
Reyna Guadalupe Ramírez de la Torre

Experiments on Bubble and
Droplet Production in Falling Jets
and Breaking Waves

Thesis submitted for the degree of Philosophiae Doctor

Department of Mathematics
Faculty of Natural Sciences and Mathematics

2021



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Reyna Guadalupe Ramírez de la Torre, 2021 

 

 

Series of dissertations submitted to the  

Faculty of Mathematics and Natural Sciences, University of Oslo 

No. 2386 

 

ISSN 1501-7710 

 

 
All rights reserved. No part of this publication may be  

reproduced or transmitted, in any form or by any means, without permission.   

 

 

 

 

 

 

 

 

 

Cover: Hanne Baadsgaard Utigard. 

Print production: Reprosentralen, University of Oslo. 

 

  



Preface
This thesis is submitted in partial fulfillment of the requirements for the degree
of Philosophiae Doctor at the University of Oslo. The research presented here
was conducted at the University of Oslo, under the supervision of professor Atle
Jensen, professor Geir K. Pedersen and Dr. Miroslav Kuchta. The experiments
were carried out in the Hydrodynamics Laboratory at UiO. Additional cameras
for the 3DPTV setup was partially funded by RCN project “RigSpray”, grant
number 256435.

The thesis is a collection of three papers and one report, presented in
chronological order of writing. The common theme is the implementation of
Particle Tracking Velocimetry, and in particular, three-dimensional Particle
Tracking Velocimetry as a new technique in the Hydrodynamics Laboratory.
The papers are preceded by an introductory chapter that relates them to each
other and provides background information and motivation for the work. I am
the first author in all papers, and carried out most of the experimental work and
research done. The only exception is the collaboration with Dr. Petter Vollestad
in the second paper, where he carried out the experiments related to the air
phase measurements and contributed to the writing process.

Reyna Guadalupe Ramírez de la Torre
Oslo, March 2021
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“The waves fell; withdrew and fell again,
like the thud of a great beast stamping.”

Virginia Woolf, The Waves
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Chapter 1

Introduction

The development of research and exploration in Arctic waters is very common
nowadays. One of the environmental difficulties in these regions is marine icing.
Marine icing is the process of generating thick layers of ice on top of a surface
in short periods of time, its consequences has been documented for several
years (Ryerson 1990). Marine icing is caused by atmospheric sources and sea
spray (Bodaghkhani et al. 2016), but sea spray is considered the main source of
icing (Borisenkov and Pchelko 1975). Sea spray is generated by wave collisions,
breaking of waves due to strong winds and bursting bubbles that float upon
the waves (Lozowski, Szilder, and Makkonen 2000; O’Dowd et al. 2008; Rashid,
Khawaja, and Edvardsen 2016).

Figure 1.1: Marine Icing examples. To the left, photography from field
measurements in Svalbard (Picture taken by Atle Jensen, 2017). To the right,
crew of ship removing icing obtained from Cook and Chatterton 2008.

The ice accretion begins to occur after the generation of sea spray, when the air
temperature drops below the freezing point of seawater. The droplets carried by
cold air impinge on the structure, creating ice and a liquid water film. The liquid
water drains under the gravity but sometimes a small quantity can be entrapped
in small pockets. With the growth of ice thickness, sea salt precipitates, creating
pure ice (Rashid, Khawaja, and Edvardsen 2016). Heavy ice accretion poses a
threat to the stability of ships and offshore structures,for example by shifting
their centre of gravity. The understanding of this phenomenon is important
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1. Introduction

for the safety of installations, ships and people that operates in the cold polar
environments.

The multi-scale nature and complexity of spray and icing requires that
the research on this field is separated into smaller problems. Some of the
smaller problems can be: the modeling of the free-surface; wave slamming;
air entrainment during the impact; water sheet and jet formation during the
wave slamming; water sheet and droplet breaking caused by wind, and droplet
trajectories when they meet the surface on ship or structure (Bodaghkhani et al.
2016; Dommermuth et al. 2007).

In this thesis, the focus of the author was to conduct experiments to bring
understanding of the spray phenomena. Size distributions of spray and bubbles
are not well known and they are an important input for simulation of waves and
splashing of water on structures. The goal was to measure the size distribution
and kinematics of the droplets and bubbles produced by waves breaking or
splashing on obstacles in the Hydrodynamics Laboratory of the University of
Oslo.

The measurement of spray and air entrainment is not an easy task. Different
techniques have been used but the characteristics of the phenomena also
show each technique limitations. The challenges to overcome are the three-
dimensionality, the highly turbulent regions, and the wide distributions for sizes
in both droplets and bubbles. For the case of bubble generation in waves and jets,
the estimation of the air content and the size distribution has been estimated
using: optical probes, conductivity probes, resistivity probes and acoustic probes
(Chanson, S. Aoki, and Hoque 2006; Deane 1997; Kolaini 1998; Wang, Bertola,
and Chanson 2016). All of these probes are invasive methods with one point
measurements. For highly turbulent flows these techniques are non-adequate.

Measuring droplets, and in some cases bubbles, can be done with imaging
methods. The use of videos and images with shadowgraphy, or laser sheets
are the most common techniques. The post processing of these images can
be done by Particle Tracking Velocimetry (PTV). PTV algorithms are used
to follow the different particles in their individual trajectories through time
(Lagrangian approach). Using more than one camera at the same time allows
the reconstruction of the kinematics of the particles in 3D. The advantage of
this kind of algorithms is that they consider the camera parameters to estimate
the positions of the found particles and correlate the images from the different
cameras to reduce the uncertainties on the positions for each particle at each
time step. In this thesis, the author decided to use imaging techniques and
PTV to analyze different experiments that can be relevant in the understanding
of bubble and droplet formation from breaking waves. In the next sections a
brief literature review is presented for the relevant topics: Air entrainment and
Ocean Spray Production. Then, in the second chapter a detail description of
the experimental work is given.
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Air entrainment from a circular jet

1.1 Air entrainment from a circular jet

During wave breaking, there is a considerable amount of air crossing the water
surface and mixing. In general, breaking waves play an important role in the
ocean-atmosphere processes by entraining bubbles into the ocean. Therefore, the
study of air entrainment is important for understanding these processes. Bubble
plumes are generated during the entrainment processes. The bubble plume can
appear very dense and consist predominantly of large air cavities that collapse
into smaller bubbles and are driven down into the water, reaching a certain
maximum depth. Then the bubble clouds spread horizontally and large bubbles
and air cavities rise back to the surface to burst (Deike, Melville, and Popinet
2016).

To understand the process of air entrainment on a more fundamental level,
studies of plunging jets have been made as prototypes of breaking waves. The
analogy between a plunging breaker and a plunging jet might be valid during the
first seconds of wave breaking. Several studies have been made to estimate the
air entrainment from different jet geometries. The most common ones are the
circular jet and planar jet (Chanson, S. Aoki, and Hoque 2006; Chanson 1996;
Chanson, S.-i. Aoki, and Maruyama 2002). In this case we will focus only on the
circular jet, which has been studied experimental and theoretically. For example,
theoretical descriptions of the entrainment process have been made by Kiger
and Duncan 2012; McKeogh and Ervine 1981; Zhu, OĞUZ, and Prosperetti
2000. It is generally acknowledged that the air entrainment process is controlled
by several parameters. For the circular jet, the geometry of the nozzle will
determine the behavior of the liquid flow. The flow instabilities are one of the
primary producers of the disturbances. In several experimental studies, once a
nozzle geometry is defined, the most commonly used parameter to address the
entrainment threshold is the velocity of the jet (Chanson, S. Aoki, and Hoque
2006; Wang, Bertola, and Chanson 2016.)

A thorough compilation of previous results has been made in Kiger and
Duncan 2012, where the process before and after the entrainment threshold has
been described. The critical condition for air entrainment can occur in different
ways (see Figure 1.2). In one case, there are no disturbances on the jet surface;
only a meniscus is present which breaks when the steady-state is no longer
possible. In the other case, the interface is destabilized by the disturbances
within the impinging jet and/or receiving pool causing the meniscus to break.
The last case can be further divided into case (i) with small disturbances such
that the jet appears smooth and laminar, and case (ii) with disturbances such
that the jet appears visibly rough. The type of air entrainment that is observed
in the present work is of class (ii). Other criterion to classify the entrainment
conditions was to consider when the jet separated into droplets before entering
the surface. Biń 1993 summarized the data available for both cases. The main
conclusion was that the droplet regime was well correlated to a Weber number
power law, but there was no strong or reliable correlation for the continuous jet
regime.

During the present investigation, a circular falling jet is used as a first
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1. Introduction

Figure 1.2: Schematic representation of the different air entrainment mechanisms
for a circular jet. The bubbles can be created by the following mechanisms: from
left to right, a smooth jet (no disturbances), by small disturbances in the surface
or by large disturbances. Image modified from Kiger and Duncan 2012.

approach to wave breaking. In the studied case, visible disturbances were
developed on the surface of the jet, this disturbances were the main source of air
entrainment. The main contribution of this study could be that the conducted
experiments were less controlled than previous works and opened a window
for a statistical analysis that could potentially be extended to more realistic
circumstances outside the laboratory. Although the original plan was to combine
the experimental results with simulations, the experimental findings turn out
to be very rich and sufficient to create an all-experimental paper, presented in
Paper I. While relations between the falling jet and the created bubble plume
were made, this first investigation failed on presenting a 3D kinematics of the
bubble plume. This was therefore addressed in a new investigation that was
presented in the International Symposium of Particle Image Velocimetry, 2019 in
Munich, Germany. The correspondent results were published in the Proceedings
of the symposium and presented here in Paper II.

1.2 Ocean Spray and Droplet Production

Ocean spray comprises of liquid droplets ejected from the sea surface, generally
due to breaking waves and related phenomena. Once ejected from the ocean
surface, spray drops are transported and dispersed in the marine atmospheric
boundary layer. Marine aerosols span a large range of sizes, from a few
nanometers to several millimeters. The smaller particles have residence times in
the atmosphere of days to weeks. The larger droplets remain suspended in the
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Ocean Spray and Droplet Production

atmosphere from fraction of seconds to several minutes and typically settle back
into the ocean if there are no obstacles in the way (Veron 2015).

The formation of marine aerosol is a very complex and broad phenomenon.
In this thesis, I only concentrated on a small part of it, that is the formation
of droplets from the ocean surface. There are several mechanisms of spray
formation. The most studied mechanisms are film, jet and spume droplets
(see Figure 1.3). Film and jet droplets are produced when bubbles that were
previously entrained in the water, rise to the surface and burst. Spume droplets
occur when the wind shear at the surface is sufficiently high to tear off droplets
from the surface of waves (Andreas 2002; Andreas et al. 1995). Much less is
known about the latter mechanism compared to the bubble bursting generation.
Several studies have been made in laboratories. Some of them give an insight
on the size distribution of the droplets but the results are relatively wide. In
some cases measured drops had a radius up to 700 microns (Fairall et al. 2009),
but other studies measured up to 2 mm radius in the laboratory(Veron 2015).
Furthermore, field measurements have been conducted, where the concentration
of aerosol numbers in the atmospheric boundary layer were obtained (Lenain and
Melville 2017). Droplet sizes ranging from 0.1 to 200 microns were considered.
It was found that droplets with radii larger than 40 microns can reach heights
larger than 400 m above mean sea level.

Figure 1.3: The main mechanisms of sea spray production. Spray can be
produced by bursting bubbles (film and jet droplets) or ejected from the crest
of breaking waves by the effect of wind (spume droplets). Image modified from
Veron 2015.

Another mechanism of droplet formation that has been less studied, is the
creation of droplets by wave slamming. When the wave breaks onto the water
surface or onto other structures, a large amount of droplets can be created and
transported far distances by the wind. In this thesis, the understanding of the
droplet formation due to splashes was one of the main focus. The first situation
studied was the breaking of a wave onto the water surface, and the variation of
the droplet production when wind is included. The results of this investigation
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1. Introduction

are presented in Paper III.
The next phenomenon of interest is the splash created by a wave impacting

solid surfaces. In this case, only field studies from vessels have been made. These
studies mainly report the vertical distribution of the Liquid Water Content above
the ship bow and do not include information of the velocity of water droplets or
their size distribution (Ryerson 1990). In the laboratory, breaking wave impacts
on a wall have been studied. Impact pressure, fluid velocity and surface elevation
were monitored.

The laboratory studies of wave impact on vertical walls have shown that
breaking waves generate the largest pressures and therefore are potentially more
dangerous. Several experimental efforts have been made (Bullock et al. 2007;
Hattori, Arami, and Yui 1994; Hull and Müller 2002; Jensen 2019; Oumeraci et al.
2001) and mathematical models have been developed to understand the physics
behind these processes (Bredmose, Peregrine, and Bullock 2009; Wemmenhove
et al. 2015; Wienke and Oumeraci 2005). As result of these efforts, a classification
of the impact type has been done and confirmed by several of the mentioned
studies. The classification depends primarily on the shape of the wave before
the impact and can be summarized in four types (see Figure 1.4):

1. Flip-through. The wave breaks without air entrapment. The formation
of an uprising jet in the wall is visible. The pressure can range from
“non-breaking" pressure to one single sharp peak.

2. Breaker with small air pocket. The front of the wave is faster than the
flip-through and creates a small air pocket when impacting the wall. The
pressures have a single sharp peak.

3. Breaker with large air pocket. The front of the wave is fast enough to
encapsulate a large air pocket. In these case, after the high peak, the
pressure oscillates with high frequency.

4. Turbulent bore. The wave broke previous to the impact generating a
turbulent bore. The pressure oscillates with low frequencies.

More recently, a review of the evaluation of impact pressures has been made
(Dias and Ghidaglia 2018), where the pressure signals obtained from different
wave impacts have been classified using the concept of elementary loading
processes (ELP), which was introduced by Lafeber, Bogaert, Brosset, et al. 2012.
The review describes wave slamming with the latest numerical and experimental
descriptions. The main characteristics of a slamming event are the high force
imposed on the solid body with relatively short duration and the quick expansion
of the contact region between the liquid jet and the solid body. Any load that a
wave impact can induce in a solid body can be described in terms of the ELP’s,
which can be classified in three types: ELP1 represents the direct impact; ELP2
represents the building of the jet along the structure, and ELP3 represents the
compression of entrapped or escaping gas (see Figure 1.5).

ELP2 is the most common because it appears every time that there is a run
up (or down) of the liquid along the object and it is the same ELP presented
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Ocean Spray and Droplet Production

Figure 1.4: Schematic representation of the classification of wave impact
depending on the stage of breaking, from Hull and Müller 2002.

in the water entry problem (a body impinging on a liquid pool). Furthermore,
ELP2 is the only ELP that can be described by incompressible fluid models and
therefore the most studied in the literature. The flip-through impact can be also
linked to the ELP2, because very high pressures can be reached when the water
level accelerates rapidly along the wall. In contrast, ELP1 and ELP3 have been
less studied because of the difficulty to implement compressible fluid models. In
the case of ELP3, there is a gas pocket entrapped between the water and the
solid body, the gas pocket is compressed by the forward movement of the wave
together with the run up at the wall. This gas pocket acts like a spring, where
the maximum pressure and frequency of the oscillations depend on the size of
the pocket. The direct impact, ELP1, occurs when the liquid particles decelerate
rapidly at the contact with the solid. This means a near discontinuity in the
velocity that generates a pressure wave inside the liquid and a strain wave inside
the solid.

The problem of a liquid impact on a wall has become the primary benchmark
for the study of slamming. The global scaling of this problem is well understood
but local scaling remains poorly understood (Dias and Ghidaglia 2018). For
example, experimental studies in different scales have shown that the shape of
the interface does not scale well, the gas-liquid density ratio modifies the shape
of the waves before breaking and the instabilities that can appear in the interface
are also important in the modification of the interactions of the interface. The
variation of the wave front while breaking creates a large range of possibilities
both in the magnitude and the shape of the pressure peak (Bogaert et al. 2010;
Bullock et al. 2007; Hull and Müller 2002; Meerkerk et al. 2020). Nonetheless,
when a solitary wave was studied (Jensen 2019), the plunger breaker with air
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1. Introduction

Figure 1.5: Classification of wave impact depending on the ELP, different wave
breaking stage will give a different impact pressure signature. Image modified
from Dias and Ghidaglia 2018.

pocket produced consistently larger pressure peaks. The pressure profile seems
consistent with the wave amplitude and only depends on the breaking stage.

The understanding of the jet formation after the impact and the break up into
droplets has been less studied. It is common to consider a simplification of the
phenomenon by comparing the wave jet with a planar jet coming out of nozzle
(Bodaghkhani et al. 2016; Lozano, Garcıa-Olivares, and Dopazo 1998; Sarchami,
Ashgriz, and Tran 2010). As far as the authors know, only Watanabe and Ingram
2015 and Watanabe and Ingram 2016 have conducted experimental work of the
break up of waves impacting in a vertical wall and proposed an explanation of
the instabilities that generates the spray formation. Also a comparison of the
distribution of droplet sizes is made with previous studies. They found that the
distribution of sizes in different vertical positions has a lognormal shape and is
similar, but not well approximated, by Weibull or Γ-distributions proposed by
Roisman, Horvat, and Tropea 2006 and Villermaux, Marmottant, and Duplat
2004, respectively.

The last paper presented in this thesis (Paper IV) presents the results of
investigating the droplet formation by a solitary wave impacting on a vertical
wall considering different breaking stages. Statistical analysis is made for droplet
sizes, velocities and accelerations. And comparison with previous mentioned
works is presented.

Over all, there is a large range of parameters and variables that can affect the
production of droplets in a breaking wave. It is the aim of this thesis to contribute
to the understanding of this complex phenomenon. The author tried to bring
a new perspective by using different conditions from the previously studied
conditions in other investigations and by using new techniques to acquire the
data. In the next chapter, a detailed description of the developed experimental
setups and techniques will be done.
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Chapter 2

Experimental work
Different experimental techniques were introduced in the Hydrodynamics
Laboratory at the University of Oslo during the development of this thesis.
The visualization of jet disturbances and the extraction of 3D kinematics by
PTV technique were the main contribution of this work. In addition, the usage
of 3DPTV to study bubble plumes and spray clouds has not been reported in
other studies as far as the author’s knowledge goes. In this chapter, the more
relevant findings for a successful setup will be summarized. Also, the most
common problems to encounter will be presented and analyzed.

Figure 2.1: The usage of different illumination techniques can have different
results, therefore it is important to find the most adequate.

When using fluid tracing techniques, such as PTV, it is common to utilize a
dark background and a laser sheet to illuminate the tracer particles. To visualize
the bubble plume or droplet cloud, the mentioned technique does not perform
well. This technique relies on the reflection of light on the tracers. But when the
size of the tracers increases, multiple reflections will appear. Therefore the total
amount of particles and the size of the particles cannot be reliably approximated
from these reflections. In opposition, if diffused light is used, the shape of the
tracers will make a clear dark shadow that will allow us to keep track of the size
and position of the different particles. Figure 2.1 shows the difference between
both illumination techniques.

For the visualization of the jet, the diffused light illumination technique
gives an accurate description of the deformation of the jet surface. As shown in
Figure 2.2, the edges of the jet give a clear dark area in the image from where
we can extract information of the surface deformation. The same illumination

9



2. Experimental work

Figure 2.2: To the left, an example picture of the visualization of circular jet
ripples creating a bubble plume. To the right, a schematic of the extraction of
disturbances from the images.

provides a clear view of the bubbles as mentioned before. Nonetheless, this
is opposed to the expected visualization in most PTV algorithms, where it is
assumed that the particles will be light on a dark background. In this study
we used image processing to invert the gray scale and create images with dark
background and light particles from the original diffused light images. This
procedure is easily done and does not affect the quality of the images. To achieve
this, the gray scale is resampled only by generating the one-to-one function:
F (x) = 256 − x, x ∈ [0, 255]. As can be seen in the rest of this thesis, the
approach gives reliable results without compromising the quality of the data.
Although, the use of diffused light images could also be implemented in the
algorithms for PTV and then a comparison between the new algorithm results
and the results of using image inversion could be made.

2.1 Measuring ripples on a circular jet

The circular jet has been the object of extensive research. At first sight, this
phenomenon might seem simple but the research has shown it depends on many
parameters that need to be controlled in order to simplify the experiments. In
this work we decided to use a statistical approach in order to obtain a setup
that goes closer to “real life” phenomena. Although there is a large number
of parameters that are left to random effects, the statistical approach helps to
obtain relations that can be used in a larger range of similar phenomena and
find the link with the proposed theories.

To understand the entrainment produced by a free falling jet, it is important
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Measuring ripples on a circular jet

Figure 2.3: Comparison of the median speed of the disturbances displacing down
the jet with the estimated velocity of the jet.

Figure 2.4: Qualitative comparison of the jet disturbances with the theory
presented in Yuen 1968.

to understand the deformation of its surface. This deformation has been studied
theoretically and experimentally for the last two centuries. Lamb 1932, ch. IX
has already summarized the theoretical description of a circular falling jet and
the solution for the capillary disturbances presented. It was found that the
instabilities of the disturbances on the jet can be related to the steepness, which
is the product of the amplitude a and the wave number k. It was also found that
while the jet is in downward motion and the motion is steady, the jet exhibits a
system of stationary waves, i.e. the formed ripples travel downwards with the
velocity of the jet.

To compare this theoretical result with the experiments, the estimated flow
velocity was compared with the velocity of the disturbances. The velocity of the
disturbances was obtained by a cross-correlation between disturbances in two
different time steps. We determine if the compared disturbances are the same
disturbance and obtain the spatial displacement between the crest at the different
time steps. Then the speed is calculated with the displacement and the time
step. Finally, a histogram of the encountered speeds is made and the median
speed is considered the speed of the disturbances. The results are compared
with the estimated jet velocity in Figure 2.3 for two different jet lengths, only
the jets with speeds above 1.4m/s and length of 4cm seems to deviate from the
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theory.

Figure 2.5: An example of the jet disturbances which do not resembles the theory
presented in Yuen 1968. Instead of single “wave”, we observe the superposition
of different wavelengths.

A visualization of the temporal evolution of a single disturbance can be
made to compare with the known theory. The theory proposed a third-order
model (Yuen 1968) that shows that the asymmetrical development of an initially
sinusoidal disturbance in the surface generates higher harmonics and feedback
into the fundamental frequency. Figure 2.4 shows a particular case where the
evolution of the disturbance has great similarity with the theory. Nonetheless,
the shape of the disturbances presented is not always so dreamy. Figure 2.5
shows another case where the followed disturbance has a shape that resembles
more to the superposition of several frequencies. The presence of this type
of disturbances shows the effects of the uncontrolled jet development and the
importance of utilizing a statistical approach.

The conclusions of this study are presented in Paper I. A relation between
the characteristics of the jet and the amount of produced bubbles is found. Also,
the appendix of that paper studies the effect of the material of the exit tube on
the jet disturbances and bubble production. The next step in this investigation
of the bubble plume was done by using 3DPTV to visualize the plume. Next
section details the difficulties and findings.

2.2 3DPTV setup for bubble plume

The setup used to observe the bubble plume was the same as presented in Paper I,
with the difference that 2 cameras were used to obtain the 3D positions of the
bubbles, as shown in Figure 2.6. The particle tracking was made with the open
source software OpenPTV (OpenPTV et al. 2012) and further post processing
was done using Python scripts. As it will be explained in this section, this setup
had to be modified in order to obtain the desired results, which are discussed
further in Paper II.

The first setup consisted on positioning two cameras at an angle of 90 degrees
between each other. In this way, the plane that is not observed by the first camera
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Figure 2.6: Original setup to visualize the bubble plume with only 2 cameras,
the cameras are positioned at a 90◦ angle.

is observed by the other camera. In theory, the position of the bubbles can be
found with only 2 cameras for a very sparse plume. Nonetheless, in practice the
sparsity of the particles is dependent of size of the field of view and the desired
pixel size for the bubbles. To obtain three dimensional trajectories, the particles
need to be matched among all views. The method used by OpenPTV finds
correspondences based on epipolar geometry (H.-G. Maas 1991a; H.-G. Maas
1991b; H. Maas, Gruen, and Papantoniou 1993) which is roughly described next.

Figure 2.7 depicts the definition of an epipolar line with two cameras. Points
C1 and C2 represent the centers of each camera lens. XC1 and XC2 are
projections of the particle X in the each camera image. The line that joins both
lenses centers C1C2, also has projections in the images, depicted by yellow dots.
These dots are known as the epipolar points and together with points XC1 and
XC2 create the correspondent epipolar lines in each image. The epipolar line
for X in Camera 2 is shown in red. This epipolar line is only visible in Camera
1 as the point XC1. Then, if more than one bubble sits in the same line C1X,
all particles X, X1 and X2 correspond to the same epipolar line. In which case,
only one particle would be seen from Camera 1 and multiple correspondences
will arise in Camera 2 X1,C2, X2,C2 and XC2.

To choose a particle in C2 we define a search area, during the calibration. A
tolerance width is defined to this epipolar line segment, the search area for the
corresponding particle image becomes a narrow two-dimensional bandshaped
window in image space. Due to the large number of particles, two or more particle
images will be found in the search area. A solution to the presented problem is to
reduce the tolerance width, which is a feature available in OpenPTV. Nevertheless,
the reduction of these segments is not a warranty that all correspondences will
be found. Let us look at Figure 2.7 again, if we reduce the search length in
the epipolar line to half of the segment XX2 the algorithm can create two
particles with different positions: X and X2, but we will not be able to find
correspondence for X1, unless the distance is smaller than the segment XX1.

A better solution is to add another camera. By doing so, an extra epipolar
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line segment can be defined. Each particle will be defined by the intersection
of both epipolar lines in each image (H. Maas, Gruen, and Papantoniou 1993).
We can conclude by this analysis that the 2 camera approach is not enough
to visualize the bubble plume. We decided to use an array of four cameras to
analyze the bubble plume. The results of this investigation are presented in
Paper II

2.3 3D PTV setup for use with droplets

For the last part of this thesis, the setup was slightly modified to measure the
droplets created after a breaking wave. The experiments were conducted in the
wave tank of the Hydrodynamics Laboratory. The focus of the investigation is
the production of droplets from different types of breaking waves. The main
idea is to locate the area where the droplets are produced and adapt the camera
array to fit the area. To do this, it is necessary to consider the camera and lenses
specifications, the expected range of droplet size and the total area of analysis.
A detail description on how to achieve this will be done below. As mentioned
before, the selected software to analyze the data was OpenPTV.

The used cameras were AOS PROMON U1000 Mono cameras with an image
size of 1080 × 1920 pixels. With an approximated range of droplets diameters
from 0.1 mm to 10 mm, we have three orders of magnitude to consider in the
image resolution. If we approximate that we want 0.3mm to be equivalent to 2
pixels, the diameter range can extend up to 70 pixels, which would be equivalent
to 10.5 mm. The camera lenses had 50 mm focal distance. To obtain the desired
pixel to millimeter scaling, the necessary distance between the focal plane (the
center of the tank) and the cameras is approximately 1.72 m. To create the 3D
field of view, there is a calibration procedure that should be accomplished. This

Figure 2.7: When analyzing bubbles, an array with only 2 cameras gives more
than one correspondence because of the length of the epipolar segment.
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calibration procedure requires the characteristics of the cameras, their positions
and an approximation of the desired volume of investigation. Different types
of calibration can be made in OpenPTV. In this study, calibration by multiple
planes was made. The details of the procedure will be explained next.

Figure 2.8: On the left, a picture of the calibration target. On the right,
schematics of the target and cameras positions to create the calibration by
multiple planes.

The multiple plane calibration consist on using a flat calibration target in
several depth planes which will define the volume of analysis. The calibration
target was an acrylic sheet of 3mm thickness with a mesh of 1mm holes, each hole
was 10mm separated from its neighbors (fig. 2.8). The volume of analysis was
defined by a Cartesian frame of reference (x, y, z) where the x direction moves
along the tank, the y direction is the vertical direction and the z direction moves
towards the cameras, perpendicular to the tank. The plane z = 0 was defined
as the center of the tank and the origin (0, 0, 0) was defined as the middle of
the calibration target. Once the coordinate system was defined, the calibration
target helped to define the cameras positions. The cameras should be all looking
at the same volume from different angles. Because of the diffused light technique,
the cameras could only be positioned at one side of the tank. The camera array
is presented in Figure 2.8 and the positions of the cameras with reference to the
origin of the system are shown in Table 2.1

The use of OpenPTV software will be necessary for the next steps. For
more detailed instructions on the installation and use of the software, see the
software page (OpenPTV et al. 2012). Below, a basic summary of the procedure
to achieve the multiple plane calibration is described:
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Camera x[cm] y[cm] z[cm]

Camera 1 (C1) −60 15.5 190
Camera 2 (C2) −60 −10.5 190
Camera 3 (C3) 60 13.5 189
Camera 4 (C4) 60 −8.5 189

Table 2.1: Positions of the cameras in the camera array compared to the origin
of the reference system.

1. Take images of the calibration target in the different planes. In this case,
five planes were used corresponding to the planes: z = −80, z = −40 z =
0, z = 40, z = 80 mm.

2. The images are an input to the calibration folder. The software requires
that the data is separated in folders: one for the calibration objects, one
for the parameters, one for the images of the moving particles and one for
the results. The folders have to be created before using the program for
the first time. It is important to have dummy parameter files already in
the correspondent folders. For the multiple plane calibration we will also
require several parameters folders, one for each calibration plane used.

3. Input the Cartesian position of the grid holes for each plane in a text file,
for example: target_0.txt, target_m4.txt, target_p4.txt. The files should
be organized in 4 columns with the number on the grid in the first column
(numeration starts with 1, bottom to top, left to right), x location in the
second column, y location in the third column, z location in the fourth
column.

4. Use the files with the extension “.ori" to input the position of the cameras
with respect to the origin and the approximated rotation angles with respect
to the main axes x, y, z. In these files also the positions of the pinhole in
respect to the image center in millimeters, the back-focal distance, and the
position of the glass in respect to the origin are needed.

5. Choose 4 points in the target that are visible in each camera and collect
their grid numbers(from the target_nn.txt files, nn refers to the chosen
name) in a file called “man_ori.par" which should be in the parameters
folders.

6. Follow the steps of the calibration as proposed by the tutorial. In
our case, the most useful tutorial was the descriptions for the "Multi-
Plane Calibration Procedure" presented in the Tutorial written by Hristo
Goumnerov, available in the OpenPTV website OpenPTV et al. 2012. The
main steps are:

• Detect the grid points in each camera image
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• Select the 4 points collected in the “man_ori.par" file
• Check the precision of the “.ori" files and modify them to accurately

reproduce the grid
• Once the image grid is close to the estimated grid use the algorithm

to refine the parameters and create the final version of the “.ori" files.
• Repeat for each plane
• Create the combined set of files that contains the information from

all the planes

Figure 2.9: Results of using a particle array with known positions to compare
with PTV results. The plots show the accuracy of the PTV in each projection
plane. On blue dots the results from PTV are shown and in orange dots the real
positions are shown.

Once the calibration was achieved, a small configuration can be used to
confirm the precision of the calibration. In this study, a 3D grid of 30 particles
with different sizes was created and used to test the precision of the calibration.
The position of the particles in respect to the chosen origin is known. By using
the OpenPTV software we obtained the positions as estimated by the algorithm
and compared them with the known positions. The results are presented in
Figures 2.9 and 2.10. These figures show that when the calibration is successful,
the position of the particles can be tracked within an accuracy of 2 mm in all
directions. If larger errors are found or the position do not correspond accurately
in all cases, the most probable reason is an error during the calibration. The
procedure should be revised and maybe even the cameras positions need to be
improved.

An important contribution of the setup developed in this thesis, is the
estimation of the sizes of the droplets. When conducting PTV measurements in
general, the particle size is already known, or irrelevant. But in our study, it is
one of the main unknown parameters that we want to extract from the data. The
image processing done by the software saves information of the tracked particles
and their pixel sizes for each camera and time step. Therefore it is possible to
use this information to estimate the size of each particle and its evolution in
time.

Because of the calibration process, it is possible to obtain an estimation of
the pixel to world transform, including the size error depending on the particle
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Figure 2.10: Results of using a particle array with known positions to compare
with PTV results. On the left, a picture of the real particle array. To the right
a 3D plot of the results is presented.

distance to the camera. In this thesis a simple approximation is made by
calculating the pixel to millimeter scale Si for each calibration plane i. Then, a
second order fit is obtained according to the depth: S(z) = c2z2 + c1z + c, where
z is the z coordinate of the analyzed droplet. From the OpenPTV results, we can
extract the pixel length in x and y of a droplet for each camera, called AC and
BC respectively, where C stands for the camera: C = 1, 2, 3, 4. Then we obtain
the average of these quantities and apply the defined transform: αp = AC ∗ S(zp)
and βp = BC ∗ S(zp), where zp is the position of the droplet p in z and αp and
βp are its calculated axes lengths. Finally using the definition of equivalent
diameter: De =

√
(αpβp) we obtain the estimated diameter for the droplet p.

With the same configuration of 30 particles used to confirm the positions, a
comparison of the real sizes of the particles can be made to those resulted from
this calculation. The results are presented in Figure 2.11, where it is visible that
the calculation can estimate the size of the particles within the constrains of the
image resolution. In the figure, an error bar of 3 pixels, or 0.45 mm, is presented.
In all cases, the size estimation lies within this error. It is interesting to notice
that, in all cases, the calculation overestimates the size of the particle. This over
estimation is reasonable from the image processing perspective, because blurry
particles are perceived as bigger in an image.

With this proposed methodology, the tracking of droplets was performed. In
this study, two different cases were analyzed. The first one was the study of
the droplet production after a breaking wave, which is presented in Paper III.
The second one is the study of droplet production by a solitary wave impacting
in a flat vertical wall during different stages of breaking, which is presented in
Paper IV.

Overall, a realistic estimation of positions and sizes can be performed by using
this setup. There is also room for improvement. For example, more sophisticated
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Figure 2.11: Results of the algorithm to determine particle size compared to
the known sizes of the particle array. In blue circles, the estimated sizes with
errorbars of 3-pixel length(= 0.45mm)are presented. In orange triangles, the
measured equivalent diameters De are presented.

cameras and lenses could improve the image resolution, frame rate and shutter
speed to obtain sharper images of the droplets. Especially in the size estimation,
an interesting way to reduce the error could be to make a deeper study of the
image-size relation using the camera and lens characteristics. In this way, an
extra calibration procedure could be added to the software, when it is of interest
to obtain particle sizes also.
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Chapter 3

Objectives and findings in
publications

Paper I The objective of this paper was to determine a relation between the
naturally occurring disturbances on the jet surface and air entrainment.
The usage of statistical analysis was the basic core of the found results.
Our results show that both the bubble count and entrained air have a
linear relation with the steepness of the jet disturbances. The developed
imaging technique in this investigation gave the foundation for the next
papers.

Paper II The second paper initiated an attempt to obtain three-dimensional
results of the previous paper. Nonetheless, the complexity and abundance
of the bubbles inside the plume made this work a technical paper on the
design of the 3DPTV system for the bubble plume. The bubble kinematics
were obtained and an analysis of the requirements to obtain reliable PTV
measurements was made. Also, this investigation set the grounds for the
experimental technique developed in the next papers.

Paper III A 3DPTV setup was achieved in order to measure droplet dynamics.
The aim of this paper was to generate violent plunging breakers in the
laboratory, quantify the produced droplets, obtaining their sizes and
kinematics and to analyze the effect of the different wind speeds on the
droplet production.

Paper IV A similar 3DPTV setup is used to analyze the droplet production
from solitary waves impacting in a vertical wall. An extensive description
of the experimental results is presented. The main contributions are the
analysis of the wave breaking stage during the impact and the statistical
analysis of size distributions, velocities and accelerations. This manuscript
need to be further refined to be submitted into a peer reviewed journal.
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The process of a circular free falling jet entering an idle pool was studied with the objective of determin- 

ing a relation between the naturally occurring disturbances on the jet surface and air entrainment. To 

this end the instabilities of the free falling jet were characterized and compared with the bubble count 

distribution and an estimated amount of entrained air in the plume. Different jet lengths were consid- 

ered. The aeration process was captured through image sequences. Individual analysis of each disturbance 

in the jet surface was made. Our results show that both the bubble count and entrained air have a lin- 

ear relation with the steepness of the jet disturbances. Moreover, the wave-jet ratio is introduced, which 

defines an entrainment condition for all the studied cases. 
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1. Introduction 

A large range of environmental processes entails complex two 

phase flow interactions. Most interactions in the atmosphere and 

marine surface occur between air and water. In the marine surface, 

these type of phenomena generate the aeration of the ocean by 

entrainment of bubbles underwater and the air-sea interactions by 

the creation of aerosol over the surface. A relatively simpler model 

of the interaction is the impingement of a jet in a pool. In the 

present study we are interested in wave breaking and marine icing 

processes. Here the size distributions of droplets and bubbles are 

important because the different sizes get transported differently in 

the marine boundary layer. In the case of droplets, small droplets 

can be transported over long distances and remain in the atmo- 

sphere for several days, while large droplets remain close to the 

ocean surface and return to the ocean in shorter times but still af- 

fect the air-sea fluxes of momentum and enthalpy ( Veron, 2015 ). 

In the case of bubbles, the small bubbles reach larger depths and 

remain submerged for longer times thus contributing to the aera- 

tion of the ocean. On the other hand, the large bubbles penetrate 

only up to a certain depth. Therefore they contribute to the mixing 

of the top layer and generation of small aerosol when bursting on 

the surface ( Chanson et al., 2006 ). 

Mechanisms of a jet penetrating into a pool are relevant for un- 

derstanding several of the phenomena mentioned above. Experi- 

mental and theoretical studies have therefore been made to ad- 

dress the system. Due to different objectives of the studies dif- 

∗ Corresponding author. 

ferent (experimental) approaches have been used and different 

parameter ranges have been explored. We review some of the 

works in the following. Descriptions of the entrainment process 

have been made by Kiger and Duncan (2012) , Zhu et al. (20 0 0) , 

McKeogh and Ervine (1981) . It is generally acknowledged that the 

air entrainment process is controlled by several parameters. For 

the circular jet, the geometry of the nozzle will determine the be- 

havior of the liquid flow. The flow instabilities are one of the pri- 

mary producers of the disturbances. In several experimental stud- 

ies, once a nozzle geometry is defined, the most commonly used 

parameter to address the entrainment threshold is the velocity of 

the jet ( Chanson et al., 2006; Wang et al., 2016 ). Kiger and Dun- 

can (2012) made a thorough compilation of previous results and 

described the process before and after the entrainment threshold. 

The critical condition for air entrainment can occur in different 

ways. In one case, there are no disturbances on the jet surface; 

only a meniscus is present which breaks when the steady-state is 

no longer possible. In the other case, the interface is destabilized 

by the disturbances within the impinging jet and/or receiving pool 

causing the meniscus to break. The last case can be further divided 

into case (i) with small disturbances such that the jet appears 

smooth and laminar, and case (ii) with disturbances such that the 

jet appears visibly rough. The type of air entrainment that was ob- 

served in the present work was of class (ii). Based on the observa- 

tions and previous results, water and air systems are always within 

the low-viscosity regime with critical air entrainment conditions 

for Re ~ 20 0 0. Other criterion to classify the entrainment condi- 

tions was to consider when the jet separated into droplets before 

entering the surface. Bi ́n (1993) summarized the data available for 

https://doi.org/10.1016/j.ijmultiphaseflow.2020.103424 
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both cases. The main conclusion was that the droplet regime was 

well correlated to a Weber number power law but there was no 

strong or reliable correlation for the continuous jet regime. 

The experiments in this study concentrated on low-viscosity, 

continuous jet regime where the air entrainment is caused by 

disturbances on the jet surface. The same entrainment regimes 

have been considered in several works. Davoust et al. (2002) and 

El Hammoumi et al. (2002) analyzed a circular falling jet in a 

similar regime to the experiments developed in this study. They 

use the dynamic jet roughness at the nozzle exit as a measure of 

the upstream hydrodynamic perturbations and a non-dimensional 

analysis that correlates the entrainment Weber number with the 

entrained air flow. In particular, the ratio of the nozzle diam- 

eter to its length, L c = L nozzle /D out , is used to estimate the na- 

ture of the flow when exiting the nozzle ( Kusabiraki et al., 1992 ). 

Davoust et al. (2002) also remarks that the stability theories de- 

veloped until now do not succeed in describing air entrainment 

during the transition since the jet is highly sensitive to all external 

disturbances experienced by the liquid flow. 

Arguably, the most similar experiment found in the literature is 

Oguz (1998) . Therein the authors developed experiments of a jet 

with controlled water and air inflow. The imaging of the jet sur- 

face is used to quantify the surface roughness. In the study, au- 

thors used three different nozzle types, but made most of their 

analysis with a conical nozzle, which according to the authors pro- 

vides a suitable option for the study. Their nozzle and jet dimen- 

sions gave Froude numbers one order of magnitude larger than 

presented here. The authors controlled both the air and water flow 

and the length of the jet was determined by these inflows, ranging 

from an intermittent jet with big pockets of air, to a stable jet with 

entrainment of small bubbles. As the main result of the study, the 

relevance of the shape of the surface disturbances in the process of 

air entrainment is shown by obtaining a relation of the wavelength 

of the disturbances with the maximum bubble radius encountered. 

Eggers and Villermaux (2008) have made a thorough review of 

the physics of the jet. The majority of the work was concerned 

with the break up length and the breakup time for different flow 

regimes. In contrast, there has been little discussion about how the 

initial conditions affect the solutions of the proposed equations. 

However, ( Wang et al., 2016; Lin and Reitz, 1998 ) note on high 

sensitivity of the solutions to the initial conditions. In experimen- 

tal works ( Davoust et al., 2002; El Hammoumi et al., 2002; Lin and 

Reitz, 1998; Oguz, 1998 ) it is found that the initial conditions for 

the jet, such as the nozzle exit geometry and the velocity profiles 

at the exit nozzle, have also high impact on the development of 

the disturbances on the jet surface. 

This study presents a set of experiments that analyze a regime 

that, to the best of the authors knowledge, has not been thor- 

oughly studied previously. With a very simple set-up we studied a 

fully turbulent jet in a considerably long pipe, which is only a sin- 

gle diameter plastic tube without a nozzle ( L c = 66 . 67 ) and differ- 

ent jet lengths ( l ) are considered. Furthermore, by controlling only 

the water flow we expect to show that the development of the dis- 

turbances is mainly due to flow instabilities, despite the complex- 

ity and randomness of the process. Therefore, the surface ripples 

are monitored until the moment the jet impacts the free surface. 

The individual amplitudes and wavelengths are measured to ob- 

tain a steepness distribution of the disturbances. This distribution 

and the significant wave height are used to characterize their de- 

velopment. Finally, the steepness is related to the entrainment and 

aeration. 

2. Experimental methods 

The experiments were conducted in a small tank with dimen- 

sions 1.50 m × 0.40 m × 0.40 m, as shown in Fig. 1 . The water was 

Fig. 1. Schematic experimental setup. The distance of interest l is measured from 

the outlet of the tube to the surface of the water. 

stored in a movable reservoir and the flow rate of the water was 

changed by adjusting the height of the reservoir. The water drained 

freely through a flexible 0.6 cm plastic hose. To measure the flow, 

a IFM SM40 0 0 flowmeter was used with a measuring range from 

0 to 3 liters per minute and an accuracy of 2%. Downstream of the 

flowmeter, the water continued to travel through the hose until it 

reached the plastic tube of 40 cm in length and 0.6 cm in diam- 

eter, placed perpendicular to the water surface in the tank. The 

hose contained two smooth bends separated by a horizontal sec- 

tion where the flow meter was installed (cf. Q location in Fig. 1 ). 

The transition between the hose and the tube was smooth in shape 

as both parts had the same diameter but there was a change in 

the materials which implies a different behaviour near the walls. 

Three different distances between the outlet of the tube and the 

water surface were tested: l = 2 cm , 4 cm and 6 cm. Further, flow 

rates ( Q ) between 1.35 and 2.33 liters per minute were used. In 

the tank, the water level was kept constant using a pump to take 

the water back into the reservoir. The pump was off during the 

measurements to avoid undesired effects such as external currents 

or vibrations in the surface. 

Images were used to capture the falling jet and the air en- 

trainment underwater. The images of the jet were obtained with 

a Photron FASTCAM SA5 camera. The frame rate was 500 FPS 

with 1/20 0 0 ms of shutter speed. Here the image resolution was 

640 × 1024 pixels. The Field of View (FOV1) was approximately 

2 cm × 1.25 cm. The recordings were 20 seconds long with a to- 

tal of 10,0 0 0 generated images. Another set up of cameras was 

used to simultaneously capture images of the jet and the entrain- 

ment underwater. Two AOS Promon U10 0 0Mono cameras were 

used. These cameras were synchronized at 500 FPS, with 1/500 ms 

shutter and with resolution 608 × 800 pixels. The Field of View 

was 3 cm × 2.28 cm. The FOV1 was centered at the jet falling 

while FOV2 was centered in the confluence area under the pool 

surface. All the cameras were synchronized to start recording with 

the flowmeter. Finally, the illumination was provided by LED lamps 

and the light was diffused with white plastic sheets and diffuser 

sheets. 

For the present study, the disturbances on the jet surface and 

the air entrained under the surface were analyzed separately. As 

the disturbances present in the surface were uncontrolled, it is 

expected for them to have random behaviour. Therefore, careful 

record of the amplitude a , wavelength λ, and frequency f of the 
disturbances was made. The edges of the jet were extracted from 

the images by means of Sobel filtering and collected in a spa- 

tiotemporal array y ( x, t ) encoding edge distance y at streamwise 

coordinate x and time t , cf. Fig. 2 . The mean surface level was de- 

fined by averaging the data set in time: ξ (x ) = y (x, t) . Then, the 

wave height was obtained by subtracting the mean surface level: 

η(x, t) = y (x, t) − ξ (x ) . A wavelength ( λ) in η was defined as the 
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Fig. 2. Edge extraction process. 

length from trough to trough and the amplitude ( a ) of the wave 

was defined as the height of the crest between the troughs. 

To characterize the disturbances we used the wave steepness, 

ak , where k = 2 π/λ is the wave number. The wave steepness was 

obtained individually for every complete wavelength in the series, 

i.e. for every 2 consecutive troughs in a time step, a and λ are 

measured and an individual ak is calculated. The main objective 

was to obtain a relation between the disturbances in the jet and 

the quantity of air entrained. 

From the subsurface point of view, a method to estimate the 

quantity of air entrained was needed. The most commonly used 

technique appears to be the use of intrusive probes to estimate the 

size and the number of bubbles in the generated plume ( Chanson 

et al., 2006; Wang et al., 2016; Deane, 1997 ). One important ad- 

vantage of the probes is the good estimation of the size distribu- 

tion. Some of the disadvantages are then that the intrusive instru- 

ment can affect the development of the phenomenon and that the 

size of the probe determines a threshold in the possible measured 

sizes. Here, we have therefore opted for the use of high speed 

imaging. This technique is non intrusive and with the adequate in- 

strumentation can have a higher size resolution. When the plume 

density is scarce, i.e. there are very few overlapping bubbles, the 

videos provide high accuracy data. On the other hand, in a dense 

plume the overlap of the bubbles limits the number of visible bub- 

bles. To solve this problem it is possible to use more than one 

camera at different angles of the plume. However, in this set of 

experiments one camera is used due to the low number of bub- 

bles generated in the pool. We remark that for the case with larger 

Reynolds number and jet length ( l = 6 cm ), the bubble count can 

be affected by these effects. 

Using the images, an estimate of the entrained air and the 

number of bubbles were obtained as follows. The bubbles were 

identified with a threshold and using a routine to find enclosed 

areas, known as contours. Then their shape was approximated by 

an elliptic contour from which the area was determined. The en- 

trained air will be estimated only by the visible area occupied by 

air in the image. The area is computed as πab with a the ma- 

jor axis and b the minor axis of the ellipse obtained. In this way, 

statistics of the entrained air area and bubble counts were made 

for each of the analyzed cases. To obtain a non-dimensional value 

of the entrained air we use the area fraction 

α = 

A bubbles 
A water 

, 

where the area of bubbles is the sum of all the bubble areas found 

and the water area is the total area in the image FOV. 

3. Dimensional analysis and description of the process 

For each falling distance l we have a range of flow rates Q . 

For each Q , we can obtain an outlet velocity ( V out ) and estimate 

Table 1 

Relevant non-dimensional parameters for each falling distance l . 

l (cm) Re out Re jet Fr We jet We bub 

2 4800-8200 5000–7600 21–46 4.6–10 11-137 

4 4900-8200 5500–8000 29–54 8.7–16 9-155 

6 4900-8200 5800–8500 37–62 16.6–24.4 57-158 

a falling velocity at the confluence point ( V jet ) with the equations 

V out = 

Q 

A 
, V jet = 

√ 

V 2 out + 2 gl , (1) 

where A is the cross section area of the tube and g is gravity ac- 

celeration. 

For this work the relevant dimensionless parameters are the 

Reynolds, Froude and Weber numbers, which respectively describe 

the relative importance of inertial forces and viscous forces in the 

jet, the inertial forces and gravitational forces on the surface of the 

jet and inertial forces and surface tension. From the calculated ve- 

locities we can obtain Reynolds numbers for the outlet flux ( Re out ) 

and estimate a Reynolds number for the falling jet ( Re jet ). These 

Reynolds numbers are defined according to 

Re i = 

V i D i 

ν
, (2) 

where ν is the dynamic viscosity of water, D out is the diameter of 

the tube and D jet is the diameter of jet at the confluence point. For 

the falling jet we define the Froude number 

F r = 

V 2 
jet 

gD jet 

. (3) 

Weber numbers can be obtained for the amplitude of the distur- 

bances and for the bubble size distribution 

W e i = 

ρV 2 
jet 

εi 

σ
, (4) 

where ρ is water density, σ is the surface tension for air and water 

interface and ε i is the adequate length scale. For the jet Weber 

( We jet ), it is the amplitude of the disturbances, while for the bubble 

Weber ( We bub ) the individual bubble diameter is used. The range of 

bubble Weber numbers obtained here is based on considering the 

smallest and the largest bubbles found during the analysis. These 

parameters can be found in Table 1 . 

There are 2 parameters that are important in the generation of 

the disturbances from the exit: Re out and L c both define the flow 

regime in the tube and its stability. Based on the Reynolds number 

the flows are fully turbulent. Furthermore, the ratio L c points to a 

fully developed flow. In addition we consider a relation of the two 

parameters which shows the possibility that the boundary layer in- 

side the tube is unstable, generating the disturbances on the jet 

33



4 R.G. Ramirez de la Torre, M. Kuchta and A. Jensen / International Journal of Multiphase Flow 132 (2020) 103424 

Fig. 3. Theoretical boundary layer thickness against the wavelength of the distur- 

bances. Dashed lines represent the equations λ = Cδ1 . Here, values of C varies be- 

tween (6.28, 7.38) while in Oguz (1998) C = 15.7, 17.5 are reported. 

surface 

L c 

Re out 
= 

L tube ν

V out D 

2 
out 

= 

L̄ 2 

D 

2 
out 

, (5) 

where L̄ = (νx̄ /V ) 1 / 2 is the boundary layer thickness ( Reed et al., 
1996 ). This ratio defines the size of the boundary layer compared 

to the diameter of the tube, which indicates that the boundary 

layer is completely developed if √ 

L c 

Re out 
> 0 . 5 . 

In our case the ratio goes from 0.083 to 0.063, which means the 

boundary layer occupies between 12–17% of the flow width and it 

would thus be reasonable to assume the boundary layer instability 

is responsible for the creation of the disturbances at the surface. 

As proposed by Dai et al. (1997) and confirmed by Oguz (1998) we 

can relate the momentum thickness to the wavelength of the dis- 

turbances and use the Blasius boundary layer stability analysis to 

obtain the lowest unstable wavelength at the onset using: 

λ = Cδ1 , δ1 = 1 . 72 ̄L (6) 

where δ1 is the displacement thickness. As shown in Fig. 3 the re- 
lation is fulfilled in all the presented cases in this work, but the 

value of C is different compared to those presented in the liter- 

ature ( Oguz, 1998 ). This difference can be due to nozzle geom- 

etry or different values for L c , Re out , compared to the mentioned 

studies. Different materials will also change the wettability. This is 

elaborated in Appendix A , where results are shown for additional 

measurements using a glass pipe in the setup. 

During the free fall of the jet, the forces that can be rele- 

vant on the surface deformation are gravity, surface tension, vis- 

cous stresses and pressure. First we can recall the results on 

Table 1 where, from the range of Froude numbers, it is obvious 

that gravity will not play an important role in the development 

of the disturbances. Furthermore, since Reynolds number is high 

for all cases, inertia is more relevant than viscous stresses. To es- 

timate the importance of the external pressure compared to the 

surface tension we look at the Weber numbers of the jet, which 

show that the inertia of the waves is strong enough to deform the 

surface and increase their amplitude. Finally, comparing these two 

parameters with each other, we obtain a capillary number 

Ca = 

W e jet 

Re jet 
= 

μV jet 

σ
, (7) 

that is, a measure of the capillary force against the viscous stress. 

From the values in Table 1 , we calculate the largest capillary num- 

ber to be Ca = 0 . 005 , we can immediately see that surface tension 

will be dominant. Therefore, the most relevant forces will be sur- 

face tension and inertial stresses given by the pressure balance at 

the interface. The surface tension is enough for the jet not to break 

into smaller bulks of water, but the internal pressure is enough to 

allow growth of the waves at the surface of the jet. 

As for the entrainment, the obtained Weber number shows that 

the disturbances are capable of creating an over-pressure upon the 

free surface. In this way the free surface is also deformed and al- 

lows the creation of the air cavity which will grow downwards due 

to the velocity of the jet. However, according to Bin (1988) and 

Bi ́n (1993) , there is no successful theoretical approach for predict- 

ing the critical entrainment velocity for a vertical plunging jet. For 

that reason, experimental measurements have been used with rea- 

sonable confidence to define a threshold. In Cummings and Chan- 

son (1999) , Chanson et al. (2006) , Wang et al. (2016) , the onset 

velocity for air entrainment was defined as the velocity where one 

to five bubbles are entrapped during a certain period depending 

on the geometry of the problem (order of minutes). This definition 

has been considered for plunging jets, which means that the jet 

starts with its goal velocity and hits the surface of the pool before 

merging and generating aeration. The experiments developed for 

this study do not consider jets that plunge on the surface. Instead, 

the jet hits the surface during the non entrainment regime and the 

jet velocity is augmented gradually until the final value. For this 

reason, a new onset definition was required which took into ac- 

count the jet-pool interaction. More details on the procedure and 

the definition of the threshold will be given in the Results section. 

4. Results and discussion 

The phenomena described in the present work is similar 

to studies in Kiger and Duncan (2012) , Zhu et al. (20 0 0) , 

McKeogh and Ervine (1981) . In particular, the most suitable 

regime would be the one addressed as transition to turbulent jet 

Oguz (1998) . Nonetheless, the present study shows experiments 

both with and without entrainment. All of the jets considered 

herein had disturbances at the surface, but only a group of them 

created air entrainment. In Fig. 4 , one of the typical entrainment 

situations is presented. When a disturbance is steep enough, it cre- 

ates an air pocket that is pulled down with the velocity of the jet 

and the subsequent disturbances help to close the air cavity be- 

hind. There is a similarity between this image sequence and the 

sketches presented in Oguz (1998) . It is also a confirmation that 

the front of the wave is responsible for the entrainment as sug- 

gested by Zhu et al. (20 0 0) and Ohl et al. (20 0 0) . 

The growth of the waves is visualized in Fig. 5 a, where the 

significant wave height H s , as defined in wave theory (4 times the 

standard deviation of the time average signal in each point), has 

been plotted for the length of the jet in the last two centimeters 

of all the cases with a similar Re out . It is visible that the longer the 

fall, the more developed the disturbances are. This figure shows 

statistically that there is an amplitude increase in the disturbances 

while falling down the jet and that the increase is independent 

of the radial position, i.e. similar results are obtained for the left 

and the right edge. Although, when looking at the data instanta- 

neously, evidence of superposition of frequencies is visible, such as 

local minima or maxima traveling along the fall length which sup- 

ports the hypothesis that the presented disturbances are random. 

While the images revealed that the falling jet was not axisym- 

metric, Fig. 5 shows that both edges exhibit similar statistical be- 

haviour. Fig. 5 a shows comparable amplitude increment with the 

jet length. Further, in Fig. 5 b the same conclusion can be drawn 

for the steepness. In addition, it can be interpreted from Fig. 5 b 
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Fig. 4. Sequence of images showing a steep wave (indicated by arrow) on the jet surface generating a bubble while crossing the free surface. 

Fig. 5. (a) Significant wave height ( H s ) against falling distance. Only the 2 cm closest to the free surface are analyzed. The different line styles differentiate between right 

and left edge. (b) Mean steepness for the different cases and both edges of the jet. The blue color represents the left edge and the red color represents the right edge. Linear 

fits are represented with dashed lines. It is visible that the mean steepness increases with the Reynolds number of the falling jet. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 

that the last case with l = 6 cm presents a change in the waves 

characteristics; a decrease of the steepness for higher Reynolds 

number is noticeable compared to l = 4 cm . This figure shows that 

for large l , the amplitude increases. It is further possible to con- 

clude that there is a decrease in k and therefore an increase in 

λ for the case of l = 6 cm . This result could be an indication that 

the characteristics of the waves depend on the length of the jet. 

In other words, having a bounded domain can affect the expected 

λ spectra compared with the theory (Lamb, 1993, art. 273) , which 

consider the case of an infinite jet length. In contrast, by following 

a crest through its path, we find evidence that the disturbances 

travel along the jet at the same speed as the falling jet as this the- 

ory indicates. 

In Figs. 6 and 7 the steepness distributions are shown for dif- 

ferent Reynolds numbers. In all cases, the steepness distribution 

was a skewed distribution, which means that the steepness is not 

Gaussian distributed. The skewness is a measure of the asymme- 

try of the distribution, being 0 for the case of a Gaussian distri- 

bution. In all the cases, the skewness was close to 1. Another sta- 

tistical parameter used to identify the distributions is the kurtosis, 

which is a measurement of the quantity of extreme events present. 

For a Gaussian distribution, the kurtosis is 3, for all the cases pre- 

sented here, the kurtosis was close to 5. We note that the shape 

of these distributions is similar to the distributions reported in 

Jiang et al. (2008) and Tayfun (2006) which concern free surface 

waves in the ocean. 

In Fig. 6 the distribution of the steepness can be compared with 

the distance the jet has fallen. If the total falling distance is divided 

in two equal parts, the analysis can be done in each half sepa- 

rately. It is observed that the waves in the first half, closer to the 
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Fig. 6. Distribution of the steepness of the waves during the free fall. Results for l = 4 cm are shown. The label top refers to the top 2 cm, i.e. closest to the outlet. The label 

bottom refers to the bottom 2 cm, i.e. closest to the free surface. 

Fig. 7. (a) Wave steepness distribution for similar Re out in the different l . (b) Wave steepness distribution for similar Re jet and Fr in different l . (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 

outlet (labeled “top” in figure) have a different steepness distribu- 

tion than the waves observed in the second half or closer to the 

free surface (labeled “bottom”in the figure). In particular, all the 

cases have a shift on the peak of the distribution (mean steep- 

ness) of at least 0.04. Also, there is an increase of waves with larger 

steepness even beyond the maximum of the first (bottom) distribu- 

tion. This shows that disturbances that were formed closer to the 

outlet had mean steepness smaller than the disturbances present 

further down on the jet. Together with the findings in Fig. 5 a, this 

shows that the λjet ≤ λout , i. e. the wavelength stays the same or 

decreases. 

Fig. 7 shows the steepness distributions in 2 different simili- 

tude cases: when considering the Reynolds number at the tube 

exit ( Fig. 7 a) and when considering the Reynolds number at the 

confluence point ( Fig. 7 a). In Fig. 7 a there is a change in the 

steepness of the disturbances for similar values of Re out , over the 

different l used. This could be interpreted as a confirmation of a 

proportionality between ak and x , the vertical position of the dis- 

turbance in the jet. The distributions exhibit a change in the mode 

and a higher percentage of occurrences for steeper waves when l 

increases. However, the distributions for l = 4 cm and l = 6 cm have 

closest values compared to the distribution for l = 2 cm . This can 

be related to the findings in Fig. 5 a where a change in the char- 

acteristic λ can be inferred from the data. If instead Re jet is con- 

sidered ( Fig. 7 b), the distributions for the different distances are 

similar for all the cases. This means that when the falling jet has 

developed the same Re jet the waves will have a similar steepness 

distribution independently of the total height they have fallen. The 

Reynolds similitude tells us about the turbulence level in the jet, 

which could be an indication that the level of turbulence in the jet 

is related to the instabilities presented in the surface of the jet. As 

far as the knowledge of the authors goes, this result has not been 

presented in another paper for the case of a falling jet. 

The number of bubbles per image was estimated for each ex- 

perimental test case. The mean number per image is an important 

quantity as it shows the permanency of the bubbles in the plume. 

It is visible in Fig. 8 a that the number of bubbles increases with 

the Reynolds number for the different jet lengths l . When compar- 

ing the results for different l , it is visible that the mean increases 

with l after a certain Re jet , for all cases. We recall that for l = 6 cm 

there was a decrease in steepness between Re jet = 70 0 0 − 80 0 0 

compared to l = 4 cm , cf. Fig. 5 b. These results combined support 

the hypothesis that the wave steepness is an important parameter 

in air entrainment. 

As discussed in Section 2 , a new definition of the onset ve- 

locity was needed to fit the conditions of this experiment. Af- 

ter careful consideration of the experiment results and literature 

findings, the onset velocity was defined as the velocity for which 

the mean number of entrapped bubbles across the measurement 

time is 3. The estimate is a result of the findings presented on 

Fig. 8 a, where we see a jump after this threshold and the bub- 

ble count follows a linear trend with Re jet . The onset velocity was 
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Fig. 8. Mean number of bubbles per image (a) and area occupied by bubbles in the FOV (b), both compared with the Reynolds number at the confluence point Re jet . The

dotted line in (a) shows the threshold of entrainment where the mean number of bubbles is N = 3 . 

measured to be 1.2 m/s, which is comparable to the ve- 

locities found in Wang et al. (2016) , Chanson et al. (2006) , 

Harby et al. (2014) , Qu et al. (2013) . 

An estimation of the total area of air entrained was also per- 

formed by adding the visible area occupied by bubbles in a single 

image. While here only a single camera position was used, it ap- 

pears reasonable that the phenomenon/statistics show (some de- 

gree of) rotational symmetry. However, our setup did not allow for 

direct experimental verification of the assumption. 

The air area expresses the amount of aeration produced in 

the process. Moreover, it can also explain the difference in the 

bubble counts, as we can expect larger bubbles in the higher 

Reynolds flows. In Fig. 8 b it is shown that the area of entrained 

air grows with the Reynolds number also. However, air volumes 

for l = 2 , 4 cm are higher than those for l = 6 cm . Nonetheless, it 

is possible that the results for l = 6 cm are biased by two factors: 

overlapping and bubble size threshold. The case of l = 6 cm is the 

only case where overlapping of the bubbles is present. Despite this, 

the proportion of time where the bubbles are overlapping seems to 

give an under estimate of only 5% in the worst case. This is because 

the bubbles tend to move downwards due to the flow and there is 

only a small number of frames with overlapping. A more signifi- 

cant source of bias could be the difficulty to distinguish a bubble 

from a bulk of water; in order to approximate an elliptic contour, 

a size threshold is needed. We consider here that contours need to 

have at least 6 pixels in area and maximum axis size of 120 pixels. 

This translates to a limit of 4mm for a length of any ellipse axis. 

Due to this limitation a contour will not be found if a larger bulge 

of water is encountered. Furthermore, the image consists in a mix 

between smaller bubbles and bulks of water and only the small 

bubbles will be accounted for thus resulting in under estimation 

of the entrained air. 

From Figs. 8 and 5 b, it is noticeable that even with similar 

steepness for similar Re jet , there is a difference in the entrainment 

conditions for the different jet lengths. So far, the parameters con- 

sidered to find an entrainment condition were the forces and ve- 

locities of the jet and characteristics of the disturbances. However, 

we have also shown that the jet characteristics (wavelength and 

amplitude) changed with the jet length, (cf. Figs. 3 and 5 a). It is 

therefore, intuitive to consider a parameter to account for the ef- 

fects of the jet dimensions. To this end, we considered the wave-jet 

ratio defined as 

ak 

L D 
, with L D = 1 − D jet 

l 
. (8) 

The wave-jet ratio gives an idea on how steep are the disturbances 

when compared to jet dimensions and together with the Reynolds 

number can help to understand the present phenomenon. As 

shown in Fig. 9 a, the number of bubbles generated seems to be 

dependent on the steepness of the present disturbances. Using the 

previously defined onset criterion of 3 bubbles (shown in the fig- 

ure with the dashed line), the data after the onset follows a lin- 

ear trend. Moreover, when using our wave-jet ratio the entrain- 

ment condition had a similar value for all the data independently 

of the jet length. A similar behaviour is observed with the area of 

entrained air. This area can be estimated with the area fraction, 

which is the ratio of air area over total area of the FOV ( Fig. 9 b). 

The equivalent entrainment onset condition requires that 0.06 of 

the area fraction is occupied by air. After this threshold, the re- 

maining data follows also a linear trend. A related interesting find- 

ing is that the steepness needed to create entrainment increases 

with the length of the jet. Thus, the onset condition of entrain- 

ment is dependent on the dimensions of both the jet and the dis- 

turbances. For a longer jet a larger steepness seems to be required 

to obtain the possibility of entrainment. 

For the longest jet length l = 6 cm we would expect a larger 

amount of bubbles created. However Fig. 9 a shows that the longer 

jet produces less bubbles. This could be related to the size of the 

air pockets created by the different jet lengths which are bigger 

for the longer jet. These pockets are not accounted for in the im- 

age processing when they have larger diameters than the thresh- 

old. This underestimation is visible also in the area fraction ( Fig. 9 

b) where we would expect to see a larger proportion of air en- 

trained compared to the total image area. In contrast, it is inter- 

esting to notice that the mean radius of the generated bubbles

decreases with the velocity of the jet, moreover, the decrease is

proportional to the change in wavelength in the disturbances, as

shown in Fig. 10 . Although for the results in l = 6 cm the radius of

the bubbles is more a consequence of the breakup of big air pock- 

ets into smaller ones due to the instabilities of the surface tension 

compared with the inertia of the jet. Similar trends were found by 

Oguz (1998) with the wavelengths and the maximum bubble ra- 

dius. Nonetheless, the results of this study are difficult to compare 

with Oguz (1998) because of the different orders of magnitude. In 

addition, the bubbles in the mentioned study are mostly spherical, 

while in our case they are mostly ellipsoidal. 

For a particular jet length, the influence of the disturbances 

on the air entrainment can be summarized with the steepness of 

the disturbances. But the main finding is the relation between the 
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Fig. 9. (a)Wave-jet ratio as defined in Eq. (8) against mean number of bubbles. (b)Wave-jet ratio against area fraction. The black dashed line represents the entrainment 

condition from which we consider the onset of air entrainment. Linear fits for the jet-disturbance ratio against bubble count and void fraction are presented with colored 

lines. Only data points with air entrainment were considered. 

Fig. 10. Mean bubble radius and λ/ n for the jet dusturbances as a function of 

the mean jet velocity. For each falling length l = 2 , 4 , 6 cm , we have different n = 

12 , 16 , 19 . As through out the paper, l = 2 cm is blue, l = 4 cm is orange and l = 6 cm 

is green. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

wave-jet ratio and the entrainment onset as shown in the joint re- 

sults graphs ( Fig. 9 a,b). 

From the analysis of the jet, it is evident that the develop- 

ment of the surface is influenced by the growth of the bound- 

ary layer inside the tube which is defined by the jet velocity. 

Nonetheless, the influence of the sharp tube exit and the ratio L c 
are important factors for the development of the jet after exiting 

the tube. Therefore, a careful examination of the generated distur- 

bances is necessary when looking into the details of the air en- 

trainment. Perhaps considering statistical analysis is more signifi- 

cant for the overall phenomena, specially when considering longer 

time periods. The results of the present research confirm that in 

this regime, the disturbances that hit the water surface are the 

basic mechanism from where air entrainment occurs. In previous 

work Zhu et al. (20 0 0) and Ohl et al. (20 0 0) it has been suggested 

that the front of the wave is responsible for generating the air 

cavity thanks to the stagnation pressure. Using steepness as a pa- 

rameter to quantify the front of the wave can help to understand 

the amount of pressure created and therefore relate to the entrain- 

ment. 

It is interesting to also notice that the dimensions of the jet 

can generate important changes in the air entrainment conditions. 

When increasing the falling distance, it can be inferred that there 

will be an increase in the amount of entrainment. With these ex- 

periments, we found out that it is not necessarily increasing but 

limited by the length of the jet, which will determine the main 

frequencies and, through the dispersion relation, determine the 

wavelengths. Therefore, even if there is an overall increase in the 

amplitude with the falling distance, the main frequencies are de- 

pendant on the length scales of the problem. This result suggests 

that quantifying the steepness of the disturbances could result 

in prediction of entrainment parameters when comparing to the 

jet dimensions. 

5. Conclusion 

Air entrainment by a circular falling jet was investigated for 

a range of flow velocities and falling distances. Careful measure- 

ments of the jet disturbances and bubble plumes were made by 

means of image processing. A relation between the theoretical 

boundary layer thickness L̄ and the wavelength of the disturbances 

was found, supporting the idea that the boundary layer pertur- 

bations give rise to the disturbances at the surface of the jet. 

Moreover a relation between the steepness distribution and the 

Reynolds number developed by the jet was found. This result may 

suggest that the turbulence level in the jet continues to affect the 

development of the surface disturbances during the fall. 

The definition of a new entrainment onset condition was in- 

ferred from the experimental results, which in this case was set 

at a jet velocity of 1.2 m per second, corresponding to a tempo- 

ral mean of at least three bubbles per image throughout the ex- 

periment. After the onset condition, air entrainment is persistent 

through the length of the experiment. For the jet disturbances, the 

use of the steepness as main non-dimensional parameter proved 

to give a good quantitative relation. The mean values of steepness 

and bubble count showed a linear relation for each jet length con- 

sidered. Moreover the ratio between disturbance dimensions and 

jet dimensions give a clear trend of the entrainment condition. We 

also found that for our particular tube, the ratio at entrainment is 

defined by ak / L d ~ 0.15. Using this ratio, all the data follows a simi- 

lar linear trend. Also a relation between the wavelength of the dis- 

turbances and the mean bubble radius is found, which strengthens 

the hypothesis that disturbances influence the air entrainment. 
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Fig. A1. (a)Wave-jet ratio as defined in Eq. (8) against mean number of bubbles. (b)Wave-jet ratio against area fraction. Data with red edges correspond to glass tube. 

Marker shape represents the falling distance as in previous graphs: squares for l = 2 cm , triangles for l = 4 cm and circles for l = 6 cm . The black dashed line represents the 

entrainment condition from which we consider the onset of air entrainment. (For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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Appendix A. On the wettability of the exit material 

The experiments in the main body of the text were conducted 

with a plastic tube. Here, we shall briefly investigate the role of 

the material. To this end, we repeat our experiments with the pre- 

vious experimental setup modified by replacing the exit tube with 

a glass one of the same dimensions. The different material will 

change the wettability, which has an influence on the boundary 

layer thickness and the generation of turbulence. Nonetheless, af- 

ter reviewing the literature available ( Kiger and Duncan, 2012; Bi ́n, 

1993; Eggers and Villermaux, 2008; Law and Zhao, 2016 ) it is not 

clear how the wettability of the exit material will influence the 

development of the jet and its surface disturbances. Moreover, it is 

not clear whether/how the material effects the air entrainment. 

Fig. A.11 shows both the number of bubbles and the area frac- 

tion results for both tube materials. It is visible that there is a con- 

sistent bending point where the entrainment condition can be es- 

tablished independently of the material used. It is clear from the 

figure that after the onset the remaining data shows a linear trend 

for both materials. For the glass results, there is an increase in the 

Reynolds numbers because the diameter of the falling jet increases 

due to wettability. 

For the number of bubbles ( Fig. A1 a), the data for glass in 

l = 6 cm has the same trend as the plastic data, with the same 

wave-jet ratio value for the entrainment condition and similar 

slope. However, the data for l = 2 , 4 cm shows a different slope. 

In contrast, the area fraction ( Fig. A1 b) seems to have a similar 

trend in all cases for both materials. Independently of the material, 

the data for l = 4 cm has the highest number of bubbles and the 

highest area fractions. The possible reasons for this behavior can 

be the size of the air pockets created by the different jet lengths 

which are possibly dismissed in the image processing according to 

the threshold. Additional contributions can come from the breakup 

of big air pockets into smaller ones due to the instabilities on the 

bubble surface. These reasons were detailed further in the Discus- 

sion. 

We believe that the difference in the results between tubes 

with different material is due to wettability. Even though the ma- 

terials used in this experiment have not been measured for wet- 

tability, the reported data in the literature shows a difference for 

non-treated glass and acrylic plastic ( Law and Zhao, 2016; Sumner 

et al., 2004; Rymuszka et al., 2014; Samuel et al., 2011 ). 

These additional results show that the our experiment is repro- 

ducible independently of the tube material. Further studies can be 

done to find the relation between the tube material and its effect 

on the entrainment. 

Supplementary material 

Supplementary material associated with this article can be 

found, in the online version, at 10.1016/j.ijmultiphaseflow.2020. 

103424 
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Abstract
The focus of the present study was the behaviour of a bubble plume created by a circular free falling jet.
The objective was to find a relation between the disturbances on the jet surface and the air entrainment
process. To achieve this, the instabilities of the free falling jet were characterized and compared with the size
distribution and generation rate of the bubbles created in the plume.The bubble trajectories were obtained
and used to determine the jet-pool interaction after the impact.

1 Introduction
In the atmosphere and within the marine boundary layer the interaction between air and water is constant and
takes different forms. In the case of the phenomena involving droplets or bubbles, there is a large number of
challenges: the three-dimensionality of the phenomena, the highly turbulent regions, the wide distributions
of sizes in both droplets and bubbles, to name but a few. An important example of this difficult phenomena
is ocean spray in artic sea freezing on top of vessels. Understanding of this phenomenon is important for
the safety of installations, ships and people that operate in the Arctic environment. The icing phenomena
and its consequences have been documented for several years (see e.g. Ryerson (2013)). Some references
report that the major causes of icing are the sea spray and the atmospheric conditions (Bodaghkhani et al.,
2016). The sea spray formation is caused by wave impact and wind. According to Borisenkov and Pchelko
(1975) more than 90% of the icing is caused by the spray that comes from wave impact. It has been reported
that the physical behaviour of wave impact is not properly understood. Furthermore, the multi-scale nature,
complexity of spray and icing require that the research on this field is separated into smaller problems,
such as the modelling of the free-surface, wave slamming, air entrainment during the impact, water sheet
and jet formation during the wave slamming, water sheet and droplet breaking caused by wind and droplet
trajectories before they impact on the surface of ships or structures (Bodaghkhani et al., 2016; Dommermuth
et al., 2007).

The ambition of spray and icing research is to generate models that are able to predict the amount of
icing on a structure from ocean spray. Here, we focused on experiments to bring understanding of the
spray and bubble plume phenomena, in particular, the size distributions, which are not well known and
are an important input for simulations of breaking waves on naval structures. A simplified system, which
however, is still complex enough to capture the difficulty of measuring sea spray and air entrainment is the
circular falling jet. For the case of bubble generation in falling jets, the ratio of entrained air and the size
distribution of the bubbles has been estimated using conductivity probes, resistivity probes and acoustic
probes (Chanson et al., 2006; Wang et al., 2016; Deane, 1997; Kolaini, 1998). All of these probes have been
used with positive outcomes but the characteristics of the observed phenomena also show the limitations
of the applied techniques. These probes are invasive methods and the data obtained is only for a particular
point in the domain. For highly turbulent flows these techniques are non-adequate, except maybe the acoustic
probes. Moreover, the resistivity and conductivity probes are dependent on the size of the instrumentation,
i.e. different probe sizes can give different measurements for the same parameters on the jet (Chanson et al.,
2006). This is not the case for the acoustic probes, nonetheless these types of probes can only approximate
the void fraction and not the size distribution.
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(a) Diagram of full experimental setup. (b) Different fields of view for analysis.

Figure 1: Experimental Setup.

Imaging methods can in some cases be used for measuring droplets and bubbles. By using images,
it is possible to capture the complete domain, in contrast to the point-wise measurements obtained by the
probes. Post processing of these images is commonly done with Particle Image Velocimetry (PIV) or Particle
Tracking Velocimetry (PTV). The usage of one of these algorithms is determined by the type of analysis that
is desired. PIV measurements are commonly used to track the fluid movements from an Eulerian approach,
PTV measurements are used to obtain a Lagrangian description. For PTV, using more than one camera at
the same time can result in 3D reconstruction of the trajectories of the particles and their velocities. The
advantage of this kind of algorithms is that they consider the camera parameters to estimate the positions of
the blurry particles present in the images and with the correlation of the images from the different cameras,
reduce the error on the positions for each particle in each time step.

In this work imaging techniques and a 3D-PTV algorithm were used to understand the parameters in-
volved in the air entrainment produced by a circular falling jet. The experiments involved the study of
different parts of the process: formation and development of disturbances in the surface of the jet, identi-
fication of the conditions under which the entrainment occurs and finally the formation of bubbles and its
characteristics. The experimental setup and the different approaches and measuring techniques needed to
understand each part are described in section 2. We present and analyze the obtained results in section 3.
Conclusions are drawn in section 4.

2 Experimental Description
The experiments were conducted in a small tank with dimensions 1.50 m× 0.40 m× 0.40 m, as shown in
Figure 1. Water was stored in a 10 litre reservoir, then went down through a hose towards the tank. In the
middle of its path, there was a flowmeter, from which the flux or flow rate (Q) was obtained. Before falling
down to the tank, the water went through the exit pipe, which was a 20 cm long plastic tube. The tube was
fixed such as to ensure a perpendicular fall of the jet. To create the different falling speeds, the reservoir was
moved in the vertical direction. The water was also recycled with the help of a pump. The pump was off
during the measurements to avoid undesired effects.
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(a) Jet image and

edge detection, the

dashed white line

represents the zero

crossing.

(b) Graphs of edges in data shape.

Figure 2: Edge extraction process.

2.1 Jet disturbances and the entrainment process
For the jet disturbances, the images were obtained with a Photron FASTCAM SA5 camera. The frame rate
was 500 FPS with 1/2000 ms of shutter speed. The image resolution was 640×1024 pixels. The Field of
View (FOV) was approximately 2 cm height, see Figure 1(b). The illumination was provided by LED lamps.
The light was diffused with white plastic sheets and difusser sheets. As the disturbances presented in the
surface were non-controlled, it was expected for them to have random behaviour. Therefore, careful record
of the amplitude a, wavelength λ, and frequency f of the disturbances was made and the jet disturbances
were analyzed as surface waves. As shown in Figure 2, the edges of the jet were extracted from the images
and collected in a space-temporal array: x(y, t). A mean level was defined by averaging the data set in time

ξ(y) = x(y, t). Then, the wave height was obtained by subtracting the mean level: η(x, t) = x(y, t)−ξ(y). A
wavelength (λ) in η was define as the length from through to trough and the amplitude (a) of the wave was
defined as the height of the crest between the throughs.

For each falling distance d we had a range of Q’s. For each Q, we obtained an outlet velocity (Vout) and
estimated a falling velocity at the confluence point (Vjet) with the equations

Vjet =

√
V 2

out +2gd, Vout =
Q
A
, (1)

where A is the cross section area of the tube and g is gravity acceleration. From these velocities we also
obtained Reynolds numbers for the outlet flux (Reout) and estimated a Reynolds number for the falling jet
(Rejet). In general, the Reynolds number is defined as

Re =
V D
ν

, (2)

where D is the diameter of the correspondent flow, for Reout , D = Dout , the diameter of the tube and for Rejet ,
D = Djet ,the diameter of jet at the confluence point, and ν is the dynamic viscosity of water.

For the entrainment process, a set up of synchronized cameras was used to capture simultaneous images
of the jet and the entrainment underwater. Two AOS Promon U1000Mono cameras were used. These
cameras were synchronized at 500 FPS, with 1/500 ms shutter, with resolution 608× 800 pixels. Both
FOV’s were around 2-3cm height. The FOV of the first camera was centered at the jet falling while the other
camera’s FOV was centered in the confluence area under the pool surface.The recordings were 20 seconds
long. The illumination was provided in the same way as in the previous case. These synchronized image
sequences had as main objective the visualisation of the entrainment process in a qualitative way. Also, the
underwater images were used to obtain a number of produced bubbles for each Q and each d.

2.2 Bubbles characteristics
For the tracking of bubbles, a group of 4 AOS Promon U1000Mono cameras was used. The cameras were
synchronised with a frame rate of 350 FPS, 1/500 ms shutter and an image resolution of 1280×720 pixels.
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(a) Diagram of the cameras setup for 3D PTV. C1-

C4 shows the position of the cameras compared to the

tank. The diagram shows also the calibration target in

blue. The outlet of the tube to the surface of the water

is pinpointed with the red dot.

(b) Diagram of algorithm to reconstruct 3D trajectories with

epipolar lines. Points OLand OR represent the centers of each

camera lens, while X represents an arbitrary particle. XL and

XR are the projections of X in the respective image plane. Each

camera center is also visible in each others image plane. These

so called epipolar points are depicted by points eL and eR. The

line OLX is seen as a point in the left camera, whereas the same

line is seen as an epipolar line eRXR in the image plane of right

camera. The same applies to line ORX which is seen as a point

in the right camera and as an epipolar line in the left camera’s

image plane (Maas et al., 1993).

Figure 3: PTV Camera setup and description of the 3D position algorithm.

The illumination was provided by a similar setup as in the previous cases. The cameras were arranged in
a stereoscopic setup for the reconstruction of the 3D positions of the bubbles, cf. Figure 3(b). The FOV
is approximately 12 cm height and is below the area of analysis used in the previous setups where the
plume is totally developed. OpenPTV software was used to reconstruct the 3D positions and trajectories
of the bubbles. OpenPTV uses image processing to detect particles in the images. Then using the method
described in Maas et al. (1993), finds the correspondences in the 4 images, in this way the three dimensional
positions are reconstructed for each time step.

PTV method represents the Lagrangian approach to investigate flows. To obtain three dimensional
trajectories, the particles need to be matched among all views. The method used by OpenPTV finds cor-
respondences based on epipolar geometry. Figure 3(b) depicts the definition of an epipolar line with two

cameras. Since the line OLX passes through the optical center of lens OL, the respective epipolar line in
the right image must pass through the epipolar point regardless of where point X is located. In OpenPTV
the relative position of the cameras system are known from a previous and very careful calibration. When a
particle is observed in one image, the same particle has to be observed on a known epipolar line in the other

image. Furthermore, if points XL and XR are known, their projection lines OLX and ORX are also known.
Consequently, point X is located exactly at the intersection of the two projection lines and thus can be cal-
culated from the image coordinates of the two images. This figure illustrates the need for a good calibration
for three-dimensional particle tracking.

The next processing stage is to compare particles in consecutive time steps and determine their trajecto-
ries. The length of the trajectories is dependant on the position, the size and the acceleration of the particle.
Tracking can be especially difficult with a large number of particles present. According to Malik et al.
(1993) the particle spacing displacement ratio p is a fundamental indicator on the difficulty to track particles
with this method. The ratio is defined as

p =
ΔO
uΔt

(3)

with ΔO the mean particle spacing, u the mean velocity of the particles and Δt the time step between images.
For p > 1 tracking is reliable, while for p < 1 tracking becomes difficult. In other words, the farther
particles are from each other and the slower they move, the more reliable the method is. OpenPTV uses
a spatio-temporal tracking algorithm which is described in Maas et al. (1993) and Willneff (2003). As
input, this algorithm needs eight parameters. These include the minimum and maximum displacement in
each coordinate direction, the angle of the particle in the direction along its trajectory and a magnitude
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d[m] Re We

0.02 6100-9000 1-137

0.04 7200-9700 9-155

0.06 8100-10400 5-158

Table 1: Relevant nondimensional parameters for each falling distance d

of acceleration. Since these parameters constitute the boundary conditions of the particle velocities, it
is important to have an estimate of the expected velocities. After obtaining the correspondences and the
trajectories, custom made Python codes were used to analyze the data obtained, plot the trajectories and
obtain the velocity fields.

A range of Weber number (We) can be obtained from the bubble size distribution. We was defined as

We =
ρV 2

jetDb

σ
, (4)

where ρ is water density, Db is the bubble diameter and σ is the surface tension for air and water. Weber
number is an important parameter on the interaction of the bubble with the media. It expresses the ratio
between the inertial forces and the surface tension and it is the relevant parameter to describe the deformation
of the bubbles. Therefore is important to describe their possible trajectory and the coalesence probability.
For bubbles that present low deformation, Weber number has values of O(2) (Legendre et al., 2012). If we
consider the bubbles to be spheroids, with axes a and b, We > 10 would signify a ratio a/b > 4. Reynolds
and Weber number for the different experiments made can be found in Table 1.

3 Results
The air entrainment process has been studied in numerous works and for different geometries (Kiger and
Duncan, 2012; Zhu et al., 2000). The conditions of its development have been shown to be dependant on a
large number of parameters. Therefore it keeps being interesting to find the different dependencies of this
problem. In this study, the focus was to understand the formation of air pockets due to the disturbances
that appear on the surface of a circular falling jet and the dynamics of the bubble plume formed after the air
entrainment. We shall next describe the most important findings.

3.1 Jet disturbances and entrainment process
A great amount of work has been done to understand the air entrainment process (Kiger and Duncan, 2012;
Zhu et al., 2000; Soh et al., 2005; Chanson et al., 2004), the synchronised surface-underwater images are
qualitative evidence of the conditions of the phenomena. In Figure 4 it is possible to follow the impinge-
ment of two different disturbances in to the pool. The main difference between these disturbances is that
the first (closest to the pool, Fig.4(a)) has longer wavelength compared to the second. In other words, the
first disturbance has smaller steepness than the second one. It is clear that the first disturbance impinges the
pool and enters without the generation of any air pocket or any significant change in the pool surface (Fig.
4(a)-4(c)). Subsequently, the second disturbance approaches the pool surface and impinges on it. After
the impingement an air pocket is created and it is pulled down by the jet velocity (Fig. 4(d)-4(g)). The
finger finally breaks to form a bubble that will continue travelling underwater pulled by the jet. This is a
clear example of a typical entrainment occurrence in the experiments developed for this study. The image
sequence is comparable to the sketches presented in Kiger and Duncan (2012) and Zhu et al. (2000) for
disturbances with large amplitude. In this study we put forward a hypothesis that the steepness of the distur-
bance is possibly more significant than the amplitude. This hypothesis can be supported by Figure 4, where
two disturbances with comparable amplitude produced different effects on the pool and the disturbance with
considerably smaller wavelength was the only one that produced entrainment. This possible dependency
should be further studied.

In addition to the raw entrainment of air in to the pool, it is also interesting to turn our eyes to the
formation of bubbles after the air pockets broke. For the different d there is a different span of Reynolds
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(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Figure 4: Sequence of images that shows the entrainment process for a steep disturbance in the jet. The
diameter of the jet at the impingement point is approximately 5mm. Sobel derivatives were used to enhance
the edges of the interfaces. (a) Two waves are visible, the top one with larger steepness (pointed with the
arrow), this is the wave to follow. (b) The first wave enters, there is no air entrainment. (c) The second wave
approaches. (d) The second wave enters the pool, air entrainment begins. (e) The formation of the air finger
is visible while the jet pulls it down. (f) The air finger grows. (g) The air finger continues growing. (h) The
finger break up starts caused by the speed of the jet. (i) The finger finally breaks and a bubble is created. (j)
The cavity from the finger closes and the surface starts contracting upwards again.

numbers that we showed in Table 1. From the results of the experiments, it is possible to say that the air
entrainment has a Reynolds onset value close to 8000. These results are summarized in Figure 5. Although
for large d it is also noticeable that the number of bubbles is reduced. This can actually be explained by
inspecting the images of the entrainment. The air pockets produced by greater Reynolds are also larger
in size which reduces the count of bubbles. The bubbles visible in this setup will have greater size and
eventually will break into smaller ones, leaving behind a very dense bubble plume that will be visible in the
next step of the analysis.

3.2 Bubble characteristics
The bubble plume under a falling jet is an interesting phenomena to observe. It is a case of multiphase flow
where many parameters can be considered especially when the number and sizes of the bubbles are also
dependant on the velocity of the falling jet. These bubbles are not only tracers of the present flow but also
a consequence of it. However reliable measurements of this plume become difficult when the density of
bubbles and range of sizes is high. In this section we present the results of an attempt to extract information
from different plume conditions and the advantages and limitations of the 3D PTV technique used to perform
the analysis.

In Figure 6(a) the index p, presented in equation 3, is shown for all different analyzed cases. Although
in all cases p > 1, it is only in a few cases where p > 5, the value for which mislinks reduce considerably
according to Malik et al. (1993). This means that the bubbles can be tracked but with certain difficulty.
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Figure 5: Reynolds of the falling jet against number of bubbles. The graph shows the estimated Reynolds
number of the falling jet when impinging in the pool and compares it with the mean number of bubbles
visible in the image sequence. It is visible that the amount of bubbles is directly proportional to the Reynolds
number. The fitted lines are 0.028(05)x−265(5) for d=2 cm, 0.021(05)x−157(5) for d=4 cm, 0.033(05)x−
282(5) for d=6 cm.

(a) Different values of p for all the cases analyzed in this study.

We compare with the velocity of the jet in the impingement point

and we see the difference for the falling distances.

(b) Total number of particles tracked in at least two consecutive

frames compares with the Reynolds number of the jet.

Figure 6: Graph of different values of p and total particles tracked in at least two consecutive frames
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(a) Bubbles 3D positions. The colour represents the instant velocity in the vertical direction, red

points indicate bubbles moving downwards and blue points indicate bubbles moving upwards.

(b) Bubbles 3D trajectories. The colour of the plot indicates the magnitude of the velocity vector.

The darker the colour, the faster the bubble moves.

Figure 7: Results of 3DPTV tracking

Therefore, it is important to use carefully the parameters needed to track the particles during the procedure.
In Figure 6(b), the efficiency of the tracking algorithm is shown. For this type of dense plume, the amount
of particles that can be traced to the next step decreases with increasing Reynolds. Surprisingly, the amount
of bubbles that can be followed for more than 10 times steps seems to increase with the Reynolds number,
as it is shown in Table 2.

The trajectories of the bubbles and their velocities can be found in Figure 7 . From left to right results for
the different falling distances d are presented. No distinguishable difference can be seen in the velocity fields
shown in Figure 7(a). For all the cases there are bubbles moving upwards and downwards with considerable
high velocity. Perhaps a separation of the bubble velocities depending on the bubble size could give a
certain trend for the different d and Re. From Figure 7(b) it is possible to observe that the movement of the
bubbles is also great in the horizontal plane. This is expected as the common trajectories for the bubbles are
helicoidal, specially when the bubbles have considerable big diameter. This behaviour is probably enhanced
by the jet velocity. It is important to mention that the total length of the bubbles plume is not visible in the
analysis therefore no conclusion can be obtained on the length of the plume from this analysis.

In Figure 8 some probability distributions are shown for the higher Re in each distance. In Figure 8(a) the
distribution of the bubbles around the center of the jet is shown while Figure 8(b) shows the distribution of
vertical velocities. Bubbles that move downwards have negative velocity while bubbles that move upwards
have positive velocity. In Figure 8(c) typical size distribution are presented. No remarkable differences are
visible in the distributions.
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(a) Position to the center of the jet. The x

axis represents the distance r/l where r is

the distance of the bubble to center and l
is the total FOV length.

(b) Vertical velocities of the bubbles in the

plume for different falling distance.

(c) Size Distribution of Bubbles in the

plume for different falling distance.

Figure 8: Different Distributions

d = 0.02 m Re 7854 8186 8381 8524 8837

% 5 7 6 6 11

d = 0.04 m Re 8694 8975 9294 9441 9462

% 5 6 6 8 27

d = 0.06 m Re 9471 9747 9985 10159 10269

% 5 6 1 11 10

Table 2: Comparison of the Reynolds number with the percentage of particles that are tracked for at least 10
frames. The data from the different jet lengths d is shown.

4 Conclusions
In this work a bubble plume created by a circular free falling jet was studied by means of imaging techniques.
From image sequences of the air entrainment process qualitative relations between the jet characteristics and
the bubbles created were found. Further, a linear trend was obtained when comparing the Reynolds number
and the bubble count. The trajectories of the bubbles were reconstructed, in spite of the variability of the
sizes.

The results presented are promising for further analysis. In the future we aim to improve the tracking by
addressing in a robust manner the case of bubble break up into two or more bubbles. Such tools could then
be applied to study dynamics of the jet after the impact, in particular, for reliable reconstruction of bubble
trajectories.
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