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HIGHLIGHTS

« Shear stress plays an important role in determining bubble length in squeezing regime.
« A correlation was developed to address the effect of y; and jrp on bubble length.
« Bubble frequency reaches a maximum with an increase of the gas-liquid flow ratio.

« Cross-sectional shape of Taylor bubbles is close to square at low Ca.

ARTICLE INFO ABSTRACT

Article history:

Received 28 October 2012

Received in revised form 21 February 2013
Accepted 26 February 2013

Available online 14 March 2013

The bubble formation in a square microchannel with a converging shape mixing junction has been inves-
tigated under gas-liquid Taylor flow using a high-speed camera. A typical bubble formation process was
found to consist of two steps including the expansion and rupture steps. The bubble length could be
approximated as the product of the rupture time and two-phase mixture velocity. Significant influence
of liquid viscosity and two-phase mixture velocity on the bubble length was observed, although a linear
dependence of the bubble length on gas-liquid flow ratio is present for a given two-phase mixture veloc-
ity or liquid viscosity. This indicates that shear stress plays an important role in determining the bubble
length in the current microfluidic device even at low Capillary numbers where the squeezing regime is
expected to predominate. An empirical correlation expressing the bubble length as a function of gas—
liquid flow ratio, liquid viscosity and two-phase mixture velocity was developed to describe the experi-
mental results. The bubble frequency was found to reach a maximum as gas-liquid flow ratio is increased
from 0.5 to 1. The cross-sectional shape of Taylor bubble was close to be square at low capillary numbers,
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which is in agreement with the literature results.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

During the past two decades, microreactor technology has be-
come one of the important techniques of process intensification
for the chemical and process industry [1], primarily owing to effi-
cient heat and mass transfer properties offered by this technology
for chemical production. Its application potential has been demon-
strated in many areas, such as mixing [2,3], separations [4,5], reac-
tions [6-8] and chemical analysis [9].

Mass transfer and reaction performance in gas-liquid microre-
actors are highly dependent on hydrodynamics of gas-liquid flow
therein. Taylor flow is one common flow pattern encountered dur-
ing gas-liquid flow through microchannels [10], which consists of
sequences of an elongated bubble and a liquid slug. The bubble
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length is usually several times of the channel diameter. The liquid
slugs are separated by the bubbles and the two adjacent liquid
slugs are connected only through a thin film (if present) between
the bubble and the channel wall, which indicates a significant
reduction in axial mixing [11]. The recirculation in the liquid slugs
improves radial mixing [12,13]. Thus, microreactors operated un-
der Taylor flow have found great use in various chemical processes
such as nanoparticle synthesis [14-17] and homogeneously/heter-
ogeneously catalyzed gas-liquid reactions [18-20].

The successful design of microreactors operated under Taylor
flow relies on a full understanding on its hydrodynamics [21]. In
order to manipulate Taylor flow precisely, it is necessary to inves-
tigate the formation process of Taylor bubbles. Various formation
mechanisms have been proposed. Garstecki et al. [22] proposed
the squeezing mechanism in T-type microfluidic junction geome-
tries that controls the bubble formation at low Capillary numbers
(e.g., Ca < 1072), where interfacial force is expected to be dominant
over shear stress. Under this regime, the break-up of a Taylor


http://crossmark.dyndns.org/dialog/?doi=10.1016/j.cej.2013.02.108&domain=pdf
http://dx.doi.org/10.1016/j.cej.2013.02.108
mailto:gwchen@dicp.ac.cn
http://www.microchem.dicp.ac.cn
http://dx.doi.org/10.1016/j.cej.2013.02.108
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej

100 M. Dang et al. / Chemical Engineering Journal 223 (2013) 99-109

Nomenclature

Ca Capillary number defined by (Ca = y;jrp/o), dimension-
less

dn hydraulic diameter (m)

fs bubble frequency (s7!)

h height of the microchannel (m)

jc superficial gas velocity (m/s)

it superficial liquid velocity (m/s)

Jrp two-phase mixture velocity defined by (jp =jg +j;) (m/
s)

Lg length of Taylor bubble (m)

Q volumetric flow rate (m3/s)

3p equivalent radius of the bubble (m)

Re Reynolds number defined by (Re = dpjrppr/ i), dimen-
sionless

t time (s)

T shear stress defined by (7 = yy) (Pa)

1% volume (m?)

w width of the main microchannel (m)

Wg width of the bubble (m)

Wq width of inlet microchannel for gas (m)

Greek letters

y shear rate (s71)

e hold-up, dimensionless
0 angle, degree

u viscosity (Pas)

o density (kg/m?)

o surface tension (N/m)
Subscripts

B Taylor bubble

e expansion step

G gas phase

inlet inlet microchannel of gas or liquid
L liquid phase

max maximal

r rupture step

ref reference properties
P two-phase mixture

bubble is controlled by the liquid-phase pressure drop across the
emerging bubble resulting from its blockage of the liquid flow
path. De Menech et al. [23] investigated the formation of droplets
in T-type junction microchannels by numerical simulation and
found three regimes depending on the magnitude of Ca, i.e., the
squeezing, dripping and jetting regimes. Recently, the central ideas
of squeezing mechanism have been confirmed experimentally by
Abate et al. [24] who utilized Laplace sensors to perform a detailed
analysis of pressure fluctuations generated during drop formation
in a T-type junction. They further found that even at the highest
Ca under investigation (i.e., Ca = 0.21), squeezing still played a role
although shear stress was more important in drop formation.
Besides the formation mechanisms, the length of Taylor bubble
has also been extensively studied because of its importance in
determining pressure drop and mass transfer rate under Taylor
flow [25-27]. Table 1 summarizes the existing literature correla-
tions proposed for the prediction of Taylor bubble length in micro-
channels. For the T-type junction microchannel, Garstecki et al.
[22] formulated Eq. (1) according to the squeezing mechanism,
which could predict the bubble length formed in the liquid con-
taining surfactants. Qian and Lawal [28] obtained Eq. (2) to esti-
mate the bubble length by CFD simulation. The correlation shows
that the bubble length depends mainly on the phase holdup, but
slightly on Reynolds number (Re) and Capillary number (Ca). van
Steijn et al. [29] investigated liquid-phase flow field during bubble
formation in the squeezing regime by microscopic particle image
velocimetry (p-PIV). They confirmed the scaling law of Garstecki
et al. [22] and obtained Eq. (3). De Menech et al. [23] also verified
numerically the presence of squeezing regime (Eq. (4)). In the drip-
ping regime, the authors gave a correlation (Eq. (5)) to predict
droplet size that depends on Ca and shear rate. Tan et al. [30] de-
rived Eq. (6) to predict the bubble length considering the influence
of the angle of gas and liquid inlet channels, gas-liquid flow ratio
(jgljr) and Ca. Eq. (7) was derived for a microchannel with a high
aspect ratio by Xiong and Chung [31]. They found that the bubble
length was dependent on jg/j; and Re. Fu et al. [32] proposed three
correlations (Egs. (8)-(10)) to predict bubble length produced in
the squeezing, transition and dripping regimes, respectively. For
the cross-shape junction microchannel, Cubaud et al. [33] found
a linear relationship (Eq. (11)) between the bubble length and
the reciprocal of the liquid fraction (). Dietrich et al. [34]

developed a correlation (Eq. (12)) for the bubble length in which
the effect of liquid viscosity (), surface tension, jg/j; and the angle
of liquid phase inlet channels was addressed. Fu et al. [35] further
proposed Eq. (13) to estimate bubble length considering the influ-
ence of jg/j. and p;.

The above correlations to a large extent reveal the dependence of
bubble length on the operating conditions, fluid properties and dif-
ferent inlet geometries, most of which were established based on
the squeezing mechanism proposed by Garstecki et al. [22]. How-
ever, it will be shown in this work that the predictions of the existing
correlations are overall not satisfactory in the current microchannel
with a converging shape mixing junction, especially at large jg/j;. For
the same jg/j; and gas-liquid system, we observed that bubble
length varies greatly when changing the two-phase mixture veloc-
ity, which cannot be simply interpreted based on the scaling law
of Garstecki et al. [22]. Our results reveal that shear stress plays an
important role in determining the bubble length even at low Ca
where the squeezing regime is expected to predominate.

In this work, we investigate experimentally the bubble forma-
tion process in a microchannel with a converging shape mixing
junction. The converging shape mixing geometry is expected to
introduce a smaller pressure drop in the junction than the cross-
shape mixing geometry. A further advantage using covering shape
mixing geometry might be that the microchannel wall tends to be
preferentially wetted by the liquid at the initial start-up, thus facil-
itating the formation of regular Taylor bubbles. The main purpose
here is to examine the effect of j/j;, two-phase mixture velocity
(jre) and y; on the expansion and rupture steps of a Taylor bubble
in detail and thus to provide insights on the length of bubbles pro-
duced in such microfluidic geometry at relatively low Ca. An
empirical correlation for bubble length is thus developed to de-
scribe the experimental results. Furthermore, the bubble frequency
and bubble shape are also studied.

2. Experimental
2.1. Materials
Air was used as the gas phase. Aqueous solutions with different

contents of glucose were utilized as the liquid phase (Kermel, Chi-
na). Glucose was used to change the viscosity of the liquid phase. A
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Table 1
Literature correlations on bubble length in Taylor flow through microchannels.

Authors Channel shape and size Inlet mixing geometry Operational Correlation
condition
Garstecki et al. [22] Rectangular T-type junction Jjolir: 0.5-3 LWE —1+ol (1)
;’V: 50, 100, 200 pm Ca<0.01 ax1 for wg/w > 1/2 and h < w
h: 33 pm
wg: 50, 100 um
Qian and Lawal [28]* Rec;;;r[l)glglgé (72?3 1000, 2000 T-type junction jCG/jL: 0.1-10 LWB =1.63762107(1 — £c) O Re 007500687 . :jcjih (2)
wi ) A ) N a:
and 3000 um 2.78 x 1073~0.01
Re: 15-1500
van Steijn et al. [29] Square T-type junction Jclir: 0.6-5 ’-Ws =15+ 15% 3)
w (h): 800 pm '
De Menech et al. [23]*" Square T-type junction Squeezing Ve 1420 (4)
regime v o
w (h): not specified Jclir: 0-2
Ca<0.01
Dripping regime Vg —__ 1 ___ 5
Cas00s M G ®
Tan et al. [30] fve.c;atl)r(l)g:rlralr T-type junction jgc{ji:ooé;]_zm b %(m + 20t Oyer)2Ca /5 (6)
h: 400 pm

Oimier: 30, 60, 90, 120, 150°
Xiong and Chung [31] Rectangular

w: 594 pum

h: 80 um

T-type junction

Fu et al. [32] Rectangular T-type junction

w: 120 pm
h: 40 pm
Cubaud et al. [33] Square Cross-shape junction
w (h): 100 pm
Dietrich et al. [34] Square Converging shape or cross-

shape junction
w (h): 600, 1000 pm
wy: 200, 500, 1000 pm
Ointer: 60°, 90°, 180°

Fu et al. [35] Square

w (h): 400, 600 pm

Cross-shape junction

Jeljr: 0.1-3.33 L 0173 (i 797 (7)
L — 14 1.724Re (f)

Squeezing k- 03264064 (8)

regime t

Ca: 1074

58 x 1073

Transition L _ 096 (@)0‘]8(_}1*0 25 (9)

regime w B

Ca: 0.0058-0.013

Dripping regime r, _  71¢q-011 rap = 330y = mlawsh (10)

Ca:0013-01 " ’ am °

Jlir: 0-9 Ly = hop' oy :h%](— (11)

jcli: 10°5-10 L b\ 178 1/10 ,, \1/4 (12)
wess(m) (@) () ()

Re: 0.005-950
opex — 180°

Jjelji: 0.1-4 Ly AN 0.46 (13)

oo -140(5) " Ref

Rey: 0.66-144.93 ReL=Puitw/1u

2 These studies are based on numerical simulation; the others are based on experimental measurements.

> Only bubble volume was given. The bubble length was not specified.

Table 2
Properties of liquids used in this work.

Liquid phase Density, p Viscosity, p Surface tension, o
(kg m~3) (mPas) (mNm™1)

Water 1000 1.00 72.6

36 wt.% glucose in water 1100 4.42 733

45 wt.% glucose in water 1180 9.83 75.3

viscometer (DV-II+Pro, Brookfield, USA) was employed to charac-
terize liquid viscosity. Surface tension was measured using a tensi-
ometer (OCA15 EC, Dataphysics, Germany) by the pending drop
method. Table 2 summarizes properties of liquids used in the
experiments.

2.2. Microchannel device

Microchannels were fabricated on a polymethyl methacrylate
(PMMA) plate by micromachining technology (FANUCKPC-30a) in
our Machining Center, which was sealed with another thin PMMA
plate using screw fittings through the punched holes on the

peripheries of both plates in order to form a closed microchannel
section for fluid passage. Fig. 1a shows the schematic of the micro-
channel device, where a central inlet microchannel was used for
the introduction of the dispersed gas phase and two side inlet
microchannels for the introduction of the continuous liquid phase.
The angle between each side inlet microchannel and the central in-
let microchannel is 30°. Taylor flow was generated in the main
microchannel. All microchannels have a square cross-section
(0.6 mm x 0.6 mm). The lengths of three inlet microchannels and
the main microchannel are 26 mm and 48 mm, respectively.

2.3. Experimental setup

The schematic of the experimental setup is shown in Fig. 1b.
Gas was provided from an air cylinder. Prescribed flow rate of air
was adjusted by a mass flow controller with a flow range of 0-
50 ml/min (SevenStar, DO7-7B). The air stream was directly fed
into the central inlet microchannel of the device that was placed
horizontally and the static pressure in the gas feeding line was
measured by a pressure transducer with a range of 0-100 kPa
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Fig. 1. Schematic of (a) the microchannel device; and (b) the experimental setup.

(Nokisens, CEMPX213). Liquid was stored in a tank. After flowing
through the filters to remove contaminations, the liquid was deliv-
ered by two digital pumps with a range of 0-10 ml/min (LabAl-
liance, Series II Digital Pump) into two side inlet microchannels.
Three thermocouples (K-type) were located in the inlet ports to
measure the corresponding temperatures. All experiments were
conducted under ambient conditions (0.1 MPa, 19-21 °C).

The system was run for at least 5 min in order to reach a steady
state under a given flow rate. For each operational condition,
experiments were carried out at least thrice and the relative error
in the obtained bubble length between the measurements was
found to be within 5%. During the experiments, a high-speed CMOS
camera (Basler, A504kc) connected to a computer placed above the
contactor was employed to record the images of Taylor flow in the
main microchannel. The camera was further equipped with a
megapixel lens (Nikon, AF35/2D) as well as a set of extension tubes
in order to magnify a section of the microchannel under investiga-
tion. The light needed for the illumination of the microchannel was
provided by a cold fiber light (SCHOTT, DCR III) which was placed
beneath the microchannel. Under each operating condition,
lengths of Taylor bubbles were measured from the corresponding
images. At least 10 images were analyzed to give the average value
of Taylor bubble length (Lg). The bubble formation frequency, fg,
was calculated from these images by dividing the number of bub-
bles captured by the time elapsed.

3. Results and discussion
3.1. Formation process of Taylor bubble

To understand the key parameters that control the bubble for-
mation process, a study was devoted to observing the influence

of liquid viscosity, gas-liquid flow ratio and two-phase mixture
velocity. In our experiments, y;, jc/j; and jrp ranged from 1.00 to
9.83 m Pa s, from 0 to 2.5 m/s, and from O to 3.6 m/s, respectively.
Fig. 2 shows the Taylor bubble formation process during one peri-
od, from which a typical bubble formation process consists of two
steps. Firstly, after the pinch-off of the preceding bubble, the
emerging bubble expands axially and radically until its tip blocks
the entrance of main channel (Fig. 2a-c). This step is called as
the expansion step and its corresponding time is named as the
expansion time, t.. Secondly, the axial velocity component of the li-
quid from two side inlet microchannels which parallels the main
channel, along with the gas dynamic pressure, drives the emerging
bubble into the main microchannel under the action of shear
stress. The pressure difference across the gas-liquid interface
squeezes the emerging bubble to form a neck at the mixing junc-
tion until the neck eventually ruptures (Fig. 2d-h). This step is
called as the rupture step and the time of duration is named as
the rupture time, t,.

According to the fluid dynamic theory, both the expansion and
rupture steps of a bubble are related to the competition among
various forces exerted on the emerging bubble, such as surface ten-
sion (AP, ~ 20/(dy/2)), shear stress (7 =~ y;y) and dynamic pres-
sure (inertial forces, AP;~ pjZ/2, AP~ p,j:/2) [3435]. The
surface tension always hinders the expansion and the rupture of
the emerging bubble. The shear stress depends on the shear rate
on the gas-liquid interface and the liquid viscosity, which is ex-
pected to accelerate both steps. The gas dynamic pressure acceler-
ates the expansion process of the forming bubble. The liquid
dynamic pressure suppresses the expansion process whereas it
accelerates the rupture process. It is worth mentioning that the
influence of buoyancy force can be neglected in microchannels
due to small channel dimensions involved.
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1 t=0ms
t=6ms
t=9ms
t=12 ms
t =15 ms
t =18 ms

g t =21 ms
h t=22ms

Fig. 2. Taylor bubble formation process during one period. Gas phase: air; liquid
phase: water. jc=0.112 m/s, j, = 0.108 m/s, and dj, = 600 pm.

3.1.1. Effect of liquid viscosity on the expansion time and the rupture
time

From Fig. 3a, it is seen that the influence of liquid viscosity can
be easily discerned especially at low values of j¢/j;. An increase in
liquid viscosity tends to decrease the expansion time for a given jg
and j;, which is due to the action of the shear stress that the liquid
exerts on the emerging bubble body facilitating its expansion [36].
At elevated jg/j;, such influence of liquid viscosity is obscured by
the prevailing effect of relatively high j; which decreased the
expansion time to a substaintially low level.

Fig. 3b shows that the rupture time is significantly decreased
with the increase of liquid viscosity. At the beginning of the rup-
ture step, the front of the emerging bubble is thought to be almost
spherical which cannot completely block the main microchannel
(of square cross section). So the liquid can still flow through the
gap between the emerging bubble and the microchannel wall. As
the velocity of the liquid flowing in the gap is expected to be larger
than that of the emerging bubble at this time, a somewhat signif-
icant shear stress caused by such relatively large velocity differ-
ence at the interface would act on the emerging bubble that
speeds up the rupture of the bubble, which is especially the case
at large liquid viscosity. This assertion is supported by the work
of van Steijn et al. [29]. They measured the liquid-phase velocity
in the gap between the emerging bubble and the wall of the main
microchannel with a T-type mixing geometry using p-PIV and
found that the maximum liquid velocity in the plane close to the
microchannel bottom was roughly four times the average velocity.
Fu et al. [37] also found that the increase of liquid viscosity accel-
erates the formation of bubble by intensifying the shear stress.

(a) 3s

30 + ,
¢ i, :mPas  jpp=0217ms
25 F o & 1.00, water
oA 0 4.42, 36 wt% glucose in water
g 20 A 9.83, 45 wt% glucose in water
| »
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- A .
0 E o 5
L N ] o
: » 5 &
5 L
0 L L L L L
0.0 0.5 1.0 1.5 2.0 2.5
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(b) =
HprmPas Jgp=0.217 m/s
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Fig. 3. Effect of liquid viscosity on (a) the expansion time and (b) the rupture time.
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Fig. 4. Effect of superficial gas and liquid velocities on the expansion time and the
rupture time.

However, when the emerging bubble body travels into the main
microchannel, the cross-section of bubble body could be approxi-
mated as almost square (the bubble shape will be further discussed
on Section 3.4) and the effect of shear stress may become
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somewhat less significant due to more reduced flow of liquid
around the channel circumference.

3.1.2. Effect of superficial gas and liquid velocities on the expansion
time and the rupture time

Fig. 4 shows the effect of superficial gas and liquid velocities on
the expansion time (t.) and the rupture time (t,). It is found that ¢,
decreases with an increase of the superficial gas velocity (jc). This
result indicates that the bubble tip blocks the inlet of main micro-
channel more quickly as j; increases at a given superficial liquid
velocity (j;). From Fig. 4, it is seen that at the lowest j; of
0.213 m/s, t. increases as j; increases from 0.083 to 0.212 m/s
(jgljr > 1). This is because that the increase of liquid dynamic pres-
sure (AP} ~ pljf/Z) in the front of the emerging bubble with an in-
crease in j; baffles the expansion progress of the bubble. This is in
line with the observation of Tsuge et al. [38] and Yoo et al. [39].
They found that the volume of bubbles formed from a submerged
orifice decreases with an increase in system pressure. However, t,
is seen to decrease with an increase of j; from 0.212 to 0.415 m/s
(joliL < 1), the reason of which is still unclear.

For a given ji, t. generally decreases with increasing j; because
the increase of gas dynamic pressure (AP; ~ pcjf;/Z) speeds up the

(a) 35

Jrp tm/s

30 |

25

20

t, [ms]

15 |

10

(b) 35

jrp - M/
30 | Jrp

< 0.220
+ 0.290
0 0.375

20 X 0.581

t, [ms]

10 |

Jalit

Fig. 5. Effect of gas-liquid flow ratio and two-phase mixture velocity on: (a) the
expansion time; and (b) the rupture time. Liquid phase: water.

rupture of the neck of the emerging bubble. In other words, the
quicker the bubble body moves into the channel, the faster the
neck ruptures. And t, decreases with the increase of j; for a given
Jjo, which is because that the liquid dynamic pressure on the neck
of the emerging bubble increases with the increase of j;. According
the squeezing mechanism [22], this building pressure is mainly
responsible for the bubble break-up, which therefore makes the
rupture of the neck easier at higher liquid dynamic pressure.

3.1.3. Effect of gas-liquid flow ratio and two-phase mixture velocity on
the expansion time and the rupture time

Fig. 5a depicts the effect of gas-liquid flow ratio and two-phase
mixture velocity (jrp) on the expansion time for an example case
with water as the liquid phase. t. decreases gradually with the in-
crease of gas-liquid flow ratio at a fixed jrp for a given gas-liquid
system, which is more pronounced when jg/j; < 1. Under such con-
ditions, the obstructive effect of liquid dynamic pressure decreases
and the promotional effect of gas dynamic pressure increases on
the velocity of the bubble expansion with increasing jg/j;. This fig-
ure also shows that t, decreases with increasing jip at a given jg/ji.
This further illustrates that j; has a greater effect on t, than j;.

The rupture time seems to be a linear function of gas-liquid
flow ratio for a fixed mixture velocity (cf. Fig. 5b). The slope of
the line of t, versus jg/j; decreases when jrp is increased. This means
that for a given jg/j, the higher jrp, the lower t. Comparing Fig. 4
with Fig. 5b, it can be seen that t, decreases with an increase of
Jjcljr at a fixed j; whereas it increases with an increase of jg/j; at a
fixed jip for a given gas-liquid system. This indicates that j; has a
more pronounced effect on t, than jg, which is because that the
rupture of the emerging bubble is mainly controlled by the squeez-
ing of the gas neck by the pressure built up in the liquid. That is,
the lower j;, the higher t,.

3.2. Length of Taylor bubble

3.2.1. Effect of gas-liquid flow ratio and liquid viscosity on the length
of Taylor bubble

From Fig. 6, it can be seen that at a fixed two-phase mixture
velocity, the bubble length increases linearly with the increase of
gas-liquid flow ratio for a given liquid viscosity. But the slope of
the line of Lg/d, versus jg/j, changes slightly with the viscosity.
The increase of liquid viscosity leads to a slight decrease in the
bubble length. This is because that the rupture time was smaller
when the liquid phase presents a relatively higher viscosity

7
6 L
5 L
4 e
S m A
35| A
~ Jp=0.217 mfs
2| & Ca y, :mPas
¢ 0.003 1.00, water
1 | m 0013 442, 36 wt% glucose in water
A 0.029 9.83, 45 wt% glucose in water
0
0.0 0.5 1.0 1.5 2.0 2.5

JeliL

Fig. 6. Effect of gas-liquid flow ratio and liquid viscosity on the bubble length.
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Fig. 7. Effect of two-phase mixture velocity on the bubble length for jg/j; = 0.5 and
1.0. Liquid phase: water.

(Fig. 3b). Therefore, the observations here suggest that the bubble
length could be predicted using correlations similar to that pro-
posed by Garstecki et al. [22], if the influence of viscosity has been
well taken into account. In other words, the bubble formation is
controlled by the squeezing mechanism, but shear stress also
seems to have a role to play.

3.2.2. Effect of two-phase mixture velocity on the length of Taylor
bubble

Fig. 7 represents the influence of two-phase mixture velocity on
the bubble length for different liquid phases under investigation. It
is seen that at jg/j, = 0.5, the bubble length decreases with the in-
crease of jrp until at jrp> 1.8 m/s under which the flow pattern
transforms from Taylor flow to bubbly flow. At j¢/j; = 1.0, the bub-
ble length decreases with increasing jrp when jrp<1.9m/s,
however, it slightly increases with the increase of jrp when
1.9 m/s < jrp < 2.7 m/s. Then at jpp > 2.9, the flow pattern is changed
from Taylor flow to slug—-annular flow. A clear observation from
Fig. 7 is that even at low jp, its influence is significant on the

9
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Fig. 8. Comparison between effects of liquid viscosity and two-phase mixture
velocity on the bubble length.

bubble length. The decrease of Taylor bubble length with increas-
ing jrp can be explained by the fact that the increase of jrp strength-
ens the shear stress (7 ~ ;) exerted on the emerging bubble by
increasing shear rate, resulting in smaller bubbles at higher jrp
for the same jg/j;.

It is further shown from Fig. 7 that the bubble length is larger at
higher jg/j; for the same jrp. This is because that for a given system,
the bubble length is determined by the magnitude of t, and jrp, that
is, Lg ~ t; x jp (see Eq. (14) below). Then it can be explained based
on the observation in Fig. 5b which shows that t, increases with the
increase of jg/j; if jrp is being kept constant for a given system.

Therefore, the bubble length formed in the present microchan-
nel is dependent not only on gas-liquid flow ratio and liquid vis-
cosity, but also on two-phase mixture velocity.

3.2.3. Comparison between effects of liquid viscosity and two-phase
mixture velocity on the length of Taylor bubble

Figs. 6 and 7 have already shown that at a fixed jg/j;, the bubble
length decreases with an increase in y; for a given jrp or with an
increase in jyp for a given y;. However, it appears from Fig. 8 that
at a fixed Ca (Ca = yyjrp/o), the bubble length increases with the in-
crease of y; although it still decreases with the increase of jrp for
the same jg/j;. Note that surface tension with all three liquids un-
der investigation is very close (see Table 2). Therefore it can be de-
duced that jrp has a more pronounced effect on the bubble length
than p.

3.2.4. Empirical correlation for bubble length prediction

As shown in Fig. 9, the bubble length was found to be well
approximated by the product of the rupture time and two-phase
mixture velocity. That is,

Lg/dy = tejrp/dn (14)

Our measurements do show that the average velocity of the
emerging bubble head (Ujeqq) almost equals to two-phase mixture
velocity (see Fig. 10), which justifies the use of Eq. (14) in the pre-
diction of the bubble length.
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Fig. 9. Comparison between the measured (Lg/d,) values and the predictions of
literature correlations. The solid line represents the line of parity.
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Fig. 10. Comparison between jrp and Upeqq. Liquid phase: water, 36 wt.% glucose
solution in water (u=4.42mPas), 45wt% glucose solution in water
(1 =9.83 m Pa s). The solid line represents the line of parity.

Although the influence of various parameters including liquid
viscosity, gas-liquid flow ratio and two-phase mixture velocity
on the rupture time has been revealed to some extent in this work,
an explicit equation address this influence is still not available. And
since Eq. (14) cannot be conveniently used for the estimation of the
bubble length produced in the current microfluidic geometry, we
further propose the following empirical relation on the basis of
Eq. (1) by correlating a total of 104 sets of experimental data:

L . .\ 028 ~0.06
Ly _ (1 +1.71LG) I A (15)
dy Ju/ \ref s

where jr.sis 1 m/s and p. is the viscosity of water as a reference.
Fig. 9 shows that Eq. (15) can describe the measured Lg/d; data
fairly well, the relative error in the prediction being within +8.3%
(icliL=0.09-6.16, w1/ ptrer=1-9.83, jrpljrer= 0.14-1.12). However, as
only one microchannel was studied in this work, the impact of
diameter and inlet angle on the bubble length cannot be reflected
through Eq. (15) and therefore its applicability to microchannels
with different dimensions still needs to be examined. Moreover,
this correlation does not consider the impact of surface tension gi-
ven by the fact that surface tension seems to have no significant ef-
fect on the bubble length in our experimental conditions. Similar
results showing negligible influence of surface tension on the bub-
ble length produced in the squeezing regime can be also found in
the literature [22,35,37,40]. For example, Fu et al. [37] pointed out
that the surface tension measured under static conditions could
be irrelevant to a fast and dynamical phenomenon for bubble for-
mation. It may be noted that there also exist contradictory findings,
among which Qian and Lawal [28] found that the bubble length
slightly increases with an increase of surface tension and somewhat
decreases with the contact angle of the liquid to the wall from 0° to
90° according to the results of numerical simulation in a T-type
microfluidic junction. This means that an increase in surface tension
or the contact angle of liquid phase to wall tends to have an oppo-
site influence on the bubble length.

Fig. 9 also gives a comparison between the experimental mea-
surements and the predictions of the existing correlations for esti-
mating the bubble length as detailed in Table 1. It can be seen that
Eq. (1) (with o= 1), Egs. (3) and (8) all underestimate the experi-
mental values whereas Egs. (7) and (13) tend to overestimate.
One important reason for this discrepancy is the different inlet

configurations involved. Furthermore, the effect of parameters
such as liquid viscosity has not been fully investigated in some
studies [22,29,31,32,35], which may also lead to somewhat poor
accuracy of their correlations in the prediction. One of the inlet
configurations investigated by Dietrich et al. (2008) is similar to
that used in this work. Their correlation, Eq. (12), includes the ef-
fect of inlet configuration, liquid viscosity, surface tension and
gas-liquid flow ratio. However, the impact of two-phase mixture
velocity was not taken into account. According to Eq. (12), the bub-
ble length should be the same at a fixed gas-liquid flow ratio for a
given gas-liquid system and inlet geometry. Our results indicate
that the bubble length under such conditions could vary signifi-
cantly if jyp is being increased (e.g., see Fig. 7). This may be a reason
for a somewhat large deviation observed in the prediction of Eq.
(12) compared with our experimental data. From Fig. 9, it is further
shown that the predictions of Eq. (2) are in good agreement with
the experimental results. This might be because that Eq. (2) fully
contains the impact of liquid viscosity, surface tension and two-
phase mixture velocity although it was actually derived for a T-
type microfluidic junction.

3.3. Frequency of Taylor bubble

It is seen from Fig. 11a that for a given jp, the bubble frequency
(fp) first increases with the increase of jg/j; when jg/j; is smaller
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Fig. 11. Effect on the bubble frequency: (a) gas-liquid flow ratio and two-phase
mixture velocity; and (b) liquid viscosity.
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than about 0.5 and then starts to decrease with the increase of jg/j;.
This is because that, for a given jp, an opposite trend is found in t,
and t, with the increase of jg/j; (cf. Fig. 5). This leads to a minimum
in the sum of t, and t,. It is known that fz = 1/(t. + t;), so the bubble
frequency reaches a maximum when the gas-liquid flow ratio is
increased above a certain value. For the same j/j;, an increase of
Jjrp leads to an increase in fp. This is caused by the fact that both
te and t, decrease with the increase of jpp (see Fig. 5). From
Fig. 11b, f3 is seen to increase with the increase of liquid viscosity
for given jg/j; and jrp. This could be understood since an increase in
viscosity makes the rupture time decrease significantly while it has
less pronounced effect on the expansion time (see Fig. 3). There-
fore, the total formation time of Taylor bubble decreases with
increasing liquid viscosity, which translates into a larger bubble
frequency at higher viscosity.

3.4. Shape of Taylor bubble

The Taylor bubble shape in square channels has been exten-
sively studied by many researchers. Kolb and Cerro [41] proposed
two bubble shapes as shown in Fig. 12. At Ca < 0.1, the bubble is
not axisymmetric and flattens out against the tube walls leaving li-
quid regions in the corners separated by thin flat films at the chan-
nel sides. A transition in bubble symmetry occurred at higher Ca,
where the whole bubble body becomes cylindrical. They experi-
mentally observed the transitional Ca to be about 0.1 for upward
air-silicone oil flow in a square capillary with d; = 2 mm. Thulasi-
das et al. [42] found out the transitional point at Ca ~ 0.04. How-
ever, it is difficult to judge the cross-sectional shape of Taylor
bubbles in the current microchannel simply on the basis of 2D pho-
tos imaged by the high-speed camera. Therefore, the two ideal
models (model-1 and model-2) as depicted in Fig. 12 are consid-
ered here for a comparison with the current experiments in order
to infer the cross-sectional shape of Taylor bubbles produced in our
experimental conditions.

Fig. 13 shows 2D shape of Taylor bubbles formed at different Ca.
At low Ca, the end of bubble is spherical. With increasing Ca, the
front of the bubble becomes sharper and the rear of the bubble
tends to be flatter. In our experiments, Ca ranges from 0.003 to
0.030, so the shapes of the front cap and the rear cap do not change
very significantly. And we can roughly assume that the bubble has
two hemispherical caps. In our experiments, the liquid film thick-
ness (J) was estimated to be 7.2-29.4 pm which is 1.2-4.9% of the
microchannel hydraulic diameter according to Taylor’s law [43]:

B 0.67Ca*?

di  1+335Ca%" (16)

(a) | (b)

Fig. 12. Cross-sectional shape of Taylor bubble in a square microchannel. (a)
model-1: square; and (b) model-2: circular.

C

Fig. 13. 2D shapes of Taylor bubble at different Ca. (a) liquid phase: water,
Ca=0.003, jc=0.10m/s, j,=0.12m/s; and (b) liquid phase: 36 wt.% glucose
solution in water, Ca = 0.013, jo=0.10 m/s, j, = 0.12 m/s; (c) liquid phase: 45 wt.%
glucose solution in water, Ca = 0.029, j;=0.10 m/s, and j; = 0.12 m/s.

Therefore, the liquid film thickness can be neglected during the
estimation of the bubble volume (V3). Two ideal models of the bub-
ble shape are then resorted to as follows:

Model-1: the cross-sectional shape of Taylor bubble body is
square as shown in Fig. 12a. By neglecting the liquid film thick-
ness, and assuming that the bubble has two hemispherical caps
(with diameters of d;) and a cuboid body (with a square end,
side length of d;, and a height of (Ls —d;)), we can estimate
the bubble volume from Eq. (17):

]

4 rd)\? L
v :§7r<7“> +dﬁ(LB—dh):dﬁ<d—i+g—l> 17)

Model-2: the cross-sectional shape of Taylor bubble body is cir-
cular as shown in Fig. 12b. By neglecting the liquid film thick-
ness, and assuming that the bubble has two hemispherical
caps (with diameters of dj) and a cylinder body (with a circular
end, a diameter of d, and a height of (L — d})). The bubble vol-
ume according to model-2 can be calculated as

3.0
| A model-1 Eq.(17)
25 I o model2 Eq.(18)
A
— 3 o
g 20 } AA
E A A o
= +15% ¢ AT o8
> 15
= - o
O [o]
S %
5 A -15%
£ 10 o
A
05 |
0.0
0.0 0.5 1.0 15 2.0 25 3.0

Measured Vp [mm3]

Fig. 14. Comparison between the measured Taylor bubble volume values and the
predictions of two models. Liquid phase: water, glucose solution in water (36 wt.%
and 45 wt.%). jc =0.106-0.852 m/s, j, = 0.083-0.415 m/s. In either model, bubble
volumes for each gas-liquid system under investigation are shown as one symbol
for brevity.
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AN A _p(rl_m
VB—§”<7) *”(7) <L3*dh)—dh<za*ﬁ> (18)
In our experiments, Vg can be also measured from
Qg
Vg === 19
"h 1o

where Qg is the gas volumetric flow rate.

Fig. 14 shows the comparison between the measured values of
Vg (calculated by Eq. (19)) and those predicted according to the two
models (calculated by Eqgs. (17) and (18)). We can see that the pre-
dictions according to model-1 agree better with the measured val-
ues. The mean relative errors between the measurements and the
predictions are 7.5% and 17.4% for model-1 and model-2, respec-
tively. As Ca ranges from 0.0026 to 0.030 in our experiments and
is below the transition point at which the shape of the bubble body
changes from non-axisymmetric to cylindrical [42], the bubble
shape should be more reasonably represented by model-1. That
is, the bubble body is close to be a cuboid in current operating con-
ditions, which is in accordance with the literature results [42,44].

4. Conclusions

Taylor bubble formation process in a microchannel with a con-
verging shape mixing junction has been experimentally investi-
gated. The effect of liquid viscosity, gas-liquid flow ratio and
two-phase mixture velocity on the bubble formation process, bub-
ble length and bubble frequency were studied. The bubble shape
was also discussed. Based on the results of this study, the following
conclusions can be drawn:

(1) A perfectly periodic Taylor bubble formation process was
observed to consist of two steps including the expansion
step and the rupture step. The expansion time decreases
with an increase in the liquid viscosity, gas-liquid flow ratio
and two-phase mixture velocity. The rupture time decreases
with an increase in the liquid viscosity, and two-phase mix-
ture velocity under our experimental conditions, while it
increases linearly with gas-liquid flow ratio.

(2) The bubble length could be approximated by the product of
the rupture time and the two-phase mixture velocity. An
empirical correlation was further developed to address the
influence of parameters such as liquid viscosity, gas-liquid
flow ratio and two-phase mixture velocity on the bubble
length produced in the current microfluidic geometry, which
can explain the experimental measurements fairly well.

(3) The bubble frequency reaches a maximum when the gas-
liquid flow ratio is increased from about 0.5-1 at a given
two-phase mixture velocity. The increase of liquid viscosity
leads to an increase in the bubble frequency.

(4) The cross-sectional shape of Taylor bubble body is close to
square at low Ca.
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