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Sudy of gas-liquid two-phase flow and bubble behaviorsin
microchannels

Preface

Since 1990's, the development of miniaturization is an important trend of the natural
sciences and engineering technology. With the putting forward and development of
the concepts of micro total analysis system (u-TAS), micro electro mechanical
systems (MEMS), microfluidics, microsystem, lab on a chip, etc., micro-chemical
technology becomes one of the new developmental orientations for the chemical
engineering science. Over the last decade, the studies on micro-chemical technology,
including micro-emulsification, micro-mixer, micro-heating, micro-reaction,
micro-separation, micro-analysis system, etc., have been in a rapid development trend.
International Conferences on the themes of "micro-reaction technology (1997)",
"microchannel and minichannel (International conference on microchannels and
minichannels, 2003)", "Microfluidics (1 st European conference on microfluidics,
2008)", etc., have been held. Research units in Germany, the United States, Japan,
France, the Netherlands, the United Kingdom and China and other countries, have
carried out a large number of investigations on micro-chemical technology and have
achieved certain results. For example, IMM, DUPONT, PNNL, BASF and other
companies have launched some micro-chemical-related researches.

Currently, for the applications of microfluidics, it is still relatively limited to
achieve large-scale industrial production technology, within which, the inkjet printer
technology is the most familiar one. Small-scale production technology, including the
screening of protein crystallization conditions, high-capacity screening of drug
development, as well as single molecules or cells in experiments and analysis, and so
on. Microfluidic chips have been used in many functional elements: micro-valves,
micro pumps, micro excitation, micro switch, micro sensors, micro-deconcentrator,
micro mixer, micro-filter, micro-separation device, micro heater, etc..

Microfluidics is the basis of micro-chemical technology. Microfluidics is also a
very cutting-edge field of investigation. The multiphase flow is the foundation for the

investigation and application (mixing, reaction, emulsification, crystallization and



mass transfer) for microfluidics technology. The most common multiphase flow is
liquid-liquid or gas-liquid two-phase flow. The characteristics for the flow patterns of
the gas-liquid or liquid-liquid two-phase flows in microchannels are different from
those in conventional scales. The most notable one is that stratified flow does not
occur in a large number of applications for gas-liquid two-phase flow in
microchannels; the flow patterns could not predict by the traditional criteria for the
flow patterns of gas-liquid or liquid-liquid two-phase flows; the transitions for
different flow patterns are influenced by the liquid and gas medium, micro-channel
dimensions, flow rates of both phases, contact mode for both phases, the properties of
the walls of microchannels and the flow direction, etc.. It is still at the experimental
stage for the investigation of flow patterns for gas-liquid or liquid-liquid two phase
flows in microchannels, and it needs further investigation for the transition
mechanism for flow patterns and a universal criterion for transitions of flow patterns
for gas-liquid or liquid-liquid two phase flows.

Bubbles and droplets are important research contents in microfluidics. In the
study of mass transfer enhancement, the vortex in liquid slug is one of the reasons to
enhance mass transfer. Slug flow can also be used to enhance the mixing effect, and to
reduce dispersion. The advantages of well controllability and potential applications
for slug flows for gas-liquid or liquid-liquid flows in microchannels, have attracted
some researchers. The investigation on the mechanism of bubble or droplet formation
and the flow characteristics for bubbles and drops can enrich the theoretical basis of
microfluidics and could provide new guidance for the development and application of
microfluidics. In general, the common bubble or droplet generators can be divided
into three categories (Figure 1): T-typed micro-channel by cross-flowing rupture
technology (Figure la): the dispersed phase is usually introduced by the vertical
bypass pipe, and the continuous phase is introduced by the main channel, and flow
away from the main channel downstream; T-type or Y-type micro-channel devices
with head-on contact method (Figure 1b-c): the dispersed and continuous phases are
usually introduced by both side channels and flow out from the main channel
downstream; microfluidic flow-focusing devices (Figure 1d): the dispersed phase
usually introduced by the middle channel, and the continuous phase by the two
flow-focusing side channels, and the mixed fluids flow away from the main channel

downstream.
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Fig. 1 Three popular microfluidic generators for bubbles or droplets: (a) cross-flowing T-junction;

(b)-(c) head-on T- or Y-junctions; (d) flow-focusing devices

It is the most common way to generate bubbles or droplets by cross-flowing
method: the dispersed phase is contacted and ruptured by the cross-flowing
continuous phase (Figure 1la). Recently, some authors classified the formation
mechanism of bubbles or droplets into three main types.

1). The confined breakup mechanism: the formed thread of the dispersed phase
blocks the outlet channel and develops in the channel, during which, it is confined by
both the shape and size of the channel. In this stage, the developing thread of the
dispersed phase obstructs the continuous phase, and the continuous phase can only
pass along the film between the thread of the dispersed phase and the channel wall.
The obstruction increases the pressure in the upstream continuous phase of the thread.
The increased pressure drives the interface of the two-phase downstream, ultimately
collapses and pinches-off the thread and generates bubbles or droplets. So this kind of
pressure is also called pinching or squeezing pressure. The regime of the confined
breakup mechanism is called squeezing regime and usually occurs at quite low
capillary number. The size of formed bubbles or droplets is controlled by the ratio
between dispersed and continuous flow rates and usually quite longer than the channel
width.

2). The unconfined breakup mechanism: the formed thread of the dispersed
phase does not touch the wall of the channel, in the entire process of the bubble or

droplet formation. The sizes of formed bubbles or droplets are mainly controlled by
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the local shear around the thread and usually smaller than the channel width. The
regime for the unconfined breakup mechanism is called dripping regime. The channel
for the continuous phase is usually quite wider than that for the dispersed one. Unless
the size of droplet is much smaller than the channel width, the additional force
(pinching or squeezing pressure) plays a role on the formation process of the droplets
in the dripping regime, which makes the modeling of droplet formation even more
difficult.

3). The partly-confined breakup mechanism: the thread of the dispersed phase is
partly confined by the channel, and the breakup is controlled simultaneously by the
squeezing pressure and shear rate. The regime for the partly-confined breakup is
between the squeezing and dripping ones, and called transition regime. The bubble or
droplet size is controlled by both the flow rate ratio of both phases and the capillary
number. Usually, it is not easy to model the bubble or droplet formation in this regime
due to the coupling effects arising from several parameters. The final size of the
droplet is determined by the capillary and the flow rate ratio of both phases, and is
also affected by the configuration of the microfludic device.

The typical configurations for microfluidic flow-focusing devices could be
classified into three types (Figure 2): (I) Capillary flow-focusing device, the gas
streams by the co-flowing liquid phase; (II) The flow-focusing junction aligned to a
small and short orifice, linked to a wide exit; (III) The gas and liquid inlet channels
and the outlet channel have the same straight geometry. The flow rates of both phases
play an important role on the bubble formation process in all of these devices,

whereas, the scaling law is different for different type of geometry.
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Fig. 2 Three typical microfluidic flow-focusing devices

In the more complex microchannels, the flow behaviors of the bubbles or drops



are often changed, such as the happen of coalescence, fragmentation, and collisions,
etc. for bubbles or drops. In microchannels, the capillary number is small. Therefore,
shear forces will deform the interface of two phases, which makes the complexity of
the flow behaviors. In this situation, the flow behaviors are controlled by the capillary
number, the degree of confinement of microchannels and the physical properties of
fluids.

In recent years, the application of micro-Particle Image Velocimetry (micro-PIV)
technique on microfluidics has been attracted more and more attentions. But it still
needs further investigation on the application of micro-Particle Image Velocimetry
(micro-PIV) technology on the formation and movement of drops and bubbles in
microchannels.

In this thesis, the flow patterns for gas-liquid two phase flow and the behaviors
of bubbles in microchannels were observed and recorded in real-time by using a high
speed camera; the velocity distributions in the liquid phase during the formation and
movement of bubbles in microchannels were measured by using a micro-Particle
Image Velocimetry (micro-PIV) in real-time. The characteristics for gas-liquid two
phase flow and the mechanism for bubble formation in various types of
microchannels were investigated. The characteristics for gas-liquid two-phase flow in
vertical rectangular microchannels were studied. The influences of the properties of
the continuous phase (viscosity, surface tension, rheological properties of the liquid
phase) on the bubble formation process were investigated. The coalescence and

fragmentation behaviors for bubbles in complex microchannels were also studied.

Experimental apparatus and procedure

Photolithographic and wet chemical etching techniques were used for fabricating
microchannels onto a 1.6 mm thick 30x60 mm glass plate with chromium and
photoresist coating (AZ1805, China). The design of the microchannel was transferred
onto the glass plate following an UV exposure using a model JKG-2A
photolithographic equipment (Photomechanical Co., China). The channels were
etched into the plate in a well stirred, dilute HF/NH4F bath with an etching time of 15
min. Three 2 mm diameter access holes were drilled on the etched plate at channel
terminals using a diamond tipped drill bit. The T-shaped channel dimensions were 40

um deep and 120 um (160, 240 um) wide, with two 10 mm long side channels and a



40 mm long main channel. An identical sized blank glass plate was used as cover
plate. The etched and cover plate were then bonded at room temperature.
Polytetrafluoroethylene (PTFE) tubes were affixed with epoxy on the etched plate,
surrounding the access holes. In this thesis, T240, T160 and T120, refer to cross
section (depth x width) of microchannels with respectively 40 x 240 um (T240), 40 x
160 um (T160) (Figure 3a), 40 x 120 um (T120).

The flow-focusing microchannels and complex microchannels were prepared in
polymethyl methacrylate (PMMA). The microfluidic device was fabricated in a plate
(45 x 27.5 x 2 mm) of polymethyl methacrylate (PMMA) by precision milling and
sealed with another thin PMMA plate. The square sections were 600 um wide x 600
um deep and 400 um wide x 400 um deep, respectively. Stainless steel tubes (d; =
Imm) were used to connect the inlets and outlet of the microchannel to tygon tubes
(ID = 1.02mm), which were employed to connect the microchannel device with gas
and liquid supplies.

In this thesis, +400 and +600 represent the cross section of microchannels with
400 x 400 um and 600 x 600 pm, respectively. E400 means the microchannels with a
sudden expansion section, with the thickness of 400 um, and the cross section of the
main channel with 400 x 400 um; D1 represents the microchannel with a symmetric

loop and a bended section (Figure 3b).

(a) (b)
Fig. 3 Photos of (a) T-junction, 40 x 160 um (T160); (b) D1 (400 pm x 400 pm);

A home-made laser image measurement system was applied for the visualization
of the patterns for gas-liquid two phase flow in vertical microchannels. The amplified
images of the flow patterns on the frosted glass, produced by shadow display of a
He-Ne laser and amplified by an amplifying lens(f=4.5cm), were captured by a CCD

camera (25 fps). For every condition, at least 100 images were captured. The flow



patterns and liquid film thickness under different conditions were analyzed from
images. After changing any of the flow parameters, At least 200 s of equilibration
time was allowed.

The experimental setups for the generation and flow characteristics of bubbles
and droplets consist of fluid control system and image acquisition system.

Gas was supplied by a N, cylinder to a tank equipped with a pressure gauge that
was used to stabilize the pressure. The gas flow rate was controlled by a high
precision micrometering valve (Sagana Instrumentaion, Luxembourg). Liquid was
delivered from a 60 mL syringe by a syringe pump (Harvard Apparatus, USA). The
gas and liquid streams, introduced from the main channel and the side channel
respectively, meet at the crossing (Fig. 2a), which is located 10 mm downstream of
the inlets. For each flow rate, the system was run for at least 200 s to reach a steady
state, verified through the bubble formation frequency and the bubble size by means
of the camera visualization.

A high speed camera CamRecord600 (Optronis GMBH, Germany) used with a
microscopic magnification lens (1.5%) mounted on an extension tube was set above
the channel. The minimum shutter speed is 1/1000000 s. In this work, the frame rate
of 2000 fps and shutter speed of 1/50000 s were used. The resolution of the camera
was 1280(H) x 256(V) pixels. A cold fiber light (Jeulim S.A., France), placing at the
other side of the channel, was provided to illuminate the channel. A Matlab program
was applied to quantify bubbles’ features on the basis of pixels.

All the experiments are at room temperature and atmospheric conditions.

A micro Particle Image Velocimetry system (micro-PIV) (Dantec Dynamics,
Denmark) was used by seeding the carrier fluid with 0.88 pm diameter calibrated
Latex particles (Merck, France) and visualizing the flow through a 10x objective
mounted on an inverted microscope. The concentration of the seeding particles in the
solution was prepared to ensure approximately five particles in each interrogation
area.

The flow was illuminated by a stroboscope. By shadowgraphy of the seeding
particles, images of the flow were taken by a double image digital camera through the
inverted microscope. The duration of the strobescope pulse was between 10 ps and 5
ms. After exposure, the image field was transferred to the storage on the digital
camera, so that a second image field could be recorded by the camera. After a

specified time delay, 4¢ = 300 ps in our case, a second strobescope pulse was used to



record another image onto the camera. Both images were then read out of the camera
and downloaded to a computer for further processing.

The FlowMap software (Dantec Dynamics, Denmark) was used to analyse these
raw image pairs, using an interrogation window size of 64 x 64 pixels and a 50%
window overlap. In order to eliminate the background noise in the gas phase and
outside areas of the channel, the raw images were masked by masking function. Then,
the masked images were processed by the cross-correlation function, in which way,
the raw velocity vectors in the continuous phase were gained. There are also some
incorrect vectors remaining from noise peaks in the correlation function. So it is
necessary to subsequently validate the u-PIV vector map. Velocity range and moving
averaged validation were used to validate the raw vector maps, resulting in the final
vector fields, with a spatial resolution of 48 x 48 um and 23 vectors across the 600
um channel. A Matlab program was applied to quantify the features of the gaseous
threads and formed bubbles on the basis of pixels.

A Rheometric Fluid Spectrometer RFS II (Rheometric Scientific, USA) was
employed to characterize the viscosity of the liquids. The surface tension was
measured using a tensiometer, by the pending drop technique on a Tracker apparatus
(I.T. Concept, France).

In the study of flow patterns for gas-liquid two-phase flow in vertical
microchannels, three different liquids, deionized water, ethanol and propanol, with
various physical properties were used as the liquid phase; air as the gas phase.

For the study of the characteristics of bubble motion and flow in microchannels,
nitrogen was used as the gas phase and de-ionized water as the liquid phase. Three
different glycerol (Prolabo, France) concentrations of 25 wt %, 50 wt % and 62 wt %
were mixed with water to vary the viscosity of the liquid phase. Different
concentrations of sodium dodecyl sulfate (SDS) (Amresco, USA) (0.1 wt %, 0.25
wt %, 0.5 wt %, 0.8 wt %,) were used as surfactants in the aqueous phase to modify
the surface tension.

Different concentrations of polyacrylamide (PAAm) (AN 913 SH, France) (0.1 —
1.25 wt %) were employed as non-Newtonian fluids. They behave as shear-thinning
fluids and could be fitted by the power-law model in the range of the shear rates
corresponding to the volumetric flow rates of the fluids.

A Matlab program was applied to quantify the features of the gaseous threads

and formed bubbles on the basis of pixels.



Experimental results and conclusions

1. Flow patterns for gasliquid two phase flow in vertical rectangular
microchannels

Gas-liquid upward two-phase flow in vertical rectangular microchannels
(cross-section: 40 x 240 um and 40 x 160 um) was investigated by means of a laser
image measurement system. Air was used as the gas phase; de-ionized water, ethanol
and n-propanol were used as the liquid phase.

Bubbly, slug, annular, annular-stratified and stratified flow were observed.

Bubbly flow: The gas phase is dispersed, forming discrete bubbles in the
continuous water phase. The diameters of these bubbles are always less than or equal
to the microchannel width. This flow pattern typically occurs at low gas velocities and
relatively high liquid velocities.

Slug flow: This flow pattern occurs at low gas and liquid velocities. The lengths
of slug bubbles are greater than the microchannel width. The bubbles often have
bullet shaped tops.

Annular flow: At medium gas velocities, annular flows are observed. In this flow
pattern, a gas core flows along the channel, surrounded by a smooth-thick or
serpentine-like liquid film.

Stratified flow: At high gas velocities, stratified flows are observed. The interface
of the two phases can be smooth or wavy.

The appearance of stratified flow in microchannels is owing to low aspect ratio
of the microchannel, the surface tension force and the mixing effect in the inlet
section. The ranges of the relative parameters are: 0.17 < h/w, <0.25, 0.18 < Reg <
42.48,0.12 < Re; < 26.73,1.97 x 10 °< Weg< 0.19, 1.64 x 10 < We;, < 0.26.

The flow patterns map and transition lines were plotted with the gas and liquid
superficial velocities as the coordinates. The transition lines were affected by the
properties of the liquid phase and the size of the microchannels. As the channel
width decreased, the slug/annular, annular/annular-stratified and
annular-stratified/stratified flow transition lines shift to left. The bubbly/slug flow
transition line shifts to left and underside.

A universal flow pattern map was induced from all of the experimental data on



the basis of the aspect ratio H/W, the Reynolds number Re and the Weber number We.
And the ranges of these dimensionless numbers are: 0.018 < Reg< 42.48, 0.12 < Rey <
26.73,9.50 x 10 ”< Weg< 0.19, 1.64 x 10 °< Wer < 0.26, 0.17 < H/W <0.25. The
universal flow pattern map is capable to predict the slug and stratified flows for
gas-liquid two-phase flow in vertical rectangular microchannels with low aspect
ratios.

The experimental data were compared with several transition lines between
various flow regimes from literature. It was still hard to predict exactly the flow
pattern for two-phase flow according to the existing maps.

For stratified flow, the film thickness decreased with decreasing the liquid flow
rate and channel width, and with increasing the gas flow rate. A correlation was
proposed to predict the film thickness, which could be used as a tool for the design of

the microdevices.

2. Bubble formation in a microfluidic T-junction by cross-flowing mechanism
1) Bubbleformation in Newtonian fluids

The squeezing-to-dripping transition for bubble formation in a microfluidic T-junction
by cross-flowing rupture technique was investigated using a high-speed digital camera.
Experiments were conducted in a glass microfluidic T-junction with the cross-section
of the microchannel of 120 um wide and 40 pm deep. N, bubbles were generated in
glycerol-water mixtures with several concentrations of surfactant sodium dodecyl
sulfate (SDS). Three different regimes were identified for generating different kinds
of bubbles: squeezing, dripping and transition regimes. Various forces exerted on the
gaseous thread in different regimes were analyzed. Long slug bubbles were formed in
the squeezing regime, while dispersed bubbles in the dripping regime. The transition
regime formed short slug bubbles. The bubble sizes in various regimes could be
correlated with several dimensionless numbers such as the ratio of gas/liquid flow
rates and capillary number. The two-step model for droplets was extended to describe
the bubble formation.

The formed bubbles could be divided into two patterns: slug bubbles, which are
longer than the width of the channel; dispersed bubbles (bubbly), which are smaller
than the channel width. The two different patterns stem from different mechanisms

due to various forces involved. The conditions for different kinds of bubbles could be
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classified into three regimes with the gas flow rates and the capillary number of the
liquid phase as coordinates): long slug bubbles are generated in the squeezing regime;
dispersed bubbles in the dripping regime; and short slug bubbles in the transition
regime:

-the squeezing regime: the shear stress caused by the liquid phase to the gaseous
thread is much smaller than the surface tension force, and is not sufficient enough to
collapse the gaseous thread. The expanded gaseous thread blocks the liquid phase, and
the accumulated pressure in the obstructed liquid phase is the main force to drive the
gaseous thread. This regime occurs in the range of 10 < Ca < 0.0058, and the size
of formed slug bubblesis L/w, >2.5.

-the dripping regime: the shear stress caused by the liquid phase is enough to
drive and collapse the gaseous thread, and the formation process is controlled by both
the shear stress and surface tension. This regime occurs in the range of
0.013<Ca<0.1 , and the size of formed dispersed bubbles is typically
JEw T, <1,

-the transition regime: the gaseous process is driven by both the squeezing
pressure and the shear stress. This regime happens in the range of
0.0058 < Ca < 0.013, and the size of generated slug bubbles obeys L/w, <2.5 and

Long slug bubbles were generated in the squeezing regime. The additional
squeezing pressure controls the formation process. The bubble size could be simply
correlated by the ratio of gas/liquid flow rates. The formation process could be
divided into three stages: (i) the two fluids form an interface at the T-junction. The gas
stream penetrates into the main channel and a gaseous thread begins to expand mainly
in the radial direction from the main channel point of view until a neck appears. This
expansion stage has a duration ¢,; (ii) the thread experiences the collapse stage with a
collapse time f.. The flow in the main channel distorts the thread in the downstream
direction. The interface on the upstream side of the thread moves downstream. (iii)
the neck propagates downstream and the shortest distance from the interface to the
wall W, decreases until it pinches off finally, thereby forming a new leaving bubble.
The pinch-off time ¢, is quite short. The formation mechanism of long slug bubbles
is essentially controlled by the gas and liquid flow rates. The relationship between the
normalized bubble length and the ratio of gas/liquid flow rates is linear and the slope

is equal to the depth/width ratio of the channel. The squeezing pressure in the
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obstructed liquid phase is much higher than the viscous force on the gaseous thread.
Therefore, the squeezing pressure is the dominant force to drive and pinch-off finally
the thread.

Dispersed bubbles were generated in the dripping regime. The shear stress
exerted on the gaseous thread drives and collapses the thread against the surface
tension. The bubble size could be correlated by the capillary number of the liquid
phase. The additional force, such as squeezing pressure also influences the formation
process, except bubbles of too small size that don’t affect significantly the liquid flow.

Short slug bubbles were generated in the transition regime. The additional
squeezing pressure, the shear stress and the surface tension contribute simultaneously
to the bubble formation. The bubble size could be correlated by both the capillary
number of the liquid phase and the ratio of the gas/liquid flow rates.

The two-step model was applied to describe the bubble formation in our study.
The bubble volume could be considered as the addition of two consecutive parts: the
expansion volume and the accumulated volume during the collapse stage. The
influence of key parameters on the equivalent radius of the thread in the expansion

stage as well as the collapse time was also quantitatively investigated.

2) Bubble formation in non-Newtonian fluids

The effects of the rheological properties of PAAm solutions (0.1-0.5 wt%) on the
formation of bubbles were investigated. N, bubbles were generated in different
concentrations of polyacrylamide (PAAm) solutions. Various flow patterns were
observed at the T-junction by changing gas and liquid flow rates. The breakup
mechanism for bubbles was investigated to gain insight into the effects of flow rates
and concentrations of PAAm solutions on bubble size. The gaseous thread collapses at
a constant speed in the collapse stage; while during the final pinch-off stage, the
variation of the minimum width W,, of the gaseous thread with the remaining time
(T—t) could be scaled as W, ~(T—t)0'21. The bubble size increases non-linearly
with the increase of gas/liquid flow rates ratio, and decreases with increasing the
concentration of PAAm solutions.

The flow patterns for bubbles generated in non-Newtonian fluids could be
divided into three regimes: slug bubble, intermittent flow and stratified flow regime or
jetting flow regime.

Five differences were observed between bubble formation in Newtonian fluids
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and non-Newtonian fluids: the tip of the gaseous thread is sharp in non-Newtonian
fluids, while, in Newtonian fluids, it is parabolic; the gaseous thread just attaches to
part sides of the channel walls and it is asymmetric to the middle of the channel in
non-Newtonian fluids, while, in Newtonian fluids, the gaseous thread attaches all of
the channel walls or none of them and it is symmetric to the middle of the channel,;
the gaseous thread is narrower than the channel in non-Newtonian fluids, while, in
Newtonian fluids, its width almost equals to that of the channel; the thread is not
uniform in the axial direction, and it becomes wider as it propagates to the downward
direction in non-Newtonian fluids, while it is almost uniform in axial direction in
Newtonian fluids, except for the region near the neck; in non-Newtonian fluids, the
rear is narrower than its tip for just formed bubble, and all of the bubble is narrower
than the channel, while in Newtonian fluids, the bubble is uniform in the radial
direction.

The gaseous thread collapses at a constant speed in the collapse stage and the
collapse process for gaseous thread in non-Newtonian fluids fluctuates and the
amplitude of the fluctuation is strengthened as the flow rates increase. This
phenomenon is owing to the shear-thinning property of the PAAm solution, i.e., its
viscosity decreases with the increase of the shear rate. The diminishing neck of the
gaseous thread decreases the shear rate of the surrounded liquid phase, therefore, the
viscosity of the PAAm solution increases. The viscous forces exerted on the thread
become greater and affect the collapse speed, inducing fluctuation to the collapse
process.

The speed of the gaseous thread in the final pinch-off stage increases abruptly
and is non-linear. The final pinch-off process of the thread in the present experiment is
also could be regarded as a 3D unstable one. The relationship between the width of

the neck and the remaining time is: W, ~ (7 — t)O'Z‘iO'O‘

, which signifies that the
pinch-off stage of the thread is not just controlled by viscous and surface tension
forces, but also influenced by inertia.

The effects of the concentration of the PAAm solutions and the ratio of gas/liquid
flow rates on the size of formed bubbles were studied. The size of formed bubbles
increases non-linearly with the increase of the ratio of gas/liquid flow rates, and
decreases with increasing the concentration of PAAm solutions. For bubble formation
in non-Newtonian fluids, the gaseous thread is narrower than the channel and the

inertia, viscous and surface tension forces could not be ignored, in comparison with
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the accumulated pressure. Furthermore, the shear-thinning properties of the PAAm
solutions complicate the bubble formation process and finally influence the bubble

size.

3. The velocity distributions for single phase flow in microchannels measured by
micro-PIV

The velocity distributions for Newtonian and non-Newtonian single flow in
micrchannels were investigated using a micro-Particle Image Velocimetry (micro-PIV)
system. Experiments were conducted in a PMMA square microchannel with 600 pm
(wide) X600 um (deep) and 400 pum (wide) X400 um (deep). Water with different
concentrations of glycerol was wused as Newtonian fluids, while different
concentrations of polyacrylamide (PAAm) were used as non-Newtonian fluids, which
were 0.1 wt%, 0.25 wt%, and 0.5 wt%. The experimental data and the predicted
values calculated by traditional theory for conventional large size channels were
compared. And the result showed that the velocity profiles are followed by the
traditional theories for both Newtonian and non-Newtonian fluids in microchannels
with the order of magnitude of 100 yum.

For Newtonian single phase flow in microchannels, the velocity distributions
increase with increasing the volumetric flow rate; the velocity distribution is
independent of the viscosity of the fluids at fixed volumetric flow rates and the size of
the channel; the maximum value of the velocity decreases with increasing the channel
width. The flare angle increases with increasing the channel width; the
three-dimensional velocity profiles could be constructed by measure the velocity
distributions at different height using micro-PIV technique.

The laminar flow profile of non-Newtonian fluids in 600 x 600 pm and 400 X
400 um microchannels was also investigated by the micro-PIV technique. The
experimental data were compared with the classical theory at macroscale. The
velocity profile is followed by the traditional theories for non-Newtonian fluids in
microchannels.

The dimensionless velocity increases with decreasing the exponent n, i.e.,
increasing the concentration of the PAAm solution. The velocity profile u(y) in the
mid-plane of the microchannels increases with increasing the liquid flow rates for a
given fluid within the same microchannel. The maximum velocity increases with

decreasing the size of the microchannel. Obviously, the profile becomes flattened with
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the increase of the channel’s size. Although the local velocity profile is varied with the
volumetric flow rates, the size of the microchannel, the relationship between the
dimensionless velocity and the dimensionless distance is determined just by the
exponent n.

The measured velocity profile provides a method to predict the exponent n of the
shear-thinning fluids and the shear rate. This method provides the possible
applications in rapid and repeated measurements of the rheology properties for

shear-thinning non-Newtonian fluids.

4. Theformation of bubblesin microfluidic flow-focusing devices
1) Bubbleformation in Newtonian fluids

The formation of bubbles in the third kind of microfluidic flow-focusing devices was
investigated using a high speed digital camera and a micro-Particle Image
Velocimetry (micro-PIV) system. Experiments were conducted in two different
PMMA square microchannels of respectively 600 x 600 and 400 x 400 pm. N,
bubbles were generated in glycerol-water mixtures with several concentrations of
surfactant sodium dodecyl sulfate (SDS).

Various flow patterns were obtained at the cross-junction by changing gas and
liquid flow rates. The flow patterns map was drawn by using the gas and liquid flow
rates as coordinates.

Different kinds of bubbles, namely slug bubble, isolate bubble and satellite
bubble, can be observed in water in the cross-junction of the flow-focusing device.

The influence of various operating parameters on the size of bubble, like gas and
liquid flow rates, liquid viscosity and size of the microchannel, were quantified. The
bubble size decreases with the increase of both the liquid flow rate and liquid
viscosity. The bubble size increases with the gas flow rate and the width of the
microchannel. A correlation, under more extended experimental conditions than
previous works, were proposed for predicting the bubble size, basing on the ratio of
gas/liquid flow rates and the liquid Reynolds number. This shows that the effect of
inertia makes a major contribution to the bubble formation.

No significant and measurable impact of the surface tension was observed on the
bubble formation in our experiments for various concentrations of SDS ranging from

0 to 0.8 wt%. Probably, a surface tension measured under static conditions and at
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macroscale could be irrelevant to a fast and dynamical phenomenon for bubble
formation. This suggests that the breakup mechanism is not simply governed by a
competition between the shear stresses and surface tension. The order of magnitude of
three major forces in two-phase flows at microscale was compared: shear stress
(viscous forces) 7= udul/dy , kinetic energy (inertial forces) AP =pu’/2 and
surface energy (surface tension) AP, =2c /(W_/2). The range of these parameters in
the present study is as follows: 7= [0.09,40] Pa; AP= [0.1,80] Pa and
AP = [210,720] Pa. The relative importance of key forces governing two-phase flows
in microchannels is then given by the following order: viscous forces < inertial forces
< superficial forces. The dominant superficial forces could explain the negligible
effect of the surface tension that is also experimentally observed in the microfluidics
literature.

The bubble formation process can be observed by a high speed digital camera.
The measurements of flow fields around a forming bubble, in particular the gaseous
thread, could give quantitative information about the role of the liquid phase during
the bubble formation process

A typical breakup process can be described by three stages (Figure 4a-f): first,
after the pinch-off of a bubble, the gaseous thread expands mainly in radial direction
until it reaches the edge of the outlet channel (Figure 4a-b), but just expands slightly
in axial direction until it reaches the maximum value. Therefore, the length L,
increases sharply, while the width W,, increases gently. This stage is called the thread
expansion stage and the period is named as the expansion time 7. Second, the
flow-focusing liquids drive the thread in its axial direction and a visible neck forms.
The neck collapses at a constant rate; meanwhile, the tip of the thread propagates
downstream (Figure 4c-e). This stage is the thread collapse and the period is named as
the collapse time 7, In the third stage, the thread contracts rapidly and pinch-off
(Figure 4e-f). This stage corresponds to the pinch-off, and its time is named as #,. This
formation process is quite similar to the breakup process that proceeds in a coflowing
flow-focusing device with a confined geometry of a long and narrow orifice.

The formation mechanism of slug bubble at the cross-junction was investigated
to gain insight into the effects of liquid and gas flow rates, and viscosity of the liquid
phase on the breakup rate of the gas thread, and on the collapse time. The
experimental data of the breakup rate and the collapse time of the gas thread were

described as a function of the liquid superficial velocity u;, the ratio of the gas and
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liquid flow rates Q,/Q; and Reynolds number Re= pul /p .

G Flow direction

(b)

(d)

(e) ®

Fig. 4 (a)-(f) Optical micrographs of the evolution of the periodic bubble formation process.

Liquid phase: 0.5 wt% SDS and 62 wt% glycerol -water mixture, Q, = Q;= 840 pL/min

The collapse rate AW, /At increases with increasing continuous viscosity. The
collapse time 7. decreases with increasing continuous viscosity. Obviously, the
increase of liquid viscosity accelerates the formation of bubble by intensifying the
shear stress. Therefore, higher viscosity results in shorter formation time and higher
collapse rate.

As the liquid flow rate is increased, the collapse time ¢, decreases nonlinearly.
The increase of liquid momentum pinches-off the neck of the gaseous thread quicker
and shortens the collapse time.

No significant and measurable influence of the surface tension was observed in
our experiments for various concentrations of SDS ranging from 0 to 0.8 wt%.
Probably, a surface tension measured under static conditions and at macroscale could
be irrelevant to a very fast phenomenon that is the formation of a microbubble.
Furthermore, this suggests that the breakup mechanism is not simply a competition
between the shear stresses and surface tension.

According to the classical theory of capillary breakup, the thinning rate of the
thread is independent of the imposed velocity and correlates with the value of the
Ohnesorge number, Oh* =CalRe= pi* /(pol) (Ca is the capillary number, Re is the
Reynolds number, Ca= uu/c, Re =pul/u, where u, u, p and o are the viscosity,

velocity, density and surface tension of the liquid phase respectively, [ denotes a
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typical radial dimension). For Oh < 1, the collapse rate of the thread is given
byu, ~(c/pl)"*; for Oh >1, u,~(c/u). For our experiments, u = 1 to 10 mPa.s, p =
1000 kgm™, and ¢ = 30 to 40 mN.m', [ = 600 um, Oh= (Ca/Re)"
= ul(pol)’* ~0.006-0.073, u, ~(c/pl)"’* ~0.22-0.26m.s”". These estimates are 1
to 2 orders of magnitude larger than the collapse rate that we measured
experimentally.

According to our observations: (1) the collapse rate of the thread neck is mainly
governed by the liquid flow rates, while it is also slightly dependant on the viscosity
of the liquid phase, and (2) the fact that the collapse rate is much smaller than that of
the capillary breakup is intriguing. We attribute this phenomenon to the constant
supply of the liquid flow by the syringe pump. After the thread attaches the edge of
the main channel and the width of the neck reaches its maximum, the liquid flow
focuses on the thread at a fixed flow rate by increasing the pressure supplied by the
pump. The increased hydrostatic pressure of the liquid leads to the squeezing of
gas-liquid interface at a rate proportional to the flow rate. Meanwhile, the viscous
drag force of the liquid prevents the squeezing at the axial direction. To verify this
explanation, we first plotted the rate evolution of the thread tip and of the
cross-section area of the thread, and measured the velocity fields of the liquid phase
around the thread by a micro-PIV system. Then we correlated the collapse rate of the
thread and the collapse time 7, in the form of several dimensionless numbers in
function of the ratio of the gas/liquid flow rates and the Reynolds number.

During the pinch off stage, the variation of the minimum width of the gaseous
thread W,, with the remaining time could be scaled as W, «(Q, /Q) (T -1)".
Certainly, the magnitude of W,, depends on the gas and liquid flow rates, liquid
viscosity and size of the microfluidic device. Besides the time scaling, W, increases
with the increase of the liquid flow rates and the size of the device, with the decrease
of the liquid viscosity and the ratio of gas/liquid flow rate.

In Figure 5a-f, we present the instantaneous velocity fields inside the continuous
phase during one period (7 = 218 ms) of bubble formation in a 0.8 wt% SDS -water
mixture, at Q;= 600 uL/min, Q, = 840 uL/min. At ¢t = 0 ms, a new cycle of the bubble
formation begins. The velocity profile in the liquid phase is quite similar to the flow
in a T-junction. At ¢ = 10 ms, the thread expands mainly in the axial direction, the
liquid and the gas flows almost do not influence each other. So the velocity fields of

the liquid phase both in the main channel and the side channels are similar to that at ¢
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Fig. 5 Velocity field in the continuous flow during one period of a bubble formation. Gas phase:
N», Q.= 840 pL/min; liquid phase: 0.8 wt% SDS -water mixture, Q;= 600 pL/min. (a) ¢ = 0 ms; (b)
t=10ms ; (c) t =54 ms; (d) t = 74ms; (e) t = 206 ms; (f) r =218 ms

=0 ms. At 7 = 54 ms, it is in the bubble expansion stage. The thread expands slightly
in and radial direction. The liquid flow is obstructed and the velocity of the liquid
phase around the neck of the thread apparently decreased. At r = 54 ms, the width of
the thread neck reaches its maximum. The radius of curvature reaches the minimum.

The Laplace disjunction pressure across the interface reaches the maximum. The
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radial velocity of the liquid phase reaches its minimum. At # = 74 ms and ¢ = 206 ms,
the thread experiences the second stage. At t = 74 ms, the liquid thins the thread neck
and flows around the neck of the thread. The radial velocity diverges from the
maximum width of the neck. At r = 206 ms, the velocity in the radial direction is
predominant. The liquid flow diverges at the gas-liquid interface, partly flowing into
the gas inducing channel, partly flowing into the outlet channel. At ¢t = 218 ms, the
formation period ends after the break-up of the thread and the formed bubble is
released into the main channel. The liquid diverges at the cross-junction, partly
flowing into the gas channel due to the thread contraction just after the pinch-off;
partly flowing into the outlet channel and driving the slug bubble to move forward.
Unlike the instability mechanism for the capillary breakup, the completely bounded
breakup in a flow-focusing device should be dominated by both the liquid momentum
inducing an elongation effect pushing the bubble in the microchannel and the shear
stress due to liquid velocity profile acting on the thread thinning.

The formation of dispersed small bubbles in microfluidic flow-focusing devices
was investigated experimentally by means of a high speed camera. The parameters
such as liquid flow rates, the viscosity and surface tension of the liquid phase,
influencing the size of formed bubbles were studied. The bubble size in bubbly
regime decreases with the increase of the flow rates and viscosity of the liquid phase,
with the decrease of the surface tension. The bubble formation mechanism was
discussed. A new power law model was proposed to predict the relationship between

the size of formed bubble and the local capillary number.

2) Bubble formation in non-Newtonian fluids

Bubble formation in non-Newtonian fluids in microfluidic flow-focusing devices was
investigated using a high-speed digital camera and a micro-Particle Image
Velocimetry (micro-PIV) system. N, bubbles were generated in different
concentrations of polyacrylamide (PAAm) solutions used as non-Newtonian fluids.
Flow patterns were obtained at the cross-junction by varying gas and liquid flow rates.
The velocity fields in the liquid phase around the gaseous thread were determined by
micro-PIV measurements. We have investigated the mechanism of bubble formation
in PAAm solutions. The effects of flow rates of both phases, concentrations of the
PAAm solutions and the size of microfluidic devices on the bubble size were also

studied. A correlation was proposed to predict the size of bubbles generated in PAAm
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solutions in microfluidic flow-focusing devices.

Different flow patterns: slug bubble flow, missile bubble flow, annular flow and
intermittent flow were observed. Slug bubble, occurs at low liquid flow rates. At
medium liquid flow rate, missile bubbles can be observed. This kind of bubble has a
bullet tip. Moreover, missile bubble is elongated heavily by the viscoelastic fluids.
The missile bubble is not wetting the channel wall. At high liquid flow rates, annular
flow could be observed.

The ratio of the bubble width to that of channel W,/W, decreases nonlinearly as

increasing Q/Q, above the critical Q/Q, value. The critical value of Q/Q, is
influenced by gas flow rate, concentration of PAAm solutions and size of microfluidic
devices. The critical value of Q/Q, decreases with increasing the gas flow rates, the
concentration of PAAm solutions and decreasing the size of the microfluidic device.
A typical formation process for missile bubbles could be described by four stages:
Expansion, stretching, collapse and pinch-off. The expansion, collapse and pinch-off
stages are quite similar to that for slug bubbles. The stretching stage is peculiar for the
missile bubbles as the gaseous thread propagates in the axial direction and remains the
width in the radial direction. This phenomenon dues to the shear-thinning property of
the PAAm solution and delays the pinch-off of the gaseous thread. The shear rate
varies in the radial direction. Therefore, the viscosity of the liquid phase around the
thread varies in the radial direction. The thread begins to collapse dues to the
Plateau-Rayleigh instability and finally pinches-off.

The shear-thinning property of the fluids around the gaseous thread influences
the bubble formation process in the expansion, stretching and collapse stages, but not
the pinch-off stage. Dues to the shear-thinning property, the thread favors to propagate
in the axial direction and contract in the radial direction, compared to the gas bubbles
generated in Newtonian fluids in the same kind of devices.

During the first stage, the gaseous thread expands by the continuous supply of
the gas storage tank and the rate of the expansion is governed by the pressure
difference of the gas and liquid phases. The initial tip velocity is slightly accelerated
by the liquid phase. Later on, the tip velocity is accelerated by the partly obstructed
liquid phase flow, and the tip of the thread experiences a large acceleration before its
plateau. Unlike the continuous acceleration of the gaseous tip in Newtonian fluids, the
tip velocity fluctuates with a certain speed. This phenomenon could be also explained

by the shear-thinning property of the PAAm solutions. As the tip propagates, the
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width of the thread contracts, while the superficial liquid velocity is constant.
Therefore, the shear rate along the thread becomes smaller and thus the smaller shear
force acts on the gaseous thread, which prevents the acceleration of the gaseous tip.

The gaseous thread only takes a little part of the channel, compared to the liquid
phase. This phenomenon means that the liquid phase is not obstructed like that in
Newtonian fluids.

The bubble size formed in non-Newtonian fluids in microfluidic flow-focusing
devices was investigated. The bubble size decreases as increasing liquid flow rate at a
fixed gas flow rate, and increases with the increase of the gas flow rate at a certain
liquid flow rate. The bubble size is also decreases with increasing the ratio of
liquid/gas flow rates Q/Q,. At a fixed ratio of liquid/gas flow rates Q/Q,, the bubble
size is not apparently influenced by gas flow rates. The bubble size decreases with
increasing the concentration of PAAm solutions at a fixed liquid/gas flow rate Q)/Q,.
The bubble size decreases with decreasing the size of microfluidic device at a fixed
liquid/gas flow rate Q/Q,. A correlation, based on the ratio of gas/liquid flow rates
and of gas/liquid Reynolds numbers, was proposed to predict the size of bubbles
formed in non-Newtonian fluids in flow-focusing microfluidic devices.

The relationship between the bubble shape and flow fields in the liquid phase
was studied quantitatively by the measurement of micro-PIV technology. The
influences of the operating parameters on this relationship were also investigated. The
changing trend of liquid flow and the concentrations of PAAm solutions could be
determined by the bubble shape, which provides a new way and method to predict and

measure the flow index of non-Newtonian fluids.

5. Bubble coalescence in a microchanne with a sudden expansion section
1) Bubble coalescencein Newtonian fluids

For air-water two phase flows, the surface tension is too big that the formed bubble
coalesces quickly and stretches along the wall of the expansion and attaches to the
four direction of the wall.

When we increased the viscosity and decreased the surface tension of the liquid,
the coalescence for bubbles seldom occurs, which results in quite uniform bubbles
and the bubble size can be adjusted by changing the flow rates of both phases.

When we just decreased the surface tension of the liquid by adding SDS
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surfactant into water, we found that coalescence sometimes happens. The aligned

bubbles affect the bubble coalescence process.

2) Bubble coalescence in non-Newtonian fluid

The position of the two bubbles increases non-linearly. At the moment of the
coalescence, the former bubble moves backward suddenly, while the latter moves
forward abruptly. The mass centre of the coalesced bubble lies between those for
bubble (1) and bubble (2). Before coalescence, the speed of bubble (1) almost equals
to that of bubble (2). But at the moment of coalescence, the speed of bubble (1)
suddenly decelerates, while that of bubble (2) accelerates abruptly. After that, the
coalesced bubble decelerates and moves forward at decreasing speeds. The joint of the
aligned bubbles also accelerates suddenly at the moment of the coalescence.

An interstitial film is formed between two bubbles. The pressure is minimum at
the center of the interstitial film. This low pressure induces a ‘bridge’ between two
bubbles, which grows and disappears until the aligned bubbles coalesce.

The probability for coalescence was calculated. The probability for coalescence
is less than 25%, and the total probability is 9.6%.

Under the same gas and liquid flow rates, the coalescence occurred far away
from the entrance of the expansion needs more times. The coalescence time decreases
with the increase of the distance of two bubbles.

The velocity profile in the non-Newtonian fluids in the expansion device does
not change a lot when the bubble passes-by. This phenomenon is different from that in
non-Newtonian fluids in conventional-dimension columns. The flow rates are not the
major role played on the bubble coalescence process.

Two different mechanisms for bubble coalescence were observed. Mechanism 1
is the coalescence of two different bubbles, even in the main channel of the
microfluidic device. Mechanism 2 is the case that one bubble firstly is divided into
two isolate bubbles at the entrance of the expansion device, then the two divided
bubbles coalesce in the expansion area and form a new bubble.

The transition for two different mechanisms for bubble coalescence is decided by
the gas and liquid flow rates. At a fixed gas flow rate, the bubble coalescence varies
from mechanism 1 to 2, when the liquid flow rate increases to a certain value. We call
this value “critical liquid flow rate”. The critical liquid flow rate increases with the

increase of the gas flow rate.
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6. Bubble behavior in a microchannel with a symmetric loop

The breakup mechanism of bubbles in the divergence T-junction was investigated.
The pair bubbles at the convergence T-junction were studied.

Bubble behaviors at the T-junction divergence could be divided into six regimes:
(1) asymmetric breaking of bubbles (BA); (2) symmetric breaking of bubbles
I (BST); (3) symmetric breaking of bubbles II(BSII); (4) symmetric breaking of
bubbles III (BSIII); (5) transition regime between breaking and non-breaking of
bubbles (TR); (6) Non-breaking of bubbles (NB).

The breakup mechanisms are different for three various breakup types.

The breakup process of symmetric breaking of bubbles I(BS1) is controlled by
the liquid flow, as the squeezing pressure produced in the liquid phase by the
obstructed bubble squeezes bubbles. The squeezing pressure thins the neck of bubble
in the normal direction and stretches the bubble in the tangential direction of the
bubble neck.

For the bubble breakup process of symmetric breaking of bubbles II(BSII), the
mechanism is the same as that for BST before the gas appeared, after which, the
liquid phase flow through the gas and the shear forced exerted on the bubble and the
inertia also influence the breakup process.

For the bubble breakup process of symmetric breaking of bubbles III(BSIII),
the inertia controls the breakup process.

Non-breaking of bubbles (NB) happens because the extension degree of bubbles
cannot meet the conditions for those of breaking. Therefore, bubble flow out of the
loop favoring one divergence of the T-junction.

The transition for different types of bubble breaking can be predicted by the
relationship between the bubble length and capillary number.

The behavior of pair bubbles converged at the convergence T-junction was
studied. The size of pair bubbles decreases with the increase of the liquid flow rates,
and increases with the increase of the gas flow rates. The bubble size could be

controlled by adjusting the gas and liquid flow rates.

Outlook
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In this thesis, the flow patterns for gas liquid two phase flow and bubble formation
and behavior of bubble moving were investigated experimentally by means of a high
speed camera and a micro-Particle Image Velocimetry (u-PIV) system. These results
give quantitative information for a complete period of bubble formation, moving, and
could serve as the basis for further experimental investigations and numerical
simulation, and for the design of microfluidic devices in industrial processes such as
mass transfer and chemical reaction at microscale.

The physical mechanisms for the transition of flow patterns, the formation,
coalescence and breakup of bubbles in microchannels need to be further strengthened.
The universal flow patterns map for gas liquid two phase flow in microchannels
should be attempted to construct, on the base of more experimental data and physical
analysis.

The formation mechanisms for bubbles in various kinds of microchannels are
different. The reported experimental data on bubble formation in microchannels
should be classified. The physical model for bubble formation should be constructed
on the basis of the formation process or force balance, to predict the size of formed
bubbles.

The rheological property of the liquid phase influences the bubble behaviors in
microchannels. The investigation of bubble behavior in non-Newtonian fluids in
microchannels is still at elemental stage. The behavior of bubbles in different kinds of
non-Newtonian fluids should be studied experimentally and theoretically, as well as
on simulation.

Bubble management is re-controlling of the generated bubbles to achieve the
desired goals for application. The breaking of bubbles is one kind of bubble
management. The reported literature on this field is seldom. More experimental data
should be completed. The parameters influencing the bubble breaking need to be
studied. The physical model could be constructed.

Currently, the measurements of velocity fields in microchannels using the
micro-Particle Image Velocimetry (micro-PIV) system are limited. More velocity

distributions at various backgrounds should be completed.
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ABSTRACT

Microfluidics is a cutting-edge technology emerged in recent years. And
gas-liquid two-phase flow is an important research project in microfluidics. The
gas-liquid two-phase flow behaviors, the bubble formation and moving behaviors in
microchannels were investigated in the present thesis, by using a home-made laser
image system and a high speed digital camera. The velocity distributions of the
microfluidics were investigated with the help of micro Particle Image Velocimetry
(micro-PIV). The specific studies were included as follows:

The gas-liquid two-phase flow in vertical rectangular microchannels was
investigated and five flow patterns were observed: bubbly, slug, annular,
annular-stratified and stratified. A flow pattern map was constructed corresponding to
the experimental data. A model was proposed to predict the film thickness. The
predicted values agreed well with the experimental data.

The bubble formation in both Newtonian and non-Newtonian fluids in a
cross-flowing microfluidic T-junction was investigated. Various bubbles were
generated in three different flow regimes: the squeezing, the dripping and the transition
(sqeezing-to-dripping) regimes. Models for each regime were proposed to predict the
bubble size. The shear thinning property of the PAAm solutions plays an important role
on the shape and evolution of the gaseous thread, and the ultimate size of bubbles.

The velocity profile for single phase in square microchannels was measured by a
micro-PIV system, and the experimental results were in good agreement with the
values calculated by the classical theory. The measured velocity profile for
non-Newtonian fluids could provide a new method for predicting the rheology property
of non-Newtonian fluids.

The mechanism for bubble formation in both Newtonian and non-Newtonian
fluids in microfluidic flow-focusing devices was investigated. The influences of the
parameters on the formation process and the size of slug bubbles were studied. The
models for predicting the collapse speed and the bubble size were proposed,
respectively. The results showed that the bubble formation process could be divided
into three stages: expansion, collapse and pinch-off stages. The collapse speed of the

gaseous thread in the second stage is controlled by the squeezing pressure, and is



proportional to the liquid flow rates; while the minimum width of the neck of the
gaseous thread in the third stage could be scaled with the remaining time to the
ultimate pinch-off as a power law with an exponent of 1/3. The experimental results
showed that the PAAm solutions prolong the gaseous thread in the tangential direction
of the neck. A model was proposed to predict the bubble size generated in the PAAm
solutions, on the basis of the ratio of gas/liquid flow rates and that of the Reynolds
number of both phases. A novel approach to predict the rheology property of
non-Newtonian fluids qualitatively, based on the relationship between measured
velocity profile and the bubble shape, was brought forward.

Bubble coalescence in a microchannel with an expansion section was studied. For
Newtonian fluids, the diminishing of the surface tension can reduce the probability of
the coalescence. For non-Newtonian fluids, the coalescence time is prolonged with the
increase of distance for the position of coalescence, and also with the increase of the
distance between two aligned bubbles. Two different mechanisms for bubble
coalescence were analyzed.

The bubble behavior in a microchannel with a loop was investigated. Six different
flow regimes were observed in the T-junction divergence. A simple model was
proposed for predicting the transitions between various breaking and non-breaking
regimes. A new method for bubble management was provided for generating pair

bubbles, based on the recombination behavior of dual bubbles at the outlet of the loop.

KEY WORDS:. Microfluidics; Gas-liquid two-phase flow; Bubble; micro-PIV;

Coalescence; Breakup; non-Newtonian fluid
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Table 1-1 Studies on the gas-liquid two-phase flow in microchannels
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BO1-1 = Mw Wm0 D) E K
Fig. 1-1 Three popular microfluidic generators for bubbles or droplets: (a)
cross-flowing T-junction; (b)-(c) opposite-flowing T- or Y-junctions; (d)

flow-focusing devices
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FLE A AW CBE), FEHSPBEMEESZMAREL N & A
B R IC R i 0T 02 0% 09T S R R YR, VR 2 BE B AN A R R Gl
ST EDI e I N L VI R E ol £ 1

LTI & 5= Sy a7 TS S A VI £ O S S =3 Ll - = A S S ) A W )
CW W D 1 52 M.

1 #4 ® (confined) 4 B A (R B & W ) 0 A R 05 X

XA AR AW CHBE D) — Mo R .

Garstecki 25171\ Sy E MK B 414 B Ca 1500 F, 4> B Sk 36 1% %
T EE, XS T kS Rz AR XA
R 9K Zh 73 WOAH SkE ) R W Ok ORE, JF B e A R, AR ARl
WO o B R W F SRR e Cop WO Sk B S BE 2 TR IR T B
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o LSRR

Z AR RN

w,
Fp lu]c/lg3 (1-8)

ONELEMMWPHE, wh FFEBEMNEE, hh FiFEENE

J& .
FAE S FT LLR RN -
Ezm%m (1-9)
&
FT 5K 1 LR N
F, ~-ch (1-10)

BEE W GBI MK K, B s N, B IR D M E R ) A
K, HE, NEmPREXTUEFEL, HEE AR DN, H K D
B ORAR 2, 3E WK Bl o /A Sk 8 4k 2 R RE T R A& 2 Sk i il &
FEH I

W T 46 (0 I s, o> O Sk K RE B BE 28 £ IE . I, 2 B
LA K B RS A E R w. BEJE, B I 0 JT 46 9K 3 4 BUAH
S B kR, JF LA 8 I T BE IR o HAT SIS, % TR 4 5 T S A
o,

usueezezucz_c (1_11)

15 53 B A Sk A8 BL o BAH K K R, B

R ]
ugrowth Uy = th (1 1 2)
KR, B B W R U G I R SE
Lo w, + (/g VU, = W, +dO, /O, (1-13)
T E WG E N
Lo o (1-14)
WC c

Forbd O p WM SUES W 8 K, L B TE T B i A K S5 R A
R K, ML B . a=d/w,, =& — DFAEW B, 5 EiErR
45 f MRS R .
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Garstecki 25 10190 25 X 1-14 & I T 51 A 4> BOM 4 18 1 58 1% L 5
NESMHEEMWS LN — KN, w30 EMHS 8% R KR
AN R B U T R R CHE T D M E " AE 2 . de Menech %%
CO9T5 W Bl vk, BHXAXNTEEE DN BAE R Ca
( Ca<<1) W% IE . Xu 25080 o scmk e 88 0 280 o 3, B x4
X T aE M B & Ca<0.002. van Steijn 25V micro-PIV 82 Il &
N N ICR G G N B N 7 Ve Sl 1 N e 7 N E T - RV
Van de Graaf &Y ¥ 7 3% /K 22 2  (lattice Boltzmann method,
LBM) il 7 TRMEENPAERERE, FHELRET TR
UE o At A1 < 2B ¥ (two-step process) A T ¥ v AR i FE > N
PEASEB gy AN, W R Rz o raEn, W ERK S
A FEAR RV, SRR, T oy ORI 3E 2 gy, MW 4k 2R K g i
) B, OB f Sk W, B DU g JE AR R T IR AA B R
V=V, +t0, (1-15)
ifi B, Van de Graaf % U136 F BE 0L 10 7 % & B, 9803 16 44 AL BE
HEME B Ca W Inmw A, M BE A S B VR B 8GN es Ok i
e Pril, FESIERELN B, AT XHEE T N5

V=v,,Ca"+t,,Ca"Q, (1-16)
MR BERLLE R, v R I Ca= 1M B9 . m, 0 JE % B, 5 B

45 R MR S K ovan de Graaf ZE VR I #F 100 pm x 100 um ¥
TRMEHEN, V,,=25x10"pL, ¢, =135us, m = n =-0.75. EA &
AN THEK, XM THEIRRKX.

Steegmans 25 [°ViZ J] «# & ¥k 7 B B (basic two-step droplet
formation model), H 4 vF %% J7 v 38 2 SC ik B 00 B s o 3 AR D IR
[/} Van de Graaf 25 1°*), Steegmans 25 10013 1 (g 3 A £ & X o .

L3 1/3
Bp=| 7, +Ethd (1-17)

rpre T R R R R ERE R, ROV B R, 2k
KB m& 1w, WKL Ja, BC&E B B, o2 kW i & B B
L T R Y 5N | R /A 0 I/ T Y P O | 0 N A0 N | E £

B3p o

X T #OIR W 5 Steegmans 45 TR R I 1 o0 7 ok T S B O AR
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o LSRR

13
w-L/2-w, /2-h /
rw:( /4/3.”/ j =0.572(w,Lh)" (1-18)

Steegmans 25 U°OTHF 5% & WY, < 20 VA AR ) T SOk b C4R 8
WOCHCIR B AR R Do W A K B B AR AR i Gl TE R R OE
(LA O LT G SRS S = ol

2 R ¥4 W (unconfined) 4 B A (K ¥ Bk 3 W 3% ) 1 Bk 3 7 R

R ) B < F 1 BN € S & I/ NI = 5 (= 8 T N R | BN ol £ 5 £ I NI =
O B A B 9T T O O, Xou A LTS BG b i O T 45
MBI AN HAMHEEN ASpm IR EE, Myl NELZMHEEN 1 mm
PSS |G ) S T G o AT o A i SRS N i e I N (T R4 A
i BE 2> BOAH W R AR R K. S HE Y BT AR ok g 2 o)
3y A N I 1T 7 AL G e W =i A R = 5 A =

Husny % L°U@ & 52 0y 20 #r (0 J7 920, @ 57 7 W03 28 B i BE AL L b
(I N R QT LT O S S U 5 i A N 3 = 1 E I S B S AN T 3 5
R R 1 | I 1 S/ AP £ B == % 4 = /R N i £ 1 I S |
) B A8 48 50 W X o o BOAR Sk BB AR OE S A P 2 IK A g B 3 BiE
SR AR SR R B R D T g mOAH Sk A Ml B . BH ok I B B I
J) o AR gk . ok B ) E e M 4 B 7O R B RN, &5 R R
BWHEAERRSTHEEBAHEH Cafix, GHMHKEN . $HELH AL
Ko BATHPPBIAGEE —EMWEHAEH Ca WHHN (Ca<08) 1R
S I U1 S o A A AN

Xu 570 h W M s & b sl N %
o DA Al AT S5 b i E L Re BB — MW B JE b OUR AR W W B
B2, B3 ERRTSHF B, BAE %M Bond
AKX Ha KA KEREDKR DKM GER D43 L% HE, B2
FEAR F T gk R B, T bE S R B N . Xu ST X2
TN R K S, KT B R, i 2SE 5 B TR A
2K

— e R 5T E W AR 51 ON A BUOAH R & SR A B Wl BT 0 DL 9T T
R IX Cdripping regime) WA W CHBTE D) M & .

De Menech 25 19130 oof 0 i BE L 43 W -
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(1-19)

H oy, RN LMW SRR 2 RAMED®EEyHEADE
BOE B DR w M. X 1-19 KB MR B Kl B U 1-7
T G 43 2 o X U0 W] BR AR W R N Bl E v g NR 2, B,
AUAN 1 OB ) XF SR X (dripping regime) W I 1 A kL
NS V1 A N €47 0 o = S R 1 G 1 7 O I AN I i S
ST A A

Xu & 180E 50 1-7 (3L 6l b, FOB U ST E S A AE 4 B Sk BB
b5 OBE i 2 18] A% (RN R, A9 H OB R Ok Ik U
w,h—0.785d"

=41 (1-20)
D, Ca w.h

3EAXBMAMAE (BH) BRITAH

EIX A X8, AW CH > B A Bl LU B g A gL B IS WA
S M) VT & VAR 7 A 1

Christopher % [1°21¥F Garstecki &1V T b F, xF B 1-2 fr
75 IR T TE g5 R T AR ORI W A B AR KB B B R R BRI 21, JE AT i
M RE XN RW B B AT o, R AR KR

X0 sk 1A
F, z{—a(%+%)+a(%+%ﬂbh:—o—h (1-21)
R 1ok
o e
5 R 1A
Fo~apbhntluw by pO.b” (1-23)

(w.=b) (w.=b) = (w,=b)
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1-2 Christopher 25 10215z 36 1 #5 M O & &
Fig. 1-2 Sketch for droplet thread generated in a T-junction by Christopher

et al. %%

12 B A8 DX, b<ow,, AL V80T Sk B B A BRI I JE . 2 T Sk R
IFah BEN e W By Br, (H 2O B AT BEN I IR, Gk BT ER O T A
UE=AX7RMAZE. BH)5SH.

(1-5) =bxCa (1-24)

o, b=b/w, MW ERXTLLHE, WMAES —MBMLENY
EMEH Cafi K.

SR, AL Garstecki Z I A BT, AE W B BE, WO B
Yo WE o B b BE S A P W s . ~u =0 hw, , W BT WO
yneese = W [Usguene =TT 53 HCATT V00 Sk 98 10 262 30 188 0 b 2 A A 3 %
H, W ouy,,, =0, bh=uwh/bh=u,Ab . FJE L R K E R

L=b+itgy e =0+, AB)- (W, i) = b+ (A[B)- (w1, Ju) (1-25)

W) JE AL K D= Lfw, -

S
> >

Lrbt=¢ (1-26)

X 1-26 5 1-14 54, N Garstecki 2115 iy 1-14

t,ob=1, M HW B oAU T I 126 PRI A=w,/w, .
LTINS W (KN ARSI

= vV Lbh — -
V = ~ ~L-bxb +A1 1-27
wh  wh v ( )
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o SCERSE

XFE, SE A 1240 b, REH A 1-26, 1-27 oF 80 W
(K B A AR B . i B 3R OB AR R T R AR R R B 4 A Ca AP A
MEltboke, MHA, EAMEBELSHWSHA (SIANTHMHEEES
GINELMEEMREEL) W2 EmEHEARm—NHE.

Xu 2SI\ S e XA X, WM EREZBMER Ca W
M, XZMWAHR=EL e m, BT —AHXBL, JFHMMNOZ
REMNHBHATTHUE, BB TER:

Z:>£-=075¢“Cuﬂ5 (1-28)
WC

de Menech 2 17V o s 46 B4 1) F B % 88 7 % A48 X 30 (0 K 1 1)
BB, OILAE % D3N R AR 2 BT D) ) N g s ) St R AR .

Wk PRt R, BB B, B AR XN R R D
MR BB ERAR, ©EHFELREMBEBRBEUECE A I A KB,
G TR I

4 #h B LK) R N

LB, IRADHEW R E 2. A — a5 E
SEBG W ST TR BE DL O AR CHME D AR BB R

W R . X T IR X (dripping regime), B K # 4 W 1
W AR R, PR AAESGE W E T, WO W AR R BE A IE 2 M
VAR B K BE R B g R N P20 OO0 R Ok A M IR R R R, R K
KR B RO, TRk W R Bk R X T BF R X (squeezing
regime) AR B W, H K 5 WK ROk L o xF X
(transition regime) ZE B MW, — LM 50 & S0 R I H A 24 A
KRS B AR AT R I i, RO AR R4 5 ORG R A G SR o B R
PbO3E 4 MRS N 50 £ LU b, R O T R S ot ok b o e LR,
de Menech %5 [PVRE ol 45 B 3 W, Ry BF L X 93 26 R0 58 — B BE B
MR A1 % o — S50 & 0k K I, 0 5O 09Ok B2 X U AL B AR IR Il
FEMERAR, BEAEMEHE N, kA B9 E D, KA
AT ORG BE R 8 i, B SR T MM SR R R e pEUT TR

AW A R FE . RS R L AR AN, — BB 5T S N OB 9T T OIE S AH RN E
XA A R i R i U 0T g R R R R R R L. R X TR
WA R, AR T, MR B ORI, TR R
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o LSRR

KBS 56 2 /b o Garstecki TN Bt FRIEM A, M
T WCE R B, LA N, BUR AR N, N B ) 3 BRI Sk
fii B, A 2R > B R BN AR SR AR, B e AR R U e
EA N

121258 (@) ENREM TH Y RERBEBEARNNE K

X RS A Gl E R O T 2 MRS, AR R O D
M ARAAZERZ . AL AR AR BB, G585,
A o B

(1) ¥ P2 A5 . Steegmans 25 OOTHL g <y 2B 4k B A4~ w] DL ]
TR E KRR CBE R N T Y B E (4 23 pm P85 pm
W, WM A 97°) AN MW M4 K, Steegmans 27PN N Sk
T VS e | S A T N PSRN/ N NS 1 B O N | BT R S 1 B O N
— B B B KO vk e AR R T AR R *E%Eﬁ%@f)ﬁmu%%:ﬂ“—i
AR R B WA SR AR S W VR B R A AR, A B
kB BB BK OB, R PR R ) 4 ACE e B R Sk . AR A B A Sk
i B I 0, 3T gk J) &G ) OE 4F A A

U=(2h+%ﬂhja (1-29)

F =kCyu~8.01d [&Z)ﬂj (1-30)

oo, u =0./h(w,—08%), D, =4h(w,—0.8%)/1.5Th+2w, . k=1.7,
AN EEMA RN KK, C, W RN R, u ARAKEE, u i
AR, D, N AR L O SR R A AR w,
g E 1= 1 ol S i W I 2 R S A R T = R S

g [ (w —089R) (131)
4.49(1.57h+2w,)

ERWAE Y BGOE N A R W0 ST B A E S A
e U A T | BN T O B 7 A N1 A

(2) SEU WY : Zhao S UHSt i W 57 7 X T B fOW 1 P W
AR, JFHBIHE RSB EAAR S A we KRN
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({ata)
d 0,+0,

—=-0.12761In

D 0.15
" [Wed (Qd D
("lo+a)) |

(3) BEALWE ST - Qian & UPIHO(E BT 8L T T BYACE G P 3R AW Y
ARG R, JF H BT BAE S B CniE S AN AR K ) F0ORG B L BE O 4
P AN RO o WU B B N B R K P SR D ek AR R R RS
(K152 W, g e U g O R B R Bk K

L 0.107 -1.05
= =1.637 [—Qd J [1 9 j Re 7 Cq "% (1-33)
D 0,+0.

+0.5595 (1-32)

1.21388 (R@E) EE2ERTFEMBEBENBE K
1 KWK A4 K

SR R AR T R RO E S By s = AR A (B 1-3): (DD
B R AN, M E W AR AR AR TS 1) R
R L G (i N L | Rl R 1T T (D /S
Pl R F A ERE N RSO R - RO =
it AN T (1 2 L R, T R AR T R O A R R AT AR
(K1 5% W o A B, B E ) EF R R R R R AT R . AN R A
18 R RS i A AL E A T

I I1 IT1

1 b

| W, Io ; w,

— W w W

...... > W, w, W, Wg W, Wt > 9 o out

*] u . W
— W, 9 W| 0" II

- T —
------ > Gas flow

— Liquid flow
Bo1-3 = B R LR R AR f

Fig. 1-3 Three typical microfluidic flow-focusing devices
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X T8 — Bl fE T8 25 M ZE I i, Gafidan-Calvo %5 U70VE
O S B 40~1000 AR - DM RWERLES AW MAE. WK
Yy EEME BT fHE E R A M RSP oe B, @ Wik, & AR
AR MEE R W SEEASHOEERNLE S W
WO R AR R AW, ~(0,/0) . Gordillo % UTTHI 5t % W1 X
TR BN S S E W KBRS S

ST A Bl O G N A R A, Garstecki 2 PTVR BLE AR B
1% MO LT Cae(10°,107)), N Sk 1 B3 Ok I A A LT R B
1), 5 WA R ORCIE B . W R S O 1 3R sk ) ok ok, i H
bk a A Z AR EMNE LK REBLE NG Z ., AT XA R E
[T SR 5 I TR O A il B PN B R 7 N VR G5 i T /N (9 I O R B 3 3
() 3 HGAH Sk 30 BH ZE 4 T8 09 Bk, e SR ORE RCKE o, b T 4E FRE B 0K
B, W EAB/AWE K I, XM RS e WA Bk AT
o, X Ph AR BK B g H5LOAH Sk E8 4k 4 kO JF e 4 Bk e W . B S o AR
W, g HOAH Sk SR ) e W o FE R oA 2 B A A B e el B ) C R
5 R S 55, b A B K . Garstecki ZHDPMIEH B T
AWK AR ®EE S8 (MK P, WA W& QMK u)
MK R: VoeP/Qu. HJEEIH K I 37~72 mN-m™' Ju [ A, X<
AMEBRE AR KRR T AWAERTIEEHEHNE L Ca
P LUl B RN R R B D) s KK 2 A SE e R T
AU AR R R B OC BE KA AT R X ORE R ORE R A AR R R B AR T
AR R B &S A R R ) g B . AR R BE Rk AL, RV R K K
BEnr LU R w5 Rk A 5 O, =p/R cp/us R, N U A RS PE B T .
(LTI 2 S 7/ T e < = L 7N 1= i 1 I I o A L £ B B VA O
ORI K RS A Bl A ofe Bk A5 B g 5 I N AR R R .

Dollet 2 POIRE 57 7 14 38 8 45 M0 3R 98 b)) b0 48 ik i 72 10 5%
1 P N I W A TS N = & R W L E 17 A ol T N ol =i 1 I =
EH . ATE =R R SF R EE N %% T AWk 80 5 /b BE s
/28 IRV N N S O A VN s i B St P R 7 /48 15 O 215 i O Y A
2D X B, kAR AR w b dE TE E RE ORI e, B AR B AL B Garstecki &
OBl 8 AN, Hw =h w6, w P g IF B &k
Wr e B, FRo8 3D X, AEXAXE, KRWkM B m/DNEBWEE
B A W B I I (T—0) 19 5% & 7, oo (T—0) o Ao ) 7/ 30 % T
Ll B E 2D B 3D i R A AT X, Ui Bl 2D Sk W R
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oW R FaE M, M 3D iR E AT M.

Jensen ZUYHEHE M T AW AERK ST HRIFRL AW
RFPVSAMEE P, WKW E Q. RNk oMM E 4, HO&H
B B W, 2 WA Bl R . 5 Garstecki 2 U7V S2 I $H A LE, Jensen
S US4 B MR Sk SR M % W B S o/ 1E L, TS WO B
5, At AN S IX FE 25 S ok U TR BL b R B O S X AR IR PR ) &
W, S B b O MR % RS

Weber 25 U9V 3 4k 4k UL (VOF) BFX T A8 1 & B it 72, 9F
RET AR R X B, 7 X B, R R N O .

Skurtys! S VBF 58 T 78 AF /5 00K B W AR A I R, S 5 0
2 1 W N N A T P O R - P e R A B 8- R S RN
S MR e T IR S R 2 M % R d/D,=(0,/0) . b Al
NN, FESE I BE ST X 8, BT BT L Wee(2,50), BB R R
VR R R R WO R R K . BT L, ROM R R R e R R A
VAR P T I .

Sullivan %5 PSSz o6 BF 90 T o (09 R AR B 10 < 28 0 %, JF
Wl T &AM A . JF R B, h O P A R R B
fil Ak 1) 2R R B R R . WS R OB R T BL A AN Y s
Sk A K I B B b &b R I T s U Sk BB B R M OF B BB
LTI R N R R N TS W I S R N - I O Pl I O D S
ST O =T D = T SRS 7N ol Y W e W N N 1 GRS WO I
CHEPBED PRl . B By M) R PR I W R ROR B . o0 TR R K
(R E X, ML R R T LR LR R A s focQ(P-P)/P, P H
RME S, PR A R R ) 2 . W R R i R IR
BT, TR W AR RN RE AT AR L R TR E 4 R
3 B R U A AR RN AT LR RE AL AR — S B 3 S B e
IR, R R ke R R OV kT R, X R AE R AR A < R B

X T R OS5 M R R IR, Cubaud 2 POVFE R [ & W5k
J IR N R R, JF ) B B BE S T S A& R IRk
B, R MR R R S LS W ) TR T 8 B w B IE LE .
Je W B, B R R R e S fA Sk BB BT AR B 0D, T BLE LA
UL Sk BN W) UG B AR S O T w,, W T=w fu, =0 . A
oA e BEE JE b u, =(Q+0,)/w - B A B E MK g b
L=T-u =w)[0-(Q+0Q,)/w =w.(Q+0Q,)[0 - ftu i1\ Jy X A~ % ik 5L 1 2 %
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Ji I B A 8 GO - K R T AR gk g R ke R BRI AR
RSP S N R B 2 R N A RS S i 7 = T = O ]
DA 11 Al T < I 4 N A U I S - 7 I Y AR N P2 | K = ST S il )
Mook Dy 2 WP A T Ty e s R . bR HE R T
AL W R T 0% 83

Yu %5 UPTRT 52 80 R0 #0880 7 i % 7 B3R % 8 775, LBMD
LI N 1 % N S N G NI T 1 G 1 (= £ 3 s R W 0SSN 5 A U B -4
Bl, MBXBMUEIBEHERE BHEL Ca X £DTMELN
Ca<0.011f &t &, WM A od B2 h W WA s 70 2 v 19, JF
R SRR R s AEECR B A B Ca>0.0316 B0 K, AR AR E R
& HTEE S AT YR AR B D) ) RO A S T R O R R e 1, R
D RIR NN SIS /2 /N A 3 £ | I 2 A IO A S5 A IR /NE A O I AN B €1
E W .

Dietrich 25 PN/ A [ VR & ff 8 LL & A ) RSF (% B0l 38 A 2 o
IR B SRR AR A AR R T W, IR AR B A I R R Ok R

-1/8 1/10 1/4
I
Wg Hmax Gref /J ref Q[

Horbooy gl N MR P 5% i E 2 1k A, B e BN
6 €(60°,180°); 0., =180°; o, wm, T5 K B0 5K S ARG . JF R
TR A Cmicro-PIV) W & T i B e B2 b AR 1 R
AR B, s R E YT 30 AR R g BT SO e oE 1 R R
& LB . T Sk T B o R R WP AT Y T ) 22 R E

2 W AE R

FHERTFEMBEENERBEMPESHS WL, £HAH
AU, R AT W AR E B T E N AR R4 R . X LR i
AR RV DX Bkt B BL 4y R X (dripping regime) AW A X
(jetting regime), LA A W AN X 35k 2 18] 19 b ¥ X 48 .

o B0k IE TE N MR ) A K .

Umbanhowar %5 [3¢1sz 56 o 5% 7 /K £ i 9 B 5L 46 1L B2 o se 56 o A
WA 0.7~ 100 pm B/ B & o> 8CAH 50 N, A B R I B A2
WA 2~200 pm. SR, EWRBEH MR T H M I ANER
EAE . PUAH R FUORG FE . MM R SR T K ) AR G . AR AT A A
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o SCERSE

R KEETBNE KT HEDENTY, JF LS 51
1 A IR S A O P & 2SO U T QA IR I [ o A B o 1)
1 S 1 5 1 T N < 03 N LA B < 2 IRl A I NI
ST E -l m e LS SO I 7 O Ve B O e I T == Q{24 NSRS SN ) A R
MRS HES BHEHA XK.

Cramer % USS1sg o6 W 9% 7 i 0 K 0 0o i 26 e b /&, BT i &
A NETBEANNAEAN 100 pm B ME , ESLME TN T A 20 mm
x 2.5 mm. SEE ORI, % A TR B AN S E R, T
7N SR 1L 2 P 2/ S & g | 731 (= N 1 S e = I - T ]
A NP i = 1 T S <3 A NIV A NS i 1€ i = O | R o I T )
OGN, A S T R IR s 2 HOAH KRG R BG hn B0AE S AR
€ PR 3G b0, AR g SRR A 2 T s 3R T gk J7 g2 BHL b W B R 1 )
SNBSS S ol NP G N A i i S B U S S e E I T~ 1
DT gk A s BE A o> BGOAH R XS nom G s BE A A gk J) 59k /b T
I s AH AR RV 0 M B BE RS B LI R M R K . Guillot 2PN
Utada 25 UMb BF 58 7 W A X B0 2 1) 19 % 4% o Guillot 45 UP2VHL 8 43 #7
T CRXORT W SR X A AR, IR N A IR X C 4L R A AR E . absolute
instability) [ B 4 X (A& 3 P A f& %€ , convective instability) ]
AR BEE B A Cal®) G g om, BE 2R FE (the degree of
confinement) x=w,/w, B 8 U0 0 gk />, BE RS B BC AR X9 0 mooXg 0 .
Utada 25 U0V o 52 50 0F 98 R BL, W0 AY X 3010 %% 48 ml DL OE 40 M1 10 B
a0 Ca M 23 BOAH R 3540 20 We B 5010 A Bl ok 3R R .

Hong % UMTH $ {8 B 9L 0 7 3% 2% 82 7 W9 M O & % A e 90 T 1
W, BT ER WY 0,/0, = 0.1 I i, AR M I AR RR L S M A R &
LK, M5 BUEHCa)L-FELMERXR, TR IME A LMY HEF
HWWMERK KR KMER: 2 0,/0 <0101 B i, A Bl i m4E R
[ 1 PR 110 = O e L = N0V NG 7 SN NS N - A

Hua 25 U210 T % (4 85 B0 (0 07 3 0F 90 7 3 10 26 8, IF N b 0 T
Al B R KRG MR R ) ORI 3R T gk ) R, R AR AR AT BLTRI s AR R
WX, docCa”ReV* s WG X, docCal’We? A7 o 82 MU & ARG
I35 5 NI e S B R (A £ B NP G S ST = G o A Y T N A )
ANy Rk S BOR B A we BN D, R 4x E0AH Sk BB
A5 2 W o> B B AE S, AR RO A BB K.

Xu 2P0 o, e Wk X, W e W i ok ME ) R 3R T gk )
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o LSRR

iR i L e gl ol DLW o AR o /AT Sk RR a Sk W I R i )
Py 073k B4 . JF AR W B IE JE B SR T gk 0 (il BL R P AT RO R R
N I A I =R G AT G NN 1 wi g W

(1-35)

Hofkz w8, S50 A0 8o E E IR, ol E R
il B ( degree of confinement ). 3 I %5 ¥ 7 1 4 A & W ML K&
Marangoni 2 V. 1 X . ;c=4Qc/7r(w02—d2), ua =4Q, [xd*, &5y WO Sk
Jil BB 3 SR AH R RS DL A R A HOAH . AN IX A 96 &R AT BL AR
B, ARBEHORTESBMEHN LR AN dlw,cCa

9B Tk I TE N M)A R .

Anna %5 U409 oo O R opcE 8 R R T o K I M S W, JF
SME a3 S AT Y T S Pl ol NS R T O 1 I N S0 £~ A N B
()W, R B S N LN R S — M gl K 4 kM Sk
1 o A A I 11 o o = S i = A B A5 S Sy L N NS = e i T
B, XA W AR MW ) R BN L NS 2, X RS DL AR AR IE
5 R TS NS S W 0 TN~/ NP (15 U N I 7 = O B T N U B RS N
W)t o=0,/0. , W LLAE oA [/ ROST 09 M . AE B B S El B
Anna 2 UPIN0sE SCT — AN T 0E S A R AR ORS BE O B B I < A
K % G” (the effective elongation rate) ¥ & 40 & £ >k W 57 X Fh 4% @
ENAERBHEI . PR, A BME R Ca WG, WK
A al BLRI A O = A AR X B R R B A A, W AR
I B 1 QR G (= <9 A A N R M - S - | I/ SRS T B 3 B -1/ P
( geometry-controlled) ;K %5 & 4 & H 0y 8% o, 4> 0 AH Sk &6 W % &
e T 3% 2 A R A Ok PR D I 3 i AR g, XA I AR R I VR R B
RN T ANIL B, RO TR X Cdripping) 7E B & & 41 F 2
75 ol Q5 £ B SO -2 VA e s SO 11 N N 1 R N s S R W g P
PR A WS X Cjetting) 38X A X380 A2 B¢ 1 98 RO~ 88 ok, T HOR )
ANy —, AU XA A X )RR R o I R WA K,
IS o/ =TI /NI TR O [ = AP - o v o S A o Qe
Sk B B, 3K AN I HOB O AR B Dy — Rl R 2K 4l & AR kB R
(thread formation). 7EIX DX Ik, 7> 8 AH Sk & 09 40 £k % i &= M &
ThWE ME R R . i X IS B A s 04<Ca<1.0. 4% 4L
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FHU K NG 0BG o BOAH VR R KBS b 2 PR R I i, 4 e i KOt BE S
Hahn e gn 2 KR B V) B0 MG K RS BE S B g A g nom 9 n, R s
WK M EAR N fE Car0S5HI K, MEKESEH —PMmKMHE. R
P/ AR T T Y N [T 7 O[S S 2 P = N 1 IS B A I S A N A
B I A AT B, B UL, T A BT A M AR R R
AN IR A e R SR B B AR 2 ARk AT TN .

Zhou 2 PPCII O RV W M AE R 2 B B4 ASFR e M Ccapillary
instability) 5 f7 A 4> #AH S0 56 (0 &6 PE 57 9 B oHL 3 L W AR R W &5
R Kb EHAR QRS MEEEMAREME Cclassic
Rayleigh capillary instability) L A i # 32 W7 L B ( end-pinching
mechanism). B 4 W 5T & I AE B0 Mg 1) R ~F A e A BL By A s 3 4
Br 49 om0 M LR B ROk . BTN diw,c” s JEHE N
djw, oc 0" W?, [0, c o WP, O, o AR, EE R W R SO R SF S
AN AL B BE A R . X T mE I X, 2 4 B kB I Ok W PL B 5 U IR
MR, H Az, 4 8o Sk i A  T oK .

Zhou % UPCVRE gy % B, BH 5 B 40 & B B n o, WOk X mE g X
RE . Zhou 2NN WA X B M 82 5 WA IR EH K. Fm
Woah kR B gl i A Ccapillary time) Fl W 4K 4% 38 10 W 3h B 18] ( flow
time)o WH/MNTEH, WH ™A THRX: kz, 3 E§ K LT
N e v | I T S D | 730 1 M A4 M3 v i s I 1 =1 I T O
N BOBMRERE - EMNAE, Weap’; HJELMBE —E M
%, We ocg”. {HE, XA MHPLEI K H MRk KIE.

Zhou % UCNiE W 9% 7 AE 4 WU A £E AR W0k R OB W
oUTUP 1 S T S8 i O L T -« 1A 3 0 NS O = L/ O T 113
13 8 am, PHIkE ™4 D E Wi (satellite drops), &5 H Al 15 4 il 1
A N A N e S N

Utada 25 U'TH B AN B 1) R R i & IR X 55 mE X2 8]
A7 . Rayleigh-Plateau A A& & 1 19 & 40 & Wr I (8] A0 mg o 1 A48 S I fA) .
MAEFEANTEE, BT WSRO AR E M, H 2k ew
K, Bt KWW, MEIRX: &k, Bk A KR
XMW e R ZE R, O mE g X JF R — AN e AR g
Ca=1t,[tyon =10, f0r0 ~1e ZM A Zhou %5 UPCTH M AT M H R A1
RN —FE . Utada & U0 b ms 5 X A2 i 1 9803 10 4 AR AT LU R e e
E AT B A BV AR R AE T o BOM B B &= 0, 5 Ok W RE Ak I
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0] 10 cru /o B B, & Jm T O OM MWW A A
d= 2(ISerjet,uc/HO')l/3 o

Yobas %5 U71p= 2k gl 40 oK 03 10 W 8 B A 0 S B 0 X
I 45 K/ O By KR = M8, R D7 ) B B R 2 B W 48 b
) = #1 % o Yobas % P71\ Oy 33X Fh 45 Wy 0 f008 38 2% S AF WK X A
W, IR E T AN R A BB A R I A R i AR R

Nie 258125 52 7 4 BUOAH 10 K B2 X 58— Bl fo il 18 A B 5Lt 1
Wi, BIF 9T 3 WK B 0T B R FLOAK R RS ma AR DR e g ECAH IR BB K
& R B W TR A R AR B DK, T 2 40 HRE BRIK . WF 9T R WA ORE B W 4
B W AR 0 e B B i FE 5 Garstecki & DI W AR 5 ) 92 B BL
B2 R L/ e

S Ph Tk I8 TE N M 1) AR K .

Funfschilling 2 TR B0k 7 B2 M 3 X (micro-PIV) B 50 T
E I G B B BT 7N A RE O A5 O N s S i O 1 B S L - I S5 E I M N
W o AT LB RS B BRI R T BOA Sk B A R . BF g R
/PR E B U B A S 71 I g S A S S N G 5 B N Ll U VI
PEAE I, oAt T mOAH Sk S PH ZE R U R B, fH T R R OIK B 1
SO UM AR M OME R ik AL g bR ZE L, X MR AR O HOMH BUES sk 7 AR TR
H, XA AR R A 2 HAH Sk B & ok W i

Cubaud 25 U'OOVHE 5 = Fh 33038 38 W S2 50 0T 98 1 76 R JE B /D (0 4k
HOJE RE BE RO B B FL M B B, R BN R MR T Rk Xk P A
()6 40 AT O, JF 0T IR DR g SR N AR RO I RS REAT T &
5 0% BK .

1.22 S (RiE) EEREHREENRR N

R — S mE N, W GBI IR s AT b AT 1T
WA . FETHEGE N, B BN, B U ) o AT A AR R AT IR
W AT N A, XA I Ak AR AT O BB gl B, Bl aE 1 R
# B (degree of confinement) LL & Vi 14 i) ¥ B ME i 2 ) U101

Link 25 U238 7 — Fh w30 W0 o & 7k B W o 2 A [
JOSE I /N W, i B AR B N W0 RS BT RLAE GE S R AR R AN 19
Bl THSHE CFHIMWAFE, L F@EE) M EE, Link &
(102 Vg 0t B 9 & DALV AE 55 B 6 BRI T AL 4y A o R K I A R 4

27



B ke

B LR R N Ca,=as, (6 1), 3R a A 5 B R B R AT
&5 1A KRB E, o AWM RE, &2HKES &KL
H: e=l/zw. XA K FAX &M KHE L EFKE WA R
(Rayleigh-Plateau) 15 M, XAMHE I FRL KM BHE K Ca Y
S | R T N2 WY T I 1 i ' I S T TV | S 7 98 /S 1 -4
- P QT A = P W A N T N =TI S £ 9 A N I R 7
A W &

Engl ZUCHRE T HAES B KEANHMK T By 00K
G [T T 5 ST N O Nl o N i (P Al SO 2 ol 1 M Sl ST == 1
G WMWY AWK EE N A, e E N R A
(R BE g 55 90T K B LD e T 2 ) BE ES O . Engl SR U0 —
AN TUR B B D7 1 <oF B B b A B S0 T R AR S A AL IR A AR

Engl 2 V0% B T 4 4 7 b W9 AN B9 9 K 52 B0 9 A R ) 9 222
HE - DNH B E A LR AR RS G E r RS
AKX, M5 T8 S%EKTEAR AN M. B8 NE LK,

Cristobal 2 U0V 31 Jf M # 7 — AR ) 80 19 4 20 1ok 3l 3 ok 45 44
WRAT b, EMEESAMNAE D, T H A E T AT U E
A, VW AR IX Fh R E N R AT B Mk B DR

Fuerstman 25 U°VE & 7 — B T 45 5 B 00 /8% ¥ 10t 38,
AWM AIEANGES, e EHFTBKEAFRMB S B, AN DL
NELE B, MEHE " ANTKEWLAEFMERAOELUN D E, &5
A R S g JT AR R W ) P —

Prakash ZUCTHR S 7 — F T A/e/dE B\ M MEE, =i
23X M ik T8 TE NI U Zh Be Tl O e E I A5 A3 BRI i, X MR
M PL B RE HE T Bk e DL Rk B h

Baroud % U'O% 50 00 W 57 7R ORS R MR R & — A SO W R R
o1 I L% i B I 3 1TV 1| BT V- N S /A W D 7 3
4. IEo KRB - S A SO, IR R AN &8
ANKERR Gy s AR W IE B R E BN OLR U AR R 8 R,
(A LT € O NI SO M I S 0 1w (TR ol /0 2 NI U E R BN = L == o Al I
JRE A T A B R R R IR

Ody ZUT By 7 — M@ st R mm e T Mo aa ik
DL, fE—ANWIH KR, Wi ELAA LD, MAERXNE 2 BRI,
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ML I s M/ B 5 <1 A S 2 A i e R (O 1 & U N S K RV
R MBI K EARA K. &Y T AKX ®EZ TR,

Frenz % UMW 31 7 — B 2 8 18 A ok 4 & sk X 19 b &K I
( water-in-oil droplet pairs) , X M5l 18 & A W A T B 50w 2B
WA R, B AR S Y BB A AT A O IF o, Sk 5
GO T A RGBT T B R AR S AR SR, IS T A
ﬁ$B@?Eiﬁﬂ%@ﬁﬂﬂ%ﬁﬁiﬁiE‘J)ﬂiﬁ‘i&‘?ﬁﬁ’ﬂ@ﬁ%*ﬂﬁi SR e i
WM ER LT 2N ERAS, 2T N E M
(droplet management) 9l L = W = N < B (N 1 B 71 R L L VA
i -

Utada 25 P15z B0 7 #3838 A 19 X & FL 4L (double emulsion)
GA R A G O N 1 O (S S MO/ R SN 5 i A N B N A D S S L I N A e A
ER M AR R ] T AL 0 AR XD R R
PEE — Fb oo

Lao MM T — MW EA LM MBEE, ERMBEHRES 2
ANTHRE D, PRI Z DBER, RiadRAER T FHE
s Bl = E AL A, X RS R S B T 2 B L Ak W B R R
o L m il 10 4o

Leshansky &g 57 7 — A 2D BEAY SR R XEAR I T 7 4> & O
WM A A, AR HL B DL Link POV 0 4 W N B R R
W R R A A RS ME O R AL, JF DA O X B AN AR e TR eh VT R BE T
) ) 45 B N 1) JE ) 3 FE 3K 35 . Leshansky 28 UVVUE S M i 0 v 0 1 @
S BMEH LR N [/w=13Ca*, %X 7 LW 5 B 2
(1) 78 25 B 19 JL AT FE 1R 0 3 W 4> M1 (lubrication analysis) o4 3 il
JFN O FHm AT b il SR gk B Ok R SRR AE T . i HE A3
WMERmZMAEREEXNN: dw~Cd, EH T d<<w,.

Jullien UMz i X T T A OMBH > HN %R, B4E
Hoyu B R 4x107 <Ca<2x10™, BF 90 K I o> R DL D B Rl . —
B BE W S RE A B 4 22 (breakup regime with gaps) ; Wi
U 2 B ZE W AR I > %4 (breakup ). BT R4 WL 5 Link!'°*) A1 Leshansky
2 DVUUVRIE 5 10 4 20 10 10 2 40 00 28 L, 02 B 4 4 20 v A — FF
SO 4 R I UF T Leshansky 25 UVUUIHE K d W R LA KW S
BE AR M KRR TR Mo, U THMmas s R R
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R A S B BTE Ok I S R, XA R B R
SRS R/ AR

1.2.3 A K B micro-PIV | &

A K, ok 7 1% W3 AL Cmicro-PIV) £ K 78 #CW 4& H 1K) [
F OBk Bk 2 3] B .

Santiago U IH L IF & T N A T W 1 P Ak e, 4
TORE M AR R — kL R M A (micro-PIV) $ R . Lindken %%
CULSTR) S 4k ok 1 1 4% 00 3 1 Cmicro-PIV) £ AR Wl & T i & A 5 A
WM E BE 3 o AT . Ginther 25 Uy ogg FH BCOR T O B I X
(micro-PIVOE R W & T H & K& ¥ 8 18 W i 18 18 AW MW A i
WAHBEANMBEATHAZ MR . G, X 5% W Ak BF 5T #F )
g 116, 1171

H & TR 7 A% M3 AL Cmicro-PIV) £ KR N H F 7 i 18 W &
AR R dE B 1) B T AR 2> .

Go ZE UV 38 7 vy 70 £ W 3 X9 AR Rk R P R BV OM R AR R R
By Ity oy At B . Xiong A UVUVRIH ORS8O AL (micro-PIV)
5 N S TR G W 2 o/ TS = ) A I £ Wy SR L T N O O NS i I
o, BEE R LW R B S T H T A Sk SER WA TR I )R R AR
b7 X . van Steijn &5 UOVH] B A0k 1 B 4% I 3 AL (micro-PIV) # R
LI T S W I 1 80T 8 = A 70 R W A 0 A A s R 7 5 T 9 7 4 8
MO, AWM RSN =0 ERKE B KB Bm
BB R s R W g DL B B R I . Li HLZLUR R g1t 82 99, 1201
kL 7 B & A Cmicro-PIV) £ R85 T R AR T 5 B 5 d
WM AERSEPIESLMHRAET RS ZNLN L, JFA8 AW
VR 0B B L $E At T e 2 UE B

1.3 KENG

A N 7 1 N G/ 2B 7 e S I S 7 B B (=22 N A 1]
FLoax e ¥ & e T . Be U . Al A% )7 £ 0w . o R
AL KGR SRR WO T R I N WA R R R AT
| T T & A B NI 2 -3 -
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(1) B E NPT AT M RS L R i A X ),
A & 11O 7 7 = W N <0 R ) B e < WYV 2 A N NIl P VAP
AN ETIPANIN NI N 1 IR N <19 G = R IR W T £ A SN A S R 7 R
XA TR RS2 g B 5 28R AT VRN I LB T O .

(2) WEENERTERERBEN CAREEAT 7 250E, N
HOAT W 5T BUAR w7 BUE ok, H A B9 BF 9T © & N S By Brodk A s
JHRE S FLERMT TR B, HE, R HEmIE R K2R
I A S S0 R R O N I i

1.4 KX & =H

LI NG PR TS G IS WD A L I (NSO e U 2 (S R N
DN 7/ G R/ L= G = G P A ) B DA - = NS R B B |
AR QT I <0 A S 1A S At ) O BT 1 G T D I IR A U G o 5 =
4Ry 45 Kt T8 W R AT O 9T s I AR AT I B A M T
MWIE N B R ks B R R X W T AR BEAT TR S
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O SR

kx — ==

FTE LB EERRE

%

(GR35 B I B N W (S b 23 T IS IR = S SN
. AREMANRESYSE . WOEE W I L8R &% W62 k%)
(35 b Bk R TORE YR L IR VA L B B ik vk L Ok 2055 oy ik U
{15/ i I P I T NI ) Sl 7 G T NI 7 A/l S 0 S N 11 0/ D i =<3 1
MREATF @SB T HENEGREERNEREAR. THEMAREN &
BV N7 Y T AT N B A <3 =S I = N T S |y B (R M S K 7 G
I S E B W R, BRI A (PIV) EREEGE B RRET
TORE 7 BB I A H R Cmicro-PIV),

X—FHFENAMBEMNGAE LG, LREELARE. 5k
NHALFTHMEBEMHESREM T, RENHARATH AWM EZE
SOOI A s — — e B RO R R I T R B A Y o AR
B J5 AT AR ST R B R

2.1 MBEBMHEREY

2.1.1 IREE @B E R I 1E

I S < I W O I SR = A T e S B 5 A D NI O 3 1 S M =1
AEURL 22 e L RO B (1.6 mm £ 30 x 60 mm)
A, /£ N R LT A Bl 1E SR A Ot 28 Z) s BRI AR, 12
I B o | AT PP ol = 5. 2 < S B s 3 I | I G T B = A £ O 7 2
BN

() EFTHMEBEEFRERELEL—FE®, HEKILERSE L
KA Rk — 2O IR

(2) Koz H b7 a5 3 b, H R AL B A L Ik 3
o, SR ERECH RN, H BRIk xR e mitik;

(3) R M2 B vh J7 ¥ A2 8 2 B ol i HEBD BB P T = 4
Kl B ;

C4) A M I& & 89 20 vlosa) 78 28 v b o) ol By wF 2 G A
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(5) Zl w4 5, B 22062 A aG 4k )=

(6) T 4L )5 F1 ok 85 &% A B & -

H Adobe Illustrator 8.0 #KfF W i ¥ # A L@ &, H & o
G | HEHL ( SIGMA SETYER, 5080dpi, Heidelberg) 7F M #H JiE Jv
WA R, HOLZ N (JKG2A &, LR ¥HWT ) ¥ Kk
HRBEBMERNCKRE LE, M Cr 2 By O R+ 5 & R
& B o X A OB LW Ccr E . O 50% 3 o8 % oW
( Imol/LHF+1mol/LNaF) & £ Z vl 5 18 18 . F 4 W) A7 &Y Sk 76 47
A &AL, LA 2mm KR H K. M. 88 4K . B . 4l
KK BB 5 R R LBk A OB R B YEAE (SCQ-250, bEiflg
e M A A A DAY R UE G, AR H 2l K BR BT b oK 5 B ORI R R H B A
£ T HM (DFZ-6020 B LR %X R ®EAMRAA) H I
WA 100%, fREF 2 /0. A EHEIHAABHEF (SX2-4-10,H
XMC5400 2 J7 Fa o2 A 48 5 H i B, T D o v &
S R TR E Y 10°C/min, #F 100°C fHE 1 AAEE, LA
10°C/min [ ¥ JF 3 % JHiE & 580°C, fH IS 3 /W, F LA R AR R
B gL 2w U, AT RS L E E . SR M BE OB B AE M E, M H R
AR CHT YL 30 A 77, 3A B RE IR D) ¥ A KL 45 A B B E i
FUo A0 BRI, 2 0 ) IR IR R E 40 g B A2 A, bR
=R € I QT & A 3 I N L R I O W 0 R S Tl -/ S = W Rl 70 ) I € N
(TN s 0 i A < AN { NP 1 [ = L0 SN o = Sl ATl 1 G i = |
fEE 8 T 2-1 AR SCHT R MM Ol E sy o o T 2 G
) K428 10mm, T8 iE K 40mm. £ A X H, T240. T160 M2 T120
SR B B AR T (IR xTE): 40 x 240 pm (T240). 40 x 160 pm
(T160). 40 x 120 um (T120) [ 1 i i& .
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2-1 T % B RS hOE JE S )
Fig. 2-1 Photos of the microfluidic T-junction, 40 X 160 um (T160)

212 BRe FESYHEER S £

MO TREWRMZ, WA, n T E S, XHIRGE Y
P, BB MBS — R EFEE MR Hrp, BRENR
MR lE (PMMA)D Bt 2 — B B i B & AR e A
S8R a5 R ) kGl E B R O RO R WA R O BE (PMMAD HI 1.
RN Ty — iR RNER T (PMMA) En L
PR O TE 45 R, AR R AR R CR N 5 — v Bl i SR OO M TR
FEE (PMMA) fEN @ i, HIB2¥ WAy PMMARER®EH. A
Bl mm AW EMENEEE > N ERMEEWSER D ANEC
W (AN 1.02mm). B 2-2 4 M i+ k6 E 0l R & K
FHNM RS XEMBEPHHEEENR MY N ETE. P&
5 BT :+400.+600 43 7 A4 K B I 4 400 x 400 pm. 600 x 600
pm KR A E; E400 R & A RY &K MM E, HHEIE
B A 400 x 400 pm, A MEEEE N 400 pm; D1 £ o/x il E
h AR (D LR XA IE I oEE . B 2-3 O &R oE
H+400. H AW E D1 WLy K.
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45 46
13.75
0 | 13.75 7 14 5
N o 60°
13.75
mm mm
(a) (b)
Plate: 70*35*2mm Cover plate: only screw
Substrate plate: channel, screw and connection
o o o O
i
@
d
a
o
® screw a=2mm,b=10mm,c=2mm,d=1mm,

e=5mm,f=5mm,
g=15mm, h=3.5mm
400pum deep i=1400um

(©)
K 2-2 SRAEMY K B 2l i R =
Fig. 2-2 Schematic diagram of the microfluidic devices: (a) +400 (400 um x 400 um); (b) E400 (400 um

— 400pm deep, 400pm wide

% 400 pm); (c) D1 (400 pm x 400 pm)

K 2-3 AR K AT 2R i e S 1
Fig. 2-3 Photos of the microfluidic devices: (a) +400 (400 pm x 400 pm); (b) D1 (400 p m x 400 um)
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22 L EBERARE
2.2.1 LI ARIE
2211 BMAERBITERE

AKXV BEHERIEM, BEHAERT —EMRAMEEANS
WA R M MWL 2T, WK 2-4 fr s

v
)

(V)]
R
I |

(a)

(b)
2-4 WG R S B R
Fig. 2-4 (a) Schematic diagram of the flow process. 1 microsyringe pump; 2
microporous filtering film; 3 valve; 4 pressure transducer; 5 microchannel; 6
beaker; (b) Optical diagram of experimental setup. 1 He-Ne laser; 2 spatial
filter; 3 lens; 4 microchannel; 5 amplifying lens; 6 frosted glass; 7 CCD

camcera
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AN B AT R AR S (WZ-50C6, WYL OK 2% R
TACEE AR A A, D T R MM A R R M A R
g ZMALER (0=045um) Tk, HFAEMBEEMN T B IC
HRIEE. A K IH—A K &S (S100, USA) i 4T 5K
adsx . g, FAHEAM, 28 7K. CBMNEHER
Mo WS AMEEZRBGEENEHKE (W42 1.02mm). 5L
BAASNMEEMEAERE THAT, B MABEHRE. AW
SIS Y AE W TR W E N 25°C & FHEAT (] 2-4a).

WOt B & RS H T AW WM R BT CE 2-4b) .
He-Ne Bt #8 (ZhE N 30mW)R I MG S &y 6. Ao B
YA AT s, W o I8 I W G, fHOE JE N ST A IR T 2K
Bi (f=45cm) &YW AREBEBEWRS KB, FFHAHA CCD #
BAL (768576 R %, 25 fps)fi L M KW KB, & J5 76t H L b s
BRI EIEERERXENNTER. AFMMAWELILET, 20 K4E
100 5K Bl v o AR5, AR BB A AT W2 4 . A, EEAS R
O B, AT L DL L AT e SER R B W S M OE O T % 2™
oPAT B M RE et R, R EEE T OPFATEOER, DR
B R P AT TR EE S

ZAERE SR DR

D A EOLH B, BRI E 15mA A£G, fFRE 30 5 8
Ja, WY OB HEE B E, AT A OGRS I AT O R,
IF DR UE fE B B 3 W bf B A9 B BT & BOCR A B B S Ot B, R AT A5
(B EIDV I = =i VAR VAR Rl ¥ s AN v S e I =71 -

PIDID A S S B = A N Y NI £ QN S IS C i /2 (TN SO [ B
PL J 1 id 38

3) RAEREAAFEME. CAHMEZE KK, 7K ERH
Fealr <Oy I o, PR AT OJF MR R Bl 4K . AR UM T A AR E, B IR 2
P € J5 T IR LR .

4) JFJH CCD AR ML U, 4T JF B R AF st oo, Wy
CCD M AH ML £ BE DL 3R 13 35 i B %, b i B oR 48 bf % b o B0 58 B RO
A B & B &

5) WA ES EW )R R e, I 6 BB TR % E
SR s

6) MR ERMEGE, FEEMKEECE, #HI7EBRE.

37



o SRR E R

7 BEIR ARSI M, WmREE R AHBRARN, BH
LM EHERRER 1) D&,

8) S SE K, A MOE E N W AR, JF M SR £ BEUE 3~5
K, AR JE AR Bl TE A R A AR HE R A R A Ok TR R
i 3 A% g gs LU R Ot & L .

2212 R EMERREARAI LR R E

(O QT <7IS SN 5" A ) S B S e~ i -3 /S 1 N 8
REMBEGH R RERG . B 2-5 88 T W E A0 8185 %
B Kb il E O +600 B AR W kK AR E, R AT A R A W
S8, K LN B bR R E

U Stroboscope Q2

i b
Micrometering W J L__
device
—@ valve " ] T r |
Q/2

Pressure Lens
gauge Tube

Tank

N, Cylinder

Microsyringe High speed
pump digital camera

B o2-5 AU E i KU B B R E R B
Fig. 2-5 Schematic representation of system for bubble formation and

behaviors

AR WK B Mo B RE A AR I T E B 28 (Harvard Apparatus,
PHD 22/2000, USA) # il o iZvE S E 8 W W B H 0.0001 pl/h (0.5pl
(¥ vE 4F 4% )~220.82 ml/min (140 ml [f i 4 2% ). ¥E 9 4% 1 fiid 8 2
WHRCHEE (NN 1.02 mm) 3% # .

AEmmAMNmEdt, e A, ZMENKEIHE
Jy AW B . W WA WER IR O, W BLEHIR O AR s S, A
P oK HE N IS I AE 70 kPa. R JE &L — A m kg BT
JE ] ( Sagana Instrumentaion, Luxembourg) i A il & . < & WA
HoaAEE W E N, WY R s Bk b k. A
AT Z Hr, XN AR EHATWRE: K HERERN 70 kPa
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1Y T I W G O A | A I N G ot B 0 £ =0 = 7 i i AW
JE o XA B R8BS RS N KR T eSS
U AP SN T I s 2 | A SN M =i [ LT

BT RS ) 2 =\ MW E &84T AT

A H m iS4 I (CamRecord 600, Germany) WF 97 7 fam
P T I AR M W sl i R B 2-6) . 1% B R AU AE 1280 x
1024 18 £ 4 #F R T i& 500 fps, Mo xR, HMPBEETHE
100000 fps. MG WM JE B b: 1/1000000~ 1/50 s. &1 R iz zh i,
AR (A ol R T I =B O 3 K a5 A SR 1 (B i = Rl L1 I S B O T A 7
KB 0 4 5, b AT B K B — e BT8R r #T .

W2 PR ELERN AN RE. §%, ERAEMMRTT®EET
Rt A WO W L mm i E, Kk, LM &ELN: Hik,
Wb —, TR RAEB B AT BT, AU R
P68 (Jeulim S.A., France), M EEMBEEK S —M (5
e B R A T 1 A R D

High Speed
Camera

Extension tube

Microfluidic device
Micrometering

Gold fiber light vaive
Syringe Tank
Syringe pump Pressure
gauge

Bl o2-6 200 4 B0 J W B sk B B B SE ) K

Fig. 2-6 Photos of system for bubble formation and behaviors

SRR R B B E S
1) 4% E o & AR M%ﬂ?%%ﬂ TE o B & W AR 0 B R
WA E L.
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) lmARESREE. BB E, T AKEIHENIF R, Kk
TR E SN RN T0kPa. Koy iR, U W BB AR THOE HE -

3) TP MEM R, e HEENBEN NN ERE. RKERE
{H - JF &5 9K 3 WA

4) TPl v EaE M. TR mERGN. T
r B BT E R P R R R R R Y, B T R R . IR
b1 I 1 < R S QR A i 1 o M 7 T TR T

5) WOt . B IE Lo Rk R 2 TN B R R R, Al
ZHAE K HE % B, JF 2 000w A . ak ) B AR RO .

6) s, MW AMREEZMEHER, FHOPHRAEREER
a6 K & W&y ), JF Ok A7 2] K .

7) RS ARE A, AR E R, AT KRR E

8) BE X MU A, WM E RN ARBRAAN, BE
LM EHERRER 1) D&,

9) SEHSE K Ja . S O E N R AR, JF R & T K UE 3~5 K,
ROE AR I TE A R AR HE R A R IR RIS R W
e YR kAR L RS N A

2.2.2 R F R & MRS (micro-PIV) B R IB

ok B & W JE 2 K (Particle Image Velocimetry, PIV) & 20
e 80 AN KBEBEXN —MANIMEE B RE R, ERW 7 4ER
)R WK R R, B R A A TP AR R B, S
WA, SR U2, BH O FEEEBRTR P I — 2 KD
FoAE W MoRiAE o b v, EaidxmmhieshB&, X5
PO P R AR OC B e HEAT AL B, #hE — 2 I )R] RR N s BR R T A
S I IRV VYNBSS I S /O A 2 NI ) I <9 (= = ST/ N s N A 4 S
W R AR S 2 5, AR R R U R A ) gy g R TR

= T G T B N5 W R ) A /AN 1 <N 1 RS N 1L =< T 7 0.V
WA H T A SER, 204 90 FAAK, Hx EAELSEN PIV H AR
BERE EORRET AN MO Em S #AT AW E LR T, WO
AR KL ¥ R I GE X (micro-Particle Image Velocimetry, micro-PIV
or p-PIV) [113 1231280 g SR A AT wl DL 2 6 4k o6 F W IR
87701 3 1 = P R 1S A =X G N - ) e L ) 1 R 1] S R S S
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HOEr Fofth — 22 w0] T o RO W Il 52K, W micro-LDV. X 4
LB AR AR e W E AR (MTV), 3L 70 00 &K &
# TG V5 micro-PIV AH b o 52 Bk UF B BL B JL AP B ROEE I B R B K
S HE R AL GE LA B 10 pm BL L 0 micro-PIV I i R 1 25 (6] 4 B K
ks 7 /AT 10 pm B K. kR dF i B 1Rk
B R, micro-PIV Wl & 47 #F & v 18 A GlOK & 9

AL gt PIV U 1€ J B — #F, H B R 1 micro-PIV 1 2 1 i
by kO B BB MR AR B B s B R T, X RL T BEAT WO B,
CCD M Bl i = 3% 22wy ok Mg Ot I 8] [|] B& KL 7 /) A7 B 1% &0, & J5 i o oF
SOLE AR S BT B R 45 E 3R 3g . H R T BT BF 9T ) kR B M
micro-PIV #i R 54 4 PIV ff e R KR =5, FERIAA W T ILATT
e (1) SRIME BT XAF . BT 0 sh ROEAEE - oK 2 =K
N, Wl CCD MM WA MEF Bk N RE MR 78 K& . K
gb o, 0 0K B I BR A B A LS (2) S A .
fle g8 PIV Il & W 3 19 IRCW] 5 2R T R ol 0 450 R A8 Wl &~ i 12 AT
Wl O T 3R A R DN B RS R, 6 R B B SR T IR R ST K
B2 % micro-PIV 1 &5, 1 & 0 3 ¥ RO S, 6w R A A FF 7
R JEAT BT, O B S AT ae B R U 3h al aE Ak o RO . A
Be, X T micro-PIV I & Ui b o A 0 AR I, BR O AR R 7 s (3)
FERORL 7 B E R . FEROE SRR, R Tk RN R . R R
KL AR 2 A TP, A B X U TE GG R EE ZE P DAL AR —
o il e B gy ok KN, KRR S R B AW aE s R, b R K
yBE LR 22, W R A BT VR N R R R = 53 A, W T R
T RS Ot e B TS VR 2 BOAR B OR b R U O RE T AE Dl o R ORE
T W RICY B KRR N RO K LR (4) BB A
MELE AN PIV %A — X a . BT R A AR, AT
Bl Z AN SO0k A KM st N CCD ML, B®BT <A K
KB HERBYE, XMESME RS R LB RESMRA, & H
o T I AR R A N~ = /S B 80 5+ i = A 10 K SO = I 1 N L G S R = W
AINKE B K A BT 1B B & micro-PIV X B T 4% 48 K ROEE PIV 1) 3 A 3
NS
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2.2.2.1 micro-PIV £ & & %

micro-PIV 516 4 PIV & A I X 5l /£ T micro-PIV # 4 & il
of W IEOAE B ORIk B 0 e R R B HE AT 8RB R 2-7 %5
T AR SZE B A ) micro-PIV (Dantec Dynamics, Denmark ) 3£ 4 K
MIBATHE 0L . K 2-8 B2 RG A M4 W M T AR B . ARG H MW
A T T B RN A A (2.5 x & 100 x) ¥ B (Leica, HC PLAN)
M) & % % 8% (Leica, DM ILM). Ll & CCD #H ML JL A~ = ¥ 4> 41 i -
W N (PR A 1 7 G 0 = i A SO T 1 O V1 O N e < EO A A N
BRAL AR BB R, B IREER oREE R IR AEE (TR A
o) PWEREAE M LW CCD MHALIKE X IFR A T B, B KT L
HE R, REakhrEBESFTELEE F. KA Eid g EA
R S0 VAR S O ol = A/ RS I L 5 7 NI S A S I 1 AN i A (L3R4 M 1
BB, R E A E % X T AR AT e AL B, m e i e R T
¥ ALMTr . A EEBEOE T KERNDR T, EXHERY
S R | E 2 S SN N1 I Qe S = /3 VAR i o e 2| I e T <SP S O
S IS 1B I A 2R I /S {2 v ol 527 NS (T QS LTI 0 1 AN A = e S
), WA MR TR E (B 2-9),

CCD
Camera

Microscope
lens

Kl 2-7 LSGC, Nancy-University (Nancy, France) [ micro-PIV & 4
Fig. 2-7 Photos of micro-PIV system in LSGC, Nancy-University (Nancy,

France)
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XF A TR kL A P 2R AT gE ik o B, A B X A W R
Ka . -~ DX AN X EEEAT Bk A e gk, ol A5 A 4
o7l I i 2 T

N-Stroboscope

I Microchannel
1 I
Syringe pump
Microscope
lens

@ Lens

CCD camera

2-8 micro-PIV &R & /n &

Fig. 2-8 Schematic representation of micro-PIV system

|
i te Al Elnterrogation
i | iregion
1 1
by
P e I B
| 1
g 1 -
/):’/ E pixels
1 / !
g |

Ko2-9 Hodls o e B

Fig. 2-9 Principle of data analysing process

2.2.2.2 micro-PIV 7R B R F

(AN -2 = AT e A e 3 ) O VAR R -3 = L2 i NIVANI -0 8 R VAR [ 3
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NEERFANX WA KM TP, AR ERE, X% KR
BERL T H AW AN . HEF, micro-PIV L& o R H Mok 42 — Mo Bl
ghok, AW kLA R e BLIK B LA K, e R 1 A B s B AR
R, nERNTFZAMGBIZE K Fm, HE RIS T HKE R
MfES®mE, iHFESEBMES®REEBMEANAES WX 5T R, Wik®H
TR TR AN MHEZE N RE W RS RO W, e DT
P REN D, REEEEAZ, AR EAC N ®E R
N ou. AT WIS B AR R 2 oy R 12

H\1/2
gB=<SAZ - V2D (2-1)

/EQKP<SZ>7'J*§?TF‘§QE/‘J1@7?EE%, Ax=ult 4 KL T 76 Ae 5 (8] [7] B
WE A . DI IF4 H EBinstein 1 56 #E & Wy 112°),
kT
D=y - (2-2)
HHd k& Boltzmann % 8, T MWK X E, u MR AKE D
EPERE, d Wil FEHER. HT MAEg) 2 —MEVIZEs), H
LA wzEnsmALK WM. mHH A micro-PIV Wl /& £ T 9 &
BAC, Wah A H N Ol B AR S AT R I 2 T BL — A A
S RS R B BRI e, o A RO B g5 R 3 AT R &P
By, mhon] DL KRR BE B sk o A B B Bl s ok 1 R = o R A s rh B
SO AR O o <3 BT NI = o 10 /5 (S22 ol i < L Y A 11| I I S 1
B Iz 3 i ok 1) &R 7P Bk 2 .

M

g=m (2-3)
N BCAE B OK B A B 3B B A ok 1) iR ZE kb .
ERATM S5 f, AP AN 48, BRI E AR 200 x 107
m, BENLIZ S EA N 3x 10 m-s™ o BT VAR M3 B B pm-s™'
WM R EZERER N 1%. A T A Bz shaw ok 1w %, Al
VARS8 vin S YN T T AP (S5 RN I AN /T T - 5 NI S T s
X 5k ( Stokes regime), H 12K d ) FWRL 1 UT B 3 B A -

y = dzg(pp _pl)

2-4
» 181 (2-4)
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MR RER FHEBEN 3 x 10°m, HUIBEEAN 1.5 x
10°m-s™'. HIE B AWIEs), UARELHN 1%, &M% KRER T
Eéﬁ@ﬁ(or&)m0m ([0S RPRZIN X VA S = N ol 0 7. i G SRR

B R b, ML% A ceD MbL Y B % e,

ASC A, R BRI — B K PR 1) FL M i Bk ( Latex microspheres,
Merck Estapor, France). L% ¥4 1056 kg-m™, ¥ HEN
0.88 x 10°° m. IX AR 7 BEBE W6 2 K45 U Mk B B2 bE . SCREIR KRR
FE bRE G A B E B ok 1R 2 . — R UL, R BRI R A
I AR T8 S NMNER NG,

2.2.2.3 micro-PIV By {Kk BB B /57 =X

micro-PIV K ] 4& M 8] J5 . ( volume illumination) ) Ji & & 11231
(1) W75 R 45 & n T 1201 gt B B 4 R T — A T7 1 (2)
T SRk W P A A LA BOK R, AR g8 PIV IR R O U AR A i
XA BEARESKOCRE N E W E e ES, KN T
micro-PIV W & % F 4k M 83 J7 X & M — wr A7 i 7 L1200 2-10 4
TR A E R, ARt EESEHEOCHES . BT KA
R A, R E g AT ] SRR Bl o W B ok I
RN £ | A M2 - i B T = I ol 175 i 25 2 <SS N 17 s R/ N T
WA R G W =R

PRI
P (2~45) pm

B 2-10 kMW7 5K

Fig. 2-10 Volumetric illumination system for micro-PIV system

b i R/ 5 A = VPR < o W | Y B N 3 S VA <19
0t 4‘*‘1?5‘]&%7“6@@1%%%&%%?% 4‘1??DIJ%EZ%EI’\J>{§
ERRORSE SIS I el = P S R QU O AP L O a2 R S AN
£ X UIPRNY VAR B 11 NN L7 U”Jﬁtﬁxftﬂﬂﬂjt M B R g R
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CCD MIHBLAE o X+ — AW e 19 MU ®E, 7 585 Kl DUl o
5 A N VAR /27 G SO = I (A VARN 7312+ N b B S NI | I 21 9 7 R R
0 G RS = P I o (AR e 1 3 Rl L1 B 2 S (1 7 VAR 7131 NI
N OR R — AN IE R E e EE L W T BLSR AT N A B R Ok e I S R oy
B o X T A g E R IR S, IR R R B 3R AR R
DRI A =T e o 5 B IR L2 Y N AL S I A N Sl
G VAR G (VS T w1 VAR G NP U I : . L= S
IOk U, s B RL T R RN 2 BEAT A A R 3k B, A AR XA
SR I TG N = B L S

2.2.2.4 & 4 18 % K

H o B R A PR N B 2 2 A G BR . CCD M LR M 5
Wit Be AR S5 1 R 2 YOG I R B B Al Sk AR AT 4R 1 P ind
By R oRL oy BB HEAT A SR Ab R, 7R A O B B T A AR A ]
W i o R B AR bR P U A I ARR S 1 R O AN B 2 IR O 1R
R ol LTI AN P T A IR SNSRI 7| VAR 211 I P 307 < ) NI G
RV, e S sl 0 L1 T R AT R 5 U RS S B Sl - RS e SR
(N M S I VAR e o Tl LTS S AR & 1 BN N 1 e B 5 S VAR
(F) 7 35 0 R AR R X AU 3 R . 6 AR SR RO PIV I &, R AR
i 1= IS T O Sl I < I O A 2 VAR T R O - - 3 N D IR
Yo AW W)W R R, M AT 2 )R, R R R AR
Sy 7/ I NI O P I J [ OE  : Sl/ [  3 I S Ri  L
xS ORI R 22, I 3R A A BRI o A . AR,
fE il ROJE 45 1 1 00 At AN X A o OOH] a8 ik i AN i g R AL
o, wEMSMRK. HAT, X T micro-PIV EE R & K E T % W "
SO IPSE 3 NI K S = NN = g ol = g [ S P s i N I < K S iR A
?LE[123]0

EP M R BeR 5T AR B U — RS I JE 3 AT &R 4R
SR S N TIPS AR i O N s A IS o W1 E R Il b - W GO FIPS
PROBCREAT R R B, M B A Ok e Kok B R S, MORR O o B A
Kk KMV BIAM KL, fF 5 B 1E 1 g de . o BE LB S U B oK
KFEAC . BEik A 2ok 7 B & % 0 BRB, JF Honl B3R A3 58 sy 1 £
l:l:[123]o
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K% % | 1% & &)k (overlapping of LID-PIV recording) #& il it
EAE g ENN TS PIVEASRKNES, 17 EG KIELL
A RHEAAGEMECERAITRE W E . EEH TR EBg%E
JEWARAL HE B B BA K2 NI, &% EERGU LS HELZ W
1% % 5 B A T

bE ML W 6 A OC BR BB DT ik g DLl i A R R R E S
HEHEATIE R, BB NI S A B AW KA, B2 A E &
AT S B AT BUAR B (WG BR o AH RO T i BE I R SO . B B
MY R T ORE R R AL E A R AR — R, AR AT B
BOK BEAE M oT ik A e 2 B AT PO KRN, XX E BN
TR P B R el H BB E SN AT R & R M. XA
ik, w] AR A B0 98 ok 4% (digital filter) 5k B 15 5t & 0 K E
B W€ A e /D E, WA BL R B &R K R R £ B D KR AE TS B BR
O R H P,

A X H FlowMap % ff (Dantec Dynamics, Denmark) X} K % [
JR B R 34T 5 A B . JF 58 F OB W Zh B8 ( masking function) VH Br H bx
WK LA R, SR 5 HOAH L ) B8 (cross-correlation function)
P BE W JE R B BEAT AE B, SR A B A A 64 x 64 B E, 50%IW
WHESH . ENMAGA TR B . % & 2B EE S A
BN KR AL I M AR, T BN AR b B AT R E (velocity
range). ¥ IE (moving averaged validation). UE ¥ (filter) %
— R YA, R e A3 R B &R K

BAE L R

D E5EIF A P A 68 R &, B FE N AU CCD i HL YR, K
BHAREMMALE (+600 MMEIE, 10 x)

2) MR M AR TR LR REE . KRS A s BRI WA
WANTENEN. REAHEERE, EEABEKIREEWMEE. IFIT
a6 9K B RO UK

3) MEREFMMEBEEREARYEMWUREE L. A HB,
MR TEEN ETAELAGAME, WYYESMEENES. #e
T E ) RN RE DL R R E, NN AR S, U
S eI |4 R TP U /K A 3 d o @ = o Sl T ST

4) JF A E ML LD K FlowMap %A . JF 81 & 30 H % . W oE i
A2 M, JF H A& W U AR o K T B B o6 TR A I TR
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(laser) WA 200 us /oA, WG [a) 8] B (dt)ix 24 300 us, &l & 4
# (trigger frequency) N 5 Hz.

5) Mm ik RERE R, Y5 R AEALHEIE &H KRR
(NEVAN -

6) AT LRI, RAEESLHELR

7)) AE bR BB ok P w0 B AT
R fE B K

8) Sl WiE, MK KMEAMA. tFEV . CCD MAHHL . N
(L Y B/ A N ) B <

2.2.3 IR M R

%

KA.
or M. A gk i

2.2.3.1 BhE N =

AT opr A AR G AR K AR A R A R R 2 AR U AR A CRFS I,
Rheometric Scientific, USA) L JF AT M & . & B w € % il .

SEOuG P R
l)ﬁmﬁ%ﬁﬁﬁkfﬁm e e dEY, EAY
HoAAMREHIER (2.6 bar), [AMAMAIMAE ZH EHR, R

F@EEW&*B TR (2~5bar); & & A OE W JF A EHL R,
1 7F W0 3k 5 AF .

2) FREAKBER RS, woE W, FEE AL, X
B O M BT IR K o s R g, Bk HE AR T K

3) KRR ETE EHMAE, RN FLEETER T5 BN
A 2 RO

4) BRAMFES AN R R FH BB EEM e b E, EE A
H A

5O MHABMARFPAEED G LI, JLT 5 R A&7 8.

6) RIEVGH. HFTWEFREIFH R EKXRMETHN S, HATLER.

70 kBT U R, R FEATCR M BT O e W MR, 7 i — B

8) V& W m, JramilE, Wk, L AANE.
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2232 FEK DN =

¥ N e I T o N R T | Y I N & O O ST A BT I K S S P 1= g
X 1 5K J1 A (1.T. Concept, France)_ I: 58 i -

e b IR

1) 37 JF S2 56 A a8 BL S HL iR o

2) K A DORE AR ONORE T, A IR O ar, JF R T A E
W % 5 1 IE BF e B TS A O B M, T B BE O W e [ .

3) ST SER A, HATREH., KARERIE. W RER DL
Lo 1 b A B

4) P, MR s B E Y 1 I, R A E R O A3 B R
5K JI 1

2233 RERMMERPIFWM MK Y M EIE

FEo S S A (e T R W QT L 1 R S 1 S RS B e 7~ 3 (N [ I
PRWR, AXH T =MARDER B A, KR 2-1.

o2-1 UM WA R B W ST RO AR W T R

Table 2-1 Properties of the fluids in the experiments of gas-liquid two-phase

flow
Density p, Viscosity u, Surface tension o,
Fluid
kg-nf3 mPa-s mN-m"'

Deionized water 997 0.8937 72.1
Ethanol 795 1.1600 21.4
n-propanol 802 1.8539 22.6

Air 1.18 0.0183

K P 3 G N RO 1 s B A Ui B R RIE 9T T, WA 2 K
AN TE B R kAR K B AN A R E (0-0.8 wt% ) 1) 3R 1 i R R
TR AR R B0 (sodium dodecyl sulfate, SDS) (Amresco, USA)FI A
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A W B (1 wt%, 2 wt%, )i it i 80 (Tween 80)(Croda Internatinal PLC,
UK) & A8 53R Ti 5K ) o 75 K B N A 8] 3 B (25 wt %, 50 wt %, 62 wt
%) I H i (Prolabo, France) it 48 H K5 B o X 28 3 & 09 9 Pk 2 ¥n & &
2-2,

R O2-2 UM AR KLU B R PR BE ST TR AR I A K e
Table 2-2 Experimental data of various gas-liquid systems used in the

experiments for bubble formation and behaviors

Surface tension, o0 Viscosity, &« Density, »
Liquid phase
(mN-m™") (mPa-s) (kg'm™?) x10°
water 72.0 0.92 1
0.01% SDS 54.3 0.92 1
0.05%SDS 48.6 0.92 1
0.1% SDS 39.0 0.92 1
0.2%SDS 33.8 0.92 1
0.25% SDS 33.5 0.92 1
0.5% SDS 33.0 0.92 1
0.8% SDS 32.5 0.92 1
1% Tween80 37.4 0.92 1
2% Tween80 30.5 0.92 1
0.5% SDS/25% glycerol 31.5 2.32 1.06
0.5% SDS/50% glycerol 31.5 6.53 1.13
0.5% SDS/62% glycerol 31.5 10.18 1.16

2234 SRMERPELFTREANDERE

PNV B -3 1O 1B (= B B W A E S R N = < 9 R S A TV | S T 7
Sy AN TR W B (0.1-1.25 wt%) 0 Fh R oM B OW MM B R W W
(polyacrylamide, PAAm) ( AN 913 SH, France). X T- PAAm % ¥ »
SEUG W e N ) FORG B R BT D) A0 AR Ak i & 2-11 P .

6 S5 A 8, 3 VR U AR AR O 3 R il E HO AR C y=u/D)
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i 507 BB B) % B [ O 1~500 57 . fE % 36 [ A ] Power-Law
B 56 e B Sk 4 B, AE S AR UF [0 46 b I B PAAm AK W W I 3 A8
P
n=Kj"" (2-5)
EESE NS FEY B L s s N BT S
A9 B . PAAm ¥ R AE B KLU KAl 1 & WM RO L & 243,

100 ' 100 ' ' " w 0.10 wi% PAAm
i + 0.25 wt% PAAM
- ° "'%,. ® 0.50 wi% PAAm
i 10 oy 2 * 0.75 wi% PAAM
10k > + +++++:oi: — 1.00 wt% PAAm
< : o LI BRI A 1.25wt% PAAm
o (S [ T
(7)) > L
§ 1L o..' ++++ . 0.10 wt% PAAm | 'g -
o] F e + " " + 0.25 wt% PAAm o 0.1F
Y toom ® 0.50 wt% PAAM 2
[ tom * 0.75 wi% PAAM =
r + " ~ 1.00 W% PAAM 0.01L
o1 . . . A 1.25w% PAAm : . . . . .
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
Shear rate (s Shear rate (s”)
(a) (b)
2-11 PAAm & W iR & T 5
Fig. 2-11 Rheological behavior of PAAm solutions
#* 2-3 PAAm W W W 1R B HE
Fig. 2-3 Physical properties of PAAm solutions
Density, p Surface tension, Consistency, K Flow
Fluid
(kg-m™) o (mN-m™") (Pa-s™) index, n
0.10 % PAAm 1000 71.0 0.3413 0.4898
0.25 % PAAm 1000 70.3 1.0484 0.4141
0.50 % PAAm 1000 69.6 2.8681 0.3540
0.75 % PAAm 1000 69.3 4.3199 0.3473
1.00 % PAAm 1000 67.7 7.9112 0.2882
1.25 % PAAm 1000 67.2 10.8480 0.2607
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2.2.4 B & A E

A SCH M Matlab BCPF XS R SCIA 82 B R BE AT AL B, JF
IR I = A S AN ORI 5 N e U S U S (T (g
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B B PR B Y R PTE

FZE REEENEBEASRKRBEARRESFE

AT R H bR H OB S8 O R R GO B AR R E
(40 x 240 um F1 40 x 160 um) WA BEHAHB M . T AR
B, EE K. SBEFIE N M T 8O A . 5858 00N 258
WA R\ BRE BR—DFWR . HER. 77 ERZ L
IR B R S BT B B TE R v LE IR N C hfw, 025D, 3R TR 5K
77 FUR A A N AL R AR M g R . F O AR O B O AR bR Bl TR
BE, 5088 EHE ST T W8 AR LT 3 s Em
JOSE R AR PR BT 1 5 w0 o 2t — A0k T 8 W 3 Re 1A 2 we FIIR
e LG Rfw B B AR B X T Ay R, WO B R RE BE A A TR I
S | TV A NN W <L i 7 = o L < ol - ) T 8 O 7o
T R R e, BNES SEREY S R

3.1 mB

B 3-1 878 T 40 x 240 pm ff 3 38 A 25 < -7K P9 AT o A1 g AL 3 7 .
SR N TN N /NI AN 2/ N VNI T O ) o~ e /W < 11 1 82 N L

WoAR W . M 0 BOAE WA B, B R BN i, R
JERE S i A A S B i R = T R S N1 A = N E I S & L/ T B T B e i
(iU S N L I <9 = 374 1 AT A

SRR U e XA R R AR AR AN o BRI K

ORI E A v R, KR B . BB R T K
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Fig. 3-1 Representative photographs of flow patterns for air-water two-phase
flow in the 40 X 240 pm microchannel, j; = 0.2315 m-s ! (a) bubbly flow,
jo=0.1736 m-s™"; (b) slug flow, jg = 0.6944 m-s™'; (¢) annular flow, jg =
1.9965 m-s™'; (d) stratified flow, jg = 5.4977 m-s”"
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Fig. 3-2 Flow patterns map and transition lines in 160 x 40 pm rectangular
microchannels. Gas-liquid phase: (a) air-water; (b) air-n-propanol. o bubbly
flow; A slug flow; o annular flow; — annular-stratified flow; x stratified

flow
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Fig. 3-3 Effect of channel size on the flow patterns. a - d: transition lines in
240 pm wide microchannel; I-IV: transition lines in 160 p m wide
microchannel. a, I: bubbly/slug; b, II: slug/annular; ¢, III:

annular/annular-stratified; d, IV: annular-stratified/stratified

VR AR R B WAL O R E RSP, Pl A
MPEE T ZmR AR E. HE - DEHIR2Z S B0
ANBLSE R, D s w0 R A D R R AR 2 W B PR . A TE
I RO RS L TE R RO KO JE 1 RS 2 ( Waelchli A1 ovon

57



S =5 B LR AOE IS R AT R AL

Rohr! 1) A 5z 56 #0 /& 76 % i N 847 10, i B 3 1M R b B
KM R AW T2 AT @ E 1 T, B DU iR B R RS B —
0 L N 1 O ol <4 - E | 332 1 G G = R R N O A B A S i (S B S VAR A
/74\9@%%&%3- {1/ QT IS 1 I i = N 1 N i S RN W B B - A S K 1 B i

BEWMAKDER, HAMKELENZH N EEHERELL H/w, & i#
¥ Re 1511 % We (Akbar %5 1*); Waelchli M1 von Rohr!*®V)., 7F K
EZR /G I %ﬁﬂ%@ﬁéﬁaﬁ?ﬁﬁ%?@?\, e e i A e AR 2k v DL K R
H

Re, We, =a(Re, We, ) (hlw,)* (3-1)
K3-1HBTAK3-1HMWUSHAE a, b, ¢, H &H/AD = il X sk
A R TTI A G (= A 1 A 7 N S AN £ N s R O T = i vl Bl = 2 I el ]

A . LK S H I E 0.018 < Reg<42.48,0.12 < Re;, <26.73,9.50 x
10 2 < Weg<0.19, 1.64 x 10 > < We, < 0.26, 0.17 < h/w. <0.25.

#3-1 A 3- 1S HE
Table 3-1 Values of a, b and ¢ in Eq. 3-1
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K 3-4 Box T HAMG B KSR MY LB EMrE. X T
FRAR /AR . AR - R/ R AR LR, WWME SR EY S R
/SR £ 38 N R At BT A el A e - = R N w1 B T R E R I A W
FH IR IR U AT 2 R

58



B B PR B Y R PTE

1LEHI
L.E+OI 7
GO O - S | 1 N R = A
A A A 1.E+00 p i
A A A v/
. 1. E-01 : : : . 1.E-01 /4"
4 & . 0
% /1
LE o '/a .
A A A ¥x
. E-0 // ,
1.E ‘ ‘ ‘ / 2 - 'J
LE-04 L
LE-0 1. E-10 1. E-07 1. B-04 1. E-01 1.E+02
1. E=10 1. E=07 1. E=04 1. E=01 1. E+02 Re,We,
RecWe;
(a) (b)

3-4 AWM M S MR RS B Bl B b AR
Fig. 3-4 Flow pattern maps using the universal transition lines in two
different rectangular microchannels using various fluids: (a) 160 x 40 um,
n-propanol-air; (b) 160 x 40 pum, flow pattern map using the universal
transition lines. o bubbly flow; A slug flow; o annular flow; —

annular-stratified flow; x stratified flow
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Fig. 3-6 Comparison of the experimental data with the model

'27] Microchannel: 160 x 40 pm,

proposed by Taitel et al. !
ethanol-air two-phase flow. o bubbly flow; A slug flow; o annular

flow; - annular-stratified flow; x stratified flow
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Fig. 3-7 Comparison of the experimental data with the modified
Mishima and Ishii ["?*! model by Hibiki and Mishima (1291 Microchannel:
160 x 40 pm, ethanol-air two-phase flow. o bubbly flow; A slug flow; o

annular flow; - annular-stratified flow; x stratified flow
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Fig. 3-8 Effects of gas and liquid flow rates on the liquid film thickness.
Microchannel: 240 x 40 pm, liquid phase: ethanol, gas phase: air
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Fig. 3-9 Effects on the film thickness: (a) liquid phase, microchannel: 160 x
40 um, j; = 0.0868 m-s'; (b) channel size, j; = 0.1736 m-s ', liquid phase:
n-propanol, gas phase: air. T160 and T240 mean 160 x 40 pm and 240 x 40
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< 42.48,0.12 < Re; <26.73, 9.50 x 10 < Weg<0.19, 1.64 x 10 ° <
Wey, < 0.26, 0.17 < h/w. <0.25. $& tH 10 3% & ¥ 0 A & e o % B 4%
SR Y T S A /NI T 3 o =

(4) AL HB/ LS OA MR ANEFEATT HE. ¥ Cubaud
M Hol*"1.  Zhao #1 Bil** | Ide M Kariyasakil*® % & 1 i # % &
g 5 ARSI A3 B Y A R LR A L, H R R R I O A Y
LV I R A 2 TR S s R L A N/ TR S S

(5) A L8 M5 Taitel S U2TIE A . & IE W Mishima Al
Ishiil "28 0 B UU200 3k 47 7 5 bboo B0 R T30 0 (%) o R AR 4k OF RS B T
ALY HAR DT 100 pm [ T G0 38 NI Y R AR A

(6) X T4y )2 W, B R R BE G WK W B R TE R ST IR D
Mok N, BEE AR E WG s MR ERH K. L. IE
(SR P [ S 7 i L 7 R et M O = A 3 L - OIS
GRS 1B = A o/ G S N 5 LI = 1 (A (= A 7

(7) ASCi 4t 7T HANT 100 pm (1 B T 50 B A SO B A
TR B, N O TE Y ROV A A DL R T R I AT N —
SE M)l (Zhang V7)) Shao 25 14%]y,

68



SEVUE AEAEROE IE A I B BRI

FNE |SBEMBEARANERERATFHE
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THOE TE PO AR s RO AU K B micro-PIV W & R AER T F
B E N TR AR 4N M E AN W R 3 AT
Hy TAHMNEMNMEE NPT N

41 SRAEE R TEMBEERNBNE K

AT E R TR AE T B (T120) 54 18 E N Ak
o B2 BF I — W i (squeezing-to-dripping) # A ML B . & H A W WK
JEE IR 2 IRV M R T ke R 6 R B SDSC0-0.5 wt%) 1 H i — /K (0-62
wt%) AWM TR AR . 3% M A R B AN [F KR X Ol
Ho DX OIR DR B AR XL A AT T X AR Sk EB B 2 B AR
R T P N W N < R 70 AN 1 N 10 € W Y W =l = v L SN 1 = @i 3
TR, JE MW P B (“two-step model™)LYV 0 b T AW 1 A i
FE o S8 5 5T E LM AR BUR K PAAmM W (0.1-0.5 wt%) [ i
AR PR A AR R T R e .

4.1.1 SEEFHRMAKPHE K
4.1.1.1 mERpLER

SCH &N s RWE W R VS 0.003 <u, ;< 11.8m.s™, WK
R BE S BN 0.92< g, <102mPa.s, K 5K J7 6 [ 24 31.5<o<72mN.m™',
B4 E B F R 0.0007<Ca<0.056, i HE O 0.12<Re<40.8, 1A
G N 79%107 <We<228. FEAMARIW AT LA WA E R . KA K
TEERENHFRIWHES D TEERLW/ADNTE CLE 4-1),
PR AW AR LB R, i R K RRIR R WA K E R T
W R R AN AR, EEHTEE DA, T
S B S 3 e W 1 I S S DN T IS S o SR = S = 1 N
D= 7 M Al U W (0 e S €19 P = /3 7 o S P %:ﬁlﬂm/@ﬁi
) X 3k kWK, B R I X SR R g X102 08 00T AN Xk Y
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Fig.4-1 Two-phase flow patterns under different capillary number Ca. The
dashed line is the transition line for the dripping regime and the transition
regime; the short dashed line is the transition line for the transition regime

and the squeezing regime

JL/w,ow, fw, <UBE R A, 7 4 1 Y8 G 0.013<Ca<0.1, X AN I
ik 3 22 A0 = B B BT D) g A2 DL SR W AR K P AE AR . X R OL R R
R D RE T EE ik BT D) O R A sk O R RV AR, 3 A X R D IR X

[68, 691

Liw,<25 , 1<JLjw -w/w, B [ ¥ R %, 7 & 0 % B N
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4112 FEXHWERKRRBE R

RWAERSEH s EREMNETEX. B 4-2 828 7 8K AW
At B ARRE, TUEH, WA EARNR, B AT
ZR . BRI AE R A B AN B BB AN BN I K
= TR I O VST /S I /201 LT AP W A S E /% NI EO WA O 7 1 W | 7
B AN S, M EAR RS AW A kR AR, SR R E W
B, W — A K E, FEAAL N T K, BB T il 2 R
e fuh 2] > Xf U7 B OIE BE B R — AN A B A B B kR W B B
AR R LTI/ S B T 1 P ==l (= B v € IS 5 L T N L e W NS I
BN P A v 510 R A ST T N ) PG W < B S A A
T RRE, SIHESARKEEMTTEEEN AR DER W, B
BN, HEEERKKES 0 BE - DHBARAE. B =D R
A B e W BB B B, DD & B I TR RR O B A R e, — R
MR B BOAR PR 58 e, P BLog A A R RE T DL A T

Bl 4-3 F1 I 4-4 4 0 oo 1 3R A0 S T R R S Y e AR o R .

E MK By B, Ak A Kk B B A s AR W B
B, UM Sk Ry AR ok R Bl e A R W . B DU, RO Sk T AR
5o B B R L B B Cn 8 4-3 o ). R W I I g LE 2 KK I
) ¢, 2 KR 2 o om0, AW 094 o B 3 2l e W B B i .
ALL G I 2 AR R TR O R o AR ORE Sk TR I B & AN B B I &
(R ). Z$ 40 R UL, % Q,= 267 pL/min, WKW & M Q= 7 puL/min
#n# Q= 20 pL/min B, A Sk T EE 0 £ E N 125.87 mm-s”!
B 3 74.77 mm-s™', R W 12.5 ms 4 P 8 ms, MR
X EMNBEMEmEA K, N5 kiU ,=15 ms, t,=11 ms,
e E kU, 1,=35 ms, t,=45 ms; 1 Q=20 puL/min, K = M
0,= 267 pL/min 34 1 # 0,= 391 pL/min, “TAH 3k T0# 0 3 B 74.77
mm-s™' 0% 295.38 mm-s', B WM 8 ms 45 % £ 4.5 ms,
JoEH MW ,=05 ms, =4 ms. Xt UM Sk T B B BE A WA
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Fig. 4-2 Optical micrographs of the temporal evolution of the periodic
break-up procedure. N, and water. (a) @, =7pL/min, @, =267pL/min. (b)
O, =15uL/min, Q,=267uL/min. (¢) O, =15pL/min, @, =391pL/min

iR ) TR AR AP =S A 1 I = 0 [ ) (VT ) [V G A I e =
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Fig. 4-3 Temporal evolution of the thread tip L,. T120. Gas phase: N2; liquid

phase: 0.25 wt% SDS aqueous solution
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Fig. 4-4 Temporal evolution of the neck W,. T120. Gas phase: N2; liquid

phase: 0.25 wt% SDS aqueous solution
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B BTG BE 4 0 RR R 2 RK ERE RN e W O R . B0 AE I OIK B B DL B R
(1) 3 BE A6 BCH R ik B - AN ORE, RS LT A E
oo BRIk, HEREBR®. M Q,= 267 uL/min, Q=7
nL/min, #0H0 A8 IK B H 26.09 mm-s™', J¢ W F Ol 8.68 mm-s'.
Y Q,= 267 pL/min, ¥ AK¥ & N Q=7 pL/min 3 0 # 0= 20 pL/min
(67 I fige , #5048 A 9% W O A 8.68 mm-s™' B i #| 18.36 mm-s'; ¥ Q=
20 pL/min, “THK¥ & M Q,=267 pL/min 3§ I # 0,= 391 pL/min ¥
fi ,  FEB Y JE W BE O 18.36 mm-s™' B F] 22.49 mm-s™'. X i B
e R LT e O £ NI T = M IO = I el G M NI T == [ 8
MR R T BB AR, e W B R R BE A VAR R 1Y 0 T 2
| R I O N T - il 4 1 I 7P T80 - 2 1 = W N T - ) VT
1.

BB llamE, [TWnE R BRI BEEE.
L, e RWAERKRTHSABMRER XK. B 4-5 BT 4AKA
W RS S5 RWR X R A E R 8 T, B
SR N o . JE A b o ds R, Rl W B E R E
WP RBEMRKESRSBRELE2LEEXR, MHRE N 1/3,
FiHFS%TFEENERESRER: 40/120, X W% iF T Garstecki '°°!
BEA CPEW 1.2.1.1) WA DL T A L & .

10 A O Q, =58 ul/min
+ Q=85 ul/min
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geop =
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4 Eﬁ o0
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Fig. 4-5 Effects of gas and liquid flow rates on the bubble size. T120. Liquid

phase: water
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I S A A, BT M S BE R 2 TR R AR R, BT L T
il A AN VA I E Aol < S (7 W alie e R S P 17 D W 2 NI O E R I e o
LIS SO IR - A = L N0 N - O LI 1= BTV NP el oM W11 <10 8 (7
KEBERKFiZMEBMNE. W 4-6a 5B T 45 FmEEH SDSO.1
wt% M KEBR A WEBRR TS 2R, NETLLEH,

B BE AR (0 T b0 N 2RI s PR R IR O 2R AH N AR R R 1 RN
Liw,=033p+2. T /< W A st Bt WU R R B, i N W A
AW A BR K B Y ik ok B m v BB PO, BT Bl Garsteckil®?!
MR 1-14aPMEE 1 NiZEBE - ATIHESH, ALK
g “27. B o4-6b 43 T SER AT A R X BN A I I RN 5 R

W E X R: L/w =0320+0.64, V¥R ZELH 30%.

%

B/
o

14 T T T T T T 16 T T T T T T T T T T
o O Experimental data o o
12} /’_ - - L/WC=O.32(p+ 0.64
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Fig. 4-6 Relationship between the bubble size and the ratio of gas/liquid

flow rates. (a) liquid phase: 0.1 wt% SDS-water mixture, O, = 124 pL/min;

(b) all of the experimental data

&l 4-7 WoR T WS van de Graaf S SYBIA (EIL 1.2.1.1,
X 1-15 M 1-16) [ XF tb . van de Graaf 25 *V ] 4% 7 3% /K 2% 2 (lattice
Boltzmann method, LBM) F U T ¥ i /& T A 7ok 1 & W 19 4F il 72
I SR AT TR . AR AT A <P P 7L Ctwo-step process) VR YK
RTINS O N i S A e <1 I MIT 4 & I 2 ) 7

TR i
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W, WA KR AR AE RV, R)E, T Bl i s g

L s S U S O | N [T P & 2 [ 3 T @TUB&E%EZH"JWY&?E‘J% A

hPE R AR R R . T HoAE R PR AR B S B4 B Ca MY

D (TR A N I = s ol = E == o O ) | T Q) 1 }‘AEPTU\%Hj

van de Graaf 4§ [64] *%ﬁjﬁljﬂ 100 x 100 pm T A 53 38 & & H 09 = 5+
EHF AWM EE T120 WA M4 K.

0.20 2
~ +30%
o /7
0.15} o 4
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3 g S
= o o 4 -
%010 o, s °© -7
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£0.05 0 o7 -7
> °op S -
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4-7 UL E R AR B SE B 55 van de Graaf 25 O4TRE A 3 45 4 (1 X} b
Fig. 4-7 Comparison of the experimental data with the values calculated by

van de Graaf er al.'®* model
4.1.1.3 HHREXADESRBE K

70 R X, B ) Jy AR TH 5k O ) ROV 0 AR B B, AR R
MR~ DL ESZ BN E R RE xR CIER 1.2.1.1, X 1-7). A&
4-8 o TP MM BB RAE BAMELM KR, X 4-1 JH
T VR LR R . o, Ron WA R R A E BRI A, BT
WA HA AW R R LR E Sk & B, RV =2Lwh/6,
rp=3PV/Ar . AR LR BAELLEN, BEBABEEEE B HEHW

1y /h=0.71Ca*" (4-1)
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Fig. 4-8 Relationship between the bubble size and capillary number Ca in the

dripping regime for the present experimental data

K41 WRKAWERTEORTE BN E KRR

Table 4-1 Bubble size with different capillary number in the dripping regime

WAk Q, (uL/min) O, (puL/min) Ca 1yl h
50 wt%glycerol 573 60 0.0143 1.12
25 wt%glycerol 573 100 0.0171 1.08
0.25 wt%SDS 573 180 0.0256 1.06
0.25 wt%SDS 473 150 0.0432 0.99

R EFREE TEENERE R (K 4-8). AT HE P
BAFAE R RWMIR ST S BN ERMEE R, IFHE T Semk U A4
AW RS M EBMEHRFR, LB 4-9, HRRNL:

7y h=0.98Ca™ "> (4-2)

AWK R ST E N 160-310 pm, 1 £ & E K <F 24 300 x 200
um, HZ2ZXHHB > BAHEE LR D, EHRLN S50 um 1 E 41 %,
5 S AN 3 P = 57 7 Bl X 5/ N I

Xul®* V@ 2 4% B SOk b Bodls & B Y Ca>02 (0 B %, AR R
WAEE AN, JL PR ELMH A AR E MY A=A, R~Faf
DL 7R A e

vyl hocCa™ (4-3)

1M 7E 0.01<Ca<0.21 I fie , b Uk & 45 b SE 5 (5 2 K, Pr L
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h 2wh
de Menech %5 [915m & % (i 5% 0l B 45 b M I /O &5 48, (0 2 & B Al
A ROST IR AL FE A R — FF

-Ca™ (4-4)

Soa gt Cat (4-5)
Hob oy, o8 W Sk B 5 RE 2 AN B BT )Ry 5 A
B OIE 10 BT ) R u /w1 LG E .
X 4-3 80 4-4, KX 4-5, KX 4-2, X 4-1 F 09 W 4> BH BE B
g B K K R RS (Ca TR MK IR I -1, -0.4,-0.25,-0.11),
Ul BRAE o B RSP el E v B NAR 2, mN, BAN I ) (B R D
X Rk X Cdripping regime) W 73 BAH ) A2 Bl i B2 A & Z A0 .
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Fig. 4-9 Relationship between the bubble size and capillary number Ca from

the literature of Xu et al. ''°!

4.1.1.4 T EXE AR BEE K

(6 DS , I R SR T R R g 10 68,
A9 o oh kI AR N IR F 5 R R E R R A R %
2 -

78



SEVUE AEAEROE IE A I B BRI

(wa )0.5
w

c

KA R ZE N 25%. o w, o8 I 9, IO XA X R
Fo9E B &b T E M T, P BURE T T 3R DL IR P Uy ok R or
TR B 4-10 Bon 7TARE AT 5 & A B E SRR
K

=0.269""*Ca™"? (4-6)

2.0

n
0.8 -

(Lw,)**w
&

0.4

4-10 R ¥ XA M RSP 5 0 i &L A B gl B ok B
Fig. 4-10 Relationship between the bubble size and ratio of gas/liquid flow

rates and capillary number in the transition regime

Xult®®2 by 43 o ML A A, WX 1-28. Christopher!®?14% Xt i
SO A 2 ST VAR 7/ [ N i R N I G S S A B Al e 1 274
FEZEMEHWOER, B A BEREEHMNMHERELES, P
a2 1 I TR N A AN M = = N 2 = o 1 i S s o B 1 G = a1
1.2.1.1, X 1-21 & 1-27),

X My IR OE R VR R R ST B b Lo 08
NS T~ S S B (SR PN 0 [ WY V== = AN G35 L E I T NN O e SIS
Wk xRN SF W . B 4-1la-c A HE TRBWHELL. &
£ R T N L A S T /A B M W RS = ' AN I 1= 2 | R N S e ST D O
P V< 9 AN I = e W L <l R 1 A TS 0 P 1 = S 28 i I W N
A T T A N T | Y IS M W S5 1 = 17 N 3 (£ NP S =~ g 1
(a4 5 © 4R E 1 SC mR AT A UYL 2 T gk o R AU A R 5 i ) B
JRO PRS2 e C 1) gk Oy 2 BH kO M B ) ), o HL OB &Gk O R
P e O KR 2, BOSR B0 AR KK ) {E M A, R R AR M AR i
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Fig. 4-11 (a)-(c) Effects on the bubble size: (a) flow rates; (b) viscosity, c =

31.5 mN.m™ ', Qg = 573 pL/min; (c) surface tension; (d) comparison between

[62]

the experimental data and the values calculated by Christopher et al.

model

Bo4-11d 8 oR T A0 S S 5 H 4 5 Christopher! 214
AU B B B, AT R EAE 28%LL N, 1% BT R B G UMb TN o
XA AW R R 4-2 It T & RGN 0.5 wt% ) k5 A4
5 Christopher!®2 4% 1 3 &4 (9 %F [ o ¥ 56 % UE Christopher!®?1 7Y
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o 1-24, RE R UE X 1-26. |7 #F A I H R b/w, 11 SE K (H
HUEME: FEENIRKREERLERERWHKE. WK IES, ¥
HENEZRE PR b . ANEDATUEH, bwh Liw it &
{34 B S 56 {6 %2 K o Christopher!®2 VB8 Y 31 57 {5 K 19 B X AT B ok A Xt
Bk X, LK b HEE KB KR, 1T B 21 AV T
FMGK AR, W JE Sk S O T AL R Bk OE K B B R T BB
I s 2 K

* 4-2 LK AH S Christopher 2188 A 3 & {f 19 X L
Table 4-2 Comparison between the experimental data and values calculated

by Christopher er al. '°*! model

ik o ca  (Bw)y, (B/w), (Lw)y (L/w),
0.5 wt% SDS 1.92 0.0058 0.72 0.83 2.38 3.15
0.5 wt% SDS 1.22 0.0077 0.68 0.82 1.90 2.32
0.5 wt% SDS 0.76 0.0097 0.64 0.80 1.62 1.76
0.5 wt% SDS 0.31 0.0145 0.58 0.78 1.20 1.18

4.1.1.5 “BWPE” HFE8 QLW EHIE

Steegmans 2 OOV W 7 <y 2D vk M0 R SR T T 7GR 8 N AR R
W O CREW 120101, R 1-17), A CH I AE T AL B 01 R
o R PP A R, W AR R AR S AR B OBk WA AE T
RO My, MEEME SR EELR. AW AW P
ST TR E R S R B W, B 4-12 ok o L B B ok R g e e
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Fig. 4-20 Effects on the velocity distribution u(y): (a) volumetric flow rates;

(b) viscosity; (c¢) different depth; (d) different size
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Fig. 4-21 Velocity distributions in the mid-plane of the 600 x 600 um
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Fig. 4-22 Measured and predicted velocity profile u(y) for fully developed

PAAm solutions in the mid-plane of the 600 x 600 pm microchannel

K 4-22 8 Won TR AESR B o X R 5w . MR PE K 4-14,
T Y AT ufu, BEE o KN CBI PAAmM IR BE 119 OK D Mg Ok
M REEMNE R TE KR
B 4-23 BoR TR AR B O TE R S X b o A
. o 4-11, X P @M BGEE W, PR RS 0 Ak
%mﬁlﬂzlﬁ\mgaﬁ’li‘jtﬁ‘ﬁi‘j( e K AH BE B E RS IR ORI
AN T Y o A B B E RSP I K AR . s EH 5 OB e 0 A
%%*ﬁl
BRI S o A Bl R R AR R B RO TE RS AR A
ﬁ‘ﬁ’EEﬂc (KBl 4-23), HEKE#E X 4-14, L &F N AW EE D M ufu, 5
%Eéﬂﬁcﬁﬁﬁﬁ%|y/RR¥J%%?%ﬁ%E‘JT‘§%§ﬁ no Sk ok U, WK R

>

m}

Bon WOLLSE R R B B 4 A ok T T8 log(1-u/u,,, ) 5 log(|y]/R)
(S N S T N AT N =
log[l—L]=(l+l)log[Mj (4-15)
U n R

97



VYR AOEAERGE TE A ) A R SR

T
+600, 60 ulL/min |

0.012} n ,
0.016 - AAA E S X XXX + +400, 60 pL/min
N SN o X Xy A 4600, 120 pmin
A L XX +400, 120 uL/min |
A0 N 0.010 } o H
0.012 A E X
4
_ A+t Tt.oa _ 0.008} y (ADBAGEEARAELA,
o A+ 5000000, i N "o = AAX
g 0008 +,° %o " 1 € 0006} At
- o = N + A
> %o O 90 uL/min oA > EDDDDDDDDDDDDDJD+ «
| . + | 0.004 - 10 o+ A
0.004 . o + 120 uL/min o Ag D4
A 180 pL/min
© " 6 0.002} %ﬁ OA
0.000 L L L L L L L L L 0,
-0.2 -0.1 0.0 0.1 0.2 -1.0 -0.5 0.0 0.5 1.0
y (mm) y/R
(a) (b)

4-23 52 W AR A AR R B 1 R
Fig. 4-23 Effects on the velocity profile u(y): (a) volumetric flow rates, 400
x 400 pm microchannel, 0.50 wt% PAAm; (b) size of microchannel, 0.50 wt%
PAAm
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Fig. 4-24 Measurement of the power law exponent » on the microchannels for
different concentrations of PAAm solutions. Log-log plot of (l—u/umax) with
(|y|/R)is a straight line, the slope of which gives (l+l/n), from which, the

parameter n could be extracted
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Fig. 4-25 Shear rate and viscosity distribution in the radial direction at a

fixed axial line. Liquid: 0.5 wt% PAAm, 600 x 600 pm
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Fig. 4-26 Flow patterns at the cross-junction. Gas phase: N,, 0, =1200 pL/min; liquid phase: 0.5 wt%
SDS and 62 wt% glycerol -water mixture. (a) slug bubble, O;= 600 pL/min; (b) slug bubble, Q;= 1200
pL/min; (c) slug bubble, Q;= 2400 pL/min; (d) slug bubble, Q;= 3600 uL/min; (e) isolate bubble, Q;=
6000 uL/min ; (f) isolate bubble, O;= 8400 puL/min ; (g) satellite bubble, O;= 12000 uL/min ; (h) satellite
bubble, O;= 12000 puL/min
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Fig. 4-27 Velocity fields at the tip and rear of the slug bubble in the
microchannel. L/W, = 2.25

Kl 4-28 78 T 600 x 600 pm F{ 1 1E# A A < —0.5 wt%SDS Fl 62
wt% M /K W R AWM E . MWW E N T 6000 pL/min
T 7 N W QY A0 N A N v 2 A A A T e v 1 = O 5 %
AWM s M AR E & T 6000 pL/min (1) B, 9 A AR
2 % WK TR TR R LR D

Satellite bubble - —C = & ®
D
+ +_eof .
10 -3 B '9"9"'8—8-
-0 o4
- O 812
. Isolate bUbbleo,.o'
E © d Slug bubble
~ .,
= P! -
—_ _/'
(@] 9_/ °
- -,
Pe
o O Slug bubble
O lIsolate bubble
+ Satellite bubble
103 PR | L L L L PR R R | L

103 4
Qg (uL/min)
Kl 4-28 I 4B U b 5 8 8 il o SOM Y A IR TR Y
Fig. 4-28 Two-phase flow patterns map at the cross-junction. Gas phase: Nj;
liquid phase: 0.5 wt% SDS and 62 wt% glycerol -water mixture, 600 x 600

pm microfluidic device. ----: the transition line for satellite/isolate

bubble; —._. the transition line for slug/isolate bubble
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Fig. 4-29 Image sequency of the evolution of the periodic bubble formation

process in a 400 x 400 pm microfluidic device. (a) 0.5 wt% SDS and 25 wt%

glycerol -water mixture, O, = 840 pL/min, Q; = 840 pL/min; (b) 0.5 wt% SDS

and 25 wt% glycerol -water mixture, O, = 840 puL/min, Q; = 3360 pL/min; (c)

0.5 wt% SDS -water mixture, O, = 840 puL/min, O; = 840 pL/min; (d) 0.5 wt%
SDS -water mixture, O, = 840 pL/min, Q; = 3360 pL/min

B TE IR ORSE O AW AR K N 1 DL 4-30c. 7E — R
LT == Sl G o A W 1 IANIY Il i €7 G (=R 0 B N T N W T o[ SN 14
JEM R R sk e RS ORIV AR R B R R B, LU R R T /Q, -
o 1 <10 T M7 A A P < 4 =0 (= A O W S N - 0 SO 1 D N i . £
AR

KK Em LK 4-30d, ME A LLAEE, F£imk LT
AWAERRSTRAERW, AR %R & SDS & & kil 80.

106



SEVUE AEAEROE IE A I B BRI

8
81 0 £ Q =840 ul/min o 25 wt% Glycerol
0 Q,=1200 uL/min 0 g A 50 wt% Glycerol
7F = 6l 4 O 62 wt% Glycerol
A
o B6F N
2 WA o
- A
5 r A O % o A O
A ol o 4 o .
4r A " 5 °o 2 " 0o O
A o) 5
L L . 0 1 n 1 n 1 n 1
1000 1500 2000 0 2000 4000 6000
Q, (uL/min) Q, (uL/min)
(a) (b)
0 +400 o O 0.01 wt% SDS
6 A A +600 8L * O 0.05wt% SDS
S A 0.10 wi% SDS
O A + 0.20 wt% SDS
6F X 0.25wt% SDS T
4t A § & 0.50 wt% SDS
[$) 0 © 4 ¥ 0.80 wt% SDS
E & E T o > 1 wt% Tween80 |
3 — g O 2 wt% Tween80
2 r é 2 - B g T
A
: ° 8 5
0 B 1 1 1 1 1 ]
O 1 1 1
0 1000 2000 . 3000 4000 2000 4000 6000 8000 10000
Q, (nL/min) Q, (uL/min)
(¢) (d)

Bl 4-30 7T A R R T I R m AR
Fig. 4-30 Effects of various parameters on the bubble size: (a) gas and liquid
flow rates, +600, liquid phase: 0.25 wt% SDS; (b) liquid viscosity, +600, O,
= 840 pL/min; (c) size of microfluidic devices, O, = 1200 pL/min, 50 wt%
glycerol; (d) surface tension, +400, O, = 916 nL/min
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Fig. 4-31 (a) Scheme of the cross-junction and the gas-liquid interface. The
Fig. defines the dimensions of the junction region: the width of the channel
(W.= 600 pum). For the analysis of breakup, we traced the evolution of the
maximum (for expansion stage) and minimum (for collapse stage) width W,
and the length L, of the gaseous thread tip as setting the end of the gaseous
introducing channel as zero. We also plotted the calculated area 4 of the
two-dimensional thread; (b)-(c) scheme of the maximum width (expansion
stage) and the minimum width (collapse and pinch off stage) of the gaseous

thread W,
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Fig. 4-32 (a)-(f) Optical micrographs of the evolution of the periodic bubble formation process; (g)
temporary evolution of the bubble thread during the formation process. Gas phase: Ny; Liquid
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Fig. 4-42 Micrographs of the bubble formation in the bubbly regime. Gas
phase: N, O, = 1200 pL/min; liquid phase: 0.5 wt% SDS -62
wt%Glycerol-water mixture. (a) O; = 8400 pL/min. (b) Q; = 6000 pL/min
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0.8} o . . _ Fig. 4-43 Effects of parameters on
O
500'7' o | the bubble size generated in the
- 06 bubbly regime. (a) liquid flow rates,
s g 'SI'vaSenso +600. O, = 840 pL/min; (b) viscosity
St m] E
S S S S S of the liquid phase, +400, O, = 390

30 35 40 45 50 55
o (mMN-m™) pL/min, ¢ = 31.5 mN-m™'; (¢) surface

tension, +400, O, = 916 pL/min, Q, =

(¢) .
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R4 WARD A T #AE 4 F R BTl RS R
Table 4-3 Bubble size in the bubbly regime under different conditions

Device Liquid u (mPa-s)o (mN‘m'l)Qg (pL/min) Q; (uL/min) Ca L/W.
+600 62 wt% glycerol 10.18 31.5 840 8400 0.130.63
+600 62 wt% glycerol 10.18 31.5 1200 8400 0.130.91
+400 0.1 wt% SDS 0.92 39 573 3000 0.010.80
+400 0.1 wt% SDS 0.92 39 840 3000 0.011.02
+400 50 wt% glycerol 6.53 31.5 1200 4800 0.100.78
+400 62 wt% glycerol 10.18 31.5 1200 4800 0.160.44

A s B B R BLAE R RO 5 E S M AR AR W R kA
WK BME IR KRR, FEMIEHEN-0.23 (K 4-44), Tl
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Fig. 4-44 Relationship between bubble size and capillary number in the

bubbly regime
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Fig. 4-45 Flow patterns observed in 600 x 600 um microfluidic device for
1.00 wt% PAAm solution: (a)slug bubble flow, O; = 30 pL/min, Q, = 154

pL/min; (b)missile bubble flow, O0; = 500 pL/min, Q, = 391 pL/min;
(c)annular flow, O; = 10 pL/min, O, = 8147 pL/min

EXTHARBEXE: R i XA ARERKX. Be i X Q.
By — = A p iR A S s R AR W XA AR
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SN O A L S I I (S (0 T I N/ BT SN = 5 (= AN ) Q@ AR N
L. K 4-46 B ox T 600 x 600 pm fH W E N AR —1%PAAM
SRRSO N R 3 1 i = 2 SR W 5 1 B O
5B N RGN A AR o T AR R L, T B XN Rey=putd" K
SR E BN : Reg=pud/u. R AMBHEN: p=1.25kgm?’, u=
0.017 mPa-s (20°C, KA JE) . KW H EHWHE N: 10° <Re; < 107
100" < Re, < 107",

AN [R] B E N R AN F W E PAAM B IR T I A B M AN B E WX
AR st 2 2 — 3L, B 4-47 n . B LBEE PAAmM WO K
FER I R m T B g, ARSI ®EESLT, PAAm ¥ WK &
CE=TIN U7 AN I L IR (A 0 NP N Al A S S 7/ i e 3 S R W O 1
AR, P LA TR B R M AR TR R LN LA RS E X . Ui B R4
STE S = = N AN £ I A N T [ I A 2
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Fig. 4-46 Flow patterns map and transition lines in 600 x 600 um
microfluidic device for 1.00 wt% PAAm solution: (A ) slug; (— ) missile;

(O) intermittent; (+) annular
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4-47 B IE RPN PAAmM ¥ WK XU BB AR e 1Y R
Fig. 4-47 Effects of channel size and concentrations of PAAm solution on

the transition line

REMARERXRX R MEERL BB EHHETUH—4
fif 5 K Ak R R
Re, = a Re! (4-24)
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Table 4-4 Values of a and f in Eq. 4-24

Channel size (um) Concentration of PAAm (%) a b
600 0.10 122.61 0.45
600 0.25 19.67 0.33
600 0.50 11.14 0.34
600 0.75 4.35 0.34
600 1.00 0.33 0.09
400 0.10 112.97 0.48
400 0.25 54.94 0.46
400 0.50 7.86 0.30
400 0.75 1.84 0.28
400 1.00 0.29 0.15

4.3.2.2 FiBE i iE

B 4- 48 2o T AR AR U AR R sOIR RO A 3 0 i A i R
A R R A BLR B T = AN B KL SR AT R B B
12 1 BK By B, AR Skl 22 1 B AE AR Uy W B K H B 58 KA B
KAH o A&k 22 5 Je W bir Br: Uk Sk 410 22 48 il i 7 1) B
N R WEAER R TS W B Rk L B e, R
FE UL AR DL B R 1 R K W A 22 JF A 2 MR . RO Sk Al 22 [ TR IR D XY
i B OIS S| o B T 3 RS B 3 I R I RS R
P E AW AR S AN E R AR EE W Em E. EWE 4- 48 B
AN A3 PRI E R R R R Sk Al 22 TS LG ORI R kL B
MR ARTEEMEIRR, TAWAZXNIFHRAWEYE . X
LT SRS N 3 B NI S S T N R W A 2 7 72 I S P LA W LN
WEL % 5 T 4E 8 8R4k PAAmM % W B8 ) A% B R E .
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Fig. 4-48 Optical micrographs of the evolution of the periodic bubble
formation process. Gas phase: N,; Liquid phase: 0.25 wt% PAAm aqueous
solution, 600 pm x 600 um microfluidic device, O, = 154 pL/min, (a) O, =
220 uL/min; (b) Q; = 2200 pL/min
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Fig. 4-49 Velocity fields in the continuous flow during one period of a
bubble formation. 600 um x 600 pm microfluidic device. Gas phase: N,, Q,=
154 pL/min; liquid phase: 1.25 wt % PAAm aqueous solution, O; = 70 pL/min.
(a) /T = 1/15, L,/ W.=1.07, W,/ W.=1.17 ; (b) t/T = 4/15, L,/ W. = 1.83, W,/
We=127, W,/ W =0.70 ; (¢c) t/T =T7/15, W,/ W, =1.13, W,/ W, =0.67 ; (d)
t/T = 14/15, W,/ W.=1.03, W,/ W, =0.33
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Fig. 4-50 Position dependence of the measurement. (a) Gaseous thread width

W (t) measured at different locations in the microchannel. Measurements

were performed at position designated as 1, 2, 3, 4 and 5 (Dashed lines).

Position 5 is the location at which the neck of the thread experienced its
minimum, as plotted in the figure; (b) the gaseous thread thickness measured
at different positions. Data were color coded according to (a). Gas phase: Nj;
liquid phase: 0.25 wt% PAAm solution, Q, = 390 pL/min, Q; = 960 pL/min,
600 x 600 um microfluidic device. The time zero was settled as the moment

of the gaseous thread pinches-off
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Fig. 4-51 (a) — (g) Optical micrographs of the evolution of the periodic bubble formation process; (h)
temporal evolution of the minimum width of the gaseous thread during the formation process. Gas phase:
Ny; liquid phase: 0.25 wt% PAAm solution, Q, = 390 pL/min, Q; = 960 uL/min, 600 x 600 pum

microfluidic device
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Fig. 4-52 Scaling law for the width of the gaseous thread during the collapse
and pinch-off stages: (a) the collapse stage; (b) the pinch-off stage
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Fig. 4-53 Temporal evolution of the thread tip L,and its velocity AL /At. Gas
phase: N,; liquid phase: 0.25 wt% PAAm solution, O, = 390 pL/min, O; = 960

pL/min
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Fig. 4-59 Velocity profile around the gaseous thread formed in different

concentrations of PAAm solutions: (a)-(c) 0.1 wt% PAAm; (b)-(d) 1 wt%
PAAm. Q; = 154 pL/min, Q; = 70 pL/min; (a)-(b) the right beginning of the
bubble formation, just after the pinch-off stage; (c)-(d) just before the

pinch-off stage
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Fig. 4-63 Relationship between the bubble shape and the liquid flow rates.
+400. 1.25 wt%PAAm. O, = 154 pL/min. (a) Q; = 50 pL/min; (b) Q; = 150
pL/min; (¢) Q@; = 200 pL/min; (d) Q; = 250 pL/min
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Fig. 4-64 Relationship between the bubble shape and the concentration of
PAAm solutions. +600. O, = 154 pL/min. Q; = 400 pL/min; (a) 0.75
wt%PAAmM; (b) 1.25 wt%PAAmM
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Fig. 4-65 Optical micrographs of the evolution of the coalescence of in-line

bubbles in Newtonian fluids. N,, Liquid phase: 0.1 wt% SDS-water solution,
O, =573 pL/min, Q; = 2000 pL/min
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Fig. 4-66 Speed evolution of the coalescence of in-line bubbles in Newtonian
fluids. N,, Liquid phase: 0.1 wt% SDS-water solution, Qg = 573 puL/min, Q; =
2000 pL/min
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Fig. 4-67 Optical micrographs of the evolution of the coalescence of three

in-line bubbles in Newtonian fluids. N,, Liquid phase: 0.1 wt% SDS-water
solution, O, = 573 pL/min, O; = 2000 uL/min
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Fig. 4-68 Speed evolution of the coalescence of three in-line bubbles in
Newtonian fluids. N,, Liquid phase: 0.1 wt% SDS-water solution, O, = 573
pL/min, Q; = 2000 pL/min
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Fig. 4-69 Optical micrographs of the evolution of coalescence of in-line

bubbles in 0.5 wt% PAAm aqueous solution. O, = 267 uL/min, Q; = 500

pL/min
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Fig. 4-70 Speed evolution of the coalescence of in-line bubbles in 0.5 wt% PAAm aqueous solution. O,

=267 puL/min, Q; = 500 pL/min
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Fig. 4-71 Micrographs of bubbles just before contact and coalescence, respectively. (a)  =-0.5 ms (just

before contact); (b) £ = 123 ms (just before coalescence). Liquid phase: 0.5 wt% PAAm aqueous solution.

Qg =267 uL/min, O; = 500 pL/min
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Fig. 4-72 Optical micrographs of the evolution of coalescence of in-line
bubbles in 0.5 wt% PAAm aqueous solution: small bubble catches up with big
bubble. O, = 267 pL/min, O; = 500 uL/min
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Fig. 4-73 Speed evolution of the coalescence of in-line bubbles in 0.5 wt%
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Fig. 4-74 Optical micrographs of the evolution of coalescence of parallel
bubbles in 0.5 wt% PAAm aqueous solution. O, = 267 pL/min, Q; = 500

pL/min
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Fig. 4-75 Speed evolution of the coalescence of parallel bubbles in 0.5 wt%
PAAm aqueous solution. O, = 267 pL/min, Q; = 500 pL/min
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Fig. 4-76 Probability of N, bubble coalescence in 0.5 wt% PAAm solutions.
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Fig. 4-77 Relationship between the location and period for bubble
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Fig. 4-82 Six regimes observed in the experiment for N, bubbles move across
the T-junction. The bubbles move from the left to right along the horizontal
channel. 400 x 400 pm microfluidic device: (a) Breaking (asymmetric) with
permanent obstruction (BA). O, = 2006 pL/min, Q; = 570 pL/min. Liquid
phase: 25 wt% glycerol-water mixture with 0.5 wt%SDS; (b) Breaking
(symmetric) with permanent obstruction (BSI). O, = 391 uL/min, Q; = 300
pL/min; (c¢) Breaking (symmetric) with partly obstruction (BSII). O, = 916
pL/min, Q; = 1300 pL/min; (d) Breaking (symmetric) with permanent gaps
(BSII). Qg = 2006 pnL/min, Q; = 4500 pL/min; (e) Transition between
breaking and non-breaking (TR). O, =916 pL/min, O; = 1400 pL/min. Liquid
phase: 50 wt% glycerol-water mixture with 0.5 wt%SDS; (f) Non-breaking
regime with partly obstruction (NB). O, = 391 pL/min, Q; = 750 uL/min; (g)
Non-breaking regime with permanent gaps (NB). O, = 391 pL/min, O, = 4500
pL/min. (b)-(d), (f)-(g) Liquid phase: 0.1 wt% SDS-water mixture
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Fig. 4-84 Micrographs of the evolution of bubble breaking in BSIin the
microfluidic T-junction. Liquid phase: 62 wt% glycerol-water mixture with
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Fig. 4-85 Sketch of the shape of a bubble arriving at the T-junction and
definitions of the two quantities used in the present study to characterize the
bubble breaking procedure in the regime of breaking with gaps: Lt/z, 0.
Lt/2 is the half length of the bubble; § is the thickness of the bubble neck

in the T-junction
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Fig. 4-86 (a)-(b) Tmporal evolution of the quantities for the bubble during
the breaking procedure. Liquid phase: 62 wt% glycerol-water mixture with
0.5 wt%SDS. Q, = 916 nL/min, Q; = 300 pL/min. L/w.=3.52, Ca=0.0l1, Re =
1.42
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Fig. 4-87 (a)-(d) Evolution of the bubbles as a function of ut/wcunder
different conditions. (a), (¢) 6/we; (b), (d) L;/2w.. (a)-(b): 0.1 wt% SDS, O, =
391 pL/min , (o) Q; = 300 pL/min. L/w, =435, Ca=0.00074, Re = 13.59. (o) O,
=400 pL/min. L/w,=4.13, Ca=0.00098, Re = 18.12. (A) Q; = 500 pL/min.
L/w, =339, Ca=0.0012, Re = 22.64. (c)-(d): Qg =916 pL/min, Q; = 600 pL/min,
(+) 0.5 wt% SDS, L/w.=47, Ca=0.0017, Re = 27.17. (¥ ) 25 wt% glycerol,
L/w. =424, Ca=0.0046, Re = 11.42. (O) 50 wt% glycerol, L/w,=3.09, Ca=0.013,
Re = 4.33
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Fig. 4-89 Micrographs of the evolution of bubble breaking in BSII in the
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0.5 wt%SDS. Qg =391 puL/min, Q; = 700 pL/min. L/w.=2.54, Ca=0.0054, Re
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Fig. 4-90 (a) Sketch of the shape of a bubble arriving at the T-junction and
definitions of the three quantities used in the present study to characterize
the bubble breaking procedure in the regime of breaking with gaps: L, /2, &,
d; (b)-(d) The temporal evolution of the quantities for the bubble during the
breaking procedure. Liquid phase: 25 wt% glycerol-water mixture with 0.5
wt%SDS. O, = 391 uL/min, Q; = 700 pL/min. L/w,=2.54, Ca=0.0054, Re =
13.33. Lt/2 is the half length of the bubble; ¢ is the thickness of the
bubble neck in the T-junction; d is the minimum distance for the gap between

the bubble and the wall in the entrance side
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Fig. 4-91 (a)-(c) Evolution of the bubbles as a function of ut/ w, under different conditions. (a) 5/ We s
(b) d/w;(c) L;/2w,..(A)25 wt% glycerol, O, = 391 pL/min, Q; = 600 pL/min, L/w, =2.93,
Ca =0.0046, Re = 11.42. (x) 25 wt% glycerol, Q, = 391 pL/min, O; = 700 pL/min. L/wc =254,
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Ca =0.0061, Re=15.23. (+) 50 wt% glycerol, O, = 154 pL/min, Q; = 250 pL/min. L/wc =274,
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Fig. 4-92 Velocity distributions in the liquid phase around bubbles in the

breaking regime (symmetric) II in the T-junction divergence. Liquid phase:

62 wt% Glycerol-water mixture with 0.5 wt%SDS. O, = 391 uL/min, O, = 150
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L/w, =0.51Ca™"* (4-33)
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Fig. 4-95 Transition for different bubble behaviors in the T-junction. Liquid
phase: 0.1 wt% SDS
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Fig. 4-96 Pair bubbles formed at the outlet of the loop. Liquid phase: 0.1

wt% SDS. O, =916 nL/min, Q; = 2000 pL/min. (a) ¢; (b) t + 2 ms; (c) f + 4 ms;
(d) t + 6 ms

188



SRV AR ROMAE P39 B B

0005 001 0os 002 0025

(a) (b) ()
4-97 BRI A B D R S D
Fig. 4-97 Velocity distributions around the bubbles at the outlet of the loop.
Liquid phase: 62 wt% glycerol-water mixture with 0.5 wt%SDS. O, = 391
pL/min, O, = 150 pL/min
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K 4-98 AR AL B O AR R O A ROSE [ SE e
Fig. 4-98 Relationship between the size of the formed pair bubbles and the
liquid flow rates. Liquid phase: 0.1 wt% SDS. Q, = 2006 pL/min. (a) O, =
1000 pL/min; (b) O; = 1500 pL/min; (¢) Q; = 2000 pL/min; (d) O; = 3000
pL/min; (e) Q; = 3500 pL/min; (f) Q; = 4000 pL/min; (g) Q; = 4500 pL/min;
(h) Q; = 5000 pL/min; (i) Q; = 6000 pL/min

(a) (b)
Kl 4-99 3K 0 SO A BE L %
Fig. 4-99 Example for bubble collision at the outlet of the loop. Liquid

phase: 0.1 wt% SDS. Q, = 2006 pL/min. (a) Q; = 2000 pL/min; (b) O, = 3500
pL/min
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Fig. 4-100 Length of formed double bubbles at the outlet of the loop. (square)

Oy = 154 uL/min; (cross)Q, = 391 pL/min; (triangle) O, = 916 pL/min; (star)
Qg = 2006 pL/min. Liquid phase: 0.1 wt% SDS
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ABSTRACT

Gas-liquid two-phase flow is an important research project in microfluidics. The
gas-liquid two-phase flow, the bubble formation and moving behaviors in
microchannels were investigated, by using a high speed digital camera and a micro
Particle Image Velocimetry (micro-PIV). The gas-liquid two-phase flow in vertical
rectangular microchannels was investigated and a flow pattern map was constructed;
the bubble formation in both Newtonian and non-Newtonian fluids in cross-flowing
microfluidic T-junctions and flow-focusing devices was investigated; the bubble
formation process could be divided into expansion, collapse and pinch-off stages; the
collapse speed of the gaseous thread in the second stage is controlled by the squeezing
pressure, and is proportional to the liquid flow rates; while the minimum width of the
neck of the gaseous thread in the third stage for bubble formation in flow-focusing
devices could be scaled with the remaining time to the ultimate pinch-off as a power
law relationship with an exponent of 1/3; the PAAm solutions prolong the gaseous
thread in the tangential direction of the neck; bubble coalescence in a microchannel
with an expansion section was studied; the bubble behavior in a microchannel with a

loop was also investigated.
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Résumé

Les écoulements gaz-liquide constituent un axe de recherche rés actif en microfluidique. Le
rapport des débits entre les deux phases, la formation de bulles et les champs de vitesse dans
des microcanaux ont été étudiés dans cette thése, en utilisant une caméra numérique rapide et
un microsystéme de Particle Image Velocimetry (micro-PIV). En particulier, le diagramme
des phases gaz-liquide ont été établi dans des microcanaux carrés ; la formation des bulles en
fluides tant newtoniens que non newtoniens a été étudiée en détail dans plusieurs
configurations géométriques telles que T-jonction et flow-focusing. Les mécanismes régissant
la formation d’une bulle ont été modélisés pour chaque étape : expansion, amincissement et
rupture. L’étape amincissement de la trainée d’une bulle est notamment contrélée par une
pression orthogonale qui dépend du débit du liquide. Dans le cadre de flow-focusing, le
mécanisme de la rupture du film gazeux peut étre décrit par une loi d’échelle reliant
I’épaisseur minimale du film au temps restant juste avant la rupture avec un exposant 1/3. Le
caractére non newtonien de fluides PAAm allonge la trainée d’une bulle par rapport aux
fluides newtoniens. Enfin, I’étude de la coalescence entre bulles a €té entreprise a I’échelle
microscopique ainsi que le comportement complexe des trains de bulles dans des réseaux de
microcannaux.

Mots clés : écoulements gaz-liquide ; microcanaux ; formation d’une bulle ; mécanisme et
comportement des bulles ; loi d’échelle ; mesures micro-PIV

ABSTRACT

Gas-liquid two-phase flow is an important research project in microfluidics. The gas-liquid
two-phase flow, the bubble formation and moving behaviours in microchannels were
investigated, by using a high speed digital camera and a micro Particle Image Velocimetry
(micro-PIV). The gas-liquid two-phase flow in vertical rectangular microchannels was
investigated and a flow pattern map was constructed; the bubble formation in both Newtonian
and non-Newtonian fluids in cross-flowing microfluidic T-junctions and flow-focusing
devices was investigated; the bubble formation process could be divided into expansion,
collapse and pinch-off stages; the collapse speed of the gaseous thread in the second stage 15
controlled by the squeezing pressure, and is proportional to the liquid flow rates; while the
minimum width of the neck of the gaseous thread in the third stage for bubble formation in
flow-focusing devices could be scaled with the remaining time to the ultimate pinch-off as a
power law relationship with an exponent of 1/3; the PAAm solutions prolong the gaseous
thread in the tangential direction of the neck; bubble coalescence in a microchannel with an
expansion section was studied; the bubble behaviour in a microchannel with a loop was also
investigated.

Keywords: gas-liquid flows; microchannels; formation of a bubble; mechanism and behaviour
of bubbles; scaling law; micro-PIV measurements



