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Abstract

Water-butanol and water-hexane flows were visualized in ultra-shallow straight and serpentine microchannels with a cross-
junction. At the inlet cross-junction, three major flow patterns including tubing/threading, dripping and jetting were mapped
using the aqueous Capillary number versus the organic Weber number. Correspondingly, in the main microchannel, annular flow,
slug flow and droplet flow were mapped using combined dimensionless numbers (Weber number times Ohnesorge number) of
both phases. The flow pattern transitions were explained based on a force analysis, considering the phase flow rates, junction
angle between the side feeding channels and the central feeding channel as well as aspect ratios. Compared to the straight
microchannel, the dripping regime at the inlet junction and the slug flow occupy larger zones in serpentine microchannels
because the centrifugal force tends to break up the organic annular core into slugs and droplets over the bends.

Nomenclature

Bo Bond number, (p,-po)gdn/y

Ca Capillary number, pu/y

Ce A dimensionless number representing the ratio
of centrifugal to interfacial forces, pu’dy*/(yR)

d Channel diameter, pm

dy  Hydraulic diameter, pm

g Gravitational acceleration, m/s>

h Channel depth, pm

Jj Superficial velocity, m/s

L Channel length, m

Oh  Ohnesorge number, i/(dyp)">

O  Volumetric flow rate, ml/h

q Flow rate ratio of organic to aqueous phases

R Bending curvature radius of the channel centerline, m

Re  Reynolds number, pjdy/i

u Average velocity (the overall volumetric flow rate of the
two phases divided by the cross-sectional area), m/s

w Channel width, pm

We  Weber number, pj°dy/y

Greek symbols
v Interfacial tension, N/m
1 Dynamic viscosity, Pa‘s
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zan.wu@energy.lth.se

Department of Energy Sciences, Lund University, Box 118,
SE-22100 Lund, Sweden

p Density, kg/m’
Subscript
ave Average

a Aqueous phase

c Continuous phase
d Dispersed phase
0 Organic phase

1 Introduction

Concerning process intensification and scale miniaturization,
micro-structured devices (e.g., microscale heat exchangers,
microreactors, micromixers) are widely used because they
possess merits such as high heat and mass transport rates,
enhanced mixing, fast reaction, energy and raw material sav-
ings, and easiness of numbering up [1]. Two-phase micro-
structured systems are significant in extraction, emulsifica-
tion, polymerization, nitration, nanoparticle synthesis, phase-
transfer catalysis, pharmaceutical and biochemistry etc. Two-
phase flow patterns at microscale are not much covered, e.g.,
refs. [2—6] for gas-liquid flow, and refs. [7—12] for liquid-
liquid flow. Inlet microchannels intersect at junctions which
define local flow fields causing interface deformation. A
cross-junction, as a hydrodynamic focusing geometry, con-
sists of three microchannels that intersect at a certain angle,
with one phase from two side inlets and with the other from
the central inlet [11, 13]. The cross-junction creates approxi-
mately an extensional flow, a common feature of flow-
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focusing geometries [14]. Various flow patterns occur when & é 29 o, 2 m.g ©
two phases meet at the junction. For example, Cubaud and = S BT ‘?é 2 §_ 5§52 ;f
Mason [15] observed tubing, threading, displacement, drip- Er w B _§ i o g% é gﬁ g-; g‘g 3
ping and jetting flow regimes for various immiscible fluid £ £ 3 E g g : é : 2 5 ; 3 § %
pairs in a cross-junction of straight microchannels with square £ Eo é g E % % % 5 § % % 2 % : , He
cross sections, covering more than an order of magnitude of 2|3 5 2285 E = > 8 FEY é R SE
difference in viscosity ratios and interfacial tensions. g 8 = ; 9 % § k| c§ é £ g § é?é g E "§ 'Sbé
Squeezing, dripping and jetting were realized by De Menech 2|8 ° = ~ g ° ﬁ QQO =7 5 == =
et al. [16] to form droplets for microfluidic T-junctions. Fu
et al. [17] identified viscous displacement, tubing, dripping " . § % g
and jetting in a microfluidic cross-junction for silicone oil- £ 2 2 & = =
h=1 = ) 7 5 en
water flow. Recently, Wu et al. [11] mapped flow patterns at g = = & 7§~ ]
cross-junctions and studied slug hydrodynamics for five g g L A % z
liquid-liquid systems flowing in three square glass ;3 . = LB El % = ;§
microchannels of channel depths from 200 pum to 600 pm. = = ig E= g g ig 2%
Besides the flow regimes at the inlet junction, flow regimes é :jﬁ g = éﬁ g éﬁ g éﬂ ©
downstream in the main microchannel are of equal importance
for transport processes and reactions. For flow patterns cap- g
tured at downstream locations “far” from the inlet, a different g w
flow-pattern terminology was used, e.g., annular, slug and kS = fele)
droplet. The same flow pattern captured at the inlet junction Tz o - 5 o § g g3 i §
may evolve along the downstream microchannel into different B3 <o=2 o i S S° S 2
flow patterns [5, 11]. For example, as stated in Wu et al. [11], = gg T é é é s gz 8 g S g
(9] g g . g . . Q . g g g 4 Q
the tubing/threading pattern at the cross-junction either g132% 252 %% %% %% 9%
evolves into an annular flow or a slug flow at downstream ST R T
locations in the main microchannel; the dripping regime at e
the cross-junction either develops into a slug flow or a droplet “ _‘% o
flow at downstream axial locations. Slug hydrodynamics " § ; % -
(e.g., slug size and velocity) and their dependence on Ca and Té —; g % § :§
q have been analyzed [14, 17-19]. £ 5§ :g % . E > 2
Few works are devoted to serpentine or meandering :g A E = 8 'Er é’ E %
microchannels even if such an arrangement is preferable asa 5 ;ﬁ z5E & g g g g 25
mixer or a reactor for a long flow path on a small chip and for é ol B . ® = 3 2
secondary flows to enhance mixing [20-26]. Bends and %" 2 "
curved channels affect single-phase and two-phase flows dif- § —~ g o . iy - - - e
ferently [24]. For one-phase flow through a bend, there are g E 9 & 2 Jo & 3 S g
two counter-rotating Dean vortices within the microchannel sl ol 53 ﬂ] Fu=g 3 ﬂ] e § .8
cross section [27]. For two-phase flow, the centrifugal force 2 %, gbg - g’g S3E 84 Eoﬁ §D§ U
generates two different sized vortices providing a three- g En gi 3 ;:‘I% E E 5 é E’_ g c'% § 1g =lg
dimensional (3D) asymmetrical recirculation in serpentine g| |l g E " “g g e <§t SO 7 » = S
and meandering microchannels [28]. The asymmetrical mo- § § é 1 = EE 5 1 = _a = > 1 é} 1 ~ % 1 =
tion intensifies as the centrifugal force increases by reducing =
the bend curvature radius or by increasing the flow rates. 2| 8 £
Table 1 provides a brief summary of relevant works on two- ':* g’ § § § §§ § % £
phase flows in serpentine/meandering micro—/mini-channels. Elg| 2 g £ £g 2 5 g
Among them, most of the reported works considered gas- BlE|& & & & & 5 )
liquid flows; works focused on liquid-liquid flows are very z _
limited. Besides, the works focused on channels of aspect ; _ % _
ratios <2.7. In this work, the aspect ratio equals the channel : g S, ;c:> & = =
width over its depth. = - s g z = < -
As flow structures are closely coupled with heat and mass | e g g —é N B s %‘
transport processes [2, 11], this study intends to experimental- 2 2| E) 2 % -l § S
ly investigate liquid-liquid flow patterns both at/near the 2| 2 |3 £ & a & 3 3

@ Springer



Heat Mass Transfer (2019) 55:1095-1108

1097

Fig. 1 Drawing of the test rig
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cross-junction and at downstream locations “far” from the
cross-junction in the main microchannel of quasi-trapezoidal
straight and serpentine microchannels with an aspect ratio of
5.3 by employing water-butanol and water-hexane systems.

2 Experimental setup and procedure

As seen in Fig. 1, organic solvents and water were delivered to
microchannels and controlled by two syringe pumps (New
Era). Test sections (straight and serpentine microchannels)

Fig. 2 Description of the
configuration and the cross-

were placed horizontally. A stereo microscope (Motic) and a
camera (Olympus) were used to capture the flow patterns in-
side the microchannels. Two quasi-trapezoidal microchannels,
one straight and one serpentine, fabricated by isotropic wet
etching in glass with a glass lid bonded on the top, were used
as test sections with excellent chemical resistance. The straight
and serpentine microchannel layouts are shown in Fig. 2. The
inlet and outlet junctions of the two microchannels are cross-
junctions, with an angle of 45° between the side channel and
the central channel. The length of the straight main
microchannel is 50 mm. For the serpentine microchannel, as

section geometry of a the straight

microchannel and b the
serpentine microchannel

unit: mm

v
WL et ////
> — :’\j

S

0.20
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Table 2 Fluid properties at 20.0

+0.5 °C Organic phase Density, p(kg/m3) Viscosity, 1t (Pa‘s) Interfacial tension, y (N/m)
Water 998.2 0.001 -
Butanol 810.0 0.00294 water-butanol: 0.0018
Hexane 654.8 0.0003 water-hexane: 0.051

shown in Fig. 2b, there is a straight section of 2.8 mm between
the inlet junction and the first 90° bend, and a straight section
of 4.2 mm between the last 90° bend and the outlet junction.
The two 90° bends have a curvature radius of the channel
centerline (R;) of 3.5 mm, while the eight 180° bends between
the two 90° bends have a curvature radius of the channel
centerline (R,) of 2.25 mm. Between two adjacent 180° bends,
there is a straight section of a length of 13.35 mm connecting
them. As shown in Fig. 2c, the straight and serpentine
microchannels have the same quasi-trapezoidal cross sectional
dimensions, with a long base size, a short base size and a
height of 1140 £20 wm, 990 £20 um, and 200+ 20 pm,
respectively.

Two liquid-liquid systems were employed. Fluid properties
are given in Table 2. The organic solvents are 1-butanol
(Acros Organics, > 99.5%) and n-hexane (Acros Organics, >
99.36%), flowing into the cross-junction through the central
microchannel. The aqueous phase is de-ionized water, which
is fed from the two side microchannels. The soluble nature of
1-butanol in water is expected to present a negligible effect on
flow patterns considering the short contact time between the
two liquids, especially at the inlet junction. Minute amount of
phenol red was added into water for a better clarity between
the two phases. The flow patterns and evolutions were visu-
alized at seven visualization windows (VW5s), i.e., for the
straight microchannel VW1 (@ cross-junction) and VW2 in
the microchannel of 30 mm downstream from the junction; for
the serpentine microchannel, VW3 at the inlet junction, VW4
and VW6 in the central zone of straight sections between two
180° bends, and VW5 and VW7 at 180° bends, as indicated in
Fig. 2b. Experimental works were performed at 20.0 + 0.5 °C.

Table 3

Firstly, water was supplied to saturate the microchannel for
10 min. Secondly, O, was maintained constant while increas-
ing O,. The uncertainties for the volumetric flow rates O, and
0, were=0.5% according to the specified accuracy of the
syringe pumps. Snapshots were captured at steady-state con-
ditions. The test ranges of some dimensionless numbers are
provided in Table 3. The microchannels were cleaned and
dried properly when completing each set of measurements.

3 Results and discussion
3.1 Flow patterns at the inlet cross-junction

Tubing/threading, dripping and jetting were identified at inlet
junctions VW1 and VW3, as seen in Fig. 3. For a detailed
description of their flow characteristics, see Wu et al. [11].
Figure 3b and e show typical flow configurations of the
dripping regime. The imposed flow of water from the two side
microchannels at an angle of 45° exerts a force on the organic
phase with one vertical force component and one horizontal
force component. As Q, increases at a relatively low Q,, on
one hand, the vertical force component due to imposed feed-
ing flow of water increases and thus narrows and squeezes the
organic phase when the front of the organic core thread par-
tially obstructs the main microchannel. Therefore, a curved
neck region is formed which connects the organic feeding
flow and the organic core front. On the other hand, the hori-
zontal force component tends to promote stretching of the
organic core as the main microchannel is mostly obstructed
by the front of the organic core. Besides, the organic core

Operating dimensionless numbers for straight and serpentine microchannels

Liquid-liquid system ¢

Rem paiadh//l’a Reoa pojodh/,uo Caaa uaja/’y

Ca, Hajo/y  Wea poja dn/y Weo, Pojo’ dnly  Ceo, pott’dn’/(R)

Straight microchannel

water-butanol 1.0E-2~12 0.22~130 0.06~1.44 3.6-4~0.22 1.1E-3~2.6E-2 79E-5~28.3 6.4E-5~3.7E-2 —
water-hexane 6E-3~12  0.22~1.30 0.48~11.4 1.3E-5~7.7E-3 3.8E-6~9.2E-5 2.8E-6~1.0 1.8E-6~1.0E-3 —
Serpentine microchannel

water-butanol 1.0E-2~96 0.22~130 0.06~5.76 3.0E-5~6.0E-2 5.6E-4~5.6E-2 7.9E-5~284 6.4E-5~0.59  8.5E-5~4.6
water-hexane 1.0E-2~24 0.3~157 0.7~68 1.9E-5~9.2E-3 5.8E-6~5.5E-4 6.2E-6~144 4.1E-6~3.8E-2 2.4E-6~0.15
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Fig. 3 Flow pattern photos at
cross-junctions, for the straight
microchannel at VW1 a tubing,
O, =15.0 ml/h for hexane and
0.=4.0 ml/h, b dripping, O, =
3.0 ml/h for hexane and Q, =
45.0 ml/h, and c jetting, O, =
1.0 ml/h for butanol and Q, =
60.0 ml/h; and for the serpentine
microchannel at VW3 d tubing,
0, = 3.0 ml/h for butanol and
0,=6.0 ml/h, e dripping, O, =
3.0 ml/h for hexane and Q, =
20.0 ml/h, and f jetting, O, =
3.0 ml/h for butanol and Q, =
80.0 ml/h

©

stretches further into the main microchannel due to the viscous
shear force generated by the water film flow between the
organic phase front and the microchannel walls. Therefore,
the neck becomes thinner and the radii of curvature at the neck
region decrease. Thus, the interfacial tension force increases
and dominates to destabilize the interface at the neck region.
Therefore, the neck breaks up into slugs or droplets and these
detached organic components are convected downstream.

If Q, is comparably larger than Q,, tubing/threading
regime prevails. As shown in Fig. 3a and d, there are a
continuous organic core flow and an annulus aqueous
film flow. As seen from Fig. 3a, small undulations fluc-
tuate along the interface with time and space at a rela-
tively high flow rate of hexane. However, no thread
breakup occurs within the viewing zone of 5 mm x
5 mm. At high Q,, it is hard to form an organic neck
region in the cross-junction, which is typical of the
dripping regime, as the liquid inertia of the organic
phase at a high flow rate dominates over the vertical
force component generated by the imposed continuous
flow of water from the side microchannels at a compa-
rably low flow rate. In other words, the interfacial ten-
sion force diminishes in tubing/threading compared to
dripping. Besides, as the organic core flows faster than
the annulus water flow, there is a viscous shear force
exerted on the organic core, trying to decelerate and
hold back the organic core flow. The viscous shear

@

force is approximately balanced by the horizontal force
component because of feeding of the aqueous phase
which tries to push the organic core downwards.

When @, increases further at a relatively low Q,, jetting
occurs (Fig. 3¢ and f). During jetting, the organic phase thread
can penetrate into the main microchannel as a single jet,
whose length is normally larger than the junction size and
up to several times of the channel size before droplet pinch-
off at the tip [14]. The jet diameter is typically much less than
the channel size. In jetting, the vertical force component gen-
erated by the fast imposed aqueous flow quickly thins the
organic core thread in the junction, while the horizontal force
component quickly carries the thin organic core thread down-
wards out of the inlet junction. The viscous shear from the
continuous water flow further elongates the inner organic core
thread, and interfacial instabilities are also convected down-
stream. Thus it is not able to develop a curved neck region at/
near the cross-junction similar to the one in dripping due to
dominant aqueous inertia and its induced viscous shear over
interfacial tension and organic inertia. Therefore, jetting pre-
vails at a comparably high O, and a relatively low Q,. Further
downstream in the microchannel, the jet propagates thread
undulations induced by Rayleigh-Plateau instabilities and
overcomes the viscous shear or inertia to generate slugs or
droplets.

Phase superficial velocities or dimensionless numbers are
generally used to map flow patterns. The Ca, (1, /,/y) and We,
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Fig. 4 Flow pattern maps at the

straight microchannel at VW1

cross-junction VW1 based on Ca,
and We,
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(Pojo’ dn/) were adopted to map the observed flow patterns at
cross-junctions, where j, and j, are superficial velocities of
aqueous and organic phases, respectively. The d), is 335 um,
the same for the two microchannels, which was calculated as
four times the cross-section area over the perimeter of the
cross section. Figure 4 shows flow pattern maps at VW1 for
the straight microchannel while Fig. 5 provides maps at VW3
for the serpentine microchannel.

For water-butanol flow in the straight microchannel as giv-
en in Fig. 4a, the flow regime is tubing or threading at low to
medium Ca,. At high Ca,, the flow regime is jetting. There is a
small dripping regime between the two flow regimes at low to
medium We,. At high We, or at high Ca,, the dripping regime

@ Springer

Ca,

(b) water-hexane flow

can hardly survive when either the organic liquid inertia or the
aqueous viscous shear dominates over the interfacial tension
force. The transitional lines from Wu et al. [11] for the same
liquid-liquid system in square channels with a dj, of 400 um
were shown in Fig. 4a for comparison. There are two major
differences. The tubing/threading regime is much larger while
the dripping regime is much narrower compared to those in
Wu et al. [11]. Similarly for water-hexane flow, dripping pre-
vails over the entire experimental range in Wu etal. [11] with a
similar range of phase flow rates, while in this work dripping
becomes much narrower (Fig. 4b). Tubing/threading domi-
nates at low to medium Ca, and medium to high We,.
Jetting appears at high Ca,. The smaller junction angle in the
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serpentine microchannel VW3

F . . T R T R ; T Trvroy
[ O Tubing/Threading + Dripping o Jetting ]
1F 3
F 00 OO O0O0O0OO0 00 0O000mMooo 3
04 OO0 OO0 O0O0O0OO0 D00 O00Omooo
00 OO 0OO0O0O0 00 O000mMooo
OO0 OO0 O0O0O0OO0 00 0O00O0mooo
@° 0.01 0O OO0 0000 00 0000mDoo E
[ 00 OO0 OO0O0O0O0O0Oo0O O
1E-3 | 0O 0O D0 Oopoodoo OO0 00 O -
X [ | } ) 00 00 00 ©00 1
1E-4 | 4
F 0O 0Ooo O +++000 O D, E
water-butanol ]
1E-5 n el n Lol L A1l n PO U W
1E-4 1E-3 0.01 0.1 1
Ca
a
(a) water-butanol flow
. serpentine microchannel VW3
3 L WA ) . LI N AL | b LA R L |
F 0 Tubing/Threading
F + Dripping water-hexane
01Eo  Jetting E
F o o 0D D000 0OOooomo ]
i + o 0O 0000 OO0 oOmo 1
0.01 -
E + + 00000 0O OO E
R L
O 1E-3 | + + + OO0OO0O0O oo E
E + + + 0O OO0 oooo o E
r + + + +0 DODOODO0O OO ]
1E-4 |
E + + 4+ 4+ + 4+ + +4+C DEDE 1:
I - + + ++ ++ ++++ 1
1E-5 | .
E + + + ++ ++ + + E
1E-6 PSP | P | NS |
1E-5 1E-4 1E-3 0.01
Ca
a

(b) water-hexane flow

Fig. 5 Flow pattern maps at the cross-junction VW3 based on Ca, and
We,

present work probably attributes to the expansion of tubing/
threading and the narrowing of dripping. In Wu et al. [11], the
three feeding microchannels intersect at right angles, i.e., with
a junction angle of 90°, while in the present work the two side
microchannels meet the central microchannel with the same
junction angle of 45°. Considering the two works with similar
cross-sectional areas and the same water flow rate, in Wu et al.
[11] the vertical force component is much larger, accelerating
the thinning of the organic core thread in the junction, while
the horizontal force component is much less, providing longer
time for the front of the organic core thread to fill up the main

microchannel. Therefore, it is much easier to form a curved
thin neck in Wu et al. [11] than in this study, which indicates
that dripping covers a much larger zone in Wu et al. [11] while
instead tubing/threading covers a much larger region in this
work. Comparing water-butanol and water-hexane flows, the
former has a much smaller dripping regime mainly because
the former has a much less interfacial tension.

At VW3 of the serpentine microchannel, the three regimes
mentioned above were observed, as shown in Fig. 5. The first
90° bend, 2.8 mm downstream from the cross-junction at
VW3, redistributes the phases and gradually changes the flow
direction by 90°, which might promote an asymmetric up-
stream flow to the channel centerline at the cross-section at
low flow rates of the aqueous phase. By comparing Figs. 4b
and 5b for water-hexane flow, the tube/threading regime be-
comes narrower while the dripping regime becomes larger
especially at low We, values. The centrifugal force changes
the flow direction, produces chaotic advection and improves
phase interaction to enhance break-up of the organic core
thread at the 90° bend, thus causing transition from tubing/
threading to dripping. As shown in Fig. 4a for the straight
microchannel and in Fig. Sa for the serpentine microchannel,
water-butanol flow is much less affected by the downstream
bend compared to water-hexane flow. The interfacial tension
of water-hexane flow is one order of magnitude larger than
that of water-butanol flow. Accordingly, interfacial instability
is much more intense and apparent for the former than the
latter. The asymmetrical flow at the cross-junction and the
directional change of the flow are supposed to augment inter-
facial disturbances and waves in water-hexane flow.

3.2 Flow patterns in the main microchannel

Flow patterns were observed at VW2 for the straight
microchannel, and at VW4, VW5, VW6 and VW7 for the
serpentine microchannel. Three main flow patterns, i.e., annu-
lar, slug and droplet flows were observed for the two channels.
For example, Fig. 6 shows several typical flow patterns ob-
served at VW5 of the serpentine microchannel. Flow patterns
for the straight microchannel at VW2 and for the serpentine
microchannel at VW6 were mapped by using the organic
phase and aqueous phase superficial velocities, as shown in
Figs. 7 and 8§, respectively. In annular flow, the organic phase
flows continuously in the core of the microchannel,
surrounded by the annulus aqueous phase, e.g., Fig. 6a. As
the water flow rate increases, the organic core thread becomes
thinner. The thin annular core can be stable up to a high water
flow rate, e.g., Fig. 6b. If the organic core thread breaks up
into slugs in the junction or close to the inlet or even after a
certain distance depending on flow conditions, slug flow was
observed. Interfacial tension dominates slug flow. The slug
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shape depends on Ca, and flow rate ratios. The slug length is
normally larger than the hydraulic diameter of the
microchannel, see., e.g., Fig. 6¢. Periodic deformations of
the slug end were noticed in the serpentine microchannel
due to centrifugal forces, which was also observed in Roudet
et al. [24] for a meandering microchannel. In Fig. 6d, at the
same Q, of hexane, a larger O, exerts a larger pressure and a
larger viscous shear on the interface, accelerating the neck
thinning and break-up to form slugs and droplets. Smaller
droplets may coalesce to form larger droplets or slugs, which
tend to attach channel walls. This phenomenon stems from the
partial wetting behaviours of water and organic liquids on
glass microchannel walls. Regular and ordered slug flow
and droplet flow of uniform slug or droplet size may be

Fig. 6 Flow pattern photos at
VWS5 a annular flow, Q, = 3.0 ml/
h for butanol and Q, = 6.0 ml/h, b
annular flow, O, =3.0 ml/h for
butanol and Q, = 40.0 ml/h, ¢ slug
flow, O, =3.0 ml/h for hexane
and Q, = 6.0 ml/h, d slug flow,
0o, =3.0 ml/h for hexane and
0,=40.0 ml/h, e droplet flow,
0, =3.0 ml/h for butanol and
0.=280.0 ml/h

(a)

achieved by adding surfactants to prevent the coalescence of
droplets [29], which will be investigated in the near future.
The slug-droplet flow shown in Fig. 6d was also categorized
as slug flow in the present study. As Q, further increases, the
slug size decreases and droplets are formed depending on the
liquid-liquid systems. Figure 6e shows droplet flow for water-
butanol in the serpentine microchannel. From visualization,
the organic jet was observed to break up near the inlet junction
and droplet flow was formed.

For the straight microchannel, the annular flow at VW2
corresponds to most of the tubing/threading regime observed
at VW1; the slug flow at VW2 occupies a large fraction of the
dripping regime and a small fraction of the tubing/threading
regime at VW1; and the droplet flow at VW2 covers the

(b)
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jetting regime and a small fraction of the dripping regime at
VWI. Therefore, the reasoning regarding flow pattern transi-
tions at the inlet junction presented above is still valid for flow
pattern transitions downstream in the main microchannel.
Comparing Fig. 7 at VW2 and Fig. 8 at VW6, the slug flow
regime at VW6 is larger than that at VW2. The change of the
flow direction in the serpentine microchannel causes a centrif-
ugal force, generating chaotic advection and enhancing phase
interaction at and near the bends. Besides, there is a tendency
to force the heavier fluid towards the outside and the lighter
fluid towards the inner side of the bend, though this movement
is not noticeable from flow pattern images for most cases as

straight microchannel: VW2
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Fig. 8 Flow pattern maps at VW6 based on j, and j,

the density values of the organic and aqueous phases do not
differ much. Such liquid movement tends to give rise to a slip
between the phases and complicates the flow structure. As a
result, depending on flow conditions, the organic annular core
breaks up into slugs and long slugs break up into short slugs
and droplets. Therefore, flow pattern may vary along the flow
direction due to centrifugal forces in bend regions. For exam-
ple, at O, =6 ml/h and Q, =30 ml/h, annular flow occurred
and the organic core is continuous over VW4, while slug flow
was observed at VW6 after flowing through four 180° bends.
Therefore, slug flow prevails over a larger regime while an-
nular flow shrinks at VW6 in the serpentine microchannel.
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Fig. 9 Ranges of several 5
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Dimensionless numbers are also employed to map flow
patterns in microchannels. To begin with, Fig. 9 presents the Straight microchannel: VW2
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microchannel. For each Re,, Ce increases when the average
flow velocity increases. It seems that effect of the centrifugal
forces at and near the bends are important, especially at
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Fig. 10 Flow pattern maps at VW2 based on a combined dimensionless
number WeOh. The solid and dashed lines correspond to the new flow
pattern transitional lines based on the experimental data
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relatively high flow velocities. For the serpentine
microchannel, the We, and Ca, ranges of the aqueous phase
are similar to those in Fig. 9b and the Ce range is similar to
that in Fig. 9c. Therefore, comparison of non-dimensional
numbers for the aqueous phase is not given here.

The dimensionless group WeOh, proposed by
Yagodnitsyna et al. [29] for water-ionic liquid flow in
microchannels, was used to present flow pattern observa-
tions. The Ohnesorge number (Oh) equals Ca over the
square root of We. Figure 10 shows water-butanol and
water-hexane flows at VW2 of the straight microchannel.
Flow pattern transitional lines can be obtained from the
flow pattern map for the two liquid-liquid systems. The
red dashed line indicates the slug-droplet transition, while
the black solid line indicates the annular-slug transition and
also the annular-droplet transition at high We,Oh, values. It
can be seen from Fig. 10 that the newly developed transi-
tional lines can estimate the flow pattern data of both
water-butanol flow and water-hexane flow. The transitional
lines were compared with the flow pattern transition points
in Cao et al. [30] for water-butanol and water-oil flows in a
square cross-junction channel with a junction angle of 90°
and a channel width of 400 pm, as shown in Fig. 11. In
general, the annular flow is much larger and the slug flow
is much smaller at VW2 of the straight microchannel than
those of the square microchannel in Cao et al. [30]. The

We Oh
a a

difference at the inlet junction, i.e., the junction angle of
the quasi-trapezoidal straight microchannel in the present
work and the square microchannel in Cao et al. [30] is
one of the main reasons attributing to this phenomenon,
with a similar argument as for Fig. 4a.

Flow pattern maps employing dimensionless number
groups We,Oh, and We,Oh, were shown in Fig. 12 for
VW4-VW7 of the serpentine microchannel. The transitional
lines for the straight microchannel at VW2 were shown for
comparison in Fig. 12a for VW4, a straight section after a 90°
bend and an 180° bend. The three flow patterns are located in
zones similar to those in the straight microchannel. However,
the slug flow regime becomes larger towards the annular flow
regime and the droplet flow regime becomes slightly larger
towards the slug flow regime at VW4 because the centrifugal
force might break up the organic annular core into slugs and
also break up the slugs into droplets over the bends. Based on
the same reasoning, by comparing the flow pattern maps along
the flow direction of the serpentine microchannel from VW4
to VW7, the slug flow regime expands further towards the
annular flow regime after more 180° bends, while the droplet
flow regime expands slightly.

Effect of the aspect ratio on flow patterns is emphasized as
follows. It is supposed that with similar cross-sectional areas
and hydraulic diameters, similar inlet junctions and the same
phase flow rates, a rectangular microchannel might promote
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Serpentine microchannel: VW4
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Fig. 12 Flow pattern maps for the serpentine channel based on a
combined dimensionless number WeOh along the flow direction at: a
VW4, b VW5, ¢ VW6, and d VW7. The solid and dashed lines in Fig.

tubing/threading near the junction and annular flow in the
downstream microchannel. Figure 13 shows conceptual
cross-sectional film distributions for the quasi-trapezoidal
microchannel with an aspect ratio of 5.3, considering that the
short and long bases do not differ much. At a relatively high
Capillary number of the aqueous phase, above a transitional
value of 0.01, Fig. 13a shows that the cross-sectional profile
of the organic core looks like an ellipse or an oval as the viscous
shear overcomes the interfacial tension force. At a relatively
low capillary number, i.e., less than 0.01, depending on the
aqueous inertia force, the cross-sectional profile of the organic
phase might look like either the one shown in Fig. 13b at a
relatively low Q, or the one shown in Fig. 13c at a relatively
high Q.. In Fig. 13b, the film thickness is still relatively thick in
the plane of the longer semi-axis. When the inertia of the
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12a correspond to the newly developed annular-slug and the slug-droplet
transitional lines for the straight microchannel at VW2, respectively

aqueous phase increases, the interface might become arc-
shaped in the plane of the longer semi-axis, with an even larger
gap for film flow of the aqueous phase [31]. Such a large
aqueous leakage flow around the organic core thread in rectan-
gular and quasi-trapezoidal microchannels of high aspect ratios
is very favorable for the persistence of tubing/threading in the
cross-junction and annular flow in the downstream channel.
Firstly, at the inlet junction, the force exerted by continuously
imposed water flow on organic core thread decreases because a
part of or most of the aqueous phase leaks through from the
corners and gaps as shown in Fig. 13b and c. Besides, the
resulting less aqueous flow between the front of the organic
core thread and the microchannel walls gives a smaller velocity
gradient normal to the wall and therefore a less shear force on
the organic core front, which means a slower neck thinning and
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(b)

(©
Fig. 13 Conceptual cross-sectional film distributions for quasi-
trapezoidal microchannels of high aspect ratios at a Ca (calculated as
pau/~y for this case): a much larger than 0.01, b much less than 0.01 with
a low or moderate Q,, and c¢ less than 0.01 with a relatively high O,

thus no break-up of the organic core. From another perspective,
for slug flow in the main microchannel, due to leakage flow, the
amount of liquid in aqueous slugs between two organic slugs
would reduce and therefore coalesce of organic slugs is more
likely to occur to form annular flow.

4 Conclusions

Water-butanol and water-hexane two-phase flows in ultra-
shallow straight and serpentine microchannels with a cross-
junction were visualized for wide ranges of superficial veloc-
ities. The two microchannels have the same quasi-trapezoidal
profile and the same dj, of 335 um. The aspect ratio is as high
as 5.3. At the inlet junction, three major flow patterns includ-
ing tubing/threading, dripping and jetting were presented
using Ca, versus We,. Correspondingly, in the main
microchannel, three main flow patterns were categorized,
i.e., annular, slug and droplet flows. A dimensionless number
group, Weber number times Ohnesorge number, was adopted
to map flow regimes in the downstream microchannel. The
flow pattern map, i.e., We,Oh, versus We,Oh,, can roughly
capture liquid-liquid flow patterns. Flow pattern transitional
lines for water-butanol and water-hexane flows in the main
microchannel were obtained.

The flow pattern transitions were explained based on a
force analysis. For the studied cross-junction with a junction
angle of 45°, the vertical force component of the inertia due to
the imposed water flow narrows and squeezes the organic core

thread while its horizontal force component and the viscous
shear promote stretching of the organic core. These forces
together with the interfacial tension force of the neck
connecting the feeding flow and the front of the organic core
thread, and the liquid inertia of the organic phase shape the
curved neck region at the inlet junction and determine whether
the organic core thread breaks up or not and the resulting flow
regimes. Compared to a junction angle of 90°, a junction angle
of'45° tends to provide a larger tubing/threading regime at the
inlet junction and a wider annular flow regime. Besides, a
large aspect ratio is also favorable for tubing/threading at the
inlet junction and downstream annular flow because of a large
aqueous leakage flow around the organic core through the
corners and gaps.

Compared to the straight microchannel, the slug flow re-
gime becomes larger towards the annular flow regime and the
droplet flow regime becomes slightly larger towards the slug
flow regime in serpentine microchannels because the centrif-
ugal force tends to break up the organic annular core into slugs
and also break up the slugs into droplets over the bends.
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