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Abstract

Continuous-flow technologies, especially microstructured reactors, are
now recognized as relevant alternatives for batch processing, and thus for process
intensification. The understanding of gas-liquid mass transfer in such
microreactors is still an active research topic regarding the strong coupling
between local hydrodynamics, mass transfer, and chemical reaction kinetics.

This thesis aims at studying gas-liquid hydrodynamics and mass transfer
around Taylor bubbles in two configurations. The first one concerns bubbles
flowing in an in-plane spiral-shaped milli-reactor, initially designed for organic
photochemistry applications, and the second one involving bubbles generated at
a cross-junction in a straight milli-channel. A colorimetric technique based on the
resazurin dye was implemented and improved to monitor the oxygen mass transfer
occurring between the air bubble and the agueous phase.

The investigations in the in-plane spiral-shaped milli-reactor (~3 m reactor
length) were first reported. Two configurations, characterized by various tube
curvature ratio ranges, were compared. In terms of hydrodynamics, a linear
increase of bubble length and velocity with the axial position was observed. Very
long stable Taylor bubbles and liquid slugs (up to 40 and 20 times the tube inner
diameter resp.) were generated. At identical Reynolds numbers, higher centrifugal
force led to lower Taylor bubble lengths while slightly affecting the liquid slug
lengths. Concerning the mass transfer, the variation of the equivalent oxygen
concentration inside the liquid slugs was measured all along the tube. Overall
volumetric mass transfer coefficients were quantified from the knowledge of the
full coloration positions: they could be linearly related to the recirculation
frequencies in the liquid slug and the intensification factor between the two

configurations was found to be proportional to the increase in average Dean



numbers. Considering the changes in pressure drop, bubble length, and velocity,
the axial variation of cumulated mass flux density was measured and an original
scaling law for Sherwood number was established by introducing a normalized
time and other dimensionless numbers.

A special focus was then made on the gas-liquid mass transfer around
Taylor bubbles generated at a cross-junction in a straight milli-channel. The
objective was to get a deeper understanding of the mass transfer mechanism
during the bubble formation process. Thanks to an improved optical imaging
device (monochromatic light, magnification), higher quality of images could be
achieved. Among all the results obtained, one could point out, for a low two-phase
superficial Reynolds number, a jet-like central oxygen concentration ‘finger’
occurred between the newly formed bubble and the gas finger at the bubble pinch-
off point. It was also observed how the dissolved oxygen was transported first by
the liquid entering from two side inlets, and later by the recirculation loop
developing inside the liquid slug. For higher Reynolds numbers, a different
mechanism was highlighted: two highly concentrated oxygen concentration spots
were formed near the just-formed bubble rear and the channel wall region, and a
much more complex flow structure in the liquid slug appeared. From the variation
of averaged oxygen concentration at different positions after the cross-junction,
overall mass transfer coefficients were deduced and compared with the ones
obtained in the spiral-shaped milli-reactor. A unified correlation associating them
to the recirculation frequencies could then be proposed, accounting for the effect
of curvature ratio.

At last, this work made it possible to gain knowledge on gas-liquid
hydrodynamics and mass transfer characteristics around Taylor bubbles,
especially on the effect of centrifugal force, during and just after the bubble
formation stage. These findings could be used to provide guidelines to implement

multiphase reactions in continuous flow microstructured reactors.
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Les nouvelles technologies continues, en particulier les récteurs
microstructurés, sont désormais reconnues comme des alternatives pertinentes
aux procédés batch dans une démarche d’intensifier des procédés. La
comprénension du transfert de matiée gaz-liquide dans ces microrécteurs reste
une thématique de recherche active car de nombreuses questions scientifiques
demeurent, concernant notamment le fort couplage entre I'nydrodynamique, le
transfert de matiere et la cinéique des ré&ctions chimiques.

Cette these vise aéudier I'nydrodynamique et le transfert de matiere gaz-
liquide autour de bulles de Taylor, sp&ifiguement dans deux géaméries: (1) un
milli-récteur plan en forme de spirale, initialement conqi pour des applications
en photochimie organique, and (2) une gémérie en croix. La technique
colorimétrique utilisant la résazurine a été mise en ceuvre et amdioré& pour
quantifier preeisénent le transfert de matiere d'oxygene intervenant entre la bulle
d'air et la phase aqueuse.

Des mesures dans le milli-récteur plan en forme de spirale (~ 3 m de
longueur) ont d'abord é&ée effectués. Deux configurations, caract&isees par
diverses plages de rapport de courbure des tubes, ont &é& comparées. Une
augmentation lin&ire de la longueur et de la vitesse des bulles avec la position
axiale a ééobservee. Des bulles de Taylor et des bouchons liquides trés longs ont
pu &re genée&. A méne nombre de Reynolds, une force centrifuge plus eve
induit des longueurs de bulles de Taylor plus courtes et n’affecte que 1égérement
les longueurs des bouchons liquides. Les coefficients volumériques de transfert
de masse ont é&e quantifiés apartir de la connaissance des positions pour
lesquelles une coloration maximale est atteinte. Ces coefficients ont &ecorréés

lin&irement aux fr&uences de recirculation dans les bouchons liquide et le
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facteur d'intensification entre les deux configurations géométriques s’est avéré
proportionnel &l'augmentation du nombre de Dean moyen. La variation axiale du
flux massique cumulé d’oxygene transféré a ét¢ mesurée et une loi d'échelle du
nombre de Sherwood a &ééédablie.

Ensuite, un accent particulier a @&portésur des bulles de Taylor gen&ées
dans un micro-canal rectiligne, a partir d’une géométrie en croix, afin de mieux
comprendre le mé&anisme de transfert de matiée pendant le processus de
formation des bulles. Une meilleure qualitédes images a é€&obtenue gr&e aun
dispositif d'imagerie optigue am@&ioré Pour un faible nombre de Reynolds,
I’existence d’un filamentde forte concentration en oxygene central en forme de
jet a @émis en éridence entre la bulle nouvellement formee et le film de gaz au
niveau du point du pincement de la bulle. Il a éjalement &e&observécomment
I'oxygeéne dissous est transportéd'abord par le liquide entrant dans la gé@mérie
en croix, et ensuite par les boucles de recirculation en cours de formation a
I'int&ieur du bouchon de liquide. Pour des nombres de Reynolds sup&ieurs, un
meeanisme diffé&ent a &€mis en éidence: d’une part on retrouve deux zones
hautement concentrees en oxygene pres de l'arriere de la bulle juste forme et en
proche paroi du canal, et d’autre part une structure d'écoulement beaucoup plus
complexe formé& dans le bouchon liquide. A partir de la variation axiale de la
concentration moyenne d'oxygene, les coefficients volumériques de transfert de
masse ont éémesurés et compareés aceux obtenus dans le milli-ré&cteur en forme
de spirale. Une corr@ation reliant ces coefficients aux fré&uences de recirculation
a été proposée, prenant en compte I’effet du rapport de courbure.

Au final, ces travaux ont permis d'acqué&ir des connaissances sur
I'nydrodynamique et le transfert de matiee gaz-liquide autour de bulles de Taylor,
et notamment sur l'effet de la force centrifuge et durant et aprés 1’étape de
formation de bulles. Ces résultats pourront servir pour établir des lois d’échelle
en vue de la mise en ceuvre de réactions polyphasiques dans des réacteurs

microstructurés continus.



Mots clés : transfert de matiee gaz-liquide, bulles de Taylor, milli-
récteur plan en forme de spirale, formation de bulles, mé&hode colorimérigue,
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5: diffusion between bubbles lateral side B3 and the films F1, F3, 6: convective
transfer in the slug elements S1, S2 by means of Taylor vortex, 7: convective
transfer in the films F1, F2, F3, 8 — radial diffusion within two layers of the slug
(S1, S2). Adapted from Abiev (2020).

Fig. 1-14 PLIF image of a rising air bubble. Extracted from Dani et al. (2007).

Fig. 1-15 Examples of bubble volume decrease for strongly diffusive CO,
bubbles in methanol. Adapted from Sun and Cubaud (2011).

Fig. 1-16 Reactions occurring in the ‘blue bottle’ experiment. Adapted from
Anderson et al. (2012).

Fig. 1-17 Principles of the colorimetric method base on the use of resazurin.
Extracted from Dietrich et al. (2013a).

Fig. 1-18 Reversible redox reactions of leuco-indigo carmine to keto-indigo
carmine with glucose as reducing agent and oxygen as oxidizing agent. Color
change (yellow-red-blue) is illustrated in flask experiments. Extracted from
Krieger et al. (2017).

Fig. 1-19 Comparison of advantages and limitations of three techniques

(PLIF, PLIF-I and colorimetric methods), adapted from Xu et al. (2020).

Fig. 1-20 Pattern of acetic acid transfer process from kerosene to aqueous
phase containing KOH and phenol red indicator.

Fig. 1-21 Wake structure and oxygen transfer image in various channels.
Adapted from Kastens et al. (2017b).

Fig. 1-22 Reactions of Cu(btmgp)I copper complex system. (a) Colorless
Cu(l) prepared in an oxygen-free argon glove-box. (b) Open bottle visualization
of the orange Cu(lll) reaction with air. (c) Final product of the reaction, green
Cu(ll). Extracted from Felis et al. (2019).
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Fig. 1-23 Illustration of different types of curved channel geometries: (a) 3D
printed coil-in-coil reactor, (b) toroidal helical pipe, (c) wavering coiled flow
inverter reactor, (d) alternating-axis helical reactor (adapted from Gao et al.
(2020)), and (e) in plane spiral-shaped reactor (extracted from Loubié&e et al.
(2016)).

Fig. 1-24 Recirculation loops within liquid slug in the bend: comparison of
simulation and u-PIV experiments under different geometry conditions (w and r
represent channel width and turning radius), jrp = 0.16 m s, Adapted from Fries
and von Rohr (2009).

Chapter 2

Fig. 2-1 Overall redox reaction mechanism of the resazurin-based
colorimetric method.

Fig. 2-2 Procedure for preparing the colorimetric solution.

Fig. 2-3 lllustration of the yellow color that can appear several hours after
the preparation of dye solution.

Fig. 2-4 Aqueous solutions of (a) RF and (b) RZ in the cuvette at different
concentrations.

Fig. 2-5 Absorbance spectra of different (a) RF and (b) RZ solutions.

Fig. 2-6 Variation of the absorbance A with time for various concentrations
of NaOH and GL at 570 nm wavelength: (a) entries a, b, e, f, g, and h; (b) entries
candd.

Fig. 2-7 (a) Schematic diagram of the experimental setup; (b) Picture of the
in-plane spiral-shaped milli-reactor involving a typical gas-liquid Taylor flow
(ET). (c) Picture of the in-plane spiral-shaped milli-reactor involving a typical
gas-liquid Taylor flow (MT).

Fig. 2-8 (a) Geometrical parameters of the spiral-shaped milli-reactor, Dgg,

Lsr, Psr and dj; are initial diameter, sectional distance, pitch distance and inner
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diameter of the tube, respectively. (b) Representation of the two tubing
configurations (ET and MT are Exterior Tubing and Medium Tubing) and images
showing aqueous solution flowing in two tubing configurations.

Fig. 2-9 (a) Schematic representations of the experimental setup. (b)
Geometry of the straight milli-channel with a cross-junction. The 12 axial
positions, X (expressed in mm), showing the region-of-interest (ROI), are marked
by the red arrows. At X =0, the two phases enter in contact.

Fig. 2-10 Illustration of the mixing between aqueous solutions of glucose and
deionized water at the cross-junction under different concentrations of glucose.

Fig. 2-11 Sequences of image processing implemented in the case of the in-
plane spiral-shaped milli-reactor: (a) raw image of the tube filled with colorless
solution without resazurin. (b) Raw image of the tube filled with saturated oxygen
solution with resazurin (pink). (c) Inner-tube mask. (d) Comparison of extracted
bubble edges overlapping the original image (white line represents extracted
bubble edge). (e) Detection of bubbles. (f) Detection of liquid slugs. Operating
condition: jc=0.9 cms?tand j_=1.8 cm s in the ET configuration.

Fig. 2-12 Sequences of image processing implemented in the case of the
straight milli-channel with a cross-junction: (a) raw image of Taylor flow (air and
RGN colorimetric solution). (b) Detection of the bubble. (c) Detection of the

liquid slug. Operating condition: jo=14.3 cmstand j.=14.3 cm s,

Chapter 3

Fig. 3-1 Schematic diagram used to calculate the bubble and liquid slug
lengths in the in-plane spiral-shaped milli-reactor.

Fig. 3-2 (a) Schematic diagram used for calculating axial position; Oc refers
to the spiral-shaped centroid, rgo and rg; represent the spiral radius of a fixed point

(Bo) and a moving point of the bubble centroid in the spiral curve (B1); Lar is the
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calculated arc length between the two points. Illustrations of the axial position
that were calculated in the configuration (b) ET and (c) MT.

Fig. 3-3 Cartography of gas-liquid Taylor flows (air and RGN colorimetric
solution) obtained in the in-plane spiral-shaped milli-reactor (ET configuration)
for three liquid superficial velocities and various gas superficial velocities and a
local amplified observation of bubble shape (flat nose and tail).

Fig. 3-4 In-plane spiral-shaped milli-reactor: flow map for air/RGN
colorimetric solution in the ET configuration. Green, blue and orange dotted lines
represent the transition boundaries between the Taylor flow to the churn flow,
Taylor-annular flow, and bubby flow predicted using the approach from Haase et
al. (2020a), respectively.

Fig. 3-5 In-plane spiral-shaped milli-reactor (a) dimensionless bubble length
versus axial position X at j_ = 1.8 cm s for the ET configuration: (1) jo= 1.4 cm
st (2) jc=2.8cms?; (3) jo=5.1cms?; (4) jo= 6.9 cm st; dash-dotted line: the
+ 5 % confidence interval. (b) Dimensionless liquid slug length versus axial
position X at different conditions: (1) j.=7.2 cm s?, jc=0.9 cm s, ET; (2) jL=7.2
cms?t je=3.3cmst MT; 3)ju=3.6cms? jc=1.1cms? ET; (4) j.=3.6 cm
st jc=09cmst, MT; (5)j.=18cms?, jo=16.6 cms? ET; (6) j.=1.8cms?,
je=3.2cms?t, MT.

Fig. 3-6 In-plane spiral-shaped milli-reactor: bubble velocity versus axial
position X at different conditions (1) j_=1.8cm s, jc=1.4cm st ET; (2) j.=
1.8cms? jc=3.2cms?, MT; (3) ju.=3.6 cms?, jo=3.0 cm s, ET, dash-dotted
line: the £5% confidence interval.

Fig. 3-7 In-plane spiral-shaped milli-reactor: (a) Linear regression
coefficient F; versus gas-liquid superficial velocity ratio 7, for different
configurations and superficial velocities: (1) ET, (2) MT. (b) Constant F, versus
gas-liquid flow ratio for configuration ET: (1) j.=1.8 cms?; (2) j.=3.6 cm s%;
(3) jL="7.2 cm s%; configuration MT: (4) j_=1.8cms?; (5) ju=3.6 cms?; (6) ju

=7.2cmst,
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Fig. 3-8 In-plane spiral-shaped milli-reactor: (a) average dimensionless
bubble length versus gas-liquid superficial velocity ratio 7, and (b) average
dimensionless liquid slug length versus the inverse of 7; for the ET configuration:
(1) j_=18cms?t (2) ju=36 cm st (3) ju= 7.2 cm s, and for the MT
configuration: (4) j.=1.8cms?; (5) ju=3.6cms™; (6) ju=7.2cm st; (7) the least
square regression law for ET, (8) the least square regression law for MT.

Fig. 3-9 In-plane spiral-shaped milli-reactor: Average bubble velocity versus
two-phase superficial velocity for the ET configuration: (1) j.=1.8 cms™; (2) j.
=3.6 cms?; (3) jL=7.2 cm s; for the MT configuration: (4) j.= 1.8 cm s%; (5)
ju=3.6cms?; (6) ju=7.2 cm s?; solid line: (7) Ug = jrp; dash-dotted line: (8) Ug
= 1.3% jrp.

Fig. 3-10 In-plane spiral-shaped milli-reactor: (a) Average unit cell length
(Luc) versus gas-liquid superficial velocity ratio 7o: (1) ET; (2) MT, dash-dotted
line: 770 = 0.8; (b) Average relative length of the bubble () versus 7 for the ET
configuration: (1) ju=1.8cms?; (2) jL=3.6 cms?; (3) ju=7.2 cm s?; the MT
configuration:(4) j_.=1.8cms?; (5) j.=3.6cms?; (6) j.=7.2cms™.

Fig. 3-11 In-plane spiral-shaped milli-reactor: comparison of pressure drop
per unit of length versus gas-liquid two-phase Reynolds number at j_= 7.2 cm s
for ET: (1) measured experimental data; (2) Lee et al (2010); (3) Bretherton et al
(1961); (4) Kreutzer et al (2005); (5) Vashisth et al (2007).

Fig. 3-12 In-plane spiral-shaped milli-reactor: variation of pressure drops per
unit of length versus gas-liquid superficial velocity ratio 7, for configuration (a)
ET; and (b) MT: (1) Experimental data; (2) Lee et al (2010) (3) IGL; (4) trend line
for experimental data; (5) trend line for IGL; dash-dotted line: 70 = 0.8.

Fig. 3-13 In-plane spiral-shaped milli-reactor: variation of unit cell number
Nuc versus gas-liquid superficial velocity ratio 7, for different configurations (1)

ET and (2) MT; dash-dotted line: 70 = 0.8.
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Chapter 4

Fig. 4-1 Schematic representation of the spiral-shaped milli-reactor viewed
from the top, showing the tubing configuration (ET: External Tubing; MT:
Medium Tubing) and radial profile of the pixel gray value along one tube cross-
sectional direction. I'x and I'y are two orthogonal lines.

Fig. 4-2 Gas-liquid mass transfer in the in-plane spiral-shaped milli-reactor:
(a) examples of individual linear calibration curves between gray value
differences and equivalent O, concentration for two representative pixels on the
image. (b) Partial raw image of gas-liquid flows. (c) Partial equivalent O,
concentration field (normalized by the maximum concentration). Operating
conditions: Re_ = 16.2, Reg= 0.6, Retp= 24, n, = 0.45, (De) = 2.0, ET.

Fig. 4-3 Gas-liquid mass transfer in the in-plane spiral-shaped milli-reactor:
(a) equivalent O, concentration fields in the liquid slugs: the time indicated in the
figure corresponds to the time required for the liquid slug (in the black box), to
travel to that position from the T-junction (operating conditions: Re. = 64.9, Reg
= 1.0, Rerp =78, 10 = 0.2, and (De) = 6.5, ET, flow direction is indicated using
arrows). (b), (c), (d) Local raw visualization of the reactive RF color distribution
in the liquid slugs at X = 0.1 m, operating conditions: (b) Re. = 16.2, Reg= 0.7,
Rerp=26, 70=0.6 and (De) = 2.2; (c) Re. = 64.9, Rec= 4.2, Rerp =121, 770 = 0.86
and (De) =10.0; (d) Re.=64.9, Rec=12.0, Retp= 224, 1 = 2.45 and (De) = 18.6;
ET.

Fig. 4-4 Gas-liquid mass transfer in the in-plane spiral-shaped milli-reactor:
comparison of the axial evolution of normalized average equivalent O,

concentration in the liquid slug along the tube for different operating conditions
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(ET1 and MT1: Re.=16.2, Rec= 0.7, Rerp= 26, 170 = 0.6, ET2 and MT2: Re_ =
32.4, Reg = 6.3, Rerp = 116, 70 = 2.58). Here the points and lines represent
experimental data and calculated data according to the exponential function 1 —
exp (—yX), respectively. The second abscissa axis (at the top) gives the spiral
radius for each configuration, corresponding to the axial position (reported on the
principal abscissa axis, at the bottom).

Fig. 4-5 Gas-liquid mass transfer in the in-plane spiral-shaped milli-reactor:
variation of the axial position Xcoioration fOr which Cpax was achieved with the gas-
liquid superficial velocity ratio 7, solid and empty symbols represent ET and MT,
Re. = 16.2 (black color), 32.4 (red color), and 64.9 (blue color).

Fig. 4-6 Gas-liquid mass transfer in the in-plane spiral-shaped milli-reactor:
relations between the average overall volumetric liquid side mass transfer
coefficient, (k_-a), and the frequency of loop recirculation f..

Fig. 4-7 Gas-liquid mass transfer in the in-plane spiral-shaped milli-reactor:
ratio between experimental (k. -a)exp and predicted (ki -a)pr Versus the gas-liquid
superficial velocity ratio 7.

Fig. 4-8 Gas-liquid mass transfer in the in-plane spiral-shaped milli-reactor:
Axial variation of the cumulated mass flux density (@, (X)) (case S2, without
considering LF) for the tubing configurations ET and MT: (a) Re. = 16.2; (b) Re.
= 64.9.

Fig. 4-9 Comparison between the predicted Shpre and experimental Sheyp in

case S2 (without LF) for ET configuration.

Chapter 5
Fig. 5-1 Representative bubble formation process (air and RGN colorimetric
solution) at the cross-junction, operating conditions: j.=17.9 and jc=10.7cm s

1. The time interval between image sequences is 2.5 ms.
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Fig. 5-2 Bubble formation mechanisms: frequencies of (a) the filling stage,
(b) squeezing stage, as a function of the gas-liquid superficial velocity ratio 7.

Fig. 5-3 Bubble formation mechanisms: (a) bubble formation stages as a
function of the gas-liquid superficial velocity ratio 7, (b) the ratio of the filling
time and squeezing time compared to the overall bubble formation time. From 1
to 5, the number represents the liquid superficial velocities are at 7.2, 10.7, 14.3,
17.9, and 21.4 cm s, respectively.

Fig. 5-4 Cartography of the instantaneous gas-liquid Taylor flows (air and
RGN colorimetric solution) right after the bubble pinch-off at the cross- junction
position X; = 0, for various operating conditions. The dimensionless numbers in
the red brackets correspond to (Carp><103, Werp). Pinch-off patterns | and 11 are
located inside and outside of the dotted blue box respectively.

Fig. 5-5 Typical image processing for extracting gas finger right after the
bubble pinch-off (j_=17.9 and je = 25.0 cm s): (a) raw image of gas finger, (b)
extracted gas finger and lgr represents the length of the gas finger.

Fig. 5-6 Bubble formation patterns obtained at the cross-junction:
normalized gas finger length right after the bubble pinch-off versus the gas-liquid
superficial velocity ratio.

Fig. 5-7 The plot of identified pinch-off patterns for (a) two-phase Capillary
numbers versus the gas-liquid superficial velocity ratios and (b) gas Weber
numbers versus the liquid Capillary numbers. Empty and solid symbols represent
dripping and squeezing regimes, respectively.

Fig. 5-8 Cartography of gas-liquid flows obtained for various operating
conditions at the observing position X, =17 mm: (a) air and deionized water; (b)
air and RGN colorimetric solution. The numbers inside the red brackets
correspond to (Carp>10-, Werp). The dotted red boxes point out the location of
wetting/dewetting phenomena. The dotted blue box corresponds to the Taylor

flow regime.
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Fig. 5-9 Straight milli-channel with a cross-junction: flow map for air/RF
colorimetric solution using the approach from Haase et al. (2020). Green, blue
and orange dotted lines represent the transition boundaries between the Taylor
flow to the churn flow, Taylor-annular flow, and bubby flow, respectively.

Fig. 5-10 Hydrodynamics of bubble formation at the cross-junction milli-
channel: (a) normalized bubble length versus the gas-liquid ratio #o. (b)
Normalized liquid slug length versus the inverse of 7, Four observing ROI
positions (X1 / wn =0, Xe/ Wh =52, Xg/ Wy = 88, X12/ wy = 223) and four groups
of two-phase superficial velocities (jrp = 28.6, 35.7, 42.9, 53.6 cm s™) were
considered.

Fig. 5-11 Hydrodynamics of bubble formation at the cross-junction milli-
channel: (a) Normalized unit cell length versus 7o, and (b) Relative length of
bubble compared to the unit cell length  versus #. Four observing ROI positions
(X1 / Wr =0, Xe/ Wr =52, Xg/ wp = 88, Xi2/ wy = 223) and four groups of two-
phase superficial velocities (jrp = 28.6, 35.7, 42.9, 53.6 cm s) were considered.

Fig. 5-12 Bubble velocities versus two-phase superficial velocities for four
observing positions (X1 / Wy =0, X¢/ Wr =52, Xg/ wp = 88, X12/ Wy = 223).

Fig. 5-13 Representation of the cross-sectional shape of Taylor bubble, in a
square channel: (a) circular; (b) squared with curved corners.

Fig. 5-14 Bubble formation at the cross-junction: evolution of the specific
interfacial area a versus the dynamic gas hold-up £, under four groups of two-
phase superficial velocities (jrp = 28.6, 35.7, 42.9, 53.6 cm s1) at four observing
positions: Xy / wp =0, X/ Wn =52, Xg/ Wr = 88, X12/ Wh = 223.

Fig. 5-15 Bubble formation at the cross-junction milli-channel: illustration
of wetting (development of liquid film) phenomena at cross-junction (X = 0) for
(a) air/deionized water, j_=21.4 cm st and jo= 10.7 cm s?; and (b) air/RGN
colorimetric solution j.=17.9 cm s and jo=10.7 cm s,

Fig. 5-16 Bubble formation at the cross-junction milli-channel: illustration

of dewetting phenomena (disappearance of liquid film) at X = 17 mm for air/RGN
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colorimetric solution (a) ju=7.2cms*and jo=14.3cms?;and (b) ju=7.2cm s

land jg=7.2cms™

Chapter 6

Fig. 6-1 Raw images containing various [RZ] in milli-channel used for the
calibration procedure.

Fig. 6-2 Calibration relations for mass transfer in the milli-channel with a
cross-junction: (a) Calibration relationships between [RF] (considering 93%
purity) and the absorbance of resorufin at different ROI positions. (b) Calibration
relationships between equivalent O, concentration and the absorbance of resorufin
at different ROI positions.

Fig. 6-3 Image processing implemented to study the gas-liquid mass transfer
during the bubble formation stage: (a) raw image of gas-liquid flow. (b) Image
with remaining liquid of RF signal. (¢) Image with remaining liquid of GL and
NaOH. (d) Equivalent O, concentration. Operating condition: j.=17.9 cm s, jo
=10.7 cm s at the cross-junction.

Fig. 6-4 Time-variation of the equivalent O, concentration fields during the
bubble pinch-off process at X; = 0 mm, operating condition: j_= 0.2 cm s?, jg =
0.2cmstand Rerp= 8.

Fig. 6-5 Time-variation of the equivalent O, concentration fields during the
bubble pinch-off process for various operating conditions at X; = 0 mm: (a) j_=
10.7 cm s?, jo=10.7 cm st and Rerp= 416, (b) j.=14.3 cm s?, jo=14.3 cm st
and Rerp= 555, (¢) jL=21.4 cms?, jo=21.4 cm st and Rerp = 832.

Fig. 6-6 Equivalent O, concentration fields during the bubble flowing
process at jrp = 28.6 cm st under different gas-liquid superficial velocity ratio: (a)
no =3, b) no=1, (c) yo = 0.6. The time indicated in the figure corresponds to the
time required for the liquid slug to travel to the X position. Black arrows indicate

the flow direction.
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Fig. 6-7 Comparison of the axial evolution of normalized average equivalent
O, concentrations in the liquid slug along the channel for different operating
conditions: (a) jtp = 28.6 cm s and Rerp = 555; (b) jtp= 35.7 cm st and Rerp =
693; (c) jtp=42.9 cm st and Rerp = 832.

Fig. 6-8 Comparison of normalized average equivalent O, concentration in
the liquid slug under different operating conditions with same flowing time of
liquid slug (at 544 +1 ms) at different axial positions (X7 Xgs and Xq corresponded
to jrp= 28.6, 35.7 and 42.9 cm s).

Fig. 6-9 Evolution of mass flux density versus axial positions X under
different operating conditions: (a) jrp= 28.6 cm s; (b) jrp=35.7 cm s%; (C) jrp=
429 cmst.

Fig. 6-10 Evolution of mass flux density versus axial positions X for 7, = 1
under different two-phase superficial velocities.

Fig. 6-11 Illustration of the development of unit cell, liquid slug and bubble
during the bubble formation process, stage (a) the squeezing liquid surrounding
gas finger, stage (b) the entering liquid after the pinch-off of the front bubble but
before the block of channel by gas finger, stage (c) the liquid slug separated by
gas finger and formed bubble.

Fig. 6-12 Evolution of cumulated oxygen mass inside liquid during bubble
formation pinch-off process. Operating conditions: 7o =1, jrp = 28.6 cm s,

Fig. 6-13 Relationships between the overall volumetric liquid side mass
transfer coefficients k. a and recirculation frequency fc, for the three different
configurations investigated in this work and for the data from the literature.

Fig. 6-14 Comparison between the predicted (k. a)yre and experimental (k.
a)exp for three different configurations investigated in this work and for the data

from the literature.

Chapter 7

XXX



Fig. 7-1 Two types of bubble formation with different contacting angle at (a)
180< (b) 0%
Fig. 7-2 Overall volumetric liquid side mass transfer coefficients as a

function of the specific power consumption.
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Table 1-1 Summary of transition boundaries between the Taylor flow and
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characterised by resazurin dye according the stoichiometry relations, calculated
by Eq. (2-4).

Table 2-5 Physical properties of the fluid used in the straight milli-channel
with a cross-junction, Cpax represents the maximum oxygen concentration which
could be characterised by resazurin dye according the stoichiometry relations,
calculated by Eq. (2-4).
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conditions in the in-plane spiral-shaped milli-reactor and the straight milli-

channel with a cross-junction.
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Table 3-1 In-plane spiral-shaped milli-reactor: scaling laws for bubble and
liquid slug lengths, the empirical coefficients being associated with Egs. (3-10)
and (3-11). MAPER represents the Mean Absolute Percentage Error of
Regression, defined in Appendix 5.

Table 3-2 Correlations for the two-phase flow pressure drop in the literature.
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Table 4-1 Gas-liquid mass transfer in the in-plane spiral-shaped milli-reactor:
the axial mass flux density and Sherwood number considering LF (Liquid Film)
or not.

Table 4-2 Gas-liquid mass transfer in the in-plane spiral-shaped milli-reactor:
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Nomenclature

Latin letters

Symbol
a

Cs
Cy
Cs
Co-10
Dsr

Dsr, 0
Do2

F1

F2

Description

Interfacial area per unit cell

Absorbance, Eq. (6-1)

Oxygen concentration at saturation in the liquid phase
Equivalent oxygen concentration in the liquid phase
Average equivalent oxygen concentration in the liquid slug
Oxygen concentration in the gas phase

Maximum oxygen concentration, Eq. (2-4)

Molar concentration

Constant related to the Archimedean spiral equation, Eq.(2-1))
Constant related to the Archimedean spiral equation, Eg. (2-1)
Constants related to the dimensionless length, Eq. (3-10), (3-11)
Constant related to the bubble velocity, Eq. (3-12)

Constant related to the bubble velocity, Eq. (3-12)

Empirical values adopted in Lee et al. (2010), Eg. (3-18)
Diameter for Archimedean spiral, Table 2-3

Initial diameter for Archimedean spiral

Diffusion coefficient of oxygen in the liquid phase

Inner diameter of the spiral tube

Equivalent diameter with identical surface area of Taylor bubble
Chemical enhancement factor, Eq. (4-12)

Limit enhancement factor, Eq. (4-13)

Intensification factor between two configurations, Eq. (4-8)
Constant related to the variation of bubble length with axial
position, Eqg. (3-8)

Constant related to the variation of bubble velocity with axial
position, Eq. (3-9)
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SI Units
[m™]

[-]
[kg'm™]
[kg'm™]
[kg'm™]
[kg:m™]
[kg:m™]
[mol-m™]

[m]

[m.rad™?]

[m? 5]



Fs

fe

fer
ffilling
fsqueezing

g

H

ko

ke
kL-a
Jc
JL
jte
Larc
Lsr
Lr
Ls
Lgo
Ls
(Ls)
(Ls)

el

Mo2

PB
PBo

Constant related to the variation of bubble pressure with axial
position, Eq. (A 7-8)

Frequency of recirculation in the liquid slug, Eq. (4-6)
Bubble formation frequency

Frequency of gas filling during bubble formation

Frequency of liquid squeezing during bubble formation

Gravitational acceleration
Henry constant

Intensity, i.e., gray values
Reaction rate constant

Liquid side mass transfer coefficient

Volumetric liquid side mass transfer coefficient
Superficial velocity of the gas phase (j; = Q;/Q)
Superficial velocity of the liquid phase (j, = Q./Q)

Total superficial velocity for two phase flow (jre=jc+jL)
Arc length between two points of the spiral shape
Sectional distance for Archimedean spiral

Spiral tube length of the spiral-shaped reactor

Bubble length

Initial bubble length right after bubble formation, Eq. (3-8)
Liquid slug length

Bubble length averaged over the whole length of the tube
Liquid slug averaged length over the whole length of the tube
Optical path length

Gas finger length right after bubble pinch-off

Molar mass of oxygen

Mass

Number of the recirculation loops

Number

Pressure inside the bubble

Initial pressure inside the bubble, i.e., right after bubble formation
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[Pam™]

[s7]

[kg mol™]
[k]

[-]

[-]

[Pa]

[Pa]



Pr
Psr

teoloration
trilling
tsqueezing
ter

Ugo

Us
(Us)

Vv

W

Wh

Whi
Wheck

Wiside

N <

N

Pressure recorded in the gas feed line

Pitch distance in the spiral-shaped milli-reactor

Volumetric flow rate

Ideal gas constant (8.314)

Radial coordinate of the spiral circle

Slope coefficient, Eq. (6-2)
Bubble surface area

Area

Temperature

Time

Normalized time by coloration time

Coloration time reaching the maximum oxygen concentration
Gas filling time during bubble formation

Liquid squeezing time during bubble formation

Bubble formation time

Initial bubble velocity, i.e., right after bubble formation, Eq. (3-9)

Bubble velocity

Bubble velocity averaged over the whole length of the tube

Volume

Dimensionless constant, Eq. (4-21) and (4-22)

Channel horizontal width

Channel hydraulic diameter

Minimum width of gas finger during bubble formation

Horizontal width of the liquid inlet side channel

Channel depth

Axial position along the spiral tube from the bubble formation point
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Chapter 1 Introduction

Chapter 1. Introduction

1.1 Context for the presented work

Gas-liquid mass transfer is a key phenomenon controlling the
performances of multiphase reactors, which are widely encountered in chemical
and environmental processes, such as organic photochemistry (Radjagobalou et
al., 2018; Radjagobalou et al., 2020), hydrogenation reactions (Haase and Bauer,
2011; Martmez et al., 2016; Yue, 2017; Paul et al., 2018), oxidation reactions
(Pollington et al., 2009; Gemoets et al., 2016; Guo et al., 2017; Paul et al., 2018)
or gas fermentation (Garcia-Ochoa et al., 2010; Benizri et al., 2019; Van Hecke
et al., 2019). When the characteristic times of gas-liquid mass transfer are not
short enough compared to those of the chemical reaction kinetics, low production
yields, and poor chemical selectivity may be induced.

With respect to safety, compactness, quality and eco-impact issues, some
cutting-edge technologies for process intensification (Jensen, 2001; Gourdon et
al., 2015; Stankiewicz et al., 2019), such as continuous-flow micro-structured
technologies (heat-exchanger-reactor, monolith reactor, micro-reactor, etc.) have
emerged as alternatives to conventional equipments (e.g., batch reactors). They
usually involve miniaturized and confined spaces on the scale of micro/millimeter
and operate in continuous mode. The advantages of such miniaturization are to
offer enhanced heat and mass transfer, efficient mixing, and high exchange
surface areas (Haase et al., 2016; Yao et al., 2021), and in return higher yields and
selectivity. The combination of continuous-flow micro-structured technology

with multiphase flows has been considered as an efficient method for multiphase
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process intensification, leading to the emergence of the very active field of the
multiphase microfluidics (Geng et al., 2020).

Among all the two-phase flow patterns in micro/milli-channels, Taylor
flow is one of the most widely investigated regimes as it provides stable, regular,
and easily controllable conditions with enhanced heat and mass transfer
efficiencies due to the recirculation loops appearing in the liquid slug (in the
moving coordinate reference in terms of the bubble) and to the liquid lubrication
films at the walls (Sobieszuk et al., 2012).

The following chapter will focus on gas-liquid two-phase systems, and
give a brief overview of the gas-liquid hydrodynamics and mass transfer
characteristics in Taylor flow, thus highlighting the remaining research gaps and

issues.

1.2 Brief state-of-art

In this section, the gas-liquid hydrodynamics and mass transfer will be
described in sections 1.2.1 and 1.2.2., respectively. In terms of gas-liquid
hydrodynamics, sub-section 1.2.1.1 will first introduce the flow regimes
encountered in micro/milli-channel and the characteristics of Taylor flow. Then,
bubble formation regime, liquid lubrication film and pressure drop are discussed
in sub-sections 1.2.1.2., 1.2.1.3., and 1.2.1.4, respectively. For the mass transfer,
sub-section 1.2.2.1 will first introduce the mass transfer mechanisms and
modeling for Taylor flow. Then, experimental measurements methods are
classified in sub-section 1.2.2.2. The effect of the channel’s geometry will be

discussed in section 1.2.3.
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1.2.1 Gas-liquid hydrodynamics

The understanding of Taylor flow hydrodynamics in micro/milli-channels
Is a fundamental prerequisite for studying mass transfer and heat transfer. This
includes precise knowledge of the flow regime, bubble formation, bubble lengths,
liquid slug lengths, and bubble velocities. There are already some exhaustive and
relevant reviews about hydrodynamics for Taylor flows in straight channels. More
detailed descriptions can be found in Haase et al. (2016), Abiev et al. (2017),
Verma and Ghosh (2019), and Yao et al. (2021) . The following sections aim at

extracting the main results.
1.2.1.1 Flow regimes

Over the past three decades, numerous studies have been performed to
investigate the adiabatic gas-liquid two-phase flow in straight micro/milli-
channels (horizontal or vertical with up/downstream). The gas-liquid flow
regimes describe specific spatial distributions of both phases and were usually the
first step for engineers to identify, as they greatly affect the pressure drop, heat
transfer, and mass transfer, etc., thus influencing the performances of the
apparatus. Many researchers classified the flow regimes through photographic
image (taken by cameras) analysis. Five main flow regimes in micro/milli-
channels were reported by most of the researchers: annular flow, bubbly flow,
churn flow, Taylor flow, and Taylor-annular flow. The main characteristics of
each flow regime were summarized and described as below.

— Bubbly flow usually occurred at extremely low gas superficial
velocities and high liquid superficial velocities, characterized by
distorted, distinct, and small bubbles, of which diameters were lower
than the channel hydraulic diameters.

— Taylor flow (or slug flow) was widely encountered under a large range

of gas and liquid superficial velocities (moderate), characterized by

3
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regular, segmented, and long bubbles (named Taylor bubble) with
nearly hemispherical caps, of which diameters were higher than the
channel hydraulic diameters. The Taylor bubble body occupied most of
the channel and its cross-sectional shape changed with channel cross-
sectional shapes.

Taylor-annular flow and annular flow had similar characteristics: gas
phase occupied in the center of the channel, and liquid phase appeared
between the gas and channels.

Churn flow was formed at both high gas and liquid superficial velocities.
Unlike Taylor flow, churn flow was irregular and with tiny bubbles

dispersed in the liquid slug.

An example of flow regimes is presented in Fig. 1-1.

Annular Bubbly Churn Taylor Taylor-annular
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Fig. 1-1 Example of flow map for air-water in a horizontal circular milli-channel (dit: 1.45

mm). Adapted from Haase et al. (2020).

The flow regimes were affected by various parameters, such as the gas and liquid

flow rates, the fluid properties (e.g., surface tension, viscosity, wettability, etc.),

the channel geometries (size and cross section), inlet geometry (e.g., T and Y

junctions, cross-junctions, and co-flowing inlet) and inclination. However, at
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present, no single universal map (i.e., considering all the parameters affecting
flow regime) has successfully been derived for predicting gas-liquid flow regimes.
In general, the flow maps proposed by researchers were only valid for some
specific geometries or fluid pairs. One can thus commonly observe that the
transition boundaries on flow maps varied significantly among different studies,
even for similar channel dimensions and operating domain, as shown in Fig. 1-2.
Recently, Haase et al. (2020a) summarized the flow maps available in the
literature and proposed a generalized approach to describe the flow transitions
among different regimes in milli-channels by using decision trees (determining

inlet geometries).

= Bubbly flow —Chum
D 1 - S| ﬂow _
'E" ".‘. =, e ‘“T_:_
“-:n_ 0.1 7/ .‘
J_I '
0.01

0.001 4 Taylor flow Taylor-
annular flow
T 1 |I|I|J| T |||||||| T |.|||||I'| T 1 I|.IJI|I T T T TrIl
0.001 0.01 0.1 1 10 100
Ug/ (ms™)

Fig. 1-2 Superimposed flow transitions for selected flow maps in milli-channels (ucs and ugs
are gas and liquid superficial velocities). The different colored lines refer to different inlet
designs. Adapted from Haase et al. (2020).

These authors also proposed mathematical relationships based on seven
dimensionless numbers to describe the transitions between Taylor flow and other
flow regimes, namely, bubbly flow, Taylor-annular and churn flow. These

dimensionless numbers were described as below:
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o Gas-liquid superficial velocity ratio: n = & (1-1)

JL

where jc and j_ were the gas and liquid superficial velocities, respectively.

e Gas to liquid viscosity ratio: =& (1-2)

ur

where uc and u. were the gas and liquid dynamic viscosities, respectively.

e Gas to liquid density ratio: ‘;—z (1-3)

where pg and p_ were the gas and liquid densities, respectively.

e Liquid Reynolds number: Re, = 224t (1-4)

HL

where d was the channel hydraulic diameter.

. 2
e Liquid Weber number: We, = % (1-5)
L

where o was the liquid phase surface tension.

e Dimensionless contact angle: ©* = 1“8—(; (1-6)

where ® was the contact angle of the channel wall.

e Channel form factor: R, = Ac‘:lﬂ (1-7)

which represented the area ratio between the maximal area of a circular fitted into
the channel cross section Acirmax and the cross-sectional area of the channel Q.
Therefore, considering these defined dimensionless numbers, the
transition boundaries between the Taylor flow and other flow regimes were listed
in Table 1-1. Haase et al. (2020a) showed how it was convenient to predict the

flow regimes for specific operating conditions, fluid properties, channel

6
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parameters, and inlet geometries, etc. However, the proposed transition
boundaries are limited by the precision of the used experimental data collected
from literature. Thus, it is still necessary to develop some smart-designed
configurations involving non-subjective judgement methods for flow regimes and

enriching some inadequate data.

Table 1-1 Summary of transition boundaries between the Taylor flow and other flow regimes

for different inlet geometries. Adapted from Haase et al. (2020a).

Flow Inlet N _
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Among all the distinguished flow regimes, Taylor flow draws the most

scientific interest due to its segmented and regular flow structure, and it can be
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operated under a large gas and liquid flow rate domain. As shown in Fig. 1-3, the
liquid phase separated by Taylor bubbles are called liquid slugs. Due to the
periodic appearance of Taylor bubbles and liquid slugs, the unit cell containing
one Taylor bubble and one liquid slug is defined to facilitate the formalization.
The length of bubble and liquid slug are also indicated in Fig. 1-3. The bubble
velocity is generally calculated according to the displacement of the bubble

centroid.
Unit Cell
Lg U

Liquid slug Bubble

Fig. 1-3 lllustration of bubbles, liquid slugs, and unit cell for Taylor flow, and schematic
representation of bubble length (Lg), liquid slug length (Ls) and bubble velocity (Ug) in a

milli-channel.

For wetted channel (hydrophilic for aqueous media), there was generally
a thin liquid film between the Taylor bubble and channel walls. The evaluation of
the liquid film thickness was first theoretically formalized by Bretherton (1961).
More details will be given in the subsequent chapters.

The study of Taylor flow motion dated back to 1960s by Taylor (1961) in
a circular channel, who first postulated the recirculation loop and proposed three
types of flow recirculation loop by stagnation points. The recirculation loop flow

pattern in liquid slugs was later confirmed experimentally using PIV (Thulasidas

et al., 1997) and related to capillary number (Ca;p = %'TP). Fig. 1-4 illustrates
L

the flow streamlines and recirculation loops in the liquid slug. The velocity of the

bubbles was lower than the fluid speed at the centerline of the liquid slug. As a

result of mass conservation, and confinement by bubble caps and channel walls,
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the liquid inside liquid slug formed the recirculation loop. Apart from two
symmetrical vortices, there were secondary vortices at the bubble nose and rear
region. More detailed information of recirculation loop were reported in the
reviews of Yao et al. (2018) and Yao et al. (2021). In addition, the recirculation
effect was at a maximum when there was no film since all liquid phase inside of

the liquid slug could completely confined between the bubble caps.

- (e )
Sec ndary vortices
()&

Reverse flow Forward, flow

PIV results

Primary
vortices

Primary
vortices

-

Fig. 1-4 Illustration of recirculation loops: (a) the recirculation flows in droplets and liquid
slugs (b) model illustrating the absolute velocity profile as well as forward and reverse flow in
the reference of droplet. O is the stagnant point and ro is its radial location. (c) PIV and CFD

results of recirculation loops in both phases. Adapted from Yao et al. (2021).

1.2.1.2 Bubble formation

The microtechnology devices allow to produce highly regular, repeatable,
and mono-dispersed bubbles and liquid slugs, which is a very interesting feature
for carrying out multiphase reactions, especially when competitive and/or
consecutive reactions take place. For that, special attention should be paid to the
bubble formation process, which has been investigated through experimental and
simulation methods (Fu and Ma, 2015), because the question of “when and how
bubble pinch-off happens™ directly determines the bubble size, frequency and
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flow regimes (Dang et al., 2013). The main factors influencing bubble pinch-off
in microfluidic devices were found as follows: the channel geometry (Garstecki
et al.,, 2006; Dietrich et al., 2008), the gas-liquid superficial velocity ratio
(Garstecki et al., 2006), the viscosity of the liquid phase (Lu et al., 2014b; Zhang
etal., 2017), interfacial tension (Lu et al., 2014a) between two phases, rheological
property (Fu et al., 20114, c; Fu et al., 2012) of the liquid phase and surfactants
(Li et al.,, 2020a). In particular, the channel geometry could be further
characterized by the inlet geometry (e.g., T-junction, flow-focusing/cross-
junction and co-flowing geometries), wettability of channel, and cross-sectional
shapes (Garstecki et al., 2006).

Squeezing regime Dripping regime Jetting regime

T-junction r-l rooco r......

Flow-focusing- . N E 2 FXIXXIIE iyt

Co-flowing -—. - ‘ @ 00000 == ocecccsee

Fig. 1-5 Schematic representations of bubble formations regimes depending on the inlet

geometries. Adapted from Yao et al. (2021).

The bubble formation mechanisms in microfluidic devices were widely
classified into three patterns (Fu and Ma, 2015), i.e., squeezing, dripping
(shearing), and jetting regimes (Xu et al., 2008), as illustrated in Fig. 1-5, which
were analyzed through image analysis or numerical simulations. The bubble
breakup patterns were influenced by the balance between exerted forces on the
gas finger (or gas thread), namely interfacial force, viscous shear force, and inertia
force (Dollet et al., 2008).

10
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Among them, the jetting regime (De Menech et al., 2008; Fu et al., 2009;
Castro-Hernandez et al., 2011; Xu et al., 2014) was usually encountered under
high capillary numbers, and the bubbles were pinched-off by the surrounding
liquid downstream the inlet (e.g., cross-junction, or gas micro-capillary). The
pinch-off was usually triggered by the balance between viscous shear force and
interfacial force. In the jetting regime, the generated bubble sizes were far smaller
compared to the channel size.

In the squeezing regime (Garstecki et al., 2006), the dispersed phase
penetrated into the main channel, propagated towards the wall and downstream,
resulting in a blockage of continuous phase flow. Due to this blockage, the
increased pressure force induced at the upstream of the gas thread finally triggered
the breakup. The interfacial force dominated the viscous force (i.e., low Capillary
numbers). Under the squeezing schemes of bubble formation, this process could
be described by three stages: filling (or expansion), squeezing (or collapse), and
fast pinch-off (or nonlinear breakup).

The dripping (shearing) regime was a transition regime between the
squeezing and jetting regime, which was also encountered under high Capillary
number. The gas phase entered the main channel without blocking it, leading to
that the liquid phase could still freely bypass the gas thread. The viscous shear
force also took a major role in rupturing bubbles, which were detached near the
Cross junction or gas micro-capillary.

Concerning the transitions between these formation regimes, Garstecki et
al. (2006) found that the transition between the squeezing and dripping regimes
occurred for a critical Capillary number equal to 102 Later Xu et al. (2008) and
Fu et al. (2010b) further specified the Capillary number domains for different
formation regimes. The Capillary number ranges for squeezing and shearing
regimes were identified at (10, 0.0058) and (0.013, 0.1), respectively. In addition,
at a medium range of Ca €(0.0058, 0.013) between these two regimes, both

11
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squeezing pressure and the shearing force affected the collapse. This transition

regime was defined as ‘squeezing to dripping’ regime (Xu et al., 2008; Fu et al.,

2011b).

Wed-
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0.152- T 0= s 3@ @«
Dripping Dripping
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0.006 0.009 0.012 0.015 0.018
Ca,
Fig. 1-6 Flow pattern maps of droplet formation in a cross-junction microchannel (600x600
um) containing for oil-water (Cac and Weq represent the continuous Capillary number and
dispersed Weber number). Adapted from Sontti and Atta (2019).

Recently, Sontti and Atta (2019) identified the droplet formation maps
depending on the continuous phase (water) Capillary number and dispersed phase
(oil) Weber number, as shown in Fig. 1-6, which clearly demonstrated the
transition boundaries between different regimes. In addition, this work
highlighted the critical role of dispersed Weber numbers. Furthermore, Madana
and Ali (2020) simulated the droplet formation using VOF method in a T-junction
and classified the droplet formation regimes to five types, as shown in the Fig.
1-7. This flow regime map indicated that the droplet formation regimes and their
transitions were governed by Capillary numbers and gas-liquid flow ratio.
However, the transition judgements between different formation regimes were

rough and fuzzy, and not quantitatively characterized in these studies (Liu and

12
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Zhang, 2011; Li et al., 2019a). Therefore, future studies of the axial position of
gas finger right after the bubble pinch-off (or the axial position of minimum gas
thread neck right before breakup) should be implemented to give more accurate
guantitative descriptions between different formation regimes. Li et al., (2020a)

found that the pinch-off positions may change slightly at different breakup loops.
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Fig. 1-7 Flow regimes of droplet formation as a function of Capillary number Carp and gas-
liquid superficial velocity ratio 7 in a T-junction (100x100 um) with contact angle at 135°.
Adapted by Li et al. (2019a)

Garstecki et al. (2005) were the pioneers to explore the bubble formation
mechanisms in confined channels. They found that the linear collapse was
determined by the confinement of the channel. They further assumed that the
nonlinear breakup was triggered by the Rayleigh-Plateau instability. Later on, van
Steijn et al. (2007) and van Steijn et al. (2009) observed through pPIV

experiments that the reverse flow around the gas thread determined when the

13
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pinch-off occurred and highlighted the crucial role of gutter flow in neck collapse,
as shown in Fig. 1-8. It is shown from the in-plane velocity vectors that there was
a reverse liquid flow through gutters (marked by the red box in Fig. 1-8), which

determined the rapid collapse of bubbles.

Reverse liquid flow
through gutters

- — - - - ——

Fig. 1-8 In-plane velocity at 0.1h (h represents the height of the channel) from the top wall,
before and after the start of the rapid collapse. (a) The thread has lifted from the wall, and
liquid flows through the gap between the thread and the wall. Flow in the gutters runs towards
the tip. (b) The thread has started to collapse, and liquid flow runs from the tip to the neck
through all four gutters. Adapted from van Steijn et al. (2009).
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Velocity (m/s) Velocity (m/s)

Fig. 1-9 Comparison of velocity fields during droplet formation in oil-water+40% glycerol
system for (a) Qc/Qa =2, and (b) Qc/Qd = 4 at Qc = 400 pL/min (Qc and Qq represent
continuous and dispersed volumetric flow rates). Adapted from Sontti and Atta (2019).

In addition, Fig. 1-9 illustrates the velocity fields during droplet formation
in a cross-junction. With an increase of the volumetric flow rates between the
continuous and dispersed phases, the droplet tended to be ruptured downstream
the cross-junction. When the continuous phase from side channels entered into
the cross-junction, the velocity magnitudes around the neck (minimum width) of
droplet were higher.

Many researchers (Garstecki et al., 2006; Dollet et al., 2008; Fu et al.,
2010a; Lu et al., 2014a) also investigated the minimum width of the gas finger
Whneck @and found a power law relationship between it and the remaining time tremain

until pinch-off, as below:
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Wheck = tremainﬁ (1_8)

where 3 was the power law exponent, which was found at 1/3 (Dollet et al., 2008;
Fu et al., 2010a) or 2/5 (Van Hoeve et al., 2011) or 1/2 (Lu et al., 2014a) or 1/6
for non-Newtonian liquid (Fu et al., 2012). Fu et al. (2010a) and Lu et al. (2014a)
observed two stages of collapse processes, the liquid squeezing collapse and the
free pinch-off stage. They showed that an exponent of 0.33 corresponded to the
liquid squeezing stage and was affected by the liquid confinement but independent
with liquid flow rates and viscosity. However, during the free pinch-off stage, an
exponent of 0.5 was identified, independent with the liquid flow rates as well.
Table 1-2 summarizes the main studies about the bubble or droplet
formation in microfluidic devices. One should note that, at present, the dynamics
of bubble breakup are still not fully understood, requiring further investigations

on the flow fields within and around bubbles (Duxenneuner et al., 2014).
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Table 1-2 Works related to bubble or droplet formation in microfluidic devices.

Channel geometries

Reference Crgss— . . Asp ect Inlet Key factors Formatl'on Formation Method Main contents
sectional Dimension ratio geometry mechanism stages
shape (a/b)
Garstecki Winwater/ Wm‘zl(wlmm): 1- Viscosity, . . transition from
1.3- ¥ . Squeezing, Experiments  squeezing to
et al. Rectangular _ T-junction surfactant, . 4 .
h=33, 79um 6.1 . shearing camera shearing at Ca
(2006) Wanain=50, 100, 200um geometries, around 1072
Angle of the
Dietrich flow- Pressure
et al Square 500x500um, 1000 1 Flow- focusing difference \ Experiments  Relations of
(2008) PMMA x1000pm focusing junction: 1111l ;Z:Z micro-PIV ~ bubble length
60°,90°,180°, P
- Reverse flow
van Steijn Rectangular Win= 133, 800pum F:;l:ilg Experiments in gutters
et al. PDMS h=56,800pum 1.8 T-junction  Air-ethanol  Squeezing squeezin micro-PIV determines
(2009) glass Winain=100,800pm qs e & 10kfps non-linear
& breakup
Fuetal. Square 600x600pum 1 Flow- Non- Squeezing, Eégﬁzsgc;n Experiments  Exponent 9 at
2012 PMMA 400x400pm focusing Newtonian shearing p micro-PIV 1/6
H Rupture
D::t;fh Square 500x500um, 1000 | Flow- D“Egrt‘}f:’ns y y Experiments %ﬁleagggglzf
(2013b) PMMA x1000pum focusing channel micro-PIV volume
Lu et al I: Liquid
’ . . squeezing . Exponent 9 at
a(nz(?lljlaz ¢ Square 600600 1 Flow- \giif?zfézy’ Squeezing, collapse; E;:F ehrl;nzgzls, 0.33 and 0.5
al PMMA Hm focusing tension shearing II: free famsra for I and I
(201;1b) pinch-off stage
stage
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To be continued

Channel geometries
Cross-

Inlet

Formation

Formation

Reference . . . Aspect ratio Key factors . Method Main contents
sectional Dimension (ab) geometry mechanism stages
shape
Sontti Flow- Oil and Squeezing, Numerical s?l/;;;;((:):lgn?fn
and Atta Square 600x600um 1 focusin water/water- shearing \ simulation, and flow rate
(2019) £ glycerol and jetting CLSVOF .
ratios
Squeezing,
Lietal Modified Z??Sltilsn» Numerical monoBgitsterersed
) . Square 100x100pm 1 T-junction  ribs after T- . IPPINg, \ simulation, p
(2019a) junctions jetting, and VOF droplet by
parallel rectangular rib
regimes
T Viscosity and
Liet al. Gas.aljlghum Squeezin surface tension
(2020b) Square Flow- Nitrogen: 2(1111 d freeg Experiments effects on
and Li et qlass 600x600um 1 oo L gi o \ o o High speed bubble
al. g using Visco;liltly and p stages camera formation and
(2020a) surfactants pinch-off

period
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Table 1-3 Correlations of liquid film thickness in microfluidic devices (Capillary number Cayp = "‘;jTP, Reynold number Rerp = %, and
L L
Weber number Werp=Carp-x Retp).
Reference Crosz—hs:gélonal Range of Ca Correlations Method
Bretherton Circular Ca<0.003 §/D. = 0.67Ca?/? Theoretical
(1961)
Irandoust and Circular, glass Optical and
1 H — _ — 0.54
Andersson L-omm Ca<2 6/D, = 0.18[1 — exp (—3.1Ca’~*)] theoretical
(1989)
Aussillousand  Circular, 0.84- _ 2/3 2/3 :
QUES(2000) 2 92rnm Ca<l.4 §/D. = 1.34Ca?/3/(1 + 1.34 x 2.5Ca?/3) Optical
Han and _ 8 0.67Ca?? Laser focus
. Circular, glass, — = -
Shikazono Ca<0.25 D, 14 3.13Ca?/® + 0.504Ca%672Re058% — 0.352We0629  displacement
0.3-1.3mm c
(2009) (Re<2000) meter
Kolb and Cerro
h(|199clj), 8siqe/De = 0.05 or 0.01 |
Thulasidas et Scorner — _ _ 0.445 H Optlca
al. (1995), Square, 2mm Ca<0.1 o 0.5(1 — exp(—2.25Ca"**>)), fitted by Kreutzer et al. Numerical
Hazel and Heil (2005a)
(2002)
Confocal
Fries et al. Rectangular, Ca<10 Osige/D. = 0.02 laser
(2008) 200pm Scorner/De = 0.1 scanning
microscopy
) :
Yéooig‘;l' Rectangular (6.5x1073, 5.25x10?) O — 0.217 — 0.154exp(—8.428Ca’628) Optical
w
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1.2.1.3 Liquid lubrication film

The liquid lubrication film located at the channel’s walls is a key
parameter in Taylor flow as closely controlling the efficiency of mass and heat
transfer in micro/milli-channels (Patel et al., 2017; Atasi et al., 2018; Ye et al.,
2020).

Various experimental methods have been applied to measure the liquid
film thickness, as summarized by TibiriGa et al. (2010). Considering the
underlying physical principles, they could be divided into acoustic (Al-Aufi et al.,
2019), electrical (Huang et al., 2017), optical (Chen et al., 2015; Li et al., 2019b)
and tomographic (Boden et al., 2014) methods.

The liquid film thickness was impacted by the cross-sectional shape of the
channel, Capillary, Weber and Reynolds numbers (Giavedoni and Saita, 1999;
Heil, 2001). The main theoretical or empirical relationships enabling to predict
the liquid film thickness, noted ¢, are reported in Table 1-3.

It is important to keep in mind that, in perfectly wetted circular channels,
the liquid film thickness was uniform in the cross-sectional direction whereas in
perfectly wetted square or rectangular channels, the liquid film was thicker in the
corners and thinner near the channel side walls. Using the double light path
method, Yao et al. (2015) experimentally confirmed that the liquid bypassed the
gas bubbles through channel corners, leading to leakage flow and that gas bubbles
behaved like leaky pistons. They also observed that the maximum particle
(polystyrene particles to trace flow characteristics) velocities of leakage flow
could be 10 times higher compared to the bubble velocity during the bubble
formation and 2 times higher during bubble flowing process. Howard and Walsh
(2013) also demonstrated the coupling relations between the liquid film thickness

and the bubble velocities in a circular capillary, which were mutually impacted.
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The spatial distribution of the film (thickness, homogeneity along the
channel’s length) strongly depended on the properties of the wall’s surface, and
in particular the roughness and wettability; the occurrence of strong
heterogeneities can induce significant disturbances of the gas-liquid flow patterns
(Cubaud et al., 2006). Thus, one could observe some dewetting phenomena
(Khodaparast et al., 2017) or rupture of liquid film (Kreutzer et al., 2018) during
the bubble flowing, especially when the wettability of channel surface was poor
(partially wetting). As illustrated in Fig. 1-10, the complex variation of the liquid
film made the measurement more difficult. Even for the same bubble, at different
cross-sectional positions from the bubble nose to bubble rear, the developed liquid
film patterns were different. To avoid such phenomena, specific surface

treatments on the channel’s wall were generally implemented.

(@) Ly (b) Ly

(1) —Lyy— (1) b Ly

. | Uel Tw | * |] ;
—U—‘-> W( q = Up = W( O P D | U

‘ : - :
corner flow [3 Q H j Q 11.1

Fig. 1-10 Dewetting patterns around a flowing bubble due to local thinning of film depending
on the surface condition of the PDMS microchannels at similar bubble velocities (Ca ~ 10°7%).
(a) Less wettable surfaces (receding contact angle>25°). (b) More wettable surfaces (receding

contact angle~0°). Adapted from Khodaparast et al. (2017).

Although the important role of liquid film has been widely recognized, its
contribution to the gas-liquid mass transfer remained difficult to measure

experimentally. Most studies focused mainly on the mass transfer within liquid
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slugs, but it is a challenge to directly visualize how strong the mass transfer occurs

in the liquid film.
1.2.1.4 Pressure drop

The understanding and accurate prediction of the pressure drop is of great
importance for designing micro/milli-reactor.

It is well-known that the pressure drop of a single phase for circular cross
section under fully developed Hagen-Poiseuille flow could be calculated as below
(Kreutzer et al., 2005b):

Ap _ pU~ 4 .
T_fRe 2 d (1-9)

where the friction coefficient fr, was equal to 16/Re.

For two-phase flows, in particular for Taylor flows, various approaches
were proposed to predict the related two-phase pressure drop (Eain et al., 2015),
consisting in homogeneous and separated flow models. The homogeneous model
considered the two phases as a pseudo fluid which was characterized by the
average properties (i.e., homogeneous density and viscosity by void fraction) and
calculated the pressure drop using single phase model. On the contrary, the
separated flow model took account the contributions of each phase and their
interactions.

Generally, the total pressure drop depended on several contributions:
friction, acceleration, gravity, shape and sizes of the bubbles, and losses
(entrance/exit effects) (Fries et al., 2008; Lewis and Wang, 2018; Lewis and Wang,
2019).

In steady flows and in micro/milli devices, the frictional effect remained
the main contribution, as commonly calculated according to the Lockhart-
Martinelli (noted L-M) model (Lockhart and Martinelli, 1949):
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BDre = (Do.” (1-10)
b2 =14+ % n % (1-11)
22 = (Pl D (1-12)

where (ATp)L and (ATP)G were liquid and gas single-phase pressure drops. Here A

represented the Chisholm factor (Chisholm, 1967) and it was an empirical
parameter correlated to experimental conditions.

This L-M correlation was originally proposed from the horizontal straight
channel, and thus needed to take other parameters into account, namely, the spiral,
coiled or meandering geometry of the channel. Vashisth and Nigam (2007)
compared the frictional pressure drop in a coiled flow inverter and the one in a
straight helix and straight tube, and they observed an increase of pressure drop
with a factor between 2.5 and 3. Kurt et al. (2017) also found that the pressure
drop in curved channels with small curvature ratios were higher than the one in
straight channels.

Concerning the Taylor flow regime, Abiev (2011) proposed a
mathematical model for the pressure drop which considers the contribution of the
rearrangement of velocity profile in liquid slug, and of the formation or renewal
of interface area during the bubble flowing. They pointed out the importance of
bubble numbers on the pressure losses.

Furthermore, several studies also have shown the important role of surface
wettability in the overall pressure drop in gas-liquid Taylor flows, either through
experiments (Lee and Lee, 2010; Choi et al., 2011), modelling (Qu et al., 2014;
Mei et al., 2020a) or numerical simulations (Kumar et al., 2007). Apart from the

frictional pressure drop, they observed that the capillary pressure drop induced by
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the contact angle hysteresis (CAH) for the poorly wetting cases (contact angle >
909 was higher than the frictional pressure drop. The wettability could also
change the bubbles and liquid slug shape (Ide et al., 2008), and induce longer
bubble and liquid slug lengths (Abdelwahed et al., 2012). In addition, Cubaud et
al. (2006) investigated the liquid film of the gas-liquid flow in various hydrophilic
and hydrophobic channels. They found that unlike in hydrophilic flows, bubbles
were not lubricated under hydrophobic flows and three phase contacting triple
lines (gas/liquid/solid, i.e., the bubble caps and liquid slugs and channel walls)
were thus created. The moving triple contact line resulted in higher energy

dissipation than inertia and viscous forces did (Lee and Lee, 2008).

1.2.2 Gas-liquid mass transfer in Taylor flows
1.2.2.1 Mass transfer mechanism and modeling

Many questions remain to be addressed with respect to the strong coupling
between local hydrodynamics, gas-liquid mass transfer, and even with chemical
reaction Kkinetics. For example, the size and velocity of a bubble may vary along
the channel because of the mass transfer phenomena, and the pressure drop (Eskin
and Mostowfi, 2012; Zhang et al., 2018; Nirmal et al., 2019). For gases with high
solubility, this variation of bubble size and velocity were strongly pronounced,
and even more when the transported gas was quickly consumed by the reaction in
the liquid phase.

Some theoretical models, as reviewed by Abiev (2020), have proposed
interesting insights revealing the mass transfer mechanisms for Taylor flows,
which included the gas transported: (1) from the bubble caps to the adjacent liquid
slug as indicated by red arrows, and (2) from the bubble body to the liquid film

adjacent to the channel wall, as depicted by green arrows in Fig. 1-11. These two
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parts were affected by the recirculation motion in the liquid slug and by the

possible saturation of the liquid film, respectively.

Unit cellI Liquid film

Fig. 1-11 Schematic diagram of mass transfer occurred in Taylor flows: green and red arrows
represent the transferred gas from the bubble lateral bodies into the liquid film and the
transferred gas from the bubble caps into the liquid slug.

The overall mass transfer (k_-a) in gas liquid Taylor flows in micro or milli
devices has been studied through different kinds of approaches, most of which
were global methods and a few were local approaches. Various empirical and
semi-empirical correlations have thus been put forward, as reported by Haase et
al. (2016) and Sattari-Najafabadi et al. (2018). These correlations (Bercic and
Pintar, 1997; Van Baten and Krishna, 2004; Vandu et al., 2005; Yue et al., 2007;
Yaoetal., 2014; Yao et al., 2020) have pointed out the key factors that contributed
to the mass transfer coefficients: the diffusion coefficient, unit cell length, bubble
velocity, gas hold-up, and liquid phase properties, etc. Nevertheless, these
correlations, often dimensional, fail to capture the effect of the channel geometry
and the different physical mechanisms (diffusive and convective) controlling
mass transfer rates.

At last, depending on the methods and operating conditions, some
representative correlations are listed in Table 1-4, which will be used later for

comparisons in Chapter 4.
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Table 1-4 Selected correlations/models for calculating mass transfer coefficients for Taylor

flow in milli-channels.

Reference

Correlations

Methods and

conditions

Bercic and Pintar

(1997)

Vandu et al. (2005)

Yue et al. (2007)

Van Baten and Krishna

(2004)

Dietrich et al. (2013a)

Butler et al. (2016)
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DUg 1
kpa=45 —2—
Lyc dit

Sha = ——(0.084Red?1*Ref %7 Sc0%)
it

k 2v2 [DUg
( La)cap - dir LUC

_ UBD ln(l/A) 4LF
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( )lem - Lycdit

(kL@)eqy = 22 222 2 | <oq

7T dit Lyc'

2\/— DUg 4
—, Ls>2
(kLa)Cap 1.8m dlt LUC S dlt

Global offline,
straight capillary (di
1.5t0 3.1 mm)
Global offline,
straight capillary (di
1 to 3 mm)
Global offline,
square straight
channel (0.2 and 0.4

mm)

CFD simulations,
circular tube (1.5, 2

and 3 mm)

Colorimetric local
method, square

channel (2 mm)

PLIF-1 local
method, vertical

tube (3 mm)
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For Taylor flows in micro/milli-channels, Nirmal et al. (2019) classified
the mass transfer models into three types, as illustrated in Fig. 1-12.

For the first type of models (Bercic and Pintar, 1997; Vandu et al., 2005;
Lefortieretal., 2012; Yaoetal., 2014), it is assumed that (1) the liquid film around
bubbles, liquid film around liquid slugs and liquid slugs had the equal dissolved
species concentrations at any given time; (2) bubble velocity was constant during

dissolution; (3) the average mass transfer coefficient inside one unit cell was used.

Unit cellI

- Model (i)

- Model (ii)

.- Model (iii)

Fig. 1-12 Summary of previously proposed mass transfer model for Taylor flow (green and
blue zones in liquid represents different concentrations considered). Adapted from Nirmal et
al. (2019).
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For the second type of models (Abolhasani et al., 2012; Eskin and
Mostowfi, 2012), the liquid slugs and the liquid film around liquid slugs were
assumed with identical dissolved species concentration and the liquid film around
bubbles was described as plug flow. This model could deal with variant bubble
velocity along the channel.

Finally, for the third type of models, Butler et al. (2016) treated the liquid
film around bubbles and liquid slugs as one liquid film with uniform dissolved
species concentrations. Bubble velocity was assumed constant during dissolution
as well.

As pointed by Nirmal et al. (2019), the main limitations of such models
were that the bubble velocity and size were assumed constant throughout the
channel and that the variation of the mass transfer coefficient during the
dissolution process was not taken into account. Therefore, there is a need to
identify the time or axial variation of the transport rates for modeling purposes. A
first attempt was presented by Pan et al. (2014) using experimental studies and
CFD simulations. Later, the complete evolution of the spatial and temporal
concentration field within the liquid