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abstract In this work, a two dimensional simulation of segmented micro coflows of CO2 and water in micro-
capillaries (20 < T (◦C) < 50 and 8 < p (MPa) < 16.5) was carried out using a combination of the one-fluid 
model and the volume of fluid (VOF) method to describe the two-phase flow and a penalty method to 
account for the wetting property of the capillary walls. The computational work was validated by com-
paring numerical and experimental results in both the dripping and jetting regimes. The agreement of 
the calculated pressure difference across the droplet or jet interface with the Laplace–Young’s law was 
assessed as supplementary criteria. The effects of CO2/water interfacial tension (5 < � (mN m−1) < 35) and 
wall wettability (contact angle CO2/wall varying from 0 to 180◦) on the segmented water–supercritical 
CO2 microflows were specially described. It was shown that switching the wall surface from hydrophilic 
to hydrophobic by tuning the contact angle allows for changing the droplet curvature so that the contin-
uous water phase eventually undergoes a phase inversion resulting in water droplets/slugs formation in 
a continuous CO2 phase.

1. Introduction

Over the past 15 years, the use of microfluidic devices in biology
[1], chemistry [2] and materials science [3–5] has shown tremen-
dous progresses. In particular, multiphase immiscible microflows
have opened opportunities for generating controlled hydrody-
namics structures (droplets, jets) allowing carrying out confined
chemical reactions [4,6,7] or controlling reaction kinetics through
reactivity at interfaces [8,9]. Droplets or jets are convention-
ally generated by mixing solutions through T-shape channel,
flow focusing or coflow devices [10,11]. Recently, the design
of microreactors withstanding high pressure and/or high tem-
perature (typically up to 350 ◦C and 20 MPa) has driven the
emergence of investigations with supercritical fluids [12–16], in
which segmented or miscible flows can be created by manipu-
lating flow rates or pressure. Supercritical fluids processes could
largely benefit from the development of such microfluidic designs
since droplets or jets are frequently encountered in materials

synthesis or processing, like in the supercritical antisolvent process
(SAS) [17–20] or in water–CO2 microemulsions [21,22] for which
the final materials characteristics are largely dependent on the
initial hydrodynamic structures (size, polydispersity, etc.) [23,24].
Compared to macroscale approaches, the microfluidic generation
and the subsequent confinement of such structures offer the oppor-
tunity to better control the droplets or jets uniformity, but also to
perform in situ characterization [25], leading to advanced process
mastering, as recently demonstrated for nanocrystals synthesis
[26,27].

In microfluidics devices, the mechanisms of jets and droplets
formation in both liquid–liquid and liquid–gas flows are largely
studied [28,29]. The flow of immiscible fluids occurs generally in
the form of segmented flow, where a disperse phase flowing in the
center of the channel is segmented by a continuous liquid phase
into distinct slugs. The continuous phase wets the wall so that
the disperse elements are not in contact with the wall but fully
surrounded by a liquid film. The transition from dripping to jet-
ting and the droplets or jets size can be analytically determined
by varying experimental parameters such as surface tension, vis-
cosities and fluid velocities that are of peculiar importance in case
of coflowing fluids [30,31]. Although these approaches are inter-
esting for addressing the global behavior, numerical approaches
[32] brings additional information such as velocity and pressure
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Fig. 1. Scheme of the general microcapillary-based coflowing configuration in the
two regimes: (A) dripping or (B) jetting and additional relevant experimental and
numerical geometrical parameters. The full set-up description can be found else-
where [12].

gradient, profiles of surface tension and concentration that can be
critical for the mixing of reagents as demonstrated for gas/liquid
[33,34], liquid/liquid [35] microsystems or for supercritical/liquid
macroscale process [36,37]. By predicting the flow behavior, sim-
ulations allow for reducing the experimental designs to the most
valuable experiments.

The objective of this work is to develop a numerical approach
for modeling the experimental observations of jets and drops
generated by CO2 and water micro coflows under high pres-
sure conditions and high Reynolds numbers. This is a first step
toward complete simulations of more complex processes, which
could include various other physico-chemical phenomena (phase
equilibria, chemical reactivity, nucleation and growth) occurring in
real synthesis processes.

The first conditions simulated here correspond typically to the
hydrodynamics encountered in a segmented microflow synthesis
process. Then, the numerical approach is used to anticipate the
effects of a given parameter on the flow characteristics. We focus on
predicting the effect of interfacial forces on the flow, first by chang-
ing the surface tension – a parameter usually modified by adding
surfactant to the fluid, and secondly by changing the wetting prop-
erties of the external capillary wall, which is more difficultly done
by surface modifications, but which can occur as well during an
experiment by the adhesion of reagents or synthetized particles
with walls.

2. Experimental

2.1. Experimental set up

The capillary-based set-up was previously described elsewhere
[12]. Briefly, the microsystem consisted of two silica capillaries
inserted in one another. CO2 and water were injected separately
with high pressure syringe pumps (ISCO Teledyne 100 DM) gen-
erating a coflow (jet, drops or slugs) at the contacting point, as
described in the general system configurations in both dripping
and jetting regimes (Fig. 1). Pressure was controlled thanks to a
back pressure regulator (JASCO BP2080) placed downstream the
microsystem, while the entire set-up was immersed in a water
bath for controlling temperature. Optical characterizations were
performed with a high speed camera (Phantom V 9.1) connected to
binocular microscope (Zeiss Stemi 2000-C). The inner diameters of
internal and external capillaries were 100 and 250 �m, respectively
(the external diameter of the internal capillary was 200 �m).

2.2. Determination of the relevant experimental parameters

The velocities at the desired operating conditions cannot be sim-
ply derived from the flow rates provided by the pumps since the
fluids within the syringe reservoirs of the pumps are not at the
same temperature than that of the microsystem, inducing density

variations and therefore fluid expansions. In this work, conditions
for the water and CO2 reservoir were 25 ◦C and 0 ◦C, respectively,
whereas the investigated conditions in the capillaries were in the
range 20–80 ◦C. Thanks to the ISCO pumps running principle, the
two fluids can be pressurized within the reservoir at the same
pressure than the desired operating pressure, e.g. between 8 and
16.5 MPa. The fluids velocities within the microcapillaries, vint for
CO2 and vext for water, were calculated as:

Vint = Qint pump

Sint
× �int p,T0

�int p,T
, Vext = Qextpump

Sext
× �ext p,T0

�ext p,T

with Qint pump and Qext pump the pump flowrates for the internal and
the external fluid, respectively, Sint and Sext the inner section of the
internal and external capillary, �int p,T0

and �ext p,T0 the density of
the inner and outer fluid in the pump reservoir and �int p,T0

and
�ext p,T0 the density of the inner and outer fluids at the experimental
conditions.

The parameters required for the calculation of the relevant non
dimensional numbers and used in the numerical modeling were
either obtained from the NIST thermophysical properties online
tools [38] (densities and viscosities for both scCO2 and water at
various pressure and temperature) or directly measured exper-
imentally (interfacial tension for the scCO2/water systems were
determined from the pendant drop method).

The experimental errors on velocities are mostly related to the
flowrates accuracy. For the ISCO 100 DM pumps used in this work,
the flowrate uncertainty was estimated at ±1 �L min−1, which
yielded to an experimental error of ∼1 mm s−1 for velocity.

2.3. Microflows parameters

In this computational study, the numerical results were vali-
dated against experiments thanks to measurements provided by
the images collected by the high speed camera (Fig. 1). The mea-
sured responses were:

- In case of dripping regime: the length (L) and width (W) of gen-
erated droplets or slugs and the interspace between droplets or
slugs (Is),

- In case of jetting regime: the jet length (JL), and when droplets
are formed by the jet breakup, their L, W and Is.

The reported values were averaged from at least 50 pictures
measurements. The uncertainty of L, W, Is and JL measurements
came from the quality of the video collected during the experi-
ments. Based on the pixel size and camera/binocular resolution and
the averaged measurements, the overall error in a characteristic
length was of ±20 �m.

3. Numerical section

Compressed CO2 and water are the two fluids used in this work.
In the range of investigated conditions, they are considered as
immiscible fluids, so a two-phase flow has to be accounted for
in the computational study. The two-phase flow was described by
the one-fluid model [39] that was previously used for simulating
a liquid jet breakup in pressurized CO2 [37]. This one-fluid model
considers each phase as fictitious domains that are merged into
the global simulation domain. The boundary between the two ficti-
tious domains was numerically tracked with an interface capturing
method using a volume of fluid (VOF) approach [40]. This method
has the advantage of being independent on the grid topology that
is fixed and does not conform to the interface topology.
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3.1. The one-fluid model

The one-fluid model considers a unique equivalent fluid whose
physical properties are established with average or discontinuous
properties of the flow built with the VOF color function C. This dis-
continuous or sharp varying function, defined for each phase as Ck,
allows for localizing the phases in the computational domain. For
a two phase flow, Ck admits two different values, 0 or 1, according
to the phase it is associated with:

Ck(x, t) =
{

1 if x ∈ ˝k

0 else
(1)

where k = 0, 1 indicates the phase. From a Lagrangian point of view,
the color function is advected by the interface velocity uI, which is
the fluid velocity in our case since no phase change occurs. There-
fore, Ck is the solution of an Eulerian advection equation:

∂Ck

∂t
+ uI · ∇Ck = 0 (2)

The one-fluid model is obtained by the convolution of the
Navier–Stokes equations in each phase with the color function and
by summing in each equation the contribution of k = 0 and k = 1. The
approach has already been described elsewhere [41]. Furthermore,
the flow is considered as incompressible since the variation of pres-
sure in the capillary is negligible so the pseudo-fluid equations read
as:

∇ · u = 0 (3)

�

(
∂u
∂t

+ u · ∇u

)
= −∇P + �g + ∇ · �[∇u + ∇tu] + ��niıi (4)

∂C

∂t
+ u · ∇C = 0 (5)

This set of equations is similar to the Navier–Stokes equations set
expressed for a single-phase flow, but with an additional advection
equation of the color function C and a source term of surface tension
force (Fst = ��niıi) in the momentum equation with � the interface
curvature, � the interfacial tension between the two fluids, ni the
normal to the interface and ıi the Dirac distribution at the interface.

The formulation of the one-fluid approach requires express-
ing all physical properties of the fluids as a function of the color
function:

� = �0 + (�1 − �0)C

� = �0 + (�1 − �0)C

� = f1(C)

n = f2(C)

(6)

These functions are used in the VOF methods to build the physi-
cal characteristics of the equivalent fluid at the interface vicinity.
Since the single-fluid equations are not closed, it is necessary to
also approximate the surface tension terms (curvature and nor-
mal to the interface) with appropriate functions dependent of C as
described hereafter.

3.2. Numerical methods

The numerical methods, that are parts of the home-made CFD
code Thétis developed at the I2M/TREFLE Department, have been
already described and validated for a two-phase flow system at high
pressure in case of Rayleigh breakup mechanism [37,41]. The one-
fluid Navier–Stokes equations were discretized with implicit finite
volumes on a staggered Cartesian grid. Centered or hybrid schemes



Table 2
Comparison between experimental and numerical results obtained for the three considered validation cases (blue: water, red: CO2). Scale bar is 200 �m in all cases.

were implemented for discretizing all the numerical fluxes in the
Navier–Stokes equations. The coupling between velocity and pres-
sure was addressed with a projection method [42,43], solved by
a BiCGSTAB II solver [44] preconditioned with a Jacobi method for
the predictor step and an MCG approach (available in library HYPRE
[44]) for the Poisson correction step. As for the interface tracking,
the VOF approach was used with a piecewise linear interface con-
struction (PLIC) [40]. This approach ensured the mass conservation
while maintaining the interface width on one grid cell. The surface
tension forces were approximated by the continuum surface force
(CSF) approach of Brackbill [45]. In this case, the surface tension
force reads to:

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

( ∇C

||∇C||
)

� = −∇ · n = ∇ ·

nıi = ∇C

��nıi = −�∇ ·
( ∇C

||∇C||
)

∇C

(7)

Wall wetting effects were emphasized as well in this work. The
wetting property was imposed by a penalty method that allowed
for varying the contact angle between the fluid and the capillary
surface. The numerical method was detailed in Guillaument et al.
[46,47]. A contact angle equal to 180◦ indicated that the surface

was completely hydrophilic whereas the surface was completely
hydrophobic for a contact angle of 0◦.

Simulations were carried out in a 2D axi-symmetrical domain
in order to reduce the computational time. The mesh sizes were
of 85,680 (1260 × 68) to 342,720 (5040 × 68) nodes. Because of the
high number of nodes, calculations were performed by MPI parallel
programming.

4. Results and discussion

4.1. Validation

In order to validate the computational work and to prove its
capability at representing various flow configurations, we con-
fronted simulation and experimental results in conditions resulting
in different hydrodynamic structures such as droplets, slugs and
jets. Conditions and fluids properties are presented in Table 1,
whereas Table 2 illustrates the experimental flows and the numer-
ical results. Cases 1 and 2 correspond to high pressure liquid–liquid
configuration whereas case 3 matches to a liquid–supercritical con-
figuration. As criteria for validation, the various lengths detailed in
Section 2.3 are reported in Table 1. Generally speaking, the tran-
sition in flow regime induced by these three conditions was well
captured since droplets and jetting were clearly evidenced by sim-
ulations. The dimensions of the structures were also satisfactorily

Table 3
Validation of the Young’s Laplace law in the three considered cases. An illustration of the numerical relative pressure field around one slug/droplet is displayed in each case.



Table 4
Operating conditions of the five cases considered for investigating the surface tension effects over hydrodynamics (int = CO2; ext = water). Please note that � corresponds to
the CO2/water interfacial tension.

Case T (◦C) P (MPa) �int(�Pa s) �ext(�Pa s) �0int(kg m−3) �0ext(kg m−3) � (mN/m) vint(m s−1) vext(m s−1) Reint Reext WeCO2 Wewater CaCO2 Cawater Jet length
(mm)

A 50 8 21.6 560 219 991 36 1.8 0.571 1825 51 1.971 0.4489 3 8.882 1.7
B 50 8 21.6 560 219 991 25 1.8 0.571 1825 51 2.838 0.6464 4 12.790 2.3
C 50 8 21.6 560 219 991 20 1.8 0.571 1825 51 3.548 0.8080 5 15.988 4
D 50 8 21.6 560 219 991 15 1.8 0.571 1825 51 4.730 1.0774 6 21.317 7.5
E 50 8 21.6 560 219 991 5 1.8 0.571 1825 51 14.191 3.2322 7 63.952 18.4

Fig. 2. Numerical color function fields (blue = water, red = CO2) representing the effect of the CO2/water interfacial tension (�) over the jet length in the jetting regime. � is:
36, 25, 20, 15 and 5 mN/m for case A, B, C, D and E, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

described since in the range of experimental uncertainties. The
distance between the structures showed some deviation with the
experience especially in case 2 where the interspace was under-
estimated by 32%. By looking closer at the capillary tip in the
experimental picture, one can discern smaller satellite droplets in
case 2, which formation can be induced by possible default in the
alignment of capillaries resulting in “non-ideal” experimental flow.

In order to strengthen further the validation, the differential
pressure across the droplet or slug interface was investigated.

The pressure difference across the interface between two fluids
can be calculated with the Young–Laplace’s law:

�Pth = �
(

1
r1

+ 1
r2

)
(8)

where r1 and r2 are the curvature radii in the characteristic planes of
the local interfacial shape. By considering a spherical shape, we can
assume that r1 = r2 = r. The Young–Laplace’s law is highly important
in physics since it comes from the phenomena of surface tension
and relates the pressure difference to the shape of the surface.
The good agreement between a simulated pressure difference and
the Young Laplace’s theoretical value would validate the formula-
tion of the surface tension forces. For a given simulated droplet or
slug as visualized in Table 3, the simulated and theoretical pres-
sure differences were calculated. It can be first observed that the
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Fig. 3. Evolution of the jet length (JL) as a function of the CO2/water interfacial
tension (�) from the numerical simulation.

relative pressure is higher inside the droplets than outside. The
deviations between simulated and theoretical values were below
4%, indicating that the capillary effects were well represented with-
out parasitic currents by the surface tension formulation selected
in this work. Hence, the proposed numerical scheme reproduced
the different experimental configurations with a good confidence.

From this confirmation, the effects of surface tension and
walls wettability on the hydrodynamics behavior of segmented
water–supercritical CO2 microflows were then investigated.

4.2. Effect of interfacial forces

4.2.1. Liquid–fluid surface tension
The influence of surface tension was investigated in

liquid–supercritical configuration, i.e. in conditions of pres-
sure above the critical pressure of CO2 (pc = 7.38 MPa, Tc = 31 ◦C).
Five cases – whose conditions are summarized in Table 4 – were
considered. Fluid velocities, fluids viscosities, pressure and tem-
perature were kept constant whereas the water/supercritical CO2
interfacial tension (�) was tuned from 36 to 5 mN m−1, which
range is bounded by typical values of pure water–CO2 systems
[48] or water in presence of surfactants [49]. Fluid flows and
especially multiphase flows exhibiting an interface between two
immiscible fluids are characterized by several dimensionless
numbers such as the Reynolds number (Re = �vd/�) describing the
relative effect of inertial forces versus viscous forces, the Weber
number (We = �v2d/�) that describes the relative importance of
the fluid inertia compared to its surface tension and the capillary
number (Ca = �v/�) representing the comparative effect of viscous
forces relative to the surface tension forces. A decrease of the
surface tension hence impacts both on the Weber and the Capillary
numbers (Table 4) so that inertial and viscous forces become
dominant. Accordingly, the jet breakup changed as evidenced in
Fig. 2. In the range of the surface tension investigated, the flow was
always in the jetting regime, a behavior that fit the experimental
evidences observed for liquid/liquid [29] and supercritical/liquid
micro coflows [12] in case of Weber internal fluid and capillary
external fluid numbers above 1. The jet length increased signifi-
cantly as the surface tension decreased so that jets as long as 2 cm



Table 5
Operating conditions and corresponding physico-chemical parameters used for numerically studying the effect of wettability over the generated hydrodynamic structures.

vCO2 (m s−1) vWater (m s−1) T (◦C) P (MPa) �0 (CO2) (kg m−3) �0 (H2O) (kg m−3) � (CO2) (�Pa s) � (H2O) (�Pa s) � (mN m)

0.12 0.06 40 13 743 997 48 670 30

were obtained at small values of sigma (Fig. 3). This effect was
equally observed experimentally.

It is worth noticing also the increase of the mean CO2 slugs
length (L) with a decreasing surface tension in the jetting regime
(Fig. 2), although the inter-slugs distances (Is) hardly change. This
behavior could be the expression of an increasing wavelength of
the convective instability with perturbations that propagate down-
stream while growing.

4.2.2. Surface wettability
Wetting properties of the wall can affect drastically the flow

hydrodynamics [50,51] and consequently the particle transport
in case of material synthesis [52]. Experimentally, the wetting
depends of the surface chemistry, surface quality and/or con-
tamination. Several experimental means are available from the
literature for purposefully modifying surface contact angle, includ-
ing silanes covalent bonding through self assembly monolayer
(SAM) [53], surface adsorption of molecules such as surfactants
or surface nanostructuration [54]. However, it is still somewhat
difficult to achieve a perfect control of the contact angle, result-
ing in a need for modeling. The present model allows for taking
into account the wetting properties by means of the contact angle
between the CO2 phase and the walls. In the previous configura-
tions, we have considered that the surface was hydrophilic due to
the silica nature of the capillaries and consequently the wall was
completely wet by the external water (contact angle: ˛ = 180◦).
In this sub-section, the contact angle was tuned from ˛ = 180◦

(which could characterize a hydrophilic surface) down to ˛ = 0◦,
which characterizes a hydrophobic coating. Between these extrema
cases of hydrophobicity, intermediary situations can be created for
instance by surface roughness or inhomogeneous coating. Condi-
tions of simulations are reported in Table 5 and the simulated flows
are shown in Fig. 4.

A remarkable result is that the contact angle, and thus, the wett-
ability provokes the inversion of the emulsion, e.g. although the CO2
is still injected at the center of the water flow, the water minimi-
zes its interaction with the hydrophobic wall and rearranges itself
as droplets or slugs now separated by interspaces of CO2 wetting
the wall (see in particular the simulations at ˛ = 160◦ and ˛ = 40◦).
This is similar to a former study by Kuhn et al. [55] in which the
impact of Teflon-modified silicon surface on a toluene–water flow

Fig. 4. Numerical color function fields (blue = water, red = CO2) representing the
effect of the CO2/wall contact angle (˛) over the droplets/slugs shapes (T = 40 ◦C,
p = 13 MPa, vint (CO2) = 0.12 m s−1 and vext (water) = 0.06 m s−1). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

was experimentally investigated. By first modifying silica surface
with fluorosilanes and further depositing Teflon onto the walls,
the surface was switched from hydrophilic to hydrophobic. Con-
sequently, toluene wets the wall and the initial continuous water
phase is isolated in droplets. Between those extreme situations,
the contact angle affected the droplet shape and size, which is con-
sistent for instance with the meniscus deformation observed when
varying the number of hydrophobic surfaces of a microchannel [56].
At large values, the increasing hydrophobicity (decreasing contact

Fig. 5. Various time snapshots of the phase inversion mechanism (blue = water, red = CO2). These pictures are combined in a movie, which can be found in the supporting
information for better mechanism visualization (T = 40 ◦C, p = 13 MPa, vint (CO2) = 0.12 m s−1 and vext (water) = 0.06 m s−1, ˛ = 0◦). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)



angle) provokes the acceleration of droplets due to the decrease of
the adhesion at the wall surface and generates therefore the defor-
mation of the slug. Below the critical value of 120◦, the wall surface
became more wet by carbon dioxide so that a phase switching
occurred.

A closer look at the mechanism responsible of this particular
phenomena is given in Fig. 5 that reports both streamlines, which
show the presence of vortex near the interfaces due to interfacial
tension phenomena and the evolution of the color function for dif-
ferent times near the injector. As a first step, the volume of the CO2
droplet created at the vicinity of the inner capillary tip increases
(Images 1–2). When this drop comes into contact with the wall that
has affinity for CO2, the droplet is destructured resulting in CO2 seg-
ments sliding on the wall (Images 3–4) and displacing water toward
the center of the channel (Images 4–6). When the CO2 accumulation
is sufficient at the wall, the capillary effects create a bridge between
the two walls (Image 7) so that a periodic CO2 bridge is formed
and segments the water phase in droplets (see also the movie in
the supporting information). Since the wall becomes covered by
CO2, the water droplets are isolated from each other and do not
communicate anymore.

Supplementary data related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.supflu.2013.04.011.

5. Conclusion

In this work, a simulation approach of supercritical fluid–liquid
micro coflows was proposed in the context of material synthesis
in microreactors with a special insight at the effect of capillary
forces on the phase behavior. Accordingly, a two-phase flow was
simulated in 2D using the one-fluid model combined to the volume-
of-fluid (VOF) approach to track the interface. The simulated
flows were compared to experimental observations performed in a
capillary-based coflowing microreactor with images recorded with
a high speed camera. Good agreements were obtained between
simulated and experimental microflows characteristics (droplet or
jet size, interspace between droplets), which enabled to numer-
ically study the effect of surface tension and wettability with
reasonable confidence. In the jetting regime, the decrease of surface
tension led to a significant increase of the jet length. Considering
the dripping regime, the surface wettability was varied numerically
from hydrophilic to hydrophobic via contact angle variation, result-
ing in an evolution from CO2 droplets in a water continuous phase to
water droplets in a CO2 continuous phase. In particular, the results
demonstrated the strong effect of small variations of the contact
angle over the final hydrodynamics structures shape. The results
obtained in the frame of this study can be used to anticipate effects
that can be purposefully mastered to control the formation of micro
volumes in supercritical process. Additionally, these allow getting
toward more complex process simulation by later including heat
and mass transfer, chemical reactions and/or nucleation/growth
mechanisms used in various fields of research, both at macro- and
microscale.
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