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ABSTRACT

This study presents an experimental work to analyse the submerged hydraulic jump generated downstream of
overflow nappe impinging jets. The overflow structure consists in a sharp-crested weir located at an elevation of
2.20 m from the bottom of the plunge pool. To advance in the understanding of the phenomenon, the velocity
field and air entrainment rate were measured with optical fiber and modified Pitot tube in different sections of
the submerged hydraulic jump. For the Pitot tube, GE Druck model UNIK 5000 pressure transducers have been
used to measure the static and the dynamic pressures. The output signal of both ports was scanned at 20 Hz for
60 s. The optical fiber measurements were carried out with a RBI-instrumentation equipment. Each point was
measured during 90 s in the same locations registered by the Pitot tube. The study is focused on the analysis of
the local air entrainment concentration, bubble frequency, Sauter mean bubble diameter, mean velocity near the
bottom, and firee surface undulation pattern.
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1. INTRODUCTION

In recent years, the improvement in time-series knowledge and the recent change in dam and reservoir safety
regulations have generated the re-evaluation of the spillways capacity and their operation scenarios for large
dams around the world. The studies have raised that the current capacity of many spillways may be insufficient,
increasing the possibility of overflow during extreme events. The overtopping creates new loading scenarios for
the dams and raises questions about erosion and scour at the dam toe (Wabhl et al. 2008).

In general, choosing the type of plunge pool is a technical-economic decision between a deep and unprotected
stilling basin and a shallow stilling basin with lining. For a safe operation, it is necessary to know the magnitude
and frequency of the dynamic pressure at the bottom of the plunge pool. The required water cushion depth
depends on the characteristics of the impingement jet so that the bottom may resist the scour downstream of the
dam (Annandale 2006).

The characteristics of free turbulent jets entering into plunge pools have been analyzed by several authors (e.g.
Albertson et al. 1950, Beltaos and Rajaratnam 1973, Ervine and Falvey 1987, Ervine et al. 1997, Chanson et al.
2004, Bertola et al. 2018, Xu et al. 2018).

Having a better knowledge of the flow pattern in the plunge pool is important for the designers as it may affect
their projects. The effects of entrapped air in the submerged hydraulic jump may be essential for hydraulic
structure safety operations.

The hydraulic jump is a sudden transition from a supercritical flow regime to a subcritical regime with high
energy dissipation. It may be used as an energy dissipater whose efficiency is directly linked to the strength of
the jump. The hydraulic jump is characterized by the development of large-scale turbulence, surface waves and
spray, energy dissipation and air entrainment. The air is entrained at the jump toe into a free shear layer,
characterized by intensive turbulence production, predominantly in vortices with axes perpendicular to the flow
direction.

A Dbetter understanding of mixing, diffusion, transfer processes and air/water gas exchanges is strongly
dependent on the ability to investigate these two-phase flows (Murzyn 2010). Fig. 1 shows a schematic
representation of the submerged hydraulic jump in a plunge pool.
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Figure 1. a) Schematic representation of the submerged hydraulic jump in a plunge pool; b) Scheme of
distributions of air-water flow properties observed in free hydraulic jumps (left: void fraction; right: bubble
frequency)

Based on air concentration or void fraction vertical profiles, several studies (Chanson 1995b, Murzyn and
Chanson 2007, Murzyn 2010) identify two regions in free hydraulic jumps: an air-water shear layer in the lower
part of the flow with high air content and smaller bubble sizes (millimeters typically), and a recirculating area
located in the upper part of the flow. This second region is characterized by strong unsteady recirculation, with
small and large size bubbles, and air-water packets. A foam structure layer may be considered near the free-
surface. The boundary between these two regions is found at a certain height (y*) above the bottom and it is well
defined from the void fraction measurements.

To date, information regarding the behavior of air-water flows in the plunge pool of free-falling jets is scarce
(Castillo and Carrillo 2017, Castillo et al. 2017, Carrillo et al. 2019). This work seeks to improve this research
field. This study presents an experimental work to analyze the submerged hydraulic jump generated downstream
of a sharp-crested weir with the crest located at elevation of 2.20 m from the bottom of the plunge pool. A back-
flushing Pitot tube and an optical fiber probe have been used to measure the velocity field and the air
entrainment rate, respectively. Mean velocities near the bottom, air entrainment concentration, bubble detection
frequency, Sauter mean diameter and free surface undulation pattern have been analyzed in different cross-
sections located downstream of the impingement point of free falling jet.

2. MATERIALS AND METHODS

2.1. Experimental Setup

The experimental device is located in the Hydraulic Laboratory - Universidad Politécnica de Cartagena (Spain).
It has been designed for the study of turbulent jets and energy dissipation in overflow weirs. The facility has
been modified from that used by Carrillo (2014) to increase the range of flows tested, to improve the energy
dissipation in the inlet channel before the weir, and to enhance the falling heights measurements. The current
installation allows the analysis of flows between 10 and 200 1/s and falling heights between 2.20 and 3.50 m.

The infrastructure consists of a mobile device located in the upper part and a fixed basin located in the lower
part. The mobile mechanism allows stabilizing the flow, through serval energy dissipation systems. Before the
sharp-crested weir there is an inlet channel with 4 m length and 1.00 m wide. At the end of this channel, a
rectangular sharp-crested weir with a width of 0.85 m and weir height of 0.325 m was installed. The fixed
stilling basin, built in methacrylate, allows different depths of water cushions, from direct impact to depths of
1.00 m. Its dimensions are 1.05 m wide, 3.00 m long and 1.60 m high.

In this study, the weir crest elevation was located 2.20 m from the bottom of the plunge pool. A modified Pitot
tube and an optical fiber probe were used to measure the velocity field and the air entrainment rate. A trolley
was used to support and locate the equipment in the desired position. The accuracy of the location was obtained
by rules in the longitudinal, transverse and vertical translations (accuracy +0.001 m).

The equipment was mounted on a trolley that enables longitudinal and transverse translations. The optical probe
and the Pitot tube were positioned in the centerline of the basin. Different cross sections located downstream of



the stagnation point of the impingement jet were analyzed, with distances of 0.10 m between them. In each
section, the vertical profiles were measured.

Two different submerged hydraulic jumps were analyzed in the stilling basin: g = 0.085 m*/s/m, ¥ = 0.34 m, and
g =0.099 m’/s/m, ¥ = 0.30 m, being g the specific flow and Y the water depth at the end of the plunge pool.

To minimize the scale effects on Froude F, similarity scale models of hydraulic jumps and vertical plunging jets,
Chanson (2009) and Heller (2011) considered that the Reynolds R. and Weber 7, numbers should be larger than
10° and 10%, respectively. Following Castillo et al. (2015), the Reynolds R, and Weber W, numbers may be
obtained at issuance conditions of the nappe flow case, located at a vertical distance 7 downstream of the weir
crest: R, = 139,201, W, = 6,454 for g = 0.085 m®/s/m; R, = 119,315, W, = 5,256 for g = 0.099 m*/s/m. These
values accomplish the recommendations for R, and ¥, numbers. However, as the air bubble size is not correctly
scalable, phenomena including air flow have to be scaled with special caution (Chanson, 2009).

2.2. Optical Fiber Probe

An optical fiber equipment from RBI-Instruments was used to obtain the local void fraction. The optical probe
sensitive area consists in a Descartes prism; depending on the refraction index of the medium in contact with the
prism and on the angle of incidence of the ray of light, this ray is either reflected or diffracted by the prism. The
signal is converted into voltage in an optoelectronic module. Thus, optical fiber equipment allows estimating the
phase change between air and water (RBI-Instruments 2012). The rise and fall of the signal detected are,
respectively, the arrival and departure of the change phase at the sensor tip. The threshold values were set at 0V
(liquid) and 5 V (air).

According to Murzyn et al. (2005), in a slow moving flow the smallest detectable bubble may be of the order of
the optical fiber diameter (40 pm). However, at higher velocities the limiting size becomes a function of the
signal settling time (1 ps).

The local void fraction (C,;) may be defined as the ratio between the total time the probe is in air (Xig;) and the
time duration ¢ of the sample. This equipment allows to measure air-water flows with velocities up to 20 m/s.
The relative uncertainty of the void fraction is estimated at approximately 15% of the measured value, and the
sensitivity to a threshold variation of 1% is less than 1% (Stutz and Reboud 1997a, 1997b).

A source of error in estimating the presence of air in the flow is due to the statistical count of the number of air
bubbles in contact with the tips of the probe (Stutz 1996). Therefore, a short duration of the measurement would
contribute to a lower results’ accuracy. Boes and Hager (2003) carried out experiments with 4000 air bubbles
and samplings of 30 s. The authors considered that the accuracy of the void fraction and velocity measurements
is related to the variation of the phase, air/water variation or the inverse, rather than the sample duration ¢. To
evaluate the minimum duration of the measurements, André et al. (2005) analyzed the time required to stabilize
the mean value during the measurement and that the quasi-stationary values were statistically representative of
the void fraction. Based on the sensitivity study of the probe behavior, the authors recommend a 60 s sampling
sequence as a good compromise between precision and duration of the experiments. To err on the side of
caution, this study has considered a sample sequence of 90 s. In addition, a relative uncertainty of less than 1%
of the evolution of the void fraction has been verified with this sample duration in this type of tests. Further
details may be found in Carrillo et al. (2018, 2019).

With those considerations, the two-phase flow characteristics were measured in different cross-sections spaced
0.10 m downstream of the stagnation point of the plunge pool with the probe perpendicular to the bottom. These
results allowed to obtain the local void fraction, and the water depths in where the local void fraction was 20 and
90% (v20 and yy, respectively), among other parameters.

2.3. Back-Flushing Pitot Tube

A Pitot tube was used for measuring the velocity profiles of the plunge pool in the same locations measured with
the optical fiber equipment. The Pitot tube measures the pressure difference between the dynamic pressure at the
tip of the tube (through a 2.3 mm hole), and the static pressure, measured by a ring of ports located in the
circumference of the Pitot tube. The external diameter of the Pitot tube is 12 mm. Pressure transducers GE



Druck model UNIK 5000 were used to record the pressures variations. These sensors have a measuring range
between -200 and +800 mbar and a full scale accuracy of +£0.04%. After carrying out a static calibration, the
pressure accuracy of the transducers was £0.01 m. The pressure transducers were located at the bottom of the
plunge pool. The output signal of both ports was scanned at 20 Hz for 90 s (1800 data).

To avoid air entered into the pneumatic system of the Pitot tube during the tests, continuous back-flushing was
forced, by means of a constant head source which fed both the static pressure and the dynamic pressure of the
Pitot tube (Matos and Frizell 2000, Matos et al. 2002, Bombardelli et al. 2011). The back-flushing flow was
controlled by needle valves. To reduce the perturbation of the measurements, the back-flushing flow rate to each
port was limited to almost zero.

Wood (1983) determined the time-averaged velocity from the measured pressure of the Pitot tube in air-water

flows as:
_ 2gAP
V= \ pw(1-ACqir) (1)

where V is the velocity, g gravity acceleration, AP the difference between the total pressure head and the static
pressure head, p,, the density of water, C,; the local void fraction (volume of air per total volume), and 4 the
tapping coefficient which accounts for the non-homogeneous behavior of the air-water flow approaching the
stagnation point of the Pitot tube.

The recirculating region may affect the measurements of the Pitot tube (Matos and Frizell 2000, Matos et al.
2002). For this reason, local velocities were limited to the wall jet near the bottom region.

3. RESULTS AND DISCUSSION

3.1. Void Fraction in the Plunge Pool

According to Wood (1991), void fraction and their corresponding air concentration is one of the key parameters
to be analyzed in the submerged hydraulic jump generated in the basin. The effects of entrained air may be
essential for the safety operation of hydraulic structures.

Optical fiber methodology was used in the dissipation basin to obtain the void fraction profiles downstream of
the impingement point of the rectangular free-falling jet. Different cross sections spaced every X =0.10 m (X =
horizontal distance from the stagnation point) were analyzed. In each cross section, more than 50 points were
measured. Fig. 2 shows the void fraction profiles (C,i» = Zi#/f) of the two flows analyzed in the laboratory. The
vertical axis has been normalized, considering the yqy value (distance at which Cu;- = 90%).
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Figure 2. Void fraction profiles downstream of the stagnation point: a) ¢ = 0.085 m*/s/m, ¥ = 0.34 m;
b) ¢ =0.099 m*/s/m, Y=0.30 m



Near the bottom (0.15 < y/ygy < 0.35), the largest values of void fraction were obtained close to the stagnation
point of the rectangular jet, reaching values of around 15-20% in both submerged hydraulic jumps. As the flow
moves downstream from the jet’s impact zone, the void fraction detected by the probe tends to decrease. The
profiles located at distances greater than X = 0.60 m from the stagnation point present void fractions lower than
10%, reaching values around 7-8% in the profile located at X = 1.00 m (for y/ygy < 0.70-0.80). For y/y9p > 0.80,
the air entrainment values increase rapidly. This may indicate the layer of the unsteady flow depth generated by
the surface undulation at a given location.

Fig. 3 shows the data in a dimensionless way as a function of the average concentration in the vertical. The
mean void fraction (Cyeqn) in the cross-section is defined as:

1 90
Cinean = — fy Cair dy 2
Yoo 70

In general, both specific flows show the same trend in each sub-class. In Fig. 3 the theoretical law for the
diffusion of air bubbles in air-water emulsion developed by Chanson (1995a) for free-surface aeration by
turbulence in uniform equilibrium flow has been also represented for several mean void fractions.

!
Coiy = 1 — tanh? (K’ - %) 3)
where K’ is an integration constant, D’ is a dimensionless turbulent diffusivity (assuming a homogeneous
turbulence) and y’=y/yg.

Although Eq. (3) was not developed for submerged hydraulic jumps, it may provide a point of reference for
comparison. The data of Cyean between 0.15 and 0.30 tend to fall between the theoretical laws of 0.10 and 0.20
mean void fractions for y/yg > 0.60.
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Figure 3. Comparison of void fraction profiles as a function of the mean void fraction (Ciean)

3.2. Free Surface Undulation Pattern

To analyze the free surface undulation in the plunge pool, the equivalent water height (defined as the equivalent
water depth that would be in the absence of aeration) may be obtained as:

heq = (1 = Gean)Yo0 4

Fig. 4 shows the depths in each cross section related with the void fraction of 20 and 90% (y20 and yo,
respectively), and the equivalent water depth (%.,) for the two studied flows as a function of Y (value yg of
section X = 1.0 m). In both flows, the 4., and y») values have very similar results. The distance between y, and
Voo tends to decrease as the flow moves away from the stagnation point. This means that there is a decrease in
the mean void fraction along the dissipation bowl.
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Figure 4. Variation of the free surface undulation pattern and mean void fraction: a) ¢ = 0.085 m*/s/m, ¥ = 0.34
m; b) ¢ =0.099 m*/s/m, Y =030 m

3.3. Bubble Frequency

Bubble detection frequency has been analyzed by different authors in free hydraulic jumps (e.g., Murzyn et al.
2005, Murzyn and Chanson 2007). However, there are few references to submerged hydraulic jumps
downstream of nappe flows (Castillo et al. 2017, Carrillo et al. 2018, 2019).

Fig. 5a provides a comparison of the two flows by doing dimensionless the horizontal distance with the
impingement jet thickness B;. The impingement jet thickness formula is obtained as (Castillo et al. 2015):

Bj = By + 2§ = ——+ 49Vh(V2H — 2vh)

\J29H (5)
where B, is the thickness due to gravitational effect, x the lateral jet spread distance due to the turbulence effect,
q the specific flow, H the fall height, and % is the energy head at the weir crest. ¢ = K,'T,,, with T, being the
turbulence intensity and K, = 1.24 for nappe flow case.

Fig. 5a shows the bubble frequency detected by the optical probe. Both flows show the same trend in their
behavior. In most of the profiles, the highest values are obtained in the vicinity of the bottom. In the profiles
located in ratios X/B; < 10 downstream of the stagnation point, maximum values of around 130-140 Hz were
obtained. The maximum values tend to decrease as the flow moves away from the stagnation point. In the
profile located at X/B; > 30, the frequency tends to be around 20-30-40 Hz (¢ = 0.085 m*/s/m, ¥ = 0.34 m) and
40-50 Hz (g = 0.099 m’/s/m, Y = 0.30 m) for almost the entire depth (0.20 < y/ygy < 0.80).
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Figure 5. a) Bubble detection frequency profiles downstream of the stagnation point. b) Normalized frequency
profiles with respect to the maximum frequency

The impingement Froude numbers were estimated to be around 11.62 (g = 0.085 m*/s/m, ¥ = 0.34 m) and 11.11
(g = 0.099 m*/s/m, Y = 0.30 m). The values recorded were similar to the results obtained by Murzyn and



Chanson (2007) in free hydraulic jumps, who measured maximum frequencies of around 120 Hz with Froude
number of 8.30, and relatively larger than those of Murzyn et al. (2005), who obtained maximum frequencies of
around 85 Hz in free hydraulic jumps with a Froude number of 4.82.

The frequency profiles may be compared if they are normalized with the maximum frequency F... (see Fig. 5b).
In both flows, two different grouping are observed. The higher frequencies are obtained for low concentration
values (Cgi» < 0.10). For X/B; < 20 the F/F .. values are around 0.30 for C,; between 0.20 and 0.80. As the flow
moves from the impingement point, and the detection frequency tends to decrease, the F/F,.. values are more
scattered. Near the free surface (Cuir > 0.80), the F/F,.. ratio tends to rapidly decrease.

3.4. Distribution of Velocities in the Dissipation Basin

Mean velocity measurements were obtained with the modified Pitot tube corrected by the local void faction with
Eq. (1). The laboratory equipment allows to analyze the wall jet. Near the bottom, the streamlines are parallel
and the laboratory equipment seems to be accurate. Outside the wall jet, the streamlines are not parallel to the
bottom and the laboratory measurements may be affected by the velocity vector angle (Matos and Frizell 2000,
Matos et al. 2002). For that reason, laboratory velocities were not recorded in the roller region.

The velocity profiles in the forward flow of hydraulic jumps can be compared if they are normalized with a
velocity scale equal to the maximum velocity V... at any section, and with a length scale J; equal to the vertical
distance y from the bottom where the local velocity V' = V,«/2, and the velocity gradient is negative
(Rajaratnam 1965).

The maximum velocity V. and the length scale J; were calculated in each cross section of the submerged
hydraulic jump. The maximum mean velocity was 1.58 m/s for ¢ = 0.085 m3/s/m and for 2.19 m/s for g = 0.099
m’/s/m. Fig. 6 shows the non-dimensional velocity profiles in cross sections located from 0.10 to 1.00 m
downstream of the stagnation point. The highest velocities have been registered in the vicinity of the bottom and
tend to decrease as the flow moves to the free surface. The results obtained are also in agreement with non-
dimensional velocity distribution formulae obtained by several authors (Table 1).

Table 1. Formulae of the velocity distribution in wall jets and hydraulic jumps

Author Formula Investigation
Gortler (1942), cited by Liu Ve o 2 ¥ .
et al. (1998) 7= 1 — tanh (0.881 61) Plane free jet
Rajaratnam (1976) Ve = 6'0'693(6%) Plane turbulent free jet
max
. 4 y 0.42 y .
Lin etal. (2012 = =23(= 1—erf|0.886= Free jum
o p=23(2) (- err (o)) juy
. Vs Y\’ y ,
De Dios et al. (2017) =20 (—) 1—erf (0.55 —) -0.39 Submerged hydraulic
Vmax 61 61
1% 1/7 :
Castillo et al. (2017) v - =1.48 <61) <1 —erf (0.66 %)) Submer?lej?n;lydrauhc
max l l

where erf (u) = %f:e_tzdt

3.5. Mean Bubble Size

Several researchers have observed that the bubble shape may be related with the size of the bubbles (Harmathy
1960). Small bubbles tend to be of spherical or slightly ellipsoidal shape while larger bubbles have a more
definite ellipsoidal shape, becoming more distorted and less definite with increasing size.

Assuming the hypothesis that bubbles are spherical, equally distributed in time and that their movement is one-
directional, the size of the bubbles detected by the optical fiber equipment may be characterized by the Sauter
mean bubble diameter, Dy, (Clift et al. 1978, RBI-Instrumentation 2012). This is the diameter of the bubbles



whose volume/surface ratio is the same as that calculated for all the bubbles detected during the test. The Sauter
mean diameter can be calculated as:

3CairV

Dgp = 2F (6)

where C,, 1s the void fraction, V' the mean velocity of the bubbles, and F the bubble detection frequency.
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Figure 6. Profiles of horizontal mean velocity in different sections of the plunge pool

The bubble size distributions may be characterized in terms of the bubble chord length, which is obtained as the
time of a bubble spent on the phase-detection probe tip multiplied by the local velocity. Assuming the velocity
field obtained in the previous section, Fig. 7 shows the probability to find each bubble size in three different
locations of the wall jet, obtained in three different cross sections (X =0.10 m, X = 0.50 m and X = 0.90 m). The
probability distribution function (PDF) tends to decrease as the bubble chord size increases and as the flow

moves away from the impact zone. The bubble chord length between 0 and 0.2 mm seems to have a higher
probability of occurrence.
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Figure 7. Probability distribution function (PDF) of the bubbles chord length downstream of the stagnation point
for a flow rate of ¢ = 0.099 m3/s/m, ¥ =0.30 m

4. CONCLUSIONS

To observe and to predict two-phase flows in hydraulic structures is very complicated because of the undiluted
nature of the flow.

In this work, the characteristics of the air-water flow produced downstream of an overflow weir have been
analyses. Optical fiber and back-flushing Pitot tube equipment were mainly used in the quasi unidirectional flow
region of the submerged hydraulic jump to estimate the void fraction and the velocity fields in the plunge pool.



Near the bottom (0.15 < y/yg < 0.40), the greater values of void fraction were obtained close to the stagnation
point of the rectangular jet. The air void fraction tends to decrease as the flow moves downstream from the
impact zone of the nappe jet. In an intermediate zone (0.40 < y/ygy < 0.80), the values remain around a constant
value in the profile. Near the free surface (/)9 > 0.80), the void fraction values increase rapidly in all the cross
sections due to the surface undulation.

The larger values of bubble frequency were obtained close to the stagnation point of the rectangular jet and near
the bottom of the plunge pool (/v < 0.25), with maximum values around 130-140 Hz. The bubble frequency
tends to decrease as the flow moves downstream from the impingement point.

A higher probability distribution function has been found for values of bubble chord length between 0 and 0.2
mm. This probability tends to decrease as the chord length size increases. At X = 0.90 m from the stagnation
point, the PDF shows similar chord length values between 0.10 and 1.30 mm.

In general, the characteristics of the air distribution (void fraction, bubble frequency and Sauter mean bubble
diameter) are similar to those observed in free hydraulic jumps with different Froude numbers. The velocities
obtained near the bottom are also in agreement with non-dimensional velocity distribution formulae obtained by
several authors. This allows us to consider that our results may describe the submerged hydraulic jump
downstream of a nappe flow case.
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