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Abstract

Bubbles in the ocean mediate the gas exchange between ocean and atmosphere.
This gas exchange is vital for the Earth’s climate, yet bubble mediated gas ex-
change is poorly understood, and therefore parametrization in climate models is
limited. Enhanced understanding of bubble mediated gas exchange will therefore
improve climate models.

In medicine, bubbles are used to improve the quality of ultrasound images by en-
hancing the image contrast. Micro-bubbles are injected into the blood stream and
are excited into oscillation by external ultrasound. Bubble oscillation increases the
signal-to-noise ratio in the images making it easier to recognize anomalies.

In the biomedical industry, bio-reactors are used to cultivate cells. Stirring or shak-
ing of the reactors generates bubbles, and cells adhere to the sticky bubble surface.
When the bubble burst the cell is damaged resulting in loss of cells, time and in-
creased costs. Here, research is required to reduce bubble fragmentation.

Acoustic measurements were used to study bubble sizes of parent and daughter bub-
bles. Using bubbles with an initial radius of approximately 3 mm, bubble pinch-off
and bubble fragmentation was investigated experimentally for water temperatures
ranging from 3 to 30 °C and for a surface tension value between 0.032 N/m and
0.070 N/m. The measured acoustic signals were fitted with a successfully validated
numerical fit algorithm.

For varying water temperature and surface tension all the volume split ratios ex-
hibited similar ∪ - shapes with a minimum for similar sized daughter bubbles. The
experimental data do not agree with existing theoretical fragmentation models, that
predict a maximum for similar sized daughter bubbles. Current theoretical fragmen-
tation models are presumably based on inaccurate assumptions and require revision,
e.g. by accounting for the fragmentation mechanism resulting in one large and one
small bubble, rather than relying on general energetics arguments.

Particle Image Velocimetry (PIV) was used to visualise the 2D flow conditions caused
by two colliding water jets leading to bubble fragmentation. Three different pump
rotation speeds of 40, 50 and 60 rpm and four different heights of the vertical offset
(0, 1, 2 and 3 cm) between both flow tubes were investigated.

The location of bubble fragmentation in the 2D flow field was investigated for the
same pump speeds and tube offsets. Additionally, location of bubble fragmentation
at 30 rpm, 1 cm offset and a surface tension of 0.031 N/m was analysed. This allowed



6 Abstract

for comparison between fragmentation processes and the local conditions that were
responsible for bubble fragmentation. The location of bubble fragmentation was
independent of the flow velocity through the glass tubes, the vertical offset between
the tubes and water surface tension. Fragmentation mostly occurred in a preferred
range of maximum shear rate of 15 to 25 s−1.

Fragmentation process and location of bubble fragmentation were independent of
water temperature (which chiefly affects water viscosity) and surface tension. For
a water temperature range of 3 to 30 °C and a surface tension range of 0.031 to
0.070 N/m, a universal volume split ratio was observed showing that parent bub-
bles mostly fragmented into one large and one small bubble, and that similar sized
daughter bubbles were rarely observed.
These findings are significant since firstly, a universal volume split ratio means that
the fragmentation mechanism is independent of water conditions, and secondly, a
universal volume split ratio means that daughter bubble sizes in the open ocean may
be similar anywhere in the global ocean, i.e. in polar as well as in tropical regions.
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Impact statement

Bubbles can be found in various aspects of our everyday life, e.g. in food and drinks
(cheese, coca cola), during cooking or in form of soap bubbles. In addition, bubbles
are important in a wide range of scientific disciplines and industrial applications like
climate research, engineering, and medicine. Therefore a thorough understanding
of bubble dynamics is fundamental. The wide range of scientific applications for
bubbles and their significant potential in these disciplines are the main reasons to
continue research on bubble fragmentation under various conditions.

Bubbles in the ocean mediate the gas exchange between ocean and atmosphere.
This gas exchange is vital for the Earth’s climate, yet bubble mediated gas ex-
change is poorly understood, and therefore parametrization in climate models is
limited. Enhanced understanding of bubble mediated gas exchange will therefore
improve climate models.

The temperature range tested in the present study (3 to 30 °C) as well as flow
conditions investigated (velocity, shear, and dissipation rates) represent typical con-
ditions under breaking waves in the ocean. This study has shown that the volume
split ratio is independent of these water conditions. Hence, bubbles fragmenting
under breaking waves in the polar regions form the same bubble sizes as bubbles
fragmenting at the equator. This is valuable knowledge for gas exchange and climate
models.

By providing evidence of a universal volume split ratio, this study points out flaws
in current bubble fragmentation models and contributes to improving these models.
The data generated in this study may serve as benchmarks for theoretical fragmen-
tation models. Current volume split models need revision to make them applicable
to the water conditions investigated here.

In the biomedical industry, bio-reactors are used to cultivate cells. Stirring or
shaking of the reactors generates bubbles, and cells adhere to the sticky bubble
surface. When the bubble burst the cell is damaged resulting in loss of cells, time,
and increased costs. This study indicates that there might be a preferred range of
maximum shear rate of 15 to 25 s−1 where bubbles fragment. If this hypothesis is
confirmed in future studies, then this study may contribute to reducing cell damage
in bio-reactors.
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Nomenclature

Greek symbols

Symbol Annotation SI unit
β β-parameter [-]
γ Heat capacity ratio [-]
δ Damping constant [-]
ε Dissipation rate of turbulent [J/(kg s)]

kinetic energy
ζ Shear rate [s−1]
κ Kolmogorov length scale [m]
λ Taylor length scale [m]
µ Dynamic viscosity of water [Pa s]
ν Kinematic viscosity of water [m2/s]
ξ Score for fitted bubble signal [-]
ρ Water density [kg/m3]
σ Surface tension [N/m]
τ Kolmogorov time scale [s]
τmax Maximum shear rate [1/s]
φ Phase shift [°]
χ Length scale [m]
Ψ Spatial mode [-]
ω Angular frequency [1/s]

Roman symbols

Symbol Annotation SI unit
A Sound pressure amplitude [Pa]
A0 Maximum sound amplitude [Pa]
a Temporal mode [-]
aH Hinze scale [m]
B1 Binarized portion in image 1 [-]
B2 Binarized portion in image 2 [-]
C Correlation coefficient [-]
Cij Correlation coefficient between [-]

interrogation windows
d Bubble diameter [m]

Continued on next page
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Continued from previous page
dt Inner flow tube diameter [m]
ffit Fitted peak frequency [kHz]
fmax Peak frequency (estimated) [kHz]
g Gravitational constant [m/s2]
g1, g2 Grayscale functions of images 1 and 2 [-]
h Water height in capillary tube [m]
I Eigenvalue number [-]
l Number of pixels in image 2 [-]
m Number of pixels in image 1 [-]
N Pump rotation speed [rpm]
n Slope of linear fit [-]
p0 Atmospheric pressure [Pa]
p1 Sound pressure at r1 [Pa]
p2 Sound pressure at r2 [Pa]
R Bubble radius [m]
Re Reynolds number [-]
Rfit Fitted bubble radius [m]
Rest Estimated bubble radius [m]
r Inner tube diameter of capillary [m]

tube
r1 Short distance between nozzle [m]

and hydrophone
r2 Long distance between nozzle [m]

and hydrophone
S Strain rate tensor [-]
SdB Hydrophone sensitivity [dB]
Sact Actual hydrophone sensitivity/ [V/Pa]

Calibration factor
Sref Reference hydrophone [V/Pa]

sensitivity
T Water temperature [°C]
t Time [s]
u Velocity [m/s]
V Bubble volume [m3]
V0 Parent bubble volume [m3]
V1 Volume of bubble 1 [m3]
V2 Volume of bubble 2 [m3]
V R1 Volume split ratio of bubble 1 [-]

Continued on next page
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Continued from previous page
V R2 Volume split ratio of bubble 2 [-]
We Weber number [-]
Wec Critical Weber number [-]
yart Artificial signal [Pa]
yfit Fitted signal [Pa]
ym Measured signal [Pa]
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Chapter 1

Introduction

1.1 Motivation

Bubbles are an integral component of our everyday life. They occur in our food
(cheese, coca cola, beer, champagne, squeezing honey out of its bottle), in the swim-
ming pool, in our shampoo bottles, during foam baths, cooking, and blowing soap
bubbles. A bubble can be defined as a two-phase entity consisting of gas and liquid.
This allows for numerous applications of bubbles in a wide range of disciplines. To
highlight the importance of bubbles in science and engineering, the significance of
bubble physics for four different fields is briefly discussed below including climate
change, naval engineering, medicine, and the bio-reactor industry.

In the open ocean bubbles are a significant feature of the top few metres, especially
at high wind speeds (Farmer et al., 1993; Keeling, 1993). Large bubbles are impor-
tant for the transfer of carbon dioxide (CO2), which has a relatively high solubility
in water. Hence, bubbles mediate the gas exchange between ocean and atmosphere,
which is a vital process for the global climate (Czerski & Deane, 2010; Hwang et al.,
1991; Wallace & Wirick, 1992; Emerson & Bushinsky, 2016). As thousands of bub-
bles are formed under each breaking wave estimating the number and size of the
bubbles is an essential aspect for gas transfer models. In addition, organic material
in the water column adheres to bubbles and is transported to the surface. As the
bubble bursts the organic material and salt is injected into the atmosphere (aerosol
production) and carried into high altitudes by winds. Later, the organic material
may act as cloud condensation and ice nucleating particles, which are important for
cloud formation, where clouds have a major impact on the climate system (Carslaw
et al., 2013). Hence, bubbles are an essential yet poorly understood factor for our
climate. Additionally, bubbles make an important contribution to the physics of the
sea surface, and a better understanding of their behaviour is necessary for improving
coupled ocean-atmosphere models (cp. Wallace & Wirick, 1992; Farmer et al., 1993;
Keeling, 1993).

20
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Bubbles are also used in biomedical applications for diagnosis and therapy of e.g.
tissue diseases and tumours (de Araujo Filho et al., 2012). One of these applications
is ultrasound imaging contrast enhancement (Fort, 1994; Stride & Coussios, 2010;
Marmottant & Hilgenfeldt, 2003). As micro-bubbles are injected into the blood cir-
culation and excited into oscillation by external ultrasound, the bubble oscillations
improve the quality of ultrasound images by increasing the signal-to-noise ratio and
thereby enhancing the image contrast (Borsboom et al., 2003). Another medical
application for bubbles is drug delivery: bubbles are used to carry medical drugs
adhered to their surface through the body (Pitt et al., 2004). If ultrasound is used
to excite the bubbles into oscillation, the drug can be released at a precisely deter-
mined location (Stride & Coussios, 2010; Nomikou & McHale, 2010). In particular,
treatment of cancer benefits from bubble applications. As described by Nomikou &
McHale (2010) bubbles can be used to carry chemotherapeutic drugs to a specific
site, release the drug and promote the drug uptake in the cell induced by an increase
in membrane permeability resulting from the bubble disruption.

In the field of naval engineering it has been found that bubbles can be used to
decrease fuel consumption of ships (Kodama et al., 2000). Bubble injectors are
installed close to the ship’s bow directing the bubbles towards the rear due to the
vessel motion. The bubbles are generated along the hull bottom and on both sides of
the hull centre line such that a layer of bubbles covers the bottom hull (Kawabuchi
et al., 2011). Since the mixture of air and water has a lower density than water
and is more turbulent, the friction and the drag of the vessel decrease resulting in
a more efficient motion through the water, reduced fuel consumption and reduced
costs (Kodama et al., 2008; Latorre, 1997).

Another application for bubbles is the bio-process industry and in particular cell
cultivation. Organic cells are cultivated in containers called bio-reactors. To en-
sure an optimal environment of pH, nutrients and oxygen distribution, bio-reactors
have to be on an agitation mechanism, being an impeller, a shaken or rocked motion.
Spargers producing bubbles are often used to improve oxygen transfer, however bub-
ble burst is detrimental to the bio-process as it might damage the cell resulting in
loss of cells, time, and costs. Thus, there is a demand for further research on how
to reduce bubble bursts and cell damage in bio-reactors.

The experiments performed in this study and the corresponding findings have im-
plications for bubbles in the ocean and in the laboratory. In terms of bubbles in
the ocean their fundamental yet insufficiently understood role for our climate calls
for further investigations. To help fill the gap of knowledge on the effect of water
conditions (e.g. temperature and surface tension) on bubble formation, laboratory
experiments are a necessary and valuable tool since oceanic conditions can be mod-
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eled in a controlled environment.

1.2 Bubbles in the Ocean and the Hinze Scale

As mentioned in the previous section bubbles from breaking waves in the ocean play
an important role for the Earth system. Examples involve an enhanced air-sea gas
exchange, aerosol production, noise of breaking waves and ocean albedo (Czerski
& Deane, 2010; Deane & Stokes, 2002; Keeling, 1993). This section describes the
fragmentation cascade and bubble populations formed in turbulent water conditions
of the open ocean.
As explained in Deane & Stokes (2008) a bubble is likely to fragment when the shear
forces exerted on the bubble exceed the restoring surface tension forces (for details
on the fragmentation process see Section 1.3). If one of the resulting daughter bub-
bles is large enough, it may fragment again. This process of successively fragmenting
bubbles is called a fragmentation cascade and may continue until the daughter bub-
bles are too small to fragment further. Deane & Stokes (2002) investigated bubble
plumes generated by breaking waves in the laboratory and in the ocean. They found
a bubble radius of approximately 1 mm as the limit for bubble fragmentation. Ac-
cording to the authors this radius relates to the Hinze scale, and bubbles smaller
than the Hinze scale will not fragment because their surface tension forces restoring
their shape dominate the shear forces distorting the bubbles. A detailed discussion
on the Hinze scale is given in Section 1.3.
Bubbles formed within a fragmentation cascade represent a population of bubbles of
which the largest ones will rise to the surface or dissolve, and therefore are lost from
the bubble plume (Czerski & Deane, 2011). Deane & Stokes (2002) determined the
bubble size spectrum for breaking waves in the laboratory and in the ocean. Figure
1.1 shows their bubble size spectrum obtained under laboratory conditions.
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Figure 1.1: Bubble size spectrum. Taken from Deane & Stokes (2002). Original
caption: Figure 4 The average bubble size spectrum estimated from 14
breaking events during their acoustic phase. [. . . ]. The vertical scale is
number of bubbles per m3 in a bin radius 1 µm wide. Vertical bars show
±1 s.d. [. . . ]. Inset, the bubble size distribution at the beginning of the
quiescent phase (crosses) and 1.5 s into the quiescent phase (open circles)
[. . . ]. During the acoustic phase bubbles are formed whereas bubble for-
mation ceases during the quiescent phase (Deane & Stokes, 2002).

Deane & Stokes (2002) noted a change in the slope of the bubble size distribution at
a radius of approximately 1 mm. Bubbles larger than this radius vary with R−10/3

with R being the bubble radius. Bubbles smaller than 1 mm obey a power-law scal-
ing of R−3/2 (Deane & Stokes, 2002).
The observed bubble size distribution by Deane & Stokes (2002) results from the
fragmentation cascade. The present study will focus on the physics of this fragmen-
tation process. It was shown by Deane & Stokes (2002) that the same fragmentation
physics applies in both the ocean and the laboratory which are the two main envi-
ronments considered here.

In the following the term event will be used to address the phenomenon of bub-
ble pinch-off or fragmentation. The term event does not address any anomalies e.g.
observed in the measured data, but only refers to either pinch-off events or fragmen-
tation events, respectively. A clear distinction between both phenomena is ensured
by using the terms pinch-off event or fragmentation event for the corresponding
process.
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1.3 Literature Review

Due to the complex dynamics and numerous applications associated with bubbles
there is a vast amount of literature available. This literature review will focus on
the physics of bubbles including bubble formation, sound generation during bubble
pinch-off and fragmentation, interaction of two bubbles, effects of fluid conditions,
bubbles plumes in the ocean and the bubble size distribution. This literature re-
view does not cover any medical, engineering, or industrial applications of bubbles.
Readers interested in biomedical bubble applications are referred to e.g. Pitt et al.
(2004), Stride & Coussios (2010) or Nomikou & McHale (2010) who described how
bubbles can be used in drug delivery and cancer treatment. Fort (1994), Stride
& Coussios (2010) and Marmottant & Hilgenfeldt (2003) explained the application
of bubbles to improve the quality of ultrasound images by enhancing the image
contrast. For applications of bubbles in naval engineering the reader is referred to
Kawabuchi et al. (2011), Kodama et al. (2008) or Latorre (1997) who demonstrated
a more efficient motion of vessels through the water by generating a layer of bubbles
along the vessel’s bottom hull.

Pinch-off and the corresponding sound generation

As a bubble is generated it may be excited into oscillation and a pulse of sound is
emitted (e.g. Longuet-Higgins et al. (1991); Leighton (1994); Deane et al. (2008)).
There are different processes generating new bubbles, e.g. cavitation, degassing,
drop impact, bubble pinch-off and bubble fragmentation (Pumphrey & Crum, 1990;
Deane & Stokes, 2008; Risso & Fabre, 1998). Figure 1.2 shows three examples of
bubble formation mechanisms including bubble fragmentation, liquid drop impact
and bubble pinch-off.
In the laboratory, bubbles are commonly generated by pinch-off from a nozzle or
fragmentation in turbulent water conditions (Longuet-Higgins et al., 1991; Risso &
Fabre, 1998). Bubble pinch-off is the phenomenon when a single bubble is genera-
ted at a gas supply nozzle and grows until it detaches from the nozzle as shown in
Figure 1.2c. Bubble fragmentation is the process when one bubble splits up into
two daughter bubbles (see Figure 1.2a). The present study focuses on bubbles frag-
menting into smaller ones due to shear generated by impinging water jets.
To investigate bubbles and their behaviour in the laboratory or in the ocean visual
as well as acoustical methods are applied (Deane & Stokes, 2002). The focus of the
study at hand lies upon acoustical investigations. The reason for using acoustical
methods is because bubbles are compressible. This feature enables bubbles to firstly,
respond to sound and secondly, to efficiently generate sound. Therefore, bubbles can
be monitored using active and passive acoustics. Active acoustics are methods where
an external sound wave is transmitted, reflected by an object and the reflected signal
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Figure 1.2: Mechanisms of bubble formation. Taken from Czerski & Deane (2010).
Original caption: “FIG. 1. (Colour online) Examples of neck formation
and collapse as bubbles are formed. (a) A bubble fragmenting in turbulent
flow. (b) A bubble formed at the bottom of a crater caused by the impact of
a liquid drop, reproduced from Elmore et al. (Ref. 18). (c) The formation
of a bubble from a nozzle (the nozzle is just visible at the bottom of the
frame). [. . . ]”.

is recorded (Leroy et al., 2002). Passive acoustics is the action of listening to sound
emitted by oscillating objects, e.g. bubbles under water (Leighton, 1994). While
it is difficult to analyse the complex bubble dynamics using visual methods sound
simplifies the complexity while still capturing important aspects of the dynamics.
Finally, the phenomenon of bubble fragmentation is a stochastic process, which can
be better investigated with acoustic methods as they facilitate the analysis of large
data sets and stochastic events.

Pinch-off as well as fragmentation may excite the bubble (pinch-off) or both bubbles
(fragmentation) into a breathing mode oscillation, i.e. a volume oscillation which
emits compression and rarefaction waves (sound) into the surrounding water (Deane
& Czerski, 2008). The oscillation frequency f of the bubble is inversely proportional
to the bubble radius R according to the Minnaert equation 1.1 (Minnaert, 1933):

R = 1
2π · f ·

√
3 · γ · p0

ρ
(1.1)
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with: γ = 1.4 denoting the ratio of the specific heat capacity of air at constant
pressure to the specific heat capacity of air at constant volume (Leroy et al., 2002),
p0 = 105 Pa being the atmospheric pressure and ρ denoting the water density. Thus,
by determining the oscillation frequency the bubble size can be calculated, which
allows for the calculation of the bubble volume.

In the following, the mechanism driving sound generation during bubble pinch-off is
reviewed. As explained in Deane & Czerski (2008) an acoustic signal is generated at
the moment of bubble formation. Just prior to bubble detachment a neck of gas is
formed connecting the bubble and the larger air reservoir. The mechanism driving
the bubble sound is the rapid decrease in bubble volume when the neck of gas col-
lapses (Deane & Czerski, 2008). The authors pointed out that the rapidly changing
neck volume drives the bubble into a breathing mode oscillation. The important
aspect is that the bubble volume decreases far more rapidly than the bubble can
respond. Thus, the bubble is forced very quickly into a non-equilibrium state and
oscillates as it returns to equilibrium. Deane & Czerski (2008) further explained
that the radius of curvature at the end of the gas neck is small. Consequently, there
is a large Laplace pressure jump across the boundary, which, according to the au-
thors, results in a rapid inward acceleration of fluid towards the bubble centre. The
authors presented a mathematical model to calculate the neck velocity, neck collapse
time and the decrease in neck volume. As emphasized by Czerski & Deane (2010)
the neck collapse is driven by surface tension forces. These forces accelerate the
water to fill the space where the neck was. Therefore, the water gained momentum
and moves on in the same direction, i.e. inwards. Hence, a jet of fluid is generated
that is accelerated towards the bubble centre (Czerski & Deane, 2010). As the fluid
jet is accelerated inwards, the bubble volume decreases and the pressure inside the
bubble increases (Deane & Czerski, 2008). According to Czerski & Deane (2010)
this change of internal pressure is the driving mechanism for the breathing mode
oscillation. The authors presented double illuminated camera images showing the
fluid jet retracting towards the bubble centre.

Early experiments on oscillating bubbles were conducted by Minnaert (1933) who
compared the oscillation frequencies of single bubbles with frequencies produced by
tuning forks (pitched two octaves lower). Minnaert (1933) also derived the Minnaert
equation 1.1 relating the oscillation frequency to the bubble radius.
Strasberg (1956) performed theoretical calculations to estimate the sound pres-
sure emitted during bubble formation, coalescence, and fragmentation. The author
showed that the sound emitted by a single bubble was generated by volume oscil-
lations, while sound caused by shape oscillations was negligible. The theoretical
calculations for bubble pinch-off were compared to physical experiments, with the-
ory and experiments showing good agreement.
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54 years after Minnaert (1933) mentioned the limited knowledge on the “murmur of
the brook”, Leighton & Walton (1987) recorded bubble sounds in various brooks in
the United Kingdom. Using a hydrophone and the Minnaert equation the authors
determined bubble size distributions at different brook sites, e.g. after a small drop,
in a narrow stream of bubbles created by water flowing over a rounded stone, in a
rock pool fed by water flowing smoothly over a 30 cm drop without splashing and
near the base of a 1 m high, fast-flowing waterfall. As expected, the shape of the
bubble size distributions varied depending on the environment creating it e.g. a
narrow range of bubble sizes for water flowing over the rounded stone and a wide
range of bubble sizes at the 1 m high water fall. Qualitatively, Leighton & Walton
(1987) monitored the sound recordings in the brooks using headphones. When the
hydrophone was submerged, they noticed a series of clear “pings” and quiet “white
noise”. The “pings” disappeared when the hydrophone was lifted out of the water,
hence the authors concluded that the “pings” originated from bubbles.

Leighton & Walton (1987) already mentioned that their recorded brook sounds may
be used in class to demonstrate pressure amplitudes, oscillation frequencies and
decay rates to undergraduate students. Building on this idea, Leroy et al. (2002)
suggested an oscillating bubble as a vivid example of a damped harmonic oscillator
when teaching students. Beside single bubble experiments the authors investigated
resonance frequencies of a coupled two-bubble system and used speakers forcing the
bubbles to oscillate in phase or out of phase. The bubble radius of their single
bubbles was 3.3 mm and it was obtained by analysis of CCD camera images. Using
signal analysis Leighton & Walton (1987) were able to validate the Minnaert equa-
tion.

Manasseh et al. (2001) compared camera images with acoustic signals emitted during
physical bubble pinch-off experiments. They found that the initial drop in acoustic
pressure corresponded to the neck-breaking process and the subsequent retraction
of the bubble neck towards the bubble centre (cp. Figure 1.3).

The bubbles generated by Manasseh et al. (2001) were 6 mm in diameter and a
hydrophone was used to record the acoustic bubble signals. The camera image
acquisition was triggered from the acoustic signal to acquire a photograph at any
desired phase of bubble detachment. Manasseh et al. (2001) also conducted numeri-
cal simulations of bubble detachment confirming that the bubble oscillation was due
to its compressibility.
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Figure 1.3: Photographs of pinch-off (left) and corresponding measured acoustic sig-
nal (right). Left caption: “Figure 2: Photographs of neck-breaking phase
of bubble detachment and beginning of jet formation. Note nozzle orifice
at picture bottom is 6 mm across. Corresponding acoustic signal shown in
figure 3.” Right caption: “Figure 3: Detail of the acoustic signal of figure
1. Labels a - f correspond to the photographs in figure 2.” Axis labels in
right figure: y-axis: “transducer output (V)”, x-axis: “time (ms)”. Taken
from Manasseh et al. (2001). These photographs were taken in a fluid
having a higher viscosity than water. This is evident from the bubble
shape.

Fragmentation and the corresponding sound generation

Similar to bubble pinch-off a pulse of sound is also emitted as a parent bubble splits
up into two daughter bubbles. A schematic drawing of the binary fragmentation
process (formation of two daughter bubbles) is depicted in Figure 1.4.

Deane & Stokes (2008) investigated bubble fragmentation induced by breaking waves
under laboratory conditions. They explained that a bubble was likely to fragment,
if firstly, the critical Weber number exceeded 3 - 4.7 and secondly, the bubble was
severely distorted such that its eccentricity (ratio of the bubble major-to-minor axis)
exceeded roughly 3 (Deane & Stokes, 2002). The Weber number We is the ratio of
the inertial force to surface tension force:

We = ρ

σ
· u2 · d (1.2)

with ρ being the fluid density, σ denoting the fluid surface tension, u is the turbulent
velocity on the bubble scale and d gives the bubble diameter (Deane & Stokes, 2008).
According to Deane & Stokes (2008) these conditions correspond to a Reynolds num-
ber of Re = ud/ν & 450, where ν is the kinematic viscosity. The authors explained
that immediately prior to rupture the distorted bubble wall pinches to form a neck
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Figure 1.4: Schematic fragmentation process. Taken from Deane & Stokes (2008).
Original caption: FIG. 11. A conceptual overview of the idealized frag-
mentation process showing the evolution of the bubble and fragmentation
products over time. (a). The initially spherical bubble. (b) Flow forces
distort the bubble into a prolate spheroid. (c) The distorted bubble as-
sumes a form topologically similar to a dumbbell. (d) The neck pinches
off resulting in two or three fragmentation products. The neck remnants
collapse, initiating breathing mode oscillations and capillary waves on the
bubble wall. [. . . ].

of air similar to the one observed during bubble pinch-off. Once a critical radius of
curvature is achieved the neck will close due to surface tension separating the two
newly formed bubble fragments. The neck joining each of these fragments collapses
and retracts rapidly towards the individual bubble centre.
Deane & Stokes (2008) stated that the neck collapse is associated with a rapid
change in daughter bubble volume. Therefore, the neck collapse drives the acoustic
excitation during fragmentation. The authors observed that the partition of energy
between both daughter bubbles is approximately equal irrespective of the relative
daughter bubble sizes. From this observation Deane & Stokes (2008) concluded that
the mechanism for the acoustic excitation is common to both daughter bubbles.
Finally, the authors presented a model for the excitation mechanism assuming a
symmetric neck collapse for both daughter bubbles.

As demonstrated by Deane & Stokes (2006) fragmentation occurs when a bubble
is highly distorted by the shear forces in turbulent water. Deane & Stokes (2002)
pointed out that bubble deformation is resisted by surface tension, hence bubbles
smaller than the Hinze scale, i.e. smaller than 1 mm, will not fragment. Deane
& Stokes (2008) defined the Hinze scale as the bubble radius at which the bub-
ble distortion is balanced by the stabilizing surface tension force preventing further
fragmentation. The authors calculated the Hinze scale as
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aH = 2−8/5 · ε−2/5 ·
(
σ ·Wec

ρ

) 3
5

(1.3)

where ε denotes the viscous dissipation rate of the turbulent kinetic energy, σ is the
surface tension, Wec denotes the critical Weber number and ρ is the fluid density.
The critical Weber number was not explained by Deane & Stokes (2008), but in the
context of the Hinze scale it seems to be a critical number for fragmentation, i.e.
the Weber number where the inertial forces distorting the bubble equal the restoring
surface tension force such that the bubble does not fragment.
Deane & Stokes (2002) investigated the bubble formation and bubble size distribu-
tions in bubble plumes under breaking waves in the laboratory and in the ocean.
They found that the Hinze scale was determined by the turbulent dissipation rate in
the breaking wave crest and that two mechanisms control the bubble size. Bubbles
larger than approximately 1 mm were formed by turbulent fragmentation and their
bubble density was proportional to R−10/3 where R is the bubble radius. Bubbles
smaller than approximately 1 mm were formed by jet and drop impact and their
bubble density was proportional to R−3/2. The Hinze scale separated both bub-
ble formation mechanisms (Deane & Stokes, 2002). The authors distinguished two
phases of bubble formation, an acoustically active phase, and a quiescent phase.
During the acoustically active phase bubbles fragmented generating sound that con-
stitutes noise of breaking waves. The noise level depended on the size of the newly
formed bubbles. Physical processes occurring during the acoustic phase determined
the bubble size distribution in the plume. Once bubble formation ceased the quies-
cent phase began and the plume evolved under the influence of buoyant degassing,
turbulent diffusion, advection, and dissolution (Deane & Stokes, 2002).
The laboratory experiments of Deane & Stokes (2002) also showed that, if a bubble
close to the Hinze scale fragments, the daughter bubbles can be smaller than the
Hinze scale. The open ocean measurements of Deane & Stokes (2002) revealed two
scaling laws with bubble radius similar to the scaling laws observed in the wave
flume. The authors concluded that the Hinze scale exists in the open ocean as well
and that the processes of generating new bubbles are similar for the laboratory and
the ocean. According to Deane & Stokes (2002) one reason for the similarity be-
tween bubble formation in the laboratory and the ocean is the weak dependence of
the Hinze scale on the turbulent dissipation rate.

Using the insitu measurements by Deane (1997) obtained from breaking waves off La
Jolla beach, California, Garrett et al. (2000) investigated the relationship between
the bubble size spectrum and the energy dissipation rate. Based on the concept of
the bubble fragmentation cascade, i.e. bubbles fragmenting successively until sur-
face tension forces prevent further fragmentation, Garrett et al. (2000) found that
the initial bubble size spectrum was proportional to R−10/3, which is in agreement
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with Deane & Stokes (2002) (who used a different insitu data set obtained off South
California in winter 2000). Garrett et al. (2000) pointed out that the initial bubble
size spectrum was formed by turbulence, and that this initial size spectrum then
evolved under the influence of dissolution, buoyancy, degassing and diffusion form-
ing the final bubble size distribution. Hence, bubbles may fragment multiple times
before the final bubble size spectrum is achieved.

The acoustic signal emitted during a fragmentation event may exhibit various shapes
as shown in Figure 1.5.

Figure 1.5: Examples of acoustic signals emitted during bubble fragmentation. Taken
from Czerski & Deane (2011). Original caption: FIG. 9. [. . . ]. (a) A
parent bubble emerging from the nozzle; (b) A binary fragmentation event
which starts with a rarefaction [. . . ]. (c) An intermediate case, where
there is a small compression at the start of the acoustic signal; (d) [. . . ].
The signal starts with a compression in the high-frequency component,
although the lower-frequency component can be seen to to start with a
rarefaction similar to that in (a). [. . . ].

In order to characterize bubble fragmentation signals, Czerski & Deane (2011) dis-
tinguished three groups of binary fragmentation signals: signals of group 1 started
with a rarefaction (pressure decrease), group 2 was a borderline group starting with
either a small compression (pressure increase) or a small rarefaction and signals of
group 3 started with a compression. The authors noted that the compression was
in the high-frequency component (i.e. signal emitted by smaller daughter bubble),
while the low-frequency component (i.e. signal emitted by larger daughter bubble)
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started with a rarefaction. The authors observed a size dependence since the rarefac-
tion mostly occurred for smaller bubble radius ratios between 1 and 2, but hardly
for larger radius ratios.

Risso & Fabre (1998) used a high-speed camera to investigate bubble fragmentation
in the laboratory under turbulent conditions and distinguished two fragmentation
mechanisms. The first mechanism resulted from the force balance between turbu-
lent forces and surface tension forces. The second mechanism involved a resonance
oscillation, i.e. a matching of the bubble oscillation frequency with the frequency
of eddies arriving during each cycle of bubble oscillation. Depending on the eddy
arrival frequency, bubble deformation may increase or decrease. In case of a defor-
mation increase the bubble may fragment (Risso & Fabre, 1998). By introducing
a new parameter called the mean efficiency coefficient and using the Weber num-
ber the authors were able to predict the occurrence of both mechanisms. Risso &
Fabre (1998) defined the mean efficiency coefficient Cd(t) (t being time) as the ratio
between the average of maximum bubble deformation and the average of maximum
Weber number:

Cd(t) =
∞∫

0

ζ dFt /

∞∫
0

We dF turbt (1.4)

with ζ being the bubble deformation, Ft being the distribution function of the pro-
bability that the maximum deformation is less than Z (0 ≤ Z ≤ ∞), We denoting
the Weber number and F turbt is the distribution function of the maximum turbulent
intensity. The authors noted that a decreasing mean efficiency coefficient indicates
an increasing bubble diameter.

Effects of acoustical coupling

Hsiao et al. (2001) investigated the behaviour of two forced bubbles interacting with
each other experimentally and theoretically. The bubbles were individually released
from an underwater nozzle rather than being formed by binary fragmentation. A
speaker was used to drive the bubbles into oscillation. For both, the experimen-
tal and the theoretical investigations, Hsiao et al. (2001) found two eigenmodes, a
symmetrical and an anti-symmetrical mode demonstrating that both bubbles are
acoustically coupled.

Ida (2002) investigated transition frequencies of two oscillating bubbles theoreti-
cally assuming acoustic coupling. The author defined the transition frequency as
the frequency of external sound for which the phase difference between the oscilla-
ting bubble and the external sound is π/2. Using linear theory, Ida (2002) found
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that a bubble acoustically interacting with another bubble had three transition fre-
quencies, two natural frequencies and one additional characteristic frequency. As
noted by the author traditional theories predict only two natural frequencies.

Czerski & Deane (2011) performed numerical and laboratory experiments to in-
vestigate how two daughter bubbles generated by bubble fragmentation influence
each other. They found that both daughter bubbles form an acoustically coupled
system and that certain phenomena can be explained by taking acoustic coupling
effects into account. One of these phenomena is the frequency gap which in shown
in Figure 1.6.

Figure 1.6: Theoretical frequencies for two daughter bubbles. Taken from Czerski &
Deane (2011). Original caption: FIG. 5. (Colour online) The calculated
frequencies of the system of two daughter bubbles as a function of the bub-
ble radius ratio. Thick solid lines indicate the frequencies in the uncoupled
case, and the thin solid and dashed lines show the modified frequencies for
a perfectly coupled system. This simple calculation ignores damping but
demonstrates the principle that a frequency gap is expected. Frequency is
plotted relative to the natural frequency of the parent bubble, ω0. The thin
solid lines represent bubbles with separation D [. . . ]. The dashed lines rep-
resent bubbles with separation 2D, to illustrate how the effect of coupling
decreases as bubble separation increases.

As explained by Czerski & Deane (2011) the frequency gap is a range of oscillation
frequencies that cannot be produced by coupled daughter bubbles even if the daugh-
ter bubbles have the sizes corresponding to these frequencies in the uncoupled case.
The authors found this range of suppressed frequencies in their models as well as
in their experimental data. They also observed a decrease of coupling effects with
increasing distance of both bubble centres. This is shown in Figure 1.6 where the
thin blue lines represent the case when both bubble centres are separated by the dis-
tance D, and the red dashed lines representing a separation of 2D. With the larger
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distance between both bubbles, relative frequencies between 1.2 to 1.4 cannot be
produced, if both bubbles are of equal size (R1/R2 = 1). This range of suppressed
relative frequencies expands to 1.1 to 1.5, if both bubbles are separated by distance
D, i.e. if they are closed together. Consequently, a decrease in acoustic coupling
strength narrows the frequency gap (Czerski & Deane, 2011), i.e. more frequencies
can be produced since the bubble is less limited in its oscillatory behaviour due to
the weaker influence of the neighbouring bubble.

Czerski & Deane (2011) reported on two main modes produced by both bubbles, the
in-phase mode, and the anti-phase mode. Bubbles oscillating in phase reach their
maximum/ minimum radius simultaneously. When oscillating in anti-phase mode
one bubble reaches its maximum radius when the other bubble reaches its minimum
radius and vice versa. Czerski & Deane (2011) observed that in the anti-phase mode
the amplitude of the radiated acoustic energy is very low, because the rarefaction
wave caused by one bubble and the compression wave caused by the other bubble
cancel out. The authors concluded that fragmentation events generating similar
sized daughter bubbles oscillating in anti-phase mode are quiet and more difficult
to detect resulting in a possible underestimation of the bubble population.
For similar sized bubbles oscillating in phase, Czerski & Deane (2011) found that
the corresponding acoustic signal resembles the signal of a single oscillating bubble
having the same radius as the parent bubble. However, the authors pointed out that
the damping of the bubble pair signal is twice the damping of the signal emitted by
a single bubble with a radius of the parent bubble. Consequently, the acoustic signal
produced by similar sized daughter bubbles oscillating in phase can be distinguished
from a single bubble signal by determining the damping. The authors noted that the
sizes of both similar sized bubbles can still be calculated from the coupled modes,
if acoustic coupling is taken into account.

Czerski & Deane (2011) also examined the relationship between oscillation frequency
and amplitude, i.e. energy, emitted during bubble fragmentation. They found that
the energy emitted by the larger bubble (lower frequency) is greater than the energy
emitted by the smaller bubble (higher frequency). Additionally, the smaller bubble
forces the larger bubble into an anti-phase oscillation relative to its original oscilla-
tion mode. Thereby, the majority of total radiated acoustic energy is very low.
Summarizing, the research of Czerski & Deane (2011) showed that acoustic coupling
has a strong influence on the amplitude and frequency of the emitted signal, espe-
cially for small radius ratios. For bubble fragmentation a frequency gap is expected
that can be explained by coupling effects since both daughter bubbles constitute
an oscillatory system with an in-phase and an anti-phase mode (Czerski & Deane,
2011).
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Water conditions

Water temperature, salinity, surface tension and viscosity may change the way bub-
bles fragment. Water temperature changes the viscosity, which changes the fluid
dynamics resulting in altered shear forces acting on the bubble. In the following,
literature discussing the influence of water temperature, salinity and surface tension
on bubble dynamics is reviewed.
There are only few studies on the effect of water conditions on the final bubble
population. Hwang et al. (1991) investigated the entrainment depth of bubbles for
a water temperature ranging from 5 to 40 °C. A water jet was used to simulate
the jet of a breaking wave. Hwang et al. (1991) observed a critical water tempera-
ture of 11 °C. For temperatures below 10 °C no bubbles were generated. Bubbles
were generated continuously and entrained as the water temperature reached 11 °C.
Hwang et al. (1991) observed a gradual increase of the bubble entrainment depth
for temperatures between 11 to 17 °C, while no significant changes were observed for
temperatures between 19 to 36 °C.

Loewen et al. (1996) determined bubble size distributions under breaking waves
in the laboratory for fresh water and salt water. They found no significant differ-
ence for the bubble size distribution in fresh water and salt water for bubbles larger
than 0.8 mm. Similarly, the depth distribution (number of bubbles per cubic metre
as function of depth) was mainly the same for fresh and salt water. Loewen et al.
(1996) observed a high number of large bubbles being formed underneath small-scale
waves with approximately 10 cm in amplitude and 1.5 m in wavelength. Referring to
the results of Keeling (1993) the authors therefore concluded that bubble-mediated
gas transfer between ocean and atmosphere may be significant even for a calm sea
surface and low wind speeds.

Slauenwhite & Johnson (1999) performed laboratory experiments to investigate the
influence of salinity on fragmentation of micro-bubbles. Bubble fragmentation was
caused by a water jet passing through the micro-bubble. Slauenwhite & John-
son (1999) found that micro-bubbles in salt water broke up into more and smaller
daughter bubbles than in fresh water. The authors also reported an increase of
newly formed daughter bubbles for a decrease of temperature from 20 °C to 3 °C in
salt water.

Winkel et al. (2004) generated micro-bubbles using a metal plate with pores of
40 µm diameter and determined bubble size distributions for varying salinity and
surfactant concentrations under laboratory conditions close to a wall. The bubble
size was determined using a high-speed camera. Winkel et al. (2004) found that the
mean bubble diameter decreased with increasing salt and surfactant concentrations.
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Bubbles in salt water of 33 ppt were by a factor of four smaller than bubbles in
fresh water. As 22 ppm of the surfactant Triton-X-100 were added to the water the
mean bubble diameter decreased by a factor of two. Winkel et al. (2004) noted that
they could not comment on the influence of salinity on bubble fragmentation since
their measurements were too far away from the air injector where fragmentation was
expected to take place.
The observations on micro-bubbles by Slauenwhite & Johnson (1999) and Winkel
et al. (2004) of a decreasing bubble diameter with increasing salinity disagree with
the results by Loewen et al. (1996) who found no influence of salinity on the bubble
size for large bubbles. Garrett et al. (2000) questioned the relevance of the results
by Slauenwhite & Johnson (1999) for oceanic bubble production since the bubbles
by Slauenwhite & Johnson (1999) were generated with an orifice.

Czerski & Deane (2010) performed numerical and laboratory experiments to inves-
tigate bubbles pinching off from a nozzle in fluids of varying surface tension. They
also compared bubble dynamics in fresh water and salt water. Their experiments
focused on the neck collapse and the jet retracting to the bubble centre which excites
the bubble into a volume oscillation (see paragraph “Pinch-off and corresponding
sound generation”, page 24). Czerski & Deane (2010) investigated surface tension
effects on pinch-off only, but not for fragmentation. They found that a decreasing
surface tension resulted in a decreased bubble size since the buoyancy overcomes the
surface tension at a smaller bubble volume. They also observed that the bubble neck
retracted slower at lower surface tensions. Their finding that a decreased surface
tension resulted in a decreased bubble diameter is in agreement with the results by
Winkel et al. (2004) even though the sizes of the investigated bubbles differ by three
orders of magnitude.
When they compared the neck dynamics in fresh water and salt water Czerski &
Deane (2010) observed no significant difference. This is because salt water has a
higher density (approximately 1,027 kg/m3) than fresh water as well as a higher
surface tension (typically 0.074 N/m instead of 0.072 N/m, Czerski & Deane, 2010).
According to the authors these two effects nearly cancel out. Consequently, the
forcing mechanism driving the bubble into oscillation is the same for fresh and salt
water (Czerski & Deane, 2010).

Salter et al. (2014) investigated bubble size distributions at the water surface gene-
rated by a continuous plunging jet under varying water temperatures. They found
that the number of bubbles decreased non-linearly with increasing water tempera-
ture. Consequently, the air entrainment as well as the aerosol production decreased
as shown in Figure 1.7. Hence, the results by Salter et al. (2014) suggest that there
are significant changes to the bubbles at lower temperatures.

Salter et al. (2014) concluded that an increasing sea water temperature changed
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Figure 1.7: Aerosol production as a function of sea water temperature. Taken from
Salter et al. (2014). Original caption: Figure 6. (a) Mean aerosol number
size distributions (error bars represent 1σ) measured at all seawater tem-
peratures investigated and (b) the same plot with axes scaled to highlight
the optical particle counter data. In this panel, error bars are omitted for
clarity for all temperature experiments except that of the coldest seawater
where they were highest.

the way bubbles fragment. The authors posed the question whether their observed
decrease in bubble concentration with increasing water temperature was an artifact
of the continuous plunging jet or whether their observations were applicable to the
ocean where breaking waves generate bubble plumes. If the latter was the case, this
would mean a greater aerosol production at high latitudes due to increased bubble
densities at lower water temperatures (Salter et al., 2014).
A greater aerosol production at cold water temperature was experimentally con-
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firmed by Nielsen & Bilde (2020). The authors found a significant increase in aerosol
particles formed per bursting bubble when sea water was cooled from 19 °C to 0 °C.
Salter et al. (2014) stated that increased aerosol productions in cold water could be
of importance regarding an expected increase of cold water masses in the Arctic as
a result of climate change and melting ice resources.

The β-parameter

Binary fragmentation caused by turbulent water conditions is a stochastic process
since firstly, turbulence is stochastic and secondly, the way bubbles rise through
the turbulence is different for every bubble. Hence, statistical methods should be
applied for analysis of experimental data. One of these methods is to determine
the bubble size distribution as done in e.g. Loewen et al. (1996) or Deane (1997).
This paragraph describes the volume split ratio that can be obtained from a series
of fragmentation events. The β-parameter describing the shape of the volume split
ratio is explained.
Once a fragmentation event has been detected the radii of the individual daughter
bubbles can be calculated from the bubble oscillation frequency using Equation 1.1
(Minnaert, 1933; Melville, 1996; Manasseh et al., 2001). Repetition of this process
yields the volume split ratio, i.e. a statistical distribution of the daughter bubble
sizes. Bubble size distributions have been determined for bubbles formed under-
neath laboratory breaking waves (Baldy, 1988), bubble plumes in the ocean (Deane
& Stokes, 2002) and bubbles formed in natural brooks (Leighton & Walton, 1987).
Haines & Johnson (1995); Winkel et al. (2004) and Salter et al. (2014) observed
bubble size distributions of different shapes depending on salinity, surface tension
and the fluid temperature.

Martínez-Bazán et al. (2010) reviewed several theoretical bubble fragmentation mo-
dels (models given below) and depending on the model found two main types of
shape of the resulting bubble size distribution. Figures 1.8 and 1.9 show examples
for both types of theoretical bubble size distributions.

Martínez-Bazán et al. (2010) distinguished a ∩ - shape and a ∪ - shape with a smooth
continuum of shapes between them as a range of possible shapes a bubble size distri-
bution can exhibit. For a fragmentation cascade, it is reasonable to expect that the
volume split ratio could have a significant effect on the final bubble population. A
∩ - shaped distribution means that many daughter bubble pairs are of similar size.
In contrast, a ∪ - shaped distribution indicates that only few daughter bubble pairs
are of similar size (Martínez-Bazán et al., 2010). The authors observed that the
theoretical bubble size distribution evolved from ∩ - to ∪ - shape as the dissipation
rate ε of turbulent kinetic energy increased from ε = 3.5 m2 s−3 to ε = 10 m2 s−3 (cp.
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Figure 1.8: Example of bubble size distribution with ∩ shape. Taken from Martínez-
Bazán et al. (2010). Original caption: Figure 2. (a) Daughter-bubble
p.d.f. as a function of the bubble volume, given by (3.6) and (3.10) for
two different values of ε [. . . ]. p.d.f. means probability density function
and ε is the dissipation rate of turbulent kinetic energy.

Figure 1.9: Example of bubble size distribution with ∪ shape. Taken from Martínez-
Bazán et al. (2010). Original caption: Figure 4. (a) Daughter-bubble p.d.f.
as a function of the bubble volume, given by (3.20) [. . . ]. V ∗ = V/V0 is the
dimensionless daughter bubble volume with V and V0 being the daughter
bubble and parent bubble volume, respectively.
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Figure 1.8).

To determine the theoretical bubble size distribution Martínez-Bazán et al. (2010)
proposed a model that was a function of fluid density ρ, viscous dissipation rate of
turbulent kinetic energy ε, fluid surface tension σ, dimensionless bubble volume, We-
ber number We, and a dimensionless parameter β. According to Martínez-Bazán
et al. (1999) β was a constant determined by integrating the difference between
velocity fluctuations of two separated points over the range of turbulence scales.
Assuming the fluid parameters ρ and σ to be constant and allowing β to vary im-
plies that the bubble size distribution was a function of ε and β only. Hence, ε and
β are of importance as they determine the shape of the bubble size distribution.
Furthermore, a bubble size distribution obtained under laboratory conditions may
be fitted with a 2-parameter-model in order to determine ε and β. Knowing these
parameters enhances the understanding of how the shape of the bubble size distri-
bution varies under varying fluid conditions. That means that most of the physics
associated with binary bubble fragmentation is contained in ε and β, which is why
these parameters are of importance. Martínez-Bazán et al. (1999) and Martínez-
Bazán et al. (2010) assumed a constant β = 8.2.

The main intention of Martínez-Bazán et al. (2010) was to review existing bubble
fragmentation models and to propose improvements to these models. In particu-
lar, Martínez-Bazán et al. (2010) emphasized that any fragmentation model needs
to satisfy the volume conservation and a normalization condition. Martínez-Bazán
et al. (2010) pointed out that volume conservation is automatically achieved, if the
mathematical model is expressed in terms of bubble volume rather than bubble di-
ameter.
Initially, Martínez-Bazán et al. (2010) reviewed the fragmentation model by Martínez-
Bazán et al. (1999). Martínez-Bazán et al. (1999) considered a parent bubble of dia-
meterD0 that splits into two daughter bubbles of diameterD1 andD2. Furthermore,
the authors used a critical diameter Dc = [12σ/(βρ)]3/5ε−2/5 which was the diame-
ter of a bubble such that the turbulent forces acting on the bubble surface equalled
the restoring forces induced by surface tension (Martínez-Bazán et al., 2010). In ad-
dition, Martínez-Bazán et al. (1999) introduced the parameters Λ = Dc/D0 and
D∗ = D1/D0. Using the normalization condition

∫ 1
0 f
∗(D∗)d(D∗) = 1 Martínez-

Bazán et al. (1999) arrived at their probability density function f∗(D∗):

f∗(D∗) = P (D∗)
1∫
0
P (D∗)

= [D∗2/3 − Λ5/3][(1−D∗3)2/9 − Λ5/3]
D∗

max∫
D∗

min

[D∗2/3 − Λ5/3][(1−D∗3)2/9 − Λ5/3]dD∗
(1.5)

Here, P (D∗) denotes the probability for the formation of a daughter bubble with
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diameter D∗. The integral limits are given by D∗min = [12σ/(βρ)]3/5ε−2/5 and
D∗max = D0[1− (D∗min/D0)3]1/3 (Martínez-Bazán et al., 1999).
Martínez-Bazán et al. (2010) noted that this model (Equation 1.5) did not conserve
volume as it was expressed in terms of the bubble diameter. Hence, using the di-
mensionless bubble volume V ∗ = V/V0 with V being the daughter bubble volume
and V0 being the parent bubble volume and introducing the volume conserving nor-
malization condition

∫ 1
0 f
∗
V (V ∗)dV ∗ = 1 Martínez-Bazán et al. (2010) proposed the

following model:

f∗V (V ∗) = PV (V ∗)
1∫
0
PV (V ∗)dV ∗

= [V ∗2/9 − Λ5/3][(1− V ∗)2/9 − Λ5/3]
V ∗

max∫
V ∗

min

[V ∗2/9 − Λ5/3][(1− V ∗)2/9 − Λ5/3]dV ∗
(1.6)

Martínez-Bazán et al. (2010) noted that the flaw in the model by Martínez-Bazán
et al. (1999) was already reported by Lasheras et al. (2002) who also reviewed ex-
isting bubble fragmentation models.

Using the model by Martínez-Bazán et al. (1999) (Equation 1.5) Lasheras et al.
(2002) investigated the change in shape of the bubble size distribution for varying
parent bubble diameter D0 and varying dissipation rate ε of turbulent kinetic energy.
Figures 1.10 and 1.11 show the evolution of the bubble size distribution for varying
ε and D0, respectively.

Figure 1.10: Bubble size distributions for varying ε. Taken from Lasheras et al.
(2002). Original caption: Fig. 17. Dimensionless daughter particle pro-
bability density function for the Martínez-Bazán model, indicating the
evolution of the pdf with the dissipation rate of turbulent kinetic energy,
ε (m2s−3). [. . . ]

Lasheras et al. (2002) observed that the peak of the bubble size distribution re-
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Figure 1.11: Bubble size distributions for varying D0. Taken from Lasheras et al.
(2002). Original caption: Fig. 18. Dimensionless daughter particle
probability density function for the Martínez-Bazán model, indicating the
evolution of the pdf with the mother particle diameter, D0. [. . . ]

mained at 0.8 which in the Martínez-Bazán model indicated daughter bubbles of
equal size. In addition, the bubble size distribution became wider as either D0 or ε
increased. Lasheras et al. (2002) explained this behaviour stating that as the tur-
bulence increased Dmin decreased, i.e. the formation of smaller daughter bubbles
was more likely than in less turbulent conditions. As D0 increased there were more
eddies of diameter smaller than the parent bubble resulting in a higher probability
for the formation of smaller daughter bubbles (Lasheras et al., 2002).

Note that Lasheras et al. (2002) investigated the influence of ε and D0 on the shape
of the bubble size distribution while taking the β-parameter as a constant given by
β = 8.2. However, there is no literature available examining the influence of the β-
parameter on the bubble size distribution. Hence, the influence of the β-parameter
on the bubble size distribution under laboratory conditions remains unknown as well
as the value of β for bubble plumes in the ocean.

The bubble fragmentation model by Martínez-Bazán et al. (2010) as well as most
of the models reviewed by Lasheras et al. (2002) were not validated with laboratory
fragmentation measurements, which is partly due to the low number of studies on
laboratory bubble fragmentation. Filling this gap of experimental fragmentation
data and the opportunity to validate fragmentation models are major motivations
for the present study.
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1.4 Main Findings of Literature Review

The main results drawn from the literature review are:

• Ocean bubbles are of great importance for the global climate as they mediate
the ocean-atmosphere gas transfer and thereby e.g. enhance the CO2 uptake
by the ocean (Farmer et al., 1993; Keeling, 1993)

• Sound can be used to monitor the volume split ratio of fragmenting bubbles

• Fragmenting bubbles form an acoustically coupled system explaining the fre-
quency gap (Czerski & Deane, 2011). The coupling strength is inversely pro-
portional to the distance of the daughter bubble centres

• Water temperature, salinity, surface tension and viscosity are likely to affect
bubble size and fragmentation rate (Hwang et al., 1991; Czerski & Deane,
2010)

• Bubble generation seems to change significantly for cold water temperatures.
Hence, bubble production in the Arctic could be sensitive to the water tem-
perature (Salter et al., 2014). More research is needed on bubble formation
below 11 °C.

• Bubbles smaller than the Hinze scale are stabilized by surface tension and will
not fragment (Deane & Stokes, 2008)

• The shape of the bubble size distribution is a function of two parameters: the
dissipation rate ε of turbulent kinetic energy and the β-parameter (Martínez-
Bazán et al., 2010)

• The β-parameter for laboratory and ocean conditions is unknown

• There are only a few field measurements of ocean surface bubbles available,
hence laboratory studies are necessary to help fill the gap of knowledge on
bubble size distributions under ocean conditions and the corresponding β-
parameter

1.5 Aims and Objective

The aims of the present study are:

• Investigate the effects of varying water temperature and surface tension on the
volume split ratio of bubbles fragmenting in a sheared flow field

• Visualize the flow field around a bubble using Particle Image Velocimetry
(PIV) for varying flow tube offset and flow velocity, and to characterize the
local shear rate

• Determine the location of bubble fragmentation in the flow field of varying
flow velocity and water surface tension

• Correlate the local shear rate with bubble fragmentation



44 1.6 Thesis Outline

In this study, the volume split ratio will be determined for six water temperatures
ranging from 3 to 30 °C and three values of surface tension ranging from 0.031 to
0.070 N/m. Bubble fragmentation is caused by two colliding water jets and a vertical
distance (offset) between the flow tubes of 1 cm.
Furthermore, using PIV equipment, the flow field will be visualized for four different
flow tube offsets, and three values of the flow velocity will be tested. With these
experiments different shear forces will be investigated.
Finally, the location of bubble fragmentation in the flow field is determined, and the
effect of a varying water flow as well as a varying water surface tension are analysed.

As found in the literature review there is good reason to believe that water tempe-
rature, salinity, surface tension and viscosity may change the way bubbles fragment.
However, there are only few data sets available examining this hypothesis. This is
one of the main objectives of the present study. Here, acoustic methods are used to
monitor the presumably changing behaviour of bubbles fragmenting under different
water conditions.

1.6 Thesis Outline

This thesis is organized as follows: Chapter 2 describes the experimental setup, op-
timization of the experimental performance and methods of data analysis (Sections
2.1 - 2.4). In Chapter 3 results of the experiments are presented and discussed be-
ginning with pinch-off and fragmentation results under reference conditions (Section
3.1) and proceeding to the influence of temperature and surface tension on pinch-off
and fragmentation events (Sections 3.2 and 3.3). A summary of results is given in
Sections 3.2.3 (temperature effects) and 3.3.3 (effects of surface tension). Chapter
4 will present and discuss results of 2D PIV measurements of different flow fields
including flow velocities, dissipation rates and shear rates.
Chapter 5 synthesizes the results from the two previous chapters by determining the
location of bubble fragmentation in the flow field. After investigation of reference
conditions (Section 5.1), the flow velocity is varied, and fragmentation location is
related to the 2D PIV fields of velocity, shear, and dissipation rate. The relation-
ship between the volume split ratio and maximum shear rate is investigated as well
as fragmentation types and bubble shape prior to fragmentation (Section 5.2). An
analysis on the effect of surface tension on the fragmentation location completes this
chapter.
Chapter 6 draws conclusions from the present study and provides directions for
future research to enhance our current understanding of bubble dynamics.



Chapter 2

Methodology

In this chapter the experimental setup and methods of data analysis are described.
Section 2.1 gives an overview of the process of data acquisition and Section 2.2
describes problems encountered during the experimental setup and data processing
and how these were solved. Section 2.3 explains how the data was pre-processed
before carrying out the data analysis. Finally, the actual data analysis is described
in Section 2.4. This chapter does not describe the Particle Image Velocimetry setup
since this technique was not used for the pinch-off and fragmentation experiments.
The PIV system is described in Chapter 4 along with the PIV experiments.

2.1 Experimental Setup

General setup and water cycle

The experiments described below were performed in the fluids laboratory at Univer-
sity College London, UK. The purpose of the experimental setup was to generate a
high shear flow to monitor bubble fragmentation behaviour. This setup of two col-
liding water jets is commonly used to investigate bubble fragmentation in sheared
flow conditions (e.g. Deane & Stokes (2006)), and therefore allows comparison with
other studies. The setup facilitates establishment of links between local shear rates
and bubble fragmentation. In the ocean, bubbles are generated under breaking
waves, i.e. by interaction of the wave crest with the wave face (Deane & Stokes,
2002). This is a sheared flow situation justifying the choice of a sheared flow scenario
for laboratory experiments. Additionally, bubble fragmentation is a quiet process,
hence, a quiet environment is required. Two colliding water jets fulfill this low noise
condition in contrast to e.g. mechanical devices like propellers.
Individual bubbles were generated at the bottom of the tank and were free to rise
before reaching the high shear region. The setup comprised two water tanks as
shown in Figures 2.1 and 2.2. The smaller feeder tank (in Figure 2.1 right tank)
measured 26.6 cm × 26.6 cm × 33.6 cm. The size of the larger tank (in Figure 2.1

45
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left tank), where measurements were carried out, was 31.0 cm × 31.0 cm × 51.0 cm.

Figure 2.1: Diagram of the experimental setup to study bubble fragmentation. Left
is the measurement tank, right is the feeder tank.

Figure 2.2: Experimental setup and water cycle. Measurement tank is on the left,
feeder tank is on the right.

Fresh water was pumped from the feeder tank into the measurement tank using a
high-performance pump by Cole Parmer (model number: 77600-62) rotating at a
pump speed of 50 rpm (pump not shown in Figure 2.2). The water entered the mea-
surement tank through two glass tubes forming two colliding water jets generating
a region of high shear. As bubbles passed through this shear, they often split up
into two daughter bubbles (binary fragmentation). A hydrophone manufactured by
Reson (model number: TC4013-1) was located close to, but outside, the impinging
jet region to record the bubble sound produced during the fragmentation process.
The bubbles were generated at the tank bottom by pumping air through a thin glass
tube. The nozzle was installed approximately 10 cm above the tank bottom, and
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bubbles were generated at a low rate of one bubble every 1.22 s to 2.65 s to ensure
that each bubble was independent of preceding and subsequent bubbles. Tap water
was used for all experiments performed in this study. The fragmentation process is
assumed to be the same in both fresh and salt water. This was shown by Czerski
& Deane (2010) who found no significant difference for the collapsing bubble neck
during pinch-off experiments (cf. Section 1.3, p. 36). The reason is the higher
density and the higher surface tension of salt water compared to fresh water. These
two effects nearly cancel out (Czerski & Deane, 2010).

Tank connection

The undisturbed water depth was approximately 30 cm in both tanks for all experi-
ments. During the experiments, the water level in the measurement tank increased
due to the additional water input through the glass tubes. Simultaneously, the wa-
ter level in the feeder tank decreased due to the outflow through the pump. To
close the water cycle a bridge was installed comprising a single piece of siphon filled
with water. The siphon connected both water tanks so that the difference in water
pressure in both tanks resulted in water flowing from the measurement tank into
the feeder tank while the pump was running. The water level in both tanks stopped
changing as soon as the water input was equal to the water output. Thereby, the
siphon established an equilibrium of flow rates in both tanks during the experiments.
After the pump had been switched off water kept flowing through the siphon due to
the difference in water pressure until the water level in both tanks was equal again.
A major advantage of separating measurement and feeder tanks was to avoid noise
produced by pump vibrations that could be recorded by the hydrophone.
Acoustic data was collected for bubble fragmentation close to the impinging jets as
well as for bubble pinch-off close to the glass nozzle at the tank bottom. Since a
single hydrophone was used to record the acoustic signals the data for fragmentation
and pinch-off was recorded in separated experimental runs and the hydrophone was
moved to the corresponding region of interest, i.e. fragmentation region or pinch-off
region. The sampling frequency for data acquisition was 40 kHz for all experiments.

Acoustics

After being recorded by the hydrophone the data was amplified using a VP2000 hy-
drophone pre-amplifier (model EC6081) by Reson. The amplified signal was trans-
mitted to a data acquisition board (NI USB 6259) manufactured by National In-
struments. Finally, the signal was transferred to the measurement computer where
the data was stored.
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Temperature

The aim of the present study is the investigation of bubble characteristics at differ-
ent water temperatures. Pinch-off and fragmentation experiments were performed
at six water temperatures between 3 to 30 °C, respectively. The water temperature
was measured continuously either close to the pinch-off region, i.e. approximately
10 cm above the tank bottom, or close to the fragmentation region using a manual
glass thermometer. To increase the water temperature two commercially available
aquarium heaters were used.

Ice Input

To cool the water down commercially available ice cubes were used. During fragmen-
tation experiments in cold water the ice was placed in the feeder tank while during
pinch-off experiments the ice was added in the measurement tank. The reason for
this was that during pinch-off experiments the pump was not in use to avoid vibra-
tions disturbing the data acquisition. Consequently, there was no water exchange
between the tanks. Since ice melted during the experiments a certain amount of wa-
ter was added to the system. To avoid water overflowing from the tank during the
fragmentation experiments the additional water volume was manually skimmed from
the feeder tank while data acquisition was in progress. However, since the feeder
and measurement tanks were physically decoupled skimming water did not affect
data acquisition. During pinch-off events (ice in measurement tank) the additional
amount of water was not skimmed to ensure undisturbed hydrophone recordings.
Consequently, the water depth increased from 30 to 34 cm during data acquisition.
For pinch-off experiments in cold water an initial amount of 3 kg ice was necessary to
cool the water from 22 °C down to 11 °C, and another kilogram was needed to main-
tain a stable water temperature throughout the measurement time. When adding
the last ice portion, the data acquisition was paused and resumed after attenuation of
any disturbances. The experiments on bubble fragmentation in cold water required
a larger amount of ice since the pump activity caused continuous water circulation
changing the water temperature at a specific site continuously. For the initial cool
down from 22 °C to 11 °C an amount of 2.5 kg ice was added to the measurement and
feeder tank, respectively. During the course of measurement another 5 kg of ice were
gradually added to keep the water temperature stable. However, the temperature
in the fragmentation region varied between 9.0 °C and 12.0 °C. One reason for the
temperature variation was the continuous water circulation. Another reason was
the fact that for fragmentation experiments the temperature was measured closer
to the water surface, i.e. close to the fragmentation region. However, higher density
cold water sank to the tank bottom making it difficult to maintain a low tempe-
rature close to the surface. The water temperature was recorded every one to two
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hours using a glass thermometer. During pinch-off experiments the thermometer
was located approximately 10 cm next to the glass nozzle where bubbles were pro-
duced, and 10 cm above the tank bottom. During fragmentation experiments the
thermometer was moved upward close to, but outside, the fragmentation region.

Data structure for pinch-off experiments

Due to the unpredictable behaviour of bubbles the total number of bubbles investi-
gated varied for pinch-off and fragmentation experiments. The measurement series
for pinch-off in 22 °C water comprised 1,000 individual time series, each of 4 s acqui-
sition time. Each time series contained 3 - 4 pinch-off events. However, for each time
series only the event with the highest amplitude (loudest event) was analysed, so
that in total 1,000 pinch-off events were investigated in water at 22 °C. For bubble
pinch-off in cold water at 11 °C 300 individual time series with an acquisition time
of 10 s were recorded. Each time series contained 5 - 6 pinch-off events. The ana-
lysis algorithm was adapted so that all pinch-off events in each file were analysed,
resulting in a total number of 1,798 investigated pinch-off events in water at 11 °C.
Pinch-off experiments were performed at a total of four water temperatures, i.e. 3,
11, 22 and 30 °C, with similar data structures for each temperature.

Data structure for fragmentation experiments

Fragmentation experiments were performed at six water temperatures, 3, 5, 8, 11,
22 and 30 °C. Figure 2.3 shows a typical fragmentation event at 22 °C, a pump speed
of 50 rpm and 1 cm tube offset.
The data structure for fragmentation data was similar to the structure described
above and it was applied to all fragmentation data sets, except fragmentation at
22 °C. At this temperature, 1,000 individual files were recorded, where each file
contained 1 - 2 fragmentation events and only the loudest was analysed giving a
total number of 1,000 fragmentation events for water at 22 °C. The data acquisition
time was 4 s. In addition, for this data set a quality control was performed, i.e. each
fragmentation event was manually checked for quality to avoid outliers and electrical
noise in the measurements. The following questions were addressed by the quality
control:

1. Is this the signal of an actual fragmentation event?

2. Is the signal-to-noise ratio acceptable?

3. Is the signal duration sufficient for analysis?

4. Are there any other artifacts preventing a reasonable analysis?
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This quality control was applied to the data set at 22 °C only since manual check-
ing seemed to bias the results due to subjective judgment of the experimenter. For
fragmentation in water at 11 °C, 1,000 individual files were recorded, where each file
contained 3 - 4 fragmentation events and all were included in the analysis, giving a
total number of 3,998 fragmentation events in water at 11 °C. The data acquisition
time was 10 s.
One limitation of using acoustic methods may be the detection of small daughter
bubbles. This is because the restoring surface tension forces cause small bubbles to
return to their state of equilibrium faster than larger bubbles whose breathing mode
oscillation may last 10 ms or longer. Due to the short duration of their breathing
mode oscillation (or a poor signal-to-noise ratio) small daughter bubbles may not
be detected in the signal analysis even though their acoustic signal was recorded by
the hydrophone.
The fragmentation rate was determined by counting fragmentation events in a se-
quence of 100 subsequent bubbles. For each temperature, this process was repeated
6 to 12 times over the whole duration of data acquisition, and the average over these
sample rates was calculated. One exception was the temperature of 11 °C where
fragmentation events were counted in a sequence of 10 subsequent bubbles. For
most temperatures, the fragmentation rate was checked every 30 to 60 min. This
process resulted in fragmentation rates of 36.0 % to 66.3 %. Table 6.1 summarizes
the fragmentation rate and the frequency at which it was determined for all tempe-
ratures tested. A discussion on table 6.1 and on the fragmentation rate is given on
pages 226 and 227, respectively.
Table 2.1 summarizes the experiments performed in this study.

Pinch-off Fragmentation
22 °C 11 °C 22 °C 11 °C

1,000 events 1,798 events 1,000 events 3,998 events
1,000 files 300 files 1,000 files 1,000 files
3-4 events/file 5-6 events/file 1-2 events/file 3-4 events/file
1 event/file all events/file 1 event/file all events/file
for analysis for analysis for analysis, for analysis

quality control
Daq time: 4 s Daq time: 10 s Daq time: 4 s Daq time: 10 s
1 bubble/1.22 s 1 bubble/1.72 s 1 bubble/1.90 s 1 bubble/2.65 s

pump speed: 50 rpm
sampling rate: 40 kHz

Daq board: NI USB 6259, single hydrophone
Bubble radius: Bubble radius: - -
3.3 mm 3.4 mm
All temperatures: 3, 11, 22 and 30 °C All temperatures: 3, 5, 8, 11, 22 and 30 °C

Table 2.1: Overview of all experimental conditions investigated. “Daq” means “Data
acquisition”.
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(a) 0 ms (b) 5.06 ms

(c) 10.24 ms (d) 15.53 ms

(e) 24.21 ms (f) 26.99 ms

(g) 30.84 ms (h) 32.05 ms

(i) 32.41 ms (j) 38.19 ms

Figure 2.3: High speed camera images of a fragmentation event at 22 °C, 50 rpm and
1 cm flow tube offset.
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Reference conditions

Water at room temperature was assumed to have a surface tension of σ = 0.072 N/m
and a density of ρ = 1,000 kg/m3 (Deane et al., 2008). For reasons of brevity, here-
after the term reference conditions will be used to describe water with the following
properties: temperature T = 22 °C, surface tension σ = 0.072 N/m and density
ρ = 1,000 kg/m3.
For all experiments clean fresh water was used. A good water quality was ensured
either by filling the tanks with clean tap water prior to data acquisition or by clean-
ing the water in both tanks using a water treatment unit designed to exfiltrate any
organic or inorganic material from the water.
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2.2 Optimization of the Experimental Setup

This section describes some problems and drawbacks experienced during the expe-
rimental phase, and how these problems were solved. As described in the following,
most of the problems experienced were caused by the individual components used in
the experimental setup including the air pump, nozzles, hydrophones, water pump,
flow tubes, tank connection and algae growth.

Bubble independence

Individual bubbles were generated at a production rate low enough to ensure each
bubble was independent of previous and subsequent bubbles (see Table 2.1 for de-
tails). The decreased air flow resulted in a low air pressure inside the nozzle allowing
a tiny amount of water penetrating the nozzle with every bubble formed. Over time,
a water droplet formed inside the nozzle disrupting the air flow. Thus, the bubble
sequence was temporarily interrupted until the water droplet was pushed out of the
nozzle by the continuous air flow. Shortly afterward, the former bubble formation
rate was re-established, and the next water droplet began to form. The water droplet
interrupted bubble generation for approximately 9 s so that bubbles were generated
at a rate of approximately 1 bubble every 1.22 s to 9 s.

Bubble production

To generate individual bubbles of equal size three different glass nozzles were tested
(see Figure 2.4). Initially, a nozzle with a plain surface was used to generate bubbles
(Figure 2.4a). However, soon after installation the nozzle produced a pair of bubbles
at a time instead of individual bubbles. Varying the bubble formation rate remained
without any effect as well as heating the nozzle in the glass blower’s oven to “clean”
the nozzle from any dust particles. Therefore, the plain nozzle was replaced by a
bowl-shaped nozzle which was characterized by a large bowl (air reservoir) before
the actual air outlet (Figure 2.4b). The intention of the additional air reservoir was
to prevent water from penetrating the nozzle, while producing individual bubbles.
The latter worked, but the air pressure inside the reservoir was not sufficient to pre-
vent ingress of water. A sufficiently high air pressure could only be established with
a bubble formation rate that was too high for reasonable experimental performance.
Consequently, the bowl-shaped nozzle was replaced by a cone-shaped nozzle with a
long neck (Figure 2.4c). This nozzle produced the desired individual bubbles, but
the phenomenon of a temporarily interrupted bubble sequence as described above
had to be accepted.
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Figure 2.4: Different shapes of nozzles to generate bubbles. (a): plain nozzle, (b):
bowl-shaped nozzle, (c): cone-shaped nozzle. Nozzle (c) was used for
experiments. Not to scale.

Pump vibration

Despite using two tanks to reduce pump vibrations, the influence of the pump was
noticeable showing itself in an amplitude of the raw data signals being higher by a
factor of 10 compared to experiments performed without running the pump. Addi-
tionally, vibrations of the flow tubes were observed. To reduce the pump vibrations
the pump was placed onto a wooden rack and on a foam mat. Vibrations of the
flow tubes were reduced by clamping the tubes themselves as well as the siphon
connected to them to the aluminium frame built around both water tanks.

Fragmentation rate and tank connection

To generate shear forces acting on the bubbles and causing them to fragment the
flow tubes were installed with an offset in height of approximately 1 cm between
them. Despite the shear flow, the fragmentation rate remained relatively low at
approximately 50 %. Therefore, the pump rotation speed was increased to further
enhance the bubble fragmentation rate.
However, the pump rotation speed was limited by the rate of water flowing through
the bridge connecting measurement tank and feeder tank. Initially, a bridge made
of three individual glass components was used. The bridge was assembled by con-
necting the glass components with a siphon. It was found that the maximum pump
rotation speed with the glass bridge was 40 rpm due to a small inner diameter of the
bridge components and presumably turbulent flow conditions inside the bridge at
the transitions between the individual components (Czerski, pers. communication).
The purpose of the bridge was to establish an equilibrium in water flow between
both water tanks such that the water input into the measurement tank through the
flow tubes equalled the water output through the bridge. A fully established equi-
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librium was achieved when the water levels in both tanks remained constant while
the pump was running.
When using the glass bridge a pump rotation speed exceeding 40 rpm resulted in
a continuously rising water level in the measurement tank since the water input
through the flow tubes exceeded the water outflow. Consequently, the water level
in the feeder tank fell continuously. Over time, this process would have resulted in
a water overflow in the measurement tank and air would have entered the system as
the water level in the feeder tank fell too low causing damage to the pump. On the
other hand, the bubble fragmentation rate achieved with a pump rotation speed of
40 rpm was unsatisfactorily low. Therefore, the three-component glass bridge was
replaced by a single piece of siphon whose inner diameter exceeded the glass bridge
diameter. This feature and an overall laminar flow through the siphon enabled a
higher flow rate through the new bridge and allowed for a higher pump rotation
speed of 50 rpm, which was sufficient to achieve a reasonable bubble fragmentation
rate of 40 % - 60 %.
Finally, the entire water volume was exchanged regularly, and the tanks and siphon
were cleaned regularly to remove dust particles and to avoid algae growth. At the
beginning of each experimental day the water was filtered using a water treatment
unit to exfiltrate any foreign material.

2.3 Data Pre-processing

Before the acoustic data could be used for analysis the acquired raw signals had to
be pre-processed. Data pre-processing comprised application of a filter, calibration,
and normalization. This section provides details on each of these processing steps.
Initially, the acquired raw signal was filtered using a Butterworth filter of order 6
and a cut-off-frequency of 1000 Hz. Then, the time scale of the measured acoustic
signal was reset such that every acoustic signal started at t = 0 ms and ended at t =
10 ms. This step ensured consistency and increased the likelihood for a successful fit
(fitting is discussed later). Next, the filtered signal was calibrated to convert voltage
to sound pressure. For this step, the actual hydrophone sensitivity Sact (in V/Pa)
had to be determined from the hydrophone sensitivity SdB given in dB (cp. Boyd
& Varley, 2001):

SdB = 20 · log10

(
Sact
Sref

)
(2.1)

where Sref represents the reference sensitivity. The reference sensitivity is related
to a reference sound pressure (in Pa) which is defined as the threshold level for
human hearing. For water, this threshold is 1 µPa (Boyd & Varley, 2001). Hence,
the reference sensitivity amounts to Sref = 1V/µPa.
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The hydrophone sensitivity SdB was given by the hydrophone data calibration sheet
provided by the manufacturer and stating a sensitivity of SdB =−213 dB for the
frequency range between 0 to 6 kHz. Solving Equation 2.1 for the actual hydrophone
sensitivity yields Sact = 2.2 · 10−5V/Pa expressing the hydrophone sensitivity in
V/Pa rather than in dB. Having converted the hydrophone sensitivity to a more
useable unit the data was calibrated by dividing the filtered signal by 2.2 ·10−5V/Pa
resulting in the desired sound pressure (Pa).
To compare the results with data found in the literature the calibrated signal was
normalized to 1 m distance using Equation 2.2:

p2
p1

= r1
r2

(2.2)

with: r1: distance between nozzle and hydrophone (amounted to r1 ≈ 0.01 m), r2:
reference distance, i.e. r2 = 1.0 m, p1: sound pressure at r1 (measured signal) and
p2: sound pressure at 1.0 m distance from the nozzle. Thus, Equation 2.2 was solved
for the variable p2.
Since the pre-amplification factor of the pre-amplifier connected to the hydrophone
amounted to 50 dB the normalized signal was divided by this factor, which completed
the data pre-processing.
As a result of the data pre-processing the acoustic signals exhibited amplitudes
ranging from 0.5 to 5.0 Pa, which are consistent with values found in the literature
(Deane et al., 2008; Czerski & Deane, 2011).

2.4 Data Analysis

After data processing including filtering, calibration, and normalization the actual
data analysis was performed. The following section describes methods of data analy-
sis applied to the experimental pinch-off data including: the frequency spectrum, the
(estimated) bubble radius, fitting the acoustic pinch-off data, quality of fit as well
as comparison of the bubble radii determined from the frequency spectrum and fit,
respectively. Furthermore, methods of fitting the experimental fragmentation data
are described including phase optimization, initializing the fitting process, bubble
radius, and volume split ratio.

Frequency spectra for pinch-off and fragmentation

The acoustic signal of a pinch-off event is a damped sinusoidal oscillation (see Figure
2.7). The acoustic signal of a fragmentation event is the sum of two damped sinu-
soidal signals with a rapid start (see Figure 2.9, rapid start not shown). In a first
step, the maximum amplitude of the event signal was determined. Next, a window
of 10 ms duration starting from the signal maximum was chosen as the time inter-
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val used for analysis. For bubbles of approximately 3 mm radius, as investigated in
this study, a duration of 10 ms covers approximately 10 oscillation cycles, which is
sufficient to obtain reliable results.
The oscillation frequency was determined from the 10 ms signal interval by cal-
culating the frequency spectrum using the Welch algorithm (i.e. Matlab function
pwelch). This algorithm divides the acoustic signal into a user-defined number of
segments (here 200 segments) with an overlap of 50%. Each segment is then win-
dowed with a Hamming window, and all segments are averaged to obtain the final
power spectral density (cf. Matlab documentation). Figure 2.5 shows the frequency
spectra for a pinch-off event (Figure 2.5a) and a fragmentation event (Figure 2.5b)
at 22 °C water temperature.

(a) Frequency spectrum for pinch-off

(b) Frequency spectrum for fragmentation

Figure 2.5: Frequency spectra for pinch-off (above) and fragmentation (below) event
in water at 22 °C. This is a first estimate of the frequency. A more
accurate analysis was applied later on by fitting the acoustic pinch-off/
fragmentation signal.

For pinch-off events the frequency spectrum exhibits a single peak frequency cor-
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responding to the oscillation frequency of the parent bubble. For fragmentation
events the frequency spectrum exhibits two peak frequencies corresponding to the
oscillation frequencies of the individual daughter bubbles. Note that the frequencies
obtained from the frequency spectrum represent a first estimate. A more accurate
frequency was determined by fitting the acoustic signal (see below).

The estimated bubble radius

The bubble radius R was calculated using the corresponding peak frequency fmax
and the Minnaert equation (see Equation (1.1), Minnaert (1933)). As demonstrated
by Czerski & Deane (2011) we can assume the bubble shape to be spherical, thus
the bubble volume can be calculated by:

V = 4
3π ·R

3 (2.3)

The fit algorithm

The data pre-processing for bubble pinch-off and fragmentation was identical. Note,
that for fragmentation events, two peak frequencies were determined (two daughter
bubbles) compared to one peak frequency for pinch-off events. The next step was to
fit the measured acoustic signal with a mathematical model. The purpose of fitting
the acoustic signal was firstly, to obtain further bubble parameters like damping con-
stant and phase, and secondly to determine the bubble oscillation frequency, which
was a more accurate representation than the frequency obtained from the frequency
spectrum. While the basic fitting principle remained the same, the fitting strategy
differed for both phenomena. The main difference was that pinch-off events were
fitted using a 4-parameter-fit, while fitting of fragmentation events required an 8-
parameter-fit (see following paragraphs). Figure 2.6 gives an overview of the fitting
algorithm used to fit the experimental data for pinch-off and fragmentation events.

Fitting experimental pinch-off data

Figure 2.7 shows a typical acoustic signal emitted during a pinch-off event at 22 °C
water temperature. The general shape of the acoustic signal emitted during a pinch-
off event resembles a damped sinusoidal. Thus, the mathematical model describing
the acoustic trace of a pinch-off event is that of a damped harmonic oscillator (cp.
Deane & Stokes, 2006):

A = A0 · sin(ωt+ φ) · e−
1
2 δωt (2.4)

with: A: amplitude of sound pressure in [Pa], ω: angular frequency [1/s], t: time
in [s], φ: phase shift [-] and δ: damping constant [-]. From Equation 2.4 four pa-
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Figure 2.6: General structure of fit algorithm

Figure 2.7: Acoustic signal emitted during a pinch-off event at 22 °C showing the
decaying sinusoid of a single damped breathing mode oscillation.

rameters were identified: the maximum sound pressure A0, the angular frequency
ω, the phase shift φ and the damping constant δ. To determine these parameters a
4-parameter-fit was performed using the Matlab function fminsearch. This function
performs an unconstrained nonlinear optimization, i.e. it finds the minimum of a
scalar function of several variables (cf. Matalab documentation). In this case there
were 4 variables. The optimization was initialized by a first guess of the four para-
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meters, the so-called start coefficients. For the present pinch-off data the following
start coefficients were used: A0: maximum sound pressure, ω = 2πfmax, φ = 0.01
and δ = 0.01. The peak frequency fmax was obtained from the frequency analy-
sis of the measured signal. Within the optimization routine these parameters were
modified iteratively until either the resulting calculated signal fitted the measured
data, or the maximum number of iterations was reached. In both cases the final
parameters were obtained.
The fit algorithm covered the acoustic signal starting with its maximum amplitude
and the subsequent decay. The algorithm did not cover any signal preceding the
signal maximum, i.e. the fit algorithm ignored the driving mechanism of the bubble
oscillation.

Fit score

The quality of the fit is expressed by a score ξ calculated as the root-mean-square
error between measured and fitted signal normalized by the measured maximum
amplitude:

ξ =

√√√√√ N∑
i=1

(yfit,i − ym,i)2

N
· 1
A0,m

(2.5)

with: N : number of elements in signal vector, yfit,i: element i in calculated fit, ym,i:
element i in measured signal and A0,m: maximum amplitude in measured signal. A
perfect fit was achieved for ξ = 0 with measurement and fit data being identical.
Consequently, the higher the score the poorer the fit. The fitting process was consid-
ered as successful for ξ ≤ 0.10, otherwise it was a fail. An appropriate threshold was
determined empirically by comparing 10 pinch-off events, their corresponding fits,
and scores. It was found that fits with ξ ≤ 0.10 were best to obtain a statistically
sufficient number of reliable results. For lower thresholds, the fit quality improved,
but the number of events used for analysis decreased resulting in statistically un-
reliable results. For higher thresholds more events were included in the analysis,
but the poorer fit quality biased the results. A threshold of 0.10 balanced benefits
and drawbacks by ensuring an appropriate fit quality and a sufficient number of
approximately 700 events.

Estimated and fitted bubble radius

Two methods were applied to determine the bubble radius. The first method used the
estimated oscillation frequency fmax obtained from the frequency analysis applied
to the measured acoustic signal and Equation 1.1 to calculate the bubble radius. A
bubble radius obtained through this method will be referred to as estimated bubble
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radius Rest hereafter. The second method used the angular frequency ω obtained
from the final fit parameters and divided it by 2π to obtain the fitted oscillation
frequency ffit. Equation 1.1 was then used to calculate the fitted bubble radius
Rfit. The fitted bubble radius was only calculated if the fitting was successful.
In the last step, the final fit parameters, the estimated bubble radius, the fitted
bubble radius, and the score were saved. Figure 2.8 shows the measured acoustic
pinch-off signal from above (blue line) and the corresponding calculated fit (red line).
The score is 0.06.

Figure 2.8: Acoustic signal (blue) emitted during a pinch-off event at 22 °C and fit
(red). Score: 0.06

Fitting experimental fragmentation data

Having described the data fitting for pinch-off events, now the fitting process for
fragmentation events is discussed. As for the case of pinch-off the signal used for
data analysis was 10 ms long starting from the maximum amplitude of the fragmen-
tation signal. The basic principle for fitting the measured fragmentation data was
similar to the pinch-off case as outlined in Figure 2.6. However, due to the complex
nature of the fragmentation process some modifications were implemented in the
fitting process. Figure 2.9 shows a typical measured acoustic signal emitted during
a bubble fragmentation in water at 22 °C temperature. Note that the amplitude of
this measured signal is one order of magnitude greater than the measured pinch-
off signal in Figure 2.8. Consequently, the fragmentation signal exhibits a better
signal-to-noise ratio resulting in an overall smooth signal.
The acoustic signal of a fragmentation event is the sum of two signals emitted by
the pair of daughter bubbles formed during the fragmentation. Thus, the mathema-
tical model describing the fragmentation signal is the sum of two damped harmonic
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Figure 2.9: Measured acoustic signal emitted during a fragmentation event at 22 °C

oscillators (cf. Deane & Stokes, 2006):

A = A1 · sin(ω1t+ φ1) · e−
1
2 δ1ω1t +A2 · sin(ω2t+ φ2) · e−

1
2 δ2ω2t (2.6)

From Equation 2.6 it is noted that the number of fit parameters has doubled from
4 to 8 parameters compared to the pinch-off model (cf. Equation 2.4). In case of
fragmentation two amplitudes A1 and A2, two angular frequencies ω1 and ω2, two
phase shifts φ1 and φ2 as well as two damping constants δ1 and δ2 were identified
that required fitting in an 8-parameter-fit.

Phase optimization

Since there are more degrees of freedom in the fragmentation model, the two phase
shifts φ1 and φ2 were optimized prior to fitting. It was found that the fitting process
was more likely to be successful when using optimized phase shifts in the start
coefficients rather than only guessing these parameters. The phase optimization
process was based on the correlation between the measured and an artificial acoustic
fragmentation signal. The artificial signal was calculated using the 8 start coefficients
that were obtained from a numerical bubble fragmentation model provided by Dr.
Helen Czerski:

A1 ω1 φ1 δ1 A2 ω2 φ2 δ2
0.029 7418.9 2.90 0.026 0.404 13 491 2.417 0.031

This collection of start coefficients is called a set of start coefficients. Next, the
correlation coefficient C between the measured and the artificial signal was calculated
for varying values of φ1 = φ1 + ∆φ with 0 ≤ ∆φ ≤ 2π using Equation 2.7:
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C = ym · yart
y ′m · y ′art

(2.7)

where ym and yart are the measured and artificial signals, respectively, · · · means
the average and y ′ denotes the standard deviation. Finally, the optimum phase shift
was the phase shift corresponding to the maximum correlation coefficient.
It did not make a significant difference for the fit success whether φ1, φ2 or both
phase shifts were optimized since it was the difference ∆φ that affected the fit suc-
cess. Thus, φ1 was chosen arbitrarily as the phase shift to be optimized.

Start parameters

Having found the optimum phase the actual fitting procedure commenced by ini-
tializing the 8-parameter-fit with the first guess of the start coefficients being: A1:
maximum amplitude of measured signal, ω1: 2πfmax,1, φ1: optimized phase shift
divided by 10, δ1: 0.03, A2 = A1/2 , ω2: 2πfmax,2, φ2: 0.241, δ2: 0.03. It was found
empirically that dividing the phase φ1 by 10 increased the likelihood for a successful
fit. The frequencies fmax,1 and fmax,2 were given as the two peak frequencies ob-
tained from the frequency spectrum calculated earlier. The fit success was heavily
dependent on the choice of the start coefficients. Therefore, an external source file
was used that contained 83 sets of possible start coefficients (cf. Figure 2.6). For
each of these 83 sets the fit program iterated through the fitting routine, calculated
the score according to Equation 2.5 and saved this score independent of its value.
The manually created text file contained 41 sets of start coefficients with varying
signs and 42 sets of start coefficients with varying phases. The eight parameters
comprised two amplitudes, two frequencies, two phases and two damping constants.
Signs were varied for all parameters except for frequencies while iterating through
the first 41 sets of start coefficients. For the remaining 42 sets of parameters signs
and values were kept constant (positive signs), but the phases were varied. While
the first phase φ1 remained constant the second phase φ2 was shifted by ±π,±π/2
and ±π/4. Then, φ1 was shifted by +π and kept constant while φ2 again varied
between −π ≤ φ2 ≤ +π. Subsequently, φ1 was shifted by +π/2 and so forth. For
most events, the 83 scores clustered around one or two values of approximately 0.1,
0.2 and 0.3 with a standard deviation of approximately 0.05 - 0.2.
After iterating through all 83 cases the best score was chosen and the fragmentation
signal was re-fitted using the start coefficients that resulted in this best score signal
and the corresponding final fit parameters. Figure 2.10 shows the measured acoustic
fragmentation signal (blue line) from Figure 2.9 and the corresponding calculated
fit (red line, score: 0.01).
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Figure 2.10: Measured acoustic signal (blue) emitted during a fragmentation event at
22 °C and fit (red). Score: 0.01. Measured and fitted signal coincide well
so that they cannot be distinguished.

Fitted bubble radius and volume split ratio

Having found the final parameters, the fitted oscillation frequencies ffit,1 and ffit,2
were calculated by dividing the angular frequencies ω1 and ω2 from the final fit
parameters by 2π. From the fitted oscillation frequencies, the fitted bubble radii
Rfit,1 and Rfit,2 of the two daughter bubbles were determined using Equation 1.1.
In addition, the volume split ratio V R1 and V R2 of both daughter bubble volumes
V1 and V2 with respect to their parent bubble volume V0 was determined:

V R1 = V1
V0
, V R2 = V2

V0
(2.8)

Finally, the best score, fitted bubble radii, estimated bubble radii (obtained from
frequency spectrum), volume split ratio for both daughter bubbles and the final fit
parameters were saved. As a result of the phase optimization and the fitting strat-
egy, the fitting rate was 74.2 % for fragmentation events in water at 11 °C.

2.5 Assessing the fit quality

As mentioned previously, Equation 2.5 was used to calculate a score ξ to assess the
quality of the fit. For some events using this score was misleading as demonstrated
here. For pinch-off experiments in water at 22 °C, a fit score of ξ ≤ 0.10 was de-
termined as a threshold for reliable events. This score was found empirically by
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comparing 10 measured signals, their fits, and their scores. Later, manual investi-
gation revealed that events with an apparently “poor” score of e.g. 0.12 still gave
reliable fit parameter. However, other signals with an apparently “good” score of
0.08 did not correspond to a bubble signal. This contradicting value of the fit score
is discussed. Figure 2.11 shows a successfully fitted pinch-off signal. The score is
0.06.

Figure 2.11: Example of pinch-off signal with good fit. The score is 0.06.

Figure 2.12 shows a pinch-off signal with a score of 0.12, i.e. the event was not
included into analysis.

Figure 2.12: Example of pinch-off signal with good fit and poor score of 0.12.
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Figure 2.13 shows a poorly fitted measurement signal. The score is 0.08.

Figure 2.13: Example of a measured signal with poor fit. The score is 0.08.

Choosing a fit score of ξ = 0.10 meant that the measured acoustic bubble signal in
Figure 2.11 (score 0.06) was successfully fitted. The pinch-off signal in Figure 2.12
achieved a score of 0.12 and was therefore considered as an unsuccessful fit. How-
ever, the signal achieved a score of 0.12 due to a low signal-to-noise ratio, yet the fit
was still appropriate. Consequently, the score threshold could have been increased
to 0.12. On the other hand, events like the one shown in Figure 2.13 (score 0.08)
did not correspond to an actual bubble signal, but electrical noise that began with
a data outlier. The fit algorithm took this signal as a pinch-off signal because it
misinterpreted the initial outlier as the beginning of the pinch-off event. The elec-
trical noise level was in the order of magnitude of A0,m = ± 0.1 Pa and the fitted
signal overall had an order of magnitude around 0 Pa. Hence, the difference between
measured and fitted signal was small resulting in a “good” fit score (cf. Equation
2.5). Increasing the score threshold would have resulted in a higher number of these
false events being included into analysis. With a score of 0.08 the signal in Figure
2.13 was included into analysis. Decreasing the score threshold to e.g. 0.07 would
have excluded this false signal, but only a total number of 608 events could have
been used for analysis, which would have decreased the reliability of the statistical
analysis the successfully fitted events were used for. Hence, a score threshold of 0.10
represented a reasonable compromise between data quality and a reliable statistical
analysis.
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Using bubble radius and damping constant for quality control

During data processing it was found that the fit score was sufficient to assess pinch-
off signals. For fragmentation signals, which exhibit a more complex shape and a
larger variety of shapes, the fit score alone was not reliable anymore. Therefore, the
method to assess the measured signals was improved by checking the fitted bubble
radius (calculated from the fitted signal frequency) and the fitted damping constant.
Thresholds for bubble radius and damping constants were determined for pinch-off
and fragmentation, respectively. For bubble pinch-off as investigated in the present
study the bubble radius range was chosen as 1.0 to 3.5 mm and the damping constant
must be between 0 - 1. A damping constant of 0 represents a system without damp-
ing, i.e. theoretically infinite oscillations, which is physically impossible for bubbles
under water. Hence, a damping larger than 0 is required. A damping constant
larger than 1 represents an over-damped system, i.e. no oscillations occur, which is
not possible for bubbles studied here. Therefore, the damping constant for bubbles
investigated in the present study must be between 0 and 1. This new method of
checking the bubble radius and damping constant proved to be more robust than
using the fit score alone since all unphysical bubble radii were removed.

For fragmentation experiments similar requirements for both fitted daughter bub-
ble radii and damping constants were found. After the parent bubble breaks up
into two daughter bubbles the range for possible radii and damping constants of
the newly formed daughter bubbles are limited. The fact that the possible volume
split ratio for each daughter bubble ranges from approximately 0.01 to 0.5 allows
for an estimation of the range of possible daughter bubble radii. From the pinch-
off experiments at varying water temperature a maximum fitted parent bubble of
3.32 mm ± 0.16 mm was found. Hence, if a parent bubble with approximately this
radius fragments, then the newly formed daughter bubbles may have radii between
approximately 0.72 mm (volume split ratio of 0.01) and 2.64 mm (volume split ratio
of 0.5). To account for volume split ratios less than 0.01 and variations in the parent
bubble size a range of 0.5 to 3.0 mm for possible daughter bubble radii was chosen.
The damping constant must be between 0 (no damping) and 1 (critical damping),
as for the pinch-off signals. Hence, the following two quality checks were determined
and applied to every measured acoustic fragmentation signal:

1. Both daughter bubble radii must be between 0.5 to 3.0 mm

2. Both daughter bubble damping constants must be between 0 to 1

Despite this set of quality criteria, the volume split ratio still exhibited two local
maxima at normalized volume split ratios of approximately 0.3 and 0.7. These
maxima presumably were artifacts caused by bubbles hitting the glass tubes and
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exciting them into oscillation. To exclude this artificial data a second set of quality
criteria was introduced. The signal was excluded, if any of the two daughter bubbles
fulfilled any of the following criteria:

3. Bubble radius amounted to 0.55 to 0.70 mm (corresponding to a frequency of
5.9 to 4.7 kHz) and damping was below 0.042

4. Bubble radius amounted to 0.78 to 0.88 mm (corresponding to a frequency of
4.2 to 3.7 kHz) and damping was below 0.030

The values for these criteria were chosen based on the artifacts themselves. Addition-
ally, previous tests showed that the glass tubes had oscillation frequencies between
approximately 3.5 to 5.0 kHz justifying the values above.

Generally, the main reasons for excluding events were: (1) the signal corresponded
to electrical noise, (2) the signal-to-noise ratio was too low to obtain reliable fit pa-
rameters, and (3) the measured signal was due to an oscillating set-up component,
e.g. a glass tube.
The quality checks accounted for all these reasons. If the measured signal did not
correspond to a fragmentation, but to electrical noise, then the frequency would have
been too high to be produced by an oscillating bubble. Consequently, the bubble
radius was smaller than 0.5 mm, which did not meet the first quality criterion. A
signal-to-noise-ratio that was too low to obtain reliable fit parameters could have
been caused by a quiet fragmentation event. In this case the corresponding fre-
quency spectrum would exhibit various frequencies where either the peak frequency
or the two highest frequencies may not be the ones caused by both daughter bubbles.
In either case, the signal would be excluded by the first quality criterion. If both
frequencies could have been caused by a bubble, but either of the damping constants
were outside the range 0 to 1, then the signal would have been excluded as well by
the second quality criterion. If both frequencies and both damping constants could
be produced by a bubble, then the signal would have been used for further analysis
despite a low signal-to-noise-ratio. Only acoustic fragmentation signals that passed
all four criteria were included into further analysis.

2.6 Conclusions

From this discussion the main conclusion is that the fit score represents a sufficient
criterion to assess acoustic pinch-off signals. This is due to the less complex signal
shape and relatively simple fitting resulting in a sufficiently high number of suc-
cessful fits. For the more complex fragmentation signals, it is better practice to fit
the signal, but additionally to check both fitted daughter bubble radii and damping
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constants to ensure that the signal is a bubble signal. For pinch-off measurements,
both methods are appropriate, i.e. using the fit score only or additionally checking
radius and damping for enhanced quality control.
Due to the quality control, a high number of signals was discarded, especially during
fragmentation experiments (s. Table 3.3 in the next chapter). Therefore, a minimum
number of 8,000 signals should be recorded to achieve a sufficiently high number of
reliable events. Finally, the experimental set up should be insulated from electrical
noise and mechanical vibrations to ensure a good signal-to-noise level.



Chapter 3

Characterization of Bubble
Pinch-off and Fragmentation

In this chapter, the effects of water temperature and surface tension on bubble pinch-
off and fragmentation, respectively, are discussed. The aim is to enhance knowledge
on the fragmentation process and bubble dynamics for varying water conditions. Sec-
tion 3.1 examines the results for bubble pinch-off and fragmentation in fresh water
at 22 °C (reference conditions). Section 3.2 discusses the effect of water temperature
on bubble pinch-off and fragmentation. Experiments on pinch-off were performed
at four different temperatures: 3, 11, 22 and 30 °C. Experiments on fragmentation
were performed at six different temperatures: 3, 5, 8, 11, 22 and 30 °C. No experi-
ments were performed on pinch-off at 5 °C and 8 °C as the parent bubble radius is
assumed to be constant between 3 to 8 °C. Finally, Section 3.3 presents the effects
of varying surface tension on pinch-off and fragmentation. Experiments on pinch-off
and fragmentation were performed for three values of water surface tension: 0.070,
0.052 and 0.031 N/m. A summary and discussion of all results complete this chapter.

3.1 Pinch-Off and Fragmentation Under Reference Con-
ditions

Score distribution for pinch-off

Processing and fitting of the pinch-off data acquired at 22 °C as described in Sections
2.3 and 2.4 resulted in a data set comprising final fit parameters, fit scores, estimated
bubble radii and fitted bubble radii for all pinch-off events. A total number of
1,000 pinch-off events was recorded. For each pinch-off signal, a fitted signal was
calculated. A fit score ξ was determined to evaluate the quality of the fit. A score of
ξ = 0 indicated a perfect fit, i.e. the measured acoustic signal and the fitted signal
were identical. Figure 3.1 shows the scores calculated for all events. The red line
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indicates the score threshold of 0.10. Only fitted events with ξ ≤ 0.10 were included
into further analysis to ensure reliability of the results (see Equation 2.5 for the
variable ξ).

Figure 3.1: Fit scores for all pinch-off events at 22 °C. The red line indicates a score
threshold of 0.10.

For most of events, the score distribution exhibits a typical Gaussian shape with
its maximum around 0.05 . ξ . 0.06. The reason why the maximum of the score
distribution extends over a relative narrow range of scores (0.05 . ξ . 0.06) is that
the nozzle produced similar bubbles resulting in similar fits and similar scores for
most reproductions of the parent bubble. The fraction of events that were not suc-
cessfully fitted, i.e. ξ ≥ 0.10, amounted to 17.7% (i.e. 177 events).

Parent bubble radius for pinch-off

Overall, 82.3% of all pinch-off events under reference conditions (i.e. 823) events
achieved a score of ξ ≤ 0.10 and were used for analysis. The main result obtained
from the pinch-off experiments is the parent bubble radius. As described in Section
2.4 there is an estimated and a fitted bubble radius labelled Rest and Rfit, respec-
tively. From the measured acoustic signal, a frequency spectrum was calculated, and
its peak frequency was used to determine Rest. Rfit was determined from the fitted
oscillation frequency found in the fitting process. Figure 3.2 shows a comparison
between estimated and fitted parent bubble radius for all pinch-off events at 22 °C
with ξ ≤ 0.10.

Considering all pinch-off events with ξ ≤ 0.10 yielded an estimated parent bubble
radius of Rest ≈ 3.30 mm ± 0.24 mm. The fitted parent bubble radius amounted
to Rfit ≈ 3.25 mm ± 0.16 mm, which agrees well with the estimated value. These
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Figure 3.2: Estimated (blue) and fitted (red) bubble radius for pinch-off events at
22 °C

values are averages over all estimated and fitted bubble radii, respectively, shown in
Figure 3.2.
From Figure 3.2 a clustering around two bubble radii for estimated and fitted ra-
dius, respectively, is observed. Values for the estimated parent bubble radius cluster
around 2.98 mm and 3.48 mm. On the other hand, values for the fitted parent bubble
radius cluster around 3.05 mm and 3.38 mm. The reason for this behaviour is the fre-
quency analysis that was applied to the measured acoustic bubble signal (cf. Section
2.4). Due to a discrete number of possible frequencies in the Fast Fourier Trans-
form algorithm the frequency analysis yielded a peak frequency of either 1.09 kHz or
0.94 kHz corresponding to the estimated bubble radii mentioned above (cp. Equa-
tion 1.1). The estimated oscillation frequency served as an initial value (first guess)
for the fitting algorithm calculating the fitted oscillation frequency. Consequently,
there is only a small difference of approximately 3 % between the values for esti-
mated and fitted frequencies. The estimated oscillation frequency was only used to
initialize the fitting process. The resulting fitted oscillation frequency is the reliable
frequency, which is why from now on only the fitted frequency/ bubble radius will
be used.

Fragmentation

The following section describes the results of the fragmentation experiments (i.e.
the parent bubble splitting up into two daughter bubbles) performed under refe-
rence conditions. A total number of 1,200 events was recorded. Data processing
of each measured signal was similar to the pinch-off case. However, an acoustic
fragmentation signal is the sum of two oscillating daughter bubbles. Therefore, two
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daughter bubbles must be analysed instead of one parent bubble during pinch-off.
Consequently, an 8-parameter-fit was applied for the fragmentation case instead of
a 4-parameter-fit (pinch-off). The resulting fragmentation data set comprised fit
scores, estimated radii of both daughter bubbles, fitted radii of both daughter bub-
bles, final fit parameters, and the volume split ratio of the daughter bubbles. A
typical acoustic signal emitted during a fragmentation event and the corresponding
fit are shown in Figures 2.9 and 2.10, respectively.
Of the 1,200 events, a number of 1,000 events were quality controlled, i.e. each
of these fragmentation events was manually checked to ensure it actually was a
fragmentation event. Quality control involved checking for signal outliers, electrical
noise, the signal-to-noise-ratio, and general shape of the signal. This process ensured
that fragmentation signals only were included into analysis rather than signals from
other sources, e.g. a bubble hitting the glass tubes exciting them into oscillation. 200
events were acquired in a separate measurement run and were not quality controlled.
First, the scores of the calculated fitted acoustic signals are discussed before analysing
the fitted daughter bubble radii. A discussion on the volume split ratio completes
the analysis.

Score distribution for fragmentation

As demonstrated in Section 2.5, the fit score alone is not reliable to assess the
quality of a fitted fragmentation signal. Additional checks of both daughter bubble
radii and damping constants are required. However, for reference conditions, using
the fit score only was sufficient since the most of signals were checked manually,
which represented an appropriate quality control. Figure 3.3 shows the fit scores of
the acoustic signals for all 1,200 fitted fragmentation events for reference conditions.

For fragmentation under reference conditions the score distribution exhibits the ge-
neral shape of a Gaussian distribution with its peak around ξ ≈ 0.08. The score
distribution extends over a wide range of scores with 0.01 ≤ ξ ≤ 0.15. For com-
parison, the score distribution for pinch-off events under reference conditions (see
Figure 3.1) exhibits a narrow maximum ranging from approximately 0.05 to 0.07.
The reason for this behaviour is that acoustic signals for pinch-off events were simi-
lar for all events since the nozzle produced similar bubbles. In contrast, an acoustic
fragmentation signal may have various shapes resulting in a wider range of scores
(here 0.01 ≤ ξ ≤ 0.15).
To assess the choice of the score ξ a quality control analysis was carried out for ap-
proximately 83 % of the data set shown in Figure 3.3. 1,000 measured signals were
checked manually and were found to correspond to a fragmentation event. When a
score of ξ = 0.14 was applied to the quality-controlled data set, only 14 out of 1,000
events were excluded. This gave confidence in the choice of ξ = 0.14. Additionally,
a score threshold of ξ = 0.14 represented a reasonable compromise between quality
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Figure 3.3: Scores for all fitted fragmentation events at 22 °C. Red line indicates a
score threshold of 0.14.

of fitted signals and a high number of reliable events.
200 measured signals were not quality controlled, but they were checked using the
score threshold of 0.14. A total number of 1,160 events achieved a score of ξ ≤ 0.14,
corresponding to a fitting rate of 79.4 % for all 1,200 events. A slightly stricter score
of 0.14 was preferred over a score of e.g. 0.15 as priority was given to data quality.
Hence, 1,160 fragmentation events were used for further analysis.

Fitted daughter bubble radius for fragmentation

Next, the daughter bubble radii observed under reference conditions are discussed.
Figure 3.4 shows the fitted bubble radii for all 1,160 fragmentation events with a
score of ξ ≤ 0.14. Blue crosses indicate radii of the larger daughter bubble, red
crosses correspond to radii of the smaller bubble.
In Figure 3.4 a jump in size of the daughter bubble is observed. For events 1,001 -
1,200 radii of the larger daughter bubble increase while radii of the smaller daugh-
ter bubble decrease. These last 200 events were recorded on a separate day, and
presumably the experimental setup was not precisely reproduced. The most likely
reasons for the jump in data are (1) dust particles in the nozzle affecting bubble
production and (2) variations in the gas flow rate through the nozzle for both data
acquisition days. The gas flow rate was controlled by a manually adjusted clamp,
hence there was limited control over the gas flow rate resulting in different gas flow
rates for every experimental run. To test this hypothesis, the total bubble volume
was analysed. That means for each event (and both days, respectively) the sum of
both daughter bubble volumes was calculated resulting in the total bubble volume.
The average total bubble volume decreased by 20 % from day 1 to day 2.
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Figure 3.4: Fitted daughter bubble radii for fragmentation events at 22 °C. Blue:
larger bubble, red: smaller bubble. Events 1,001 - 1,200 were recorded
in a separate measurement run under presumably different experimental
conditions (e.g. different flow rate), which explains the jump in radius.

From the total bubble volume, the parent bubble radius was calculated, which al-
lowed calculation of the parent bubble radius for all events. The average parent
bubble radius on day 1 was 2.63 mm ± 0.38 mm (986 events). The average parent
bubble radius on day 2 was 2.10 mm ± 1.01 mm (197 events). The slightly smaller
parent bubble radius on day 2 agrees with the decrease in total bubble volume. From
both results (smaller parent bubble and smaller total bubble volume) it is concluded
that the flow rate through the glass nozzle was higher on day 2. A higher flow rate
results in an increased gas momentum inside the bubble attached to the nozzle. As
a consequence of the increased gas momentum the parent bubble may detach earlier
from the nozzle, i.e. at a smaller radius. From this observation it is concluded that
experiments on bubble fragmentation should be recorded in one single experimental
run to ensure reproducibility.
A flow rate of one bubble every 1.22 s (or approximately 49 bubbles per minute)
was necessary during the experiments to maintain an approximately constant rate
of bubble production. A decrease in gas flow rate resulted in frequent interruptions
of the gas flow due to water penetrating the nozzle. Consequently, no bubbles were
produced until the water was pushed out of the nozzle by the continuous air flow. It
would have been a major effort to account for frequent, but irregular interruptions
in bubble production.
From the acoustic pinch-off experiments an average parent bubble radius of 3.25 mm
± 0.16 mm was determined (cp. Figure 3.2). This value is 20 - 35 % larger than
the radius based on the calculated total bubble volume during fragmentation ex-
periments (day 1 and day 2). This might be a clue to a varying gas flow rate
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during pinch-off and fragmentation experiments as both data sets were recorded
with one day in-between. Additionally, different methods to determine the parent
bubble radius were applied. The radius of 3.25 mm ± 0.16 mm is based on pinch-
off experiments while the other two values were calculated based on fragmentation
experiments (one calculated parent bubble radius for each of the two days of frag-
mentation experiments). Keeping this in mind a difference of 20 - 35 % in bubble
radius is reasonable. Regarding reliability, the bubble radius calculated from the
fragmentation experiments is the more reliable value. This is mainly because the
pinch-off and fragmentation experiments were recorded on different days. As shown
above the experimental conditions varied daily. The size of the parent bubble was
not measured at the day of the fragmentation experiments. Hence, there is no data
on the parent bubble that broke apart. This makes the parent bubble radius as cal-
culated from the fragmentation experiments the most reliable value for the radius
since it is a representation of what happened during the fragmentation experiments.
Additionally, the volumes of both daughter bubbles must add up to the parent bub-
ble volume, which makes this a robust method to determine the parent bubble radius.

Overall, a clear separation in bubble size is observed. The smaller daughter bubble
radius ranges between 0.5 mm and 2.0 mm. The larger daughter bubbles cover a
radius range from 2.5 to 3.0 mm. Only 98 fitted radii (8.5 % of all events) exhibit
values between 2.0 mm and 2.5 mm (corresponding to 1.63 kHz and 1.3 kHz) forming
a gap in the data. The range of the gap was determined visually from Figure 3.4.
There are three possibilities to explain the gap. Firstly, the parent bubble mostly
fragmented into one large and one small bubble. Secondly, the conversion from oscil-
lation frequency to radius was simplistic since it did not take acoustic coupling into
account, and therefore bubbles with a radius falling into the gap were not detected.
Thirdly, the acoustic signals emitted by similar sized daughter bubbles oscillating
in anti-phase mode cancel each other out. These quiet events would fall into the
radius gap, but would not be detected. To identify the reason for the radius gap, a
re-analysis of the fragmentation data is required, which is beyond the scope of this
study. A re-analysis should feature a method to detect quiet fragmentation events.
Alternatively, simultaneous acoustic measurements and high-speed photography are
recommended for future studies.

Volume split ratio under reference conditions

In this section the volume split ratio for fragmentation under reference conditions
is discussed. Figure 3.5 shows the volume split ratio for 1,160 fragmentation events
in water at 22 °C. In general, the volume split ratio exhibits a symmetric ∪ - shape
with its axis of symmetry at a volume split ratio of 0.5. That means bubbles in
water at 22 °C tend to form daughter bubbles with the larger bubble containing
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Figure 3.5: Volume split ratio at 22 °C for 1,160 fragmentation events.

approximately 90% of the parent bubble volume. Consequently, the formation of
similarly sized daughter bubbles is rare.
From the jump in daughter bubble sizes in Figure 3.4 the conclusion could be that the
volume split ratio was different for both data acquisition days. To test this hypoth-
esis the volume split ratio for events 1 - 1,000 and events 1,001 - 1,200, respectively,
was determined separately. The two curves exhibited a bowl-shape similar to the
one shown in Figure 3.5 (both days). Hence, the smaller parent bubble on day 2
produced daughter bubbles whose volume split ratio was similar to daughter bubbles
produced on day 1, i.e. by the larger parent bubble. That means the volume split
ratio is independent of the parent bubble size, it was not an artifact of the slightly
different air flow rates on both days. This is a first hint towards a universal volume
split ratio. Varying experimental conditions should be avoided since measurements,
and conclusions drawn from these measurements, may be due to the experimental
variations rather than a true physical phenomenon. However, in this case it was
shown that experimental variations did not affect the main conclusions drawn from
the measurements.

3.2 Effects of Temperature

This section discusses the influence of water temperature on bubble pinch-off and
fragmentation. Experiments on pinch-off were performed at four different tempe-
ratures: 3, 11, 22 and 30 °C. Experiments on fragmentation were performed at six
different temperatures: 3, 5, 8, 11, 22 and 30 °C. The temperature range inves-
tigated in the present study was chosen such that it resembles the natural ocean



78 3.2 Effects of Temperature

temperature range. Temperatures of approximately 3 °C and 30 °C are observed in
polar regions and at the equator, respectively. Section 3.2.1 presents the results of
pinch-off experiments for a varying water temperature. Section 3.2.2 discusses the
effects of water temperature on bubble fragmentation. A summary and discussion
complete this section.

3.2.1 Effects of Temperature on Pinch-Off

Surface tension and temperature

The water temperature directly affects the viscosity, which again affects the dynam-
ics and physics of bubbles. Therefore, the relationship between water temperature
and viscosity is reviewed before analysing the results of bubble pinch-off at varying
water temperatures. For reasons of completeness, the variation of water surface
tension with temperature is reviewed as well. At the time of compiling the present
work there was no fundamental equation describing water viscosity as a function of
temperature. However, several authors have suggested empirical equations which
are mostly based on fitting experimental data, e.g. Likhachev (2003), Fogel’son
& Likhachev (2001), and Viswanath & Natarajan (1989). The empirical equations
found by these authors exhibit a similar form. Since Likhachev (2003) and Fogel’son
& Likhachev (2001) each leave one variable undefined, here, the Equation (3.1) found
by Viswanath & Natarajan (1989) is used to describe the variation of viscosity η as
a function of water temperature T :

η = η0 · exp
(

B

T − T0

)
(3.1)

with η0 = 0.029 39 mPa s, B = 507.88 K and T0 = 149.3 K. Viswanath & Natarajan
(1989) note that η0, B and T0 are constants that apply to the fluid water. Equation
(3.1) can be used to calculate the viscosity of other fluids, if these constants are
adapted to the corresponding fluid (cf. Fogel’son & Likhachev (2001)). For water
at 20 °C and 25 °C, Equation (3.1) gives a viscosity of 1.003 mPa s and 0.891 mPa s.
These values are in good agreement with values commonly found in literature (Kestin
et al., 1978; Watson et al., 2009).
Vargaftik et al. (1983) conducted a literature review, investigated equation types
and proposed the widely accepted Equation 3.2 to calculate the surface tension as
a function of temperature:

σ = B ·
[
Tc − T
Tc

]µ
·
[
1 + b

(
Tc − T
Tc

)]
(3.2)

with: Tc = 647.15 K (equals 374 °C) being the critical temperature at which the sur-
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face tension equals 0.00× 10−3 N/m (cp. Table 1 in Vargaftik et al. (1983)), T is the
temperature in K, B = 235.8× 10−3 N/m, b = −0.625 and µ = 1.256 is a constant
(not to be confused with dynamic viscosity). Using the equation found by Vargaftik
et al. (1983), the water surface tension at 22 °C amounts to σ ≈ 0.072 N/m. This
value is commonly found in literature, which means that Equation (3.2) found by
Vargaftik et al. (1983) is a good approximation of the relationship between water
temperature and surface tension. In the following, all values for surface tension were
calculated using Equation (3.2). Figure 3.6 shows the variation the water viscos-
ity and surface tension calculated using Equations (3.1) and (3.2), respectively, as a
function of temperature and for the temperature range relevant to the present study.

Figure 3.6: Variation of water surface tension (blue, reproduced using Equation (1) of
Vargaftik et al. (1983)) and viscosity (red, reproduced using the Equation
of Viswanath & Natarajan (1989)) with temperature.

As evident from Figure 3.6 the surface tension decreases by 7.2 %, while the viscosity
decreases by 58.7 % as the temperature increases from 0 to 34 °C. Hence, the domi-
nant effect of water temperature is on viscosity, and therefore viscosity effects must
be taken into account when interpreting the effect of a varying water temperature
on bubble pinch-off and fragmentation.

Pinch-off experiments were performed at four different water temperatures, includ-
ing reference conditions, i.e. 22 °C. In the following, the number of reliable events
and the fitted parent bubble radius are compared. The estimated parent bubble
radius will not be discussed since it is less accurate than the fitted bubble radius
(see Section 3.1 and Figure 3.2).
The total number of events recorded at each temperature ranged from 1,000 to 2,000
events. Every measured signal was assessed using criteria on the bubble radius and
damping constant. The signal was only included into the analysis, if the bubble
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radius was between 1.0 to 3.5 mm and if the damping constant was between 0 and 1.
Explanations for these ranges are given in Section 2.5. Table 3.1 shows the number
of pinch-off events before and after the quality checks.

Temperature Total events Reliable events
3 °C 1,500 718

11 °C 1,800 1,431
22 °C 1,000 978
30 °C 2,000 1,815

Table 3.1: Number of pinch-off events before and after quality checks for all tempera-
tures.

The quality checks of the fitted bubble radius and damping removed 9.3 % to 20.5 %
of all events for temperatures of 11 °C or above. However, for the lowest water tem-
perature of 3 °C a total of 52.1 % of all events were removed. The reason for this was
a poor signal-to-noise ratio. This could have been caused either by an external elec-
trical source or by naturally quieter pinch-off events. Czerski & Deane (2010) found
that pinch-off events are quieter in water with a surface tension of σ ≈ 0.051 N/m
or lower. However, water at 3 °C has a surface tension of approximately 0.075 N/m,
which is higher than the value for water at room temperature (σ ≈ 0.072 N/m
at 22 °C). Hence, bubbles pinching off in water at 3 °C are expected to exhibit a
higher sound amplitude than bubbles pinching off in warm water. However, in the
present study, the experiments on bubble pinch-off at 3 °C were electrically noisy.
Therefore, an external electrical source presumably interfered with the measurement
devices (hydrophone, amplifier, or data acquisition board).
The experiments on bubble pinch-off at 30 °C were also noisy. Water at 30 °C has
a surface tension of approximately 0.071 N/m. Since this value is similar to the
surface tension at 22 °C (0.072 N/m), it is concluded that the pinch-off process was
not naturally quieter than at 22 °C. Hence, an external electrical noise source might
have interfered with the measurement devices.
Pinch-off experiments at 11 °C and 22 °C had good signal-to-noise ratios. Water at
11 °C has a surface tension of approximately 0.074 N/m, i.e. similar to water at
22 °C. Hence, both data sets were recorded on days of reduced external electrical
noise levels.

Fitted parent bubble radius for pinch-off and all temperatures

Measurements of the parent bubble radius did not result in one radius. For most
temperatures, two values of the parent bubble radius were observed, i.e. measure-
ments showed clusters around two values of parent bubble radii. The only exception
were measurements at 3 °C where only one cluster was observed. Figures 3.7a and
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3.7b illustrate this phenomenon by comparing the fitted parent bubble radius deter-
mined from the pinch-off experiments at 3 °C and 11 °C, respectively. At 3 °C the

(a) Fitted parent bubble radius at 3 °C.

(b) Fitted parent bubble radius at 11 °C

Figure 3.7: Fitted parent bubble radius at 3 °C (above) and 11 °C (below) determined
from pinch-off measurements. For 11 °C the jump in radius at Event
907 occurred after a break of 11 min during which the measurement was
paused to re-adjust the water temperature.

fitted parent bubble radius clusters around one value of approximately 3.13 mm. At
11 °C the fitted parent bubble radius clusters around two values of approximately
3.05 mm and 3.38 mm. Consequently, at 3 °C the range between minimum and ma-
ximum radius is narrower (ranging from 3.06 to 3.16 cm, i.e. 3.2 % variation). At
11 °C, the minimum and maximum parent bubble radius ranges from 2.95 to 3.49 cm
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(i.e. 15.5 % variation). Hence, the averaged radius at 3 °C is lower than the radius
at 11 °C since a second cluster is missing in the 3 °C data set. Two clusters (i.e.
wider range of radii) were observed for all water temperatures except at 3 °C.
From Figure 3.7b a decrease in the parent bubble radius from approximately 3.38 mm
to 3.37 mm at Event 907 was observed. This minor change in the average parent
bubble radius occurred after a break of 11 min during which the data acquisition was
paused to re-adjust the water temperature. The experiments on bubble pinch-off
in water at temperatures below 22 °C took approximately 2 hours during which the
water temperature gradually increased. For pinch-off experiments at 11 °C the water
temperature varied between 9.0 to 11.5 °C. As the temperature exceeded 11 °C the
measurement had to be paused to add 1 kg of ice into the feeder tank. Subsequently,
the pump was turned on to equalize the water temperature in the feeder and mea-
surement tank. After re-adjustment of water temperature, the pump was turned off
again to reduce mechanical vibrations and the data acquisition was resumed. Dur-
ing this pause the gas flow rate was not altered, hence the change in parent bubble
radius cannot be caused by variations in the gas flow rate.
The parent bubble radius is compared for all water temperatures. For each tempe-
rature, two radii are distinguished, the cluster radius and the global radius. The
cluster radius is the average radius of one cluster, while the global radius is the
average radius over both clusters. Figure 3.8 shows the cluster and global radius,
and the respective standard deviation in water at 3, 11, 22 and 30 °C.

Figure 3.8: Fitted parent bubble radius and standard deviation for all temperatures
as determined from the pinch-off experiments. Cluster radius (red) refers
to the average radius of the individual cluster. Global radius (blue) is the
average radius over both clusters for the respective temperature. At 3 °C,
cluster radius and global radius are identical.

At 3 °C, the global radius is identical to the cluster radius since only one cluster was
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formed. The global parent bubble radius seems to increase as the water temperature
increases from 3 °C to 11 °C. As the water temperature increases further from 11 °C
to 30 °C, the global bubble radius seems to decrease. One reason for this decrease
in radius might be the change of surface tension σ with temperature (cp. Figure
3.6): water at 11 °C has a surface tension of σ ≈ 74.08× 10−3 N/m. At 30 °C the
surface tension amounts to σ ≈ 71.20× 10−3 N/m (cp. Vargaftik et al. (1983)). A
lower surface tension at higher temperatures means that during the pinch-off process
buoyancy forces overcome surface tension forces sooner than at lower temperatures.
Consequently, the parent bubble pinches off earlier, i.e. at a smaller bubble radius.
Another reason for the variation of the parent bubble radius at varying temperature
might be the clusters. For example, from Figure 3.8 it is evident that the parent
bubble radius at 3 °C is approximately 2.9 % - 13.5 % smaller than radius at 11 °C.
This is due to the two clusters at 11 °C which result in a higher averaged bubble
radius.
As the temperature increases from 3 °C to 11 °C, the cluster radius first increases
(cluster of higher radii), and then remains approximately constant at 3.4 cm. Sim-
ilarly, the radius of the lower cluster first decreases, and then remains constant at
approximately 3.0 cm. Hence, with increasing water temperature a decrease of the
parent bubble radius is observed for the global radius, but not for the cluster radius.
At 11 °C, the difference between the global radius and the upper cluster radius is
smaller (0.05 mm) than the difference between the global radius and the lower cluster
radius (0.30 mm). This is because the upper cluster consists of 1,225 measurements,
while 200 measurements were made in the lower cluster. The higher number of mea-
surements in the upper cluster shifted the average global radius towards the radius
of the upper cluster. The same principle was observed at 22 °C (approximately equal
number of measurements in both clusters) and at 30 °C (shift towards lower cluster
radius). Hence, the global radius mirrored the cluster radius. As expected, the
standard deviation is lower for all cluster radii than the standard deviation for the
global radius since the global radius covers a wider range of radii, i.e. two clusters.
The conclusion from these measurements is that in water at temperatures between
3 °C and 30 °C the parent bubble radius varies by approximately 14 %. This might
be due to the changing bubble dynamics resulting from a change in surface tension
or due to clusters around two values of bubble radius.
Table 3.2 summarizes the fitted global parent bubble radius and the corresponding
standard deviation as determined from the pinch-off experiments for all water tem-
peratures.

3.2.2 Effects of Temperature on Fragmentation

This section investigates the effect of a varying water temperature on bubble frag-
mentation. Fragmentation experiments were performed in fresh water at six tempe-
ratures: 3, 5, 8, 11, 22 and 30 °C and with a tube offset of 1 cm. The total number of
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Temperature Fitted radius Events
3 °C 3.13 mm ± 0.12 mm 718

11 °C 3.32 mm ± 0.16 mm 1,431
22 °C 3.22 mm ± 0.17 mm 978
30 °C 3.04 mm ± 0.10 mm 1,815

Table 3.2: Fitted global parent bubble radius for all temperatures as determined from
the pinch-off experiments.

recorded events ranged from 1,200 to 4,500. In the following, fitted daughter bubble
radii and the volume split ratio for all water temperatures are discussed.

Data quality and number of events

Data quality was ensured by fitting each acoustic signal, and additionally by checking
both fitted daughter bubble radii and damping constants. As explained in Section
2.5 four criteria were found and applied to every fitted signal to exclude false signals
(see page 67).
The fragmentation rate was determined visually by counting the number of fragment-
ing parent bubbles within a sequence of 100 bubbles. This process was repeated 6 -
12 times. For 22 °C (reference conditions) the fragmentation rate was not monitored
due to the manual quality control. Table 3.3 compares the total number of “events”
before and after the quality checks.

Temperature Total events Reliable events Fragmentation rate
3 °C 4,500 1,061 61.3 %
5 °C 4,500 394 66.3 %
8 °C 4,500 354 36.0 %

11 °C 4,000 1,374 45.0 %
22 °C 1,200 953 -
30 °C 4,000 366 54.1 %

Table 3.3: Number of fragmentation events before and after quality checks for all
temperatures. For 22 °C (reference conditions) the fragmentation rate was
not monitored due to the manual quality control.

To demonstrate the use of the quality criteria, Figure 3.9 shows the fitted daugh-
ter bubble radii and damping constants for fragmentation events at 3 °C before any
quality check was applied. The plot is representative for all other temperatures.
Any event outside the black box was excluded from further analysis. The unphysi-
cal radii and/ or damping constants of these events were indicators that the signal
was not a bubble signal. Figure 3.9 demonstrates that most events were excluded
since their damping constants were too high, i.e. above 1. In contrast, 64.4 % of
all daughter bubbles had radii between 0.5 to 3.0 mm. However, only 23.6 % of all
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Figure 3.9: Fitted daughter bubble radius and damping for 3 °C. The black box marks
the range of reliable events. Any event outside the box was excluded from
analysis.

4,500 measured signals actually were fragmentation signals. Hence, it is not suffi-
cient to consider a quality criterion based on the daughter bubble radius as the only
quality criterion. It requires the combination of radius and damping to distinguish
a fragmentation event from a false signal.

Electrical noise and quiet fragmentation events

10 signals corresponding to a fragmentation and electrical noise, respectively, were
checked manually. The maximum amplitude of electrical noise signals (1 Pa) amounted
to approximately half the value of a fragmentation signal (2 Pa). Consequently, one
option could have been to define a critical amplitude of e.g. 1 Pa and to discard
any measured signal with a maximum amplitude lower than this critical value. This
would have excluded signals of electrical noise. However, it would also have ex-
cluded any quiet fragmentation event. A quiet fragmentation event can occur when
both newly formed daughter bubbles oscillate in anti-phase mode (Czerski & Deane,
2011). For explanations of the anti-phase mode and in-phase mode see page 34.
A quiet fragmentation event results in an overall low signal amplitude that may have
the order of magnitude of electrical noise. Using a critical sound amplitude would
discard quiet fragmentation events which would bias a statistical analysis. Czerski
& Deane (2011) observed that quiet fragmentation events could be events where
both daughter bubbles are of similar size. As will be shown later in this chapter,
similar sized daughter bubbles were rarely observed. This is another reason to re-
frain from introducing a critical sound amplitude. The four quality control criteria
on both daughter bubble radii and damping constants are sufficient to distinguish
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fragmentation signals from electrical noise signals.

Radius gap for all temperatures

Using the four data quality checks discussed above resulted in a set of reliable frag-
mentation events for all water temperatures, respectively. These revised data sets
were used to investigate the fitted radii of both newly formed daughter bubbles for
each fragmentation event. Figure 3.10 shows the fitted daughter bubble radii for all
water temperatures. The bin width for each point is 0.1 mm. For all water tem-

Figure 3.10: Fitted bubble radii for all temperatures. The bin width for each point is
0.1 mm. Each colour appears twice since for each temperature the same
colour was used for both daughter bubbles (larger and smaller daughter
bubble).

peratures investigated in the present study, the smaller daughter bubble exhibits
radii between approximately 0.5 to 1.0 mm. The fitted radius of the larger daughter
bubble ranges from approximately 2.5 to 3.1 mm. Consequently, there is a gap of
fitted radii extending from approximately 1.5 to 2.5 mm (the data set for 22 °C is
an exception). The range of this gap was determined visually from Figure 3.10.
Potential reasons for the gap are given on page 76. In order to clarify whether the
radius gap was constant for all water temperatures due to the way some measured
signals were discarded, i.e. due to the four quality control criteria, Figure 3.10 was
plotted again, including all events (Figure not shown). For daughter bubble radii
between 0 to 4 mm, the curves for each temperature were similar to the correspon-
ding curves shown in Figure 3.10. Hence, the data analysis methods, in particular
the four quality control criteria, did not affect the radius gap.
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Volume split ratio for all temperatures

From the fitted daughter bubble radii, the volume for each daughter bubble was
calculated. The volume split ratio for each daughter bubble was then determined by
dividing the volume of each daughter bubble by the sum of both daughter bubble
volumes. This process was repeated for each reliable event. Figure 3.11 shows a
comparison of the volume split ratios for all temperatures. Each curve was norma-
lized by the respective total number of reliable events. The bin width for each point
is 0.02, i.e. 2 % volume increments were used.

Figure 3.11: Normalized volume split ratio for all temperatures. The bin width for
each point is 0.02. Black solid line shows the average of all temperatures.

Binary fragmentation and fragmentation cascade

For all water temperatures the normalized volume split ratio exhibits a similar ∪ -
shape with a minimum for similar sized bubbles and two maxima at approximately
0.1 and 0.9. That means, for all water temperatures tested in the present study, the
parent bubble tends to break up into one small and one large daughter bubble. The
volume of the large daughter bubble amounted to approximately 90 to 99 % of the
sum of both daughter bubble volumes. The formation of daughter bubbles that are
of equal size was rarely observed in the present study. As will be shown in Section
3.3.2, binary fragmentation only was observed. Two cases were possible: (1) the
parent bubble fragmented once and formed two daughter bubbles and (2) the newly
formed daughter bubbles fragmented again to form two new daughter bubbles that
may fragment again. Case (2) represents a fragmentation cascade. Note that even
a fragmentation cascade consists of several subsequent binary fragmentation events
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rather than the parent bubble breaking up into a “cloud” of daughter bubbles. There
is no literature available confirming this observation. However, in personal discus-
sions, Dr. Helen Czerski confirmed that her analysis of high-speed camera footage
showed that even bursts of bubble clouds are a sequence of binary fragmentation
events. The same phenomenon was observed by the author of the present study
during investigations of fragmentation events using high speed camera images. A
sequence of high speed camera images showing a fragmentation cascade is shown in
Figure 3.14.
In Figure 3.11 a small maximum was observed at a volume split ratio of 0.5 for the
water temperature of 30 °C. This could be a hint towards a tendency of an increased
likelihood for similar sized bubbles being formed in warm water. However, due to
the low number of reliable events at 30 °C (366 events), this conclusion may require
further research.

Comparison with theoretical fragmentation models

For all water temperatures the volume split ratio exhibits a minimum for similar
sized bubbles. Martínez-Bazán et al. (2010) reviewed existing theoretical fragmen-
tation models that predicted the probability density function of the daughter bubble
size and proposed corrections. The authors demonstrated that the probability den-
sity function should be expressed in terms of daughter bubble volume rather than
in terms of daughter bubble radius. In addition, Martínez-Bazán et al. (2010) in-
vestigated the effect of a changing dissipation rate ε of turbulent kinetic energy.
Examples of the probability density function predicted by the corrected fragmenta-
tion model of Martínez-Bazán et al. (2010) are shown in Figure 3.12. For equations
of the model the reader is referred to Section 1.3, paragraph “The β-parameter”
(page 38), where the fragmentation model is presented in more detail.
For most test cases, the fragmentation model by Martínez-Bazán et al. (2010)

predicts a ∩ - shape of the probability density function, i.e. the curve exhibits a
maximum for similar sized bubbles. This is in contradiction to the experimental
results found in the present study that show a minimum for similar sized bubbles.
The hypothetical reason for the disagreement between experimental and theoretical
data is that the fragmentation models are based on inaccurate assumptions. Models
are often based on scaling and energy arguments. Potentially, this approach requires
modification such that e.g. physical processes that drive bubble fragmentation are
taken into account.
Applying the modified fragmentation model by Martínez-Bazán et al. (2010) (i.e.
Equation (3.10) in Martínez-Bazán et al. (2010)) and using a high dissipation rate
ε of turbulent kinetic energy of ε = 10 m2/s3 transforms the ∩ - shape of the pro-
bability density function into a curve that has a plateau for similar sized bubbles
(dotted curve in Figure 3.12). This resembles the general shape of the volume split
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Figure 3.12: Probability density functions predicted by the fragmentation model by
Martínez-Bazán et al. (2010). Equation (3.6) represents the original
model by Martínez-Bazán et al. (1999). Equation (3.10) represents the
same model modified by Deane (and presented in Martínez-Bazán et al.
(2010)). Taken from Martínez-Bazán et al. (2010).

ratios observed in the present study (cp. Figures 3.11 and 3.12). However, the
fragmentation model by Martínez-Bazán et al. (2010) never predicts a probability
of approximately 0 for similar sized bubbles as observed in the experimental data.
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3.2.3 Summary

The major finding of these experiments was that water temperature did not affect
the experimental volume split ratio. The formation of daughter bubbles of similar
size was rare for all water temperatures investigated. Instead, the parent bubble
fragmented into one large and one small bubble where the large bubble contained
90 to 99 % of the sum of both daughter bubble volumes. This observation is in dis-
agreement with results from theoretical fragmentation models which predict a high
probability for the formation of similar sized daughter bubbles. The hypothetical
reason for this disagreement between experimental and theoretical data is that the-
oretical fragmentation models are based on inaccurate assumptions, e.g. the models
do not account for the physical processes that drive bubble fragmentation.
As will be shown in Chapter 5, binary fragmentation only was observed, i.e. one
bubble always breaks up into two daughter bubbles. The daughter bubbles may
fragment again, once or several times (fragmentation cascade), however, even a
fragmentation cascade consists of several subsequent binary fragmentation events.

Temperature Total Reliable Fragmentation
events events rate

3 °C 4,500 1,061 61.3 %
(5 °C 4,500 394 66.3 %)
(8 °C 4,500 354 36.0 %)
11 °C 4,000 1,374 45.0 %
22 °C 1,200 953 -
(30 °C 4,000 366 54.1 %)

Table 3.4: Number of events and fragmentation rate for all temperatures. Values in
parentheses are less reliable due to a low number of events. At 22 °C no
fragmentation rate was determined due to the manual quality control.
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3.3 Effects of Surface Tension

This section describes the effects of a varying water surface tension on bubble pinch-
off and bubble fragmentation. Pinch-off and fragmentation experiments were per-
formed for two different values of surface tension: 0.051 N/m and 0.032 N/m. To
decrease the surface tension the surfactant Triton-X-100 was added to the tank
water. A volume of 2 ml Triton-X-100 was required to decrease the surface tension
from 0.070 N/m to approximately 0.051 N/m (the combined volume of both tanks
amounted to approximately 40 l). To achieve a low surface tension of approximately
0.032 N/m a total amount of 24 ml Triton-X-100 was dissolved in 40 l tank water.
All surface tension experiments were conducted in water at 23 to 25 °C.

Capillary rise method

The water surface tension was determined using the capillary rise method. Initially,
Triton-X-100 was added into the feeder tank and the water was stirred manually
until the surfactant had dissolved. Then, the pump was used to distribute the sur-
factant in both tanks. Next, a capillary glass tube was used to pierce the water in
the feeder tank so that water rose inside the capillary tube. A ruler was placed next
to the tube and a photo was taken. The water height in the capillary tube was de-
termined using the ruler scale and the image analysis software ImageJ to determine
the number of pixels corresponding to 1 cm. The surface tension was given by:

σ = r · h · g · ρ
2 (3.3)

with σ being the surface tension, r is the inner tube diameter, h is the water height
in the capillary tube, g denoting the gravitational constant and ρ being the water
density. The water height in the capillary tube was determined as the average of 5 -
7 individual photos. The average inner capillary tube diameter was measured based
on 10 tube samples.

In the following, Section 3.3.1 discusses the effects of water surface tension on the
parent bubble radius at 0.032, 0.051 and 0.070 N/m. The parent bubble radius was
determined from pinch-off experiments as well as calculated from the fragmentation
experiments. In Section 3.3.2, the effects of a varying water surface tension on bub-
ble fragmentation are investigated. The volume split ratio for surface tensions of
0.032, 0.051 and 0.070 N/m are compared. The fit scores and fitted daughter bub-
ble radius are not presented for reasons of brevity. However, the calculated parent
bubble radii is briefly discussed.
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3.3.1 Effects of Surface Tension on Pinch-Off

Pinch-off experiments were performed for a surface tension of 0.070 N/m (reference
conditions), a medium surface tension of 0.051 N/m and a low surface tension of
0.032 N/m. For the medium surface tension (0.051 N/m) a number of 33 measure-
ments of the estimated bubble radius were conducted due to time constraints, i.e.
no fitting of the measured acoustic signal was performed. Based on the 33 measure-
ments the parent bubble radius for a surface tension value of 0.051 N/m amounted
to Rest ≈ 3.04 ± 0.15 mm for water at 25 °C. This bubble radius must be handled
with care due to the low number of samples (33 measurements) and the fact that
the estimated radius only is available which is less accurate than the fitted bubble
radius.
For a low surface tension of 0.032 N/m, a total number of 2,000 acoustic signals was
recorded. Out of these 2,000 measured signals 934 signals (i.e. 46.7%) achieved a
fit score of ξ ≤ 0.10 and were used for analysis. Here, the fit score was used as
the only quality control since an acoustic pinch-off signal is less complex than an
acoustic fragmentation signal, which means it is easier to find an appropriate fit. In
addition, a strict score threshold of ξ = 0.10 was chosen, which ensured data qual-
ity. Table 3.5 summarizes the pinch-off experiments at varying water surface tension.

Surface tension Total events Reliable events Radius [mm]
0.032 N/m 2,000 934 3.16 mm ± 0.24 mm
0.051 N/m 33 33 3.04 mm ± 0.15 mm
0.070 N/m 1,000 978 3.22 mm ± 0.17 mm

Table 3.5: Number of pinch-off experiments and bubble radius for varying water sur-
face tension. For 0.051 N/m the low number of measurements of the
estimated parent bubble radius was due to time constraints. Radii at
0.032 N/m and 0.070 N/m are fitted radii.

The main finding from the pinch-off experiments was the parent bubble radius, which
was needed for the fragmentation experiments. Pinch-off and fragmentation experi-
ments at varying water surface tension were performed on different days. Therefore,
the parent bubble radius should be calculated from the fragmentation experiments
since it represents parent bubbles that fragmented during the fragmentation experi-
ments. A bias would have been introduced, if the pinch-off experiments were used to
determine the parent bubble radius for fragmentation events that were recorded on
another day. However, the measured parent bubble radius obtained from the pinch-
off experiments can be used for a comparison with the calculated (reconstructed)
parent bubble radius.
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Reconstructed parent bubble radius

Figure 3.13 shows the parent bubble radius for all three values of surface tension as
reconstructed, i.e. calculated, from the fragmentation experiments at the respective
surface tension.

Figure 3.13: Parent bubble radius for varying surface tension. Reconstructed (calcu-
lated) from fragmentation experiments. See text for details.

To calculate the parent bubble radius shown in Figure 3.13 the fitted daughter bubble
radii were determined for each fragmentation event. The quality checks discussed at
the beginning of Section 3.2.2 were applied to find all reliable fragmentation events.
Using these reliable events only, the volumes of both daughter bubbles were deter-
mined from the fitted daughter bubble radii. The sum of both daughter bubble
volumes must add up to the parent bubble volume. Hence, from the added daugh-
ter bubble volume the radius of the parent bubble was calculated. For each surface
tension, the final parent bubble radius was determined as the average over all parent
bubble radii. For all surface tension values investigated in the present study, the
average parent bubble radius amounts to approximately 2.80 mm. The standard de-
viation varies from 0.28 to 0.34 mm. The overall constant parent bubble radius is an
unexpected result since water surface tension was expected to affect the bubble size.
Potential reasons for the constant bubble size despite variations in surface tension
include effects of the nozzle shape, water pressure or the gas flow rate. The nozzle
shape determines the attachment line of the bubble which may affect the point of
time of bubble pinch-off. Water pressure may affect bubble growth and bubble de-
tachment as well. This would mean that water pressure plays a greater role during
bubble growth than water surface tension does. The gas flow rate may influence the
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pinch-off process as well. These and other aspects could affect the balance between
buoyancy and surface attachment forces such that the parent bubble pinched off at
an approximately constant size for all water surface tensions.
The reconstructed parent bubble radius of approximately 2.80 mm was 7.9 % - 11.4 %
smaller than the radii obtained from the pinch-off experiments (see Table 3.5). This
might be due to the different methods of determining the parent bubble radius, i.e.
determination from pinch-off measurements versus determination from the added
daughter bubble volumes during fragmentation experiments. Considering these dif-
ferences between the two data sets, the bubble radii from the pinch-off and fragmen-
tation experiments were in good agreement. Table 3.6 summarizes the reconstructed
parent radius for all values of surface tension tested in the present study.

Surface tension Parent bubble radius Reliable events
0.032 N/m 2.80 mm ± 0.33 mm 1,470
0.051 N/m 2.80 mm ± 0.34 mm 1,643
0.070 N/m 2.81 mm ± 0.28 mm 962

Table 3.6: Reconstructed parent bubble radius for varying water surface tension as
calculated from the fragmentation experiments.

Surface tension and interruptions in gas flow

In the following, the relation between water surface tension and the interruptions
in gas flow is discussed in more detail. For a surface tension of 0.032 N/m, a period
of 22 s of regular bubble production was followed by a 5 s period during which no
bubbles were formed since a water droplet interrupted the air flow. After this inter-
ruption period the water droplet had been pushed out of the nozzle by the continu-
ous gas flow and the original bubble production rate was restored until a new water
droplet penetrated the nozzle. In water at standard surface tension (0.070 N/m) this
phenomenon was avoided by increasing the bubble production rate. However, for
a medium surface tension (0.051 N/m) and a low surface tension (0.032 N/m) the
interruptions in bubble production occurred more frequently. It was not possible
to prevent them by increasing the gas flow rate as the required gas flow rate was
too high, which resulted in two subsequent parent bubbles rising through the wa-
ter column, interfering with each other therefore biasing the measurement. For the
medium and the low surface tension the bubble production rate was increased from
1 bubble every 2.5 s to 1 bubble every 1.5 s. The resulting increase in gas flow rate
reduced the number of water droplets penetrating the nozzle but could not prevent
them completely.
The gas flow interruptions were observed for fragmentation experiments at medium
and low surface tension, but they were not observed for pinch-off or fragmentation
experiments under reference conditions. Hence, it is concluded that the decreased
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surface tension promoted the phenomenon of water penetrating the nozzle. A de-
creased water surface tension also decreased the strength of cohesion forces between
water molecules and the glass nozzle. Consequently, there was less resistance for
the water to penetrate the nozzle, which explains the more frequent interruptions in
bubble production for surface tensions lower than 0.070 N/m.
From these observations it is concluded that the generation of underwater bubbles at
surface tension below standard surface tension (0.070 N/m), requires another bubble
generation method or adapted equipment. The latter could be e.g. a glass nozzle
with a volcano-shape, i.e. the nozzle opening becomes gradually smaller. This de-
sign may prevent water penetrating the nozzle.

3.3.2 Effects of Surface Tension on Fragmentation

This section describes the effects of a varying water surface tension on bubble frag-
mentation. The volume split ratio for a surface tension of 0.032, 0.051 and 0.070 N/m
is compared. For reasons of brevity, the distribution of fit scores and the fitted
daughter bubble radii are not presented. At low surface tension, the fragmentation
process is more intense as the parent bubble fragments more easily, and the frag-
mentation cascade lasts longer resulting in an increased total number of daughter
bubbles. Figure 3.14 shows a sequence of high-speed camera images of a typical
fragmentation cascade at low water surface tension. Note that each fragmentation
produces precisely two daughter bubbles, i.e. binary fragmentation only is observed
rather than a fragmentation into a cloud of daughter bubbles. Sequences of high-
speed camera images like this were investigated at pumps speeds of 30, 40 and
50 rpm and standard surface tension as well as at 30 rpm and 0.032 N/m (Figure
3.14). Binary fragmentation only was observed for all cases.



96 3.3 Effects of Surface Tension

(a) (b)

(c) (d)
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Figure 3.14: High speed camera images of a fragmentation cascade at a water surface
tension of 0.032 N/m. Image sequences like this were investigated at
low and standard surface tension as well as at varying pump speed.
Binary fragmentation only was observed for all cases. A high number
of fragmentations as shown here was not observed at standard surface
tension (cp. Figures 3.14 and 2.3).
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Each acoustic signal was quality checked using the four criteria discussed earlier. Ta-
ble 3.7 compares the number of events before and after applying the quality checks
on daughter bubble radius and damping constant.

Surface tension Total events Reliable events Fragmentation rate
0.032 N/m 8,500 1,470 71.9 %
0.051 N/m 8,000 1,643 67.3 %
0.070 N/m 1,200 953 -

Table 3.7: Number of fragmentation events for varying water surface tension. For
0.070 N/m (reference conditions) the fragmentation rate was not monitored
due to the manual quality control. Fragmentation rates at varying surface
tension were approximately 36 % higher than fragmentation rates at vary-
ing temperature (cp. Table (3.3)), implying that the fragmentation rate
increased for decreasing surface tension.

Quiet fragmentation events

For the lowest surface tension of 0.032 N/m only 17.3 % of all acoustic signals
passed the quality checks. For the medium surface tension (0.051 N/m) 20.5 % of
all recorded signals were used for further analysis. The highest pass rate of 79.4 %
was achieved under reference conditions, i.e. σ ≈ 0.070 N/m. The latter is due to
the manual quality control that was performed for 1,000 out of all 1,200 recorded
signals. Czerski & Deane (2010) found that pinch-off events exhibit a lower sound
amplitude in water of surface tension below 0.070 N/m. Assuming that the same
phenomenon occurs for bubble fragmentation explains the low pass rate of 17.3 %
for 0.032 N/m. Quiet fragmentation events are subject to a decreased signal-to-noise
ratio, and therefore may not be detected. If that was the case, then the number of
reliable events at 0.032 N/m and 0.051 N/m may be higher than the numbers shown
in Table 3.7.
Due to the low signal-to-noise ratio the fitting algorithm might have erroneously
interpreted a signal outlier as the beginning of a fragmentation event. This false
event was then rejected by the quality checks resulting in an overall low pass rate
for acoustic signals recorded at the low and medium surface tension. However, for
the low and the medium surface tension the total number of events that passed the
quality checks amounted to 1,470 (0.032 N/m) and 1,643 (0.051 N/m). In both cases,
this is a sufficiently high number of events to obtain reliable statistics.
Generally, Table 3.7 indicates that, if automated data recording is used in this or
a similar experimental set-up, then a number of approximately 8,000 signals is re-
quired, to ensure that a sufficiently high number of acoustic signals pass the quality
checks.
For fragmentation in water at varying temperature the fragmentation rate varied
between 36.0 % to 66.3 % (see Table 3.3). For fragmentation in water with a surface
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tension below 0.070 N/m the fragmentation rate amounted to 71.9 % (0.032 N/m)
and 67.3 % (0.051 N/m). Hence, for the surface tension experiments the average
fragmentation rate was approximately 36 % higher than for the temperature experi-
ments. Additionally, as the surface tension decreased from 0.051 N/m to 0.032 N/m
the fragmentation rate increased by 6.8 %. Hence, for a decreasing water surface
tension the fragmentation rate increases, as expected. The decreased water surface
tension results in a decreased surface tension along the parent bubble surface. Con-
sequently, shear forces caused by the flow field overcome the resilience force (i.e.
bubble surface tension) sooner and easier than at standard water surface tension
(0.070 N/m) resulting in an increased fragmentation rate.

Volume split ratio for varying surface tension

Based on the fitted daughter bubble radii the volume split ratio for both daugh-
ter bubbles was calculated. The individual volume split ratio for each bubble was
determined as the volume of the daughter bubble divided by the sum of both daugh-
ter bubble volumes. Figure 3.15 shows a comparison of volume split ratio for a water
surface tension of 0.032, 0.051 and 0.070 N/m. Each volume split ratio was norma-
lized by the corresponding total number of reliable events and the bin width was
0.02, i.e increments of 2 % bubble volume were used. For all three values of surface

Figure 3.15: Normalized volume split ratio for varying surface tension: 0.032 N/m
(magenta circles), 0.051 N/m (blue circles) and 0.070 N/m (red circles).
Black solid line shows the average for all surface tension values. The bin
width is 0.02.

tension tested in the present study the volume split ratio exhibit a similar ∪ - shape
with a minimum for similar sized bubbles. It is therefore concluded that the fragmen-
tation process and the volume split ratio are independent of water surface tension.
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Theoretical fragmentation models do not consider water surface tension, hence, a
reasonable comparison is not possible. Martínez-Bazán et al. (2010) investigated
the effect of a varying dissipation rate of turbulent kinetic energy on the probability
function of the bubble size distribution. They observed that the theoretical bubble
size distribution evolved from ∩ - to a plateau - shape as the dissipation rate ε of
turbulent kinetic energy increased from ε = 3.5 m2 s−3 to ε = 10 m2 s−3. However,
this cannot explain the constant volume split ratio for varying surface tension as the
model seems to prioritize the wrong parameters.
One aspect that determines the volume split ratio is the shape of the parent bubble
prior to a fragmentation. For example, if the parent bubble is stretched out, this
will likely result in a small bubble pinching off forming a large and a small daughter
bubble. One possible reason for the constant volume split ratio might be that water
surface tension does not affect the bubble shape during a fragmentation.
The experimental volume split ratios for a varying surface tension are similar to
the volume split ratios for varying temperature (cp. Figure 3.11 and 3.15). Hence,
in both cases (varying water temperature and surface tension) the parent bubble
mostly splits up into one small and one large daughter bubble whereas the forma-
tion of similar sized daughter bubbles is rarely observed. The small daughter bubble
typically contains approximately 10 % of the sum of both daughter bubble volumes
and the larger daughter bubble approximately 90 %. Hence, for variations in water
temperature and surface tension the formation of a small and a large daughter bub-
ble is preferred over the formation of two similar sized bubbles. The likely reason for
this phenomenon is that the breakup into a large and a small bubble is energetically
more beneficial than a breakup into similar sized bubbles.
To test this hypothesis a simple model was developed to investigate the variation
of bubble surface area for varying volume split ratios. During the fragmentation
process surface energy plays an important role for the daughter bubble size. Surface
energy is related to the formation of surface area. Therefore, the variation of surface
area was investigated to allow indirect conclusions for the surface energy. The model
assumed a parent bubble radius of 2.8 mm, corresponding to the reconstructed ra-
dius, and a single binary fragmentation event. The volume split ratio V 1 for one
daughter bubble was chosen manually and varied from 0.01 ≤ V 1 ≤ 0.99. The vol-
ume split ratio of the second daughter bubble was set to (1− V 1). This procedure
ensured volume conservation as the sum of both daughter bubble volumes equalled
the parent bubble volume. Based on the individual daughter bubble volumes, the
daughter bubble radii were calculated, and subsequently the surface area of both
daughter bubbles was computed assuming spherical bubbles. The sum of surface
area of both daughter bubbles was compared to the parent bubble surface area.
Figure 3.16 shows the variation of bubble surface area as a function of volume split
ratio.
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Figure 3.16: Variation of bubble surface area following a binary fragmentation event.
Positive values denote a gain of bubble surface area.

For any volume split ratio, a gain of surface area was observed. The total bubble
surface area increased from 4 % to 26 % as the volume split ratio increased from
0.01 to 0.5. The surface area decreased to 4 % as the split ratio increased from 0.5 to
0.99. The minimum gain of surface area at split ratios of 0.01 and 0.99 corresponds
to the minimum of energy required for the fragmentation process. Processes or re-
actions that require little energy are naturally preferred over processes/ reactions
that require large amounts of energy. This confirms the hypothesis above that a
fragmentation into one small and one large bubble was preferred over the formation
of similar sized bubbles, and it is consistent with the large amount of surface energy
required for the production of two large bubbles.

3.3.3 Summary

This section summarizes the main results of all surface tension experiments per-
formed in this study. For comparison, the results of bubble pinch-off and fragmen-
tation under reference conditions are presented as well.

Pinch-off and fragmentation under reference conditions (temperature:
22 °C, surface tension: 0.070 N/m

Under reference conditions, the fitted parent bubble radius amounted to Rfit ≈ 3.25
± 0.16 mm, based on 823 reliable pinch-off signals. From the fragmentation ex-
periments the fitted parent bubble radius was re-calculated based on the sum of
both daughter bubble volumes. The re-calculated parent bubble radius amounted
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to 2.63 mm ± 0.38 mm (986 events) on day 1 of data acquisition and 2.10 mm ±
1.01 mm (197 events) on day 2. The reason why the measured parent bubble radius
was 20 - 35 % larger than calculated parent bubble radius was presumably a varying
gas flow rate through the nozzle. The volume split ratio exhibited a minimum at
0.5, i.e. formation of similar sized daughter bubbles was rarely observed.

Pinch-off in water of varying surface tension

Three values of surface tension were tested: 0.032, 0.051 and 0.070 N/m. At σ ≈
0.032 N/m, the fitted parent bubble radius amounted toRfit ≈ 3.16± 2.36× 10−4 mm,
based on 934 reliable pinch-off signals. At σ ≈ 0.051 N/m, the estimated parent bub-
ble radius (gained from the frequency analysis of the measured signal) amounted to
Rest ≈ 3.04± 0.15 mm, based on 33 sample measurements. No fitting was performed
due to time constraints. This radius is to be handled with care due to the low num-
ber of samples and the fact that the estimated radius is less accurate than the fitted
radius.
It is better practice to calculate the parent bubble radius from the fragmentation
experiments based on the sum of both daughter bubble volumes (reconstructed pa-
rent bubble radius) since this value is representative for the bubbles that fragmented
on the day of data acquisition. The reconstructed parent bubble radius was con-
stant for all three values of surface tension and amounted to Rfit ≈ 2.80± 0.32 mm.
Reasons for the constant reconstructed bubble radius could be the nozzle shape or
water pressure, i.e. factors that play a greater role for bubble growth and bubble
detachment than water surface tension. The exact reason for the constant recon-
structed bubble radius may be subject to future research.

Fragmentation in water of varying surface tension

To ensure data quality, the same four criteria for each fitted radius and damping
constant were applied that were used for fragmentation signals at varying tempera-
ture (see Section 3.2.3 for details). A low pass rate of 17.3 % of all measured signals
at 0.032 N/m can be explained with a decreased sound amplitude of fragmentation
events in water of surface tension below 0.070 N/m. On other words, fragmentation
events in water of surface tension below 0.070 N/m are quieter than events at stan-
dard surface tension (Czerski & Deane, 2010).
For fragmentation experiments at a water surface tension below 0.070 N/m, the
average fragmentation rate was approximately 36 % higher than the average frag-
mentation rate for experiments at varying water temperature. As the surface tension
decreased from 0.051 N/m to approximately 0.032 N/m, the fragmentation rate in-
creased by 6.8 %. Hence, for a decreasing water surface tension the fragmentation
rate increased, as expected.
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Comparison of the three volume split ratios (σ ≈ 0.070 N/m, σ ≈ 0.051 N/m
and σ ≈ 0.032 N/m

The distributions for the volume split ratios exhibited a similar ∪ - shape, i.e. daugh-
ter bubbles of similar size were rarely produced for all three surface tension values.
For all water temperatures and values of surface tension investigated in the present
study, the parent bubble mostly fragmented into one large (90 - 99 % of added daugh-
ter bubble volumes) and one small daughter bubble, whereas daughter bubbles of
similar size were rarely observed for any water temperature and surface tension. A
fragmentation into one large and one small daughter bubble is energetically more
beneficial than the production of two similar sized daughter bubbles. As shown in
Figure 3.14, which is representative for all values of surface tension, binary frag-
mentation only was observed, i.e. one bubble always fragments into two daughter
bubbles which may or may not fragment again (fragmentation cascade). One bub-
ble cannot fragment into more than two daughter bubbles during one fragmentation
event.

3.4 Conclusions

This section discusses conclusions drawn from the results on bubble pinch-off and
fragmentation at varying water temperature and surface tension.

Sound as research tool

Sound is a valuable tool to gain understanding of bubble dynamics during pinch-
off and fragmentation. The experimental set-up is simple in terms of measurement
devices as it only requires a hydrophone, an amplifier, a data acquisition board
and a computer. Despite the simple set-up plenty of information can be gained on
the processes of pinch-off and fragmentation as well as information on the bubble
itself including sound amplitude, oscillation frequency, radius, bubble volume and
damping. These bubble characteristics can be used for statistical analysis on e.g.
the volume split ratio allowing conclusions on fragmentation dynamics. Solely, the
shape of the bubble cannot be deduced from acoustic measurements. However, in-
vestigations of the bubble size distribution under varying water conditions like water
temperature, salinity and surface tension allow conclusions about processes in the
ocean, e.g. bubble plumes under breaking waves.

Binary fragmentation

The finding that binary fragmentation only was observed for all water conditions
tested is of particular importance. As a fragmentation process is observed visually,
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the parent bubble often seems to fragment into a cloud of daughter bubbles. This
study shows that this is not the case. Instead, the newly formed daughter bubbles
continue to fragment, one bubble at a time forming two new daughter bubbles. This
is the so-called fragmentation cascade and it proceeds too fast for the human eye to
follow.

Improvements for theoretical fragmentation models

The finding that only binary fragmentation is possible also represents a condition
for theoretical fragmentation models. E.g. Konno et al. (1980) compared experi-
mental and simulated data on bubble fragmentation and found best agreement for
ternary fragmentation (three daughter bubbles from one fragmentation event). As
demonstrated by Martínez-Bazán et al. (2010) the probability density function for
daughter bubble sizes as simulated by Konno et al. (1980) does not meet the sym-
metry criterion defined by Martínez-Bazán et al. (2010) and the model by Konno
et al. (1980) does not conserve volume. The formation of three daughter bubbles has
not been observed in the present study, which supports the conclusion by Martínez-
Bazán et al. (2010) that the theoretical fragmentation model as presented in Konno
et al. (1980) requires revision. Hence, the fact that binary fragmentation only is
physically possible may serve as a benchmark for theoretical fragmentation models.
Another way to improve fragmentation models is to fit the volume split ratio found
in the present study using e.g. a 2-parameter-fit algorithm. The two free parame-
ters could be the β-parameter as outlined by Martínez-Bazán et al. (2010) and the
dissipation rate ε of turbulent kinetic energy. Fitting the experimental volume split
ratio can contribute to finding an appropriate model that predicts a low probability
for the formation of similar sized bubbles. Fitting of the experimental volume split
ratios may be subject to future investigations.
Generally, a theoretical fragmentation model should account for the physics of the
fragmentation process. Most models are based on turbulent eddies acting on the
bubble (e.g. Konno et al. (1980)). This seems to be a good approach, but it should
be taken further by accounting for the restoring force of bubble surface tension, fluid
density and ideally a parameter for bubble shape or deformation of the parent bub-
ble. The latter is justified by the observation that a severely deformed parent bubble
is more likely to fragment than a parent bubble whose shape is close to equilibrium.

Implications for the ocean

The experiments on bubble fragmentation showed that the water temperature has no
significant effect on the volume split ratio for temperatures ranging from 3 to 30 °C.
For the open ocean this result means that daughter bubbles formed in the subtrop-
ical and polar regions exhibit a similar volume split ratio relative to the respective
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parent bubble size. However, the effect of salinity on the volume split ratio remains
to be investigated as the salinity in subtropical regions amounts to approximately
36 while it amounts to approximately 33 in the polar regions (Durack, 2015).
The observation that the parent bubble mostly fragments into one large and one
small daughter bubble has implications for the gas transfer between ocean and at-
mosphere, which is a vital process for our climate (Czerski & Deane, 2010; Hwang
et al., 1991; Wallace & Wirick, 1992). Large bubbles rise to the ocean surface due
to their increased buoyancy and release their gas volume into the atmosphere. In
contrast, small bubbles may be entrained downwards into the water column. Based
on the volume split ratio observed in the present study it is concluded that in most
cases 90 - 99 % of the parent bubble volume are released into the atmosphere while
the remaining 1 - 10 % are entrained into the ocean.

Improvement of experimental set-up

For future experiments using the experimental set-up described in the present study
or using a similar set-up, the following suggestions should be implemented to im-
prove the data quality:
(1) The entire system should be electrically insulated from external electrical noise
sources, or an alternative location for the experiments should be considered. Outliers
in the measurements possibly caused by external electrical sources are considered
the main reason for excluding acoustic signals during data analysis. A reduction in
electrical noise will result in an improved signal-to-noise ratio increasing the success
rate of detecting a fragmentation event and increasing the number of successfully
fitted acoustic signals. For pinch-off and fragmentation events in water with a sur-
face tension below 0.070 N/m an increased signal-to-noise ratio is required due to the
reduced sound amplitude (quiet events) in water of medium and low surface tension.

(2) The air pump should be replaced by a device that allows precise control over the
gas flow rate, and subsequently, over the bubble production rate. Additionally, the
device should be able to maintain a stable gas flow rate for the whole duration of the
experiments, i.e. 2−4 hours. Using a clamp to squeeze the siphon works well for up
to one hour of experiment duration. After this time, the gas flow rate decreases and
the clamp requires re-adjustment, which inevitable results in an alteration of gas
flow rate and bubble production rate. As shown in the results of the fitted daughter
bubble radius this will result in a change of size of the parent bubble.
To prevent water penetrating the glass nozzle a re-design of the cone-shaped noz-
zle should be considered. For experiments in water of reduced surface tension
(0.051 N/m and 0.032 N/m) water droplets penetrating the nozzle caused frequent
interruptions of the gas flow, and subsequently, interruptions in bubble production.
A potential re-design could be e.g. a volcano-shaped nozzle, i.e. the nozzle opening
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becomes gradually smaller. The decreased opening radius might prevent water pen-
etrating the nozzle. However, a small opening might also cause sideward movements
of the parent bubble, i.e. instabilities/ fluctuations during bubble growth.

(3) All experiments that belong to the same data set should be recorded in one
single experimental run without any interruptions. This will ensure a stable parent
bubble size and therefore consistent data. Interruptions of the data acquisition or
performing the same experiments on different days will introduce inconsistent data,
e.g. daughter bubble radii, which corrupts the average daughter bubble radius and
therefore reduces credibility/ reliability of the data. In the present study data re-
liability was ensured by high numbers of samples (1,200 - 8,000 acoustic signals)
and four criteria for data quality. With some improvements of the experimental set-
up the number of samples can possibly be reduced to approximately 2,000 - 4,000
recorded signals.
For fragmentation experiments the parent bubble radius should be determined on the
same day, ideally by performing pinch-off experiments ahead of the fragmentation
experiments. By following this procedure, the parent bubble radius for that partic-
ular day and the subsequent fragmentation events is obtained. Recording pinch-off
and fragmentation events on separate days as done in the present study may not
represent the parent bubble radius of the bubbles that actually fragmented. This
time-consuming double measurement may be circumvented by a precise control over
the gas flow rate.
Alternatively, two hydrophones could be implemented into the experimental set-up.
One hydrophone records the pinch-off process while the second hydrophone records
the fragmentation process. Hence, pinch-off and fragmentation experiments can be
performed simultaneously. If the time is measured that the parent bubble takes to
rise from the nozzle to the fragmentation area, then the fragmentation event can be
detected with increased precision and the parent bubble radius will be given for ev-
ery individual fragmentation event. A set-up with two hydrophones was attempted
but had to be abandoned since the two data acquisition channels corresponding to
the hydrophones could not be acoustically decoupled which resulted in the so-called
ghosting effect, i.e. one channel mirrored the other. However, the use of two hy-
drophones is recommended for future studies.

(4) Finally, the water tanks should be covered once the experimental set-up is com-
plete. This will ensure that no dust particles from the environment and other ma-
terial contaminates the water. Particles and aerosols from the environment may
dissolve in the tank water and possibly alter e.g. its surface tension, which will
affect the bubble behaviour.

This chapter investigated bubble pinch-off and fragmentation at varying water tem-
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perature and surface tension. However, regarding bubble fragmentation, local flow
velocities, shear and dissipation rates must be taken into account since they affect
bubble fragmentation. In order to determine these quantities, Particle Image Ve-
locimetry (PIV) is used in the next chapter to analyse the local flow field. Chapter
5 synthesizes the results by relating bubble fragmentation to the local flow field.



Chapter 4

Characterization of the Flow
Field

Laboratory and theoretical studies on bubble fragmentation usually focus on bubble
dynamics, physics of the fragmentation process, energy distribution or bubble statis-
tics, e.g. bubble size distributions. However, quantitative investigations of the local
flow field in which the fragmentation process takes place have not been performed in
previous studies. This chapter will therefore provide context to the fragmentation
results from the previous chapter by analysing the local flow field generated by two
colliding water jets. The aim is to investigate at which flow velocities, shear and
dissipation rates bubble fragmentation occurs. For this purpose, 2D Particle Image
Velocimetry (PIV) is used to visualize the flow field for twelve experiments with
varying pump speed and flow tube offset.
In the following, a short introduction to PIV is given and the experimental set-up
is described before analysing the flow field under reference conditions as well as
for varying pump flow rate and tube offset, respectively. In order to vary the flow
velocity three different pump speeds of 40, 50 and 60 rpm were investigated. Addi-
tionally, four different tube offsets of 0, 1, 2 and 3 cm were tested.

4.1 Introduction to PIV

Particle Image Velocimetry (PIV) is a laser based technique to measure the local
velocity field. PIV is a broadly used flow measurement technique which has been
commonly applied to study the flow field around the turbine blades in stirred tanks,
e.g. Sharp & Adrian (2001), the flow field generated by impinging jets, e.g. (Choo
& Kang, 2002) and studies on fluid mixing (Unger & Muzzio, 1999). The basic prin-
ciple of 2D PIV is to seed the working fluid, illuminate the seeding particles with a
laser sheet and record images of the particles using a high-speed camera (see Figure
4.1). An image analysis software is then applied to determine the displacement of
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these seeding particles within an interrogation window (Riethmuller et al., 2012).
Since the time interval between both images is known the velocity of the particles
can be calculated. Application of this method in the entire field of view results in a
2D or 3D (for volumetric velocimetry) instantaneous flow field.

Figure 4.1: Sketch of general experimental setup for PIV. Taken from Riethmuller
et al. (2012). Original caption: Figure 6.4. Diagram of the principle of
an acquisition

Seeding particles used for PIV should be non-toxic, non-corrosive, non-abrasive,
non-volatile, and chemically inert (Melling, 1997). Furthermore, seeding particles
should exhibit a density similar to the density of the working fluid (i.e. neutral buoy-
ancy) and they should have a high refractive index. Neutral buoyancy is required
to track the flow adequately, while a refractive index higher than that of the fluid is
necessary to scatter light efficiently (Hadad & Gurka, 2013). The particle size and
concentration as well as the particle capability to follow the fluid motion adequately
are crucial for the measurement accuracy as pointed out by Hadad & Gurka (2013).
The authors note that in terms of particle size a compromise must be made between
adequate flow tracking capability, which requires small particles, and a good light
scattering capability, which requires large particles.
Materials for seeding particles include, but are not limited to, ceramic materials (e.g.
Al2O3, TiO2), polymer-based materials like polyamide and polystyrene as well as
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thermoplastic materials. Furthermore, metallic coated particles (e.g. silver coated
micro-spheres), hollow glass spheres and hydrogen bubbles have been used (Melling,
1997). Ceramic materials exhibit a high density, so that the resulting poor tracking
capability needs to be reduced by using small particle diameters of approximately 3
to 10 µm and pulsed lasers (Melling, 1997). Hydrogen micro-bubbles have good light
scattering capabilities, however, Melling (1997) point out that their low density re-
sults in buoyancy effects, with negative effects on flow tracking. The most commonly
used seeding particles are polymer-based (e.g. hollow polymer balloons) which ex-
hibit good flow tracking and light scattering characteristics (Hadad & Gurka, 2013;
Melling, 1997). Hollow glass spheres and metallic coated micro-spheres offer similar
characteristics.

In order to determine the particle displacement binary or greyscale correlation be-
tween consecutive images is applied (Riethmuller et al., 2012). Each image is divided
into smaller windows of pre-determined size called interrogation cells or interroga-
tion windows. For each interrogation window the displacement of the particles in
the first image is calculated using a correlation algorithm (or cross correlation) of
particle locations with neighbouring particles. The velocity vectors can be calculated
either by binary correlation or cross-correlation of the greyscale images (Riethmuller
et al., 2012). Advantages of the correlation algorithm involve its simplicity and the
fact that it works even with a high number of particles.
The interrogation window in the first image remains in a fixed position with its
centre at (i, j) while the window in the second image is shifted by a pre-determined
distance (see Figure 4.2). The algorithm searches the centre position (m, l) of the
second window that maximizes the correlation coefficient between both interroga-
tion windows (Riethmuller et al., 2012). Riethmuller et al. (2012) point out that
in situations where e.g. a background or variations in illumination are present, the
most precise correlation coefficient is normalized and has noise removed:

R(m, l) =

M∑
i=−M

L∑
j=−L

[g1(i, j)− g1] · [g2(i+m, j + l)− g2]√
M∑

i=−M

L∑
j=−L

[g1(i, j)− g1]2 ·
M∑

i=−M

L∑
j=−L

[g2(i+m, j + l)− g2]2
(4.1)

where g1 and g2 are the greyscale functions of the respective interrogation windows,
g1 and g2 are the spatial averages of the grey levels of the interrogation windows.
Riethmuller et al. (2012) note that this correlation coefficient requires a first guess
of the grey level in the interrogation window. The precision and computation speed
of the correlation algorithm depend on the size of the interrogation windows and
the maximum shift length (Riethmuller et al., 2012).
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Figure 4.2: Concept of the interrogation window for PIV. Taken from Riethmuller
et al. (2012). Original caption: Figure 6.46. Division of the initial and
final images into interrogation windows

To determine local velocity measurements, the size of the interrogation window can
be decreased iteratively. The first pass yields an estimate of the maximum correla-
tion peak (Riethmuller et al., 2012). The result is used to centre the new smaller
window (second pass). A third pass comprising the smallest interrogation window
may be included.
The correlation coefficient between the consecutive images depends on three para-
meters: the number of particles in the interrogation window, the distance by which
the particles have moved between both images and the number of particles that have
left the laser sheet between recording of both frames (Riethmuller et al., 2012). Ac-
cording to Riethmuller et al. (2012), 5 - 10 particles are enough to obtain a reliable
correlation between both interrogation windows. Concerning the particle displace-
ment, Riethmuller et al. (2012) note that the correlation coefficient decreases with
increasing displacement distance. Using a parameter that characterizes the decrease
in correlation, Riethmuller et al. (2012) conclude that the maximum particle dis-
placement amounts to approximately one quarter of the interrogation window size.
In terms of particles leaving the laser sheet, Riethmuller et al. (2012) point out that
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for 3D velocity measurements the thickness of the laser sheet must be considered.
Ideally, the maximum particle displacement should be less than one quarter of the
laser sheet thickness (Riethmuller et al., 2012). These three parameters along with
the choice of parameters (e.g. shift distance of the second interrogation window)
have a significant effect on the correlation coefficient, and therefore on the measure-
ment quality, accuracy, and computation time (Riethmuller et al., 2012).

4.2 Implementation of the PIV System

This section describes experimental equipment and the PIV set-up. In addition,
configurations of the PIV software are given.

Physical set-up modifications

Implementation of the PIV system into the existing bubble measurement set-up re-
quired some modifications. Figure 4.3 shows a sketch of these modifications.

Figure 4.3: Diagram of experimental set-up for PIV. Left: side view, right: front view.
Measurement tank shown only.

The measurement tank and the feeder tank were each raised by 9 cm. A 500 mV
diode laser and a mirror were mounted below the measurement tank with a distance
of 10 cm between laser lens and mirror. The laser was equipped with a cylindrical
lens to widen the laser beam into a laser plane which was then redirected upwards
by the mirror (mounted at an angle of 45°) bisecting both flow tubes. For safety
reasons curtains were affixed around and above the measurement tank. Finally, a
plastic distance keeper was mounted between both flow tubes. This distance keeper
ensured a constant distance between both tubes and reduced mechanical vibrations
transferred from the flow tubes into the water body. Silver coated micro-spheres
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with a diameter of 10 µm were used as seeding particles due to their high refractive
index and neutral buoyancy in water.
The laser used in this study was a class 3b continuous diode laser manufactured by
Laserglow Technology (serial number: 11 070 724). The maximum power output was
< 500 mW (447.1 mW on average) and the wavelength was 532 nm (green light). The
PIV camera was manufactured by Dantec Dynamics (type “iNanoSense”), and had
a built-in intensifier. The camera lens was a Nikon lens of type “Nikkor -O” with
a focal length of 35 mm. The camera was connected to the computer for camera
control and data storage. Table 4.1 summarizes the experimental conditions (i.e.
pump rotation speed and tube offset) realized for the individual experiments.

40 rpm, 0 cm 40 rpm, 1 cm 40 rpm, 2 cm 40 rpm, 3 cm
50 rpm, 0 cm 50 rpm, 1 cm 50 rpm, 2 cm 50 rpm, 3 cm
60 rpm, 0 cm 60 rpm, 1 cm 60 rpm, 2 cm 60 rpm, 3 cm

Table 4.1: Overview of experimental conditions for PIV measurements. Given are the
pump rotation speed and the offset between the flow tubes.

PIV software configurations

The software used to operate the PIV camera was Motion Studio. For each of the
time resolved PIV measurement 1,000 camera images were recorded with a frequency
of 1,620 Hz, an exposure time of 614 µs and a gain of −3 dB. The time interval be-
tween two subsequent images was approximately 0.617 ms, hence, one measurement
(1,000 images) took 617 ms. The time interval between two subsequent images was
optimized to achieve an optimal correlation between consecutive images. To focus on
the flow field generated by the colliding water jets the region of interest was shifted
onto the region between the flow tubes resulting in an image size of 1064×656 pixels.
These configurations ensured well illuminated images while capturing the dynamic
structure of the flow field. The images were initially stored on the camera hard drive
and downloaded to a computer after measurement completion.
Once downloaded to the computer the camera images were analysed using the soft-
ware jpiv. Two consecutive images were analysed for particle displacement resulting
in 999 processed images. A multipass correlation analysis was applied to the image
with a 128 pixel (33.87 mm) initial interrogation window, a final window size of 16
pixel (4.23 mm), and a 50 % overlap. jpiv was used to set invalid velocity vectors,
i.e. unrealistically high velocities, to zero and a median filter was applied. The
post-processing data analysis was performed in Matlab.
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4.3 The Flow Field Under Reference Conditions

This section describes results of the PIV measurements for a pump rotation speed
of 50 rpm and no offset between both flow tubes. This set-up configuration will be
referred to as PIV reference conditions. To obtain a comprehensive understanding
of the flow generated by two colliding water jets and the effects on bubble frag-
mentation, the following flow quantities were analysed: averaged velocity field, time
series of velocities (and their corresponding frequencies) in front of both flow tubes,
vertical profiles of velocity in front of flow tubes, shear rate and viscous dissipation
rate of turbulent kinetic energy. Additionally, results of a proper orthogonal decom-
position (POD) including the eigenvalue spectrum, a low order model as well as the
first and second temporal modes are presented.

4.3.1 The averaged velocity field for PIV reference conditions

Figure 4.4 shows the velocity field averaged over all 999 time steps for the PIV
reference condition (pump speed: 50 rpm, no offset).

Figure 4.4: Averaged velocity field for 50 rpm and 0 cm offset. Red lines are sketches
of flow tubes. Black lines mark velocity profiles used to calculate the
Reynolds numbers.

The red lines depict the flow tubes and the origin of the coordinate system is in
the lower left image corner. The x-axis and the horizontal velocity component
(u-component) is positive from left to right. The y-axis and the vertical velocity
component (v-component) is positive upwards. The two colliding water jets genera-
ted a well-defined averaged flow field that resembled a “double mushroom” shape.
After the water jets collided in the middle of the flow field, water was directed
upward and downward along the vertical centre line forming one upward and one
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downward directed velocity stream. Typical flow velocities ranged from 5 to 70 cm/s
with minimum velocities in the centre point where the jets collided and maximum
velocities close to the lower tube edges. Along the x-axis the velocity decreased with
increasing distance from the flow tubes. As the water left the flow tubes it was
slightly directed downward. Due to the clamps holding the flow tubes in place, the
flow tubes were mounted at a small angle of approximately 2° below the horizontal.
This tube inclination resulted in the downward stream being more intense than the
upward one (approximately 38 %).

To calculate the Reynolds number for each flow tube, respectively, vertical pro-
files were determined in front of both flow tubes. For the left flow tube, the vertical
profile was located at x = 4.3 cm and 2.2 cm ≤ y ≤ 4.3 cm (see Figure 4.4). For the
right flow tube the profile location was at x = 7.2 cm and 2.2 cm ≤ y ≤ 4.3 cm. The
average horizontal velocity (u-component) was determined along each profile and
a reference velocity uref was calculated for each profile as the integral of the time
averaged horizontal velocity along the profile divided by the inner tube diameter dt
(i.e space average). The Reynolds number was then calculated for each flow tube as

Re = uref · dt
ν

(4.2)

where the tube diameter is dt = 12 mm and ν = 1.004× 10−6 m2/s is the kine-
matic viscosity. The Reynolds number for the left flow tube (tube 1) amounted to
Re1 = 8,682. For the right flow tube (tube 2) the Reynolds number was Re2 = 9,315.
Both Reynolds numbers indicate turbulent flow conditions in front of both tubes (i.e.
Re > 2, 000). The Reynolds number for tube 2 (right tube) was by approximately
7 % higher than the Reynolds number for tube 1. This is because the reference ve-
locity at tube 2 (right tube) was higher than the reference velocity at tube 1. This
was a limit of the set-up where the volume flow delivered by the pump could not be
equally distributed between both tubes.
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4.3.2 Velocity standard deviation under reference conditions

Figure 4.5 shows the standard deviation of the velocity field (not normalized) cal-
culated over all 999 time steps for reference conditions.

Figure 4.5: Standard deviation of the velocity field at 50 rpm and 0 cm offset.

As expected, the standard deviation of the velocity field reflects the “double mush-
room” shape that was observed for the averaged velocity field (cp. Figures 4.4 and
4.5). Maximum velocity fluctuations of approximately 25 cm/s are observed in front
of both flow tubes and correspond to the location of maximum velocities. Mini-
mum velocity fluctuations of approximately 12 cm/s are observed in the centre of
the velocity field where both water jets collide. Maximum velocity fluctuations were
presumably related to the pump performance where water was pumped in regular
pulses rather than as a constant flow.

4.3.3 Time series of velocities and frequency spectra

The time series and frequency spectra of the flow velocity for PIV reference con-
ditions are analysed in this section. Time series of the velocity were extracted at
five different locations across the flow field. Additionally, the horizontal and vertical
velocity components (u - and v-component, respectively) were extracted along two
vertical profiles in front of both flow tubes. Figure 4.6 shows the location of positions
1 - 2 and locations of the vertical profiles.

Position 1 was located at x = 4.3 cm and y = 3.1 cm. Position 2 was located at
x = 7.2 cm and y = 3.1 cm. Both positions were chosen as the points of maximum
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Figure 4.6: Location of velocity profiles and measurement positions at 50 rpm and
0 cm offset. Red line: profile 1, magenta line: profile 2, red circle: position
1, magenta diamond: position 2.

horizontal flow velocity along the horizontal centre line. The aim was to investigate
the main points of interest in the velocity field. Profile 1 (left profile) was located
at x = 4.3 cm and extended vertically between 2.2 cm ≤ y ≤ 4.3 cm. Profile 2 (right
profile) had its horizontal location at x = 7.2 cm, the vertical extent equalled that
of profile 1. Hence, both profiles measured 2.1 cm in length. The left profile was
located 7 mm off the left tube and passed through position 1, where the first velocity
time series was measured. The right profile was located 5 mm off the right tube and
comprised position 2, where the second velocity time series was measured.

Figure 4.7 shows the butterworth-filtered time series of the velocities (with mean
velocity) in front of both flow tubes, i.e. at positions 1 and 2 (see Figure 4.6).

At position 1 the horizontal velocities ranged from approximately 0.4 to 1 m/s. At
position 2 the horizontal velocities amounted to approximately 0.5 to 0.8 m/s indicat-
ing similar flow rates through both tubes. The Reynolds number along profile 1 (left
tube) amounted to Re1 = 9,031 and along profile 2 (right tube) it was Re2 = 9,315.
The small difference of 3.0 % between both Reynolds numbers confirms the obser-
vation of similar flow rates through both tubes. At both positions the horizontal
velocity magnitude exhibited an oscillatory behaviour with similar frequencies (see
below for a frequency analysis). This was due to the pump which pumped water in
pulses rather than as a continuous flow.

The vertical velocity component v exhibited an average amplitude of approximately
−0.24 m/s at position 1 and −0.15 m/s at position 2 where negative values indicate
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(a) Velocity time series at position 1 for 50 rpm and 0 cm offset.

(b) Velocity time series at position 2 for 50 rpm and 0 cm offset.

Figure 4.7: Velocity time series at positions 1 (above) and 2 (below) for 50 rpm and
0 cm offset. Blue: u-component, red: v-component.

a downward flow. The high horizontal velocities of 0.4 to 1 m/s prevented larger
vertical velocities, which is why the average vertical velocity amounted to 31.5 %
of the average horizontal velocity at position 1 and 23.5 % at position 2. For both
positions water was directed downward with periodically varying velocities. The
periodicity was more pronounced in the horizontal velocity component than in the
vertical one.

Figure 4.8 shows the power spectral densities of the unfiltered, mean-subtracted
horizontal and vertical velocity component at position 1. At position 2 the fre-
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quency spectra were similar to those at position 1 for both velocity components (not
shown). The frequency spectrum was calculated using the Welch algorithm with a
segment length amounting to half of the signal length and a segment overlap of 50 %.

Figure 4.8: Frequency spectra for horizontal (blue) and vertical (red) velocity com-
ponents at position 1 for 50 rpm and 0 cm offset.

The peak frequencies for both, horizontal and vertical velocity components, amounted
to 15.8 Hz at position 1 as well as at position 2. For the vertical velocity component,
the power spectral density was one order of magnitude lower than for the horizontal
velocity component, which was due to the higher horizontal velocity magnitude.
Using the peak frequency fpeak and the reference velocity uref (see above) a length
scale χ of the periodic velocity fluctuations can be calculated as χ = (1/fpeak) · uref .
Length scales of χ1 = 3.1 cm and χ2 = 3.8 cm were obtained at the left and right
tube, respectively. These length scales are similar to the horizontal extent of the
average flow field which amounted to 4.3 cm. This value was determined manually
from Figure 4.4 by measuring the horizontal distance between the two points in
front of each tube where the average flow velocity had decreased to approximately
0.1 m/s.
As demonstrated in Section 3.1 the average parent bubble radius amounted to
0.26 cm ± 0.04 cm. Hence, the length scale of the velocity fluctuations was one
order of magnitude larger than the parent bubble radius.

4.3.4 The shear rate

This section discusses the averaged shear rate and the variability of the shear rate
over time observed at a pump speed of 50 rpm without offset between the flow tubes
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(PIV reference conditions). The shear rate ζ was calculated for every time step using
Equation 4.3:

ζ = 1
2 ·
(
∂v

∂x
+ ∂u

∂y

)
(4.3)

Subsequently, the averaged shear rate over all time steps was calculated. Figure 4.9
shows the absolute value of the averaged shear rate for 50 rpm pump speed and 0 cm
tube offset. The mean was not subtracted from the velocity time series.

Figure 4.9: Averaged shear rate at 50 rpm and 0 cm offset.

Like the averaged velocity field, the shape of the averaged shear rate resembled a
“double mushroom” shape with two vertical streams generated after collision at the
centre (cp. Figure 4.4). The geometrical similarity of both fields was expected since
the shear rate was derived from the velocity. For reference conditions (50 rpm) typ-
ical shear rates ranged from 20 to 120 s−1 with minimum shear rates in the centre
point where the jets collided and maximum shear rates at the lower edge of the
colliding horizontal jets and in the vertical streams. Again, this was analogue to
the averaged velocity field. The regions of maximum shear rates were located at the
lower jet edges due to the downward inclination of both flow tubes.
Based on the mean flow and shear rate in Figures 4.4 and 4.9 it is possible to foresee
the path followed by a bubble rising along the vertical centre line and to identify
the most likely shear rates it would experience. Before the bubble can rise to the
height of the flow tubes it would experience a downward velocity. Trying to find
the way of least resistance, the bubble would be deflected to the left or right of the
downward velocity stream and continue rising. Hence, the bubble would enter the
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fragmentation region between either of the tubes and the vertical centre line. As
shown in Figure 4.9 this is the region of maximum shear rates. Hence, right upon
entering the shear region the bubble would experience the maximum shear rate and
would consequently be subject to deformation.

Next, the shear rate of the time-averaged flow shown in Figure 4.9 is compared
to the mean-subtracted average shear rate (absolute value). For the latter case, the
individual mean velocity was subtracted from each of the 999 flow fields. Then, the
shear rate was calculated for each time step using these mean-subtracted flow fields
and Equation 4.3. The new fields were a measure of the shear rate caused by velocity
fluctuations. Finally, using the absolute values of the shear rate, the average over
all shear rate fields was determined. Figure 4.10 shows the result.

Figure 4.10: Mean-subtracted averaged shear rate for 50 rpm and 0 cm offset. The
red centre line indicates the profile location for the Hovmöller diagram
(s. Figure 4.11)

The mean-subtracted shear rate exhibited a shape similar to the not mean-subtracted
shear rate. Both fields exhibited increased shear rates (order of magnitude of 50 s−1)
at the edges of the flow field and decreased shear rates (order of magnitude of 20 s−1)
in the centre of the bulge where the two water jets collided. However, when the mean
velocity was subtracted, the region of maximum shear rate extended from the lower
tube edges upwards along the front of the tubes. Additionally, significant horizontal
gradients of shear rate were observed in front of the tubes as the shear rate increased
from approximately 6 to 46 s−1 over a horizontal distance of 3 mm (left tube). At the
right tube, the gradient was weaker, changing from approximately 5 to 35 s−1 over
4 mm. This is because the average horizontal velocity through the left tube (position
1: 0.76 cm/s) was approximately 18.9 % higher than the average horizontal velocity
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through the right tube (position 2: 0.64 cm/s) as indicated in Figure 4.7.

The variability of the shear rate over time is investigated. Figure 4.11 shows a
so-called Hovmöller diagram (space versus time diagram) of the temporal variability
of the shear rate along the vertical centre line (x = 5.9 cm) of the flow field. In other
words, the vertical profile of the shear rate at x = 5.9 cm was plotted for all time
steps.

Figure 4.11: Hovmöller diagram (space versus time) of the shear rate under reference
conditions. A spatial upward shift of the region of increased shear rate
is circled. Red lines indicate time series used for frequency analysis.

Along the vertical centre line, the shear rate exhibited a nearly periodic behaviour at
y ≈ 4.5 cm and y ≈ 1.5 cm. In contrast, at the centre of the vertical line (y ≈ 3.5 cm)
the shear rate remained low, i.e. ζ . 50 s−1, and no periodicity was observed. This
was due to the water jets colliding in this area resulting in a region of reduced ve-
locity and variability. Above and below the colliding water jets (upper and lower
frame half) the shear rate amplitude varied periodically. A frequency analysis (not
shown) in points y = 4.6 cm and y = 1.4 cm (x = 5.9 cm for both cases) revealed a
peak frequency of 15.8 Hz for both time series, which is identical to the frequencies
observed for the velocity time series (cf. Figures 4.7 and 4.8).
In addition to the periodicity, a region of increased shear rate (ζ ≈ 100 s−1) was
observed. This region of high shear rate was shifted upwards and downwards pe-
riodically. For example, between approximately 220 to 270 ms the region of high
shear rate was shifted upwards from approximately 4.7 to 5.7 cm (red circled region
in Figure 4.11). Immediately after this, a new region of high shear rate developed
at y ≈ 4.3 cm and was shifted upwards again. A similar behaviour with a downward
shift was observed below the colliding water jets. These spatial shifts of regions of
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high shear rates were associated with the upward and downward velocity streams
(cp. Figure 4.4) and water being pumped in pulses rather than as a continuous flow.

4.3.5 The maximum shear rate

This section describes the maximum shear rate for reference conditions. Here, the
maximum shear rate is not the maximum value of the actual shear rate. Instead, the
maximum shear rate is an indication of the relative shear rate. In order to calculate
the maximum shear rate the approach described by Rodriguez (2016) was applied.
After calculating the 2D spatial gradients using the corresponding mean-subtracted
velocity components, the 2D strain rate tensor S defined as

S =

 ∂u
∂x

1
2

(
∂u
∂y + ∂v

∂x

)
1
2

(
∂u
∂y + ∂v

∂x

)
∂v
∂y

 (4.4)

was calculated in every point. As explained by Rodriguez (2016) the strain rate
tensor includes local rates of shear, compression and stretching. Next, the eigen-
values S1 and S2 of the strain rate tensor were determined. Positive eigenvalues
indicate stretching, while negative eigenvalues are associated with local compression
(Rodriguez, 2016). The third eigenvalue, which was related to the third velocity di-
mension, could not be directly calculated from the 2D measurement data. However,
an estimate of the third eigenvalue S3 can be obtained from the continuity equation
(Rodriguez, 2016):

S3 = −S1 − S2 (4.5)

The maximum shear rate τmax was then determined in every point as the maximum
difference between any of the three eigenvalues (Rodriguez, 2016):

τmax = (Si − Sj)max
2 (4.6)

Here, i and j ranged between [1 3] and in each point they were chosen such that
the difference (Si − Sj) between the individual eigenvalues was maximized. Figure
4.12 shows the maximum shear rate at 50 rpm and no offset between the flow tubes
averaged over all time steps. The red profile marks the location of the Hovmöller
diagram extracted at x = 3.8 cm.

The field of the maximum shear rate exhibited a “double mushroom” shape with
maximum shear rates of up to 67 s−1 occurring at the left and right edges of the
main flow field, i.e. close to both flow tubes. Minimum shear rates occurred in the
central flow field where both water jets collided. Maximum shear rates in front of
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Figure 4.12: Maximum shear rate at 50 rpm and 0 cm offset. Red profile marks the
location of the Hovmöller diagram.

the left tube were by 22 % larger than maximum shear rates in front of the right
tube. This indicates more significant velocity fluctuations in front of the left tube.
This observation agrees with the standard deviation of the velocity in this region
(cp. Figures 4.5 and 4.12). Maximum shear rates in the downward velocity stream
were by 27 % higher than in the upward velocity stream. This is in agreement with
the standard deviation of the velocity shown in Figure 4.5.

The temporal variability of the maximum shear rate is investigated in a Hovmöller
diagram (space versus time diagram) that was extracted at x = 3.8 cm (see Figure
4.12). Figure 4.13 shows the temporal variability of the maximum shear rate. The
contour map was capped at 200 s−1 to best visualize the temporal fluctuations. The
white profile marks the location where the time series was extracted used to deter-
mine the peak frequency.

Variations of the maximum shear rate in front of the left flow tube extended verti-
cally between 2.7 cm . y . 4.0 cm. A frequency analysis was performed in the point
identified by the white horizontal line in Figure 4.13, which corresponds to a time
series extracted in point x = 3.8 cm and y = 3.1 cm. As expected, the corresponding
frequency spectrum (not shown) exhibited a peak frequency at 15.8 Hz.

4.3.6 The dissipation rate

This section discusses the averaged dissipation rate and its temporal variability
observed for a pump speed of 50 rpm and no offset between the flow tubes (PIV
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Figure 4.13: Hovmöller diagram of the maximum shear rate under reference condi-
tions. White profile marks location where the time series was extracted.

reference conditions). The dissipation rate was calculated for every time step using
the Equation 4.7 (Ducci & Weheliye, 2014):

ε = ν ·
(

2
(
∂u

∂x

)2
+ 3

(
∂u

∂y

)2
+ 2

(
∂v

∂y

)2
+ 3

(
∂v

∂x

)2
+ 2 · ∂u

∂y
· ∂v
∂x

)
(4.7)

where ν = 1.004× 10−6 m2/s is the kinematic viscosity of water. As pointed out by
Ducci & Weheliye (2014), Equation 4.7 assumes statistical isotropy of the velocity
gradients. This assumption is commonly made in PIV experiments where the 2D
nature of the measurement does not allow to estimate all of the velocity gradients
involved in the dissipation rate as explained by Sharp & Adrian (2001). Figure 4.14
shows the dissipation rate of the mean-subtracted flow field averaged over all time
steps and under PIV reference conditions. The general shape of the field of averaged
dissipation rate resembled a “double mushroom” shape which was already observed
for the averaged velocity field and the averaged shear rate (cp. Figures 4.4 and 4.10).
The average dissipation rate ranged from 0.01 to 0.05 m2/s3. Minimum dissipation
rates were observed in the centre where the water jets collided, and maximum dissi-
pation rates occurred at the lower edges of both flow tubes. A similar distribution of
minimum and maximum values was observed for the averaged velocity field and shear
rate (cf. Figures 4.4 and 4.10). Medium dissipation rates occurred along the vertical
centre line between both tubes with increased values of approximately 0.03 m2/s3 at
the lower end of the vertical centre line. These increased values can be attributed
to the lower velocity stream featuring increased velocity fluctuations (see Figure 4.5).
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Figure 4.14: Mean-subtracted averaged dissipation rate at 50 rpm and 0 cm offset.

The mean-subtracted dissipation rate in Figure 4.14 is compared to the dissipation
rate without mean subtraction shown in Figure 4.15. The aim is to gain an under-
standing of the dissipation rate related to the mean flow rather than investigating
the fluctuation part alone. The main difference between the mean-subtracted and

Figure 4.15: Not mean-subtracted averaged dissipation rate for 50 rpm and 0 cm off-
set. Red profile marks location for the Hovmöller diagram (s. Figure
4.16

the not mean-subtracted dissipation rate was that for the latter case the upper flow
stream became indistinct approximately 2 cm above the central jet collision point
(defined as x = 5.9 cm and y = 3.2 cm). When the mean velocity was included, the
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maximum dissipation rate amounted to approximately 0.2 m2/s3, which was larger
by a factor of four than the value measured when the mean was subtracted. Hence,
a large part of energy was dissipated by the shear generated by the mean flow.

The temporal variability of the not mean-subtracted dissipation rate was investi-
gated in front of the left tube where maximum values were observed (cp. Figure
4.15). Figure 4.16 shows a Hovmöller diagram of the not mean-subtracted dissipation
rate at x = 3.8 cm for PIV reference conditions. The variability of the dissipation
rate was visually enhanced by discarding any values greater than a threshold of
0.5 m2/s3. This threshold was chosen manually based on a time series extracted in
the point x = 3.8 cm and y = 3.1 cm, which was located in the region of maximum
dissipation rates. Additionally, the maximum value of the colour scale was shifted
to 0.25 m2/s3.

Figure 4.16: Hovmöller diagram of the not mean-subtracted dissipation rate for
50 rpm and 0 cm offset. Red line indicates time series used for frequency
analysis.

The field of the not mean-subtracted averaged dissipation rate extended vertically
between 2.3 cm . y . 4.0 cm, which corresponded approximately to the total height
of the field at x = 3.8 cm (cf. Figure 4.14).
The not mean-subtracted dissipation rate varied periodically in front of the left tube.
A time series was extracted in point x = 3.8 cm and y = 3.1 cm as indicated by the
red profile in Figure 4.16. A frequency analysis was performed and the corresponding
frequency spectrum (not shown) exhibited a peak frequency at 15.8 Hz, as expected.
In the central flow field, the averaged dissipation rate amounted to approximately
0.025 m2 s−3 (Figure 4.15). The Hovmöller diagram (Figure 4.16) showed large tem-
poral variations of the dissipation rate in front of the left tube ranging from 0.01 to
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0.5 m2 s−3, which was one order of magnitude larger than the averaged dissipation
rate in the central flow field (note that the colour scale in Figure 4.16 was adapted for
readability). Hence, large temporal variations of the dissipation rate were observed
in front of the flow tube despite the low averaged dissipation rate. Unless stated
otherwise, mean-subtracted quantities only will be considered in the remainder of
this thesis, in agreement with the definition of the dissipation rate.

4.3.7 Kolmogorov length scale

The Kolmogorov length scale is the smallest scale in a flow at which the turbulent
kinetic energy is dissipated by viscous stresses, and it provides an estimate of the size
of the smallest eddies (Hinze, 1975). The Kolmogorov length scale κ was calculated
using Equation 4.8:

κ =
(
ν3

ε

) 1
4

(4.8)

with ν = 1.004× 10−6 m2/s being the kinematic viscosity and ε is the average mean-
subtracted dissipation rate. Figure 4.17 shows the Kolmogorov length scale under
reference conditions. To best visualise the Kolmogorov length scale in the region
investigated the contour map of Figure 4.17 was capped to κ = 0.15 mm. This
ensured an improved length scale resolution between both flow tubes. Figure 4.17

Figure 4.17: Averaged Kolmogorov length scale at 50 rpm and 0 cm offset. Mean
velocity was subtracted.

indicates that in the present experimental set-up, energy was dissipated down to a
Kolmogorov length scale of approximately 0.1 mm. The smallest Kolmogorov length
scale of κ ≈ 0.07 mm was observed close to the flow tubes. The field shape of the
Kolmogorov length scale resembled the field shape of the dissipation rate since the
Kolmogorov length scale was derived from the dissipation rate (cp. Figures 4.17
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and 4.14). With increasing distance from the flow tubes, the averaged Kolmogorov
length scale first increased to approximately 0.11 mm, and then decreased to 0.10 mm
in the area of jet collision. Regarding these small changes the length scale can be
considered as approximately constant between the flow tubes. Maximum values of
the Kolmogorov length scale were observed in the middle of the flow field while
minimum values were observed near the tubes. Hence, minimum values of the Kol-
mogorov length scale corresponded to maximum values of the average velocity and
vice versa (cp. Figures 4.4 and 4.17). The parent bubble diameter amounted to
approximately 5.6 mm, which is one order of magnitude larger than the Kolmogorov
length scale. Consequently, the parent bubble was not affected by the smallest ed-
dies in the flow.
In the discussion of the power spectral density of both velocity components, a length
scale χ was calculated as χ = (1/fpeak) · uref . Here, fpeak was the peak frequency of
the velocity time series in front of each flow tube and uref was a reference velocity
(see discussion on Figure 4.8). The length scale χ was an intermediate length scale
associated with the velocity fluctuations that occurred at a frequency of 15.8 Hz.
The length scales in front of both flow tubes amounted to χ1 = 4.6 cm (left tube)
and χ2 = 4.9 cm (right tube). Hence, in the present study, χ was one to two orders
of magnitude larger than the Kolmogorov length scale.

4.3.8 Taylor length scale

The Taylor length scale is an average length scale associated with energy dissipated
by eddies of intermediate size (Hinze, 1975). It is a meso-scale in the middle between
the Integral length scale and the Kolmogorov length scale. The Taylor length scale
λ was calculated using Equation 4.9 for comparison with the Kolmogorov length
scale:

1
λ2 = 1

2u′2 ·
(
∂u

∂x

)2
(4.9)

Here, u′ was the standard deviation of the mean-subtracted velocity. The gradient in
Equation 4.9 was calculated as the average over all time steps of (∂u/∂x) (u was the
mean-subtracted horizontal velocity component). Figure 4.18 shows a contour map
of the Taylor length scale. To best visualize the Taylor length scale the maximum
value of the contour in Figure 4.18 was capped at 13 mm. The field of the Taylor
length scale did not show the typical double mushroom pattern. This was due to
the product of the standard deviation of the velocity and the velocity gradient of the
horizontal velocity component (cf. Equation 4.9). The Taylor length scale ranged
from approximately 1 mm close to the tubes to approximately 5 mm in the central
flow field. The largest Taylor lengths of 5 to 7 mm occurred at the upper/ lower end
of the upper/ lower velocity stream. Based on the findings in this work three length
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Figure 4.18: Averaged Taylor length scale at 50 rpm and 0 cm offset. Mean velocity
was subtracted and a threshold of 13 mm was applied.

scales of the following size can be identified in the experimental setup:

• The smallest length scale was the Kolmogorov length scale amounting to ap-
proximately 0.1 mm

• The medium length scale was the Taylor length scale of approximately 5 mm

• The largest flow length scale should be comparable to the tube diameter of
12 mm

The Taylor length was one order of magnitude larger than the Kolmogorov length
scale, and one order of magnitude smaller than the tube diameter. The parent bubble
diameter amounted to approximately 5.6 mm (see Table 3.6), which was comparable
to the Taylor length scale that is generally associated with velocity fluctuations
due to turbulence. Hence, the parent bubble was affected by turbulent velocity
fluctuations, and the corresponding shear stresses, which increased the likelihood
for a fragmentation event.
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4.3.9 Kolmogorov time scale

Similar to the Kolmogorov length scale, a Kolmogorov time scale can be calculated.
The Kolmogorov time scale τ was calculated using the Equation 4.10:

τ =
√
ν

ε
(4.10)

with ν = 1.004× 10−6 m2/s being the kinematic viscosity and ε is the average dissi-
pation rate. Figure 4.19 shows the Kolmogorov time scale under reference conditions.
The contour map was capped at 20 ms to best visualize the time scale field.

Figure 4.19: Averaged Kolmogorov time scale at 50 rpm and 0 cm offset. Mean velo-
city was subtracted.

The shape for the Kolmogorov time scale resembled that of the corresponding length
scale. Shortest time scales at which energy was dissipated amounted to approx-
imately 4 ms and were observed in front of the flow tubes. With a Kolmogorov
length scale of approximately 0.1 mm and an averaged Kolmogorov time scale of
approximately 11 ms, the averaged flow field exhibited a dynamic, variable and fast
changing behaviour under reference conditions.
The radius of the parent bubble pinching off from the glass nozzle amounted to
2.8 mm (see section 3.3.1). This radius corresponds to a bubble oscillation frequency
of 1.16 kHz or a period of 0.86 ms, which is approximately one order of magnitude
faster than the Kolmogorov time scale.
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4.3.10 Proper orthogonal decomposition

A Proper orthogonal decomposition (POD) decomposes the velocity field into a se-
ries of modes associated with different time and length scales, and allows to identify
dominant flow structures which are not apparent from the raw data. The eigenvalue
spectrum of the modes allows to visualise the kinetic energy cascade and can be cor-
related to the energy spectrum to identify the inertial sub-range region. Low order
models can be reconstructed using the dominant modes, thus filtering the smaller
length scales in a flow, therefore providing a clearer picture of the flow induced by
the larger structures.
This section presents the results of the POD including the eigenvalue spectrum, tem-
poral modes and their frequencies as well as spatial modes and a low order model
for the PIV reference condition (pump speed: 50 rpm and no offset between the flow
tubes).

Eigenvalue spectrum

Figure 4.20 shows the eigenvalue spectrum of all 999 modes for the PIV reference
condition. The eigenvalues were normalized by the sum of eigenvalues. This sum
corresponds to the total kinetic energy (Liné, 2016). The red solid line represents a
linear trend calculated as I−n with I being the eigenvalue number and n represent-
ing the slope of 11/9.

Figure 4.20: Eigenvalue spectrum (blue circles) and linear trend (red line) at 50 rpm
and 0 cm offset. Slope of trend line is −11/9.

Eigenvalues between 10 - 100 represent the inertial sub-range where energy is trans-
ferred from larger to smaller scales. According to Liné (2016) a slope of −11/9 in
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the POD analysis corresponds to the −5/3 slope which is found in a classical energy
spectrum to determine the inertial sub-range.
The normalized eigenvalue spectrum shows how much each mode contributes to the
total kinetic energy (Liné, 2016). From Figure 4.20 it can be seen that the first
temporal mode accounted for 9.5 % of the total energy. Modes 2, 3 and 4 accounted
for 8.3, 5.4 and 3.9 % of the total kinetic energy, respectively. These contributions
differ from observations made by Liné (2016) who reported a contribution of more
than 90 % for the first mode, 3-5 % for modes 2 and 3 as well as 0.6-0.8 % for
modes 4 and 5. This is because Liné (2016) did not subtract the mean velocity
before carrying out the POD analysis, while the mean was subtracted in the present
study. Therefore, the first mode of Liné (2016) is their mean, which is the one that
accounts for most of the energy. Another reason is related to the different flows in-
vestigated by Liné (2016). He calculated the normalized eigenvalue spectrum for the
flow field in a stirred tank. The corresponding flow field differed significantly from
the one generated by two colliding water jets. For eigenvalues 1 - 10 the eigenvalue
spectrum depends on how the flow is generated, which also explains the differences
in this range between the eigenvalue spectra calculated by Liné (2016) and in the
present study.
The trend line and the POD spectrum are parallel for the sub-range of eigenvalue
number 10 - 100, which agrees with Liné (2016). The reason is that this inertial
sub-range does not depend on how the flow was generated.

Temporal and spatial modes

This section discusses the first two temporal modes and the first spatial mode for
the PIV reference condition. The temporal and spatial modes were derived from the
POD analysis of the mean-subtracted horizontal and vertical velocity fields. Modes
1 and 2 were chosen for further analysis since they accounted for 17.8 % of the
total kinetic energy, as found in the previous paragraph (see Figure 4.20). Figure
4.21 shows the first two temporal modes of the velocity field after application of
a butterworth filter. The following filter settings were chosen: order of filter: 6,
cut-off frequency: 50 Hz, frame rate: 1620 fps. The first two temporal modes exhib-
ited a sinusoidal behaviour with similar amplitudes. In addition, a constant phase
shift of 90° between both modes was observed, which means that both modes were
perpendicular to each other, as expected. A frequency analysis was performed for
modes 1 and 2, respectively (not shown), using the Welch algorithm with a segment
overlap of 50 %. The corresponding frequency spectra showed a peak frequency of
15.8 Hz for both temporal modes. This value is identical to the peak frequencies
observed for the velocity time series as well as for temporal variations of the shear
and dissipation rate.
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Figure 4.21: Temporal modes 1 (blue) and 2 (red) at 50 rpm and 0 cm offset.

Figure 4.22 shows the first spatial mode as derived from the POD analysis for the PIV
reference condition. The horizontal and vertical velocity fields were mean-subtracted
before application of the POD algorithm. The first spatial mode revealed several

Figure 4.22: First spatial mode at 50 rpm and 0 cm offset. Black lines are tube
sketches.

vortices at the upper and lower edges of both water jets as well as in the upper and
lower flow streams. Vortices at the lower/ upper edge of the left/ right water jet
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circulated clockwise. Vortices at the upper/ lower edge of the left/ right water jet
circulate anti-clockwise. The vortex diameter was determined manually from Figure
4.22 and amounted to approximately 6 mm for vortices formed at the upper and
lower edges of both water jets. The parent bubble had a diameter of 5.6 mm, which
is similar to the vortex diameter. As discussed in Section 4.3.4 (page 118), a parent
bubble rising through the water column and along the vertical centre line would be
deflected to the left or right of the downward velocity stream, right into the vortex.
Due to the similar diameters of bubble and vortex, the bubble would be affected and
deformed by the vortex, which could increase the probability for a fragmentation
event. The second spatial mode (not shown) exhibited a pattern similar to the first
spatial mode.

Low order model

A low order model is a simplification of the flow, i.e. certain features of the flow
are neglected while others are retained to visualize details of the flow that otherwise
cannot be seen. Consequently, a low order model includes the lower modes only.
Here, modes 1 - 3 were used for the low order model. Even though fluctuations were
only observed in modes 1 and 2, the third mode was also included because it had a
flow scale similar to the bubbles generated during the acoustic experiments (bubble
diameter: 5.6 mm). Using three modes the corresponding low order model equation
is:

Lom = ai1 ·Ψ1 + ai2 ·Ψ2 + ai3 ·Ψ3 (4.11)

where ain denotes the ith time step of the nth temporal mode and Ψn is the nth
spatial mode. Figure 4.23 shows a sequence of approximately one period of the low
order model under reference conditions. The time between two subsequent images
amounts to 6.17 ms. The low order model in Figure 4.23 shows the flow field con-
sisting of both colliding water jets, the upward and downward flow streams, and
vortices at the upper/ lower edges of the water jets as well as vortices in the up-
ward/ downward flow stream. The low order model allowed to better comprehend
the dynamics associated with the frequency of 15.8 Hz. A periodic variability of the
colliding water jets, and the vortices generated by those jets, was observed in Figure
4.23. From the first to the last image of the sequence the direction of the water jets
seemed to reverse, i.e. water initially flowed from both flow tubes towards the centre
point (jet collision point) and then reversed flowing from the centre point towards
the flow tubes. In fact, the water flow was accelerated and decelerated periodically
by the pump. During deceleration phases the low order model showed a reversed
flow direction towards the flow tubes.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

Figure 4.23: Snapshots from the low order model at 50 rpm and 0 cm offset. Black
arrows mark vortex streets.
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Likewise, the vortices at the upper and lower edges of both water jets and in the
upward/ downward flow streams seemed to change their direction of rotation. How-
ever, these changes were variations of the flow, mainly generated by the first two
temporal modes. If the mean velocity was included into the low order model, then
both water jets would not be subject to variations in direction. They would still be
subject to variations in intensity.
Due to the pump design the water was not pumped as a continuous flow, but in
pulses, which resulted in periodic acceleration and deceleration phases. The fre-
quency of these periodic changes corresponded to the frequency of the first and
second temporal modes, which amounted to 15.8 Hz as found in the analysis of the
temporal modes. From the low order model, it was observed that the upward and
downward flow streams consisted of a sequence of vortices, i.e. a vortex street, rather
than a continuous water flow. A vortex street is marked in Figure 4.23k. The vortex
diameter was determined manually from Figure 4.23b and amounted to approxi-
mately 5 to 6 mm. The parent bubble diameter was 5.6 mm, which means that a
hypothetical bubble would be affected and deformed by the vortices resulting in an
increased probability for a fragmentation event.
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4.4 The Flow Field For Varying Pump Flow Rate

This section discusses the flow field for three different pump speeds of 40, 50 and
60 rpm. For reasons of brevity, the discussion is limited to a flow tube offset of 0 cm
to allow for a comparison with the PIV reference condition. The quantities to be
compared involve the averaged velocity field, frequency of the horizontal (u) and
vertical (v) velocity time series, vertical profiles of u- and v-component, averaged
shear rate, maximum shear rate, averaged dissipation rate, frequencies of shear and
dissipation rate, Kolmogorov length and time scale, POD eigenvalue spectra, tem-
poral/ spatial modes and a low order model.

4.4.1 Averaged velocity field for varying flow velocity

Figure 4.24 shows a comparison of the velocity fields for all pump speeds investi-
gated (no offset), where each field was averaged over all 999 time steps.
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(a) Averaged velocity field at 40 rpm and 0 cm offset.

(b) Averaged velocity field at 50 rpm and 0 cm offset.

(c) Averaged velocity field at 60 rpm and 0 cm offset.

Figure 4.24: Averaged velocity field at 40 rpm (top), 50 rpm (middle) and 60 rpm (bot-
tom), 0 cm offset. Black lines mark locations where vertical profiles of
the u− and v-component were measured.
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The averaged velocity fields at 40 rpm and 50 rpm were similar in their shape (s.
Figure 4.24). At 40 rpm, averaged maximum velocities of 0.6 m/s were observed
close to both tubes. At 50 rpm, the average flow velocity was 0.1 to 0.2 m/s higher
than at 40 rpm.
An increase of pump speed from 50 rpm to 60 rpm resulted in an increase of ap-
proximately 0.1 to 0.2 m/s of the average flow velocity so that an average maximum
velocity of 0.9 m/s was achieved at 60 rpm. In addition, at 60 rpm the flow field was
not symmetric around the vertical centre line anymore as the upper and lower velo-
city streams were shifted towards the left flow tube. Therefore, this data set should
be considered with care. In fact, the asymmetric velocity field was mainly caused
by different flow rates through both tubes. This was due to the geometry and/ or
setup of the siphons, which was not optimized for data acquired at this speed.
The average flow velocity at 60 rpm was 0.1 to 0.2 m/s higher than at 50 rpm. The
approximately constant increase of flow velocity from 40 to 60 rpm indicated a linear
relationship between pump speed and average velocity.
To calculate the Reynolds number for each flow tube, respectively, vertical pro-
files were determined in front of both flow tubes as indicated in Figure 4.24 (black
lines). The locations of the profiles were the same as for the velocity profiles for
reference conditions (see below). Profile 1 (left profile) was located at x = 4.3 cm
and extended vertically between 2.2 cm ≤ y ≤ 4.3 cm. Profile 2 (right profile) had
its horizontal location at x = 7.2 cm, the vertical extent equalled that of profile 1.
Hence, both profiles measured 2.1 cm in length. At 60 rpm, the right profile (profile
2) was shifted to x = 6.8 cm to account for the asymmetric velocity field.
The length scale χ was calculated as χ = (1/fpeak) · uref . Here, fpeak was the peak
frequency of the velocity time series in front of each flow tube, i.e. the velocity
time series at Positions 1 and 2 (see Figure 4.6). The reference velocity uref was
calculated for each profile as the integral of the average horizontal velocity along
the profile normalized by the inner tube diameter. Table 4.2 compares the Reynolds
numbers and length scales for all pump speeds.

Pump speed Re left tube Re right tube χ left tube χ right tube
40 rpm 6,666 6,372 4.4 cm 4.2 cm
50 rpm 8,682 9,315 4.6 cm 4.9 cm
60 rpm 1,399 10,605 0.6 cm 3.7 cm

Table 4.2: Reynolds numbers and length scales for all pump speeds and no offset

The Reynolds numbers indicated turbulent conditions in the main flow field (i.e.
between both flow tubes) for all pump speeds. The only value below the critical
Reynolds number of approximately 2,000 was the Reynolds number of 1,399 for the
left tube at 60 rpm. Here, the water flow through the tube was reduced resulting in a
lower velocity and subsequently in a low Reynolds number. However, the Reynolds
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number of 10,605 in front of the right flow tube was a realistic representation and
it indicated turbulent conditions.
The length scales were similar for all pump speeds amounting to approximately 4 to
5 cm. The distance between both flow tubes was approximately 4.1 cm, which was
similar to the length scale.

4.4.2 Peak frequencies of velocity time series

The analysis of the flow field under reference conditions showed a peak frequency
15.8 Hz for time series of both velocity components, shear, and dissipation rate as
well as the maximum shear rate. This might be associated to the rotational speed
of the pump which generated a periodicity of the flow. To test this hypothesis, a 2D
map of the peak frequencies of the horizontal velocity component (u) was compiled
for all three pump speeds. The corresponding figures are in the Appendix (Section
7.1). These figures showed that certain frequencies occurred more often than others,
particularly in the main flow field. Therefore, a statistical analysis was performed
to determine the number of occurrence of the individual frequencies for all pump
speeds. The field of interest was reduced to the main flow field between the tubes
(see Appendix, Section 7.1 for details). Figure 4.25 shows which peak frequencies
occurred most frequently in the main flow field at the individual pump speeds.

Figure 4.25: Most probable peak frequencies of the u-component for all pump speeds
and 0 cm offset.

The analysis confirms the hypothesis that certain peak frequencies of the horizontal
velocity component occurred more frequently at the each pump speed. At 40 rpm
the peak frequency that occurred most often was 12.65 Hz. At 50 rpm, the most
probable peak frequency amounted to 15.84 Hz. At 60 rpm the frequency occurring
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most frequently was 19.03 Hz. Peak frequencies in the main field were determined
for the v-component as well (not shown) and identical peak frequencies were found
at the individual pump speeds.

Knowing which peak frequencies were associated with the individual pump speeds
allowed to apply a linear regression. Figure 4.26 shows the relationship between the
peak frequency of both velocity components and the pump speed.

Figure 4.26: Relationship between peak frequencies of the velocity and pump speed
for 0 cm offset. Equation for fit: fmax = 0.319 ·N − 0.11, fmax: peak
frequency [Hz], N : pump speed [rpm].

The peak frequency of the horizontal and vertical velocity components increased
linearly with pump speed. For the present experimental set-up, the peak frequency
of the velocity oscillations can be calculated for any pump speed using the linear
relationship: fmax = 0.319 ·N − 0.11, with fmax being the peak frequency in Hz and
N is the pump speed in rpm. Here, emphasis is given to the slope of the regression
line in the range of speed investigated, while the intercept frequency, i.e. a negative
frequency, with the y-axis is clearly not physically possible.



142 4.4 The Flow Field For Varying Pump Flow Rate

4.4.3 Vertical velocity profiles

This paragraph discusses the vertical profiles of the u- and v-components in front
of both flow tubes for all pump speeds and without tube offset. The locations of
the profiles are the same as for the profiles used to calculate the Reynolds numbers
at 50 rpm (black lines in Figure 4.24b). At 60 rpm, the profile was not shifted to
allow a consistent comparison with other pump speeds. Hence, for all pump speeds,
profile 1 (left flow tube) was located at x = 4.3 cm and 2.2 cm ≤ y ≤ 4.3 cm (2.1 cm
long). Profile 2 (right flow tube) was located at x = 7.2 cm and the vertical ex-
tent equalled that of profile 1. Each profile was averaged over all 999 time steps.
Figure 4.27 shows the vertical profiles of the average horizontal velocity component
(u-component) in front of both flow tubes.

Figure 4.27: Vertical velocity profiles of the u-component at positions 1 and 2 for
all pump speeds and 0 cm offset. Solid lines show profile 1 (left tube),
dashed lines show profile 2 (right tube). Red, blue, black correspond to
40 rpm, 50 rpm, 60 rpm, respectively.

The horizontal velocity along profile 2 (negative velocity values) increased from
0.54 m/s (40 rpm) to 0.84 m/s (60 rpm) with increasing pump speed. Along profile 1
(positive velocity values) the horizontal velocity increased from 0.57 m/s to 0.79 m/s
as the pump speed increased from 40 rpm to 50 rpm. At 60 rpm, the horizontal
velocity of profile 1 (left flow tube) was low (0 to 0.03 m/s). This was due to the
asymmetric velocity field. For all pump speeds and along both profiles maximum
average horizontal velocities were observed at the lower tube half, i.e. approximately
3 mm below the tube centre. This was due to the slight downward inclination of the
flow tubes.

Figure 4.28 shows the vertical velocity profiles of the v-component in front of both
flow tubes for all pump speeds (no tube offset) and averaged over time.
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Figure 4.28: Vertical velocity profiles of the v-component at positions 1 and 2 for
all pump speeds and 0 cm offset. Solid lines show profile 1 (left tube),
dashed lines show profile 2 (right tube). Red, blue, black correspond to
40 rpm, 50 rpm, 60 rpm, respectively.

Most of the vertical velocity profiles exhibited negative values ranging from−0.10 m/s
(40 rpm) to −0.30 m/s (60 rpm) indicating a downward directed flow. One excep-
tion was profile 1 (left flow tube) at 60 rpm which showed a downward directed flow
along the lower tube half and an upward directed flow along the upper tube half.
This is because profile 1 (60 rpm) was aligned with the upper and lower flow stream.
The origin of the upper and lower flow stream was located where the vertical ve-
locity reversed, i.e. approximately 1.7 mm below the tube centre (in Figure 4.24c:
y ≈ 3.2 cm). The horizontal coordinate of the stream origin was determined man-
ually from Figure 4.24c by finding the point where the vertical velocity component
reversed. The location x ≈ 4.3 cm was found, which corresponded to the horizontal
coordinate location of profile 1 (cp. Figure 4.24c). Hence, the origin of the upper
and lower flow stream was located approximately at x ≈ 4.3 cm and y ≈ 3.2 cm.
Note that these are estimated coordinates. The actual origin of the upper and lower
flow stream presumably changed periodically as both velocity components oscillated
periodically (cp. Figure 4.7).
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4.4.4 The averaged shear rate

The shear rate was calculated for every time step using Equation (4.3) and subse-
quently averaged over all 999 time steps. Figure 4.29 shows a comparison of the
absolute value of the mean-subtracted shear rate for all pump speeds (no offset). As
expected, the averaged shear rate increased with increasing pump speed. Maximum
averaged shear rates ranged from 45 s−1 (40 rpm) to 77 s−1 (60 rpm). For all pump
speeds maximum shear rates were observed at the lower flow tube edges while mi-
nimum shear rates occurred in the central flow field where the water jets collided
(40 rpm and 50 rpm). Hence, for all pump speeds, a hypothetical bubble would enter
the flow field at regions of maximum shear rates, i.e. close to the lower tube edges.
Consequently, the bubble would be subject to deformation resulting in an increased
probability for a fragmentation event.
Similar to the velocity, a 2D map of the peak frequency of the shear rate was com-
piled for each pump speed by calculating the shear rate peak frequency in every point
of the flow field (diagrams not shown for reasons of brevity). Using the central flow
field only, the number of occurrence for each frequency was determined to identify
the most probable frequencies at each pump speed. As expected, the most proba-
ble frequencies of the shear rate were identical to the most probable frequencies of
the velocity fields, i.e. 12.65, 15.84 and 19.03 Hz at 40, 50 and 60 rpm, respectively
(see Figure 4.25). Consequently, the linear relationship between peak frequency and
pump speed was identical for shear rate and velocity components (see Figure 4.26).
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(a) Averaged shear rate at 40 rpm and 0 cm offset.

(b) Averaged shear rate at 50 rpm and 0 cm offset.

(c) Averaged shear rate at 60 rpm and 0 cm offset.

Figure 4.29: Averaged shear rate at 40 rpm (top), 50 rpm (middle) and 60 rpm (bot-
tom), 0 cm offset (absolute values). Red profiles mark locations for Hov-
möller diagrams.
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4.4.5 The maximum shear rate

The maximum shear rate was calculated as the maximum difference between any
of the three eigenvalues of the 2D strain rate tensor (see Equation 4.4). For details
of the calculation the reader is referred to Section 4.3.5 (page 122). Figure 4.30
shows the mean-subtracted maximum shear rate for all pump speeds averaged over
all 999 time steps. The maximum shear rate increased for increasing pump speed,
ranging from approximately 22 s−1 at 40 rpm to 34 s−1 at 60 rpm. Maximum shear
rates occurred at the left and right edges of the main flow field, i.e. in front of both
flow tubes, while minimum values occurred in the central flow field. The maximum
shear rate was largest in front of the flow tubes since this was the area where water
left the flow tubes resulting in maximum velocity gradients. Minimum values in the
central flow field can be explained with the jet collision resulting in small velocity
gradients.
A hypothetical parent bubble would enter the flow field at the lower tube edges,
as discussed in Section 4.3.5 (page 122). Even though this was the region where
maxima of the averaged shear rate occurred, the bubble would be forced towards
the central flow field due to the water jet. Hence, the bubble would leave the region
of maximum shear rate which decreases the likelihood for a fragmentation event.
The 2D maps of the peak frequencies of the maximum shear rates showed most prob-
able frequencies identical to those found in the 2D velocity maps. Consequently, the
same linear relationship between the shear rate peak frequencies and the pump speed
was found (cf. Figure 4.26).
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(a) Maximum shear rate at 40 rpm and 0 cm offset.

(b) Maximum shear rate at 50 rpm and 0 cm offset.

(c) Maximum shear rate at 60 rpm and 0 cm offset.

Figure 4.30: Maximum shear rate at 40 rpm (top), 50 rpm (middle) and 60 rpm (bot-
tom), 0 cm offset. The mean velocity was subtracted.
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4.4.6 The averaged dissipation rate

The dissipation rate was calculated for every time step using Equation 4.7. Figure
4.31 shows a comparison of the dissipation rate for all pump speeds investigated (no
offset) averaged over all 999 time steps. The averaged dissipation rate increased with
increasing pump speed, as expected. Maximum averaged dissipation rates were ob-
served at the lower tube edges and ranged from 0.037 m2/s3 (40 rpm) to 0.084 m2/s3

(60 rpm). For all pump speeds, the central flow field was characterized by minimum
averaged dissipation rates of approximately 0.01 m2/s3, which can be associated with
the colliding water jets. The geometrical shape as well as the distribution of mini-
mum and maximum values were similar to the cases of the averaged velocity and
the averaged shear rate (cf. Figures 4.24, 4.29 and 4.31).
A hypothetical parent bubble rising through the water column would enter the main
flow field close to the lower tube edges, which is the region of maximum shear and
dissipation rates. Subsequently, the bubble would be subject to deformation and
increased dissipation rates of turbulent kinetic energy, which would increase the
probability for a fragmentation event. Note, that the actual experiments on bubble
fragmentation were performed for a flow tube offset of 1 cm (see Section 3.2.2).
Most probable frequencies of the dissipation rate for all pump speeds and the cor-
responding linear relationship between these frequencies and the pump speed were
identical to those found during analysis of most probable frequencies of the velocity,
shear rate, and maximum shear rate (cf. Figure 4.26).
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(a) Averaged dissipation rate at 40 rpm and 0 cm offset.

(b) Averaged dissipation rate at 50 rpm and 0 cm offset.

(c) Averaged dissipation rate at 60 rpm and 0 cm offset.

Figure 4.31: Averaged dissipation rate at 40 rpm (top), 50 rpm (middle) and 60 rpm
(bottom), 0 cm offset. Mean velocity was subtracted.
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4.4.7 Kolmogorov time and length scales

The Kolmogorov time scale was calculated using Equation 4.10. For determination
of the Kolmogorov length scale Equation 4.8 was used. A threshold was applied to
mask any unphysically high values outside the main flow field. For the time scale,
these thresholds amounted to 19, 20 and 15 ms at 40, 50 and 60 rpm, respectively.
For the length scale, the thresholds were 0.14, 0.15 and 0.12 mm at 40, 50 and 60 rpm,
respectively. Figures 4.32 and 4.33 compare the Kolmogorov time and length scales,
respectively, for all pump speeds. The averaged Kolmogorov time and length scales
exhibited only small changes for increasing pump speeds. The average Kolmogorov
time scale decreased from approximately 12 ms (40 rpm) to 7 ms (60 rpm) in the
central flow field. The average Kolmogorov length scale decreased from approxi-
mately 0.11 mm (40 rpm) to 0.9 mm (60 rpm) in the central flow field. Hence, at
all pump speeds, energy was dissipated down to a length scale of approximately
0.10 mm. At all pump speeds, minimum time and length scales were observed close
to both flow tubes and maximum time and length scales occurred in the central flow
field, where the water jet collision caused reduced flow dynamics. The radius of the
parent bubble pinching off from the glass nozzle amounted to 2.8 mm (see section
3.3.1). This radius corresponded to a bubble oscillation frequency of 1.16 kHz or a
period of 0.86 ms, which was approximately one order of magnitude smaller than
the Kolmogorov time scale. The parent bubble radius was one order of magnitude
larger than the Kolmogorov length scale.
At the beginning of this section a length scale χ was calculated in front of the left
flow tube (χ1) and the right flow tube (χ2) as (see Table 4.2):

• 40 rpm: χ1 = 4.4 cm, χ2 = 4.2 cm

• 50 rpm: χ1 = 4.6 cm, χ2 = 4.9 cm

• 60 rpm: χ1 = 0.6 cm, χ2 = 3.7 cm

The length scale χ was approximately constant at 40 rpm and 50 rpm and decreased
by 1.2 cm in front of the right tube as the pump speed increased to 60 rpm. The
small value of 0.6 cm (left tube, 60 rpm) was due to the low flow rate through the left
tube at this pump speed. For all pump speeds, the length scale χ was approximately
two orders of magnitude larger than the Kolmogorov length scale and one order of
magnitude larger than the parent bubble radius.
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(a) Kolmogorov time scale at 40 rpm and 0 cm offset.

(b) Kolmogorov time scale at 50 rpm and 0 cm offset.

(c) Kolmogorov time scale at 60 rpm and 0 cm offset.

Figure 4.32: Kolmogorov time scale at 40 rpm (top), 50 rpm (middle) and 60 rpm
(bottom), 0 cm offset.
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(a) Kolmogorov length scale at 40 rpm and 0 cm offset.

(b) Kolmogorov length scale at 50 rpm and 0 cm offset.

(c) Kolmogorov length scale at 60 rpm and 0 cm offset.

Figure 4.33: Kolmogorov length scale at 40 rpm (top), 50 rpm (middle) and 60 rpm
(bottom), 0 cm offset.
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4.4.8 Taylor length scale

The Taylor length scale λ was calculated for all pump speeds using Equation 4.9,
and the result is shown in Figure 4.34. At 50 rpm and 60 rpm any values greater than
13 mm were discarded to visually enhance details of the flow field. The Taylor length
scale was overall constant and amounted to approximately 4 to 5 mm for all pump
speeds. Minimum Taylor length scales of 0.5 to 2 mm occurred in front of both flow
tubes. Maximum values of 5 to 7 mm were observed in the upper velocity stream.
Overall, the Taylor and Kolmogorov length scales did not vary significantly over the
relatively narrow range of pump speed investigated. This might also be partially due
to the relatively coarse spatial resolution of the PIV measurements which amounted
to 1.7 mm, and which might have not allowed to resolve finer scales, especially at
higher pump speed value.
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(a) Taylor length scale at 40 rpm and 0 cm offset.

(b) Taylor length scale at 50 rpm and 0 cm offset.

(c) Taylor length scale at 60 rpm and 0 cm offset.

Figure 4.34: Taylor length scale at 40 rpm (top), 50 rpm (middle) and 60 rpm (bot-
tom), 0 cm offset.
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4.4.9 Proper orthogonal decomposition

The final part of this section comprises the Proper Orthogonal Decomposition (POD)
for all pump speeds. The following quantities will be compared: the eigenvalue
spectrum, the first two temporal modes, the first spatial mode, frequencies of the
temporal modes, and low order models.
Figure 4.35 shows the eigenvalue spectrum of all 999 modes for all pump speeds.
The eigenvalues were normalized by their respective sums, i.e. by their total kinetic
energy. The black solid line represents a linear trend calculated as I−n with I being
the eigenvalue number and n representing the slope of 11/9. As mentioned previ-
ously, a local slope of −11/9 should correspond to modes in the inertial sub-range
(modes 10 - 100). In a classical representation of the kinetic energy spectrum this
slope value corresponds to −5/3 (Liné, 2016).

Figure 4.35: Eigenvalue spectrum for all pump speeds and 0 cm offset. Blue: 40 rpm,
red: 50 rpm, magenta: 60 rpm. The slope of the black linear trend line
amounts to −11/9.

The normalized eigenvalue spectrum shows how much each mode contributes to the
total kinetic energy (Liné, 2016). At 40, 50 and 60 rpm the first temporal mode
accounted for 13.1, 9.4 and 5.2 % of the total kinetic energy. The second mode
contributed 10.6, 8.1 and 4.3 % (at 40, 50 and 60 rpm, respectively). The third
mode accounted for 8.0 and 5.3 and 3.6 %. The eigenvalue spectra for all three
pump speeds were parallel to the trend line in the range 10 - 100. For increasing
pump speed, i.e. increasing Reynolds numbers, the discrepancy between normalized
eigenvalues and the trend line decreased due to increasing turbulence levels. Both
observations are in agreement with Liné (2016).
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Temporal modes

This section describes the first and second temporal modes and their frequencies for
all pump speeds. The analysis is limited to the first two temporal modes, and Fig-
ures are not shown for reasons of brevity. At 40 rpm, the behaviour of both modes
was similar to the one obtained at 50 rpm (see Figure 4.21). At 40 rpm and 50 rpm,
the first and second temporal mode were phase shifted by 90°, which means both
modes were perpendicular to each other, as expected. An increase of pump speed
from 40 rpm to 50 rpm resulted in an increase of frequency for both modes.

For each mode and for all pump speeds a frequency analysis was performed us-
ing the Welch algorithm with a segment overlap of 50%. Figure 4.36 shows the
result. The frequencies of the first and second temporal modes were identical to the
peak frequencies of the velocity components, shear and dissipation rates. Hence, at
40, 50 and 60 rpm the frequencies of the temporal modes amounted to 12.66, 15.82
and 18.98 Hz, respectively. A linear regression line was fitted through this data and
a model of fmax = 0.316 ·N + 0.02 was found, where fmax is the mode frequency in
Hz, and N is the pump speed in rpm. The frequency of 0.02 Hz for a pump speed
of zero is considered an acceptable error.

Figure 4.36: Frequencies of first and second temporal mode for all pump speeds and
0 cm offset. Equation for fit: fmax = 0.316 ·N + 0.02, fmax: peak fre-
quency [Hz], N : pump speed [rpm].
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First spatial mode

The first spatial mode was calculated for all pump speeds using Equation 4.11, and
the result is shown in Figure 4.37. The first spatial modes revealed the presence
and location of vortices for all pump speeds as well as detailed information about
water acceleration and deceleration. At 40 rpm and 50 rpm, the first spatial mode
exhibited similar behaviours. In both cases, water was periodically accelerated and
decelerated, which is consistent with the reversed directions of arrows in Figures
4.37a and 4.37b. The periodic change between acceleration and deceleration of the
water flow was caused by the pump which moved water in pulses and not as a con-
tinuous flow. For instance, Figure 4.37a shows a phase of deceleration, while Figure
4.37b shows a phase of acceleration as the arrows were directed towards the jet col-
lision region.
At all pump speeds, the first spatial mode showed vortices at the upper and lower
edges of both water jets and as well as in the upper and lower flow streams. Fol-
lowing, the vortex at the lower edge of the left water jet is analysed (marked with a
red rectangle in Figure 4.37a and 4.37b). During the phase of deceleration (Figure
4.37a), the vortex rotated anti-clockwise. In contrast, during phases of acceleration
(Figure 4.37b), the vortex rotated clockwise. Hence, the direction of rotation of the
vortices varied periodically with the accelerating and decelerating water flow.
At 60 rpm (Figure 4.37c), the first spatial mode mainly captured a variation of the
flow at the exit of the left tube. The vortex diameter was determined manually
from Figures 4.37a to 4.37c and amounted to approximately 6 to 7 mm for all pump
speeds. The diameter of the parent bubble was 5.6 mm. Since the parent bubble
diameter was similar to the vortex diameter, a hypothetical bubble would be af-
fected and deformed by these vortices, which would increase the probability for a
fragmentation event. Note, that some vortices were located at the lower edges of
both water jets, which was the region where the hypothetical parent bubble would
enter the flow field (see page 144).
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(a) First spatial mode at 40 rpm and 0 cm offset.

(b) First spatial mode at 50 rpm and 0 cm offset.

(c) First spatial mode at 60 rpm and 0 cm offset.

Figure 4.37: First spatial mode at 40 rpm (top), 50 rpm (middle) and 60 rpm (bot-
tom), 0 cm offset. The red rectangles mark vortices with anti-clockwise
and clockwise directions of rotation.
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Low order model

Finally, the low order models for all pump speeds are compared. The low order
model was calculated using Equation 4.11. At 40 rpm, the low order model was sim-
ilar to the one at 50 rpm (see Figure 4.23). The low order model at 60 rpm is shown
in the Appendix (Section 7.2, Figure A.2). At 40 rpm and 50 rpm, the acceleration
and deceleration phases of the water flow were clearly marked by the direction and
magnitude of the vectors of the low order model. Acceleration phases were indi-
cated by vectors pointing towards the central flow field (water jet collision area),
while deceleration phases were marked by vectors pointing in the opposite direction.
Vortices at the upper and lower flow stream exhibited varying directions of rotation
during acceleration and deceleration phases. At 40 rpm and 50 rpm, the upper and
lower flow stream mostly consisted of vortices. Hence, the fluid was not subject to
a continuous flow stream, but to a series of vortices forming a vortex street.
The period of the changing vortex rotation direction was estimated. At 40 rpm it
took approximately 67.88 ms for the vortices to change between their direction of ro-
tation. The corresponding frequency amounted to approximately 14.73 Hz. For the
variation of the velocity components, shear and dissipation rate, a peak frequency of
12.65 Hz was found (cf. Figure 4.25), which is the expected frequency for the oscil-
lating vortex rotation direction. Both values agree well considering that the vortex
frequency represents an estimated value. At 50 rpm, a frequency of 16.20 Hz was
estimated, which agrees with the expected frequency of 15.84 Hz that was found for
the velocity, shear and dissipation rates at 50 rpm (see e.g. Figure 4.25). At 60 rpm,
the frequency of changing vortex rotation direction was estimated from the period
of the acceleration and deceleration phases due to lack of vortices. The estimated
frequency amounted to 21.60 Hz, which agrees well with the frequency of 18.98 Hz
of the first temporal mode (see Figure 4.36).
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4.5 The Flow Field For Varying Flow Tube Offset

This section describes the effects of a varying vertical distance between both flow
tubes on the flow field. The acoustical fragmentation experiments were performed
with an offset of 1 cm between the tubes and at a pump speed of 50 rpm. Therefore,
PIV measurements for this setup are of particular interest. For reasons of complete-
ness and for comparison, tube offsets of 0, 1, 2 and 3 cm were investigated. The
analysed quantities comprised: the averaged velocity field, standard deviation of the
velocity field, averaged shear rate, maximum shear rate, averaged dissipation rate,
Kolmogorov length and time scales, eigenvalue spectrum, first spatial mode and low
order models for all tube offsets. For reasons of brevity and to allow comparisons
with reference conditions, the discussion is limited to a pump speed of 50 rpm.

4.5.1 Averaged velocity field

Figure 4.38 shows the averaged velocity field for all flow tube offsets. As the vertical
distance between the flow tubes increased, the geometrical shape of the averaged
velocity field changed from the “double mushroom” shape (no offset, Figure 4.38a)
to two independent water jets (3 cm offset, Figure 4.38d). Without an offset between
the flow tubes (reference conditions), the two water jets collided, and water was
forced to flow upwards or downwards forming the upper and lower flow stream
(Figure 4.38a).
In order to achieve a vertical offset of 1 cm between the flow tubes (Figure 4.38b),
the left-hand side flow tube was lifted by that distance. As a result, the left-hand
side water jet became dominant exhibiting averaged velocities of up to 0.81 m/s
and a vertical extent of approximately 2.2 cm (manual estimation). The left-hand
side water jet was dominant because both tubes were tilted slightly downwards by
approximately 2°, and the left tube was mounted higher than the right tube. Due
to the high velocities and the downward directed flow, the dominant left-hand side
water jet comprised nearly the entire area between the flow tubes. In addition, the
left-hand side water jet reduced the intensity of the right-hand side water jet, so that
the jet collision area was located at x ≈ 7.2 cm, i.e. just in front of the right-hand
side flow tube. The two water jets collided along a vertical line characterized by
reduced averaged velocities of approximately 0.06 to 0.15 m/s. After jet collision,
water was directed upward and downward forming an upward and downward velocity
stream like for 0 cm tube offset.
Within the left-hand side water jet, the averaged velocity magnitude ranged from
0.81 m/s close to the tube (x = 3.8 cm) to 0.21 m/s in front of the right-hand side
tube (x = 7.0 cm). Hence, the averaged velocity decreased for increasing distance
from the left-hand side tube.
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(a) Averaged velocity field at 50 rpm and 0 cm offset.

(b) Averaged velocity field at 50 rpm and 1 cm offset.

(c) Averaged velocity field at 50 rpm and 2 cm offset.

(d) Averaged velocity field at 50 rpm and 3 cm offset.

Figure 4.38: Averaged velocity field at 50 rpm and 0 cm, 1 cm, 2 cm and 3 cm offset
(top to bottom).
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However, for 1 cm offset, the upward and downward velocity streams were inclined,
i.e. the upper stream was directed upwards and to the right hand side, while the
lower flow stream was directed downward and to the left (Figure 4.38b). The upper
velocity stream was shorter than the lower one since the velocity decreased quickly,
from approximately 0.21 m/s to 0.10 m/s over a vertical distance of approximately
1.1 cm.
As shown in Figure 4.38c, the two water jets barely interacted as a result of the
increased vertical distance of 2 cm between the flow tubes. Both water jets were still
directed downwards due to the flow tube inclination. However, the left-hand side
water jet (upper water jet) did not suppress the right-hand side water jet (lower
jet) anymore as it was the case for the 1 cm tube offset. The upper water jet had a
larger vertical extent of approximately 2.0 cm while the extent of the lower water jet
measured approximately 1.1 cm. In addition, the upper water jet exhibited higher
averaged flow velocities of up to 0.73 m/s, while averaged velocities in the lower water
jet amounted to approximately 0.40 m/s. The larger vertical extent and the higher
velocities made the upper water jet the dominant one. The higher velocities were
presumably caused by the setup of the siphon system and/ or the T-junction that
was used to split the original single water path into two water pathways leading to
the individual flow tubes. For a vertical tube offset of 2 cm, there was no jet collision
area anymore as it was the case for no offset and 1 cm tube offset. Consequently, no
upper and lower flow streams were formed. This and the missing jet collision were
the main differences between the averaged velocity fields for 0 to 1 cm and 2 cm tube
offset.
For a vertical flow tube offset of 3 cm, the right-hand side tube was moved downward.
The reason was that the left flow tube would have been too close to the water surface
as a result of a further upward lift. For 3 cm, the two water jets were independent
of each other as shown in Figure 4.38d. A region of low velocities around 1 cm/s
separated both water jets, which means there was no interaction between both jets.
Both water jets exhibited a similar vertical extent of approximately 2 cm. In the
upper velocity jet averaged velocities of up to 0.8 m/s were achieved while velocities
in the lower water jet amounted to up to 0.7 m/s. For both water jets, the velocity
decreased for increasing distance from the flow tube. Both water jets extended hor-
izontally approximately 4 to 5 cm away from their corresponding flow tube. Water
in the upper jet was directed downward after leaving the flow tube, while water in
the lower jet exhibited an overall horizontal flow direction. This means that the
right-hand side tube (lower water jet) was less inclined than the left-hand side tube.
With increasing distance from the flow tubes the vertical extent of both water jets
increased from approximately 1.2 cm to 2 cm.
To summarise, as the vertical distance between both flow tubes increased, the geo-
metrical shape of the averaged velocity field developed from a “double mushroom”
shape to two independent water jets. Both water jets had similar intensities for no
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offset, i.e. complete jet collision, and for 3 cm offset, i.e. jets completely independent.
For intermediate offsets of 1 cm and 2 cm, both water jets partially interfered result-
ing in different intensities, where the upper water jet had larger velocities (dominant
jet).

4.5.2 Standard deviation of the velocity field

Figure 4.39 shows the standard deviation for a pump speed of 50 rpm and all tube
offsets. For all flow tube offsets the geometrical shape generated by the standard
deviation of the velocity resembled the shape generated by the averaged velocity
(cf. Figures 4.38 and 4.39). Maximum fluctuations of the velocity (approximately
± 0.3 to 0.4 m/s) were observed close to the flow tubes while minimum velocity
fluctuations (approximately ± 0.1 to 0.2 m/s) occurred in the central flow field (no
offset and 1 cm offset) as well as in the centres of both water jets (2 cm and 3 cm
offset). Maximum velocity fluctuations for no offset and 3 cm offset accounted for
44 % and 54 % of the averaged maximum velocities, respectively. These relatively
high velocity fluctuations indicated a dynamic and unsteady flow field. For 1, 2 and
3 cm offset, velocity fluctuations were observed inside the left-hand side flow tube
(Figures 4.39b - 4.39d), which can be related to the increased flow rate through this
flow tube (dominant water jet).
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(a) Standard deviation of velocity at 50 rpm and 0 cm offset.

(b) Standard deviation of velocity at 50 rpm and 1 cm off-
set.

(c) Standard deviation of velocity at 50 rpm and 2 cm offset.

(d) Standard deviation of velocity at 50 rpm and 3 cm off-
set.

Figure 4.39: Standard deviation of velocity at 50 rpm and 0 cm, 1 cm, 2 cm and 3 cm
offset (top to bottom).
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4.5.3 The averaged shear rate

This section describes the averaged shear rate for all tube offsets at a pump speed
of 50 rpm. The shear rate was calculated for every time step using Equation 4.3.
Figure 4.40 compares the shear rate averaged over all time steps and for all offsets
(absolute value). The shape of the field generated by the averaged shear rate resem-
bled the shape of the averaged velocity field for the respective flow tube offsets (cp.
Figures 4.38 and 4.40). For all offsets, maximum shear rates of 58 to 71 s−1 were
observed at the lower edges of both flow tubes, which was the location where maxi-
mum velocities were achieved. Minimum shear rates of 18 to 34 s−1 were observed in
the central flow field (no offset, Figure 4.40a), in the upper half of the water jets (1,
2 and 3 cm offset, Figures 4.40b - 4.40d) as well as approximately 3 to 4 cm off the
flow tubes, i.e. at the far edges of the water jets (1, 2 and 3 cm offset). For no offset,
the decreased shear rates in the central flow field were caused by the colliding water
jets. Low shear rates at the far edges of the water jets (1, 2 and 3 cm offset) can be
explained with the loss of momentum and dissipation of kinetic energy resulting in
decreased velocities and therefore shear rates.

4.5.4 A bubble in the flow field

Some of the experiments on bubble fragmentation were performed at 50 rpm pump
speed and 1 cm tube offset (details of this experimental series are described in the
next chapter). It is therefore of interest to investigate shear and dissipation rates for
this setup related to a potential fragmentation event. Considering the averaged flow
field at 50 rpm pump speed and 1 cm tube offset (Figure 4.38b), it can be concluded
that a parent bubble rising along the vertical centre line between both flow tubes
would interfere with the downward directed flow stream. Since this flow stream was
inclined towards the left-hand side, the bubble would most likely be deflected to
the left hand side and continue rising. Subsequently, the bubble would enter the
flow field close to the lower edge of the left-hand side flow tube. Since this was
the region of maximum velocity and shear rates (40 to 55 s−1), the probability for
a fragmentation event would be expected to increase in this region. The bubble
would then be forced towards the central flow field, which mostly consisted of the
upper water jet (see Figures 4.38b and 4.40b). This region was subject to reduced
shear rates of approximately 25 s−1 resulting in a presumably decreased probability
for a fragmentation. Note however, that the bubble would be subject to continued
deformation and shear forces acting on the bubble surface, which could result in
fragmentation events even in regions of reduced shear rates. The bubble would
experience dissipation rates of approximately 0.01 m2/s3 in the central flow field
and dissipation rates of 0.03 to 0.06 m2/s3 in front of the lower tube edge of the left
tube (see Figure 4.42b).
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(a) Averaged shear rate at 50 rpm and 0 cm offset.

(b) Averaged shear rate at 50 rpm and 1 cm offset.

(c) Averaged shear rate at 50 rpm and 2 cm offset.

(d) Averaged shear rate at 50 rpm and 3 cm offset.

Figure 4.40: Averaged mean-subtracted shear rate at 50 rpm and 0 cm, 1 cm, 2 cm and
3 cm offset (top to bottom). Average over absolute values.
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4.5.5 The maximum shear rate

The maximum shear rate was calculated for every time step as explained in Section
4.3.5 (page 122 and Equation 4.4). Figure 4.41 shows the maximum shear rate at
50 rpm and for all tube offsets averaged over all 999 time steps. For all tube offsets
maximum shear rates of 60 to 90 s−1 were observed in front of the flow tubes while
minimum shear rates occurred in the central flow field. The maximum shear rate
increased for increasing tube offset ranging from 60 to 70 s−1 (highest shear rates)
for 1 and 0 cm, respectively, and 80 to 90 s−1 for 2 and 3 cm. As the water jets influ-
enced each other (0 and 1 cm offset), maximum shear rates of approximately 20 s−1

were observed in the central flow field. As the water jets became independent of each
other (2 and 3 cm offset), larger maximum shear rates of approximately 40 to 60 s−1

occurred in the central jet areas and at the far end of the jets. Hence, the mutual
influence of the jets prevented larger maximum shear rates. The development of two
independent water jets allowed larger maximum shear rates even further away from
the flow tubes.
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(a) Maximum shear rate at 50 rpm and 0 cm offset.

(b) Maximum shear rate at 50 rpm and 1 cm offset.

(c) Maximum shear rate at 50 rpm and 2 cm offset.

(d) Maximum shear rate at 50 rpm and 3 cm offset.

Figure 4.41: Maximum shear rate at 50 rpm and 0 cm, 1 cm, 2 cm and 3 cm offset (top
to bottom).



4.5 The Flow Field For Varying Flow Tube Offset 169

4.5.6 The averaged dissipation rate

The dissipation rate was calculated for every time step using Equation 4.7, and sub-
sequently averaged over all time steps. Figure 4.42 compares the averaged dissipation
rate for all tube offsets and 50 rpm. The dissipation rate ranged from 0.01 m2/s3

in the central flow field to 0.10 m2/s3 in front of the tubes. Dissipation rates for
no offset and 1 cm offset were similar (up to 0.06 m2/s3). The same occurred for
dissipation rates at 2 cm and 3 cm tube offsets (up to 0.10 m2/s3). As the flow tube
offset increased from 1 cm to 2 cm, the maximum dissipation rate increased by ap-
proximately 40% (from 0.06 to 0.10 m2/s3), which was the largest increase of the
dissipation rate for two consecutive offsets. Hence, the largest increase in shear and
dissipation rates was achieved as the two water jets became independent of each
other (offset 1 to 2 cm). This is consistent with the behaviour exhibited by the shear
rates (cf. Figures 4.40 and 4.41).
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(a) Dissipation rate at 50 rpm and 0 cm offset.

(b) Dissipation rate at 50 rpm and 1 cm offset.

(c) Dissipation rate at 50 rpm and 2 cm offset.

(d) Dissipation rate at 50 rpm and 3 cm offset.

Figure 4.42: Dissipation rate at 50 rpm and 0 cm, 1 cm, 2 cm and 3 cm offset (top to
bottom).
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4.5.7 Kolmogorov time and length scales

The Kolmogorov time and length scales were calculated using Equations 4.10 and
4.8, respectively. Figures 4.43 and 4.44 compare the time and length scales, respec-
tively, for all tube offsets. To best visualize the Kolmogorov time scale the contour
map maximum threshold was limited to 20, 13, 12 and 10 ms for 0, 1, 2 and 3 cm,
respectively. Similarly, for the Kolmogorov length scale thresholds of 0.15, 0.12, 0.11
and 0.10 mm for 0, 1, 2 and 3 cm, respectively, were used. For all tube offsets dissi-
pative time scales ranged from approximately 3 to 7 ms in front of the tubes to 5 to
12 ms in the central flow field. Kinetic energy was dissipated down to a length scale
of 0.07 to 0.12 mm. The parent bubble radius amounted to 2.8 mm, corresponding
to a bubble period of 0.86 ms. Hence, the parent bubble time scale was one order of
magnitude smaller than the Kolmogorov time scale, i.e. the bubble breathing mode
oscillations were faster than kinetic energy was dissipated in the flow field. The
bubble radius was one order of magnitude larger than the Kolmogorov length scale.
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(a) Kolmogorov time scale at 50 rpm and 0 cm offset.

(b) Kolmogorov time scale at 50 rpm and 1 cm offset.

(c) Kolmogorov time scale at 50 rpm and 2 cm offset.

(d) Kolmogorov time scale at 50 rpm and 3 cm offset.

Figure 4.43: Kolmogorov time scale at 50 rpm and 0 cm, 1 cm, 2 cm and 3 cm offset
(top to bottom).
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(a) Kolmogorov length scale at 50 rpm and 0 cm offset.

(b) Kolmogorov length scale at 50 rpm and 1 cm offset.

(c) Kolmogorov length scale at 50 rpm and 2 cm offset.

(d) Kolmogorov length scale at 50 rpm and 3 cm offset.

Figure 4.44: Kolmogorov length scale at 50 rpm and 0 cm, 1 cm, 2 cm and 3 cm offset
(top to bottom).
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4.5.8 Proper orthogonal decomposition

This section discusses the results of the POD analysis for a pump speed of 50 rpm.
The discussion comprises the eigenvalue spectrum, first spatial modes and low order
models for all offsets. Figure 4.45 shows the normalized eigenvalue spectrum and a
linear trend line with a slope of −11/9.

Figure 4.45: Eigenvalue spectrum at 50 rpm and all tube offsets. Blue: no offset, red:
1 cm, magenta: 2 cm, green: 3 cm, black: trend line with slope −11/9.

For 0, 1, 2 and 3 cm offset, the first 14 modes accounted for 47.0, 45.6, 36.3 and
33.1 % of the total kinetic energy, respectively. For increasing tube offset and eigen-
value numbers greater than 10, the spectrum showed a broader range of modes
exhibiting a slope parallel to the −11/9 trend line. The least discrepancy between
the normalized eigenvalues and the trend line was observed for the sub-range 30 -
200. For varying pump speed, the sub-range was 10 - 100 (cf. Figure 4.35). Hence,
for varying tube offset, the sub-range shifted towards increased mode numbers and
it covered a wider range of modes (170 modes compared to 90 modes for varying
pump speed).

First spatial mode

The spatial modes were derived from the POD analysis using the mean-subtracted
velocity field. Figure 4.46 compares the first spatial modes at 50 rpm and all offsets.
For tube offsets of 0, 1 and 2 cm, a vortex street was observed in the lower flow
streams. Within these vortex streets two neighbouring vortices exhibited opposed
directions of rotation (see eg. Figure 4.46c). After each acceleration/ deceleration
phase one vortex was generated, pinched off from the lower edge of each water jet
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(a) First spatial mode at 50 rpm
and no offset

(b) First spatial mode at 50 rpm
and 1 cm offset

(c) First spatial mode at 50 rpm
and 2 cm offset

(d) First spatial mode at 50 rpm
and 3 cm offset

Figure 4.46: First spatial modes at 50 rpm and all offsets.

and drifted downwards forming the lower flow stream. A sequence of vortices of
reversed directions of rotation was also observed along the upper edge of the upper
water jet (see Figures 4.46b and 4.46c). The upper flow stream was represented
by a vortex street only under reference conditions (no offset). The vortex diameter
amounted to 6 to 7 mm and remained approximately constant for varying tube off-
sets.
To clarify whether the vortices caused bubble fragmentation, the location of bubble
fragmentation was mapped onto the first spatial vector field for the case of 50 rpm
and 1 cm tube offset. For details of how the location of bubble fragmentation was
determined the reader is referred to Chapter 5. Figure 4.47 shows the location of
100 fragmentation events in the spatial mode. Approximately half of all fragmen-
tation events (52 %) took place in the region of the pair of vortices located at the
lower edge of each tube. This observation corroborates the hypothesis that bubble
fragmentation occurs in the proximity of vortices of similar size to the parent bubble
radius.
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Figure 4.47: Location of bubble fragmentation in the first spatial mode at 50 rpm and
1 cm offset. Blue arrows: velocity magnitude, black crosses: fragmenta-
tion location. Crosses mark locations where parent and daughter bubble
were just connected before splitting up. Red lines are sketches of the
flow tubes.

Low order model

This final section compares the low order models at 50 rpm and all offsets. The low
order model was calculated using Equation 4.11. For reasons of brevity, the low order
models for 2 cm and 3 cm are not shown. The low order model for no offset is shown
in Figure 4.23, while the low order model for 1 cm is shown in the Appendix (Section
7.2, Figure A.3). The latter was chosen since bubble fragmentation experiments were
performed at 1 cm offset.
For all offsets, converging and diverging flow directions were observed in both water
jets and in the same snapshot. Vortex streets were observed for no offset (upper
and lower flow stream) and for 2 cm offset (lower flow stream). For 1 cm the vortex
streets were less well developed. No vortex streets were observed for 3 cm offset since
both water jets were independent of each other. However, vortices were observed at
the upper and lower edges of both water jets.
The frequency of the periodically changing sense of vortex rotation was estimated
manually. It amounted to approximately 16.20, 18.00, 18.00 and 18.00 Hz for 0,
1, 2 and 3 cm offset, respectively. The frequency of the first and second temporal
modes was 15.84 Hz (see e.g. Figure 4.36). The estimated frequencies agreed well
with the temporal mode frequency keeping in mind that the estimated values were
determined manually. The vortex diameter amounted to 6 to 7 mm for all offsets
(see previous paragraph). Hence, a hypothetical parent bubble with a diameter of
5.6 mm would have been affected by the vortices.
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4.6 Summary

This section summarises the main results of all PIV experiments performed in this
study including the averaged velocity field, time series of velocities, shear rates,
dissipation rates and POD analysis for varying pump speeds and varying offsets be-
tween both flow tubes. Results on PIV reference conditions (pump speed: 50 rpm,
no offset) are presented as well.

The flow field under PIV reference conditions

The first spatial mode revealed several small vortices on the upper and lower edges
of both water jets as well as in the upper and lower flow streams. The diameter
of these vortices ranged from 5 to 6 mm. The parent bubble diameter was 5.6 mm,
hence, a hypothetical parent bubble would have been affected by flow features (vor-
tices) due to the similar size of bubble and vortices. From the low order model, it
was found that the upper and lower flow stream consisted of a sequence of vortices
(vortex street) rather than a continuous flow.
The Kolmogorov length scale showed that energy was dissipated down to a length
scale of approximately 0.1 mm in the main flow field. The shortest time scale at
which energy was dissipated (Kolmogorov time scale) amounted to approximately
4 ms in the main flow field. The parent bubble radius amounted to 2.8 mm, corres-
ponding to a bubble period of 0.86 ms. Hence, the parent bubble time scale was one
order of magnitude smaller than the Kolmogorov time scale, i.e. the bubble breath-
ing mode oscillations were one order of magnitude faster than kinetic energy was
dissipated in the flow field. The bubble radius was one order of magnitude larger
than the Kolmogorov length scale. The Taylor length scale ranged from 1 to 5 mm.
Averaged velocities ranged from 0.05 to 0.70 m/s with minimum velocities occur-
ring in the centre point where the jets collided and maximum velocities occurring
close to the lower tube edges. Locations of minimum and maximum values for shear
and dissipation rates were analogues. The absolute value of the mean-subtracted
averaged shear rate ranged from 20 to 50 s−1. Peak values of the maximum shear
rate (calculated from the maximum difference between the eigenvalues of the strain
tensor) amounted to 25 to 67 s−1. The mean-subtracted averaged dissipation rate
ranged from 0.01 to 0.05 m2/s3. The time series of the horizontal/ vertical velocity
component, shear rate, dissipation rate and first/ second temporal modes exhibited
a peak frequency of 15.8 Hz at 50 rpm.
The well-defined averaged velocity field exhibited a “double mushroom” pattern,
i.e. after the opposing jet collided one upward and one downward directed velocity
stream developed. The water jets collided along a vertical line marked by horizontal
velocities of approximately zero. This line also marked the centre of the upper/
lower flow streams. The origin of the upper/ lower flow streams was in the point
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where horizontal jets collided, i.e. x ≈ 4.3 cm and y ≈ 3.2 cm.
The Reynolds number in front of the left tube amounted to approximately 8,682.
The Reynolds number for the right tube was approximately 9,315, i.e. the flow
field was turbulent in front of both tubes. Horizontal velocities u ranged from ap-
proximately 0.4 to 1 m/s (left tube) and approximately 0.5 to 0.8 m/s (right tube)
indicating similar flow rates through both tubes. The vertical velocity component v
exhibited an average amplitude of approximately 0.24 m/s in front of the left tube
and 0.15 m/s in front of the right tube (downward flow).
A reference velocity uref was calculated for each flow tube as the integral of the av-
erage horizontal velocity along the profile located 7 mm (left tube) and 5 mm (right
tube) off the flow tube and normalized by the inner tube diameter. Using the peak
frequency fpeak and the reference velocity uref a length scale χ was calculated as
χ = (1/fpeak) · uref . One obtained a length scale of χ1 = 3.1 cm (left tube) and
χ2 = 3.8 cm (right tube).
An eigenvalue spectrum was obtained from the Proper Orthogonal Decomposition
(POD). The inertial sub-range, i.e. eigenvalue number 10 - 100, was parallel to a
trend line with the slope of −11/9 since the inertial sub-range did not depend on
how the flow was generated. When the eigenvalue spectrum is presented in a classi-
cal spectrum, the corresponding slope is −5/3, which agrees well with −11/9 (Liné,
2016).

The flow field at varying pump speed

PIV measurements were performed at three different pump speeds, 40, 50 and
60 rpm, and no offset. For all pump speeds, maximum values of the averaged velo-
city, shear rate, dissipation rate and maximum shear rate were observed at the lower
flow tube edges and minimum values occurred in the central flow field. Averaged
mean-subtracted shear rates ranged from 45 s−1 at 40 rpm to 77 s−1 at 60 rpm. Maxi-
mum dissipation rates observed at the lower tube edges and ranged from 0.037 m2/s3

(40 rpm) to 0.084 m2/s3 (60 rpm). The maximum shear rate increased for increasing
pump speed, ranging from 22 s−1 at 40 rpm to 34 s−1 at 60 rpm.
The Kolmogorov time/ length scale amounted to approximately 10 ms and 0.1 mm,
respectively, for all pump speeds. The Taylor length scale was independent of the
pump speed and ranged from 1 to 5 mm. The PIV resolution was 1.7 mm and there-
fore might not fully capture all scales in the flow field. This might explain why the
Kolmogorov and Taylor length scales did not decrease with increasing pump speed
as expected. The current results offer a throughout insight into the large scale flow
dynamics of an experimental set-up commonly used to investigate bubble fragmenta-
tion. The results also provide a first estimate of small scale structure characteristics.
At 40 rpm and 50 rpm, the spatial pattern of the averaged velocity field was similar,
while the flow field was not symmetric anymore at 60 rpm. Typical averaged velo-
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cities close to the flow tubes amounted to 0.6 m/s (40 rpm), 0.7 m/s (50 rpm) and
0.8 m/s (60 rpm). Reynolds numbers in front of both flow tubes ranged from 6,372
to 10,605 indicating turbulent flow conditions for all pump speeds.
The peak frequencies of both velocity components (u and v), shear rate, dissipation
rate and maximum shear rate amounted to 12.66, 15.82 and 18.98 Hz at 40, 50 and
60 rpm, respectively. This linear increase with pump speed was described by the re-
lationship fmax = 0.319 ·N − 0.11, where fmax was the peak frequency in [Hz] and
N was the pump speed in [rpm].
The POD analysis resulted in eigenvalue spectra for all pump speeds with a linear
trend line of slope −11/9, where the inertial sub-range (eigenvalues 10 - 100) was par-
allel to the trend line. A linear relationship was observed between the peak frequen-
cies of the first/ second temporal mode and pump speed, i.e. fmax = 0.316 ·N + 0.02.
The low order model showed that the vortices periodically changed their sense of ro-
tation as a result of a periodically accelerated and decelerated water flow due to the
pump performance. The estimated frequency of changing vortex rotation sense was
14.73, 16.20 and 21.60 Hz at 40, 50 and 60 rpm, respectively. These values agreed
well with the peak frequencies of velocity, shear and dissipation rates (12.66, 15.82
and 18.98 Hz).

The flow field for varying tube offset

PIV measurements for varying flow tube offset (vertical distance between both flow
tubes) were of interest since they provided a quantitative context for the acousti-
cal bubble fragmentation experiments. These were performed at a pump speed of
50 rpm and 1 cm offset between the tubes. PIV measurements were performed at
four different tube offsets, 0, 1, 2 and 3 cm and a pump speed of 50 rpm. For an in-
creasing tube offset, the shape of the averaged velocity field changed from a “double
mushroom” pattern to two independent water jets. For all tube offsets, maximum
values of the averaged velocity, shear rate, dissipation rate and maximum shear rate
were observed at the lower tube edges. Peak values of the maximum shear rates
of 60 to 90 s−1 were observed for all tube offsets in front of the flow tubes while
minimum shear rates occurred in the central flow field. The maximum shear rate
increased with increasing tube offset. The development of two independent water
jets at 2 and 3 cm offset resulted in increased maximum shear rates compared to
shear rates at 0 and 1 cm, where the water jets influenced each other.
The Kolmogorov time scale ranged from 3 to 7 ms in front of the tubes to 5 to 12 ms
in the central flow field. The Kolmogorov length scale ranged from 0.07 to 0.12 mm.
The parent bubble time scale (breathing mode oscillation period) was one order of
magnitude smaller than the Kolmogorov time scale, i.e. the bubble oscillated faster
than kinetic energy was dissipated in the flow field. The parent bubble radius was
one order of magnitude larger than the Kolmogorov length scale. Vortex streets
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were observed for no offset and at 2 cm offset. For all tube offsets, the parent bubble
would have been affected by the vortices in the velocity fields due to similar vortex
and bubble diameters.
For an offset of 1 cm, the left-hand side water jet (upper jet) exhibited velocities of
up to 0.81 m/s, and the left-hand side water jet suppressed the right-hand side water
jet, so that the jet collision area was located at x ≈ 7.2 cm, i.e. just in front of the
right flow tube. For an offset of 2 cm, both water jets barely interacted with each
other, and the left-hand side jet did not reduce the right-hand side jet anymore. The
upper water jet (left jet) exhibited higher averaged flow velocities of up to 0.73 m/s,
while averaged velocities in the lower water jet amounted to approximately 0.40 m/s.
With an offset of 3 cm, both water jets were independent of each other. For all off-
sets, maximum shear rates of 58 to 71 s−1 were observed at the lower edges of both
flow tubes. Minimum shear rates of 18 to 34 s−1 were observed in the central flow
field (no offset) and in the upper half of the water jets (1, 2 and 3 cm offset).
The largest increase in shear and dissipation rates was achieved as the two water
jets became independent of each other, i.e. as the tube offset increased from 1 cm to
2 cm. In this case, the maximum dissipation rate increased by approximately 40 %
(from 0.06 to 0.10 m2/s3). Dissipation rates for no offset and 1 cm offset were similar
(up to 0.06 m2/s3) as well as dissipation rates for 2 cm and 3 cm tube offset (up to
0.10 m2/s3).
Consider a parent bubble rising along the vertical centre line between both flow
tubes with an offset of 1 cm (setup for fragmentation experiments). Due to the in-
clined and downward directed flow stream the bubble would be forced to the left
and enter the flow field at the lower tube edge of the left-hand side flow tube where
maximum shear and dissipation rates were observed. Hence, an increased probabi-
lity for a fragmentation event was expected. As the parent bubble would be forced
towards the central flow field by the left-hand side water jet it would experience
medium to low shear and dissipation rates resulting in a decreased probability for
a fragmentation event. However, since the bubble would be subject to continuous
shape oscillations, it may still fragment even in regions of reduced shear and dissi-
pation rates. To test these assumptions on regions of fragmentation events, the next
chapter investigates locations of fragmentation events and relates them to the local
flow field.



Chapter 5

Relationship of Bubble
Fragmentation to the Local
Flow

In this chapter results from the previous chapters (bubble fragmentation and PIV
measurements) are combined to determine the location of bubble fragmentation in
the flow field. The aim is to gain a better understanding of how and under which
conditions bubble fragmentation occurs.
The fragmentation location was determined for three pump speeds of 30, 40 and
50 rpm and 1 cm tube offset. An additional data set was generated at 30 rpm pump
speed, 1 cm tube offset and a water surface tension of approximately 0.031 N/m.
In order to determine the location of a bubble fragmentation a high-speed camera
was used (Phantom VEO 710L, version: 7002, serial number: 21100). Short videos
were recorded showing the bubble rising through the water column and splitting up
into one or more daughter bubbles. The video was stopped at the moment just prior
to fragmentation and the pixel coordinates of the location where parent and daughter
bubble were just connected was noted manually. Using a coordinate transformation
with the tube edges as reference points the location of the fragmentation event was
mapped onto PIV figures of the flow field. In case of fragmentation cascades, only
the first fragmentation event was taken into account. For each experiment, the
fragmentation location of 100 bubbles was determined. The video frame rate was
8,300 fps.
The chapter consists of three parts: in Section 5.1 the fragmentation location un-
der reference conditions (50 rpm, 1 cm offset) is analysed. Section 5.2 compares the
fragmentation location for all pump speeds. Subsequently, the effect of water sur-
face tension on the fragmentation location is discussed in Section 5.3. A summary
completes this chapter.
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5.1 Fragmentation Location Under Reference Conditions
(50 rpm, 1 cm offset)

In this section, the location of fragmentation events is discussed for a pump speed of
50 rpm and vertical flow tube offset of 1 cm (reference conditions). First, the loca-
tion of bubble fragmentation in the fields of averaged velocity, shear rate, dissipation
rate and maximum shear rate is discussed. Subsequently, a statistical analysis is per-
formed to determine the number of fragmentation events occurring at certain shear
rates as well as the volume split ratio related to the maximum shear rate. Finally,
the bubble shape prior to fragmentation was used to distinguish two fragmentation
types (edge and centre fragmentation), which were analysed in terms of the maxi-
mum shear rate.

Fragmentation location for velocity, shear and dissipation rates

In the previous chapter it was shown that the spatial distribution of averaged ve-
locity, shear and dissipation rates were similar. Therefore, these quantities will be
discussed simultaneously for reasons of brevity. Figure 5.1 shows the location of 100
fragmentation events mapped on the fields of averaged velocity, shear and dissipa-
tion rates. The majority of bubbles fragmented in the area where high velocities,
shear and dissipation rates occurred. In this area, averaged velocities amounted to
approximately 0.5 m/s to 0.8 m/s, shear rates were 23 s−1 to 61 s−1 and dissipation
rates ranged from 0.01 m2 s−3 to 0.06 m2 s−3. 93 % of all bubbles fragmented in the
upper water jet. The reason was that the parent bubble was forced towards the
left-hand side tube by the downward directed flow stream, so that it entered the
main flow field near the lower edge of the left flow tube.
Most parent bubbles fragmented shortly after entering the upper water jet, so that
a preferred fragmentation area was located in the left half of the upper water jet.
This area was marked by high velocities, shear and dissipation rates, resulting in
an increased fragmentation probability. However, 24 % of all parent bubbles were
forced into the right half of the flow field by the upper water jet and fragmented in
front of the right-hand side tube.
One bubble seemed to fragment inside the left tube. In fact, this bubble fragmented
in the third spatial dimension, i.e. either in front of or behind the flow tube. This
parent bubble presumably travelled through the main flow field, left it and subse-
quently fragmented as a result of the ongoing deformation it was subject to. Two
other parent bubbles fragmented after colliding with the lower edge of the left tube.
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(a) Velocity and fragmentation location.

(b) Mean-subtracted shear rate and fragmentation location.

(c) Mean-subtracted dissipation rate and fragmentation location.

Figure 5.1: Location of 100 fragmentation events related to velocity (top), shear rate
(middle) and dissipation rate (bottom) at 50 rpm and 1 cm offset.
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Fragmentation location for maximum shear rate

To gain a better understanding of the conditions under which bubbles fragment, the
relationship between location of fragmentation events and the maximum shear rate
was investigated. For comparison Figure 5.2 shows the results for a mean-subtracted
maximum shear rate and with the mean velocity included.

(a) Location of 100 fragmentation events related to maximum shear rate. Mean velocity was
subtracted.

(b) Location of 100 fragmentation events related to maximum shear rate. Mean velocity was not
subtracted.

Figure 5.2: Location of 100 fragmentation events related to mean-subtracted maxi-
mum shear rate (above) and with mean velocity included (below). 50 rpm
and 1 cm offset.
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With mean subtraction most parent bubbles fragmented in an area exhibiting ma-
ximum shear rates of 20 s−1 to 40 s−1 (preferred fragmentation area), corresponding
to 20 s−1 to 80 s−1 when the mean velocity was included. Highest maximum shear
rates of up to 71 s−1 (mean-subtracted) and 180 s−1 (with mean) occurred in front of
the left tube. However, parent bubbles rarely travelled into this region as they were
forced towards the central flow field by the water jet. Therefore, most fragmentation
events were observed in regions of medium and low maximum shear rates (20 s−1

to 40 s−1 (mean-subtracted) and 20 s−1 to 80 s−1 with mean velocity), i.e. on the
edges and in the centre of the upper water jet. Regarding bubble fragmentation the
maximum shear rate including the mean velocity was of interest to understand what
shear rates were acting on the parent bubble. Therefore, the maximum shear rate
including the mean velocity will be used in the following analysis.

The relationship between maximum shear rate and fragmentation was further in-
vestigated by determining the number of fragmentation events for certain ranges of
maximum shear rates. Figure 5.3 shows these statistics with a bin width of 10 s−1.

Figure 5.3: Relationship between fragmentation events and maximum shear rate at
50 rpm and 1 cm offset. The bin width is 10 s−1.

83 fragmentation events occurred in areas comprising maximum shear rates of 0.2 s−1

to 55 s−1, i.e. the central flow field. 16 fragmentation events were counted in regions
showing maximum shear rates of 55 s−1 to 105 s−1. One event took place in an area
with maximum shear rates larger than 105 s−1 (close to left flow tube). However, it
would be misleading to conclude that the number of fragmentation events decreased
with increasing maximum shear rate. Due to the flow field, the parent bubble was
forced away from the region of high shear rates (close to tube) and into a region of
low to medium shear rates (central flow field), where it fragmented in most cases.
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Volume split ratio and maximum shear rate

The relationship between the volume split ratio and the maximum shear rate was
investigated. The volume split ratio was determined manually from the camera im-
ages. Daughter bubbles often exhibited an elliptical shape. Therefore, the bubble
diameter was measured along the long and the short axes, and the final bubble
diameter was calculated as the average of both axes. The first bubble volume was
determined assuming a spherical bubble shape. The first volume split ratio was then
calculated using the volume of a parent bubble with 2.8 mm radius as determined in
Section 3.3.1. The volume split ratio of the second daughter bubble was calculated
as the difference between unity and the first daughter bubble volume split ratio.
Figure 5.4 shows the relationship between volume split ratio and maximum shear
rate.

Figure 5.4: Relationship between volume split ratio and maximum shear rate at
50 rpm and 1 cm offset. “Maximum shear rate” is not the maximum value
of the actual shear rate, but an indication of the relative shear rate (see
Equation 4.6).

35 bubbles fragmented in regions of maximum shear rates of 5 s−1 to 25 s−1 (s. Fig-
ure 5.3). The corresponding smaller daughter bubbles had volume split ratios of
0.02 % - 45 % (s. Figure 5.4). 8 fragmentation events produced daughter bubbles
of similar size, i.e. 45 % - 55 % of the parent bubble volume. 4 of these events
occurred in regions of maximum shear rates between 20 s−1 to 35 s−1 (central flow
field), while 4 events were observed at 41, 46, 49 and 84 s−1. Hence, the formation
of one large and one small daughter bubble was preferred over the formation of two
similar sized daughter bubbles. The same observation was made for the acoustically
determined volume split ratio under reference conditions (see Section 3.1 and Figure
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3.5).
Figure 5.5 shows the relationship between maximum shear rate, fragmentation lo-
cation and volume split ratio of the smaller daughter bubble.

Figure 5.5: Relationship between maximum shear rate, fragmentation location and
volume split ratio of the smaller daughter bubble. Magenta: 0 - 0.1,
yellow: 0.1 - 0.2, green: 0.2 - 0.3, red: 0.3 - 0.4, black crosses: 0.4 - 0.45,
black circles: 0.45 - 0.5.

Fragmentation events resulting in similar sized bubbles (volume split ratio 0.45 - 0.5,
black circles in Figure 5.5) mostly occurred near gradients of the maximum shear
rate, i.e. in the transition from approximately 30 s−1 to 50 s−1. However, this is
also the region where 19 events were observed that produced a small and a large
daughter bubble (volume split ratio 0 - 0.1 for smaller bubble). Hence, regions of
varying maximum shear rate can generally be attributed to bubble fragmentation,
however, these regions are not necessarily regions with an increased probability for
similar sized daughter bubbles.

In order to gain a better understanding of the relationship between maximum shear
rate and volume split ratio, a critical shear rate was determined as the lowest ma-
ximum shear rate at or below which at least 50 % of all fragmentation events were
observed. Five ranges of the volume split ratio were defined, i.e. range 1 extended
from 0 - 0.2, range 2 from 0.2 - 0.4, etc. For each range of volume split ratio, the
number of fragmentation events observed in regions above and below the maximum
shear rate was determined. At 50 rpm, the critical shear rate amounted to 30 s−1

since 50 events, i.e. 50 % of all events, occurred at or below this value. Figure
5.6 shows the number of fragmentation events below and above the critical shear
rate related to the volume split ratio. For each range of the volume split ratio, the
number of events occurring above/ below the critical shear rate was normalized by
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the total number of events in the corresponding range of the volume split ratio.

Figure 5.6: Number of fragmentation events above and below the critical shear rate.

For volume split ratios of 0.01 - 0.2 and 0.21 - 0.4 (ratios for smaller daughter bub-
ble), an approximately equal number of events (54.6 % and 52.9 %, respectively)
occurred below and above the critical shear rate within each range as well as across
both ranges. Hence, the formation of one large and one small daughter bubble was
independent of the critical shear rate and may occur at any maximum shear rate.
This is because the formation of one small and one large daughter bubble is ener-
getically more beneficial than the formation of two large bubbles. The majority of
similar sized bubbles (75.0 %) was observed in regions exhibiting maximum shear
rates larger than the critical shear rate. This might be a hint that similar sized
bubbles are more likely to occur at high maximum shear rates. Further research is
required, in particular concerning the formation of similar sized daughter bubbles
at high and low shear rates.

Fragmentation location and bubble shape

In addition to the location of a fragmentation event, the shape of the parent bubble
just prior to fragmentation was investigated. Generally, two types of fragmentations
were identified: a centre fragmentation and an edge fragmentation. In case of a
centre fragmentation, the parent bubble fragmented approximately in the centre to
form two large daughter bubbles. During an edge fragmentation, the parent bubble
was stretched until a small daughter bubble pinched off. Hence, the edge fragmen-
tation resulted in a large and a small daughter bubble. Figures 5.7a and 5.7b show
camera images of a centre and an edge fragmentation, respectively.
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(a) Photograph of a centre fragmentation resulting in two large daughter bubbles

(b) Photograph of an edge fragmentation resulting in one large and one small daughter bubble

Figure 5.7: Photographs of a centre (top) and an edge fragmentation (bottom)

The bubble shape prior to fragmentation allows to draw conclusions about the mech-
anisms driving bubble fragmentation. A centre fragmentation is caused when vor-
tices smaller than the parent bubble act on the bubble surface resulting in a neck
of air connecting two air pockets (Figure 5.7a) until the neck snaps off forming
two separated daughter bubbles. Czerski & Deane (2010) explained that for bubble
pinch-off the neck collapse is driven by surface tension. It is expected that the same
mechanism applies to bubble fragmentation since prior to bubble pinch-off there
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are two volumes of air (bubble and supplying air reservoir) connected by a neck of
air, similar to bubble fragmentation. For an edge fragmentation, the parent bubble
is stretched by shear forces acting on the bubble surface until the thin end of the
bubble pinches off and forms a small, new bubble (Figure 5.7).

Since the shear rate has major influence on the bubble shape, the relationship be-
tween maximum shear rate and the bubble shape was further investigated. Out of
100 fragmentation events, 16 events were neither a clear centre nor an edge fragmen-
tation but represented a limit case and were therefore excluded from this analysis.
Figure 5.8 shows the location of the remaining 84 fragmentation events in the field
of the averaged maximum shear rate. The shape of the parent bubble prior to frag-
mentation is indicated using a colour code.

Figure 5.8: Location of 84 fragmentation events related to maximum shear rate at
50 rpm and 1 cm offset with bubble shape indicator. Magenta: edge frag-
mentation resulting in a large and a small daughter bubble, yellow: centre
fragmentation resulting in two large daughter bubbles.

Out of 84 events, 23 events (27.4 %) were centre fragmentations and occurred at ma-
ximum shear rates of 16 s−1 to 72 s−1. Most events (61 events or 72.6 %) were edge
fragmentations occurring at maximum shear rates of 5 s−1 to 150 s−1. The reason
why the edge fragmentation was preferred is that it is energetically more beneficial
than the centre fragmentation. This is related to the distribution of energy over the
surface of the deformed parent bubble during the fragmentation process.
A centre fragmentation event results in similar sized daughter bubbles. During the
acoustical fragmentation measurements similar sized bubbles were rarely observed,
amounting to approximately 5 % - 10 % for all water temperatures tested (see Figure
3.11). One reason why a higher ratio of centre fragmentations was observed in the
visually investigated bubble fragmentation experiments than in the acoustical data
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may be the significant difference in number of events. For acoustical experiments
354 - 1,374 reliable fragmentation events were analysed for all temperatures (see
Table 3.3), compared to 84 events for the visual analysis. Another reason might
be that a centre fragmentation is a quiet event, if the two daughter bubbles oscil-
late in anti-phase mode (Czerski & Deane, 2011). Czerski & Deane (2011) explain
that in this mode one bubble reaches its maximum radius when the other bubble
reaches its minimum radius and vice versa. Consequently, the acoustic rarefaction
wave radiated by one bubble and the compression wave radiated by the other bubble
cancel out. Czerski & Deane (2011) concluded that fragmentation events genera-
ting similar sized daughter bubbles and oscillating in anti-phase mode are quiet and
more difficult to detect. For the present study this may have resulted in a potential
underestimation of centre fragmentation events during the acoustical experiments.
Figure 5.9 shows the number of centre and edge fragmentations, each normalized by
the total number of events, as a function of maximum shear rate. The bin width is
10 s−1.

Figure 5.9: Number of centre (red) and edge (blue) fragmentations related to ma-
ximum shear at 50 rpm and 1 cm offset. The bin width is 10 s−1. 84
fragmentation events in total.

With one exception (shear rate 65 s−1 to 75 s−1), the number of edge fragmentation
events exceeded that of centre fragmentations in each range of maximum shear rate.
Hence, the edge fragmentation was the preferred fragmentation type globally, i.e.
in terms of total number of fragmentation events, as well as locally, i.e. for most
ranges of maximum shear rate. The only exception was the shear rate range 65 s−1

to 75 s−1, where two centre fragmentations, but no edge fragmentation occurred.
From the observation that the edge fragmentation was the preferred fragmentation
type globally and locally, the major conclusion is that in the range of approximately



192 5.2 Fragmentation Location For Varying Flow Velocity

5 s−1 to 80 s−1 the maximum shear rate generally has no significant effect on the
mechanism driving bubble fragmentation.
Most centre and edge fragmentations (about 20 % and 49 %, respectively) took place
at maximum shear rates of 15 s−1 to 35 s−1, i.e. in the central flow field. The reason
why only 15 events (17.9 % of all events) were observed at maximum shear rates
higher than 45 s−1 was that the parent bubble was dragged away from the region
of high shear rates (close to flow tubes) and was forced into regions of medium and
low shear rates (central flow field).

5.2 Fragmentation Location For Varying Flow Velocity

This section investigates the effect of varying pump speeds on fragmentation loca-
tion. The spatial distribution of 100 fragmentation events was determined for pump
speeds of 30, 40 and 50 rpm, respectively. Following, the fragmentation location is
discussed related to the fields of average velocity, dissipation rate, shear rate and
maximum shear rate. Subsequently, the number of fragmentation events occurring
at certain maximum shear rates is determined as well as the volume split ratio mea-
sured at certain maximum shear rates. Then, the critical shear rate is discussed in
relation to the volume split ratio. Finally, the relationship between fragmentation
type (edge versus centre fragmentation) and maximum shear rate is investigated for
all pump speeds.

Fragmentation location for varying velocity, shear rate and dissipation
rate

Here, the location of 100 fragmentation events in the fields of averaged velocity, shear
and dissipation rate is investigated for pump speeds of 30, 40 and 50 rpm. The flow
field of 30 rpm was not directly measured but was estimated by normalizing and
rescaling the flow field at 40 rpm to a pump speed of 30 rpm. Since the shear and
dissipation rate were derived from the velocity, the corresponding fields were similar.
Therefore, the averaged velocity, shear and dissipation rate are discussed simultane-
ously here. Figures 5.10 - 5.12 compare the location of fragmentation events in the
fields of averaged velocity, shear and dissipation rate for all pump speeds tested.
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(a) Velocity and fragmentation location at 30 rpm and 1 cm offset.

(b) Velocity and fragmentation location at 40 rpm and 1 cm offset.

(c) Velocity and fragmentation location at 50 rpm and 1 cm offset.

Figure 5.10: Location of 100 fragmentation events related to velocity at 30 rpm (top),
40 rpm (middle), 50 rpm (bottom) and 1 cm offset.
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(a) Shear rate and fragmentation location at 30 rpm and 1 cm offset.

(b) Shear rate and fragmentation location at 40 rpm and 1 cm offset.

(c) Shear rate and fragmentation location at 50 rpm and 1 cm offset.

Figure 5.11: Location of 100 fragmentation events related to the mean-subtracted
shear rate at 30 rpm (top), 40 rpm (middle), 50 rpm (bottom) and 1 cm
offset.
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(a) Dissipation rate and fragmentation location at 30 rpm and 1 cm offset.

(b) Dissipation rate and fragmentation location at 40 rpm and 1 cm offset.

(c) Dissipation rate and fragmentation location at 50 rpm and 1 cm offset.

Figure 5.12: Location of 100 fragmentation events related to the mean-subtracted
dissipation rate at 30 rpm (top), 40 rpm (middle), 50 rpm (bottom) and
1 cm offset.
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From Figures 5.10 - 5.12 it can be concluded that bubble fragmentation occurred in
or around regions of high velocities, as well as medium shear and dissipation rates.
At 30 rpm and 50 rpm, most parent bubbles (64.0 % and 67.0 %) fragmented in
regions exhibiting velocities of 30 cm/s to 44 cm/s and 45 cm/s to 80 cm/s, respec-
tively, measured in the upper water jet. The corresponding shear rates amounted
to 12 s−1 to 25 s−1 (30 rpm) and 20 s−1 to 45 s−1 (50 rpm). The fragmentation re-
gions exhibited dissipation rates of 0.003 m2/s3 to 0.017 m2/s3 and 0.01 m2/s3 to
0.03 m2/s3, respectively.
At 40 rpm, all parent bubbles were forced towards the right flow tube where ap-
proximately half of them fragmented in regions of averaged velocities of 25 cm/s to
55 cm/s. The other half fragmented in the region where the upper and lower water jet
collided. This region was characterized by low average velocities of 5 cm/s to 25 cm/s,
shear rates of 21 s−1 to 35 s−1, dissipation rates of 0.008 m2 s−3 to 0.022 m2 s−3 and a
change in flow direction from horizontal to downward. This and the opposing water
jets caused bubble fragmentation despite low velocities, shear and dissipation rates.
At 30 rpm, 15.0 % of all parent bubbles traveled through the upper water jet and
fragmented near its upper edge or above the water jet. At 40 rpm and 50 rpm, no
parent bubble reached the upper edge of the upper water jet. Instead, fragmentation
occurred mostly in the right half of the upper water jet (40 rpm) or along an axis
running parallel to the downward directed velocity in the upper water jet (50 rpm).
Hence, with increasing velocity, the influence of the averaged flow direction on frag-
mentation location increased.
Summarizing, there was no preferred spatial region where bubble fragmentation
occurred. Instead, bubble fragmentation was likely to be observed in or close to
regions of medium and high velocities, shear and dissipation rates. Additionally, the
averaged flow direction influenced the location of fragmentation events, especially
at high velocities.

Fragmentation location for varying maximum shear rate

Following, the spatial distribution of fragmentation events related to the maximum
shear rate is compared for all pump speeds. For calculations of the maximum shear
rate the reader is referred to Section 4.3.5 (page 122). Figure 5.13 compares the loca-
tion of fragmentation events related to the maximum shear rate for all pump speeds.
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(a) Maximum shear rate and fragmentation location at 30 rpm and 1 cm offset.

(b) Maximum shear rate and fragmentation location at 40 rpm and 1 cm offset.

(c) Maximum shear rate and fragmentation location at 50 rpm and 1 cm offset.

Figure 5.13: Location of 100 fragmentation events related to the maximum shear rate
at 30 rpm (top), 40 rpm (middle), 50 rpm (bottom) and 1 cm offset.
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Bubble fragmentation was not observed in the region of peak maximum shear rates
(in front of left flow tube) since the parent bubble was forced away from the left flow
tube towards the central flow field. Regions of bubble fragmentation comprised ma-
ximum shear rates of 3 s−1 to 50 s−1 (30 rpm), 10 s−1 to 50 s−1 (40 rpm) and 5 s−1 to
140 s−1 (50 rpm). These values represent 3.4 % - 77.8 % of the peak maximum shear
rates at the corresponding pump speeds. At 50 rpm, only one bubble fragmented in
a region exhibiting a maximum shear rate 140 s−1. Since one fragmentation event
is not significant, the next lower region of maximum shear rate is considered, which
narrows the range to 5 s−1 to 100 s−1. Hence, regions of bubble fragmentation com-
prised 3.4 % - 55.6 % of the peak maximum shear rates at the corresponding pump
speeds. That means bubble fragmentation occurred at low to medium (maximum)
shear rates.

Fragmentation at certain maximum shear rates

To clarify whether there was a preferred region of maximum shear rates for bub-
ble fragmentation, the number of fragmentation events was determined for certain
ranges of maximum shear rates. Figure 5.14 compares the result for all pump speeds.
For each pump speed, the number of events was normalized by the total number of
events and the bin width was 10 s−1.

Figure 5.14: Maximum shear rate and normalized number of fragmentation events
for all pump speeds and 1 cm offset. Black: 30 rpm, red: 40 rpm, blue:
50 rpm. The bin width is 10 s−1.

At 30 rpm and 40 rpm, bubble fragmentation mostly occurred at similar maximum
shear rates where most events (64 %) were observed in regions comprising maximum
shear rates of 15 s−1 to 25 s−1. At 50 rpm, most bubbles (33 %) fragmented at shear
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rates of 25 s−1 to 35 s−1. However, a secondary maximum of fragmentation events
(32 %) was observed at 15 s−1 to 25 s−1. This might be a hint that a maximum shear
rate of 15 s−1 to 25 s−1 represents a preferred range for bubble fragmentation. Note
that this analysis does not provide any information on a potential spatial region
of increased fragmentation events. From the fragmentation maps (Figures 5.13a -
5.13c) such a region was not found. However, there seemed to be a preferred range
of maximum shear rate for bubble fragmentation (15 s−1 to 25 s−1). This range of
maximum shear rates was observed in different regions of the flow fields, which ex-
plains why no distinct spatial region of enhanced fragmentation was found.

Volume split ratio and maximum shear rate

In the following, the relationship between maximum shear rate and bubble size is
discussed. The aim is to understand which daughter bubble sizes are produced at
certain maximum shear rates. Figure 5.15a compares the relationship between ma-
ximum shear rate and the volume split ratio for all pump speeds. Figure 5.15b shows
the volume split ratio for all pump speeds. Each volume split ratio was normalized
by the total number of fragmentation events at the corresponding pump speed and
the bin width was 2 %. For all pump speeds, 43 % - 52 % of all fragmentation events
produced daughter bubble pairs where the smaller bubble contained up to 10 % of
the parent bubble volume (Figure 5.15). Hence, for all pump speeds, the formation
of one small and one large daughter bubble was preferred over the formation of two
similar sized bubbles. This observation is in agreement with the findings of the
acoustically determined volume split ratios in Section 3.2.2 (see Figure 3.11).
In the previous paragraph a range of maximum shear of 15 s−1 to 25 s−1 was found
for an increased number of fragmentation events (preferred range of maximum shear
rate). Figure 5.15a shows that within this range any volume split ratio may oc-
cur, with the aforementioned preference for a volume split ratio of up to 0.1 for the
smaller bubble.
Similar sized daughter bubbles were rarely observed. At 30 rpm, 9 fragmentation
events (8.9 %) produced similar sized daughter bubbles (split ratio of 0.45 - 0.5
for smaller bubble). At 40 rpm, 4 events (4.0 %) produced similar sized daughter
bubbles. For both pump speeds, all events resulting in similar sized daughter bub-
bles occurred at maximum shear rates of 11 s−1 to 28 s−1. This range corresponds
to 22.0 % - 56.0 % of the peak maximum shear rate at which fragmentation was
observed. At 50 rpm, all 7 events producing similar sized daughter bubbles (7.0 %)
were observed at maximum shear rates of 23 s−1 to 84 s−1, corresponding to 15.3 %
- 56.0 % of the peak maximum shear rate for bubble fragmentation at this pump
speed. Hence, for all pump speeds, similar sized bubbles were produced at low ma-
ximum to medium (maximum) shear rates.
Summarizing, there was a preferred range of maximum shear rate for fragmenta-
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(a) Maximum shear rate and volume split ratio for all pump speeds and 1 cm offset. Magenta lines
mark the preferred range of maximum shear rates for fragmentation.

(b) Volume split ratio for all pump speeds and 1 cm offset. The bin width is 2 %.

Figure 5.15: Relationship between maximum shear rate and volume split ratio (above)
and volume split ratio for all pump speeds (below).

tion events amounting to 15 s−1 to 25 s−1. However, within this range there was no
preference for a certain volume split ratio, apart from the usual small-large bubble
formation. This means, the volume split ratio was independent of the maximum
shear rate. Similar sized bubbles were rarely produced, but if so, then at low to
medium shear rates.
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Volume split ratio and fragmentation location

Next, the relationship between volume split ratio and fragmentation location is dis-
cussed for all pump speeds. Figure 5.16 shows the location of fragmentation events
in the field of (averaged) maximum shear rate for all pump speeds. A colour code in-
dicates the volume split ratio of the smaller daughter bubble. For all pump speeds,
similar sized bubbles were formed in the central flow field and near gradients of
the maximum shear rate. However, at these locations bubble fragmentation was
frequently observed, leading to the conclusion that there was no region with an in-
creased likelihood for the formation of similar sized daughter bubbles. That means,
the formation of similar sized bubbles was a rare phenomenon that occurred under
the same circumstances that generally resulted in bubble fragmentation.
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(a) Fragmentation location and volume split ratio at 30 rpm and 1 cm offset

(b) Fragmentation location and volume split ratio at 40 rpm and 1 cm offset

(c) Fragmentation location and volume split ratio at 50 rpm and 1 cm offset.

Figure 5.16: Relationship between maximum shear rate, fragmentation location and
volume split ratio (smaller daughter bubble) for all pump speeds. Ma-
genta: 0 - 0.1, yellow: 0.1 - 0.2, green: 0.2 - 0.3, red: 0.3 - 0.4, black
crosses: 0.4 - 0.45, black circles: 0.45 - 0.5.
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Volume split ratio and critical shear rate

Next, the relationship between the volume split ratio and the critical shear rate is
discussed. The critical shear rate was defined for each pump speed as the lowest
maximum shear rate at or below which at least 50 % of all fragmentation events
were observed. Then, five ranges of the volume split ratio were defined, i.e range 1
extended from 0 - 0.2, range 2 from 0.2 - 0.4, etc. For each range, the number of
fragmentation events taking place above and below the critical shear rate was de-
termined. These numbers were normalized by the total number of events observed
in the corresponding range of the volume split ratio. Figure 5.17 shows the result
for all pump speeds.

Figure 5.17: Critical shear rate and normalized number of fragmentation events for all
pump speeds and 1 cm offset. Black: 30 rpm, red: 40 rpm, blue: 50 rpm.
The bin width is 20 %.

With the definition above, the critical shear rate at 30, 40 and 50 rpm amounted
to 17, 20 and 30 s−1, respectively. At 30 rpm and 40 rpm, critical shear rates were
almost identical, while it increased by 33 % as the pump speed increased to 50 rpm.
Note, that at 40 rpm, all fragmentation events took place in the right half of the
flow field (see Figure 5.13b).
When the critical shear rate was taken into account, none of the resulting volume
split ratios showed the expected bowl-shape. Even though a minimum for similar
sized bubbles was observed at 30 rpm and 50 rpm, there was no gradual decrease
in the number of events as the volume spit ratio increased from 0 to 0.5. In fact,
at 30 rpm, the maximum occurred for a volume split ratio of 0.2 to 0.4. Hence,
at 30 rpm, most of the fragmentation events (55.6 %) taking place at or below the
critical shear rate resulted in a volume split ratio of 0.2 - 0.4 for the smaller daughter
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bubble. As the pump speed increased to 40 rpm, this maximum shifted to the range
of 0.4 - 0.6. That means, at 40 rpm, most fragmentation events (66.7 %) occurring at
or below the critical shear rate resulted in similar sized daughter bubbles. In more
detail, a total number of 6 events resulted in volume split ratios between 0.4 - 0.6 (at
40 rpm). Out of these, 4 events formed daughter bubbles where the smaller bubble
contained 45 - 50 % of the parent bubble volume, and all 4 events were observed
below the critical shear rate. This might be a hint that the critical shear rate has
an effect of the volume split ratio. On the other hand, this is the only case in which
a maximum for similar sized bubbles was observed. Additionally, this maximum
occurred at the medium pump speed, i.e. at low and high pump speeds (30 rpm
and 50 rpm), the expected minimum for similar sized bubbles was observed, as for
all previous volume split ratios. Critical shear rates between 10 s−1 to 40 s−1 were
tested at 40 rpm (not shown), and all but 20 s−1 resulted in a minimum for similar
sized bubbles. Hence, the significance of the maximum at 40 rpm remains uncertain.
For all pump speeds and ranges of volume split ratio (except the 0.4 - 0.6 range),
49.2 % - 54.6 % of parent bubbles fragmented at or below the critical shear rate.
This approximate 50/50 distribution indicates that bubble fragmentation was inde-
pendent of the critical shear rate for volume split ratios of up to 0.4 for the smaller
bubble.

Bubble shape for all pump speeds

Finally, the shape of the parent bubble prior to fragmentation is investigated. First,
the relationship between bubble shape and fragmentation location will be analysed
in terms of the maximum shear rate. Then, the relationship between bubble shape
and maximum shear rate is discussed. The aim is to clarify whether the maxi-
mum shear rate affects the bubble shape and therefore the fragmentation type. As
explained in the paragraph Fragmentation location and bubble shape, two types of
fragmentation are distinguished, centre fragmentation and edge fragmentation, de-
pending on where the parent bubble fragmented. A centre fragmentation will form
two large bubbles, while an edge fragmentation results in a large and a small bubble.
Some events could not be clearly classified as a centre or edge fragmentation. Due
to these limit cases, the total number of events amounted to 96, 92 and 84 at 30, 40
and 50 rpm, respectively. Figure 5.18 shows the location of bubble fragmentation in
the field of maximum shear rate for all pump speeds. The bubble shape is indicated
using a colour code.
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(a) Fragmentation location and bubble shape at 30 rpm and 1 cm offset

(b) Fragmentation location and bubble shape at 40 rpm and 1 cm offset

(c) Fragmentation location and bubble shape at 50 rpm and 1 cm offset.

Figure 5.18: Relationship between maximum shear rate, fragmentation location and
bubble shape for all pump speeds. Magenta: edge fragmentation, yellow:
centre fragmentation.
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At 30, 40 and 50 rpm, the number of edge fragmentations amounted to 57, 49 and
61 events, respectively, corresponding to 59.4, 53.3 and 72.6 %. Hence, the edge
fragmentation was preferred over the centre fragmentation, as expected. However,
at 40 rpm, edge and centre fragmentations occurred similarly often (43 centre and
49 edge fragmentations).

The centre fragmentation and quiet fragmentation events

During the acoustical fragmentation experiments the ratio of similar sized bubbles
(indicating centre fragmentation events) amounted to approximately 5 % - 10 %
for all water temperatures tested (see Figure 3.11). The ratio of the visually de-
tected centre fragmentation events was by factor 3 - 4 higher than the acoustically
determined ratio. As mentioned earlier one reason for this discrepancy might be
the difference in number of experiments, i.e. 345 - 1,374 acoustical measurements
compared to 84 - 96 visual experiments. Another reason might be the fact that
centre fragmentation events may be quiet events, if the acoustic signals emitted by
each daughter bubble cancel each other out (Czerski & Deane, 2011). As explained
by Czerski & Deane (2011) this may happen, if the daughter bubbles oscillate in
anti-phase mode, i.e. one bubble reaches its maximum radius when the other bubble
reaches its minimum radius and vice versa. The resulting final signal recorded by the
hydrophone will have a small amplitude, and therefore may not be detected resulting
in an underestimation of centre fragmentation events (Czerski & Deane, 2011). If
that was the case for the present study, then the volume split ratios shown in Figure
3.11 may still exhibit a minimum for similar sized bubbles, but this minimum may
have a greater value than the observed 5 % - 10 %. The resulting new volume split
ratio may even exhibit a shape similar to the one predicted by the theoretical frag-
mentation model by Martínez-Bazán et al. (2010). As shown in Figure 1.8, when
applying Equation (3.10) in Martínez-Bazán et al. (2010) and using a relatively high
dissipation rate of 10 m2 s−3, the model by Martínez-Bazán et al. (2010) predicts a
plateau for similar sized daughter bubbles (dotted line in Figure 1.8).
The acoustical experiments on bubble fragmentation at varying water temperature
were all performed at a pump speed of 50 rpm. The visually determined ratio of
centre fragmentation events at 50 rpm amounted to 27.4 %, which is the lowest ratio
for the visual experiments. This visually determined minimum at 50 rpm agrees
with the low number of similar sized bubbles found in the acoustical experiments. It
may therefore be that the acoustically determined volume split ratios in Figure 3.11
represent realistic numbers for similar sized bubbles. In that case, the conclusion is
that similar sized bubbles, and therefore centre fragmentation events, occur at low
and medium shear rates as generated at 30 rpm to 40 rpm (see below for a discussion
on shear rates and fragmentation types).
To determine the precise number of centre and edge fragmentation events, acoustic
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experiments should be performed simultaneously with high-speed photography for
a high sample number of at least 500 experiments. This would result in a more reli-
able statistic than 100 experiments as performed in the present study, and this visual
data set would serve as a good comparison for the acoustical experiments. Note that
the high-speed camera was not available for the acoustic experiments performed in
the present study. Simultaneous acoustic and high-speed camera measurements are
highly recommended for future studies since the correct volume split ratio is of ma-
jor interest for our understanding of bubble fragmentation as well as for bubble size
distributions in the open ocean.
The relatively high ratio (46.7 %) of centre fragmentations at 40 rpm is in agree-
ment with the maximum for similar sized daughter bubbles fragmenting below the
maximum shear rate (cf. Figure 5.17). This might be a hint that the centre fragmen-
tation is more likely to occur at low to medium shear rates. Possibly, the increased
time and length scales at low and medium pump speeds cause flow conditions that
promote centre fragmentations, i.e. shear forces acting longer on the parent bubble
and acting on its centre rather than stretching the parent bubble till a small bubble
pinches off.
Centre fragmentation events were observed at similar locations like edge fragmen-
tation events. Hence, there was no preferred spatial area in the flow field with an
increased probability for similar sized bubbles. Table 5.1 summarizes the statistics.

Pump speed # Centre # Edge Total number
fragmentation fragmentation of events

30 rpm 39 (40.6 %) 57 (59.4 %) 96
40 rpm 43 (46.7 %) 49 (53.2 %) 92
50 rpm 23 (27.4 %) 61 (72.6 %) 84

Table 5.1: Number of centre and edge fragmentation events for all pump speeds and
1 cm offset.

Next, the relationship between bubble shape and maximum shear rate is investi-
gated. The aim is to clarify whether there was a preferred range of maximum shear
rate for similar sized bubbles. Figure 5.19 compares the bubble shape and maximum
shear rate for all events and all pump speeds.
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(a) Maximum shear rate and bubble shape at 30 rpm and 1 cm offset

(b) Maximum shear rate and bubble shape at 40 rpm and 1 cm offset

(c) Maximum shear rate and bubble shape at 50 rpm and 1 cm offset.

Figure 5.19: Bubble shape and maximum shear rate at 30 rpm (above), 40 rpm (mid-
dle) and 50 rpm (bottom) and 1 cm offset. Blue: edge fragmentation,
red: centre fragmentation.
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For all pump speeds, most edge fragmentations occurred at maximum shear rates of
15 s−1 to 25 s−1 (37.5 %, 28.3 % and 27.4 % of all events at 30, 40 and 50 rpm, re-
spectively). At 30 rpm and 40 rpm, most centre fragmentation events were observed
in the same range of maximum shear rates (27.1 % and 33.7 %, respectively). At
50 rpm, an approximately equal percentage of 9.5 % of all fragmentation events were
centre fragmentations occurring at 15 s−1 to 25 s−1 and 25 s−1 to 35 s−1, respectively.
These overall low ratios of centre fragmentation events at 50 rpm are in agreement
with the low ratio of 5 % - 10 % for fragmentation events resulting in similar sized
daughter bubbles found during the acoustical experiments which were all performed
at 50 rpm (cp. Figure 5.19c and Figure 3.11).
These statistics confirm previous findings: there was a preferred range of maximum
shear rate of 15 s−1 to 25 s−1 for both fragmentation types. In particular, centre frag-
mentation events mostly occurred at low to medium shear rates (15 s−1 to 25 s−1).
At 30 rpm and 40 rpm, the preferred range for centre fragmentations was constant,
while the range extended from 15 s−1 - 25 s−1 to 15 s−1 - 35 s−1 as the pump speed
increased to 50 rpm. For increasing pump speeds, an increasing number of edge and
centre fragmentations was observed at higher maximum shear rates, however, the
maxima for both fragmentation types remained approximately constant at 15 s−1 to
25 s−1 and 15 s−1 to 35 s−1.

5.3 Fragmentation Location at 30 rpm and σ ≈ 0.031 N/m

This final section investigates the effect of water surface tension on the location of
bubble fragmentation. The location of 100 fragmentation events was determined at a
pump speed of 30 rpm, 1 cm tube offset and a water surface tension of σ ≈ 0.031 N/m.
This value of water surface tension was achieved by gradually adding 20 ml of Triton-
X-100 to the water volume. For this analysis, bubble fragmentation at 30 rpm, 1 cm
offset and standard surface tension (σ ≈ 0.070 N/m) will serve as reference condi-
tions. At low water surface tension, the fragmentation process tends to be more
intense as the parent bubble fragments easier, faster and the fragmentation cascade
lasts longer (i.e. increased number of subsequent events) than under standard con-
ditions. Therefore, a low pump speed was chosen to achieve moderate fragmentation
events.
The flow field at 30 rpm was not directly measured but was estimated by normal-
izing and rescaling the flow field at 40 rpm to a pump speed of 30 rpm. Then, the
fragmentation locations at low water surface tension were mapped onto the flow
field at 30 rpm and standard surface tension. A volume of 20 ml Triton-X-100 was
dissolved in 27 l water. At this low concentration, the surfactant has no significant
effect on the water viscosity. Consequently, the averaged velocity, (maximum) shear
and dissipation rates are similar at low and standard surface tension, which means it
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is safe to map fragmentation locations at low surface tension onto flow field maps of
standard surface tension. Following, the relationship between bubble fragmentation
and maximum shear rate, the volume split ratio related to the maximum shear rate,
the critical shear rate and the bubble shape will be analysed.

Fragmentation location at maximum shear rate

Fragmentation events at low surface tension occurred at similar physical locations
like fragmentation events at standard surface tension. Hence, the corresponding
figures showing fragmentation locations in the fields of averaged velocity, shear and
dissipation rate are not presented for reasons of brevity. Instead, Figures 5.20a -
5.20b compare the locations of fragmentation events in the field of maximum shear
rate at low and standard surface tension.

(a) Fragmentation location, maximum shear rate and volume split ratio at 30 rpm,
1 cm offset and a surface tension of 0.070 N/m.

(b) Fragmentation location, maximum shear rate and volume split ratio at 30 rpm,
1 cm offset and a surface tension of 0.031 N/m.

Figure 5.20: Fragmentation location, maximum shear rate and volume split ratio at
standard (above) and low (below) surface tension (30 rpm, 1 cm offset).
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At both surface tensions, bubble fragmentation occurred at similar locations. How-
ever, at 0.031 N/m (low surface tension), fragmentation locations spread further
towards the right-hand side tube, i.e. the fragmentation locations were distributed
more evenly across the flow field. Hence, a low surface tension allowed the bubble
to travel further towards the right-hand side tube.
At standard surface tension, bubble fragmentation mostly occurred close to gradi-
ents of the maximum shear rate ranging from 18 s−1 to 24 s−1 (left tube). At low
surface tension, most parent bubbles fragmented in the central flow field in areas
exhibiting maximum shear rates of 12 s−1 to 19 s−1.
At both surface tensions, 49 % of all fragmentation events formed a small daughter
bubble containing up to 10 % of the parent bubble volume. Hence, the formation of
one small and one large bubble was preferred in both cases, like for all experimental
conditions tested in this study. The formation of similar sized daughter bubbles was
comparable for both surface tension values as well. 12.0 % (0.070 N/m) and 9.2 %
(0.031 N/m) of all events resulted in a volume split ratio of 0.4 - 0.5 (black crosses
and circles in Figures 5.20a and 5.20b). At standard surface tension, all similar
sized daughter pairs were formed close to gradients of the maximum shear rate, i.e.
at shear rates ranging from 16 s−1 to 27 s−1. At low surface tension, similar sized
daughter bubbles were observed at comparable locations as well as in the central flow
field exhibiting maximum shear rates of 10 s−1 to 18 s−1. Hence, water surface ten-
sion did not affect the location of fragmentation events, or the daughter bubble size
in general, and it did not affect number or location of similar sized daughter bubbles.
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Maximum shear rate

In the following, fragmentation events taking place at certain ranges of maximum
shear rate are compared for σ ≈ 0.070 N/m and σ ≈ 0.031 N/m. Figure 5.21 shows
the number of fragmentation events observed at various maximum shear rates for
both surface tensions and normalized by the respective total number of events. The
bin width is 10 s−1.

Figure 5.21: Fragmentation and maximum shear rate at standard (blue) and low (yel-
low) surface tension (30 rpm, 1 cm offset). The bin width is 10 s−1.

For both surface tensions, the distribution showed a Gaussian shape with its maxi-
mum at 15 s−1 to 25 s−1. At low and high maximum shear rates, i.e. below 5 s−1

and above 25 s−1, low numbers of fragmentation events were observed, and these
numbers were approximately equal for both surface tensions. At 0.070 N/m, a clear
maximum was observed at 15 s−1 to 25 s−1. However, at 0.031 N/m, an approxi-
mately equal the number of fragmentation events took place at 5 s−1 to 15 s−1 and
15 s−1 to 25 s−1. Hence, at low surface tension, bubble fragmentation occurred at
a wider range of maximum shear rates. This is in agreement with the even spatial
distribution of events across the flow field (cp. Figures 5.20a and 5.20b). Maxi-
mum shear rates of 5 s−1 to 15 s−1 occurred in front of the right-hand side tube,
where 42.0 % of all parent bubbles fragmented at low surface tension, compared
to 23.8 % at standard surface tension. The spatial distribution of events explains
the second range of maximum shear rates at low surface tension. Hence, water
surface tension affected bubble fragmentation indirectly by the spatial distribution
of events. However, a direct effect of surface tension on the relationship between
bubble fragmentation and the maximum shear rate was not observed.
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Maximum shear rate and volume split ratio

Next, the relationship between maximum shear rate and the volume split ratio is
discussed. Figure 5.22 compares the relationships for both surface tensions.

Figure 5.22: Maximum shear rate and volume split ratio at standard (blue) and low
(red) surface tension (30 rpm, 1 cm offset).

At both surface tensions, the parent bubble fragmented at similar maximum shear
rates and similar volume split ratios were produced. Most parent bubbles frag-
mented in areas exhibiting 5 s−1 to 25 s−1 (cf. Figure 5.21), and the corresponding
small daughter bubbles contained up to 10 % of the parent bubble radius. For all
other volume split ratios, a similar number of fragmentation events occurred at sim-
ilar maximum shear rates at both surface tensions. Hence, water surface tension did
not affect the volume split ratio. This result agrees with results from the acoustical
fragmentation experiments at varying surface tension (see Figure 3.15).
At standard surface tension, 12.0 % of all events formed similar sized bubbles (vol-
ume split ratio 0.4 - 0.5), compared to 9.2 % at low surface tension. All of these
events (both surface tensions) were observed at maximum shear rates of 10 s−1 to
30 s−1, except for two events at 0.031 N/m which took place at high maximum shear
rates of 39 s−1 and 58 s−1, respectively. Hence, a comparable number of similar sized
daughter bubbles was produced at similar maximum shear rates for both surface ten-
sions. This observation agrees with the finding above that water surface tension had
no significant effect on the production of similar sized daughter bubbles, or on the
volume split ratio in general.
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Bubble shape and maximum shear rate

This paragraph discusses the relationship between bubble shape prior to fragmen-
tation and maximum shear rate at standard and low surface tension. Figure 5.23
compares the normalized number of edge and centre fragmentation events for both
surface tensions. The bin width is 10 s−1.

Figure 5.23: Bubble shape and maximum shear rate at standard and low surface
tension (30 rpm, 1 cm offset). The bin width is 10 s−1. Blue: edge frag-
mentation at 0.031 N/m, red: edge fragmentation at 0.070 N/m, black:
centre fragmentation at 0.031 N/m, magenta: centre fragmentation at
0.070 N/m

At both surface tensions, most fragmentation events were edge fragmentation events
(52.1 % in both cases) and occurred at maximum shear rates of up to 25 s−1. At both
surface tensions, an increased number of centre fragmentation events was observed
at medium shear rates of 15 s−1 to 25 s−1. However, at these maximum shear rates,
most fragmentation events were observed since the parent bubble was driven into
these regions by the water jets (cf. Figure 5.21). Consequently, an increased number
of edge and centre fragmentation events was expected in this range. Note the signi-
ficant decrease in number of events for both fragmentation types and both surface
tensions for maximum shear rates greater than 25 s−1. Maximum shear rates greater
than this value were observed close to the left-hand side flow tube where only 9.3 %
(both surface tensions, respectively) of all parent bubbles fragmented (cf. Figure
5.20).
At standard surface tension, 23.8 % of all parent bubbles fragmented at 5 s−1 to
15 s−1, compared to 42.0 % at low surface tension (see Figure 5.21). Additionally,
66.9 % of all events fragmenting at 5 s−1 to 15 s−1 and at low surface tension were
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edge fragmentation events. Hence, at low surface tension, bubble fragmentation oc-
curred at lower maximum shear rates, however, water surface tension did not affect
the bubble shape. Consequently, surface tension did not affect the fragmentation
process in terms of the volume split ratio. At low surface tension, the parent bubble
fragmented faster, easier and a longer lasting fragmentation cascade was observed.
However, the volume split ratio of the first fragmentation was not affected by surface
tension. Hence, the fragmentation process proceeded faster at low surface tension,
but it was presumably the same process as for standard surface tension.

Critical shear rate

Finally, the effect of water surface tension on the critical shear rate is discussed. The
critical shear rate was defined as the lowest maximum shear rate below which at least
50 % of all fragmentation events occurred. At low surface tension (0.031 N/m), the
critical shear rate amounted to 16 s−1 (51 events, corresponding to 53.1 % of all
events). At standard surface tension (0.070 N/m), the critical shear rate was 17 s−1

(52 events, corresponding to 54.2 % of all events). Certain ranges of volume split
ratios were defined, and for each range the number of fragmentation events occurring
above and below the critical shear rate was determined. Figure 5.24 compares the
results for both surface tensions. For each surface tension and each range of volume
split ratio, the number of events occurring above and below the critical shear rate
was normalized by the total number of events observed in the corresponding range
of volume split ratio. The bin width is 20 %.
For both surface tensions, the critical shear rate was similar, amounting to 16 s−1

at low surface tension and 17 s−1 at standard surface tension. This is due to the
identical fields of maximum shear rate used for this analysis and a similar spatial
distribution of fragmentation events in these fields (cp. Figures 5.20a and 5.20b).
For each range of volume split ratio, the number of events observed above and below
the critical shear rate was normalized by the number of events occurring in the cor-
responding range, and not by the total number of events. Despite this normalization,
the distribution at low surface tension exhibited a bowl shape with two maxima at
low and high volume split ratios (0.01 - 0.2 and 0.8 - 0.99) as well as a minimum at
0.4 - 0.6. At standard surface tension, a similar number of parent bubbles fragment-
ing below the critical shear rate was observed in the ranges 0.01 - 0.2 % (51.6 % of
events in this range) and 0.2 - 0.4 (55.6 % of events in this range). The minimum for
the distribution at low surface tension was observed for similar sized bubbles frag-
menting below the critical shear rate, like for the case of low surface tension. The
relatively high numbers of occurrence for similar sized bubbles (22.2 % at low and
41.7 % at standard surface tension) were due to the normalization by the number
of events observed in this range of volume split ratio, rather than a normalization
by the total number of events.
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Figure 5.24: Critical shear rate and number of fragmentation events at standard and
low surface tension (30 rpm, 1 cm offset). The bin width is 20 %. Black:
number of fragmentation events above the critical shear rate, blue: num-
ber of fragmentation events below the critical shear rate at 0.031 N/m,
red: number of fragmentation events below the critical shear rate at
0.070 N/m

At both surface tensions, approximately half of the events resulting in a volume
split ratio of 0.01 - 0.2 for the smaller daughter bubble were observed below the
critical shear rate (55.9 % at low and 51.6 % at standard surface tension). Figure
5.21 shows that most fragmentation events took place at maximum shear rates of
5 s−1 to 25 s−1 at both surface tensions. The critical shear rate of 16 s−1 and 17 s−1

was located approximately in the middle of this range. Hence, fragmentation events
resulting in one large and one small daughter bubble occurred across a wide range
of maximum shear rates, which means this volume split ratio may occur anywhere
across the flow field at both surface tensions (see also Figure 5.20).
At low surface tension, out of all fragmentation events resulting in a volume split
ratio of 0.2 - 0.4 for the smaller daughter bubble, 45.0 % were observed below the
critical shear rate, compared to 55.6 % at standard surface tension. Hence, at stan-
dard surface tension, a volume split ratio of 0.2 - 0.4 for the smaller daughter bubble
may occur in most areas of the flow field, similar to a volume split ratio of 0.01 -
0.2. At low surface tension, fragmentation events with a volume split ratio of 0.2 -
0.4 were more likely to occur above the critical shear rate.
At both surface tensions, similar sized daughter bubbles were mostly formed in re-
gions exhibiting maximum shear rates larger than the critical shear rate. At standard
surface tension, the normalized number of fragmentation events resulting in similar
sized daughter bubbles and fragmenting below the critical shear rate amounted to
approximately double the normalized number at low surface tension (22.2 % at low
and 47.7 % at standard surface tension). Hence, a major finding is that, at low
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surface tension, similar sized daughter bubbles were more likely to be produced at
shear rates larger than the critical shear rate.
Summarizing, the relationship between the normalized number of fragmentation
events and the critical shear rate was similar at both surface tensions. Consequently,
in terms of the critical shear rate, water surface tension had no significant effect
on bubble fragmentation. Hence, fragmentation location (related to the maximum
shear rate) and the fragmentation process were independent of water surface tension.

5.4 Summary

This section summarizes the main findings on the location of binary bubble fragmen-
tation related to the local flow field. A high-speed camera was used to record short
videos of fragmentation events. The video was stopped at the moment just prior to
fragmentation and the pixel coordinates of the location where parent and daughter
bubble were just connected was noted manually. Using a coordinate transformation
with the tube edges as reference points the location of the fragmentation event was
mapped onto PIV figures of the flow field.
Fragmentation locations of 100 events were determined at 50 rpm and 1 cm offset
(reference conditions) and at varying pump speeds of 30, 40 and 50 rpm and 1 cm.
Additionally, the effect of a water surface tension of σ ≈ 0.031 N/m at 30 rpm on
fragmentation locations was investigated. Following, the results for each of these
sections are summarized.

Location of bubble fragmentation under reference conditions (50 rpm, 1 cm
offset)

Bubble fragmentation mostly occurred in areas of medium velocities, shear and
dissipation rates, i.e. in the left half of the upper (left-hand side) water jet. This
region was identified as a preferred fragmentation area under reference conditions.
The preferred fragmentation area exhibited medium and low maximum shear rates
ranging from 20 to 80 s−1. From the high speed videos the daughter bubble diam-
eters were determined using an image analysis software. Approximately 50 % of
all events resulted in the formation of one large and one small bubble, where the
large bubble contained 85 - 99 % of the sum of both daughter bubble volumes. The
formation of similar sized bubbles was rare. These observations agreed with results
of the acoustic measurements which showed a volume split ratio with a minimum for
similar sized bubbles. For the visually determined volume split ratio the normalized
number of centre fragmentation events (indicating similar sized daughter bubbles)
was larger than for the acoustically determined volume split ratio (visually: 27.4 %,
acoustically: 5 % - 10 %). One reason might have been quiet centre fragmenta-
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tion events during the acoustical experiments, which may not have been detected
resulting in an underestimation of centre fragmentation events during the acoustical
measurements.
Regions of varying maximum shear rate can generally be attributed to bubble frag-
mentation, however, a region with an increased probability for similar sized daughter
bubbles was not found. From an analysis of fragmentation events occurring above
and below the critical shear rate of approximately 30 s−1 it was found that simi-
lar sized bubbles may be more likely to form at high maximum shear rates above
approximately 20 s−1. However, this hypothesis requires further investigation, in
particular concerning the formation of similar sized daughter bubbles at high and
low shear rates. Generally, the formation of one large and one small bubble was
preferred since it was energetically more beneficial than the formation of two large
bubbles.

Location of bubble fragmentation for varying pump speed

The location of 100 fragmentation events was determined at pump speeds of 30,
40 and 50 rpm and 1 cm, respectively. Bubble fragmentation occurred in the central
flow field and, particularly at 40 rpm, in regions of colliding water jets. The central
flow field was characterized by medium and high velocities, i.e. 50 - 100 % of the
maximum velocity at the respective pump speed. Consequently, bubble fragmenta-
tion was observed at medium shear and dissipation rates since the parent bubble
was driven into this region by the water jets. With increasing velocity, the influence
of the averaged flow direction on fragmentation location increased. For example, at
50 rpm no fragmentation event took place above the water jets, hence, no parent
bubble made it through the water jets as it was the case at 30 rpm.
For all pump speeds, bubble fragmentation occurred at low and medium values of
the maximum shear rate (30 rpm: 10 to 20 s−1 or 20 - 40 % of the peak value, 40 rpm:
20 to 30 s−1 or 50 - 60 % of the peak value, 50 rpm: 20 to 30 s−1 or 20 - 30 % of
the peak value). There seemed to be a preferred range of maximum shear rate for
bubble fragmentation ranging from 15 to 25 s−1. The volume split ratio was inde-
pendent of the maximum shear rate, which agreed with the acoustic measurements.
Similar sized bubbles were produced at comparable locations and maximum shear
rates that generally resulted in fragmentation (i.e. low and medium shear rates),
hence, no region with an increased probability for the formation of similar sized
bubbles was observed. This seems to contradict the hypothesis above suggesting an
increased probability for similar sized bubbles at high maximum shear rates.
A critical shear rate was defined as the lowest maximum shear rate below which at
least 50 % of all fragmentation events occurred. The critical shear rate at 30, 40
and 50 rpm amounted to 17, 20 and 30 s−1, respectively. At 40 rpm, a maximum
for similar sized bubbles fragmenting below the critical shear rate was observed.



5.4 Summary 219

However, the significance of this one-off maximum for similar sized bubbles remains
uncertain. Bubble fragmentation was independent of the critical shear rate for vol-
ume split ratios of up to 0.4 for the smaller bubble, i.e. a similar number of bubbles
fragmenting below the critical shear rate was observed in all three cases. For similar
sized bubbles (volume split ratio 0.4 - 0.6), the number of bubbles fragmenting below
the critical shear rate varied, however, no trend, i.e. increase or decrease with an
increasing critical shear rate, was observed.
Two fragmentation types were identified, centre fragmentation and edge fragmenta-
tion. In case of a centre fragmentation, the parent bubble fragmented approximately
in the centre to form two large daughter bubbles. During an edge fragmentation, the
parent bubble was stretched until a small daughter bubble pinched off. Hence, the
edge fragmentation resulted in a large and a small daughter bubble. For all pump
speeds, the majority of events were edge fragmentation events, amounting to 59.4,
53.3 and 72.6 % at 30, 40 and 50 rpm, respectively. Centre fragmentation events
were more likely to occur at low to medium shear rates, i.e. 15 to 25 s−1. This agrees
with the observation of similar sized bubbles being produced at these shear rates.
A hypothetical reason why centre fragmentation events can be attributed to low
and medium shear rates is that shear forces are acting longer on the parent bubble
and they are acting on its centre rather than stretching the parent bubble. Another
reason is that the water jets directed the parent bubble into regions of medium shear
rates, i.e. the central flow field, where it fragmented.

Location of bubble fragmentation at 30 rpm and σ ≈ 0.031 N/m

Finally, the effect of water surface tension on the fragmentation location was in-
vestigated. A total volume of 20 ml of the surfactant Triton-X-100 was added to the
tank volume to decrease the surface tension to σ ≈ 0.031 N/m. The fragmentation
process was more intense than at standard surface tension (0.070 N/m) since the
parent bubble fragmented more easily, faster and the fragmentation cascade lasted
longer (i.e. increased number of subsequent events). Therefore, a low pump speed of
30 rpm was chosen. The flow field at low surface tension as well as the flow field at
30 rpm were not directly measured. Consequently, the fragmentation location at low
surface tension was mapped onto PIV maps at standard surface tension, 30 rpm and
1 cm tube offset. Quantities at 30 rpm were calculated by normalizing and rescaling
the quantities at 40 rpm. The location of 100 events was determined at low surface
tension and the results were compared to reference conditions, i.e. bubble fragmen-
tation at 30 rpm, 1 cm offset and standard surface tension (σ ≈ 0.070 N/m).
The fragmentation rate was not monitored during the visual fragmentation experi-
ments. During the acoustical experiments, the fragmentation rate increased from
67.3 % to 71.9 % as the surface tension decreased from approximately 0.051 to
0.031 N/m (see Table 3.7). Consequently, it is safe to assume that the fragmenta-
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tion rate during the visual experiments increased as the surface tension decreased
from standard surface tension to approximately 0.031 N/m. Water surface tension
did not affect the location of fragmentation events, or the daughter bubble size in
general, and it did not affect the number or location of similar sized daughter bub-
bles. The relationship between fragmentation and the maximum shear rate was
independent of the surface tension as well as the volume split ratio, including the
formation of similar sized daughter bubbles. The bubble shape prior to fragmen-
tation was similar at low and standard surface tension. The fragmentation process
proceeded faster at low surface tension, however, from the observations above it is
concluded that it was same process at low and at standard surface tension. The
critical shear rate was similar at both surface tensions amounting to 16 s−1 at low
and 17 s−1 at standard surface tension. The surface tension did not affect the num-
ber of fragmentation events occurring above and below the critical shear rate. All
these observations indicate that water surface tension had no significant effect on
the location of fragmentation events or the fragmentation process itself, apart from
the increased fragmentation rate at low surface tension.



Chapter 6

Summary, Conclusions and
Future Work

This chapter summarizes the main findings of the present study (Section 6.1), draws
conclusions and provides suggestions for future research (Section 6.2).

6.1 Main findings of this study

Overall, the work presented here has shown that

1. The volume split ratio does not vary with temperature (hence viscosity) and
surface tension. But the fragmentation rate increases with decreasing water
surface tension

This was shown in Figure 3.11 where all volume split ratios for varying water
temperature exhibited a minimum for similar sized bubbles and two maxima
for daughter bubbles containing approximately 10 % or 90 % of the sum of
both daughter bubble volumes. A similar observation was made for the vol-
ume split ratio at varying surface tension (see Figure 3.15). Table 3.7 shows
that the fragmentation rate was inversely proportional to water surface tension.

2. The fragmentation mechanism does not depend on water temperature or surface
tension (even though the fragmentation rate depends on surface tension)

Since the volume split ratio was independent of water temperature and surface
tension, it is concluded that the fragmentation mechanism is independent of
these water conditions as well. At low surface tension, the fragmentation rate
increases since the shear forces acting on the bubble overcome the restoring
surface tension forces more easily. Simultaneously, the fragmentation process
proceeds faster than at standard surface tension, as observed in high speed
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videos in the present study. However, the fragmentation process is still similar
to the process at standard surface tension, as concluded from the constant
volume split ratio.

3. Changes in bubble populations may be due to changes in fragmentation rate,
not due to changes of the fragmentation mechanism

Salter et al. (2014) observed a decrease in the number of bubbles within a bub-
ble population for an increasing water temperature. This might be explained
by the fragmentation rate, which may be affected by water temperature as
shown in Table 3.3. The present study has shown that the fragmentation
mechanism is independent of water conditions. However, little research has
focused on the fragmentation rate and its potential variation with water tem-
perature or surface tension. The present study provides some data on these
relationships, which gives reason to believe that the fragmentation rate varies
with water temperature. Further research is required to test this hypothesis.

4. Flow conditions in the shear experiments performed in the present study are
relevant to the open ocean

Temperatures in the oceans range from approximately −2 °C in the polar re-
gions to 30 °C in the equatorial regions. The present study investigated bubble
pinch-off and fragmentation for a temperature range of 3 to 30 °C, which covers
the majority of the ocean temperature range (see Chapters 3.2.1 and 3.2.2). As
shown in Chapter 4.4 averaged dissipation rates in the present study ranged
from 0.03 to 0.08 m2 s−3. Using the Kolmogorov length scale these values can
be scaled to 1.1 m2 s−3 (see Section 6.2). This value is in agreement with dissi-
pation rates under laboratory breaking waves measured by Deane et al. (2015).

5. Current volume split ratio models need revision to make them applicable to
shear and dissipation rates in the ocean

Numerical fragmentation models like the one by Martínez-Bazán et al. (2010)
predict a maximum for similar sized bubbles (see Figure 3.12). This is in con-
tradiction to laboratory experiments performed in the present study where a
minimum for similar sized bubbles was observed for all temperatures tested
(see Figure 3.11) as well as for all values of surface tension (see Figure 3.15).
Laboratory measurements of shear rates under breaking waves as presented
by Deane et al. (2015), as well as the volume split ratios found in the present
study may serve as benchmarks for revisions of current numerical fragmenta-
tion models as well as future models.
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6. There is evidence for a universal volume split ratio for a water temperature
range of 3 to 30 °C and a surface tension range of 0.031 to 0.070 N/m

Figure 3.11 shows a universal volume split ratio for a water temperature range
of 3 to 30 °C. Figure 3.15 shows a similar phenomenon for a surface tension
range of 0.031 to 0.070 N/m. A universal volume split ratio means that daugh-
ter bubble sizes in the open ocean may be similar anywhere in the global ocean,
i.e. in polar as well as in tropical regions.

7. Effects of the maximum shear rate on bubble fragmentation are most likely to
occur at maximum shear rates of 15 to 25 s−1 (further investigation required)

This conclusion is drawn from Figure 5.14 where 64 % of all fragmentation
events occurred at maximum shear rates of 15 to 25 s−1 (pump speed 30 rpm
and 40 rpm). These shear rates were found in various regions of the flow field.
Hence, a preferred range of maximum shear rates was found for bubble frag-
mentation, but a distinct spatial region of enhanced fragmentation was not
found. The preferred range of shear rates represents medium shear rates with
respect to measurements in the present study. Further research is required to
confirm the hypothesis that bubble fragmentation may be more likely to occur
at medium shear rates.

6.2 Conclusions and Future Work

6.2.1 Conclusions

This section discusses findings of the present study in the context of literature find-
ings. The discussion is divided into three parts: current knowledge on bubble frag-
mentation, role of bubble fragmentation in breaking waves and implications of bubble
fragmentation for the ocean.

The present study and current science

Deane & Stokes (2002) pointed out that bubbles smaller than the Hinze scale will
not fragment since these bubbles are stabilized by surface tension forces. However,
as stated by the authors parent bubbles close to the Hinze scale may fragment and
the corresponding daughter bubbles can be smaller than the Hinze scale. This ob-
servation can be confirmed by the present study as daughter bubbles exhibiting radii
between 0.5 to 1 mm were observed during edge fragmentation events.

The model by Martínez-Bazán et al. (2010) predicts a high probability for simi-
lar sized daughter bubbles. This is in disagreement with the data in the present
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study where similar sized daughter bubbles were rarely observed. Most fragmenta-
tion events resulted in one large and one small daughter bubble, whereas the model
by Martínez-Bazán et al. (2010) predicts a low probability for this case. One reason
for this contradiction might be that the fragmentation model does not account for
the physical mechanisms that drive bubble fragmentation.
It is noted that Martínez-Bazán et al. (2010) tested dissipation rates of turbulent
kinetic energy of 3.5 m2 s−3 and 10 m2 s−3. In the present study maximum values
of the averaged dissipation rate ranged from 0.03 to 0.08 m2 s−3. As will be shown
in the next section, these values can be scaled to 1.1 m2 s−3 when using the Kol-
mogorov length scale. This scaled value agrees well with the lower dissipation rate
of 3.5 m2 s−3 tested by Martínez-Bazán et al. (2010).
The discrepancy between the fragmentation model by Martínez-Bazán et al. (2010)
and experimental observations needs resolving. Therefore, the model assumptions
are discussed here. Considering a parent bubble of diameter D0, the authors state
that the probability for the formation of a bubble pair of diameter D and (D3

0 −
D3)1/3 is proportional to the product of excess stress associated with the length
scales of each daughter bubble, and inversely proportional to the product of sur-
face tension energy associated with both daughter bubbles. The excess stress for
both daughter bubbles was defined as ∆τt1 = 1/2 · ρ · β · (ε · D)2/3 − 6σ/D0 and
∆τt2 = 1/2 · ρ · β · (ε ·D2)2/3 − 6σ/D0, with D2 = D0 · [1 − (D/D0)3]1/3. Here, ρ,
σ and ε were fluid density, surface tension and dissipation rate of turbulent kinetic
energy. The parameter β was set to β = 8.2 and according to Martínez-Bazán et al.
(1999) β is a constant that was determined by integrating the difference between
velocity fluctuations of two points, separated by the distance D0, over the range
of turbulence scales. Furthermore, Martínez-Bazán et al. (2010) stated that the
normalized daughter bubble radii D∗ = D/D0 must be within a certain range lim-
ited by a minimum radius of D∗min = Dmin/D0 = [12σ/(βρ)]3/2 ·D−5/2

0 · ε−1 and a
maximum radius of D∗max = (1 − D∗3min)1/3. In addition, the model conserves vol-
ume, satisfies the symmetry condition, and incorporates a normalization condition∫ 1

0 f
∗
V (V ∗)dV ∗ = 1, where the normalized bubble volume V ∗ = V/V0 was calculated

from the daughter bubble volume V and the parent bubble volume V0. Martínez-
Bazán et al. (2010) ran the model for a parent bubble diameter of 3 mm and the
two values of dissipation rate stated above.
The model by Martínez-Bazán et al. (2010) exhibits some similarities to the present
study as well as some discrepancies. The parent bubble diameter of 3 mm chosen by
Martínez-Bazán et al. (2010) is similar to the 2.8 mm measured in the present study.
The lower value of 3.5 m2 s−3 tested by Martínez-Bazán et al. (2010) agrees with
the scaled 1.1 m2 s−3 measured in the present study. Experimentally determined
volume split ratios in the present study are symmetric, like the probability density
functions calculated by Martínez-Bazán et al. (2010). The present study considers
volume conservation by using the added volume of both daughter bubbles to cal-
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culate the parent bubble volume during the acoustic fragmentation experiments, or
by calculating missing daughter bubble volumes using a normalization during the
visually determined volume split ratios. In terms of discrepancies, the model by
Martínez-Bazán et al. (2010) is based on force scaling, i.e. it considers shear forces
acting on the bubble surface and the restoring surface tension forces. Surface tension
forces are accounted for in a parameter Λ = Dc/D0, where Dc = [12σ/(βρ)]3/5 ·ε−2/5

is a critical diameter at which shear forces acting on the bubble equal the restoring
surface tension forces such that the bubble does not fragment. A diameter at which
the bubble will not fragment was also observed in the present study, and amounted
to approximately 1 mm, i.e. the Hinze scale as described by Deane & Stokes (2002)
and Deane & Stokes (2008). The model by Martínez-Bazán et al. (2010) does not
consider the dominant edge fragmentation mechanism that was observed frequently
in the present study. It may be an option to introduce a variable that parametrizes
the fragmentation mechanism, i.e. centre and edge fragmentation.
Another aspect is that Martínez-Bazán et al. (2010) tested dissipation rates of
3.5 W/kg and 10 W/kg. Deane et al. (2015) measured dissipation rates under labora-
tory breaking waves and found values of 1 to 5 W/kg. Hence, in particular the value
of 10 W/kg by Martínez-Bazán et al. (2010) seems relatively high. Interestingly,
this high dissipation rate is the only case where the resulting probability function
exhibits a slightly decreased likelihood for similar sized bubbles (s. Figure 6.1).

Martínez-Bazán et al. (2010) based their model on the balance between stress forces
acting on the bubble and the restoring surface tension force. However, they did not
specify assumptions on bubble shape deformation. Bubble shape deformation may
be associated with deformation modes of a sphere, such as a sine wave along the
equator of a sphere. Maxima/ minima would be pointing away from/ towards the
bubble centre. The simplest deformation model involves two wavelengths, i.e. two
maxima pointing away from the bubble centre and two minima pointing towards
the bubble centre. A circumference with four wavelengths is energetically beneficial
and therefore favoured. Other options include a circle through the north pole of the
sphere and 0°W as well as a circle through the north pole and 90°W. These circles
may have six or eight wavelengths, where low order wavelengths are energetically
more favourable.
However, lower order modes were not observed during bubble deformation. Instead,
the bubble was stretched along one axis until a smaller bubble pinched off. It is
possible to describe this behaviour in terms of harmonics, but this requires a large
number of terms. Experiments of the present study show that the most likely modes
of deformation are the higher orders, involving axial stretching (Helen Czerski, per-
sonal communication).

A main conclusion of this study is that variations in bubble size as observed by
e.g. Salter et al. (2014) may be explained by the fragmentation rate as the fragmen-
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Figure 6.1: Probability density functions predicted by the Martínez-Bazán model.
Taken from Martínez-Bazán et al. (2010). Original caption: Figure 2.
(a) Daughter-bubble p.d.f. as a function of the bubble volume, given by
(3.6) and (3.10) for two different values of ε [. . . ]. p.d.f. means proba-
bility density function and ε is the dissipation rate of turbulent kinetic
energy. Their equation (3.10) is the correct model equation expressed in
terms of bubble volume. Equation (3.6) is the model equation expressed
in terms of bubble diameter.

tation rate might depend on water temperature (see main findings above). In the
present study, the fragmentation rate was determined by counting fragmentation
events in a sequence of 100 subsequent bubbles. For each temperature, this process
was repeated 6 to 12 times over the whole duration of data acquisition, and the
average over these sample rates was calculated. One exception was the temperature
of 11 °C where fragmentation events were counted in a sequence of 10 subsequent
bubbles. For most temperatures, the fragmentation rate was checked every 30 to
60 min. Table 6.1 summarizes the fragmentation rate and the frequency at which it
was determined for all temperatures tested.
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Temperature Fragmentation rate Number of samples and frequency
3 °C 61.3 % 8 sample rates on day 1 plus

7 sample rates on day 2
checked every 30 to 60 min

5 °C 66.3 % 6 sample rates
checked every 30 to 45 min

8 °C 36.0 % 6 sample rates
checked every 30 to 60 min

11 °C 45.0 % 12 sample rates
frequency not monitored

22 °C - -
30 °C 54.1 % 9 sample rates

checked every 30 min

Table 6.1: Fragmentation rate for all temperatures. For 22 °C (reference conditions)
the fragmentation rate was not monitored due to the manual quality con-
trol.

Figure 6.2 shows the fragmentation rate and the standard deviation as a function of
water temperature.

Figure 6.2: Fragmentation rate and water temperature. Error bars show the standard
deviation.

From Figure 6.2 a variation of the fragmentation rate can be concluded, however,
a distinct relationship between fragmentation rate and water temperature is not
evident. The standard deviation at 11 °C is larger than at the other temperatures.
This is due to the fact that a sequence of 10 bubbles was observed compared to
100 bubbles. Observing a higher number of bubbles decreases uncertainty of the
fragmentation rate.
Figure 6.2 shows a wide variation of the fragmentation rate with water temperature.
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This variation may reflect a real phenomenon, i.e. variations being caused by water
temperature, or the variations may be caused by minor differences in the experi-
mental conditions, e.g. precise positions of flow tubes, position of glass nozzle, or
variations in bubble production rate. If the fragmentation rate varied with tempera-
ture, then this could explain observations by other authors, e.g. Salter et al. (2014)
who observed a decrease in the number of bubbles within a bubble population for an
increasing water temperature. Further research is required to investigate the effect
of water temperature on the fragmentation rate. The point is that the present study
shifts the focus from the fragmentation mechanism explaining variations in bubble
populations to the fragmentation rate explaining these variations. Even though the
causes of the varying fragmentation rate could not be clearly determined in the
present study, there is still evidence that the fragmentation rate is sensitive to cer-
tain conditions, even if these conditions were the experimental conditions.

Implications of this study for breaking waves

Deane et al. (2015) measured shear and dissipation rates of turbulent kinetic en-
ergy under laboratory breaking wave crests, and reported values of time and space-
averaged dissipation rates of 1 to 5 W/kg. This range is two orders of magnitude
higher than the range observed in the present study. Note however, that the spa-
tial resolution in the present study amounted to 1.7 mm. This value is rather large
and therefore not optimized for measurements of the dissipation rate. Hence, it is
assumed that measured dissipation rates in the present study represent an underesti-
mation. Baldi & Yianneskis (2003) demonstrated the effect of the spatial resolution
on measured values of the dissipation rate. Based on their data, the dependence of
the measured dissipation rate on the spatial resolution was reproduced. Figure 6.3
shows the result.

To compare the dissipation rates in the present study with those shown in Figure 6.3,
i.e. dissipation rates by Baldi & Yianneskis (2003), the spatial resolution in both
studies needs to be scaled. Baldi & Yianneskis (2003) determined a Kolmogorov
length scale of η = 37 µm (or 0.037 mm), while the Kolmogorov length scale in the
present study amounted to approximately 0.1 mm. Hence, the spatial resolution in
Figure 6.3 needs to be scaled as ∆x/0.037 (top x-axis). The spatial resolution in
the present study was 1.7 mm, which yields a scaling factor of ∆x/η = 1.7/0.1 = 17.
From Figure 6.3 a scaled resolution of 17 corresponds to a dissipation rate of ap-
proximately 1.1 m2 s−3. This is by factor 37 larger than the average dissipation rate
of 0.03 m2 s−3 measured in the present study. This demonstrates the strong depen-
dence of the measured dissipation rate on the spatial resolution, and it confirms the
above assumption that measured dissipation rates in the present study were under-
estimated. Deane et al. (2015) measured dissipation rates of 1 to 5 W/kg (equal to
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Figure 6.3: Relationship between spatial resolution and measured dissipation rate of
turbulent kinetic energy. Reproduced based on the data by Baldi &
Yianneskis (2003). Bottom x-axis shows the spatial resolution studied
by Baldi & Yianneskis (2003), top x-axis shows the bottom x-axis scaled
by ∆x/0.037. See text for explanations.

1 to 5 m2 s−3) under breaking waves. Since the scaled dissipation rates measured in
the present study agree with the lower limit of dissipation rates measured by Deane
et al. (2015), it is concluded that scaled dissipation rates in the present study are
relevant to ocean conditions. To allow a more detailed comparison with the present
study, the values of Deane et al. (2015) need to be scaled, e.g. by the Reynolds num-
ber. Personal communication with Deane et al. (2015) revealed that the Reynolds
number was not determined for the measurements by Deane et al. (2015) (same for
the wave propagation velocity which would allow calculation of the Reynolds num-
ber). Additionally, when considering bubbles, it can be problematic to scale with
the Reynolds number because a bubble is not just subject to the ratio of inertia
to viscous forces, but also to surface tension. The length scale of vortices is likely
to be important for bubble fragmentation as well. Consequently, scaling with the
Kolmogorov length scale seems to be a better approach when comparing dissipation
rates related to bubble dynamics. Hence, even though a detailed comparison of dis-
sipation rates between Deane et al. (2015) and the present study is not possible, it
is evident that both studies found dissipation rates in the same order of magnitude
of 1 W/kg.
Concerning the bubble size distribution, it should be considered how often a bubble
can fragment before the newly formed daughter bubbles are of the size close to the
Hinze scale and therefore stabilized against further fragmentation by surface tension
forces. The number of theoretically possible fragmentation events can be calcu-
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lated for two fragmentation types called a fragmentation cascade and a sequential
fragmentation or fragmentation sequence. Fragmentation cascade describes the case
when the parent bubble splits up into two large daughter bubbles and each daughter
bubble fragments into another two large bubbles, and so forth. A sequential frag-
mentation means the parent bubble fragments into one large and one small bubble
where the large bubble continues producing small daughter bubbles until the parent
bubble itself becomes too small to fragment any further. Figure 6.4 illustrates both
fragmentation types.

Figure 6.4: Sketch of a fragmentation cascade and a sequential fragmentation. Red
bubbles and arrows show the fragmentation path modelled. See text for
model details.

A simple model was developed to investigate the maximum number of fragmentation
events for these two cases. The model assumes a parent bubble of 2.8 mm radius
(as parent bubbles used in the present study). For the fragmentation cascade, it
was assumed that the two daughter bubbles each contain 50 % of the parent bub-
ble volume. The fragmentation process of one bubble only was observed. For the
sequential fragmentation, the assumption was that the small daughter bubble had
a radius of 1.0 mm, so that only the large daughter bubble continued fragmenting.
The model was run until the parent bubble reached a radius of approximately 1 mm.
Figure 6.5 shows the relationship between the parent bubble radius and the number
of fragmentation events.



6.2 Conclusions and Future Work 231

Figure 6.5: Parent bubble radius during a fragmentation cascade (red, two similar
sized bubbles) and a sequential fragmentation (blue, one large and one
small bubble).

For a parent bubble of 2.8 mm radius, the maximum number of theoretically possible
fragmentation events amounts to 5 and 21 events for a fragmentation cascade and
a sequential fragmentation, respectively. The final bubble radius is 0.88 mm for the
cascade and 0.98 mm for the sequence. During a fragmentation cascade the parent
bubble volume decreases by 50 % during each event, and consequently, the parent
bubble reaches the Hinze scale by factor four faster than during a sequential frag-
mentation. For a sequential fragmentation, the volume decrease amounts to 4.6 %,
which explains the slow decrease and high number of theoretically possible events
for this fragmentation type.
For bubble plumes under breaking waves these results mean that the number of small
bubbles is expected to be significantly higher than the number of large bubbles. This
finding is confirmed by the laboratory investigations of Deane et al. (2015). As noted
by Czerski & Deane (2011) large bubbles rise to the surface under the influence of
buoyancy where they contribute to the sea-atmosphere gas exchange and are lost
from the bubble plume. Small bubbles are entrained into deeper water layers. As
found in the present study as well as in studies by Deane et al. (2015) and Deane &
Stokes (2002), the formation of large bubbles is rare, so that entrainment of small
bubbles occurs frequently during wave breaking.

To gain a better understanding of the fragmentation types, the number of binary
fragmentation events, fragmentation cascades and sequential fragmentation events
was determined from high speed camera videos that were also used to determine the
fragmentation location. The fragmentation type was determined at pump speeds
of 30, 40 and 50 rpm as well as 30 rpm and a water surface tension of 0.031 N/m
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(low surface tension). The number of fragmentation events amounted to 100 at
pump speeds of 40 and 50 rpm as well as 30 rpm and low surface tension. At 30 rpm
and standard water surface tension (0.070 N/m), 102 events were investigated. The
individual fragmentation types were defined as follows:

• Binary fragmentation: parent bubble fragments into exactly two daughter
bubbles; none of the daughter bubbles fragments again; daughter bubbles can
be of any volume split ratio

• Fragmentation cascade: parent bubble fragments and either one or both daugh-
ter bubbles fragment at least once more

• Sequential fragmentation: parent bubble produces two or more small daughter
bubbles and none of the small bubbles fragment

Figure 6.6 shows the number of each fragmentation type at the pump speeds/ surface
tensions investigated. The results were normalized by the corresponding number of
total events at each pump speed/ surface tension.

Figure 6.6: Number of binary fragmentation events (black), sequential fragmentation
events (red) and fragmentation cascades (blue) at varying pump speed
and surface tension.

For all conditions tested, the fragmentation cascade was the dominant fragmenta-
tion type as it occurred in 38 - 79 % of all cases. At standard surface tension, the
number of fragmentation cascades increased with increasing pump speed. This was
presumably due to increased shear forces.
Binary events were observed least frequently, and at standard surface tension their
number decreased with increasing pump speed. The low number of occurrences can
be explained with the dynamic nature of a fragmentation process, which often leads
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to an additional fragmentation of the daughter bubble. This includes the formation
of a small bubble (“side product bubble”) pinching off from either of the daughter
bubbles. The volume split ratio of a daughter bubble varies between 1 - 50 % of
the parent bubble volume. With a parent bubble radius of approximately 3 mm, all
events will result in at least one large bubble that has an increased likelihood to
fragment again, classifying the event as a fragmentation cascade (and not a binary
event). This explains why the fragmentation cascade was the dominant fragmenta-
tion type.
In order to produce exactly two daughter bubbles that do not fragment any further,
both daughter bubbles must be stable against further fragmentation. This is less
likely to be the case at medium and high pump speeds, i.e. increased shear forces,
explaining the increased occurrence of fragmentation cascades with increasing pump
speed.
At low surface tension, nearly 80 % of all events were fragmentation cascades. The
number of sequential and binary fragmentation events was approximately equal
amounting to 11 % and 10 %, respectively. A low water surface tension results
in low surface tension forces, i.e. weak restoring forces, that stabilize the bubble
against fragmentation. Consequently, the parent bubble and all subsequent daugh-
ter bubbles fragment easily resulting in a high number of fragmentation events and
fragmentation products.

Deane & Stokes (2002) determined the bubble size distribution under breaking waves
in the laboratory and in the open ocean. The author found two mechanisms control-
ling the bubble size. According to Deane & Stokes (2002), for bubbles larger than
approximately 1 mm, i.e. the Hinze scale, turbulent fragmentation determines the
bubble size distribution. Bubbles smaller than the Hinze scale are formed by the
interaction of the jet of the overturning wave crest with the wave face. In order to
test the latter, the number of bubbles smaller than 1 mm was determined for each
temperature data set of the present study. Figure 6.7 shows the volume split ratios
for all water temperatures.
For bubbles used in the present study, a daughter bubble of 1 to 1.2 mm contains 5
- 8 % of the parent bubble volume (i.e. a volume split ratio of 0.05 - 0.08). At water
temperatures of 3, 5, 8, 11, 22 and 30 °C the ratio of daughter bubbles smaller than
the Hinze scale amounted to 18.8, 13.9, 6.5, 14.3, 5.9 and 20.7 %, respectively. As
observed in high speed videos of the present study, these small bubbles were formed
when the parent bubble was stretched by the sheared flow until a small bubble
pinched off. In the laboratory experiments of Deane & Stokes (2002) the interaction
between the jet of the overturning wave crest and the wave face generated a sheared
flow as well. Therefore, it is concluded that the fragmentation mechanism, i.e. a
small bubble pinching off from a stretched parent bubble, is similar for impinging
jets and the jet-wave face interaction. This confirms the hypothesis of Deane &
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Figure 6.7: Normalized volume split ratio for all temperatures. The bin width for
each point is 0.02. Black solid line shows the average of all temperatures.

Stokes (2002) who stated that the jet-wave face interaction contributes to the for-
mation of bubbles smaller than the Hinze scale.

Implications of this study for the ocean

In this study, bubble fragmentation was investigated for water temperatures of 3 to
30 °C. Water temperature affects viscosity and surface tension. The temperature
range tested corresponds to a doubling of the viscosity. However, the volume split
ratio was similar for all temperatures tested, hence, water temperature, and there-
fore viscosity and surface tension, have no effect on bubble fragmentation within this
temperature range. Concerning the ocean, this observation means that we expect
similar volume split ratios at the equator and the polar regions.

Callaghan et al. (2014) investigated the evolution of subsurface bubble plumes and
surface foam under laboratory conditions at water temperatures between 5 to 30 °C.
The dynamics of subsurface bubble plumes determine characteristics of surface foam,
e.g. foam area and foam decay (Callaghan et al., 2013, 2014). Callaghan et al. (2014)
found that the surface foam area integrated over the measured period increased by
approximately 8 % for an increasing water temperature. The authors interpreted
this variation as insignificant since variability in wind forcing, the wave field and
water chemistry have a greater effect on foam characteristics. Findings from the
present study are in agreement with the results of Callaghan et al. (2014) as the
present study found that water temperature has no significant effect on the volume
split ratio. Hence, Callaghan et al. (2014) observed that water temperature has no
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significant effect on surface foam, and the present study explains this observation
with the finding that the volume split ratio of bubbles is independent of water tem-
perature.
Deane et al. (2015) found that, under laboratory conditions, the number of bubbles
and the bubble size distribution are similar for various types of breaking waves. By
combining the results of Callaghan et al. (2014) and Deane et al. (2015), it is con-
cluded that the number of bubbles, the bubble size distribution of the bubble plume,
the surface foam area and the foam decay time are similar at the equator, in polar
regions as well as under waves breaking in the open ocean (e.g. during storms) and
in the surf zone near beaches.
In contradiction to the observations of Callaghan et al. (2014), Deane et al. (2015)
and the present study, Salter et al. (2014) did find a dependency of the bubble size
distribution with water temperature. The authors conducted laboratory experiments
using a continuous plunging jet and investigated the corresponding production of
bubbles and aerosols for seawater water temperatures ranging from −1.3 to 30.1 °C.
Salter et al. (2014) found that the bubble size distribution in general, and in partic-
ular the density of bubbles smaller than 2 mm, decreased with increasing seawater
water temperature. The authors posed the question whether this temperature de-
pendency was due to the continuous nature of the plunging jet. However, the reason
for the contradiction between the results of Salter et al. (2014) and Callaghan et al.
(2014), Deane et al. (2015) as well as the present study remains an open question.
The results of the present study suggest that it is not the fragmentation mechanism
itself that caused the temperature dependency observed by Salter et al. (2014) since
the present study has shown that the fragmentation process is independent of water
temperature.

Effects of surface tension

A main result from the present study is that water surface tension has no signi-
ficant effect on the volume split ratio for the range tested, i.e. at 0.032, 0.051
and 0.070 N/m. No fragmentation rate was determined at standard surface tension
of 0.070 N/m due to manual quality control. However, surface tension did affect
the fragmentation rate, which amounted to 67.3 % and 71.9 % at 0.051 N/m and
0.032 N/m, respectively. Hence, the fragmentation rate increased with decreasing
water surface tension, as expected. From the fragmentation videos it was observed
that at medium (0.051 N/m) and low (0.032 N/m) water surface tension, the frag-
mentation process was more dynamic, i.e. parent and daughter bubbles oscillated
faster and with increased amplitudes. Parent bubbles fragmented easier, sooner,
and faster than at standard surface tension. As the surface tension decreased from
0.070 N/m (standard surface tension) to approximately 0.032 N/m (low surface ten-
sion), the number of fragmentation cascades approximately doubled (Figure 6.6).
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Additionally, at low surface tension, the number of fragmentation events per frag-
mentation cascade increased resulting in an increased number of bubbles after each
cascade.
In summary, a low water surface tension resulted in an increased fragmentation rate,
however, the volume split ratio was similar for all values of water surface tension
tested. The fact that the volume split ratio is independent of water surface tension
may suggest that the fragmentation mechanism does not depend on surface tension.
The fragmentation process may run faster at low surface tension, but it is still the
same process as at standard surface tension. Since the volume split ratio is indepen-
dent of surface tension, it is concluded that surface films created by e.g. biological
activity (algae blooms) or ship emissions (oil, fuel etc.) probably do not affect the
fragmentation mechanism, even though surface films might affect the fragmentation
rate.

A bubble surface presents an area along which gas is exchanged. Hence, the higher
the number of bubbles in a bubble plume, the larger the gas exchange area and the
larger the gas volume transferred across the total surface area. Deike et al. (2017)
proposed a general model to estimate the total volume of air entrained by breaking
waves. Based on the volume flux of air and the bubble size distribution, the authors
estimate an increase of exchange area of 10 - 50 % due to entrained bubbles. This
estimate was based on assumed minimum and maximum bubble radii. Deike et al.
(2017) note that their estimate is sensitive to the choice of minimum and maximum
bubble radii (chosen boundaries of the bubble size distribution) and the error of the
volume flux of air.
Deike et al. (2017) use the bubble size distribution to estimate the increase of ex-
change surface area. The bubble size distribution requires knowledge about number
of bubbles and their size, which is beyond the scope of the present study. However,
for the present study a simple model was developed to investigate the change in
bubble surface area following a fragmentation event. The model assumes a parent
bubble radius of 3 mm, similar to bubbles investigated in this study, and a single
binary fragmentation event. The volume split ratio V 1 for one daughter bubble was
chosen manually and varied from 0.01 ≤ V 1 ≤ 0.49. Results for larger volume split
ratios will mirror results in this range since the daughter bubbles swap their volume
split ratios, which does not affect the total surface area. The volume split ratio of
the second daughter bubble was set to (1 − V 1). This procedure ensured volume
conservation as the sum of both daughter bubble volumes equalled the parent bub-
ble volume. Based on the individual daughter bubble volumes, the daughter bubble
radii were calculated, and subsequently the surface area of both daughter bubbles
was computed assuming spherical bubbles. Figure 6.8 shows the variation of bubble
surface area as a function of volume split ratio.

Figure 6.8 shows that the total bubble surface area increased with increasing volume
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Figure 6.8: Variation of total bubble surface area following a binary fragmentation
events. Positive values denote a gain of bubble surface area.

split ratio and varied between 4 % for a volume split ratio of 0.1 and 26 % for a
volume split ratio of 0.5. Hence, there was always a gain of additional bubble
surface. Assuming that the minimum volume split ratio for a daughter bubble
is 0.01, it was shown that even for the smallest split ratio new bubble surface is
generated. Consequently, bubble fragmentation will always lead to an increase in
surface exchange area, and never to a loss.
Interestingly, the gain in surface area was independent of the parent bubble radius.
Hence, the gain in surface exchange area due to bubble fragmentation varies between
4 % and 26 % for any parent bubble radius. The smallest increase in surface exchange
area is achieved, if the parent splits into a very small bubble containing 1 % of the
parent bubble volume and a large bubble containing 99 % of the parent bubble
volume. The largest increase of surface exchange area is achieved, if the parent
bubble splits into similar sized daughter bubbles. As shown in the present study,
this is a rare phenomenon, and most fragmentation events will produce daughter
bubbles containing approximately 10 % and 90 % of the parent bubble volume,
corresponding to a medium increase of surface exchange area of 14.8 %.
Note that these values for gained surface exchange area differ from the estimates
by Deike et al. (2017) since the authors investigated bubbles present in a bubble
plume, not bubble fragmentation. Deike et al. (2017) indirectly posed the question
of how much additional surface is generated by bubbles. The gain of additional
surface depends on the number of bubbles in the bubble plume, the bubble size
distribution, number of fragmentation events and the volume split ratio. However,
here it was shown that the gain in surface exchange area due to bubble fragmentation
amounts to approximately 4 % to 26 %.
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6.2.2 Future Work

One main aspect for future research is the correction of theoretical fragmentation
models. This would allow improved modeling of bubbles under breaking waves. The
present study removes some major potential reasons (water temperature, viscosity,
surface tension) for variability of bubble sizes. Physical features of the fragmenta-
tion process should be implemented in order to achieve a low probability for similar
sized bubbles. As shown throughout this study, the formation of one large and one
small daughter bubble is preferred over the formation of similar sized bubbles. An-
other aspect is the investigation of conditions (e.g. shear or dissipation rates, surface
tension) under which similar sized bubbles are more likely to form.
The parent bubble radius was approximately equal for all values of surface tension.
This appears to be inaccurate as surface tension is expected to affect the bubble
radius. Future studies may re-investigate the bubble radius for varying values of
surface tension. Two methods may be compared: 1) determination of the radius
using acoustic measurements during bubble pinch-off, and 2) calculating the parent
bubble radius from the sum of both daughter bubble radii (reconstructed radius).
Ideally, two hydrophones should be used, one to measure the pinch-off process and
one for the fragmentation process.
Using a spatial resolution of 1.7 mm, the Kolmogorov and Taylor length scales were
independent of the pump speed. Since both length scales were expected to decrease
with increasing pump speed, i.e. velocity, it is concluded that the spatial resolution
in the present study was not optimized for PIV measurements. Future PIV studies
should be carried out at a spatial resolution of 1 mm or below.
Future studies should investigate fragmentation of bubbles with a radius of 1.5 mm
to 2.0 mm, i.e. much smaller than those used in the present study. Small bubbles
can be generated with commercially available capillary nozzles, oscillating needles
to shake the bubble off or by forcing gas through frits. The disadvantage with frits
is the generation of multiple bubbles at a time, i.e. the point of release and time of
release cannot be controlled. Fragmentation experiments with small bubbles may
enhance our knowledge on the Hinze scale, i.e. the radius at which the bubble stops
fragmenting. With reference to the bubble size spectrum by Deane & Stokes (2002)
(Figure 1.1) an open question is why the different bubble slopes match up at the
Hinze scale. If there are different mechanisms generating small bubbles, the ques-
tion arises why the number density below the Hinze scale is similar to the number
density above it. The fact the both densities match suggests that the mechanisms
are related, but it is unclear how they are related. Investigating the fragmentation
of small bubbles may help to clarify this link. The question whether small bubbles
are more likely to fragment into similar sized daughter bubbles could be addressed
as well with experiments on small bubble fragmentation. The negative slope in the
bubble size spectrum by Deane & Stokes (2002) shows that the number of small
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bubbles is larger than the number of large bubbles. Small daughter bubbles are of
interest since they are entrained into deeper water layers and affect the gas budget
in the water column. It remains to be clarified whether these bubbles initially were
large bubbles that shrunk or whether they were small bubbles from the beginning.
To enhance knowledge about bubble fragmentation, future studies should monitor
bubble fragmentation simultaneously with measurements of the shear rate. This
would provide knowledge about which amount of shear stress is acting on the bub-
ble and for how long the bubble is subject to shear forces. These are important
information affecting the bubble deformation and fragmentation process.
This study gave reason to believe that the fragmentation rate may vary with water
temperature. This hypothesis should be investigated further as the fragmentation
rate affects bubble populations. Since it has been shown that the fragmentation
mechanism is independent of water conditions, there must be another aspect ex-
plaining the variations in bubble populations observed by Salter et al. (2014). Only
few studies have focused on the fragmentation rate even though it is vital to bubble
plumes. Enhancing the understanding of the fragmentation rate, and the factors it
presumably depends on, will enhance our understanding of bubble populations in
the ocean.
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Chapter 7

Appendix

7.1 Example of 2D frequency map

The peak frequencies of the horizontal (u) and vertical (v) velocity component were
analysed across the entire flow field. Therefore, time series of the u- and v-component
were extracted in every point of the 2D flow field, and the peak frequency of each
time series was calculated using the Welch algorithm with a segment overlap of 50 %.
The result was a 2D map of the velocity peak frequencies in every point. Figure A.1
shows the result for the u-component and for all pump speeds. The peak frequency
of the v-component exhibited similar frequencies with a spatial distribution similar
to the u-component.
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(a) Peak frequency of the u-component at 40 rpm and 0 cm offset.

(b) Peak frequency of the u-component at 50 rpm and 0 cm offset.

(c) Peak frequency of the u-component at 60 rpm and 0 cm offset.

Figure A.1: Peak frequency of the u-component at 40 rpm (top), 50 rpm (middle) and
60 rpm (bottom), 0 cm offset. Red rectangle marks region for which his-
tograms of frequencies were compiled (cf. Figure 4.25 and corresponding
text).
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At 40 rpm and 50 rpm, the peak frequency of the horizontal velocity component ex-
hibited a geometrical shape that resembled the two colliding water jets. At 60 rpm,
the water jet coming through the right flow tube was represented well by the geo-
metrical distribution of the peak frequency. The weaker water jet coming from the
left flow tube was barely represented by the peak frequencies.
At all pump speeds, peak frequencies higher than approximately 30 Hz were mostly
observed outside the main flow field or, in case of 60 rpm, inside the flow tubes. In
the main flow field, i.e. between both flow tubes, peak frequencies between 3.2 to
34.8 Hz were measured.
The main finding from Figure A.1 is that for all pump speeds a variety of peak
frequencies occurred. However, certain peak frequencies occurred more often, par-
ticularly, in the main flow field. At 40 rpm, a peak frequency of approximately 12 Hz
was observed in large parts of the main flow field. At 50 rpm, the most probable
peak frequency amounted to approximately 15 Hz. At 60 rpm, frequencies between
18 to 22 Hz were mostly measured in the main flow field.
The red rectangle in Figure A.1 marks the region for which histograms of frequencies
were compiled (cf. Figure 4.25 and corresponding text). The corners of the rectangle
were located at: x = 3.6 cm and y = 4.5 cm (top left), x = 7.7 cm and y = 4.5 cm
(top right), x = 7.7 cm and y = 2.0 cm (bottom right), x = 3.6 cm and y = 2.0 cm
(bottom left). Hence, the rectangle was 4.1 cm wide and 2.5 cm high.

7.2 Low order model at 60 rpm and no offset/ 50 rpm and
1 cm

Figure A.2 shows snapshots of the low order model at 60 rpm and no offset including
Modes 1 - 3. Figure A.3 shows snapshots of the low order model at 50 rpm and 1 cm.
The low order model was calculated using Equation 4.11.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

Figure A.2: Snapshots from the low order model at 60 rpm and 0 cm offset.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

Figure A.3: Snapshots from the low order model at 50 rpm and 1 cm offset.


