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10 ABSTRACT

Based on PLIF experiments, the mass transfer behavior in the wake of single rising air
bubbles has been investigated. Bubbles of equivalent diameters between about 0.7 and
2mm have been studied, corresponding to vertical and zigzagging paths respectively.
The mass transferred in the wake of such bubbles, considered as spherical or oblate
15  ellipsoids, has been directly visualized and its three dimensional representation has
been performed for some of them. A specific image processing and mathematical
approach have been proposed to accurately quantify the mass transfer by mean of
liquid side mass transfer and flux density measurements. After a comparison of liquid
side mass transfer coefficients with literature, this approach has been tested to evaluate
20 the impact of first bubble diameters and then the liquid composition on the mass

transfer. Liquid media with small amount of salt, glucose and glycerol have been
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considered, inducing surface tension and/or viscosity changes. A significant difference
in the mass transfer behavior has been observed depending on the liquid composition,
thus decreases down to 88% of the mass transferred by the bubble have been obtained

due to this composition difference.

1. Introduction

Gas/liquid mass transfer causes searchers no end of trouble. Despite the numerous
studies devoted to understand this phenomenon, several questions remain, especially
because of the complexity of the different mechanisms occurring at the vicinity of the

gas/liquid interface.

When considering the specific case of bubble system, which is the main purpose of
this paper and represents, as well known, a large part of industrial applications dealing
with gas/liquid mass transfer, difficulties are many-sided. In such a system, the
dissolution of a given gas in the liquid phase relies on the on the hydrodynamic
behavior (linked to the bubble diameter, shape, velocity, trajectory, presence of other
bubbles, efc.), the gas system (gas solubility in the liquid phase), the liquid composition
(presence of surfactants, viscous media...), operating conditions (temperature,
pressure) and so on. The main challenge consists thus of isolating a specific parameter
and accurately analyzing its influence on the mass transfer mechanism. However, in
several industrial processes (aeration, BCR, efz.), the gas phase is usually considered as
bubble swarms with potentially gas volume fraction up to 20% (Colombet ¢ al., 2011).
The gas/liquid mass transfer characterization in these configurations is thus usually

restricted to a global approach (Calderbank and Lochiel, 1964) for instance by
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measuring the evolution of the dissolved gas concentration in the liquid phase which
limits the understanding of the local phenomena. As an example of this limitation
based on numerical simulations, Koynov ¢ /. (2005) have demonstrated that both
hydrodynamic and mass transfer behaviors are influenced by the presence of several
bubbles (see also Bothe and Warnecke, 2005). For this reason, more academic cases
involving single bubbles have been largely accepted as a first and inevitable step.
Morteover, a recent study conducted by Colombet ef @/ (2011) in the characterization
of liquid side mass transfer coefficients ki, in dense bubble swarms (gas volume
fraction ranging from 0.45 to 16.5%) has demonstrated that the collective effect does
not significantly impact ki, values since mass transfer occurs within a very thin layer
(some micrometers) located at the front of the bubble. Focusing on single bubble
configuration is indeed a relevant approach for gas/liquid mass transfer

characterization.

To locally analyze hydrodynamic, mass transfer or both in this simplified
configuration, numerous and ingenious techniques have appeared. Some of them are
based on the use of probe/microprobe. For instance, Riethues ¢ a/. (19806) performed
local dissolved oxygen measurements using oxygen microprobe by fixing an air bubble
with a platinum wire spiral. More recently, Hanyu and Saito (2010) proposed a
photoelectric optical fiber probe to accurately determine CO2 concentrations in the
bubble wake but also bubble diameter and velocity. However, such systems are still
limited to a specific location (Briicker, 1999) and usually considered as intrusive
methods. To perform more suitable measurements, another class of techniques, based
on direct visualization, distinguished itself from the others. Such techniques are
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commonly based on optical systems allowing a direct visualization of the phenomenon
of interest. In a simple manner, bubble trajectory, shape and velocity can be
determined using high speed camera for instance (Bel Fdhila and Duineveld, 1996,
Zhang et al., 2003; Alves et al, 2005; Madhavi et al, 2007). Purposes dealing with
bubble size decrease due to the mass transfer can also be considered (Alves ez al., 2005;
Madhavi ez al, 2007). Still based on the use of cameras, some techniques allow the
visualization of other phenomenon such as the bubble wake (dye-based visualization
by Lunde and Perkins (1997), schlieren optics techniques by de Vries ez al., (2002) for
instance). However, laser-based techniques represent one of the main powerful
approach to accurately visualize local phenomenon occurring during the bubble rise
and transfer. Examples of such techniques are for instance Particle Image Velocimetry
(Lindken and Merzkirch, 2000; Yamamoto e# al., 2008; Tachibana and Saito, 2010),
photochromatic dye-based technique (Sanada e a/, 2007) for the visualization of the
hydrodynamic behavior in the bubble wake. Concerning the characterization of the
mass transfer, techniques are scarcer and most of studies are based on Planar Laser
Induced Fluorescence (PLIF) even if holographic interferometry can also be used (Ma
et al., 1999). PLIF allows direct visualization in liquid phases by adding a fluorescent
dye whose fluorescence intensity depends on changes of specific parameters in the
liquid phase (gas concentration, pH or temperature for instance). Since the 90s, this
technique has been widely used to visualize but also to quantify the mass transfer in
gas/liquid systems through planar/wavy interfaces (Wolff ¢z a/, 1991; Hetlina and
Jirka, 2004; Jimenez e al., 2012) or bubble interface (Bork ez al., 2005; Dani ef al., 2007,

Stohr ez al, 2009; Hanyu and Saito, 2010; Kiick ez a4/, 2010). However concerning
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bubbling systems, in most papers, experimental set ups limit the accurate
quantification of mass transfer. Such a limitation is mainly due to the high reflection of
the laser light on the bubble surface which could strongly alter concentration
measurements and the presence of the bubble shadow in the opposite side of the laser
flash. Moreover even if some papers deal with three dimensional PLIF (Stohr ef al.,
2009), most of PLIF applications are limited to a two-dimensional representation of
the mass transfer in the bubble wake. Based on this 2-D characterization, the
extrapolation of the whole mass transfer is not straightforward especially for
asymmetric configurations where the mass transfer is usually shed in a tortuous way
(Koynov ¢# al., 2005; Yamamoto ef al., 2008; Stohr e al., 2009). An example of such an
extrapolation in an axisymmetric configuration is proposed by Kiick ez 2/ (2010). To
avoid all these technical issues that hinder an accurate quantification of the mass
transfer, a new approach based on a repositioning of the optical system has been

proposed by Francois ef al. (2011).

The proposed experimental set up allows the mass transfer to be visualized by PLIF
along a horizontal plane, perpendicularly to the bubble rising direction, at successive
instants. Based on the recorded images, the three-dimensional profile of the mass
transfer in the wake of the bubble can easily be reconstructed and thus quantified. A
specific mathematical approach has also been proposed to determine the main

parameters characterizing the mass transfer such as the flux density jo, or the liquid

side mass transfer coefficient kr. This approach has been tested for different liquid
viscosities (from 0.001 to 0.058 Pa.s) but has been limited to spherical bubbles

tollowing a rectilinear trajectory. Moreover, the bubble diameters considered in this

5
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study do not allow a direct comparison between the different studied cases to clearly

identify the impact of viscosity on the mass transfer.

The purpose of this paper is to extend the previous work of Francois e 2/ (2011) to
more complex configurations to go beyond the understanding of gas/liquid mass
transfer mechanisms. First, the paper focuses on the impact of diameter, shape and
trajectory of rising bubbles on the visualized mass transfer. It can be noted that in the
present papert, air bubbles are considered, contrary to pure oxygen bubbles in Francois
et al. (2011), to be closer to main industrial purposes. Then an extension of the
previous mathematical analysis is proposed for non-spherical configurations to
quantify the mass transfer released by non-spherical bubbles. Finally, the impact of the
liquid composition on both hydrodynamic and mass transfer but also on the
fluorescence phenomenon has been investigated by considering the presence of salt,

glucose and glycerol in the liquid phase.

2. Experimental set-up

2.1. PLIFI technique
The visualization of the mass transfer in the bubble wake is performed by the PLIFI

(Planar Laser Induced Fluorescence with Inhibition) technique. The basic principle of
the PLIF is to introduce in the liquid phase a fluorescent dye that will reemit light

once excited by an appropriate light, usually generated by a laser source (Geddes,
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2001; Crimaldi, 2008). When considering the PLIFI, the ability of some molecules
called “quenchers” to inhibit the fluorescence phenomenon of the dye is considered.
Oxygen molecule that is of prime interest in this study has been known as an excellent
quencher for many years. This quenching effect is usually considered as a consequence
of collisions between molecules where the excess of energy of the dye is absorbed by
oxygen (Lakowicz, 1999). The appositeness of PLIFI is mainly due to the fact that it is
not limited to visualization but allows also accurate quantification of mass transfer.
Since the fluorescence level is directly related to the oxygen concentration in the liquid
phase and using the Stern Volmer (1919) equation [1], it is straightforward to achieve

the mass transfer quantification.

I, 1 (1]

10 ) 1+KSV[Q]

where K, is the Stern-Volmer constant (L/mg), [Q] the quencher concentration
(mg/L),and 7, and I, the fluorescence intensities in the presence and the absence of
quencher, respectively. The parameters [, and K, of the calibration curve can be

casily determined by fitting equation [1] with different recorded fluorescence

intensities 7, (or grey levels) corresponding to solutions of known and uniform

oxygen concentration. The measurement of the dissolved oxygen concentration in the
liquid is performed using specific probes (LE621 probe, Mettler Toledo, £1%). An

example of typical calibration curve is presented in Figure 1.
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Figure 1- Calibration curve for a water-ethanol 20%w /w solution at 20°C with 25 mg/ L of
Ruthenium complex (10=2381, Ksv=0.366 L/mg)

For all the tested liquid media, the inverse proportionality between fluorescence level
and oxygen concentration has been obtained with a square correlation coefficient

higher than 99%.

2.2. Application of the PLIFI technique
The experimental set-up is quite similar to the one presented by Francois ez a/. (2011)

and is depicted in Figure 2.

A single air bubble (3) is injected by a peristaltic pump and a capillary (2) into a
transparent column (1) made of PMMA (Polymethyl Methacrylate) filled with the
liquid of interest (water for instance) previously deoxygenated using nitrogen. To
observe the mass transfer in the bubble wake (4), 25 mg/L of Ruthenium complex
(C72H4sNgOgRu, Nanomeps) has been added to the liquid as fluorescent dye. The
main advantage of this fluorescent dye is its high sensitivity to the presence of oxygen.
As an example deduced from Figure 1, there is a difference of more than 1800 grey

levels on the recorded images between fully and totally not oxygenated solutions
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allowing a high accuracy for quantification. However, since it is not directly water-
soluble, 20% w/w of ethanol has also been added to the media (Dani ez a/., 2007). The
impact of ethanol in the solution is discussed in Part 6- Results and Discussion. Other
components have been also added to the liquid phase to test their influence on the
mass transfer phenomenon. Characteristics of the different tested liquid media are
presented in Table 1. These characteristics have been measured with a Haake VT550
Viscotester (ThermoScientific, Thermo Fisher Scientific, Inc.) for the viscosity, a
pycnometer (Brand Duran, V=25 cm?) for the density and a tensiometer (3S GBX) for

the surface tension.

Composition o (mN.m") w (Pa.s) p (kg.m?)
Water 72.8 0,0010 995
Water + Ethanol 20%w/w + dye 38.9 0,0010 965
1g/L 39.0 0,0010 965
+ Jda

Salt 50/L 39.2 0,0010 969
05 o/L 38.8 0,0010 964

+ G S © ’
Glucose 1g/L 39.1 0,0010 966
10% w/w 39.7 0,0013 088

+ bIAY 9 ’
Glycerol 25% w/w 40.4 0,0019 1024

Table 1- Comparison of the properties of the considered liquid phases

Then, to excite the fluorescent dye, a laser sheet (0), is horizontally generated by a Nd:
Yag laser (5) (Quantel, A=532 nm, 10 Hz, 2X200 m]) about 10 cm above the column
bottom at 10 Hz. The fluorescence level in the wake of the bubble is recorded by a
CCD camera (8) (Imager Intense, LaVision, Germany, 12 bits, 1040X1376 pixels?)
located under the column and focalizing where the laser flashes. A 105 mm objective
(Micro-Nikkor 105 mm f/8, Nikon) and three teleconverters were added to the digital
camera to obtain a focused area of about 3X4 mm?. Since the Ruthenium complex
emits around 670 nm, a 570 nm high-pass filter was also placed on the CCD camera to

9



register its fluorescence and to block the laser light. A high speed camera (11) (PCO
1200, 10 bits, 770 Hz,1024x1280 pixels®) is placed orthogonally to the first camera (8)
190  and above the laser sheet (0) to record the velocity, the shape and the diameter of the
bubble (image area = 3X4 cm?). The laser and the CCD camera are synchronized by a

Programmable Trigger Unit (LaVision) (9).

l(fxollgl;l;:)( ;1)113 ________ High speed camera (11)
Nd: Yag laser (5) ..
Rising bubble (3)
Mass transfer (+4)
Horizontal Gas injection
| laser sheet (0) system (2)
i
1
!

-. CCD Camera (8)
O

Laser unit control (7)

PTU (9) Acquisition system (10)

Figure 2- Experimental set-up for PLIF measurements

195

An example of typical sequence recorded by the CCD camera (8) is shown in Figure
3.

1.5

o
n

—

1.5

s

X position (mm)

N
n

w

05 S 05 1 05 1 15 2 > 05 1 15 2
. y position (m) y position (mm) y position (mm) y position (mm)

10



200

205

210

215

220

Figure 3- Example of raw recorded sequence by the CCD camera (dy=1.45 mm, Re=3306, water-
ethanol 20%w/w solution). The colorbar represents the oxygen concentration in mg/L. At=1s
between two neighboring images

Before the bubble passage (Figure 3-a), the recorded image presents a uniform
oxygen concentration of about 0-0.5 mg/L since the solution has been previously
deoxygenated by nitrogen. Note that the uniform concentration profile is corrupted,
as visible in Figure 3-a, by the Beer Lambert absorption of the laser light (laser
flashing from the right to the left side in Figure 3). There is thus an attenuation of the
laser light along its trajectory in the liquid phase that degrades the oxygen
concentration measurement. This point will be discussed in Part 5-Image processing.
The rise and passage of the bubble through the recording plane are depicted in Figure
3-b. The bubble passage can easily be determined due to the high reflection occurring
at the gas/liquid interface. Finally, the mass transfer in the wake of the bubble is
visualized and recorded at successive instants (at 10 Hz) and is characterized by the
dark spot on the two last images (Figure 3 c-d). Since oxygen is diffusing in the liquid
media, the spot tends to widen with time. Based on the recorded images, the evolution
of the mass transfer in the wake of the bubble can thus be easily derived. As a first
difference with Francois ef a/. (2011), it can be noted that the oxygen concentration
values obtained in the wake of air bubbles are quite weak (1.5 mg/L maximum) when
compared to pure oxygen bubbles (9 mg/I. maximum) studied in their work. This
imposes to generate only one bubble for each experiment and to deoxygenate the
solution after each test to avoid “pollution” in the solution due to the mass transferred

by former bubbles.

11
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3. Visualization of the mass transfer as a function of the bubble diameter

In Francois ez a/. (2011), it has been observed that for spherical bubbles, the diffusion
spot was circular and presented a Gaussian profile. The purpose of this paper is thus
to extend this visualization for non spherical configurations. It is indeed well known
that in several industrial applications, non-spherical bubbles are encountered. For
instance in aeration systems, the typical equivalent bubble diameter is usually around
2-5 mm (Motarjemi and Jameson, 1978) leading to non-spherical systems. To compare
results, all the experiments have been conducted within the same liquid phase, ze. a
watet-ethanol 20%w/w solution with 25 mg/L of Ruthenium complex at 20°C (see
characteristics in Table 1). The bubble diameters have been changed using different
capillaries. Since bubbles considered in this study present an oblate ellipsoidal shape,
they are characterized by the classical equivalent bubble diameter (dy) defined as
(a?b)!/3 with a (resp. b) the major (resp. minor) axis of the ellipse (Stohr e al, 2009).
The aspect ratio noted y defined as y = a/b is also considered to characterize the
shape of the bubble. Characteristics of the different considered bubbles for these

experiments are presented in Table 2.

Case dy (mm) X Re
1 0.90 1.13 138 Cap 1
2 1.50 1.50 335 Cap 2
3 2.00 1.75 Haricot
4 2.20 1.80 Haricot +
5 2.22 1.81 Double filament
6 2.24 1.21 382 Méduse

Table 2-Diameter, aspect ratio and Reynolds number characterizing the different studied bubbles

The corresponding three dimensional mass transfers are represented in Figure 4.

12
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Figure 4- Three dimensional visualization of the mass transfer depending on bubble diameters

Concerning spherical bubbles whose movement is vertical, same conclusions as those
obtained by Francois e7 a/. (2011) have been observed. The mass transfer is exclusively
contained in the bubble wake with a liquid smoothly flowing around the bubble
(Koynov et al., 2005). As a simple extension of the spherical case, when the bubble is
slightly ellipsoidal (y=1.13), the spot presents an ellipsoidal shape too. However this
simple behavior of the spot is no longer valid for stronger aspect ratios. The
hydrodynamic behavior becoming more complex in the bubble wake implies a
distortion of the spot. The spot tends to divide into two parts and the separation of
the spot has been observed for dv=2 mm. It has to be noted that the deformation of
the spot is not due to a change in the bubble path since deformation appears even for
a vertical path. As an explanation, it has been numerically observed by Koynov ez 4.
(2005) that for some bubbles following a vertical path, depending on the bubble
shape, mass transfer can be “trapped in the twin recirculation cells” present in the
bubble rear. For zigzagging bubbles, the mass transfer behavior can be clearly more
complex. For slightly zigzagging bubbles, two counterrotating spots can be observed
as presented in Figure 4 which is in agreement with the two rotating filaments
observed by Yamamoto ¢ a/. (2008). When the zigzag motion is more pronounced,

most of the mass transfer tends to be swept along by the vortex shedding regime as

13
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presented in Figure 5 (Case 6). Note that in Figure 5, the solution was intentionally
polluted (initially [O2]pux#0 mg/L). As a consequence, both mass transfer and
hydrodynamic behavior have been observed. After the bubble passage (Figure 5-a),
the presence of two rotating spots of mass transfer can be slightly distinguished
(Figure 5-b). The hydrodynamic behavior, characterized by horseshoe type vortices, is
clearly visible since it pushes polluting oxygen molecules away and is represented by

the brighter area in Figure 5-c-d.

Figure 5- Visualization of the hydrodynamic behavior on the wake of a zigzagging bubble (Case
)

For larger bubble diameters, the mass transfer dissipation is becoming too fast to
allow an accurate visualization of the phenomenon, mainly due to the limitation of the
sampling frequency of the optical system. However, it has been observed by Stohr ez
al. (2009) that the larger the bubble (db=4mm), the more tortuous becomes the mass

transfer structure.

For this kind of bubbles (bubbles with a non vertical path), the quantification of the
mass transfer is delicate first due to the complexity of the hydrodynamic and mass
transfer structures in the wake but also to the small amount of images that can be

recorded in such cases. Fortunately, such limitations do not occur for smaller bubble

diameters (Cases 1 to 5, db < 2imm).

14



4. Quantification of mass transfer for non-spherical configurations
According to Francois ef a/. (2011) and based on a mass balance decomposed along
specific domains (0D, see Figure 6), the flow rate of mass transferred by the bubble,

285 F,, can be simplified as [2].

_dmy, 2]

F
% dt

With m,, the mass of oxygen transferred by the bubble.
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Figure 6- Notations for the mathematical analysis

This simplification can be assumed when considering that, in the domain 0Dy, at a
290 given distance z sufficiently far away from the bubble, the perturbation induced by the
bubble passage has disappeared, leading to the absence of liquid velocity in this
domain and that the diffusive flux of oxygen in the bubble wake (0D,u) is relatively

low compared to the interfacial mass transfer F, (ODusu). From equation [2] and by

considering a passage to the limit, [3] can be deduced.
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Where U, is the velocity of the bubble (m/s).

Away from the bubble, it makes also sense to assume that the variation of [O2] along z

can be neglected compared to the variation along r, leading to [O2](t,0).

In the spherical case, the spherical shape of the spot of mass transfer visualized leads
to the consideration of a symmetry along the z axis, leading to [O2](r). Since this
symmetry does not hold for non spherical bubbles, a more general formulation is

proposed in [4].

dm
F, =—2 —lim

0, dt Az—0

e [4]
E ﬁgf/zl];drde =U, [0, )rdrdo

Based on [4], the quantification of the mass flowrate is derived from the bubble

velocity than can be easily determined using the high speed camera images and from
the value of the integral ”[Oz Jrdrd@. To estimate this integral in a simpler manner, a

discrete sum of the concentration values of interest weighted by the pixel surface has

been considered [5].

”[Oz]rdrdﬁ ~Y'[0,],6> [5]

Where [0, ], is the oxygen concentration of the ith pixel on the recorded image (see

Figure 3-c-d) and 6 is the length of any square pixel (of surface 6%). When considering
this expression for the mass transfer quantification, no assumption on the shape of the
spot has been considered and is thus applicable for all the cases presented in Figure 4.

Based on the knowledge of F,, other parameters characterizing the gas/liquid mass

16
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transfer can be deduced such as the flux density j, [6] or the liquid side mass transfer

coefficient [7].

= to [6]
0, I1 de
/ 7]
K, = Jo,
[02 ]:aturalian - [02 ]bulk
With [0,1.,,.... and [0,],, OXygen concentrations at saturation and far away from

the mass transferred by the bubble, respectively.

The main challenge consists thus in the determination of the integral H [0, Jrdrd 6

which requires some preliminary image processing before achieving an accurate

quantification of the mass transfer in the wake of the rising bubble.

5. Image processing

Since oxygen concentration fields recorded for these measurements are weaker than
the one presented by Francois ef 4/ (2011), further investigations on image processing
has been required. As mentioned in Part 2.2, even if the solution presents a uniform
oxygen concentration, the concentration field on the recorded images is not
homogeneous due to the Beer Lambert absorption. This phenomenon is illustrated in
Figure 7. This figure depicts a three dimensional representation of the hole image
studied in Figure 3-d. The laser source is flashing from the right side (y=5mm) toward
the left side (y=1mm). The Beer Lambert absorption is clearly visible since a

difference of about 1 mg/L has been observed between the two opposite sides of this

17
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image. Such a phenomenon could dramatically distort the results since the range of
Beer Lambert absorption is in the same order of magnitude than that of the mass

transfer and must be corrected.

a ; b ; 1.5
1.5+ 1.5+
S 1 31 ' 1
) i oh
E o5 g
S o o
10.5
-0.5+~
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‘0 Y position (mm) ‘0 Y position (mm)

Figure 7- Beer Lambert absorption before (a) and after (b) image processing- Colotbar in mg/L

Based on Figure 7-a, it can be also noted that the recorded concentrations present also
a non-homogeneity along the y-axis (see especially the curvature on the left side,
y=1mm, in Figure 7-a). A possible explanation is a widening of the laser sheet. It has
been already observed that this dispersion presented a lower impact than the Beer
Lambert absorption (difference of about 0.2 mg/IL. between the top, x=9mm, and the

bottom, x=6mm, of the picture).

To correct both phenomena of dispersion, the image processing consisted first of
subtracting to the raw image (such as Figure 7-a) a reference image corresponding to

an image before the bubble passage, with thus a uniform oxygen concentration close

18



to 0 mg/L (such as Figure 3-2). An example of corrected image is depicted in Figure 7-
345  b. Since the dye is supposed to be homogeneously dissolved in the liquid phase, the
bulk of the corrected image presents an almost uniform concentration at about 0

mg/L. However, it can be noted that the presence of additional noise on the recorded

image makes the boundary between the mass transferred by the bubble and this noise

not easy to define.

350 To determine this boundary, the noise level has been estimated using a part of the

image free from transfer spot (whole image without the zone included in the
parallelepiped with mass transfer in Figure 7-b). It can be seen (¢f. Figure 8) from the
noise histogram (black dashed line) that the noise can be reasonably assumed to be

Gaussian (solid line) whose mean and variance 62 can be easily determined.
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Figure 8- Noise profiles before (dashed line) and after (dash-dot line) correction

As illustrated in Figure 8, the mean value of the noise could differ from the expected 0

value. Different explanations can be proposed to reach this conclusion: presence of

19
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additional noise such as the presence of some particles for instance, choice of the
reference image, varying laser source intensity, calibration curve e#.. An offset is thus
considered to shift all the values of the image (including the zone with mass transfer)
to obtain the mean 0 (see dash-dot line in Figure 8). Note that this step allows also

correcting the non-homogeneity of the laser intensity.

However, a precision is needed concerning the noise Gaussian profile. This profile has
been only obtained for fully deoxygenated solutions when only a single bubble has
been generated. In the case of previous bubbles passage, residual mass transfer from
these bubbles can appear on the recorded image (see Figure 9-a). When considering
this residual transfer, the noise profile is obviously no longer Gaussian (see Figure 9-
b). Specific cares must thus be taken into account while achieving the experiments to

avoid such configurations.
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Figure 9- Noise level compared with a Gaussian profile for a polluted solution in oxygen.
Colotbar in mg/L
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Assuming the Gaussian profile of the noise, a threshold is fixed as defined in [8] to

determine the boundary between the noise of the image and the mass transferred by

the bubble.

For[0,]1= Axo, [0,] (8]
For[0,]<Axo, [0,]1=0
2€10,1,2,3,4,5}

Where o is the standard deviation of the Gaussian profile of the noise and 1 is the
380 threshold factor. All oxygen concentrations superior to AXo are thus considered as
mass transfer, the other values being fixed to 0 mg/I.. The choice of the threshold
factor is crucial since it will directly impact the quantification of the mass and depends
on the image quality. An example of visualization of the final corrected image for two
different threshold factors is proposed in Figure 10. Figure 10-a represents the raw
385 image (4=0). It can be noted that the background of the image is at about 0.2 mg/1.
due to the residual noise and not to the mass transferred by the bubble. After
correction (Figutre 10-b), the impact of the noise has been limited, pixels with a non
null oxygen concentration being now considered as mass transfer. The threshold

factor has been chosen for each recorded image to minimize the residual noise.
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<>
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Figure 10- Visualization of cotrected images for A=0 (a) and A=4 (b). Colotbar in mg/L

Based on equation [5] and the final corrected image (such as Figure 10-b), the accurate

characterization of the mass transfer is thus feasible.

6. Results and discussion

60.1. Application to an ellipsoidal configuration

The new approach proposed in this paper has been first tested in the closest case to
the spherical configuration by considering an ellipsoidal case. Image processing and
mass transfer quantification have been performed for each spot recorded by the CCD
Camera after the bubble passage (a recording every 1/10s). An example of corrected
images is represented in Figure 11. Figure 11-a and Figure 11-b correspond to Cases 2
and 3 in Table 2 respectively. Figure 11-c represents another liquid composition to will

be detailed in the following section.

As mentioned above, for the Case 1 (d»=0.9mm, y=1.13), the spot shape is slightly
ellipsoidal and starts to be deformed for Case 2 (dp=1.5mm, ¥=1.50) and it tends to

widen with time due to the diffusive process
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Figure 11- Example of corrected images for Case 1 (a), Case 2 (b) and a water-20%ethanol-
410 10%glycerol solution at different distances from the bubble. Colorbar in mg/L.

A typical example of flux density, determined using equations [4], [5] and [6], is
represented in Figure 12. It has been observed for all experiments that the flux density

behavior could be decomposed in three main parts.
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Figure 12- Example of flux densities of mass transfer evolution as a function of the number of
bubble diameters

On the presented example, the first one (z<180 dp in Figure 12) is characterized by an
increase of the estimated mass transfer. This augmentation can be explained by the
fact that the bubble is not far enough to satisty the hypothesis of absence of liquid
motion. The mathematical approach for determining this flux density is thus not
available in this region. Moreover, it has been observed that the bubble shadow could

distort measurements on the first few images after the bubble passage in the focal

plane.

Then at a sufficiently large distance to the bubble (z>180 d, in Figure 12),
perturbations due to the bubble passage weakened, and thus the expected zone of

constant flux density is observed.
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After hundreds of bubble diameters, the flux density decreases (z>450ds in Figure 12).
This diminution is due to the fixed threshold (AXo) setting the limit between mass
transfer and the noise. At these distances, the mass transfer spot becomes spread and
of low amplitude, which makes it difficult to identify. Calculations must obviously be
considered in the zone of constant flux. The flux density profile in the wake of the
bubble seems to confirm the reliability of the proposed approach. However, to insure
it and since there is no possible direct comparison, the liquid side mass transfer
coefficient ki has been determined (using equation [7]) and compared to the
theoretical values of the Frossling (fully contaminated bubbles) [9] and the Higbie

(clean bubbles) [10] models (Higbie, 1935; Frossling, 1938).

D (8]
k, =—22(2+0.6Re" Sc**)
rod

b

D
ky, = doz (1.13Re** Sc°%)

b

With Do, the diffusion coefficient of oxygen in the liquid phase and Sc the Schimdt

numbet.

The values of Do, are those reported by Jimenez ef a/. (2012) where the same optical

system and solutions have been considered. The experimental values of ki, compared

to the literature are presented in Table 3.

Case ki, exp ky. Higbie ki Frossling ky k. P
(m/s) (m/s) (m/s) (m/s) (m/s)
2 2.49%x10* 7.09x10* 1.35%10* ~2.00x10™* -
3 4.31x10" 6.48x10™ 1.22x10™* ~2.82x10"  =4.64x10*
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Table 3-Comparison of the liquid side mass transfer coefficients with literature
*Kick et al. (2010) for water-oxygen results
> Kiick et al. (2010) for water-oxygen-1% ethanol results

As expected, the experimental values of liquid side mass transfer coefficients are
comprised between the two theoretical extremes cases. This supposes that the bubble
is partially contaminated which makes sense since water is scarcely considered as extra
pure (Alves et al, 2005) and since the presence of the ethanol and the dye alters also
the bubble contamination. Moreover, experimental results have been compared to
those reported by Kiick e @/ (2010) who managed ki measurements using the PLIF
technique in the axisymmetric wake of rising bubble in water and water+ethanol
solutions. As a first comment, it can be noted that as expected the presence in ethanol
indubitably lowers the surface tension of the liquid phase in comparison with a pure
water solution (see Table 1) and other measurements have concluded that the addition
of the fluorescent dye does not modify the liquid properties. The mass transfer is thus
supposed to be lowered too as it has been reported by some experiments (Maceiras e#
al., 2007). However this trend has not been observed by Kiick ¢z 4/ (2010) whose
experiments are the closest to those presented in this paper. As shown in Table 3, they
obtained an improved local mass transfer by adding a small amount of ethanol in the
solution. A possible explanation to such conclusions is the presence at the bubble
interface of surface tension gradients and thus of a Maragoni effect (Alves ¢z al., 2005;
Jamnongwong ¢f al., 2010). Further efforts to locally identity the impact of ethanol on
the mass transferred by a single bubble have thus to be investigated. Anyway, the
presence in ethanol does not distort neither the possibility to analyze the impacts of

bubble diameters/liquid composition on the mass transfer nor the reliability of the
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proposed technique. It can also be noted that surface tension ranges similar to those

presented in this paper can be encountered in some industrial purposes (see Pothof ez

al,, 2012).

60.2. Impact of the bubble diameters on the flux density

Based on the results presented in Part 6.1, the same calculation has been performed
for other configurations than the ellipsoidal one (see the different configurations in
Figure 4). The main purpose is thus to quantify the impact of the bubble diameter on
the flux density behavior in its wake. An example of this impact is proposed in Figure
13. The global behavior of the flux density is similar for the two considered cases (Case
1, db=0.9 mm, y=1.13 and Case 2, d»=1.5 mm, y=1.5 Figure 11 a and b) which
includes a first part of increase of flux density, then a constant flux density zone and
finally a progressive decrease. However, the larger the bubble, the farer the distance to
satisty the absence of liquid motion hypothesis and the higher the transfer. Francois ez
al. (2011) proposed the formula 2c=20VRe as a indicator of the distance (expressed in
bubble diameter) to reach the constant flux zone. When applying this formula for the
two considered cases presented in Figure 13, distances of about 235 and 367 dy, have
been predicted for d=0.9 mm and 1.5 mm respectively. These predictions are in very
good agreement with experiments which tends to confirm that this formula could be a

pertinent indicator for non spherical configurations too.
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Figure 13- Impact of the bubble diameter on the flux density (Cases 2 and 3)

As mentioned above, for bubble diameters up to -, the mass transfer dissipation

in the bubble wake is too strong and the zone of constant flux is not reached.

60.3. Impact of the liquid composition on the flux density
Since the same behavior on the flux density has been observed for different bubble

diameters, experiments have been focused on the impact of the liquid composition on
the bubble hydrodynamic and mass transfer. To determine thus the impact of the
liquid composition, the same gas injection system as that used for Case 1 (d=0.9 mm,
yx=1.13) has been considered. The different tested liquid media are briefly summarized
in Table 1. Same tendencies as those reported by Jamnongwong ¢ /. (2010) have been
observed concerning the change in surface tension (except for the solution with 1 g/L
of Glucose whose surface tension is supposed to be lower). The impact of viscosity is

considered by addition of glycerol.

Some results concerning the hydrodynamic behavior for these different configurations

are presented in Table 4.
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Composition dy, (mm) X U, (cm.s™) Jo, (mg.s'.m?)

Water Ethanol 20%w/w 0.9 113 16.8 1.95
1g/L 0.86 1.09 17.2 0.76
+

salt 5¢/L 0.85 1.09 17.1 0.23
¢ o 0.5 /L. 0.95 111 175 0.53

1g/L . . . :
10% w/w 0.97 1.07 15.4 155
+ Glycerol 25% w/w 0.95 1.05 11.2 5

Table 4- Results for the different considered liquid media

Experiments conducted with 1 g/L of glucose in the solution leaded to an opaque and
cloudy solution. Even images recorded by the high speed camera were difficult to
analyze and PLIF measurements were impossible to be performed. For the other
cases, concerning the bubble diameter and aspect ratio, taking into account the
uncertainties for these measurements (about 10%) and the bubble reproducibility, it
seems that the liquid composition does not alter dramatically these parameters. This
conclusion is in agreement with those reported by Jamnongwong ef /. (2011). Changes
in viscosity are obviously the main parameter influencing the bubble velocity. By
overlooking the glycerol case, all the other tested solutions seem to present similar
hydrodynamic characteristics similar to those of the Case 1 (Water-Ethanol 20%w/w).
However, the flux density behavior highly differs from a liquid solution to another.

Such a phenomenon is illustrated in Figure 14.
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Figure 14- Impact of the liquid composition of the flux density transferred by the bubble

Concerning the glycerol, as mentioned above, the bubble being slowed down by the
viscosity, the residence time between the bubble and the liquid is longer. On the
recorded images, as visible in Figure 11-c, the maximum oxygen concentration
observed is thus higher (about 2 mg/L) than in the other compositions. This

conclusion is strengthened by the comparison of the values of the integral
_U [O,]rdrd@. This term represents thus the diffusive process of the bubble without

any consideration of dp or Up. It has been observed that this term was effectively
higher when glycerol was introduced in the solution compared with the water-ethanol
solution (20% and 46% higher for 10%w/w and 25%w/w glycerol respectively). As
observed by Bothe e a/. (2005), the higher the Schmidt number, the thinner the liquid
boundary layer around the bubble. Concentration gradients at the bubble surface
could thus be more important in the viscous solution. However, due to the diminution

of the bubble rise, the final flux density is lower (=21%) than in the water-ethanol
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solution. When considering the addition of salt in the solution, the first observed
phenomenon is a decrease of the fluorescence level (40% of decrease for the 5g/L
solution compared with the water-ethanol solution). Due to the dye composition, it
tends to be less soluble in ionic solutions meaning that the contamination of the
bubble could be higher too. The second observation is that the oxygen concentration
field on the recorded images is so weak (always < 0.8 mg/L) that there are just few
images where the region of constant flux can be observed before the estimated flux
decreases due to the threshold. As a consequence, the flux density is dramatically

lower than in the initial solution (61% and 88% lower with 1 and 5 g/L respectively).

Concerning the impact of the glucose, contrary to the 1 g/L solution, with only 0.5
g/L the cloudy aspect has disappeared. However, similar conclusions as those
formulated for the salt can be conducted. A decrease of about 73% of the flux density

has been observed.

It can thus be observed that small changes in the liquid composition could
dramatically alter the behavior of the mass transferred in the bubble wake. Except for
the glycerol case, a net diminution of the oxygen concentration fields recorded has
been observed for all the other tested cases. Such phenomena could be attributed to a
decrease of diffusion coefficients due to the surfactants accumulation at the bubble
surface (Jamnongwong e al., 2010; Sardeing ez al., 2006; Painmanakul ez a/., 2005). For
viscous media, in the tested cases, the bubble velocity diminution seems to be the

main parameter inducing a decrease of the k..
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7. Conclusion

An extension of the work presented by Francois ef a/. (2011) has been proposed to
obtain a better comprehension of the mechanisms occurring during the mass transfer
process of a rising bubble. As a first step, the technique has been extended to non-
spherical bubbles. It has been observed that the bubble shape is a crucial parameter.
Depending on it, the mass transfer can be either characterized by a single or two
counterrotating filaments. Based on the proposed technique, the three dimensional
representation of the mass transfer has been achieved for equivalent bubble diameters
up to 2mm. A specific experiment allowed the relevant visualization of the vortex
shedding regime occurring in the wake of zigzagging bubbles. For larger bubble
diameters, the dissipation due to the complex hydrodynamic behavior in the wake is
too strong to be visualized. Based on the three-dimensional representation of the
oxygen concentration field in the bubble wake, a mathematical approach has been
proposed to accurately determine the main parameters characterizing mass transfer
(flux density, liquid side mass transfer coefficient). The main advantage of this
approach is that it does not account the shape of the mass transfer. Asymmetric
configurations can thus be analyzed. The hypothesis of no liquid velocity in the bubble
wake is satisfied for the studied cases but further efforts have to be done to consider
slightly zigzagging bubbles. Based on this approach, the impact of the liquid
composition has been studied by adding salt, glucose or glycerol to the liquid phase.
One of the main advantages of the method presented in this paper consists of a local
analysis of the liquid composition, at the bubble scale. Very few changes in the liquid

composition could drastically alter the behavior of the transferring bubble. A
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significant diminution of the visualized oxygen concentration fields in the bubble wake
has been observed in most cases. This diminution is assumed to be due to additional
resistance at the bubble interface that hinder the mass transfer. The change in viscosity
conducts to other conclusions: the mass transferred in the bubble wake is enhanced in
viscous media but limited by the rise velocity. Further efforts will be investigated to
widen the liquid composition range (especially by considering a mixture of the
different added components) and to be closer to most industrial purposes.
Quantitative measurements also have to be performed in more complex
configurations such as bubble trains. Tests with fluorescent dyes directly soluble in
water are also to be scheduled to allow an accurate quantification of the local impact

of ethanol on the mass transfer.
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Nomenclature

Major axis of oblate ellipsoidal bubble, mm

Minor axis of oblate ellipsoidal bubble, mm
Equivalent bubble diameter, mm

Oxyegn mass flowrate, g/s

Fluorescence level in presence of quencher, grey level
Fluorescence level in absence of quencher, grey level
Flux density, mg.m=.s"!

Liquid side mass transfer coefficient, m.s-1

Stern Volmer constant, L./mg

Mass of transferred oxygen, g

Quencher (oxygen) concentration, mg/L

radius, m

Reynolds number

Time, s

Bubble velocity, m/s

Distance to the bubble, bubble diameter

Aspect ratio of the bubble, a/b

Viscosity, Pa.s

Density, kg.m-3

grade

length of a pixel on the recorded image, m
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Variance
Threshold factor

Surface tension, mN.m-!
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Figure Caption

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Table Caption

Table 1

Table 2

Table 3

Calibration curve for a water-ethanol 20%w/w solution at 20°C with 25
mg/L of Ruthenium complex (10=2381, KSV=0.366 L./mg)

Experimental set-up for PLIF measurements

Example of raw recorded sequence by the CCD camera (db=1.45 mm,
Re=3306, watetr-ethanol 20%w/w solution). The colorbar represents the

oxygen concentration in mg/L. At=1s between two neighboring images

Three dimensional visualization of the mass transfer depending on
bubble diameters

Visualization of the hydrodynamic behavior on the wake of a zigzagging

bubble (Case 7)
Notations for the mathematical analysis

Beer Lambert absorption before (a) and after (b) image processing-
Colotbar in mg/L

Noise profiles before (dashed line) and after (dash-dot line) correction

Noise level compared with a Gaussian profile for a polluted solution in
oxygen. Colotbar in mg/L

Visualization of corrected images for A=0 (a) and A=4 (b). Colorbar in
mg/L

Example of corrected images (Case 2-A=3) for different bubble

diameters

Example of flux densities of mass transfer evolution as a function of the
number of bubble diameters

Comparison of the properties of the considered liquid phases

Diameter, aspect ratio and Reynolds number characterizing the different

studied bubbles

Comparison of the liquid side mass transfer coefficients with literature
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Table 4 Results for the different considered liquid medi
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