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ABSTRACT 
  

Air entrainment generates energy dissipation in turbulent free-falling jets, where self-aeration processes reduce 

the velocity and increment the jet thickness. This experimental study presents an analysis of some air-water 

properties in rectangular free-falling jets. Two specific flows were considered with falling distances up to 1.2 m. A 

conductivity phase-detection probe was used for measuring the void fraction distributions, while a Pitot-Prandtl 

tube was used for measuring the velocity profiles. The jet thickness was also analyzed during the fall. The results 

show the evolution of the inner jet core with slight differences in the upper and lower nappe, the aeration increment, 

and a small reduction of the velocity field during the fall.  
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1 INTRODUCTION   

Dams are essential hydraulic structures whose design must guarantee safety hydraulic operations in different 
loading scenarios. During the past few years, the increase in design flood flows and the new requirements in 
hydraulic and structural design criteria have demanded a re-evaluation of the current capacity of the dams. For 
instance, many large dams in Spain were built for the maximum spillway capacity for flow returns of 500 years 
(Spanish Dams Instruction of 1967). Later, the design flow return was increased to 5,000 years in gravity dams 
and 10,000 years in embankment dams. During extreme events, those dams might be overtopped (Wahl, 2008). 
Turbulent water jets discharging into the atmosphere are also used in hydraulic structures to improve self-
aeration and the energy dissipation process. According to Ervine and Falvey (1987), turbulence is the principal 
mechanism of air entrainment in turbulent jets, as turbulent fluctuations affect the jet spread, the deformation of 
the free surface, and the inner jet core disintegration. The mechanisms of energy dissipation in rectangular free-
falling jets may be divided into: aeration of the jet and disintegration of the inner water core during the fall; air 
entrainment and diffusion of the jet into the plunge pool; impact with the bottom; and recirculation in the 
dissipation basin (Castillo et al., 2015). A better knowledge of the free-falling jets will allow us to understand 
their energy dissipation mechanisms and how they interact with the plunge pools. 

 
2 MATERIALS AND METHODS 

Measurements were carried out in an experimental device located at the Universidad Politécnica de Cartagena (Spain). 

The experimental setup has a mobile inlet channel of 4.00 m length and 1.05 m width that ends in a rectangular sharp-
crested weir. The weir crest is located at vertical falling distance Z of 2.20 m from the bottom of the plunge pool (Fig. 1). 
Further information may be found in Carrillo et al. (2020). 

           

Figure 1. Scheme of the rectangular jet (left), and rectangular free-falling jet with air-water probe (right). 
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A single-tip conductivity phase-detection probe was designed and built at the Universidad Politécnica de 
Cartagena. The probe tip was made of platinum wire with a diameter of 0.25 mm. As our previous analyses 
have shown that at least 30 s are needed for obtaining an uncertainty of about ±1% in the void fraction, each 
measurement was sampled at 20 kHz for 45 s. The conductivity probe was used for measuring the local void 
fraction distributions and bubble frequency at different points of the cross sections. For analyzing the local 
velocity in different positions of the cross sections, a Pitot-Prandtl tube with back-flushing system was used. For 
this study, different dimensionless falling distances between 5.0 < Z/h < 16.5 were tested, with specific flows    
q = 0.048 and 0.072 m3/s/m. The cross sections were measured with a spatial resolution of 1.0 mm.   
 
3 RESULTS AND DISCUSSION  

During the rectangular free-falling jet, the amount of air that enters into the jet tends to increase. It modifies the 
cross-section profile and the jet thickness B. Air entrainment and the interaction with the boundary’s turbulent 
layer tend to reduce the inner jet core. Figure 2 shows the void fraction distribution and the velocity profile for 
both specific flows, being B90 the jet thickness with C ≤ 0.90. The behavior between the upper and lower nappe 
shows slight differences in the void fraction and velocity distributions. For falling distances ratios Z/h ≤ -11.0 the 
inner jet core showed non-aerated water (C = 0); for falling distances Z/h > -11.0, the air entrainment reaches 
the center of the jet (minimum void fractions between 0.08 and 0.25). The maximum velocities are similar to 
their correspondent gravitational velocities. However, the velocity tends to rapidly reduce outside of the non-
aerated core. Although the falling distance is relatively small (up to 1.20 m), a slight velocity reduction effect has 
been observed during the fall in the jet´s core.  

 

 Figure 2. Void fraction distributions and velocity profiles for different dimensionless falling distance.  
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