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Summary

Hydrodynamics and mass transfer in bubbly �ow

An Experimental Study

Detailed understanding of bubbly �ow is key in order to be able to optimise design for

chemical bubble column reactors. Even though great progress has been made in reactor

design, still many open questions remain. �e motivation for this study is to improve the

understanding of hydrodynamic interactions and mass transfer mechanisms in dense bub-

bly �ow. �e research strategy used to achieve this goal was to start with studying single

rising bubbles and then increase the complexity to bubble pairs. �e bubble pairs are a

model system to study collective e�ects of bubble interactions in bubble swarms.

A dual-emission Laser Induced Fluorescence (LIF) technique was developed to quantita-

tively measure the mass concentration �eld around bubbles. �is techniques overcomes the

intrinsic limitations of conventional LIF techniques that require a calibration of the signal

intensity with the distribution of illumination energy, which is unavailable in bubbly �ow.

To study the hydrodynamic interaction of the bubble with a viscous �uid, the oscillation

dynamics of a rising bubble in viscous liquids was studied by experiments and compared

with simulations. �e oscillation frequency and damping rate were characterised to study

the interaction between the rising motion and the shape oscillation.

To gain insight of the collective behaviour of dense bubbly �ow, bubble pairs rising side-

by-side were used to study the hydrodynamic interaction. Di�erent types of bubbles such

as spherical, spheroidal without vortex wake, spheroidal with standing vortex wake and

spheroidal with unstable vortex wake have been selected to study the di�erent impact of

various factors.

Finally, the dual-emission LIF technique was applied to measure the concentration �eld

in the wake of bubbles of varied sizes. Moreover, bubble trains and multiple bubble trains

rising side-by-side were used to mimic the collective behaviour of dense swarm. Concentra-

tion �elds of these systems were measured to investigate swarm e�ects on mass transfer.

vii





Samenvatting

Hydrodynamics and mass transfer in bubbly �ow

An Experimental Study

Gedetailleerd inzicht in de stroming van bellen is essentieel om het ontwerp van chemis-

che reactoren te kunnen optimaliseren. Hoewel er grote vooruitgang is geboekt bij het on-

twerpen van reactoren, zijn er nog steeds veel open vragen. De motivatie voor deze studie is

het verbeteren van het begrip van hydrodynamische interacties en massaoverdrachtmech-

anismen in dichte bellenstromen. De onderzoeksstrategie die is gebruikt om dit doel te

bereiken, is te beginnen met een enkele stijgende bel en daarna de complexiteit naar bel-

paren uit te breiden. De belparen dienen als modelsysteem om collectieve e�ecten van

belinteracties in belzwermen te bestuderen.

Een Laser Induced Fluorescence (LIF) techniek met dubbele emissie werd ontwikkeld

om het massaconcentratieveld rond bellen kwantitatief te meten. Deze techniek overwint

de intrinsieke beperkingen van conventionele LIF-technieken, die een kalibratie van de sig-

naalintensiteit vereisen met de verdeling van de belichtingsenergie, wat niet beschikbaar is

in bellenstromen.

Om de hydrodynamische interactie van de bellen met een visceuze vloeistof te bestud-

eren, werd het oscillatiegedrag van een stijgende bel in viskeuze vloeisto�en bestudeerd

door middel van experimenten en vergeleken met simulaties. De oscillatiefrequentie en de

dempingssnelheid werden gekarakteriseerd om de interactie tussen de stijgende beweging

en de vormverandering te bestuderen.

Om inzicht te krijgen in het collectieve gedrag van dicht-gepakte bellenstromen, wer-

den belparen die zij aan zij opstijgen, gebruikt om de hydrodynamische interactie te bestud-

eren. Verschillende soorten bellen, zoals bolvormig, sferoı̈daal zonder vortex, sferoı̈daal met

staande vortex en sferoı̈daal met een onstabiele vortex in het zog, zijn geselecteerd om de

e�ecten van verschillende factoren te bestuderen.

Ten slo�e werd de LIF-techniek met dubbele emissie toegepast om het concentratieveld

te meten in het zog van de bellen van verschillende groo�es. Tevens, werden een bellentrein

en meerdere bellentreinen naast elkaar gebruikt om het collectieve gedrag van dichte zwerm

na te bootsen. Concentratievelden in deze systemen werden gemeten om de invloed van

zwermgedrag op massatransport te onderzoeken.

ix
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2 CHAPTER 1. INTRODUCTION

1.1 General introduction to bubbly �ow

Bubbly �ow are o�en encountered in industrial applications such as bio-fuel production,

mining gas �otation, oxygenation, hydrogenation and synthetic fuel production. In those

applications, bubble reactors are preferred due to their geometrical simplicity and e�ciency.

However, to further improve their performance it is essential to understand the underlying

transport mechanisms such as bubble dynamics, agitation and mass transfer. In particular

the bubble interactions such as; collision, coalescence and break-up, as well as their impact

on mass transfer mechanisms.

�e history of our understanding of bubbly �ow can be tracked even back to the 15th

century. At that time, Da Vinci noticed the spiralling motion of bubbles, which is now

called Leonardo’s Paradox (Prospere�i, 2004). However, on top of that unsolved Leonardo’s
Paradox (Ern et al., 2012), there are still a lot of unknowns about bubble dynamics. One

example re�ecting the complexity of a simple case is that it took nearly 40 years to improve

the understanding of the drag coe�cient of a single bubble and its vortex wake (Levich,

1949; Kang and Leal, 1988; Magnaudet, 2015a). Moreover, bubble interactions substantially

increases the complexity of the bubble dynamics in dense swarms.

One of the major complexities in bubbly �ows is the wide range of relevant length and

time scales. First at the large scale, for instance tens meters scale, the overall �ow pa�erns

in a bubble column that gives rise to back mixing are of importance. Also average gas

holdup on this scale determines the prevalent �ow regime. �e corresponding experimental

techniques used at this scale yeild global and averaged data, such as Electrical Capacitance

Tomography (ECT) to measure gas holdup and pH and oxygen probes to measure mass

concentration.

Large scale swarm e�ects and subsequent e�ects of coalescence and break-up occur on

a centimetre to meter scale. �e information of bubble-bubble collision frequency is im-

portant, because it controls the rates of coalescence and breakup. �ese phenomena will

in�uence the bubble size distributions, which in turn determines the average gas holdup

observed at the largest scale. Here, experimental techniques such as X-ray tomography,

Magnetic Resonance Imaging and Laser Doppler Anemometry are used. However, signi�-

cant information is still missing due to the averaged nature of the obtained quantities.

At the most detailed scale, detailed hydrodynamic of isolated bubbles are studied (i.e.

shape oscillations and wake structure). �ese phenomena in�uence the interaction between

bubbles in dense swarms. Also, �ow around bubbles combined with species di�usion dic-

tates mass transfer rates. �is scale is o�en investigated using high resolution optical tech-

niques. Laser Induced Fluorescence (LIF) has been identi�ed as a promising technique for

mass transfer measurements.

Computational �uid dynamics (CFD) has been widely used to study transport phenom-

ena in bubbly �ows because of its powerful capability to overcome some of the limitations

encountered during experimental measurements. Nevertheless, modelling always requires

proven validation by means of high �delity experiments. A multiscale modelling approach

has been proposed to tackle the inherent multiscale problem for modelling bubbly �ows

(see Fig. 1.1).

�e largest scale can in principle be simulated by Euler-Euler models or the Two-Fluid

model (TFM), in which both the gas phase and liquid phase are treated as a continuum us-
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Figure 1.1: Gas-liquid multi-scale modeling hierarchy with le�: fully resolved direct nu-

merical simulations (here: front tracking model), centre: Euler-Lagrange model, and right:

Euler-Euler method (also indicated by the continuum or two-�uid model). From le� to right,

the amount of detail decreases while the scale of the simulation increases. (Y. M. Lau 2011)

ing phase fraction tracking. However, closures for momentum, mass and heat exchange

between the two phases are required due to the loss of details of the small scale. �ese

closure relations can be obtained from Euler-Lagrange models, in which the liquid phase

is solved by the volume-averaged Navier-Stokes equation on an Eularian grid whereas the

bubbles are treated in a Lagrangian manner. In typical Euler-Lagrange methods, such as

the ‘discrete bubble model’ bubbles are tracked through the domain of interest while ac-

counting for bubble-bubble and bubble-wall interactions. Closure relations for drag, li� etc.

are needed to solve the equation of motion of the individual bubbles. �ese correlations

can be obtained from fully resolved Direct Numerical Simulation (DNS) techniques. Vol-

ume of �uid (VoF), Front Tracking (FT) and Level-Set (LS) methods are some examples of

DNS techniques used in bubbly �ows simulations. Closures for the relevant momentum

exchange mechanism, such as drag and li� can be provided for larger scale models.

1.2 Motivation and thesis outline

�is thesis focuses on bubble hydrodynamics and mass transfer at the most detailed of the

three levels. �e topics that are investigated are: individual bubble motion, bubble-to-liquid

mass transfer, hydrodynamic interaction between bubbles and its in�uence on mass transfer.
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Initial studies on aggregation behaviour due to the bubble interaction used theoreti-

cal analysis and simulations (Van Wijngaarden and Je�rey, 1976; Sangani and Didwania,

1993; Smereka, 1993; Yurkovetsky and Brady, 1996). Direct Numerical Simulations such as

Front Tracking and Volume of Fluid methods have also been applied to study swarm e�ects

(Bunner and Tryggvason, 2003; Esmaeeli and Tryggvason, 2005a; Roghair et al., 2011b,c,

2013; Loisy et al., 2017). On the other hand, despite the limitations of optical techniques,

experiments have led to a be�er understanding of the swarm e�ects in dense bubbly �ows

(Martı́nez-Mercado et al., 2007; Riboux et al., 2010; Colombet et al., 2015). Detailed data

on hydrodynamic e�ects of rising bubbles and bubble interactions is limited (Kok, 1993;

Duineveld, 1994, 1995, 1998; Sanada et al., 2009).

Additionally, mass transfer processes have drawn a lot a�ention due to its practical

signi�cance. Lots of studies employed point measuements using probes to study the mass

transfer process (Gogate and Pandit, 1999). Extensive e�orts have been made to improve the

knowledge of the local mass transfer e�ects. However, quantitative measurements to study

mass transfer mechanisms of rising bubbles have so far been scarce. Detailed validation of

DNS has therefore been proven di�cult.

In this thesis techniques will be discussed that have been developed to provide that

level of detail (see Fig. 1.2). An extension towards dual-emission LIF will be discussed that

removes the inherent need of calibration with respect to light intensity. Detailed high speed

imaging techniques are applied to study the oscillation dynamics of a rising bubble and

the hydrodynamics of a bubble pair rising side-by-side. Moreover, an automated smooth

spline technique is employed to accurately calculate velocities and accelerations fo the rising

bubble.

�e mass transfer process is dominated by the bubble induced agitation and mixing

(Risso, 2018). �erefore, as discussed, understanding the bubble dynamics will improve

the understanding of the mass transfer. A bubble pair is used, as a model system, to aquire

detailed knowledge on the e�ect of bubble interactions and on the local swarm e�ect as well

as the collective behaviour. A�er studying the hydrodynamic interactions of bubble pairs,

the same LIF technique is used to study the e�ect of hydrodynamics and bubble interactions

on the mass transfer behaviour. Consequently, LIF can be further applied to study the mass

transfer of single bubble of varied sizes, the bubble interaction e�ect on the mass transfer

and quanti�cation of the local swarm e�ect on the mass transfer.

�e research reported in this thesis is structured in the following manner:

• In chapter 2, a dual emission Laser Induced Fluorescence (LIF) technique is developed

to study the mass transfer around a rising bubble.

• In chapter 3, the oscillation dynamics of rising bubbles is studied in a variety of vis-

cous liquids. �e oscillation frequency and the damping e�ect are analysed and com-

pared with a prior developed analytic model.

• In chapter 4, the hydrodynamics of a pair of side-by-side rising bubbles is studied in

varied viscous liquids in order to investigate the altered behaviour of bubbles due to

the presence of the neighbouring bubble.

• In chapter 5, the dual emission LIF developed in chapter 2 is applied to study mass

transfer in the bubbly �ow. It is investigated how collective behaviour is in�uenced by



1.2. MOTIVATION AND THESIS OUTLINE 5

(a) (b)

Figure 1.2: Examples of measurements reported in this thesis. (a) Concentration distribution

in the wake of a rising bubble measured by dual LIF technique. (b) Trajectories of bubble

pairs obtained by high speed and high resolution recording technique.

local e�ects such as: bubble size, bubble interactions (both collision and coalescence)

and swarms.

• In chapter 6, an outlook and suggestions are given of future research broadening the

scope of the current study.





Chapter 2

Dual emission LIF technique for pH
and concentration �eld measurement
around a rising bubble

1

Abstract

Mass transfer plays an important role in chemical engineering applications involv-

ing multiphase systems. Several techniques have been developed in the �eld to measure

the global mass concentration in multiphase chemical reactors. However, because of

the complexity of multiphase processes, only few techniques are able to provide local

and quantitative information. In this study a dual-emission Laser Induced Fluorescent

technique (LIF) has been developed to locally measure the mass transfer of a rising CO2

bubble in a quiescent �uid. Details of the pH �eld with an overall precision of ±0.04 pH

units, dissolved CO2 concentration, and the mass transfer evolution in the bubble wake

can now be measured quantitatively. It is capable to provide quantitative comparison

with simulation results and as such experimental validation of multiphase CFD models.

2.1 Introduction

Mass transfer plays an important role in many multiphase systems. To determine the mass

transfer rates and associated mechanisms several experimental methods have been devised.

In particular in gas-liquid systems the measurement of the interfacial mass transfer rate of

individual bubbles is not trivial. Gogate and Pandit (1999) reviewed six methods frequently

used in global mass transfer measurements in gas-liquid systems. To improve the e�ciency

of mass transfer operations and optimize the design of multiphase chemical reactors, it is

of great interest to have detailed information on the mass transfer rate and mechanisms as

1
�is chapter is based on Kong, G., Buist, K. A., Peters, E. A. J. F., and Kuipers, J. A. M. (2018). Dual emission

LIF technique for pH and concentration �eld measurement around a rising bubble. Experimental �ermal and Fluid
Science

7
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MEASUREMENT AROUND A RISING BUBBLE

well as the local distribution of species in the wake of rising gas bubbles. Direct Numerical

Simulations have been developed to investigate this process (Bothe et al., 2004; Dani et al.,

2006; Darmana et al., 2005; Roghair et al., 2016) and assess the e�ects of size and shape of

the rising bubble.

�e lack of detailed quantitative data for comparison and validation of these models

has driven the development of experimental techniques overcoming some of the regularly

encountered problems with gas-liquid mass transfer measurements: Schlieren and shadow-

graph methods have been applied to locally and qualitatively visualize the mass transfer

processes (De Vries et al., 2002a) . Moreover, as a promising and widely used technique

(Zare, 2012), Laser Induced Fluorescence (LIF) has been applied in mass transfer measure-

ments. Pankow et al. (1984); Asher and Pankow (1986, 1989) and Münsterer and Jähne (1998)

used LIF with a pH sensitive dye to study mass transfer in the vicinity of the gas-liquid in-

terface.

Recently, this pH sensitive LIF technique has been applied to bubbly �ow. Tsuchiya

et al. (2003) visualized the dispersion of low pH region in the wake of CO2 bubbles by LIF

technique. Limited by the technique, only qualitative results are available. Stöhr et al. (2009)

observed spatio-temporal dynamics of mass transfer in the near and far wake of the bubbles,

but they were not able to obtain a quantitative measure of the mass transfer rate nor make

estimates of the concentration. Valiorgue et al. (2013), taking into account �uorescence

extinction variation, measured the CO2 concentration �eld in the wake of a bubble. �eir

method eliminated the �uorescent a�enuation along the travel path of the light source. It

also showed that illuminative energy re-distribution could cause serious deviation in the

measurements.

Besides the pH-sensitive LIF technique, LIF quenching is also a relevant and widely used

technique. For the LIF quenching technique, oxygen deactivates a �uorescent state of the

dye and as such acts as a quenching medium. By a decrease in �uorescent intensity the

presence of oxygen can be determined. Bork et al. (2005) used O2 quenching and measured

O2 concentration. However, technique details and the detailed distribution of measured

concentration are both missing in the study. Dani et al. (2007) employed O2 quenching and

was able to demonstrate its capability to visualize the mass transfer around a rising bub-

ble. However, it was di�cult to obtain quantitative results due to the light re�ection and

refraction at the gas-liquid interface. Francois et al. (2011); Jimenez et al. (2013) developed

a micro-LIF technique to measure mass transfer in a plane perpendicular to the bubble tra-

jectory. �is method was limited to bubble sizes smaller than 2 mm, since the convection

is negligible only for small bubbles. �ey also extended their method to measure the liquid

phase di�usion coe�cient (Dietrich et al., 2015) for small bubbles.

�ere are a lot of challenges with the application of LIF to obtain quantitative measure-

ments for gas-liquid mass transfer processes. According to the working principle of LIF, the

variables measured are proportional to the illumination intensity. �e incident energy at the

gas-liquid interface is a crucial parameter that is di�cult to obtain. For instance, the laser

energy intensity decays along the light path, which can be caused by light expansion or en-

ergy absorption. Moreover, at the gas-liquid interface, the laser energy is also redistributed

by re�ection and refraction. To enable quantitative measurements, the light source has to

be uniform and constant, but the laser energy varies naturally per pulse. �ese phenomena

have limited LIF to produce qualitative results of mass transport in multiphase system.
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Consequently a lot of e�orts have been made to develop a technique that can produce

quantitative information on mass transfer processes. One of those LIF techniques, using

two dyes, has shown great promise in achieving detailed information on the mass transfer

behavior in liquids. �e basic principle relies on one dye acting as a reference dye, and by the

ratio of the illumination intensities of the second dye with the reference dye the analysis of

the technique no longer is restricted by a calibration of the illumination intensity but rather

the ratio of intensities. Sakakibara and Adrian (1999), Sasaki et al. (2000) and Moghaddas

et al. (2002) used two dyes to overcome optical issues for their measurements. Coppeta and

Rogers (1998) reviewed various dyes and presented possible sources of error for using two

dye LIF. Someya et al. (2005) used two dyes, one dye is pH sensitive, while another dye,

that is insensitive to pH, acts as the reference. �e pH �eld around a CO2 droplet has been

measured in a high pressure liquid-liquid system. Similarly, Kováts and Zähringer applied

two dyes to study the pH di�erence in the wake of bubbles. �ese two studies show that

a ratiometric technique, such as the two dye technique, is advantageous in systems where

interfaces exist.

Dual emission/excitation LIF technique, or ratiometric measurements (Lakowicz), has

been widely used in cell research, in which one single dye is used as the indicator instead

of two dyes. �ere are two kinds of ratiometric techniques: dual excitation and dual emis-

sion, respectively measuring ratio of excitation spectra or emission spectra. �e two distinct

wavelength bands act as references for one another. Kräuter et al. (2014) used a dual exci-

tation technique to measure the mass boundary layer thickness at free water surfaces. �is

has shown great potential of dual emission dyes as a quantitative LIF technique.

In this chapter, a dual-emission pH sensitive dye C-SNARF-4F is employed as the in-

dicator. Laser Induced Fluorescence is applied to study the mass transfer of a CO2 bubble

rising into water. In this work the detailed pH distribution and the dynamics of the pH

distribution as the bubble is rising are presented.

2.2 Experimental method and setup

2.2.1 Method

By principle of the mass transfer measurement of the LIF technique, the dyes are sensitive

with respect to certain chemical species, the presence of those species alter either the ab-

sorption or the emission spectrum of the dyes. By measuring the changes of �uorescent

intensity information of the chemical species can be obtained, which can be expressed in a

general form as:

If = I0e
−ε(λLa)lCεΦCAL (2.1)

in which, I0 is the incident light intensity, ε is the absorption (extinction) coe�cient, λLa
is the incident light wavelength, l is the optical path length of the incident ray, L the length

of the sampling volume, A is the optical collection fraction, C is the �uorescence concen-

tration and Φ is the quantum yield. �e product I0e
−ε(λLa)lC

shows the decay of energy

of the incident light due to absorption. Since the �uorescent intensity is sensitive to pH
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Figure 2.1: Dye spectrum, with the absorption at excitation wavelengths on the top for

di�erent pH of the solution, and the emission e�ciency of the two spectral bands on the

bo�om.

changes, by calibrating the relation between pH and intensity changes, the mixing or the

mass transfer information can be extracted.

In two dyes LIF technique one dye acts as reference, in which case the illumination

intensity cancels out (following Coppeta and Rogers (1998)):

I1f
I2f

=
I0e
−(ε1lC1+ε2lC2))ε1 (λLa) Φ1C1AL

I0e−(ε1lC1+ε2lC2)ε2 (λLa) Φ2C2AL
∝ ε1 (λLa) Φ1C1

ε2 (λLa) Φ2C2
(2.2)

�e reference dye provides an estimate of the distribution of the illumination intensity,

which minimizes some of the previously mentioned optical issues by cancelation of this

term. So far the principle of an ideal two dye dual-LIF technique has been described. Some

of these parameters can be controlled within the experiments, such as the concentration of

the dyes, the laser wavelength and incident light path. All of these parameters have to be

chosen carefully to allow for quantitative measurements.

In contrast, a single dye of a dual emission type can be applied as well for application

in the dual-LIF technique. Because now the di�erent �uorescent functional groups are on

the same molecule the ratio of intensities simpli�es to:
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α(pH) =
Iλ1f

(λ1, pH)

Iλ2f
(λ2, pH)

=
I0e
−ε(pH)lcAΦ (λ1, pH)Cε(pH)l

I0e−ε(pH)lcAΦ (λ2, pH)Cε(pH)l
∝ Φ (λ1, pH)

Φ (λ2, pH)
(2.3)

In this type of system, the optical path length, photo-bleaching and local dye concen-

tration are no longer relevant as they cancel out in the ratio of the measured �uorescent

intensities.

2.2.2 Dye and device selection

As discussed in the previous section, the advantages of the dual-emission technique is the

simplicity of the experimental calculation. Compared to two dye LIF fewer parameters re-

main, leading to less sources of uncertainty. To be able to measure the pH accurately, a large

change of the ratio of measured intensities is desirable. In contrast to a two dye system, in

which normally the signal changes with pH only in one of the two spectral bands, for dual-

emission dyes the signal increases with pH whereas it decreases with pH for the other band

giving rise to a larger change of the ratio of intensities.

�ere are a number of dual-emission dyes, such as HTPS, DHPN, BCECF, SNAFL and

SNARF (Han and Burgess, 2009; Marco�e and Brouwer, 2005). A 532 nm Nd-YAG pulsed

laser is used in our experiments, and as such the dye should be compatible to the laser. �is

restricts the selection of the dye in terms of the absorption spectrum, on top of that the

spectral peak should be close to the laser wave length. �e dye should also be sensitive

between pH 5-7 and soluble in water. �ese restrictions dramatically narrow down the

possible options for the dye. SNARF dyes are well suitable because of their solubility and

spectral characteristics. From a broad dye family of the SNARF type, C-SNARF-4F was

selected because its pKa is 6.4 in comparison with other SNARF dyes that have a pKa

outside the desired range. �e sensitive range of this dye is close to the pH range of dissolved

CO2.

Cameras are carefully selected to provide the needed precision. Most pH sensitive dyes

have a similar response to pH changes; the �uorescent intensity decreases with lower pH.

�e signal, in the region of interest where mass transfer occurs, is o�en close to the dark

noise level, leading to low signal to noise ratios (SNR). To compensate for the loss for the low

signal enhanced camera sensitivity is desired. �e camera must both be sensitive and have

a low noise level. Conventional CMOS is unsuitable because of its high noise levels. sCMOS

(scienti�c CMOS) is a newly developed camera. It combines the advantages of both CMOS

and CCD. �e noise level of sCMOS is as low as CCD. �e frame rate is higher than CCD,

which enables it to perform transient recording and thus observe the dynamic changes of

the mass transfer in the bubble wake. �e 16 bit representation of intensity values is also

an advantage because it allows for a larger dynamic range.

Higher laser energy, a be�er spectrally matched dye and the improved quality of the

cameras all improve the SNR.
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Figure 2.2: A schematic of the experiment setup, showing the bubble column the Nd-Yag

laser and the two cameras with �lters. a: camera, b: laser, c: column, d: optical �lter, e:

optical spli�er.

2.2.3 Fluorescence dye

1, 4(and 5)-benzenedicarboxylic acid, 2-[10-(dimethylamino)-4-�uoro- 3-oxo-3H-benzo[c]xanthen-

7-yl] (C-SNARF-4F) has been widely used as a pH indicator. Its ground-state has three

forms (Han and Burgess, 2009; Marco�e and Brouwer, 2005), acid, base and neutral lactone

form. Except the neutral form, its acid and base forms are both �uorescent, each form has

speci�c absorption properties, as can be seen from Fig. 2.1 measured with a spectrometer

(Perkin Elmer Luminescence LS-50B and JASCO spectrophotometer V-750). �e equilib-

rium of these forms o�ers the capability of a spectrum shi�, which enables this dye to be

used in ratiometric measurements.

According to the excitation spectra of the dye, widely used 514 nm and 532 nm lasers

are compatible with the dye. In this paper as mentioned before, a 532 nm laser is used as

the light source.

2.2.4 Setup

Fig. 2.2 shows the experimental setup. �e setup includes one bubble column made of glass

(dimensions: 10 cm×10 cm×40 cm). Two imager sCMOS cameras are used with 2560×2160

pixel and a maximum frame rate of 50 Hz at full resolution. Cameras are equipped with Tok-

ina 100mm F/2.8 Marco AT-X lenses. A pulsed Nd:Yag laser (Litron LPY-70-200) with 200

Hz maximum pulse frequency, with a single pulse maximum energy of 50 mJ. To generate

the laser sheet, the laser beam goes through two optics (LaVision) including one spherical

convex lens and one f/-20mm cylindrical Plano-Concave lens. Bubbles are generated by a



2.2. EXPERIMENTAL METHOD AND SETUP 13

Figure 2.3: Performance of the C-SNARF-4F dye as a function of the laser energy (mJ), inten-

sity as captured by the two cameras (le� and middle �gures) for di�erent dye concentrations,

and the intensity ratio (α) of the two cameras (right).

stainless steel tube, with an inner diameter of 0.508 mm. To isolate the light signals cor-

responding to the pH, two separate �lters are applied for the cameras (relating to the two

spectral bands as shown in Fig. 2.1); 575/50 nm for camera 1 and 650/80 nm for camera 2. As

shown in Fig. 2.1, the �uorescence intensity increases with decreasing pH for the 575 nm

band, whereas it decreases with decreasing pH for the 650 nm band. �e full range of �uo-

rescence intensity ratios covered by varying the pH is larger in comparison with two dyes

LIF systems. �e recording and post-processing are implemented with DaVis 8.3.0 (LaV-

ision). To obtain a higher temporal resolution, the recording area is cropped (702×2560),

allowing a recording frame rate of 100 Hz, the exposure time is kept at 1 ms.

2.2.5 Dye performance test

A test was designed to check the performance of the dye at various laser energies (20-70

mJ) and four dye concentrations (0.53, 1.06, 2.12 and 4.24 µmol/L). �e �uorescent intensity

is recorded with both cameras. With the help of the �lters, the two bands of the spectral

signal are distinguished and recorded separately. As shown in Fig. 2.3, for both spectral

bands, the �uorescent intensity increases linearly with increasing incident energy before

saturation of the �uorescent intensity. For each concentration, the linearity holds. �e

constant ratios also shows that the results are independent with incident light energy. �e

di�erence in ratio for the di�erent concentrations is due to the di�erence of the initial pH

of the solution, it does not break the principle (Eq. 2.3). More discussion can be found in

section 3.3. Furthermore, this �nding also reveals the sensitivity of this technique. In our

experiments, considering the balance between performance and costs of the dye, the dye

concentration is chosen at 1.06× 10−6 mol/L ( 0.5 mg/L).

2.2.6 Image processing procedure

Since two cameras are used for the ratiometric calculations, to guarantee the pixel-wise

accordance of the camera recording, a spatial calibration is necessary. A calibration plate
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Figure 2.4: Spatial calibration of two cameras. Images from two cameras are pixel-wise

aligned to form a transformation function. �e spatial resolution is 0.01585 mm/pixel.

with speci�c markers is used to map the coordinates (Fig. 2.4). Subsequently a position

transformation function is applied to translate the raw coordinates for the images of the

two cameras. �e last step involves the application of all ratio calculation (Eq.2.3) to the

spatially aligned two series of recorded images. For each experiment, the uncertainty of

spatial alignment is kept under 0.5 pixels (equals to 0.0079 mm). To remove the noise and

other camera responsive e�ects, background images and sheet images are recorded in ad-

vance. �e background images are recorded without any illumination, which contain the

dark current noise information. A total of 100 images are averaged. For each camera a sheet

image is used to correct the non-uniform response of the camera. To create this sheet image

100 images are recorded with the same illumination intensity as in experiments, and then

the averaged background is subtracted from the averaged image. Experimental images are

recorded with the conditions mentioned in the setup section (Fig. 2.5). �e averaged back-

ground image is �rst subtracted from the raw images and corrected by the sheet image.

Subsequently the image mapping is applied for the two sets of images obtained from the
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Figure 2.5: A schematic of a typical experimental recording of two bands

two cameras, �nally the intensity ratio data is obtained by applying the pixel-wise calcula-

tion (As shown in the image processing �ow diagram, Fig. 2.6).

2.2.7 Dye calibration and uncertainty estimation

To obtain the relation between pH and �uorescent intensity ratio, i.e. pH(ratio), a pH cal-

ibration is required. �e image recording is implemented under the same conditions as

those for the experimental images. �e pH is adjusted with Citric acid-Na2HPO4 bu�er

solutions. pH values are measured with a pH-meter (Metrohm 780), which was previously

calibrated with standard pH bu�ers. Five sets of images are recorded at di�erent pH. 500

Images are recorded for each set and then the same image processing procedure is applied

as for the experimental images. �e averaged background is subtracted from the averaged

image, which is subsequently corrected by the sheet image. �e last step is required to

obtain the intensity ratio of the pixel-wise calculation.

�e measured pH and corresponding averaged ratio of the image are then ��ed with

a third order polynomial curve since the relation is expected to be nonlinear. �e ��ing

curve is obtained by a weighted least squares �t associated with errors of intensity ratios

and pH (Fig. 2.7). �e uncertainties are dependent on a set of factors, such as the signal of the

cameras, the post-processing of the signals, the pH measurement and the pH calibration, and

the �t function between the pH and signal of cameras. �e main source of uncertainty of the

ratio of camera signals is the random noise on each camera. �e random noise is generally

2% of the signal. �e overall precision is mainly determined by the overall averaged slope

of the conversion function and the uncertainty of ratio. �e error of a ratio two quantities

follows from the sums of squares of the relative errors of the quantities as, U2
r = U2

1 + U2
2.

�is results in Ur = 2.8%. Since the conversion function is non-linear, the relative

error in the pH is estimated by using an overall slope of the conversion curve as, UpH ≈
slopeoverall ·Ur = 0.4%. �e over-all uncertainty of pH is thus around 0.02 pH units, while

an upper bound of 0.04 pH units is found by considering the steepest slope.
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Figure 2.6: Image post processing �ow diagram.

2.3 Results

2.3.1 pH distribution for a rising bubble

Experiments were performed for a rising CO2 bubble in a quiescent �uid containing the dye.

�e equivalent diameter of the bubble is roughly 1.9 mm. As the bubble is rising up, the mass

continually di�uses out from the gas phase to the liquid, a�er which it is convected with

the �ow. �e dissolved mass changes the pH of the carrier �uid and the pH is an indicator

revealing the mass transfer process as well as its spatial distribution.

�e rise velocity of the bubble is shown in Fig. 2.9, the rising velocity increases quickly,

it reaches its terminal rise velocity of 31 cm/s within 0.1 s a�er departing from the injector.

As shown in the Fig. 2.10, the pH around the bubble changes when it rises through the qui-

escent liquid. At �rst the di�used CO2 is convected from the upper region of the bubble to

the bo�om region. Initially the dissolved CO2 is following the streamlines and is convected

around the bubble to form a long tail in the wake of the bubble. Since the di�usive trans-

port of CO2 is weak compared to the convective transport, the dissolved CO2 transport is

dominated by convection. With time, the bubble velocity increases and the vortical struc-
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Figure 2.7: Calibration of relation between pH and �uorescence intensity ratio (le�) and

linear regression for the �t (right).

Figure 2.8: From the recorded images, distributions of pH and CO2 concentration are ob-

tained

tures develop in the wake of the bubble. Until vortex shedding appears, the dissolved CO2

is trapped inside the bubble wake and moves with the bubble. When the vortexes shedding

commences, the dissolved CO2 moves away from the bubble with the shed vortexes. In

contrast to the vortical structures moving with the bubble in its wake, the CO2 supply ter-

minates for the shed vortexes and the dissolved CO2 disperses. From the pH distribution

evolution, it is clear that dissolved CO2 follows the �ow, and initially is accumulated in

the wake and then trapped in the wake propagating with the bubble until vortex shedding

appears producing zones with relatively high CO2 concentration. �is suggests that the
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Figure 2.9: Bubble rise velocity, for a CO2 bubble in water of 1.9 mm equivalent diameter.

dissolved CO2 remains in the wake in the direct vicinity of the bubble whereas the remain-

ing CO2 is present in shed vortical �ow structures dispersing slowly into the main body of

the liquid. An additional large scale �ow circulation or external circulation is required to

achieve faster mass transport, which has also been reported in other studies (Alméras et al.,

2015).

2.3.2 pH distribution in the wake of bubble

In this section we will focus on the details of the pH distribution obtained by this technique

at a given moment during the process, as shown in Fig. 2.11. �e pH distribution around the

bubble is clearly shown and its evolution has been discussed. From the pH distribution we

can conclude that most dissolved CO2 is in the core of the vortexes, the gradient due to the

molecular di�usion generates the contour of pH distribution. �e pH in the core of vortex

is around 5.6, which is 0.5 lower than the bulk solution. �e pH of the vortex containing

dissolved mass decreases slowly over time.

2.3.3 CO2 concentration distribution in the wake of bubble

pH changes in the solution are caused by dissociation of dissolved CO2(Fig. 2.11). �e rela-

tion between pH and the total amount of dissolved CO2 can be determined by the hydration

equilibrium,
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Figure 2.10: Evolution of the pH distribution around a rising bubble in quiescent �uid, note

that the frames are moving with the rising bubble. Starting from Fig. 2.10 h) the bubble

starts a helical rise and moves out of the laser sheet. In the last two frames, the bubble is

out of observation window and only the wake of the bubble is displayed.

H2CO
∗
3 
 HCO−3 +H+( Step 1)

HCO−3 
 CO2−
3 +H+( Step 2)

where H2CO∗3 includes CO2(aq) and H2CO3. �e total amount of dissolved CO2 concen-

tration, c = [CO2] = [H2CO∗3]+[HCO3]+
[
CO2−

3

]
. �e dissociation constants areK1 and

K2 for step 1 and step 2, respectively. For water, if we assume x = [H+], y =
[
OH−

]
, then

we obtain x · y = Kw, pKw = 14 . Moreover, owing to the acidity of dye, the dye should

also be taken into account. As has been discussed in section 2.2.3 and 2.2.4, C-SNARF-4F

has three forms, dianionic (A2−
) , monoanionic(AH−) form, and the neutral form(non-

�uorescent and only exist when solution lower than pH 5). �e dissociation of dye is

AH− 
 A2− +H+

Where the dissociation constant isKd. It is reasonable to assume that the pH of the solution

is higher than 5 and the dye is fully dissolved. �erefore, the concentration of dye cd =
[AH−] +

[
A2−]

All dissociated species together are subject to the electro-neutrality equation[
H+
]

=
[
OH−

]
+ 2

[
CO2−

3

]
+
[
HCO−3

]
+ 2

[
A2−]+

[
AH−

]
(2.4)

Substitute all the parameters and rewrite equation 2.4 into c=c(x), we obtain
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Figure 2.11: pH distribution contour around a single bubble, with equivalent diameter of 1.9

mm.

K1 K2 Kw Kd cd

[H+][HCO−
3 ]

[H2CO∗
3 ]

[H+][CO2−
3 ]

[HCO−
3 ]

[H+][OH−] [H+][A2−]
[AH−] -

4.47× 10−7M 4.69× 10−11M 10−14M2 3.98× 10−7M 1.06× 10−6M

Table 2.1: Parameters and constants of species (Stumm et al., 1970).

x =
Kw

x
+ 2

c
x
K2

+ x2

K1 ·K2
+ 1

+
c · x

K2

x
K2

+ x2

K1 ·K2
+ 1

+ cd +
cd ·Kd

x+Kd
(2.5)

�en the function was solved by Matlab and plo�ed in Fig. 2.10 with the constants in Table

4.1. As can be seen in Fig. 2.12, the conversion function of logarithmic CO2 concentration

is linear with pH in most of the range. However, it falls dramatically at pH around 5.9.

�is non-linearity is due to the domination of the dye when CO2 concentration is pre�y

low. �is also suggests that slight uncertainties of pH at around 5.9 would cause signi�cant

change of CO2 concentration. According to Eq. 2.3, this technique is independent on the

concentration of dye. However, in Fig. 2.12, the blue dot lines are of dye concentration at

1.06×10−6M with±20% deviation. �e irrelevance of dye concentration seems no longer

hold at certain pH range with such a considerable deviation, which was also mentioned in

section 2.2.6. In fact, the deviation is a�ributed to the di�erences of initial pH of varying

dye concentration. However, unfortunately, it is hard to manipulate the dye concentration

with high precision due to the pack of dye in practical.
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Figure 2.12: Conversion function of CO2 concentration and pH.

Figure 2.13: (le�) pH contour in the wake of a rising bubble, (right) corresponding CO2

concentration contour. �e bubble is the same one within Fig. 2.9.
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2.4 Conclusion

�e non-linearity associated with sensitivity of dye concentration reveal a low �delity of

conversion at certain range. �erefore, considering those limitations, conversion at that

range is not recommended. However, CO2 concentration in this range is 2-3 orders lower

than in the other else range. It is wise to not take account the information in this range

when considering the overall mass transfer. In addition, this limitation at certain pH could

be avoided adding extra strong base species. �e non-linearity could be compensated, then

the linear range would be extended. Subsequently the sensitivity of dye concentration could

be also eliminated. �is treatment will be adopted in the following work.

�e CO2 concentration can be converted by applying the conversion function obtained.

As shown in Fig. 2.13, pH contour in the wake of a rising bubble was converted into dis-

solved CO2 concentration contour. �e highest concentration is about 2.5 × 10−5mol/L
in the core of vortex. In comparison of those two contour �gures, the distribution of CO2

concentration is mainly similar with the pH distribution, but the gradient is steeper at the

outer of the vortex and gentler inside than that of pH distribution. �is reveals that the

strong convection plays its role of mass transport such that be�er mixing inside the vortex

due to strong convection, whereas di�usion dominates at the outer.

A dual-emission LIF technique has been developed and applied to study the mass trans-

fer of a rising CO2 bubble in water. �e technique makes it possible to accurately determine

the pH in a plane. It is accurate because of several reasons. First, the use of dual-emission

LIF instead of two-dye LIF eliminates concentration dependencies that otherwise act as a

source of inaccuracies. Second, a dye is chosen with a large range of �uorescence intensity

ratios for the pH range of interest, improving the overall accuracy of the method. �ird, the

choice of camera’s and image analysis techniques minimizes the in�uence of noise. Last,

a careful calibration procedure limits the inaccuracies introduced when converting the in-

tensity ratio to a pH value. �e evolution of the pH distribution and CO2 concentration

for a rising and dissolving CO2 bubble has been obtained from our technique. �e transfer

from mass to the wake region by means of vortex shedding is determined. �e results ob-

tained reveal that this technique is a promising method to obtain quantitative data on mass

transfer processes involving bubbly �ows.



Chapter 3

Oscillation dynamics of a bubble rising
in viscous liquid

1

Abstract

In the present work, we study the oscillation dynamics of 3 mm diameter bubbles

generated through an ori�ce submerged in viscous liquids. �e details of the rising

motion and shape oscillation of the bubbles are measured using a combination of high

speed, high resolution imaging and an accurate digital image processing technique. Di-

rect Numerical Simulations (DNS) that mimic the experimental conditions are also per-

formed using a front-tracking technique, called the Local Front Reconstruction Method

(LFRM). �e predictions of the bubble shape and rising velocity obtained by the numer-

ical simulations show good agreement with the experimental results. Our experimental

and numerical results show that the oscillation frequency and the damping rate at lower

modes can be predicted using available theoretical models found in the literature. How-

ever, discrepancies arise between our results with the theoretical predictions at higher

order oscillation modes. We conclude that the discrepancies are due to the in�uence of

rising motion and the vortex wave, which is not considered in the theoretical models.

3.1 Introduction

Because of its relevance in many industrial and natural phenomena, the dynamics of a rising

gas bubble has been studied for many centuries and continues to be a problem of signi�cant

interest nowadays. �is includes for example boiling, �otation, intensi�cation of heat and

mass transfer in bubble column reactors. However, the fundamental understanding of bub-

ble dynamics is still incomplete due to the large number of parameters, the non-linearity

and the fully three-dimensional transient nature of the problem.

1
�is chapter is based on Kong, G., Mirsandi, H., Buist, K. A., Peters, E. A. J. F., Baltussen, M. W., and Kuipers,

J.A. M. (2019). Oscillation dynamics of a bubble rising in a viscous liquid.submi�ed to Experiments in Fluids
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�e process of bubble detachment and rise is illustrated in Fig. 3.1. In this case, the

bubble is formed from an ori�ce plate. A�er the detachment of the bubble from the ori�ce,

the buoyant forces drives the rising motion of the bubble in the liquid. While rising, the

bubble undergoes shape deformation until it reaches its equilibrium shape and subsequently

oscillates around the equilibrium shape. �e characteristics of the rising motion (i.e., the

shape, rise velocity, trajectory) strongly depend on the �uid properties as well as the bubble

volume, making it very di�cult to develop a general understanding for all the cases.

Figure 3.1: Bubble rising in a viscous liquid a�er its detachment from an ori�ce plate. �e

dynamics of the bubble consists of two distinct stages: a transition stage and a terminal

stage. �e bubble undergoes shape deformation (le�) until it reaches its equilibrium shape

and subsequently oscillates (right) around the equilibrium shape.

Interestingly, Wu and Gharib (Wu and Gharib, 2002), Tomiyama et al. (Tomiyama et al.,

2002), and Laqua et al. (Laqua et al., 2016) have independently reported that the method

of bubble release from the ori�ce, i.e., the initial condition before detachment, a�ects the

terminal rise velocity and the bubble shape. �is unexpected experimental �nding is at-

tributed by the authors to the initial shape of the bubble at the beginning of its rise, which

is in its turn in�uenced by the way the bubble is formed. Upon release, a bubble created by a

small capillary undergoes strong shape oscillations and is found to reach a higher terminal

velocity than a bubble of equal volume released from a large capillary, whose detachment

is a much gentler process. �is behavior is in strong contrast with the more common as-

sumption of a unique terminal rise velocity for a bubble, which is o�en used in literature

(Cli� et al., 1978).

�e correlation between rising motion and shape oscillations has been investigated by

several authors (Meiron, 1989; Lunde and Perkins, 1997; De Vries et al., 2002b; Veldhuis

et al., 2008; Lalanne et al., 2013, 2015). Meiron (Meiron, 1989) developed a numerical model

to study the steady rise and stability of inviscid bubbles and showed that the interaction of

hydrodynamic pressure and surface tension forces does not lead to linear instability of the

bubble path. Lunde et al. (Lunde and Perkins, 1997) performed an experimental study on
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bubbles rising in still tap water. �ey showed that the low modes of the shape oscillations

account for the wobbly and rocking nature of the shape and motion of intermediately sized

bubbles. De Vries et al. De Vries et al. (2002b) performed experiments with 2-4 mm diameter

bubbles interacting with a hot-�lm anemometer probe in ultra-clean water to study whether

bubble shape oscillation a�ects the rising velocity. �eir experiments showed that the oscil-

lating bubbles do not have higher mean velocities than the non-oscillating bubbles, which

is in contrast with the results of Wu and Gharib (Wu and Gharib, 2002) and Tomiyama et

al. (Tomiyama et al., 2002). Veldhuis et al. (Veldhuis et al., 2008) investigated the surface

oscillations on bubbles rising in water. �ey showed that shape oscillation is linked to the

path instability by checking the frequency of the main mode and the vortex shedding. Re-

cently, Lalanne et al. (Lalanne et al., 2015) studied the in�uence of the rising movement on

the shape oscillations of small bubbles using experiments and numerical simulations. �ey

showed that the e�ect of the rising motion on the oscillations is negligible, provided that

the mean shape of the oscillation remains close to a sphere. �eir �nding indicates that the

shape oscillation and the rising motion is one-way coupled. Lalanne et al. (Lalanne et al.,

2013) studied the distinct mechanism of the in�uence of rising motion on the oscillation of

drops and bubbles. �e oscillation dynamics taken at the transient stage are studied by DNS

simulations, in which drops and bubbles are with initially prescribed deformations.

Limited by the requirements of high spatial and temporal resolutions and sophisticated

data treatments of such a highly dynamic physics process, there have been only a few de-

tailed studies. �is motivates us to investigate larger bubbles, where the interface dynamics

becomes even more pronounced. In the present work, we study the rising motion and shape

oscillation of 3 mm bubbles generated through an ori�ce submerged in viscous liquids. �e

details of rising motion and shape oscillation of the bubbles are measured using a combi-

nation of a high speed, high resolution camera and an accurate digital image processing

technique. Numerical simulations that mimic the experimental results are also performed

using a front-tracking model, the Local Front Reconstruction Method (LFRM). Experiments

and simulations have di�erent strengths and weaknesses, related to control and accuracy.

�erefore the correspondence of experimental and simulation results makes the presented

results more robust. �is paper is organized as follows. �e description of the experi-

mental setup and measurement techniques is given in section 3.2. Section 3.3 provides a

detailed description of the numerical model. In section 3.4, an extensive analysis of oscilla-

tion dynamics of a rising bubble in a viscous liquid is given. Finally, a summary of the main

conclusions of the present work is provided.

3.2 Experimental method

3.2.1 Experimental setup

�e experimental setup is schematically shown in Fig. 3.2. Air bubbles are formed from a

submerged ori�ce plate made of stainless steel a�ached to the lower wall of the column.

�e ori�ce has an inner diameter of 1 mm. A capillary tube with an inner diameter of

0.5 mm and a length of 150 cm is used to generate su�cient pressure drop that ensures a

constant �ow condition. �e volumetric gas �ow rate is controlled using a combination of

a kdScienti�c LEGATO 100 syringe pump and a 2.5 mL Hamilton 1000 series GASTIGHT
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syringe. �e experiments are performed using three di�erent glycerol-water mixtures listed

in Table 3.1. �e properties of the liquids are determined using a Brook�eld DV-E viscometer

for measuring the viscosity and K20 EasyDyne digital of Krusse with the Wilhelmy plate

method for measuring the surface tension.

Figure 3.2: Schematic diagram of the experimental setup of bubble formation from a sub-

merged ori�ce and the calibration plate.

Table 3.1: Fluid physical properties for air bubble formation in glycerol-water mixture.

Fluid ρl [kg ·m−3] µl [kg ·m−1 · s−1] σ [N ·m−1]

20 wt.% glycerol 1.047× 103 1.76× 10−3 7.09× 10−2

40 wt.% glycerol 1.099× 103 3.72× 10−3 6.95× 10−2

60 wt.% glycerol 1.153× 103 1.08× 10−2 6.77× 10−2

3.2.2 Measurement and image processing techniques

�e experimental images are captured using a pco.dimax HD high speed digital video cam-

era with a frame rate of 2000 Hz and a resolution of 1.5 × 10−2 mm/pixel. A calibration

plate with known size and distance was used to convert pixel distances to mm. On the plate,

the center distance of two horizontal/vertical neighboring white dots is 5 mm and the size

of the dots is 1.2 mm (Kong et al., 2018). �e spatial resolution is high enough to capture

the bubble interface without the help of any interpolative reconstruction. In addition, the
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selected temporal resolution ensures that the bubble moves 3 to 4 pixels on two consecu-

tive images. �e recordings are performed with the help of a back lighting, which is only

switched on during the imaging to reduce the heating of the liquid by illumination of the

channel. A calibration plate with speci�c markers is used to obtain the pixel size.

�e captured images are then processed by using an in-house Matlab code, which uti-

lizes the image processing toolbox. �e main image processing steps are the determination

of a threshold for the gray-scale image, binarization of the images using this threshold value,

and then determination of the bubble volume, center of gravity and aspect ratio (Fig. 3.3).

�e uncertainty of the determined edge is about 0.5% due to the high resolution of camera.

�e velocity and deformation of a bubble are derived from the centroid and axis lengths of

bubbles, respectively. Furthermore, an advanced smooth spline ��ing technique based on

smoothing parameter determination theories (De Boor, 1978; Wahba, 1990; Hurvich et al.,

1998; Krakauer and Krakauer, 2012) is applied to �t the bubble centroid as a function of

time in order to suppress the noise of velocity calculation. �e corrected Akaike informa-

tion criterion (AICC) approach (Hurvich et al., 1998) is chosen to determine the smoothing

parameter. In Fig. 3.3, the black dot, red lines and blue lines represent the bubble centroid,

major axis lines and minor axis line of a typical bubble, respectively. �e deformation is

de�ned by aspect ratio as in equation (3.1).

χ = lmajor/lminor (3.1)

Figure 3.3: Raw image (le�), processed image (right). Black dot: center, C; blue line: the

minor axis; red line: the major axis.

In the present work, the bubbles are generally axisymmetric. �is allows the imple-

mentation of calculations of center of 3D and bubble volume using Pappus second theorem

(Legendre et al., 2012). It should be noted that the 2D centroid, C2D , computed from area

averaging of the planar (projected) bubble image, is not the same as the 3D volume averaged

centroid, C3D , especially for bubbles that have a strong shape deformation (Fig. 4). In the

image processing C3D is computed using the assumption of axisymmetry. �is is further

con�rmed by analyzing a series of binary images obtained from the numerical simulation

(section 3.3). In Fig. 3.5, the rising velocities calculated using the displacement of C2D and

C3D are compared with the result obtained using the numerical simulation. We use C3D

for the comparison of experiments with simulations, because the simulations are fully 3D

and thus the 3D centroid is computed.
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Figure 3.4: 2D/3D center shi� of a bubble. �e black dot is the center of 2D C2D , the red

dot is the center of 3D C3D .

Figure 3.5: �e bubble rising velocity calculated using two di�erent methods (displacement

of 2D C2D and center of 3D C3D) and numerical simulation.

3.3 Numerical model

�e numerical model used in the present work is based on the Local Front Reconstruction

Method (LFRM), originally developed by Shin et al. (Shin et al., 2011) and adjusted by Mir-

sandi et al. (Mirsandi et al., 2018, 2019). In the sections below, the main characteristics of

the numerical model are described.
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3.3.1 Governing equations and solution methodology

In the numerical model, both �uids are assumed to be incompressible, immiscible and New-

tonian. A one �uid formulation is used to describe the �uid �ow for both phases. �e

governing mass and momentum conservation equations are expressed as follows:

∇ ·u = 0 (3.2)

ρ
∂u

∂t
= −∇p− ρ∇ · (uu)−∇ · τ + ρg + Fσ (3.3)

where u is the �uid velocity, p is the pressure, and τ is the stress tensor given by−µ
[
∇u+(

∇u
)T ]

. �e local averaged density ρ and dynamic viscosity µ depend on the local �uid

phase distribution and hence are calculated from the local phase fraction, F , using normal

and harmonic averaging, respectively (Prospere�i, 2002). �e local volumetric force ac-

counting for the e�ect of surface tension,Fσ , is obtained by employing the hybrid Lagrangian-

Eulerian formulation representation of Shin et al. (Shin et al., 2005) to minimize unphysical

parasitic currents in the vicinity of the interface using:

Fσ = σκH∇F (3.4)

where σ is the surface tension coe�cient and κH is twice the mean interface curvature

�eld calculated on the Eulerian grid using the information from the Lagrangian interface.

Once the �uid �ow is calculated, the Lagrangian marker points, which are used to track the

interface, are moved using using a fourth-order Runge-Ku�a time stepping scheme with the

locally cubic spline interpolated �uid velocities. Finally, the phase fraction in each Eulerian

cell is updated using a geometrical method based on the location of the marker elements

(Dijkhuizen et al., 2010).

Due to the advection of the interface, the size of the marker elements changes, decreas-

ing the quality of the interface mesh. To remedy this situation, the LFRM procedure is

periodically performed to ensure that each part of the interface is represented with a suf-

�cient resolution. �e details of this procedure can be found in the work of Mirsandi et

al. (Mirsandi et al., 2018).

3.3.2 Computational setup

�e schematic of the computational domain is given in Fig. 3.6. �e air bubble is injected

through an ori�ce of radius Ro submerged in an initially quiescent liquid. �e circular ori-

�ce is located at the bo�om center of the numerical domain and represented with a staircase

approximation. �e gas injection is assumed to be at constant �ow rate Q. �e �ow in the

gas inlet is assumed fully developed laminar and a parabolic in�ow velocity is imposed.

Initially, a hemispherical bubble is positioned above the ori�ce with a radius equal to Ro.
�e bubble base is pinned to the ori�ce during the growth process. At the top of the sim-

ulation domain, the pressure-prescribed outlet boundary condition is imposed where the

outlet pressure is set to atmospheric pressure, while at the side and lower walls, the no-slip

boundary condition is used. �e computational domain has a width, length and height of
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Figure 3.6: Schematic representation of the computational domain for the simulation of

bubble formation and rise in quiescent liquid.

5, 5, and 10 equivalent bubble diameters, respectively, to ensure that the bubble formation

and rise are not signi�cantly in�uenced by any wall e�ect.

For all simulations presented in this paper, a grid size ∆ = 1.25×10−4 m and time step

of ∆t = 4 × 10−5 s is used, for which the results are grid independent. �e time step ∆t
is chosen such that it satis�es both Courant-Friedrichs-Lewy (CFL) and capillary time step

restrictions as follows (Brackbill et al., 1992):

∆t < ∆tCFL =
∆

vmax
(3.5)

∆t < ∆tσ =

√
(ρl + ρg)∆3

4πσ
(3.6)

Here, vmax is the maximum �uid velocity in the computational domain.

3.4 Results and discussion

3.4.1 Bubble shape and rising velocity

Figure 3.7 shows typical photographs of bubble detachment and rise from the ori�ce for

three di�erent liquids. It can be seen that once the bubble detaches, the bubble undergoes

shape deformation while rising. �e shape evolves from a pendant shape at the time of
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(a)

(b)

(c)

Figure 3.7: Bubble detachment and rising in three di�erent liquids: (a) 60 wt.% glycerol, (b)

40 wt.% glycerol and (c) 20 wt.% glycerol, for gas �ow rate ±1.1 ml/min. �e simulation

results are indicated with the red lines. �e time interval between the �gures is 3 ms.
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Table 3.2: Equivalent diameter of the detached bubble and the corresponding dimensionless

numbers for di�erent �uids. Eo = gρlD
2/σ,Mo = gµ4/ρσ3

, Oh = µl/
√
ρlRσ , Re =

ρUD/µl

Fluid Deq [m] Eo [-] log(Mo) [-] Oh [-] Re [-]

20 wt.% glycerol 3.22× 10−3 1.50 −9.60 0.5× 10−2 574.6

40 wt.% glycerol 3.16× 10−3 1.55 −8.29 1.1× 10−2 252.1

60 wt.% glycerol 3.11× 10−3 1.62 −6.43 3.1× 10−2 73.1

detachment to an oblate spheroid. �is shape deformation becomes more pronounced with

decreasing liquid viscosity.

�e corresponding bubble shapes obtained using the numerical model, which are repre-

sented with red lines, are superimposed on top of the photographs. �e spatial evolution of

the numerically predicted bubble shapes is very close to the corresponding experimental re-

sults. �e deviations in the detached bubble diameter in all cases are less than 1%, meaning

that the total volume detaching from the ori�ce plate is roughly the same and una�ected

by �uid viscosity.

�e comparison of experimental and numerical rising velocity in the case of 60 wt.%

glycerol mixture is shown in Fig. 3.8. It is clear that the experimental result agrees well with

the simulation result forQ = 1.1 ml/min, whereas forQ = 2.2 ml/min andQ = 5.1 ml/min

the rising velocities are higher in the experiments. �e discrepancy is probably due to the

wake e�ect from the preceding bubble since this in�uence is nonexistent in the simulation.

�e comparison of experimental and numerical rising velocity and aspect ratio in the case

ofQ = 1.1 ml/min for three di�erent liquids is shown in Fig. 3.9. �e numerically predicted

rising velocity and aspect ratio agree well with the experimental results. �is indicates that

not only the wake e�ect but also the in�uence of surface-active impurities is negligible. For

this reason, Q = 1.1 ml/min is chosen for further detailed analysis.

�ere are several theoretical models available to predict the frequency of shape oscilla-

tion. Lamb (Lamb, 1932) gives an analytical expression for the frequency of shape oscilla-

tions of spherical bubbles as follows:

fn =
1

2π

√
(n+ 1)(n− 1)(n+ 2)σ

ρlR3
(3.7)

where n is the mode number. A spherical bubble is an isotropic body and hence all modes

of the same order have the same frequency. For mode 2 oscillations, the frequency is given

by

f2 =
1

2π

√
12σ

ρlR3
(3.8)

A bubble deformed into a spheroid is no longer isotropic and modes of the same order

but di�erent degree will generally have di�erent frequencies (Lunde and Perkins, 1997). In

addition, the in�uence of rising motion is not taken into account in the Lamb expression.

A model to predict the shape oscillation frequencies for non-spherical rising bubbles was

derived in a study by Meiron using stability analysis based on potential �ow theory (Meiron,
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Figure 3.8: Comparison of experimental and numerical rising velocities for 60 wt.% glycerol

at di�erent gas �ow rates.

1989). On the other hand, Lunde and Perkins (Lunde and Perkins, 1997) proposed a simple

model based on an assumption of a plane capillary wave travelling along the bubble surface,

where the frequency is determined by the wave speed and the wave length. For mode 2,0

shape oscillation, the frequency is given as

f2,0 =
1

2π

√
16
√

2χ2

(χ2 + 1)1.5

√
σ

ρlR3
(3.9)

where χ is the aspect ratio. �e oscillation frequencies obtained from the experiments and

numerical simulations are compared with these models in Table 3.3. �e frequencies are

extracted through the peaks of curves readily. It is clear that the present results agree well

with the models proposed by Meiron and Lunde but disagree with the spherical model of

Lamb. �is is further con�rmed by comparing the normalized frequency against deforma-

tion in Fig. 3.10. Surprisingly, Meiron’s model based on the potential �ow theory is still

valid even though it does not take into account the in�uences of wake. Although the as-

sumption of a plane wave in Lunde and Perkins should fail for non-spherical bubbles as

pointed out by van Wijngaarden and Veldhuis (van Wijngaarden and Veldhuis, 2008), it co-

incidentally works well. Similarly, Lallane et al. (Lalanne et al., 2013, 2015) also showed that

the predictions obtained using a potential �ow theory agree well with the DNS results for

a slightly deformed spherical bubble. �is indicates that the wake and viscosity e�ects are

minor, which needs to be further investigated.
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(a)

(b)

(c)

Figure 3.9: Comparison of experimental and numerical rising velocity and aspect ratio for

three di�erent liquids: (a) 60 wt.% glycerol, (b) 40 wt.% glycerol and (c) 20 wt.% glycerol.



3.4. RESULTS AND DISCUSSION 35

Figure 3.10: Normalized frequency against bubble aspect ratio.

Table 3.3: Comparison of oscillation frequencies for three di�erent �uids.

Fluid fexp [Hz] fDNS [Hz] fLunde [Hz] fMeiron [Hz] fLamb [Hz]

20 wt.% glycerol 55.6 55.1 55.2 56.0 70.2

40 wt.% glycerol 57.2 57.3 57.3 58.8 69.8

60 wt.% glycerol 60.6 60.9 58.6 62.6 68.9

3.4.2 Analysis and discussion

In this section, the shape oscillations are studied in detail by decomposing the interface

obtained from both experimental and numerical results on the basis of the Legendre poly-

nomials given as (Becker et al., 1991):

R(θ, t)/R0 = a0(t) +

∞∑
l=2

al(t)Pl(cosθ) (3.10)

where a0 is unity in general due to the assumption that the bubble volume is constant, al
is the amplitude of the mode. �e series is truncated at l = 20, which ensures an accurate

description of the present bubble shapes. �e evolution of amplitudes for orders l = 2-

5 in three di�erent liquids is shown in Fig. 3.11. A satisfactory agreement between the

experimental and numerical results with respect to the evolution of various harmonics is

obtained, i.e. the amplitudes of modes 2-5 of bubbles are similar. Generally, the amplitudes

are much lower for higher modes, which is more pronounced for cases with a higher liquid

viscosity. Moreover, Fig. 3.11 shows that in higher viscosity liquids the amplitude of the

shape oscillations dampens faster. In the low viscosity liquid, however, the damping rate

gradually weakens and for certain higher modes the amplitude increases. It is important to
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Figure 3.11: Time evolution of spherical harmonic amplitudes al for l = 2-5 for three di�er-

ent liquids: from top to bo�om are 60 wt.% glycerol, 40 wt.% glycerol and 20 wt.% glycerol.



3.4. RESULTS AND DISCUSSION 37

note that the modes are not rigorous eigenmodes due to non-spherical steady state shape

of the rising bubble, while the spherical harmonic solutions assumes oscillatory perturba-

tion on a spherical surface. �e eigenmodes shi� with the evolving shape. However, the

decomposed modes still can be used to quantify the e�ect of rising motion on the shape

oscillation (Lalanne et al., 2013).

Fig. 3.11 also reveals that mode 2 is the main mode. �e a2 is basically the representative

of main shape of bubble and a similar to the aspect ratio in that it describes the extent of

shape deformation. �e value starts from a positive value due to the prolateness of the

initial shape, while it decreases gradually to negative when the shape evolves to an oblate

shape. For all three set of comparisons, the results of experiments and simulation match

very well on mode 2, which was also evident in the qualitative visualization in Fig. 3.7.

�e match deteriorates for higher modes and longer time. �is might be a�ributed to the

spatial resolution of the simulation and the inherent in-stable nature of the higher modes.

Furthermore, clearly, all the curves of the modes show that the deformations consist of a

main shape evolution and a dampened oscillation. �e later one is of our interest.

In order to investigate the oscillation energy decay of these modes, the following window-

moving average decomposition is applied:

Y = Ȳ + Ỹ (3.11)

where Y is the instantaneous variable, Ȳ is the average value and Ỹ is the �uctuation.

�en, the instantaneous frequency can be calculated by the time interval of peaks, f =
1/(ti+1−ti) and the damping factors are calculated by ��ing the peaks with an exponential

damping function y = ae−bt. Note that the shape information at the instant a�er the

detachment is excluded from calculation. �ese mode �uctuations are shown in Fig. 3.12.

Prospere�i (Prospere�i, 1980) derived a model by an eigenvalue analysis of spectrum of

the vortex form Naiver-Stokes equation neglecting gravity and buoyancy forces. A general

equation that describes the damping of oscillation can be reduced to Lamb’s equation if the

surrounding liquid is less viscous (Oh� 0.1):

bn = (n+ 2)(2n+ 1)µ/(ρlR
2) (3.12)

�en a dimensionless theoretical damping factor for each mode is given by

b∗n = (n+ 2)(2n+ 1)Oh (3.13)

�e dimensionless damping factors extracted from experimental results (Fig. 3.12) and

the theoretical values are shown in Fig. 3.13 (le�). �e damping factors generally increase

with increasing Oh number. �e oscillation energy needs less time to decay in more viscous

liquids. Moreover, it shows that for mode 2 the match between our study and the theoretical

equation proposed by Prospere�i (Eq. 3.13) is satisfactory. However, our study shows that

higher modes need more time to decay in contrast to the prediction from the theory. �is

is mostly due to the mode shi�. �e weight of high modes that contributes to the total

�uctuation becomes more signi�cant gradually with the more and more �a�ened shape.

Note that for the case of Oh = 5 × 10−3, the damping factors for mode 4 and above are

negative, i.e. the energy no longer decays (not shown). Simulation studies of Lalanne et
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(a)

(b)

Figure 3.12: Fluctuations of (a) mode 2 and (b) modes 3-5 for three di�erent liquids.

al. (Lalanne et al., 2013) also revealed this departure of higher modes from the theoretical

study (Fig. 3.13). Moreover, they also found a negative damping factor on mode 4 as well.

Moreover, we observed that most of the surface oscillation energy (mainly mode 2)

damps only for a short period of time. In the case of 60% glycerol solution, the oscillations

are damped a�er t = 0.08 s. In contrast, for bubbles rising in 20% glycerol solution, path

instability occurs a�er t = 0.08 s, producing an increase of the oscillation amplitude. On

the other hand, in the case of 40% glycerol solution, for each mode the oscillations maintain

their amplitude. Here, our results di�er from the theoretical results of Prospere�i (Pros-

pere�i, 1980) and simulation studies of Lalanne et al. (Lalanne et al., 2013). �ey reported

that the oscillation damping of bubbles is close to the theoretical prediction at the initial

stages (or transient stages). In other words, the oscillation behaviour of the rising bubble at

the initial stages is similar to the oscillation of bubble in zero gravity, i.e. all modes dampen
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Figure 3.13: �e dimensionless damping factor(le�) and frequency(right) against Ohnesorge

number. Mode 2: red circle; Mode 3: green �lled square; Mode 4: blue circle; Mode 5: deep

red diamond. �eoretical prediction (Prospere�i 1980) for Mode 2: red solid line; �eoretical

prediction for Mode 3: green dash line.

gradually. However, in our study, the oscillations are not damped at lower Oh numbers

for any of the modes a�er the damping at the initial stage of bubble rise, which has also

been reported by Lunde and Perkins (Lunde and Perkins, 1997). Similarly, in the study of

Gordillo et al. (Gordillo et al., 2012), the agreement between the analytical model and DNS

simulations deteriorates for longer times. �e authors a�ribute this to the viscous dissi-

pation including the boundary layer and wake, which are not considered in the analytical

model.

Because the initial surface energies are close for all the cases (see Fig. 3.12), any oscilla-

tion energy should eventually dampen if the system is isolated. In the case of low Re number

(Oh = 3.1 × 10−2), there is no strong wake e�ect beneath the bubble and the surface en-

ergy is eventually damped. Whereas in bubbles with higher Re numbers (Oh = 1.1×10−2,

0.5 × 10−2), there are standing vortices and vortex shedding appears in the wakes. In ad-

dition, our results also suggest that this energy is mainly added to higher modes instead of

mode 2 at the initial stage of rising. Later, mode 2 also gains energy, which makes the os-

cillation system at all modes a forced oscillation system. �erefore, the oscillation behavior

of bubbles at lower Oh numbers are di�erent from bubbles in zero gravity in our results.

�e role of rising motion, or more speci�c the wake, in shape oscillation is still unclear.

Nevertheless, our inference is supported by extra measurements of two di�erent size of bub-

bles rising in 40% glycerol solution (Fig. 3.14). �e diameters of the bubbles are 2.63 mm and

3.22 mm, respectively, and the Oh numbers of these bubbles are almost identical. However,

according to the study of Blanco and Magnaudet (Blanco and Magnaudet, 1995), the wakes

of these bubbles are of two type: one has no vortex wake whereas the later one has a vortex

wake. We have noticed that for the simulations conducted in the study of Lalanne et al.

(Lalanne et al., 2013) vortex wakes would develop in none of those cases. �e properties of

the most oscillating bubble in their studies are close to the bubble of 2.63 mm in the present
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study. It is clear from the �gure that the shape oscillation is damped at the initial stage

for the one without vortex wake while the oscillating deformation continues for the one

with vortex wake even a�er the initial stage of rising. Veldhuis et al. (Veldhuis et al., 2008)

reported that bubbles with vortex shedding in wakes have a much more dynamic interface,

in which the vortex shedding time scale is larger than the typical oscillation damping time

scale. �is suggests that if the time scale of a sudden move of the bubble or a change of

surrounding �ow is shorter than the time scale of the damping, the oscillation behavior

will be similar to the one in zero gravity. Otherwise, the oscillations gain external energy.

�is phenomenon could be more pronounced when bubbles interact with turbulence, which

includes a range of varied size eddies.

Figure 3.14: �e rising velocity and aspect ratio of 2.63 mm and 3.22 mm bubbles in 40%

glycerol solution.

�e dimensionless frequency is shown in Fig. 3.13 (right). It can be seen that the fre-

quency increases with Oh number. �e trend of mode 2 is consistent with Fig. 3.10, which

correlates the frequency with the terminal shape of the bubble. Because the aspect ratio is a

result of �uid properties and hydrodynamics, it is meaningful to correlate the dimensionless

frequency with Oh number.

3.5 Conclusions

In the present work, we study the oscillation dynamics of 3 mm diameter bubbles gener-

ated through an ori�ce submerged in viscous liquids by means of experiments and detailed

numerical simulations. First, our results con�rm that the potential �ow theory can still pre-

dict the oscillation frequency of large size bubbles, where the dynamics are pronounced.

�is �nding is also in accordance with several experimental studies reported in the litera-
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ture (Lunde and Perkins, 1997; van Wijngaarden and Veldhuis, 2008; Gordillo et al., 2012;

Lalanne et al., 2015). Secondly, it is found that the damping factor at mode 2 can still be de-

scribed by a theoretical model (Prospere�i, 1980), which takes into account viscosity e�ects

and neglects the rising motion e�ect. However, at higher modes the damping factor cannot

be explained by the theoretical model and so far no available theoretical model can be used

to interpret the damping behavior. Wake e�ects seem to play a very important role as an

external energy source driving the shape oscillations of rising bubbles, particularly for the

higher modes.





Chapter 4

Hydrodynamic interaction of bubbles
rising side-by-side in viscous liquids

1

Abstract

Detailed experiments are conducted to study hydrodynamic e�ects of two simul-

taneously released bubbles rising in viscous liquids. Di�erent types of interactions are

observed as a function of the liquid viscosities, leading to di�erent bubble shapes, rang-

ing from rigid spheres and spheroids to deformable spheroids. Bubble velocities are

obtained by a automated smooth spline technique, which allows for an accurate cal-

culation of the li� and drag forces. �e results obtained for spherical bubbles are in

agreement with predictions of Legendre et al. (2003). �e observations of deformed

bubbles show that a very small equilibrium distance can be established due to the in-

duced torque arising from the deformation. In terms of the lateral interaction, di�erent

separation distances can be observed depending on the initial distance. For deformable

bubbles the results are limited to a qualitative analysis due to limitations of the pro-

cessing technique to handle strong shape irregularities. Nevertheless, the observations

reveal that the deformation plays an important role with respect to bubble interactions

and path instability of which the la�er can be triggered by the presence of other bubbles.

4.1 Introduction

Bubbles are o�en encountered in industrial, biochemical and environmental processes. In

these processes bubbles interact with the liquid phase and other bubbles and signi�cant ex-

perimental and computational e�orts have been made to obtain closures for drag and li�

forces. However, the behaviour of rising gas bubbles (isolated or in swarms) is very complex

1
�is chapter is based on Kong, G., Mirsandi, H., Buist, K. A., Peters, E. A. J. F., Baltussen, M. W., and Kuipers,

J.A. M. (2019). Hydrodynamic interaction of bubbles rising side-by-side in viscous liquids. Submi�ed to Experiments
in Fluids
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and even the simplest case such as the rise of a single deformable air bubble is quite com-

plex. Some of the behaviour is still under investigation and not completely understood, such

as the path instability of rising bubbles (Magnaudet and Eames, 2000; Ern et al., 2012). In

industrial applications bubbles in dense swarms are encountered revealing complex inter-

actions and additional e�ects of e�ective drag and li� and earlier onset of path instability.

�us the behaviour of multiple bubbles has a�racted more and more a�ention due to its

practical signi�cance. For instance, the disturbance from a neighbouring bubble plays a

signi�cant role in bubble rising behaviour such as coalescence and clustering. Coalescence

is usually unfavourable in industrial applications because it decreases the overall surface

area and hence deteriorates mass and heat transfer rates. Additionally, coalesced bubbles

alter the �ow due to stronger deformation and a larger moving interface. �e enhanced in-

teraction of multiple bubbles o�en leads to local clustering, which consequently alters the

�ow �eld and the mass and heat transfer characteristics. Despite extensive research e�orts,

a lot of open questions remain.

To understand the physics underlying bubble swarms, a lot of e�ort has been made as

well. Analytical studies (Van Wijngaarden and Je�rey, 1976) and simulations based on ir-

rotational �ow (Sangani and Didwania, 1993; Smereka, 1993; Yurkovetsky and Brady, 1996)

have revealed that bubbles aggregate in the horizontal plane due to the interaction. How-

ever, experiments shows that low volume fraction bubbly �ows tend to be homogeneously

dispersed. Discrepancy between simulation and experiment has been a�ributed to the im-

proper assumption that bubbles bounce elastically. Alternatively, taking deformability of

the bubbles into account, front tracking (FT) simulations (Bunner and Tryggvason, 2003;

Esmaeeli and Tryggvason, 2005b) have revealed that spherical bubbles tend to align hor-

izontally, whereas deformable bubbles tend to uniformly distribute over the volume un-

der consideration. Apart from the clustering, Cartellier and Rivière (2001) and Risso and

Ellingsen (2002) have shown that wake interaction among multiple bubbles causes bubble

induced turbulence, which has a strong impact on the e�ciency of heat and mass transfer.

Studies of Roghair et al. (2011a,d); ?, 2013) have resulted in several correlations quantify-

ing the swarm e�ect on the e�ective drag coe�cient. Recently, Loisy et al. (2017) studied

bubbles rising in con�gurations of ordered and freely rising bubble arrays. In addition, the

velocity �uctuation of rising bubbles due to the swarm e�ect was studied experimentally in

spite of the experimental limitation at high gas volume fraction (Martı́nez-Mercado et al.,

2007; Riboux et al., 2010; Colombet et al., 2015). Moreover, bubbles rising in a thin gap were

studied as a model system (Bouche et al., 2012; Roig et al., 2012; Bouche et al., 2014), in

which the turbulence is suppressed.

From the studies reported in literature it is clear that the interaction between neighbour-

ing bubbles alters the bubbly �ow globally. However, bubble pair interaction has drawn a

lot of a�ention due to its evident relevance to understand more complex systems. �e inter-

action of either inline bubble pairs or side-by-side pairs has been frequently studied. Harper

(1970) calculated the interaction between a pair of spherical inline bubbles and found that an

equilibrium distance between the bubbles exists. Yuan and Prospere�i (1994) numerically

investigated a similar con�guration and con�rm the presence of the equilibrium distance

indicating the importance of the viscous force. Experimental research by Katz and Mene-

veau (1996), however, was not in agreement with these predictions, showing that pairs of

small bubbles tend to collide and coalesce instead. Experiments by Sanada et al. (2005) have
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s
(A) (B) (C)

Figure 4.1: �e features of the four possible modes corresponding to (A) Set-up (B) Bubble

pair generated at two ori�ces and rising side by side (scales are di�erent) and (C) �e centres

of mass and distances of two centres; �e dimensionless distance of two centres is de�ned

as S = 2s/Deq .

revealed the presence of an equilibrium distance. However, in their study the equilibrium

distance was not stable and larger than predicted by the previous studies. Finally, recent 3D

DNS simulations by Gumulya et al. (2017) again revealed the existence of an equilibrium

distance, leaving the discussion open to debate.

�e simultaneous release of two bubbles rising side-by-side has been studied by a large

number of researchers (Kok, 1993; Van Wijngaarden, 1993; Duineveld, 1995, 1998; Legendre

et al., 2003; Van Wijngaarden, 2005; Sone et al., 2008; Sanada et al., 2009; Hallez and Legen-

dre, 2011). Van Wijngaarden (1993) calculated the interaction of a pair of bubbles using a

two-bubble probability density function and compared his results to the experimental data

of Kok (1993). A numerical analysis conducted by Legendre et al. (2003) indicates that the

approach or separation of the bubbles depends on the Reynolds number. At lower Re the

bubble pair separates due to domination of vorticity and at higher Re they approach each

other due to a thinning boundary layer and dominant pressure e�ect. Hallez and Legendre

(2011) suggested that the interaction of a pair of spherical bubbles consists of the potential

e�ect, a viscous correction and a signi�cant wake e�ect on drag and transverse forces. �ese

results suggest that the most stable position for a pair of bubbles is a horizontal alignment,

because the inline alignment causes a negative torque. �ey also suggested that the e�ects

of potential and wake ejection tend to form horizontal clusters, but could be neutralised

by the agitation e�ect induced by neighbouring bubbles. Tripathi et al. (2017) employed

3D DNS simulation for two initially spherical bubbles rising side by side and found that

the bubble interaction is linked to strong interacting vortices. �e experimental studies of

Duineveld (1995, 1998) and Sanada et al. (2009) focused on collision of bubbles and indi-

cated that the wakes of approaching bubbles play a key role in determining the subsequent

bouncing/coalescence. �ey both a�ributed the separation of the bubble pair to the shed-

ding vortices and indicated that this could be linked to the path instability of a single bubble.

Apart from studies focusing on bouncing and coalescence, the only experimental study
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Liquid ρ [kg m−3] µ [kg m−1s−1] σ [Nm−1]

80 wt% glycerol 1208.5 60.1× 10−3 6.5× 10−2

60 wt% glycerol 1153.8 10.8× 10−3 6.77× 10−2

40 wt% glycerol 1099.3 3.72× 10−3 6.95× 10−2

20 wt% glycerol 1046.9 1.76× 10−3 7.09× 10−2

Table 4.1: Physical properties of liquid used in the experiments

reported in literature is due to Kok (1993). Unfortunately, due to experimental limitations

trajectories were the only obtainable quantitative data. �e opposing �ndings reported

in literature and the advancement of experimental techniques prompted us to undertake

the present study. Moreover, to the best of our knowledge, the simulation study of Tri-

pathi et al. (2017) is the only work addressing interaction between deformed bubbles. In

the present study, a spherical bubble pair and a deformed bubble pair are experimentally

studied to investigate their hydrodynamic interaction. �e paper is organised as follows:

the experimental setup and processing procedures will be presented in section 2. Results

and discussion will be reported in section 3. �e conclusions will be presented in section 4.

4.2 Set-up and processing procedures

4.2.1 Experimental setup and liquid properties

�e measurement system incorporates a high speed camera (PCO, dimax HD+) mounted

with a Nikon lens, a LED lamp with a di�user plate as the illumination source and a glass

column sized 100×100×500 mm (see Fig. 5.1). �e bubble pair was generated at the nozzle

with two ori�ces submerged at the bo�om of the column. �e nozzle was made of stainless

steal and the surface was polished to minimise the e�ect of roughness. �e diameter of the

ori�ces was 1 mm. �e distance between the ori�ces was varied from 4 mm, 6 mm to 7 mm.

�e ori�ces were connected to a two channel syringe pump (KD Scienti�c LEGATO 100)

mounted with two gas-tight syringes (Hamilton).

For the experiments water-glycerol mixtures were used to vary the liquid viscosity (see

Table 4.1) and as a consequence the behaviour of the rising bubble pair. In order to minimise

the e�ect of preceding bubbles, a �ow rate of 1 ml/min was chosen, based on earlier tests

(Kong et al., 2019).

�e recording was set at a frame rate (frec) of 2000 Hz, focused at a domain of 20× 50
mm, yielding a resolution of 30 µm/pixel. �e recorded images were processed by using an

in-house Matlab program. Details can be found in Kong et al. (2019). �e uncertainty in

determining the bubble centre from the image processing is lower than 1% due to the high

resolution.
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Figure 4.2: �e velocity of a rising bubble featuring strong velocity �uctuations. Data was

obtained from experiment of a 3.15 mm air bubble rising in 80% glycerol solution.

4.2.2 Data processing procedures

�e velocity and acceleration of the rising bubble correspond respectively to the �rst and

second derivative of the position obtained from image processing. From our experiments we

obtain the bubble position as a function of time and to obtain the velocity and acceleration

of the bubble in principal numerical di�erentiation is required. As used in most of the

experimental studies, the velocity and acceleration could in principal be obtained from:

dỹ(ti)

dt
=
ỹi+1 − ỹi−1

2∆t
+O(∆t2) =

dy(ti)

dt
+O(

ε

∆t
) +O(∆t2) (4.1)

in which ỹi = y(ti) + ε. ỹi, yi(t) and ε are the measured quantity, the true quantity and

the measurement error, respectively. For small ∆t, error ampli�cation prevails (as shown

in Fig. 4.2) that will be detrimental for the evaluation of the higher derivatives. In order to

avoid the problem, a ��ing method can be applied, which basically introduces smoothing.

�ere exists several ��ing methods such as the Least Squares approach or ��ing using

cubic splines (De Vries et al., 2002b). Furthermore, smoothing spline ��ing (Reinsch, 1967)

was introduced as a powerful tool to minimise the measurement noise when the derivatives

of measured quantities are of interest. �e basic idea is to �nd a ��ing function balancing

the desire of resembling the original data and that of resembling the underlying model.

Unfortunately, the ��ing function is very sensitive to the choice of the smoothing pa-

rameter. Moreover, it is very challenging to choose the approximate value of the smoothing

parameter (Aydın et al., 2013). To establish the aforementioned balance in a rational fashion,

the method to determine the smoothing parameter was based on studies of De Boor (1978),

Hutchinson (1986) and Wahba (1983).
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Figure 4.3: A snapshot of bubble obtained from DNS simulation. �e simulation was con-

ducted with the properties of a 3.18 mm air bubble rising in 60% glycerol solution.

For a set of measured data (xi,yi), the underlying relation of the data g(xi) and measure-

ment noise εi are related as

yi = g(xi) + εi (4.2)

de�ning the so-called ”de Boor formulation”. To recover the relation g(xi), a function f can

be constructed. g = fp when p equals to the value obtained by minimising the following

function:

p

N∑
i=1

(
yi − f(xi)

δyi
)2 + (1− p)

∫ xN

x1

(f (m)(t))2dt (4.3)

�e �rst term is the normalised residual. �e second term is the roughness penalty. In

extreme cases of p=0, the �t is the Least-Squares approximation, which is the smoothest

��ing; whereas for p=1, the �t is the spline interpolant, which links all sampling data. �e

constructed function fp is considered as the underlying relation function g(x). Based on this

derivation, several approaches have been developed such as the corrected Akaike informa-

tion criterion (AICC) (Hurvich et al., 1998), the Vapnik’s measure (statistical learning theory)

(VM) (Cherkassky and Mulier, 2007) and the Generalized cross validation (GCV)(Wahba,

1983). In the present study, the AICC approach is adopted to automatically determine the

smoothing parameter p (Krakauer and Krakauer, 2012). To calculate the velocity and accel-

eration, derivatives of the ��ed centre data are calculated analytically.

v =
df

dt
,

a =
d2f

dt2
,

 (4.4)
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Figure 4.4: Validation of the data processing procedure. Velocity obtained from the adapted

processing procedure and velocity extracted from DNS simulation are plo�ed together in

the upper �gure; Relative di�erence is plo�ed in the lower �gure.

To validate the data processing method in the present study DNS results were used as a

well-de�ned case (Mirsandi et al., 2018; Kong et al., 2019), see Fig. 4.3. �e bubble velocity

and interface position can be extracted from the simulation results readily. �e snapshots

of the simulated bubble were exported as experimental images. We use binary snapshots

of a bubble since the accuracy of detection of the bubble interface has been proven very

high. �erefore, only the data processing is assessed because other uncertainty sources are

expected to be of minor in�uence.

�e bubble velocity determined from the synthetic images is compared to the velocity

obtained from the DNS in Fig. 4.4. �e residual shows that the Digital Image Analysis (DIA)

and the data processing are reliable and the smoothing method is capable of minimising the

noise. �e errors are in the order of 1%, except for the initial moment up to 10 ms, which is

related to the detachment phase of the bubble.

4.3 Results and discussion

Studies on bouncing and coalescence have revealed that wakes play an important role

(Duineveld, 1998; Sanada et al., 2005). According to the study of Magnaudet and Mou-

gin (2007), rising bubbles can be categorised into three groups (Fig. 4.5). Glycerol solutions

with pre-selected viscosities are employed to obtain the desired bubble rise regime. Bubbles
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(a) (b)

(c) (d)

Figure 4.5: Le�: Phase diagram showing the wake structure of rising bubbles against (Re,

χ) (de�ned the same as in Table 4.2) (Magnaudet and Mougin, 2007); Right: schematic rep-

resentation of the wake of bubbles. a, b, c,and d correspond to bubbles in Table 4.2.

of small size (Re) and (nearly) spherical shape (regime a & b) have no vortex in the wake

and rise in a rectilinear path; Bubbles of larger size (Re) and moderate deformation (regime

c) have an axisymmetric standing vortex wake and rise following a rectilinear path; Bub-

bles of even larger size (Re) and pronounced deformation possess unstable wakes and rise

following a complex three-dimensional path.

How a bubble pair behaves is a fundamental question for understanding the large scale

behaviour bubble swarms. In the present study, the rising dynamics of pairs of spherical

bubbles and spheroidal bubbles are experimentally studied to investigate the interaction. It

should, however, be noted that the approach or separation of the pair of bubbles does not

always reveal the interaction of the bubbles, because for large bubbles, the unstable path can

result in relative movement of a pair of bubbles, which obviously is not due to the existence

of the second bubble. It should be noted that the bubble sizes are carefully checked to make

sure that the size di�erence between the two bubbles of the pair as well as the size of the

corresponding single bubble is approximately ±0.03 mm.

�e di�erent bubble types and corresponding dimensionless numbers are listed in table

4.2. �e following sections are organised according to the results obtained per bubble type.

4.3.1 Spherical bubbles (type a)

�e interactions of spherical bubbles is represented in Fig. 4.6(a). It is clear that irrespective

of the initial separation distance, all the bubbles repel each other a�er an initial short period

of a�raction. �e repulsion is more prominent for a smaller initial distance.

Velocities and deformation are calculated by implementing the image and data process-

ing procedure discussed in section 4.2.2. Fig. 4.7 displays the rise velocity, deformation and
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Figure 4.6: Trajectories of bubble pairs rising in viscous liquids and the corresponding tra-

jectories of single isolated rising bubbles. a,b,c,and d correspond to bubbles in Table 4.2

and in Fig. 4.5. (a) Bubbles in 80% glycerol solution with an initial distance of 4 mm, 6 mm

and 7 mm, respectively. Time interval of images superposition is 25 ms. (b) Bubbles in 60%

glycerol solution with an initial distance of 4 mm, 6 mm and 7 mm, respectively. Time in-

terval of images superposition is 10 ms. (c) Bubbles in 40% glycerol solution with an initial

distance of 4 mm, 6 mm and 7 mm, respectively. Time interval of images superposition is

10 ms. (d) Bubbles in 20% glycerol solution with an initial distance of 4 mm. Time interval

of images superposition is 10 ms.
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Deq Re log(Mo) Eo We Oh χ Ca bubble type

80 wt% glyc. 3.15 7.5 -3.4 1.81 0.8 0.17 1.08 0.1 a

60 wt% glyc. 3.18 84.9 -6.4 1.69 3.4 0.03 1.5 0.04 b

40 wt% glyc. 3.23 286.3 -8.3 1.62 5.0 0.01 2.1 0.016 c

20 wt% glyc. 3.22 574.6 -9.6 1.50 4.3 0.005 2.5 0.007 d

Table 4.2: Characteristic values and dimensionless numbers of bubbles. �e rising be-

haviours correspond to Fig.4.5. Dimensionless numbers are de�ned as: Eo = ρlgD
2
eq/σ,

We = ρlU
2D/σ, Re = ρlUD/µ, Oh = µ/(ρlσDeq/2)1/2, Mo = gµ4

l /(ρσ
3), Ca =

µU/σ, χ = R1/R2 (R1 and R2 are the semi-major and semi-minor axes, respectively).

separation distance as a function of the height for di�erent initial separation distance. �e

mirrored horizontal velocity and overlapped deformation reveal the symmetry of the ex-

periments. As shown in Fig. 4.6(a), the distance between the bubbles comprising the pair

all increase with the rising height. It can be seen that a smaller initial distance leads to a

more pronounced separation and larger horizontal velocity. �e curves for deformation of

the bubbles are identical and equal to that of a single bubble, which reveals that the interac-

tion has no impact on the shape for such relatively rigid bubbles. Furthermore, the vertical

velocities of both bubbles are identical. However, surprisingly the bubble pairs rise faster

in comparison to a single rising bubble.

Previous studies, both experimental (Kok, 1993) and theoretical (Van Wijngaarden and

Je�rey, 1976) have reported a�raction of spherical bubbles. Due to the high strain rate in

the liquid between the bubbles the rise velocity is predicted to be lower than a single rising

bubble. Later, Legendre et al. (2003) conducted a DNS for a pair of �xed spherical bubbles.

�eir results show that spherical bubbles tend to a�ract if the Reynolds number is large

whereas such bubbles repel if the Reynolds number is small. In case of the study of Kok

(1993), the Reynolds number was 240, Weber number was 0.76. In the present study, the

Reynolds number is 7.5, the Weber number is 0.8. Moreover, Legendre indicated that the

repulsive interaction and the higher rise velocity are associated with the distribution of

vorticity, which is altered by the interaction.

4.3.2 Deformed bubbles (type b)

Type b, deformed bubbles are no longer spherical but have a relatively stable ellipsoidal

shape. �e rising behavior of these bubbles is presented in Fig. 4.6(b). For initial distances

of 6 mm and 7 mm, the interaction is very weak and both bubbles rise almost identically to

a single rising bubble, which is especially apparent from the vertical rise velocity and the

deformation. However, the interaction is prominent for the case of an initial distance of 4

mm. �e bubbles initially approach before separating and during the interaction, especially

during separation these bubbles seem to rotate slightly. Strikingly all bubbles seem to a�ain

the same �nal properties.
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Figure 4.7: Rising behaviour of a pair of bubbles in 80% Glycerol liquid. From top to bo�om

the initial distance amounts 4 mm, 6 mm and 7 mm; In each column the vertical velocity,

horizontal velocity, deformation and separation distance against the rising height is shown.

: the le� rising bubble; : the right rising bubble; : the single isolated rising

bubble.



54

CHAPTER 4. HYDRODYNAMIC INTERACTION OF BUBBLES RISING SIDE-BY-SIDE IN
VISCOUS LIQUIDS

Velocities, deformation and the separation distance are shown in Fig. 4.8. It is clear that

the separation distance only changes slightly for initial distances of 6 mm and 7 mm, which

is di�erent in comparison with spherical bubbles. �e deformation curves are also identical

for those two cases, whereas for the initial distance of 4 mm the terminal rise velocity and

�nal shape is delayed, before reaching the same values as for a single rising bubble. Similar

to the spherical bubble, the horizontal velocities reveal the extent of interaction. It is obvious

that the horizontal velocities are larger for an initial distance of 4 mm. For the 7 mm case,

no horizontal velocity is obtained, indicating absence of interaction and consequently all

other parameters are the same as for a single rising bubble. For the 6 mm case a part of the

vertical rise velocity seems to be transferred to the horizontal direction, while not a�ecting

the shape. �is can be mainly a�ributed to the smaller distance. On the other hand, the

vertical velocities between the bubbles consisting the pair and the single isolated bubble are

identical during the earlier and later stages but are lower in the other stage.

4.3.3 Deformable bubbles (type c & d)

Compared with deformed bubbles and spherical bubbles, deformable bubbles are less rigid.

�e bubbles will experience shape oscillations (Kong et al., 2019) due to the wake behaviour.

As shown in Fig. 4.6(c,d) multiple bubble encounters occur for deformable bubble pairs and

the deformation itself is strongly altered by the interaction.

Based on the discussion of 4.3.1 and 4.3.2, we can conclude that the interaction is negli-

gible if both the vertical velocity and deformation are identical to the corresponding single

bubble, and arguably if only the deformation is identical. In Fig. 4.9, for all the cases of initial

separation distance the bubbles �rst approach each other before separating. �e velocity

and deformation are identical to that of a single rising bubble, up to the point where the

bubbles meet and separate again. A�er this encounter and during the subsequent separa-

tion the shape oscillations and rise velocity start to deviate from the single bubble rise. �is

onset of bubble interaction occurs earlier for smaller initial distance. Both the deformation

and the rise velocity are suppressed with the interaction of the two bubbles.

As a complementary case, a bubble pair rising in 20% glycerol (see Fig. 4.6(d)) shows

the interaction of a bubble pair with an unstable wake. Instead of the development of a 3D

trajectory for a single bubble rise, the bubble pair has an extended period of an in plane

movement.

From Fig. 4.8-4.10 can be seen that the deformation of bubble pairs is weaker in com-

parison to the single bubble rising (Note that the larger deformation of the single rising

bubble in Fig. 4.10 is a�ributed to the underestimation of deformation due to projection of

a three dimensional object). �e interaction of the bubble pair seems to suppress the extent

of deformation.

4.3.4 Drag and li� coe�cients

�e forces exerted on the bubble due to the presence of the second bubble provide the key

information to understand the interaction. So far the only study that calculated the forces

based on measurements are the studies of Shew et al. (2006); Shew and Pinton (2006) owing

to the high accuracy of their velocity measurements. In view of the high accuracy of our



4.3. RESULTS AND DISCUSSION 55

horizontal velocity deformation 

0

10

20

30

40

H
e

ig
h

t,
 [

m
m

]

vertical velocity separation distance   

0

10

20

30

40

H
e

ig
h

t,
 [

m
m

]

0 0.1 0.2

m/s

0

10

20

30

40

H
e

ig
h

t,
 [

m
m

]

-0.05 0 0.05

m/s

0.6 1 1.4 0 5 10

mm

Figure 4.8: Rising behaviour of a pair of bubbles in 60% Glycerol liquid. From top to bo�om

the initial distance amounts 4 mm, 6 mm and 7 mm. In each column the vertical velocity,

horizontal velocity, deformation and separation distance against the rising height is shown.

: the le� rising bubble; : the right rising bubble; : the single isolated rising

bubble.
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Figure 4.9: Rising behaviour of a pair of bubbles in 40% Glycerol liquid. From top to bo�om

the initial distance amounts 4 mm, 6 mm and 7 mm. In each column the vertical velocity,

horizontal velocity, deformation and separation distance against the rising height is shown.

: the le� rising bubble; : the right rising bubble; : the single isolated rising

bubble.
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bubble; : the right rising bubble; : the single isolated rising bubble.

velocity measurements (in section 4.2.2), we expect to obtain reliable force evaluations. �e

method used in studies of Shew et al. (2006) is based on the generalized Kirchho� equations

(Mougin and Magnaudet, 2002; Howe, 1995) given by:

ρV (A ·

dU

dt
+Ω ×A ·U) = Fe,

ρV (D ·

dΩ

dt
+Ω × (D ·Ω) + U × (A ·U)) = Γe,

 (4.5)

If the shape of the bubble is axi-symmetric together with the accepted assumption that the

minor axis of the bubble is nearly aligned with its velocity (Mougin and Magnaudet, 2001;

De Vries et al., 2002a; Ellingsen and Risso, 2001) as well as a moving frame chosen to be

�xed on the axes of the bubble, equations 4.5 can be shown to reduce to:

ρV A11
dU

dt
= FD + FB1,

ρV ΩA11U = FL + FB2,

 (4.6)

where Ω = −dθdt , FB1 = ρV g cos θ, FB2 = ρV g sin θ, θ = atan(Ux/Uz). A11 is the added

mass tensor. Ω is the angular velocity. A11 is a function of the bubble shape/geometry,
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U

1

2

Figure 4.11: A schematic representation of forces exerted on the bubble. FB , FL and FD
are the buoyancy force, li� force and drag force, respectively. θ is the pitch angle. U is the

bubble velocity. 1 and 2 are a�ached on the moving frame of the bubble.

given by Lamb (1932):

A11 = α/(2− α),

α = 2/(1− χ−2)(1− χ−2/
√

1− χ−2 arcsin(
√

1− χ−2)),

 (4.7)

By implementing the force calculation, the drag force coe�cient and li� force coe�cient

are calculated based on:

Cl = FL/(πR
2
2ρU

2/2),

CD = FD/(πR
2
1ρU

2/2),

}
(4.8)

where R1, R2 are the semi-major axis and semi-minor axis, respectively.

�e drag and li� coe�cients are shown in Fig. 4.12 for spherical bubbles, deformed

bubbles and deformable bubbles. It is stressed here that the results obtained for deformable

bubbles should be regarded as qualitative as we have discussed in section 4.3.3. In addition

the acceleration phase will be excluded from the analysis as the obtained data are prone to

error ampli�cation as discussed in section 4.2.2.

Spherical bubbles (type a) rising side-by-side have been investigated in a few studies

(Kok, 1993; Van Wijngaarden and Je�rey, 1976; Legendre et al., 2003). �e li� force coe�-

cient assuming potential �ow (Van Wijngaarden and Je�rey, 1976) is given by:

Cl = −6S−4(1+S−3+
16

3
S−5+

3

4
S−6+15S−7+

22

3
S−8+

65

2
S−9+

767

9
S−10+O(S−11))

(4.9)

corresponding to a�raction type of interaction. As discussed by Legendre et al. (2003), this

result is only valid at large Reynolds number. An analytical expression (Legendre et al.,

2003) incorporating shear-free boundary with an analytical theory for sedimenting low-
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Figure 4.12: �e li� coe�cients and drag coe�cients of di�erent types of bubbles vs. sep-

aration distances. ◦: data from 4 mm case. M: data from 6 mm. ×: data from 7 mm case.

In the �rst row and �rst column, − − −: a ��ing curve; —∗— : the Stokesian theoretical

prediction (Eq. 4.10).(Legendre et al., 2003)
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Reynolds-number particles (Vasseur and Cox, 1977) is given by:

Cl(Re,ReS) =
32

Re2S2
[1− (1 +

ReS

4
)e−ReS/4] (4.10)

the expression is included in Fig. 4.12. �e curves obtained from our experiments for di�er-

ent initial distances follow the same trend. Moreover, the agreement between our data and

the analytical results is satisfactory. �e discrepancy is due to the bubble Reynolds num-

ber in the present study amounts to 7.5, which slightly exceeds the value of Legendre et al.

(2003).

In this case, the magnitude of the li� coe�cient declines with a long tail. �is reveals

that the repulsive interaction decays until a certain separation distance has been reached.

Additionally, the study of Legendre et al. (2003) reported a drag coe�cient ratio of 90% for

interacting bubbles, which is in good agreement with our results.

For the deformed bubbles (type b) rising side-by-side, in comparison with the spherical

bubbles (type a) the Weber number is higher than 1, which gives rise to shape deformation.

�e deformation and the existence of torques exerted on the bubbles complicate the inter-

action. As shown in Sec. 4.3.2, the motion of rising bubbles consists of translational and

rotational motions. We will subsequently analyse the e�ect of bubble interaction on the

energy changes, which requires estimations of the kinetic energy, rotational energy and

surface energy. Limited by our experimental method, the energy dissipation is not con-

sidered. However, this can be further analysed and justi�ed by DNS in future work. �e

gravitational potential energy is neglected as well. �e kinetic energy of lateral motion

(Ekx) reads (Jeong and Park, 2015; Newman, 1977):

Ekx =
2

3
ρR2R

2
1U

2
x

β

2− β
(4.11)

where ρ is the density of the surrounding liquid. R1 and R2 are the semi major and minor

axes of bubbles, respectively. Ux is the lateral velocity. β = 1
e3 [
√

1− e2sin−1e−e(1−e2)],

e =
√

1− χ−2 (Newman, 1977).

Likewise, the rotational energy (Erot) can be estimated from

Erot =
1

2
kIΩ2

(4.12)

in which I = 4
15ρπR2R

2
1(R2

1 +R2
2) and k =

(R2
1−R

2
2)

2(α−β)
(R2

1+R
2
2)[2(R

2
1−R2

2)−(R2
1+R

2
2)(α−β)]

.

�e surface energy (Esur) of the bubble depends on the surface tension σ and the surface

area A and can be estimated from:

Esur = σA (4.13)

in which A =
πR2

1

2 (1− 1−e2
e tanh−1e).

�e total energy (Etotal) due to the bubble interaction is de�ned as:

Etotal = ∆Esur + Ekx + Erot (4.14)
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Figure 4.13: Bubble energy contributions versus dimensionless time (time is normalised by

recording frequency (frec)) for an initial bubble distance of 4 mm. �e surface energy (single

rising bubble included as a reference), lateral kinetic energy, rotational energy and the ratio

of the kinetic energy to the total energy are shown in the top-to-bo�om sub-�gures.

In Fig. 4.13 the energy contributions are plo�ed as a function of dimensionless time.

Together with the altered deformation described by a ratio of aspect ratios (χ/χsingle),
the aligned tendency of the curves reveals that the deformation is related to the bubble

interaction.

As shown in Fig. 4.13, most of the energy from the interaction feeds into a suppression

of the surface energy, where additionally the lateral kinetic energy Ekx and the rotational

energy Erot are orders of magnitude smaller. In particular, the rotational energy Erot is

negligible. Based on the energy analysis, we �nd out that even though it does not seem

very signi�cant in Fig. 4.6, the deformation instead of the repulsion dominates in the case

of strong interaction. Risso (2018) pointed out that the bubble agitation is surprisingly inde-

pendent of bubble interaction, even at signi�cant gas volume fraction. �is has been found

in several studies (Martı́nez-Mercado et al., 2007; Riboux et al., 2010; Colombet et al., 2015).

In the present study, the dominance of the deformation could be a factor that leads to that

phenomenon. Moreover, the time scale of relaxation of the altered deformation is similar

to the decay of the surface oscillation in the order of 10−1s, which is correlated with the

Ohnesorge number (Kong et al., 2019). �is might indicate that the change of surface en-
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Figure 4.14: Torques on the bubble and orientation of the rising bubble. : sum of the

le� side of equation (4.15). : the �rst term of the le� side of equation (4.15). :

the second term of the le� side of equation (4.15). : the orientation of bubble. :

the orientation of the velocity.

ergy is due to viscous dissipation enforced by bubble interaction, a�er which it returns to

the initial value when the stable separation distance is reached.

However, the lateral motion is signi�cant as well, because it determines the separation

distance which is a key parameter for the bubble swarm e�ect. For li� and drag force cal-

culations the deformation e�ect was neglected. �erefore, we provide an estimate of the

deviation due to this neglect. From Fig. 4.8 it follows that the deformation is around 10% of

its terminal shape during the interaction. A 5% deviation of the calculation of the li� and

drag force is caused consequently by the neglect of the deformation. A similar estimate can

be found in the study of Shew et al. (2006).

From Fig. 4.12 it can be seen that the results obtained for an initial distance of 4 mm

reasonably cover the results for the other two cases (initial distances of 6 mm and 7 mm).

Speci�cally, the drag coe�cient ratio obtained for initial distances of 6 mm and 7 mm are

located on the curve of the 4 mm case. On the other hand, in terms of li� coe�cient, 7 mm

case is a�ached on the curve of 4 mm whereas 6 mm is outlying. As we have discussed

in section 4.3.2, even though the li� coe�cient reveals that there is negligible interaction,

the reduced rise velocity indicates the existence of interaction. In fact, this is a sign of the

torque e�ect. Apart from the force calculations, that are simpli�ed based on the assumption

that the minor axis is aligned with the velocity, the second equation of (4.5) accounts for

the torque e�ect, which reduces to equation (4.15),

D33
dΩ

dt
+ (A22 −A11)V1V2 = −Γ3 (4.15)
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Figure 4.15: �e li� coe�cients and drag coe�cients of the bubble versus the separation dis-

tance. ◦: 4 mm case. M: 6 mm case. ×: 7 mm case. : Stokesian theoretical prediction of

li� coe�cient for spherical bubbles (Eq. 4.10).(Legendre et al., 2003). : li� coe�cient

for spherical bubbles obtained in the present study (type a). : orientation of the veloc-

ity of the 4mm case. : orientation of the bubble of the 4 mm case. :orientation

of bubble of the 6 mm case. : orientation of the bubble of the 7 mm case.

�e �rst term of the le� side is the rotational acceleration. �e second term on the le� side

accounts for the restoring torque, trying to realign the orientation of the bubble with the

orientation of the velocity as discussed in Magnaudet (2015b) for a single bubble. Suppose a

bubble is rising with a velocity, U = u1e1 + u2e2, the minor and major axes are along the

e1,e2 directions, respectively. �e corresponding components of the inertial tensor yield

A11 > A22. �e inertial torque is Γe3 = −U × (A ·U), Γ = (A11 − A22)U1U2 > 0.

�is torque tends to align the velocity with its minor axis. �is dynamic has earlier been

neglected in calculations based on the alignment assumption.

�erefore a further check addressing this particular assumption is carried out. �e ori-

entation of the bubble and its velocity are shown in Fig. 4.14. �ere is a period that the

bubble velocity does not align with the minor axis of the bubble. As shown in Fig. 4.14, the

”restoring torque” due to the misalignment and the torque due to the rotational acceleration

are of the same order. Moreover, the sum of the torque shows that a resulting torque appears

when those two angles start recovering the alignment till the bubble rises broadside on. �is

torque hinders the rotation to the state of broadside on. �is e�ect certainly allows that the

bubble moves further in the lateral direction, in which case a larger separation distance is

possible. Fig. 4.15 reveals that the orientations of the bubble and the bubble velocity realign

at the separation distance of 4.25, which coincides with distance of 7 mm. �is suggests that

at a distance of 7 mm the lateral motion is no longer driven by interactions and can dampen

out naturally.
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Comparing the li� coe�cients of the 4 mm case and 6 mm case, the distinctions of bubble

li� coe�cients at the same separation distance re�ect the complexity of interaction between

deformed bubbles. �e larger li� coe�cient of 4 mm at the same separation distance as

that of the 6 mm case should be a�ributed to the torque e�ect. �is also suggests that the

equilibrium distance of side by side deformed bubbles depend on the initial distance as well

as the orientation.

Additionally, as shown in �gure 4.15, the magnitude of the li� coe�cients surprisingly

are of the same order of magnitude as for the spherical bubbles. However, the li� coe�cient

of the deformed bubbles declines with a higher rate in comparison with the slow decay

observed for the spherical bubbles. In this sense, deformed bubbles can establish a smaller

separate distance between bubbles in comparison with spherical bubbles. Moreover, the

ratio of the drag coe�cient follows the opposite trend in comparison with spherical bubbles.

�e drag is higher for the rising bubble pair.

Finally the results for the deformable bubbles (type c) will be discussed qualitatively.

As indicated before, the results of deformable bubble pairs are less accurate. As shown in

Fig. 4.12, the li� and drag coe�cients are superimposed against the separation distance to

some extent. �e li� coe�cients decline fast in a similar fashion as deformed bubbles (type

b), even though with oscillations. Moreover, sign changes of the li� coe�cient occur due to

the path instability, which has been discussed in section 4.3.3. On the other hand, the ratio

of drag coe�cients is generally above 1, similar to deformed bubbles (type b), which reveal

that the drag increases due to the bubble interaction.

4.4 Conclusion

In the present study hydrodynamic interactions of side-by-side rising bubble pairs is studied

experimentally. Four di�erent bubble types were studied by varying the liquid viscosity.

For spherical bubbles (type a), which have been studied prior to the present study, the

behavior of the bubble pair depends on the Re number. Bubbles at low Re number rise

slightly faster than a single rising bubble and tend to repel each other. �is behavior is

opposite to rising pairs of spherical bubbles at high Re numbers, whose behaviour can be

explained on basis of potential �ow theory. �e repulsion of low Re number spherical bubble

pairs exhibits exponential decay, leading to a larger equilibrium distance con�rming earlier

predictions by Legendre et al. (2003).

Interactions of deformed bubbles (type b) have been studied far less. �e observations in

this study show that deformed bubbles rise slower than a single rising bubbles and overall

bubble pairs repel each other. �e lateral interaction of deformed bubbles is complex due

to the torque acting on the deformed bubble, which depends on the initial distance and

orientation.�is lateral interaction declines faster in general, which reveals that a smaller

equilibrium distance of the bubble pair is possible.

�e results obtained for deformable bubbles are far more di�cult to interpret. �e re-

sults, however, do show the importance of shape deformation on the general pa�ern of

bubble interaction. Interaction of the bubbles suppress both the extent of deformation as

well as the rise velocity. Our observations also reveal that the path instability can be trig-

gered by the bubble interaction.



Chapter 5

Measurements of mass transfer in
bubbly �ow

Abstract

Dual emission Laser Induced Fluorescence (LIF) is applied to study the e�ects of bub-

ble size, bubble interaction and swarming on the local mass transfer behaviour. Larger

bubbles feature path instability and vortex shedding, and due to the resulting strong con-

vective mixing species can be e�ectively transfered to the bulk of the liquid. Despite the

advantage of a larger surface-volume ratio small bubbles, however, have unfavourable

mass transfer, due to poor convection mechanisms, such as the absence of vortex dy-

namics in the wake and a rectilinear rise path. Mass transfer will be altered due to bubble

interaction through the altered hydrodynamics, which leads to earlier path instabilities,

which was reported in Chapter 4 and found to increase with bubble size of the interact-

ing bubble pair. �e LIF measurements show that in swarms the extra mixing induced

by bubble interactions is insu�cient to signi�cantly enhance mass transfer. We specu-

late that larger mass transfer enhancements found in bubble columns might be due to

large scale circulation pa�erns.

5.1 Introduction

In the chemical and process industries gas to liquid mass transfer frequently arises. Un-

derstanding its underlying principles is essential in order to be able to improve on design

and operation of multiphase chemical reactors. Bubble column reactors o�er a large in-

terfacial area in combination with intense liquid phase mixing characteristics as well as

geometrical simplicity and as a consequence it is a frequently applied gas-liquid contact-

ing apparatus. However, the mass transfer dynamics in bubble reactors is complex and has

a�racted signi�cant a�ention of researchers. Gogate and Pandit (1999) reviewed a large

number of methods for studying global mass transfer in bubbly �ow. Even though this pro-

vides very useful information at the reactor scale, it provides limited insight in the details

of local mass transfer mechanisms. Direct Numerical Simulations (DNS) have been used

as well to study the mechanism of mass transfer (Aboulhasanzadeh et al., 2012; Darmana

65
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et al., 2006; Dani et al., 2006; Bothe et al., 2011; Bothe and Fleckenstein, 2013; Lakehal et al.,

2002; Bothe et al., 2004; Koynov et al., 2005; Roghair et al., 2016; Deising et al., 2018; Weiner

et al., 2019). However, it is still hard to resolve the very thin mass boundary layer in these

simulations. At the same time techniques to measure the local mass transfer have emerged,

o�en using combinations of lasers, cameras and tracers. As a �ow visualisation technique,

Laser Induced Fluorescence (LIF) is a promising technique to study gas-liquid mass transfer.

A lot of e�orts has been made to further the progress (Bork et al., 2005; Dani et al., 2007;

Dietrich et al., 2015; Francois et al., 2011; Jimenez et al., 2013; Pankow et al., 1984; Asher

and Pankow, 1989, 1986; Münsterer and Jähne, 1998; Tsuchiya et al., 2003; Valiorgue et al.,

2013; Kováts and Zähringer; Weiner et al., 2019). Recently, Rü�inger et al. (2018); Paul et al.

(2018) reviewed the very fast development of these techniques.

A more advanced technique, dual emission LIF, has been developed recently to study

mass transfer of CO2 bubbles rising in water (Kong et al., 2018). In their study a dual emis-

sion dye is used to enhance the contrast and o�ers the capability to study the mass transfer

in a quantitative manner. �is is possible due to the enhanced contrast and the usage of

the ratio between the two emission bands o�ering the bene�cial feature that calibration for

light intensity is no longer needed.

In this chapter the dual emission LIF technique will be used to study the CO2 concen-

tration �led around a single rising CO2 bubble with sizes ranging from 0.4 mm to 3.5 mm

in order to study the e�ect of bubble size on gas-liquid mass transfer. To assess the e�ect

of additional bubbles on the local mass transfer behaviour the complexity is gradually in-

creased. Bubble pairs rising side by side are used as a relevant model system to study the

impact of bubble interaction on the mass transfer. Furthermore, a rising bubble train and

multiple injected bubbles are used to study the collective e�ect of bubble interaction and

swarming on the mass transfer, which can be regarded as a simpli�ed system of a local

swarm. �e organisation of this chapter is as follows: �rst the experimental setup will be

presented, then the results will be presented and discussed, which include the size e�ect on

mass transfer and the bubble interaction e�ect on mass transfer. Finally, the local swarm

e�ect will be discussed.

5.2 Experimental setup

�e experimental setup consists of a Laser Induced Fluorescence (LIF) system and a bubble

injection system (see Fig. 5.1) for injection of CO2 bubbles. �e rate of mass transfer deter-

mines the dissolution of the CO2 in the liquid, �e change of pH due to the dissolved CO2

is measured locally by the dual LIF method. �e details of the dual-emission LIF system can

be found in Kong et al. (2018). �e injection system consists of needles, a pressure controller

(Bronkhorst EL-Press) and a set of acoustic devices including a signal oscillator, an acoustic

ampli�er and a speaker sealed inside an aluminium container. �e pressure controller is

used to maintain a stable pressure slightly lower than the pressure that forms a bubble at

the needle. �e acoustic devices are employed to generate pressure pulses to exceed the

critical pressure for the bubbles to form. �e bubble formation can be modulated by the

signal oscillator and ampli�er by changing the frequency and ampli�cation. Similar bubble

injection systems can be found in studies of Sanada et al. (2009); Huang and Saito (2017).
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Figure 5.1: �e laser induced �uorescence system and the bubble injection system. �e

LIF system consists of a laser for illumination, two cameras mounted with optical �lters

together with a signal spli�er acting as the recording system and a glass column �lled with

the pH sensitive dye. �e bubble injection system consists of three stainless steel needles

to form bubbles, a gas bo�le with a pressure regulator as well as a pressure controller to

supply CO2 gas at a stable gas pressure and an acoustic system to generate and modulate

a pressure pulse to control the bubble generation, which includes a sealed speaker, a signal

oscillator and an acoustic ampli�er.

Figure 5.2: �e needle section at the bo�om of the setup ((Le�) top-view; (Right) side-view.).

�ree stainless steal needles are mounted at the bo�om of the column. �e round plate and

these two side-needles can be tuned in order to change the needle distance and align needles

and laser sheet.
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�e principle of the dual emission Laser Induced Fluorescence technique can be found in

a previous study (Kong et al., 2018), including the procedures for image and data processing.

All recordings are operated at a frame rate of 100 fps, which is enough to study mass transfer

e�ects. �e column is �lled with 2L of a C-SNARF-4F solution with a concentration of

0.5mg/L, providing a liquid height of 200 mm in the column. �is height and amount of

bulk liquid is chosen to avoid the disturbing e�ect of accumulated mass within the liquid,

which tends to accumulate at the free surface.

One needle is used to generate single bubbles, two needles for the bubble pair and three

needles to mimic the local swarm. �e bo�om of the column, mounted with the needles,

was designed in order to change the needle distance and align the needles and laser sheet as

shown in Fig. 5.2. �e two side needles can be turned, which increases the relative distance

between the needles. A�er changing the needle distance the needles can be aligned by

rotating the bo�om section. �e dynamic range of the distance between the centres of the

needles is from 2 to 20 mm.

5.3 Results and discussions

In this section the dual emission LIF technique is applied to study parameters that in�uence

bubble to liquid mass transfer. Dissolved CO2 concentration (in unite mol/L) is obtained

by the same procedure as reported in Kong et al. (2018). �e results of the in�uence of the

following parameters are presented: size e�ect, interaction e�ect and local swarm e�ect. It

should be noted that the background concentration of CO2 can vary due to a number of ef-

fects such as: mass dissolving from the environment through the top surface, mass dissolved

from prior experiments and degassing of N2. �is change in background concentration is

orders magnitude lower than the dissolved mass originating from the rising bubbles, which

is still clear from the relatively large increase in CO2 concentration in the wake of the bub-

ble. �e background concentration is not controlled and will vary for the di�erent �gures

and can be observed as a slight change in colour.

5.3.1 Size e�ect

�e rising behaviour of bubbles varies with their size. For instance, small size bubbles fol-

low rectilinear paths, whereas larger bubbles experience path instability involving wakes

with either standing axisymmetric vortices or even unstable vortices. �ese convective ef-

fects are dominant for mass transfer everwhere except in the concentration boundary layer.

�erefore, the mass transfer pa�erns are expected to vary largely with the bubble size. In

this section, 0.4 mm, 2.5 mm and 3.5 mm bubbles are used to study the bubble size e�ect on

the mass transfer.

First results for a bubble of 0.4 mm diameter size will be presented. �is type of bubble

has a spherical shape due to the small Weber number (≈ 0.02) and moderate Re number

(≈ 20). �erefore, the wake is expected to be stable. As can be seen in Fig. 5.3, a strip of the

dissolved mass grows following the bubble trajectory, and no wake shedding is observed.

Additionally some shadow e�ects next to the bubble can be seen on the right side of the

image where signal to noise levels are too small to properly asses the concentration. Note

that the CO2 concentration above the bubble originates from the leading bubble.
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Figure 5.3: Concentration �eld evolution of a 0.4 mm bubble. Time interval is 100 ms. A

concentration strip was formed in the bubble wake. Note that the frame of reference of the

�gures is not �xed. �e �gures are cropped to centre the bubble and concentration zone.

For a bubble of 2.5 mm diameter size the shape is ellipsoidal because of the larger Weber

number (≈ 2) and large Re number as well (≈ 600) and is expected to possess a wake with

vortices. As shown in Fig. 5.4, a strip of dissolved mass is formed similar to the small bubbles

at the initial rising stage just a�er detachment. A zone of high concentration keeps devel-

oping and initially remains a�ached beneath the bubble. Finally, this high concentration

zone detaches from the bubble due to the vortex shedding.

�e shape of a bubble of 3.5 mm diameter size is ellipsoidal because the Weber number is

large (≈ 3) and Re number is large as well (≈ 900). �e rising path of this bubble is no longer

rectilinear and shows strong path oscillation, with the bubble and part of the wake out of

focus with the laser sheet. Similar to the 2.5 mm bubble, it initially has a mass strip and a

high concentration zone behind the bubble that detaches later due to shedding. However, It

is clear that the high concentration zone spreads due to more pronounced convection and

no longer trails the rising path of the bubble, which is now strongly erratic.

�e comparison between di�erent bubble sizes shows there is no mass accumulation

for small bubbles due to the lack of dispersion by the vortex wake, whereas for larger bub-

bles, most of the dissolved mass accumulates in the vortex wake and travels with the rising

bubble. �e mass will be detached due to the vortex shedding and even stronger so for bub-

bles with path instability. Moreover, the dissolved mass is further distributed by the strong

convection.

Even though small bubbles possess a high surface-to-volume ratio, which is favourable

for the mass transfer, the poor subsequent mass transport due to the weak convection is
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Figure 5.4: Concentration �eld evolution of a 2.5 mm bubble. Time interval is 100 ms. A

concentration strip was formed in the wake and later the concentration zone keeps devel-

oping and remains a�ached beneath the bubble. �e concentration zone �nally detaches

due to the vortex shedding. Note that the frame of reference of the �gures is not �xed. �e

�gures are cropped to centre the bubble and concentration zone.

disadvantageous. On the contrary, for larger bubble the dissolved mass be�er spreads in the

liquid phase due to the presence of the vortex wake and shedding as well as path instability.

5.3.2 Interaction e�ect

Risso (2018) has reviewed a lot of studies concerning the mass transport in bubbly �ow. He

reports that di�erent phenomena e�ect mass transfer, amongst which; agitation, mixing

and transfer induced by bubbles (Colombet et al., 2011, 2015; Alméras et al., 2015, 2016b,a,

2018). Mass transports in the bulk liquid phase, however, has been mostly studied by a

pre-distributed tracer. As pointed out by Risso (2018), few studies address the simultaneous

e�ect of mixing and mass transfer. In this study, however, the injected bubbles act both

as the source of mixing as well as the source of mass. In fact single isolated bubbles are

rarely encountered in real applications. Bubbles o�en interact with neighbouring bubbles

and o�en the mass transfer dynamics and main �ow characteristics are strongly changed

through the bubble interaction. To gradually increase the complexity of the system in this

study we study the mass transfer of a bubble pair, which can be regarded as a relevant

model system to gain insight into the complicated interactions that occur. �e bubble pairs

behave di�erently when varying the initial separation distance as reported in Chapter 4.

�e initial separation is tuned by changing the distance between the nozzles. In this section,
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Figure 5.5: Concentration �eld evolution of a 3.5 mm bubble. Time interval is 100 ms. Note

that now the �eld of the entire container is shown to visualise strong convection of the

transferred mass within the domain and the erratic rise path of the bubble.

bubble pairs with an initial distance (L) of 7 mm, 4.8 mm and 2.6 mm are used to study the

interaction e�ect on mass transfer (Fig. 5.6).

Fig. 5.7-5.9 show the evolution of bubble pairs with L = 7, 4.8 and 2.6 mm, respectively.

Decreasing the initial distance is expected to increase the bubble interaction. In both Fig. 5.7

and 5.8 it can be seen that the bubbles separate and collide once or several times. It can

be seen as well that each collision creates a strong merged vortex pair with a high concen-

tration of dissolved CO2. In comparison, the bubble pair with a smaller initial distance has

a stronger merged vortex pair that di�ers strongly from the behaviour of a single rising

bubble.

As an extreme case, the pair with 2.6 mm initial distance, coalesces immediately a�er

the detachment and forms a single bubble similar with a volume-equivalent diameter of 3.15

mm. However, the concentration evolution shows that it possess very distinctive features.

Because of its size it can be compared with a single bubble of that size, which is in between
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L

Figure 5.6: An example of bubble pair with an initial distance (L). �e distance can be

changed by tuning the setup bo�om in Fig. 5.2. �e release of bubbles are controlled by

the bubble injection system in Fig. 5.1
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Figure 5.7: Concentration �eld evolution of bubble pair of 7 mm initial distance. First a strip

was formed in the wake of each bubble of the pair similar to the single rising bubble. Later

the concentration zone was changed by the collision.
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Figure 5.8: Concentration �eld evolution of bubble pair of 4.8 mm initial distance. Similar to

the bubble pair of 7 mm initial distance, �rst a strip was formed in the wake of each bubble

of the pair. Later the concentration zone was changed by the collision. Moreover, a strong

merged vortex pair containing the dissolved mass was generated. Multiple collisions also

create more disturbance to the dissolved mass.

the bubbles of 2.5 mm and 3.5 mm shown in the previous section. Comparing to those two

reference single bubbles, the merged bubble lacks the mass transfer strip, which appears

for both 2.5 mm and 3.5 mm single bubbles. �is should be a�ributed to the strong shape

oscillation a�er the coalescence. Overall the total mass transferred also seems to have been

increased, which can also be a�ributed to the strong shape oscillations.

In summary, the subsequent collision and coalescence due to bubble interactions can

largely alter the mass transfer in the liquid phase, a�ributed to merging of shedding wakes

and enhanced shape oscillations. It is evident that the importance of bubble interaction can-

not be neglected when assessing the collective e�ect of bubbles in a swarm on mass transfer.

Moreover, this suggests, that for instance sectioning /structuring of bubble columns does

not so much enhance mass transfer due to increasing the surface area, but rather through

increasing the bubble interactions, leading to more boundary layer refreshment.
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Figure 5.9: Concentration �eld evolution of bubble pair of 2.6 mm initial distance. In com-

parison to the 7 mm and 4.8 mm cases, the concentration strip was not formed. �e con-

centration zone disperses with the stronger convection due to the larger resulting size.

5.3.3 Local swarm

To study the local swarm e�ect and enhance the e�ects of bubble interactions, a CO2 bubble

train is injected with a frequency of 2 Hz, 5 Hz, 10 Hz and 20 Hz. On top of the bubble

interactions an agitation is added to the container. �e accumulated mass within the domain

as a function of time now varies with the bubble frequency. Moreover, the mass dispersion

can be evaluated by lateral interaction of the surrounding bubbles. Additionally to study

the e�ect of even more bubbles, additional agitation is introduced by two N2 bubble trains

rising alongside the CO2 bubble train. (in Fig. 5.10). �ree released bubbles can be seen just

above the nozzles.

A typical mass concentration pro�le of a single CO2 bubble train can be seen in Fig. 5.11(a).

Fig. 5.11(b) shows the case where the CO2 bubble train is accompanied by a N2 bubble train

on both sides. It can be seen that approximately 3 s a�er injection, a larger amount of mass is

accumulated in the recording domain in comparison to the CO2 bubbles rising in between
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N2CO2N2

Figure 5.10: A typical example of CO2 bubbles rise alongside two N2 bubble trains. Note

that the injection of N2 is not controlled by the injection system. N2 bubbles are not always

synchronised with CO2 bubbles.

two N2 bubble trains. In order to quantify the mass transfer process of the CO2 bubble

train and the CO2 bubbles rising in two N2 bubble trains, regional sampling is employed

to monitor the concentration evolution. As shown in Fig. 5.11(c), the sampling regions are

organised as indicated in the �gure. We assume that the concentration �eld is symmetric

along the middle needle. Moreover, in the view o�he �nding that the dissolved mass is

mainly travelling with the rising bubble the lower part of the sampling region is neglected

and assumed to be constant and equal to the background concentration. �erefore, results

obtained for 9 sampling regions located at the le�-upper quarter instead of all sampling re-

gions will be presented. Moreover, the concentration data will be �ltered in order to remove

the calculation error because the concentration at the bubble surface is orders of magnitude

higher than concentrations in the bulk.

�e curves are plo�ed as follows: the top row as speci�ed in Fig. 5.11(c) are solid lines.

Lines in the second row are dashed. Lines in the third row are do�ed. �e rows can be

distinguished by colour.

First the CO2 bubble trains rising with frequencies ranging from 2-20 Hz are analysed as

shown in Fig. 5.12. With increasing injection frequency, the concentration at the sampling

positions gradually exceed the background concentration and more mass is accumulated in

the domain. �e strong di�erence amongst the sampling points reveals that the dissolved

mass is not e�ectively transferred in the liquid phase and thus limited by the rate of mixing

inside the liquid domain induced by the bubble train.
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Figure 5.11: (a) Concentration �eld of a CO2 rising train (approx. 3 s a�er injection start). (b)

Concentration �eld of CO2 bubbles rising alongside two N2 bubble trains (approx. 3 s a�er

injection start). Injection frequencies are 20 Hz for CO2 and 40 Hz for N2. (c) Concentration

acquiring array. �e data in subsequent plots is organised as speci�ed in the array.

Fig. 5.13 shows the concentrations at the sampling positions when lateral mixing is

introduced by two N2 bubble trains. �e injection frequency of CO2 is �xed at 20 Hz. In

comparison between Fig. 5.12(d) and Fig. 5.13(a), it can be seen that with these neighbouring

bubble trains the concentration is lower and more uniformly distributed. �is suggest that

the N2 bubble trains have a clear e�ect: they enhance liquid phase mixing.

A column-wise comparison between the CO2 train and CO2 with N2 trains shows that

in general the second column has a higher concentration for a single CO2 train, whereas the

third column has a higher for CO2 with additional N2 trains.�e second column represents

the location of the neighbouring bubbles for lateral mixing. Furthermore, with increasing

injection frequency of N2 bubble trains, the CO2 concentration becomes lower and more

uniform. However, the transfered CO2 accumulated instead of being dispersing in a compa-

rable similar way as for the single CO2 bubble train if the neighbouring bubbles are replaced

by CO2 bubbles.

�e rapid increase in concentration indicates domination of large scale circulation pat-

terns, which changes the mass transfer behaviour completely. �is agrees with the con-

clusion reported by Risso (2018) that bubble induced turbulence does not promote the mass

transfer, but rather the large scale circulation. A similar observation was made by Colombet

et al. (2015) where a study was conducted for the mixing e�ect on the transportation of a

tracer.

�e results show that the mixing of a single bubble train is not su�cient to disperse the

dissolved mass. Instead the lateral interaction will be dominant through vortex interaction,
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Figure 5.12: Concentration evolution. (a) 2 Hz CO2 injection, (b) 5 Hz CO2 injection, (c) 10

Hz CO2 injection, (d) 20 Hz CO2 injection.

which has been proven by the bubble pairs in section 5.3.2.

5.4 Conclusion

In this study, single bubbles with di�erent sizes were used to study the e�ect of bubble size

on mass transfer. It is evident that for small bubble mass transfer and subsequent mixing

in the liquid phase is less e�ective. Despite a larger speci�c surface area, the absence of

dominant wake structures precludes e�cient mixing in the liquid phase.

�e e�ect of bubble interaction on mass transfer shows that the interaction changes the

overall mass transfer behaviour. �e merging of the vortex pair induces an earlier onset and

more violent wake shedding, as well as shape oscillation.

�e local swarm e�ect shows that neighbouring bubbles induce liquid side mixing.

However, the mixing induced by the bubble itself is not su�cient to disperse the dissolved

mass throughout the liquid.

Moreover, as such, forcing violent bubble interactions such as collision, coalescence and

breakup could possibly signi�cantly improve mass transfer. �is leads to the hypothesis that

this might be the main mechanism for enhanced operation with structured bubble column

reactors.
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Figure 5.13: Concentration evolution. (a) 20 Hz CO2 injection, 13 Hz N2 injection, (b) 20

Hz CO2 injection, 20 Hz N2 injection, (c) 20 Hz CO2 injection, 40 Hz N2 injection.

�is study allows for a more detailed comparison and validation of gas-liquid mass trans-

fer simulations, and helps to understand the underlying mechanisms.
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6.1 Conclusions

In order to study the dynamic behaviour of bubbles two experimental techniques were de-

veloped. �e �rst is a dual emission Laser Induced Fluorescence (LIF) technique used to

quantitatively characterise mass transfer from rising gas bubbles to the surrounding liq-

uid. �e second technique uses high speed imaging to study bubble dynamics following

controlled bubble release.

Dual emission LIF has the advantage that the ratio of the radiation from two emission

bands is directly related to the local concentration of dissolved CO2, as a consequence cal-

ibration to the laser intensity is no longer needed. �is technique was developed to enable

the quantitative measurement of two-dimensional species concentration �elds arising from

the mass transfer processes. �anti�cation of the CO2 concentration, in a plane of the

liquid container focused on the bubble centre, was successfully demonstrated. With this

technique it was able to quantify the e�ects of bubble size, bubble interaction and local

swarm e�ects on mass transfer. Highly dynamic wake behaviour was found for increased

bubble sizes, and collision of bubbles promoted wake shedding.

A high speed and high resolution imaging system was employed to study the dynamics

of rising gas bubbles. �is setup has revealed a rich dynamic behaviour for shape oscilla-

tions. �e frequency and damping rate were obtained and compared with an earlier analyt-

ical results. �e measurements provided an accurate data set that can be used for validation

of gas-liquid Direct Numerical Simulations (DNS), such as the Local Front Reconstruction

Method (LFRM). Controlled release of two bubbles rising side by side has shown dynamic

interactions of bubble pairs, which strongly depend on the bubble size. Additionally, an au-

tomated smoothing spline method was implemented for the data processing to determine

time derivatives of bubble positions, i.e., velocities and accelerations, allowing the determi-

nation of li� and drag forces. �e smoothing function overcomes an intrinsic issue of the

high speed recording methods, namely, that noise is ampli�ed and leads to large errors of

time derivatives. A bubble pair rising side-by-side was used as a model system to study the

e�ects of bubble interactions on the collective hydrodynamic behaviour of swarms.

6.2 Outlook

In this thesis, the hydrodynamics of bubble interaction between perfectly aligned bubble

pairs were studied. In practise, bubbles interact with each other in much more complex

con�gurations between many bubbles. A further general study involving more complex

con�gurations should be considered to address this general case. Some preliminary results

from additional experiments show the distinct interactions (see Fig. 6.1). It can be seen that

the interactions now become far more complex.

In chapter 5 we found that the oscillations originating from the coalescence have a

strong impact on the mass transfer process. A typical oscillating bubble surface just a�er co-

alescence can be seen in Fig. 6.2. Surface oscillations will certainly disturb the surrounding

�uid and subsequently alter the �ow close to the surface. Consequently, these oscillations

most likely will change the mass transfer behaviour. �is might be more important in indus-

trial applications due to the high frequent occurrence of bubble collision and coalescence.
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(a) (b) (c)

Figure 6.1: �e interaction of bubble pairs that are asymmetric. (a) Bubble pairs rise in 80%

glycerol solution. (b) Bubble pairs rise in 60% glycerol solution. (c) Bubble pairs rise in 40%

glycerol solution.

It might be possible to enhance or suppress the mass transfer in bubbly �ows by manipu-

lating surface oscillations. Furhtermore, in chapter 5, local swarm e�ects were studied with

uncontrolled neighbouring bubbles. A well de�ned local e�ect can be studied by designing

a rising bubble-array swarm with an improved acoustic bubble injection system.

Several generalisations of the dual LIF techniques can be envisioned. Instead of pure

water, used in the current study, alkaline solutions can be used to study enhancement factors

for mass transfer accompanied with fast chemical reactions. �e dual emission technique

can be extended as well to heat transfer by replacing the pH sensitive dye with a temperature

sensitive dye.
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1 mm

Figure 6.2: �e oscillating surface just a�er coalescence. Recording frequency is 10 000 Hz.

Resolution is approximately 15 µm/pixel.
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