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Abstract

This paper discusses the experimental observatioapillary instabilities of two-phase flow
in a microfluidc T-junction. These instabilitieseamlanalogous to the classical Plateau-
Rayleigh instabilities. The experiments were cdrraait with mineral oil and water in a
rectangular microchannel of 1@ width and depth of 7bm. The interfacial tension of the
system was around 3 mN/m after addition of a stafédn the oil phase. We report on the
instabilities observed in three fluid inlet configtions in T-junctions under the same flow
parameters. The inlet geometry was found to hauédd influence on the behaviour of the
flow while the flowrate of the water phase is colesed more important.

1 Introduction

The generation of micro- and nanodroplets from isamible liquid flows in microfluidic
systems is finding special interest for use in clealmand biological applications [1-2]. In
these microchannel-confined liquid-liquid two-phdlesvs, capillary instabilities exist as the
result of the effect of interfacial tension. Cagill instabilities are analogous to the classical
Plateau-Rayleigh instabilities [3-5]. Flow regimafsdroplet formation or of stratified flow
can be obtained in microfluidic T-junctions depemdon the flow conditions of the system.
In this paper, we report on the existence of thestbilities under conditions of very low
Reynolds numbers for an oil-water flow in T-junctimicrochannel. Understanding of these
instabilities is important for control strategied two-phase and droplet formation
microfluidic systems.



Capillary instabilities in a cylindrical microchaglin have, in recent years, received
considerable attention from Guillot and co-work@8sl0]. The instabilities in rectangular
geometries have been studied in flow focussingll3Rand a T-junction with symmetrical
fluid inlet [6,10-11]. The experiments in the latigork were undertaken in channels made
from a hydrophobic material, polydimethyl siloxaffDMS), but were mounted on a glass
substrate. The channels, therefore, were made upreé hydrophobic surfaces and one
hydrophilic surface. The hydrophobic surface istegty the oil phase and not by the water
phase. This results in flow favouring formationvediter droplets in the continuous oil flow.
We, therefore, refer to oil and water as the camtirs phase and the dispersed phase,
respectively. The continuous phase does not bregaldroplets or plugs.

We focus on the nonsymmetric inlet configuratiorss waell as the symmetrical inlet

configuration of a microfluidic T-junction made wgd only hydrophobic PDMS surfaces.

Several studies have focused on the descriptiothefmechanism of droplet breakup in a
microfluidic T-junction [14-17], but there is theizlittle work on the convective instabilities

which we have observed in our recent experiments.

2 Scaling Effects and Dimensionless Numbers

The volume forces (gravity and inertia) and surfiorees (viscosity and interfacial tension)
which interplay in two-phase microfluidic flows cde expressed and evaluated using the
basic scaling law and the dimensionless numbergrding to the Birminghanil-Theorem
[18-19]. The scaling law is a concept used in thalysis of a micro-system, whereby the
variation of physical quantities is expressed witie length scale of the systein, while
keeping other quantities (time, pressure, tempezaaic) constant [18]. For example:

surface forces _ > _
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volume forces  L® Ly @)

Equation (1) implies that the volume forces which ianportant on a large scale can become
insignificant as the length scale decreases, tymtanicrofluidic flows. Table 1 lists the
volume and surface force ratios represented ing@ithe important dimensionless numbers,
for a characteristic two-phase flow in a microchelnwith a hydraulic diameteb;, and
average velocity, wherep andp are fluid density and dynamic viscosity, respestive and

g represent the interfacial tension and gravity @ctin the system.



Table 1: Expression of forces that exist in microfluidiconphase flows with dimensionless numbers and
scaling laws.

Dimensionless number Equation Force ratio Scabmg |
Bond number ogD? gravitational forces L®
Bo=" : .
o interfacial forces
Capillary number Ca = Y viscous forces L
o interfacial forces
Reynolds number Re = oVD, inertial forces L?
U viscous forces
Weber number 2 inerti L?
Ve oV?2D, _ |nert|§J forces
o interfacial forces

In two phase flow, under miniature conditions, th&cous, inertial and gravitational forces
are usually dominated by the interfacial forcesulng in very low Bond Bo), Capillary
(Ca) and Weber\(\e) numbers. Also, the viscous effects tend to doteitiae inertial forces,
favouring flows with small Reynolds€Ré) numbers. In planar microfluidics, such as ours,
gravity effects are neglected and theref@e is insignificant. The balance between the
interfacial and the viscous forces is most sigaific in determining two-phase flow
conditions; henceCa has been used in the characterisation of thewses floa calculated for
the continuous phase (§ahas been used as a means of describing regimesopfet
formation in a T-junction [14-17]. We, however, cheterise the flow based on the Reynolds
(Re) and Ca number for the oil phase (continuous phase; heabscript) as well as the
Reynolds (Rg, Capillary (Ca) and Weber numbers (\Wefor the water phase (dispersed
phase; hence subscript).

3 Experimental
3.1 Experimental setup

The experiments were carried out in a rectangub@®urh wide and 7pm deep T-junction
microchannel made of transparent PDMS elastomergusoft lithography techniques. The
fluids were fed into the microchannel using syringemps, which were independently
controlled. 1@l/ml (1% v/v) of sorbitan monolaurate (Span 20)facatant was dissolved in
the oil phase, resulting in the interfacial tensadr~ 0.003 N/m. The properties of the fluids
are listed in Table 2.

Table 2: Physical properties of the fluids at 5.

Fluid Density [kg/r] Viscosity [Pa.s]
Water 997 0.00089
Mineral oil 840 0.0258




The flow was imaged with a digital camera usindhtsiandard video mode and high speed
mode (1200 frames per second), under a microsé¢ageré 1) using a 10x magnification
objective lens.

Figure 1: Image of the xperimental setup showing two Sﬁipgmps and the microscope.

3.2 Fluid inlet configurations

The different flow configurations were arranged ¥wgrying the fluids inlet into the T-
junction as illustrated in Figure 2. In the firsindiguration (Figure 2(a)), which we refer to as
the perpendicular configuration, the water is fieth ithe channel perpendicular to the outlet
channel and the oil flow. In the second configumatithe inlets for the fluids is swopped
around, whereby, the water is fed into the horiabehannel (Figure 2(b)). The last inlet
configuration is the symmetrical (Figure 2(c)). th& name suggests, in this configuration,
the oil and the water are fed in the directly oppgsirection and exit in the perpendicular
channel.
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Figure 2: Flow configurations in a T-junction: (a) perpendar, (b) horizontal and (c)
symmetrical inlets

4 Results and Discussion
4.1 Flow pattern map (perpendicular inlet configuration)

Figure 3 shows the flow pattern map for the perprdar inlet configuration. The flow

patterns were determined by variation of the voluimdlowrates of both the continuous
phase (Q and the dispersed (water) phasg)(Qhe flow pattern map was constructed from
around 270 flow patterns. The flow patterns ardtgtbfor Q values ranging between 0.6



pI/min and 20 pl/min against the flow ratiog/Qc, which is directly proportional to Gand
Rey. The Q values correspond to ©aalues of between 0.011 and 0.38.

100
R
B
10 —tmpe —x %
e — — < = + —
—~ Mttt ¢ ¢ ¢ *
= = = !  : L . L & T =—
g_; o0 —9 9 — 0 o o © L 3 ®*—
g @ © o o e e e ® ®
Qe 4o O [ ] F'Y A A A A
AR
ckciE—— L] L] L L] L B
0.01 +—E—E—8l—F8 —3—8 8T BT il
R R L R R R R
Q. [ul/min]
m Droplets a Cobbles ® Plugs + Unstable X Unstable/parallel

Figure 3: Flow pattern map of T-junction (perpendicular tnbenfiguration). The abscissa
values correspond to ealues between 0.011 and 0.38
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Figure 4: Images of different flow patterns as observed Trjanction.

The map shows that the breaking up of the watesehato droplets, cobbles and plugs
(Figure 4) is dependent on both ghd Q/Q.. The map shows that at low to intermediate Q
values, droplets, cobbles and plugs are domina@/&l. values between 0.01 and 1, above
which unstable flow begins to prevail (Figure 4% igher Q values the instabilities can
begin occurring in the limit of Q. equal to 1 and below. The inertial effects begin
dominating in the water phase, as characteriseiddrgasing Wg The instabilities begin at
the junction and evolve in the channel and are attarised by long wavelengths. The
perturbations propagate in the direction of thevflend the water phase does not break into
droplets. We refer to this behaviour as the convednstability or unstable stratified flow. In
the flow regime between unstable and parallel floswssts a flow regime where the
instabilities begin at the junction but are dampkeneo parallel flow (Figure 5). This is
attributed to viscosity effects. The viscosity bétwater is about 30 times less than that of
oil.



Figure 5: Dampening of convective instability into parafieiw

4.2 Transition between convectively unstable flow andlpg breakup

The experiments show there is existence of two aremtypes of flow regimes and

instabilities under the same experimental cond#tiohhere are variations in the time of
regimes which depend on the flow conditions. Foamegle, the cycles of convective

instability remains for a certain period, after ahithe flow switches to the regime where
break up into droplets, cobbles or plugs occurgui@ 6). Other flow patterns may also exist
e.g. in some cases the stratified parallel flowsisxin the transition from plug formation to

unstable stratified flow (Figure 6(c)).

Figure 6: Transition from plugs into unstable stratifiedwioThe time interval between the
snapshots (a-f) is 0.25 seconds.

The plugs get elongated before the flow is switcteec parallel flow and then becomes
convectively unstable. The parallel flow does neotw in the transition from unstable

stratified flow into the plug formation regime. gbre 7 shows the transition from unstable
stratified flow into plug formation. The water pleasreaks up into plugs for a certain period
before switching back into the unstable stratifieg.



Figure 7: Transition from unstable stratified flow into pldgrmation. The time interval
between the snapshots (a-f) is 0.25 seconds.

4.3 Influence of fluid inlet geometry

The results of instability behaviour under varyithgid inlet geometries are presented in
Figures 8-11 and Table 3. The experiments werewmad at varying Qand Q conditions.

In many of the unstable flow cases, the flow wamnigtal except for some conditions in
which the symmetrical inlet configuration deviaf{sée Table 3). In the cases where parallel
flow was observed, it was similar in all three gedmne configurations.

(a) (b) (c)

Figure 8: Unstable stratified flow at Qc = 5ul/min, Q = 8aG 0.1, Re=0.031, Ca=
0.026 Rg = 8.6, Wq = 0.23 for different flow inlet configurations (gerpendicular, (b)
horizontal and (c) symmetrical. No different cyclef instability were observed under these

conditions.
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Figure 9: Parallel flow at Qc = 5ul/min, Q =16, €a 0.1, Rg = 0.031, Ca= 0.053 Rg=
17.1, We = 0.9 for different flow inlet configurations (@erpendicular, (b) horizontal and
(c) symmetrical.
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Figure 10: Cycles between (a) stable parallel flow, (b) ded@dnd (d) plug formation at
Qc = 25ul/min, Q =1, Ga= 0.48, Re= 0.16, Ca= 0.017, Rg= 5.4, Wq = 0.088 for the
perpendicular inlet flow configuration.
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Figure 11: Cycles between (a) stable parallel flow, (b) ded@nd (d) plug formation at
Qc = 25ul/min, Q =1, Ga= 0.48, Re= 0.16, Ca= 0.017, Rg= 5.4, Wq = 0.088 for the
horizontal inlet flow configuration.

Table 3: Results of the flow behaviour observed under dhffié fluid inlet geometries

Flow conditions Perpendicular Horizontal Symmetrica
Q: = 5ul/min, Q =3, Ca= 0.1, Instability cycles Instability cycles Instability cycles
Re.= 0.031, Ca=0.0099, Rg= 3.2,
Wey = 0.032

. = 5ul/min, Q =5, Ca= 0.1, Instability cycles Instability cycles  (Convectively)
Re.= 0.031, Ca=0.017, unstable stratified
Re; = 5.4, Wg=0.088
Q: = 5ul/min, Q =8, Ca= 0.1, (Convectively) unstable(Convectively) (Convectively)
Re.= 0.031, Ca= 0.026 stratified unstable stratified unstable stratified
Re; = 8.6, Wg=0.23
Q: = 5ul/min, Q = 16, Ca= 0.1, Parallel Parallel Parallel

Re. = 0.031, Ca= 0.053
Re;=17.1, Wg=10.9

Q. = 25ul/min, Q =1, Ca= 0.48, Instability cycles Instability cycles Plugs
Re.=0.16, Ca=0.017,
Re;=5.4, Wg = 0.088

Q¢ = 25ul/min, Q = 2, Ca= 0.48, Parallel Parallel Parallel
Re.=0.16, Ca=0.033, Rg=10.7,
We; = 0.35




5 Conclusions and Recommendations for Future Work

We have, through experiments, observed in a migdafl T-junction the existence of flow
regimes where convective instability co-exists ricii@ngeably with the absolute instability,
as a function of time. We conclude that the inditas are the result of interplay between
interfacial, viscous and inertial forces. Existent@arallel flow is attributed to dominance of
inertial effects of the water phase. It is envishgeat different fluid interfacial tensions and
viscosity ratio will be investigated to increase tbcope of this study. There is very little
influence of fluid inlet geometry on the behavioofr the instabilities. Deviations were
observed on the symmetrical inlet configurationgehr stability analysis will be conducted
to gain further insight into the cycles of inst#ek as a tempo-spatial function.
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