dios et al. (2017) show similar behavior for y/ δ1 ratios < 1. A 

ew dimensionless adjustment has been proposed, slightly improv- 

ng previous adjustments. Although the inlet flow conditions were 

ifferent, the results indicate that the velocity distribution near the 

ottom of submerged hydraulic jumps downstream of rectangular 

ree falling jets may be described with relative good agreement 

ith those formulae obtained in different flow conditions. 

Following Long et al. (1990) , the characteristic length δl along 

he submerged hydraulic jumps can be considered for analyzing 

he velocity scale decay in submerged jumps. Fig. 10 shows the 
9 
ength scale values in a dimensionless way for the impingement 

et thickness B j . Data have been plotted considering the previous 

ub-classes of the mean void fraction in the vertical profiles. 

The behavior is similar to that observed by Wu and Rajarat- 

am (1995) in wall jets, with data tending to fall within one stan- 

ard deviation of the mean value. Considering the results obtained 

n this type of submerged hydraulic jump downstream of a nappe 

et, an adjustment can be obtained with R 2 = 0.95, independently 

f the C mean value: 

δl 

B j 

= 0 . 121 

X 

B j 

+ 1 . 205 (9) 

The slope is similar to those of the results reported by differ- 

nt authors. For instance, Rajaratnam and Humphries (1984) ob- 

ained a slope of 0.07 in plane surface jets; Long et al. (1990) con-

idered that submerged jumps may be treated as wall jets under 

n adverse pressure gradient. Wu and Rajaratnam (1995) observed 

hat the free jumps grow at about the same rate as that of the 

all jet (slope of 0.0728) in the early stage but grow faster later 

n. In addition, most of the observations for submerged jumps are 

ontained within one standard deviation of the wall jet, while the 

ata near the end of the jump show an accelerated growth rate; 

aiford and Khan (2009) observed that the growth rate in circular 

ets for low submergences was 0.071 for x/d = 24 – 35, and 0.13 –

.17 for further sections, with d being the nozzle diameter. 



J.M. Carrillo, F. Marco, L.G. Castillo et al. International Journal of Multiphase Flow 137 (2021) 103579 

Fig. 11. Sauter mean bubble diameter in the submerged hydraulic jump. 
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Fig. 12. Probability distribution function (PDF) of the bubble chord length at 

X = 0.10 m downstream of the stagnation point. 
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.5. Mean bubble size 

Assuming that the time-average velocity presented in the previ- 

us section is right, and taking into account the simplifications that 

he bubbles can be considered to be spherical in shape, equally 

istributed in time and that their movement is one-directional, the 

ean bubble diameter may be obtained by the Sauter mean bubble 

iameter D sm 

( Clift et al., 1978 ; RBI-Instrumentation, 2012 ). This is 

he mean bubble diameter whose volume/surface ratio is the same 

s that calculated for all the bubbles detected during each mea- 

urement. The Sauter mean bubble diameter can be defined as: 

 sm 

= 

3 C air V 

2 F 
(10) 

here C air is the void fraction, V the mean velocity of the bubbles 

btained with Eq. (5) (assuming the bubbles have the same veloc- 

ty as the flow), and F the change phase detection frequency. 

Fig. 11 shows the Sauter mean bubble diameter obtained in the 

lunge pool. The new adjustment of dimensionless velocity distri- 

ution has also been plotted. As the validity of the velocity field 

as limited to the wall jet region, the upper part of the verti- 

al profiles has been discarded. The diameters are mostly around 

 mm, with maximum values below 4 mm. Once the distance to 

he bottom is larger than the characteristic length scale of the sub- 

erged hydraulic jump ( y > δl ), the data seem to show a scattered

ehavior with a reduction in the Sauter mean bubble diameter. 

cattered data are generally those data obtained in cross sections 

ocated further away from the stagnation point and with less air 

oncentration. The profiles with the larger values of C mean , hence 

hose closest to the stagnation point, obtain a more varied range 

f Sauter mean bubble diameter, including many of the largest D sm 

alues, while the minimum values of D sm 

are mainly obtained in 

ross sections with the larger X/B j ratio values. These diameters 

oncur with those obtained by Carrillo et al. (2020a) using a com- 

ination of experimental and numerical techniques. 

The phase change size may be classified as a function of the 

ubble chord length distributions, obtained as the time the opti- 

al probe tip is in air multiplied by the local mean velocity (e.g., 

hanson, 2007 ; Chanson and Chachereau, 2013 ). Using the velocity 

eld validated in the previous section, Fig. 12 shows the probability 

f finding each bubble chord length in the first section measured 

n the wall jet (located at X = 0.10 m), located at the same dimen-

ionless distance from the bottom ( y/y 90 = 0.08-0.09), for the max- 

mum, intermediate and minimum specific flows. Similar values 

ere obtained for different dimensional (frequency, number of de- 
10 
ected bubbles) and dimensionless ( X/B j , y/y 90 and C air ) parameters. 

n turn, the choice of those points allows the influence of the ef- 

ective tailwater rate Y/B j (from 8.45 to 15.00) to be analyzed. Con- 

idering the plotted results, the trend of the bubble chord length 

istribution seems to be independent of the Y/B j value. In all the 

ases, the probability distribution function (PDF) tends to be higher 

or bubble chord lengths between 0 and 0.5 mm. The data with 

he smaller flow velocity obtain a relatively larger maximum PDF 

alue. As the bubble chord length increases, a right-skewed distri- 

ution is observed as the probability of finding each sub-interval 

ends to reduce drastically. As several researchers have stated in 

heir description of punctual phase change probes, this PDF distri- 

ution with the maximum in the smaller interval may be related 

ith the difficulty of puncturing the bubbles on their exact central 

xis. Furthermore, larger bubbles tend to an ellipsoidal shape, be- 

oming more distorted and less spherical in shape with increasing 

ize ( Harmathy, 1960 ). 

In the three cases considered, around 71-85% of the bubble 

hord lengths are smaller than 2 mm, and around 85-94% are 

maller than 4 mm, with those percentages being higher as the 

ocal flow velocity of the tested point is smaller. Those results are 

lso in agreement with the Sauter mean bubble diameter observed 

n Fig. 11 . 

. Conclusions 

The study of two-phase air-water flows is a challenge in hy- 

raulic structures due to the undiluted mixture of the flow. 

In the present study, the characteristics of the air-water flow of 

ve submerged hydraulic jumps generated downstream of nappe 

ets have been analyzed. The equipment (optical fiber probe and 

odified Pitot tube) was used considering their limitations. Hence, 

he velocity measurements were limited to the wall jet region. 

The distance from the stagnation point to the impingement jet 

hickness ratio X/B j and the mean void fraction in the vertical pro- 

le C mean seem to be good dimensionless parameters for identify- 

ng different behaviors of the void fraction distribution in vertical 

rofiles. However, the dimensionless velocity profiles seem to be 

ndependent of those classifications. 

Near the bottom, the local peaks of void fraction and phase 

etection frequency were obtained close to the stagnation point 

f the rectangular jet, reaching void fraction values around 20- 

5% and with a frequency around 130-140 Hz. For analyzing the 
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ocal void fraction peak, a formula proposed for free hydraulic 

umps was adapted with a suitable fit. 

The void fraction and the frequency local peaks tend to de- 

rease as the flow moves downstream from the impingement 

egion. Near the free surface, the local void fraction increases 

apidly due to the undulation observed in the free surface of the 

lunge pool. However, the phase change frequency tends to mini- 

um values in all the measured cross sections. The phase change 

requency behavior is similar to those reported by several au- 

hors in free hydraulic jumps (e.g., Chanson and Brattberg, 20 0 0 ; 

urzyn et al., 2005 ). 

The normalized velocities follow the behavior observed in free 

ydraulic jumps, with the maximum velocities being in the wall jet 

egion. Our finding extends the validity range of previous studies 

erformed by several researchers (e.g., Castillo et al., 2017 ; De Dios 

t al., 2017 ) in the field of submerged hydraulic jumps. The veloc- 

ties tend to decrease as the flow exits from the shear layer. Di- 

ensionless velocity adjustments were proposed for the mean ve- 

ocity and the growth of the shear layer for submerged hydraulic 

umps generated downstream of rectangular free falling jets, with 

 

2 = 0.98 and 0.95, respectively. 

The bubble chord length distributions showed a higher prob- 

bility for values of bubble chord length between 0 and 0.5 mm 

ear the stagnation point, independently of the Y/B j ratio. 

Data on air entrapped and velocity field downstream of nappe 

ets are scarce. Although in this type of jets the flow enters almost 

ertically, in general the formulae previously published in free hy- 

raulic jumps and submerged hydraulic jumps downstream of a 

ate may be used and/or adapted for submerged hydraulic jump 

ownstream of nappe jets. This allows to consider that our results 

ay be representative of this type of flow conditions. 
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