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Microfluidics have been used extensively for the study of flows of immiscible fluids, with
a specific focus on the effects of interfacial forces on flow behavior. In comparison, inertia-
driven flow of confined coflowing fluids has received scant attention at the microscale,
despite the fact that the effects of microscale confinement are expected to influence
inertia-driven flow behavior as observed in free jets. Herein, we report three distinct
modes for breakup of coflowing, confined, microscale jets: the conventional Rayleigh
mode and two additional inertia-driven modes occurring at higher Reynolds number flows,
namely, a sinuous wave breakup and an atomizationlike mode. Each of the three modes is
differentiated by a characteristic droplet size, size distribution, and dependence of the jet
length as a function of the external fluid velocity (vey ). A unified phase diagram is proposed
to categorize the jet breakup mechanisms and their transitions using, as a scale-up factor,
the ratio of the jet inertial forces to the sum of the viscous and interfacial forces for both the
inner and outer fluids. These results provide fundamental insights into the flow behavior of
microscale-confined coflowing jets.

DOI: 10.1103/PhysRevFluids.3.092201

Droplets and jets are of primary importance for applications such as generation of emulsions with
sub-micron scale droplets, sprays, and other multiphase flows, all of which are involved in a wide
variety of chemical and industrial processes. Multiphase flows have been especially useful to the
microfluidics community since dripping and jetting can be used to generate nearly monodisperse
droplets that act as nanoliter reactors in series to ensure precise control of residence time and
residence time distributions, with enhancing mixing [1]. Such approaches have been extensively
used for microfluidics applications including foam generation [2—4], droplets-based microfluidics
[5], jet stabilization [6,7], organic and inorganic micro- and nanostructures synthesis [8], and
chemical reactions [9,10].

Jets are metastable hydrodynamic structures, which eventually break into droplets. Jet breakup
is a well-known behavior, which occurs via various mechanisms, depending on the properties
(velocity, density, viscosity, surface tension, etc.) of the fluid forming the jets and of the outer fluid
[11]. Coflow geometries have been considered extensively to study the dripping-to-jetting transition
in confined geometries, both for liquid-liquid and liquid-gas coflows [12—15]. This transition
depends on the propagation of an absolute instability originating from a growing disturbance
downstream, itself arising from the Rayleigh-Plateau instability [16].

Several works report detailed comprehensive modeling of the dripping-to-jetting transition
observed in liquid-liquid and liquid-gas microsystems [13,17—19] for low Reynolds number flows
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FIG. 1. Coflowing setup developed for this study. D and d are the inner diameters of the outer and inner
tubing, respectively. L is the jet length, while a is the droplets diameter.

[Re = (vpd)/n], typically Re < 10, where p is the fluid density, v is the fluid velocity, d is the
flow characteristic length, and n is the dynamic viscosity. In such cases, the dripping and Rayleigh
jetting regimes and the transitional boundaries between them can be organized using a map of the
inner fluid Weber number [We;, = (vizm,oimd )/o1, where o is the interfacial tension between the two
immiscible fluids, versus outer fluid capillary number [Caex; = (Vext7ext)/0 1, as previously described
[13,14].

Aside from the Rayleigh regime observed for confined flows, jets exhibit other breakup modes
that have been investigated for jetting into quiescent outer fluids [20]. Four distinct jetting regimes
have been identified and reported so far [21] including the Rayleigh mode, the first and second
wind-induced breakup modes, and the atomization regime [22,23]. These regimes and the transitions
between them depend on several factors such as inertia, interfacial tension, and viscosity ratio of the
fluids [24].

Even though inertia-driven jet breakup regimes occurring at larger Reynolds numbers
(Re > 100) have been identified and detailed in several experimental works of unconfined jets, the
case of microscale confined jetting has received scant attention. This is primarily due to the technical
difficulties encountered when studying the high flow rates required to reach high Re regimes and
the resulting high pressure drops, which complicate experimental investigation.

Studies using high-pressure microsystems can access high Re regimes consisting of gas-liquid,
liquid-liquid, and even supercritical fluid (SCF)-liquid components. Recent publications have
demonstrated the use of microfluidic systems at high pressures [25-27]. SCFs are of particular in-
terest as working fluids, as they combine liquidlike densities and gaslike viscosities [28]. Moreover,
SCF properties can be adjusted with minor changes of pressure and/or temperature, permitting study
of inertial-viscous regimes that might otherwise be difficult to access experimentally. Accordingly,
the use of high-pressure microsystems and SCFs permits the study of new conditions of flow
fragmentation that have not been investigated previously. Of particular interest are inertia-driven
regimes, where inertial forces (Finer = pv2d?) can overcome viscous (F, = nvd) and interfacial
(Firr = od) forces that typically dominate at the microscale. Previous work has exploited the
experimental flexibility afforded by SCFs, and the dripping-to-jetting transition has been reported
previously for a microconfined liquid/SCFs cocurrent flow [29,30]. In this Rapid Communication,
we identify three jetting modes observed for coflows of either dense CO, (liquid or supercritical) or
liquid pentane and water in a capillary microreactor. Each mode was identified by distinctive droplet
sizes, size distributions, and the evolution of the jet length and shape. Here we report observations
of such modes under microscale confined conditions.

The experimental high-pressure setup is composed of two silica capillaries inserted within
one another (outer capillary: D = 247 £ 6 um and inner capillary dey = 167 6 um and d =
100 £ 3 um), as shown in Fig. 1. Accordingly, the external hydraulic diameter Dy, of the outer fluid
is defined as D), = (D* — d2,,)/d2,. Two high-pressure syringe pumps (Teledyne ISCO 100DM)
were used to feed CO, or pentane and water at constant flow rates, while a third pump was used
in constant pressure mode as a back pressure regulator to maintain constant the outlet pressure at
p = 10 MPa for the CO,-water system, i.e., above the critical pressure of CO, [peco,) =
7.38 MPa] or at p = 0.1 MPa for the pentane—water system. The capillary assembly was placed in
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TABLE I. Physical properties and corresponding values for the dimensionless numbers (We, Ca, and Re)
of CO, or pentane and water flows at p = 10 MPa (or p = 0.1 MPa) for T = 20 °C (liquid CO, and liquid
pentane) and T = 48 °C (sc-CO,), respectively. For the calculation, we have used: d = 100 um, D = 250 pum;
25 < Qco,(ulmin™") < 1000; 50 < Qp,o(ulmin™") < 10000; and 25 < Q penane (41 min~") < 1000.

T 20°C 48°C 20°C
P 10 MPa 10 MPa 0.1 MPa
Fluid Liquid CO, H,O sc-CO, H,O Pentane
O.E\
(mNm-') 37.1 / 28.8 / 51.2
i 81.5 998.8 30.6 567.3 227.5
(uPas)
P _3 856.3 1002.7 421.6 993.2 625.8
(kgm™)
8 x 1073 0.01 0.02 0.01 3x 1073
WeP — — - - -
1.2 71.9 3.48 91.6 5.5
1.3 x 1074 1.6 x 1073 1.3 x 107* 1.3 x 1073 23 x 107
Cab — — - - -
1.5x 1073 0.15 1.6 x 1073 0.11 9.4 x 1073
62.9 5 159 8.8 14.6
Re® — — - - -
782.8 463 2217 837 583.7

*Versus water.
"Depending on flow rates.

a temperature-controlled bath [20 < T'(°C) < 50] and the coflow was monitored using a high-speed
CCD camera (Phantom Miro 340; Vision Research, Inc.) mounted on a binocular microscope.
Image resolution was ~1.5 um/pixel, which allowed resolution of features larger than about 5 pm.
Jet lengths, droplets sizes, and size distributions were extracted from still images using the IMAGEJ
software.

Actual fluid velocities inside the microchannel (viy, vVext) Were estimated from the pump flow

rates and accounting for the temperature dependence of density: v; = Q“g—‘l““") X ’;"_‘:’::‘h")’, where §; is
the internal cross section area out of which the fluid i is passing, Q;pump) is the pump volumetric
flow rate, while p; (pump) and p; bam) are the fluid density in the pump (at p = peyp and room tempera-
ture) and in the capillary (p = peyp and T = Texp), respectively. The physical properties of CO, and
H,O at experimental conditions were obtained from the REFPROP software [31] or from the literature
[32]. Table I summarizes relevant physical properties and dimensionless numbers used in this work.

The conventional strategy to classify the jet breakup regimes is to monitor the evolution of the
length of the coherent portion of the jet, the mean droplet size, and the droplet size distribution as
functions of the external fluid velocity (vex). In a typical case, four flow regimes can be distinguished
(Fig. 2).

Dripping. Atlow flow velocities, the classical dripping regime is observed, displaying an absence
of jets with generation of large, monodisperse droplets at the tip of the inner capillary [Fig. 2(a)].

Rayleigh jetting. With increasing external flow velocity, classical dripping transitions to jetting
occur. Jet length grows almost linearly with the external fluid velocity, as shown in Fig. 3(a).
Downstream, the jet eventually breaks into monodisperse droplets due to the Rayleigh-Plateau
instability [Figs. 2(b) and 2(c) and Supplemental Material movie [33]]. Breakup results from the
growth of long-wavelength perturbations when the inertial forces (Fir = pv’d?) become equal
to or greater than the interfacial forces (Firg = od), i.e., We ~ 1. These two first regimes, mostly
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FIG. 2. (a) Optical images of the evolution of the jetting as a function of the outer fluid velocity: (a) drip-
ping; (b),(c) Rayleigh jetting; (d),(e) sinuous wave breakup mode; (f),(g) atomizationlike mode. The pictures
were obtained for p = 10 MPa, T = 20°C; inner fluid: liquid CO,; outer fluid: water, viyco,) = 0.25 ms~!.
(h) Median plane visualization of the 3D numerical modeling of the atomizationlike jetting mechanism
displaying the velocity vectors inside the core of the jet (p = 10 MPa, T = 20°C, vj(CO;) =0.25m s
Vet (H,O =4 ms™"). The arrows represent the velocity vectors, whose magnitudes are proportional to their
length, while the color represents the relative pressure (P,) spatial variations (the total pressure can be
calculated as P = P, + 10 MPa).

driven by interfacial forces, have been observed and studied several previous times at the microscale
for liquid-liquid [13,14], liquid-gas [19], and supercritical fluid-liquid [29] coflows.

Inertia-driven jetting—sinuous wave breakup. With increasing velocity, the jet undergoes desta-
bilization due to the effects of external inertial forces, in contrast with the behavior observed
in the Rayleigh jetting mode. The viscous forces (F, = nvd), which tend to stabilize the jet,
are largely overcome by the inertial forces for Re > 500, resulting in the formation of sinuous
waves, as previously observed for unconfined flows [22,24]. In the sinuous wave breakup regime,
breakup stems primarily from the unstable growth of short-wavelength perturbations, probably
arising from Kelvin-Helmholtz instabilities. The Kelvin-Helmholtz instabilities form due to the
localized high-velocity ratio (%) present on the surface of the jet (Figs. 2(d) and 2(e) and
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FIG. 3. Example of the regime characteristics used to categorize the breakup mechanisms. (a) Evolution
of the jet length and the droplets mean size % as a function of vy and (b) the droplets size distributions
for different values of vy, corresponding to the yellow circled point in (a). The data were obtained for p =

10 MPa, T = 20 °C; inner fluid: liquid CO,; outer fluid: water, Vinco,) = 0.25 ms~ .

Supplemental Material movie [34]). Two important characteristics can be highlighted: (i) the jet
length continuously decreases with increasing outer fluid velocity and (ii) the polydispersity of the
droplet size increases, relative to the distributions observed in the Rayleigh jetting mode, since
the jet breaks into fluid ligaments through a pullout mechanism, with the fragments later forming
droplets due to Rayleigh mechanism or minimization of surface energy. Filament breaking, which
can be described as secondary atomization [35], produces a droplet distribution with much greater
polydispersity than is observed in the dripping or Rayleigh jetting regimes [Fig. 3(b)].
Inertia-driven jetting—atomizationlike. At high values of external fluid inertial force (Fiper ext), the
jet length stabilizes with increasing fluid velocity (Figs. 2(f) and 2(g) and Supplemental Material
movies [36]). Smaller ligaments form, which transform nearly instantaneously into droplets. In this
regime, droplet size can reach values as small as 0.4d (Fig. 3). One of the main distinguishing
features of this regime is characterized by an enlargement of the jet diameter, relative to the nozzle
diameter. To confirm this unexpected behavior, we have performed numerical simulations using a
three-dimensional (3D) incompressible one-fluid model [37], already validated for liquid jet breakup
in pressurized CO, [30]. This model is selected since the flow behavior is clearly nonaxisymmetrical
for inertial modes (sinuous wave breakup and atomizationlike modes). Compressed CO, and
water used in this work are considered as immiscible fluids in the investigated conditions, so
the computational study must account for two-phase flow. Accordingly, the Brackbill model [38]
was employed to compute the interfacial forces, while the Volume Of Fluid (VOF) approach was
used with a piecewise linear interface construction for the interface tracking [39]. As observed in
numerical simulations (Fig. 2(h) and Supplemental Material movies [40]), the high velocity ratio
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FIG. 4. Log-log plot of the ratio (X:Y) of the inertial forces over the sum of the viscous and interfacial
forces for the sc-CO,—water (p = 10 MPa, T = 48°C : B), pentane-water (p = 0.1 MPa, T =20°C : A),
and liquid CO,—water (p = 10 MPa, T = 20°C : o) systems. The dripping regime is indicated in black, the
Rayleigh type jets in green, the sinuous wave breakup mode is in blue, and the atomizationlike mode points are
in red.

(3= > 10) generates hydrodynamic recirculating vortices within the jet, which confine the inner
fluid at the tip and lead to noticeable jet enlargement.

Next, we sought to generalize our observations by studying the effects of the experimental
parameters (inner and outer fluid velocities, p, T') on the interfacial and viscous forces which govern
jet behavior. Three fluid-fluid systems (i.e., sc-CO, water, liquid CO, water, and pentane water)
were studied so that the widest possible range of experimental parameters could be included in this
work and to arrive at the most general possible conclusions. We varied the experimental parameters
to investigate the effects of inertia compared to interfacial and viscous forces. These conditions
result in high Reynolds number flows for both the inner and outer fluid (up to Re = 2200; Table I),
which have not been previously investigated due to the practical restrictions associated with working
with high flow rates and the resultant high-pressure drops. Investigating these effects provides data
to unify the four distinct coflow regimes in a single picture. Utada et al. [6] proposed categorizing
the transition between the dripping and the jetting regime in micro-coflows using the [Wejn(, Caex]
diagram, which takes into account the inner flow inertial and interfacial forces, and the outer flow
viscous and interfacial forces. These previous studies considered only inner and outer flows with
very low inertial forces (~1073 uN), possibly preventing observations of the sinuous wave and
atomization breakup regimes shown here. In contrast, we explored conditions where the inertial
forces are in a much wider range: 1072-10' uN.

We categorize the jetting regimes and their domains of existence by using the ratio of the inertial
forces over the sum of the other forces (viscous and interfacial) for both the inner and outer fluid.
This approach makes possible the representation of the jet phase diagram, Y = f(X) consisting of
a log-log plot of nondimensional scaling parameters: X = % and Y = % This
nondimensionalization emphasizes the effects of inertial forces over viscous and interfacial ones.

In Fig. 4, we have represented all available experimental data and categorized their flow behavior
into one of the four regimes. Figure 4 provides data for the sc-CO,/water (48 °C, 10 MPa), the
liquid CO,/water (20°C, 10 MPa), and the liquid pentane—water (20 °C, 0.1 MPa) systems.
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As a first observation, Fig. 4 shows that the transition from dripping to jetting occurs when X > 1
and/or Y > 1 (Fig. 4), as expected. Indeed, the inertial forces at these conditions are greater than
the interfacial and viscous forces, leading to jetting.

A remarkable result arises at the transition from Rayleigh jetting to sinuous wave breakup
regime. Indeed, the experimental data indicate that, independent of the inner fluid force ratio, the
“inertial regime” (i.e., sinuous wave and/or atomizationlike breakup) is never attained, provided
that X < 5 (Fig. 4). For X < 5, the outer fluid viscous and interfacial forces are sufficient (although
smaller than the inertial forces) to stabilize the jet and prevent unstable growth of short-wavelength,
Kelvin-Helmhotz perturbations that would otherwise lead to the sinuous wave breakup regime. With
increasing X, the jet enters the atomization regime. Atomization occurs when the inner fluid viscous
and interfacial forces overcome the inertial forces (low Y values; Fig. 4). In contrast, when the
inertial forces of the inner fluid are sufficient (higher Y values), they tend to extend the length of the
jet, stabilizing the sinuous wave breakup mode (Fig. 4).

The observations and diagram presented here are not unique to [dense CO, (liquid or
supercritical)-water] micro coflows. Indeed, the pentane—water system (Fig. 4, triangles) obeys
the same jetting behavior as the sc-CO,—water system (Fig. 4, squares) and the liquid CO,—water
(Fig. 4, circles), when nondimensional scaling parameters X and Y are used for data interpretation.
Therefore, while supercritical fluids are convenient for this type of study, the conclusions are not
restricted to cases in which one of the fluids is at supercritical conditions.

In conclusion, we have studied the jetting behavior of micro-confined co-flows using a high
pressure microchannel device. Several fluid-fluid systems were studied, including sc-CO,—water,
liquid CO,—water, and pentane—water. In addition to the well-known dripping and Rayleigh jetting
modes, two new inertia-driven modes were observed, namely, the so-called sinuous wave breakup
and the atomizationlike regime. We find that all the available data can be captured by a log-log plot
using dimensionless scaling parameters. This study extends previous work on microscale-confined
coflowing liquids to permit observation of qualitatively new behavior and unifies previous studies
by mapping jet behavior onto a single diagram.

This work provides the basis for many new microfluidics experiments, including those involving
production of submicron droplets, as reported by other approaches [41]. Future fundamental studies
should investigate areas of the phase diagram which remain to be explored, especially those for
Y <1072 and Y > 10'. Data are required at these conditions to provide a full understanding of the
transition between viscous/interfacial-driven flows and inertia-driven flows.
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