N
N

N

HAL

open science

Pressure-driven flow focusing of two miscible liquids

Ilyesse Bihi, Doriane Vesperini, Badr Kaoui, Anne Le Goff

» To cite this version:

Ilyesse Bihi, Doriane Vesperini, Badr Kaoui, Anne Le Goff. Pressure-driven flow focusing of two
miscible liquids. Physics of Fluids, 2019, 31 (6), pp.062001. 10.1063/1.5099897 . hal-02146477

HAL Id: hal-02146477
https://hal.utc.fr /hal-02146477

Submitted on 4 Jun 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.utc.fr/hal-02146477
https://hal.archives-ouvertes.fr

Pressure-driven flow focusing of two miscible liquids
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! Biomechanics and Bioengineering Laboratory (UMR CNRS 7338),
Université de Technologie de Compiégne, Alliance Sorbonne Université

60200 Compiégne, France
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Flow focusing consists in injecting a core liquid into another surrounding flowing sheath liquid.
Here we investigate experimentally the influence of imposing pressure to generate coflow of two
miscible liquids. We inject water in the central inlet of a cross-junction microfluidic device and
different mixtures of glycerol-water in the two lateral inlets. A pressure generator is used to control
the flows and the established flow rates are monitored in both inlets. We draw a state diagram that
delimits the regions of the coflow, the inner and outer back flows. We measure the width of the
jet as a function of different control parameters: the inlet pressures, the flow rates, the viscosity
contrast and the channel aspect ratio. We show that the jet width can be controlled by tuning the
internal to external pressure ratio solely, provided that the viscosity contrast is low. We discuss the
possibility to use such a system to center particles in a channel.

I. INTRODUCTION

Flow focusing consists in injecting a central liquid (the
core) into another second enveloping liquid (the sheath).
If the core is more viscous than the external fluid, it is
extruded by the sheath and forms a thread moving in a
solid-like manner [1]. Else, when the sheath is more vis-
cous, large gradients are present in the inner fluid, that
flows in a jet-like manner. Flow focusing of immisci-
ble fluids is encountered in many situations, to generate
foams [2], or, more importantly, emulsions [3]. Microflu-
idic droplet generators have been extensively studied in
the last two decades due to the rapid development of
droplet-based microfluidic analysis platforms for chem-
istry and biology [4]. Much less is known about the
coflow of miscible liquids, although it is used in appli-
cations such as fiber production [5]. The interface be-
tween a viscous thread and the surrounding liquid has
been shown to undergo hydrodynamic instabilities, lead-
ing to a diversity of flow patterns [6-8]. More recently,
a study performed on the jet configuration led to sim-
ilar observations, with three distinct regimes: diffusive,
stable and unstable. The jet width was found to fol-
low a scaling law [9]. These results were obtained in a
non-deformable, square cross-section microchannel, with
flow-rate driven flow.

Conventionally, liquid flow in microfluidic devices is
generated using peristaltic or syringe pumps, while pres-
sure control is preferred for gas, that are compressible
[10]. Although pumps allow an accurate control of the
flow rate in the channels, they suffer from limitations.
For example, they may fail to deliver a continuous flow
at low flow rates [11, 12]. Pressure control solutions were
developed more recently to overcome these difficulties.
Comparison between the efficiency of pressure and flow-
rate driven pumping has been mostly investigated within
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the context of droplet generation. In the dripping regime
for non-miscible flows, scaling laws are found between
droplet size (or droplet production frequency) and the
flow rate ratio, while no similar laws are obtained with
the pressure ratio [13]. In spite of this, the physical phe-
nomena governing droplet formation are the same in flow-
rate controlled and pressure controlled experiments [14],
and pressure-controlled droplet generation keeps being
investigated, since syringe pump fluctuations have been
shown to increase polydispersity in flow rate-controlled
experiments [15]. However, the above studies have con-
sidered immiscible coflowing liquids while many ques-
tions remain unanswered for the case of miscible liquids.

Flow focusing of miscible fluids can be used to focus
particles in microchannels [16]. In most of these systems,
there is a need to control the concentration of the par-
ticle suspension infused in the inlet. If the density of
particles does not perfectly match that of the solvent,
sedimentation occurs in the suspension. It can be slowed
down by tuning the density and viscosity of the suspend-
ing fluid [17], but it is usually prevented by agitating the
reservoir. Combining mechanical agitation and flow rate
control implies to either set the whole syringe pump into
motion [18], or agitate the suspension and use a peri-
staltic pump [19]. The former solution is cumbersome
and the latter is not appropriate when the suspension
flow rate is low, as few pumps are able to deliver pulse-
free flows at low flow rates. A pressure controller and a
gentle mechanical agitation of the suspension reservoir is
a convenient way to achieve a steady particle throughput,
even at low flow rate. There is therefore a need to bet-
ter understand the behavior of pressure-driven miscible
coflows.

In this work, we study experimentally the coflow of two
miscible liquids in a cross-junction microfluidic device us-
ing a pressure-driven flow. The experimental setup is de-
scribed in section II. In section III, we build a state dia-
gram describing the behavior of the system. The width of
the jet is studied in section IV, and microcapsule center-
ing is presented in section V as an example of application.
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FIG. 1. (a) Sketch of the microfluidic channel. (b) Sketch of
the whole experimental setup, where two miscible liquids are
injected with a pressure controller into the microfluidic cross-
junction. The two liquids have different viscosities: p. and
wi. The jet width € is measured at a distance d downstream
from the cross-junction. The channel width is W.

II. EXPERIMENTAL SET-UP

Microfluidic devices are fabricated in polydimethyl-
siloxane (PDMS) using the standard soft lithography
technique and sealed to a glass slide using a surface
plasma treatment [20, 21]. Two microchannels with the
same width W intersect perpendicularly to create a cross-
junction configuration, as illustrated in Figure 1. All de-
vices have a uniform height H = 50 um and different
widths W = 50, 100 and 200 um. This corresponds to
aspect ratios of a = % =1, 2 and 4, respectively.

We introduce deionized water into the central chan-
nel (the core flow) and a glycerol-water mixture in the
two side channels (the sheath flow). The dynamic vis-
cosity of the internal liquid is constant p; = 1 cP, while
of the glycerol-water mixtures spans a range of viscosity
1cP < pe <300 cP by tuning the concentration of the
added glycerol. These correspond to viscosity contrasts
of x71 = % =1 to 300. Viscosity is measured at 20° for
each experiment using a cone-plate viscometer (Haake,
Thermofisher Scientific).

In this setup, the control parameters are the pres-
sures in the reservoirs of the core liquid P, and of the
sheath liquid P, imposed by a microfluidic flow con-
trol system (MFCS-EZ, Fluigent) and varied between 0
and 2000 mbar with respect to the atmospheric pressure
p*. For each imposed pressure, we measure the core and
sheath flow rates @; and Q. using a flow sensor (Flow-
ell, Fluigent). We use 250 pm i.d. polyethertetherketone
(PEEK) tubing to connect the reservoirs to the flow sen-
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sors, the flow sensors to the chip, and to collect liquid
from the outlet. All segments are 30 cm long.

The whole microfluidic device is placed on the stage
of an inverted microscope (Leica DMI8) equipped with
a CCD camera (Photron SA3) to visualize the coflow
region. We measure the jet width e at a distance d =
6 x H from the coflow junction.

III. JET GENERATION

We initially set equal pressures at the two inlets (P, =
P,) and get a stable coflow. We then decrease the ex-
ternal pressure P, by increments of 50 mbar, until the
coflow vanishes and the inner fluid starts invading the
external fluid inlet. At this moment, P = P min. The
transition to this regime, called inner backflow, is indi-
cated by filled squares in Figure 2(a). From there, P, is
increased again with the same increments until it reaches
the limit of the outer backflow P, 1ax, at which the exter-
nal fluid invades the inner fluid inlet. Figure 2(b) displays
the flow regimes, where the arrows indicate the direction
of the flow.

In the regime of stable coflow, we observe a jet of the
inner fluid in the external fluid. Since the two fluids are
miscible, the interface is defined as a region where a gra-
dient in glycerol concentration is present. This gradient
is steep when the two liquids meet at the cross-junction
and it smears out as fluids flow in the main channel due
to the diffusion between glycerol and water. The Péclet
number Pe, comparing the importance of advection and
diffusion, is here defined as:

Pe— Yit Qe (1)

HD

with D = 10~%cm? /s the diffusion coefficient of glycerol
in water [22]. The distance beyond which the two
fluids are perfectly mixed increases with Pe. At low
Péclet numbers (Pe < 860 for square cross-section
channels), the flow is dominated by diffusion [9]. Here,
the Schmidt number Sc = p./(p.D) is always larger
than 5000, indicating that diffusive mass transfer is
negligible with respect to diffusive momentum transfer.
This is in agreement with the fact that we do not
observe diffusive instabilities [23]. In our experimental
conditions, the Péclet number Pe remains within the
range of 2 — 30 x 103; therefore, the system operates in
the convective regime, as seen in Figure 2(c). Although
our field of view is located close to the cross-junction, as
sketched in Figure 1, at these values of Pe, the interface
is maintained thanks to convection to a certain distance.

It is found that the two limits of the coflow regime cor-
respond to straight lines. These limits can pe predicted
using the electrical analogy represented in Figure 3 [24].

The Poiseuille law that relates the flow rate @ directly
to the pressure drop AP,

AP =RQ, (2)
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FIG. 2. (a) The region of existence and stability of the coflow of water (inner liquid) into glycerol-water mixture (outer liquid).
Filled circles correspond to stable coflow, while filled triangles and filled squares respectively represent the onset of backflows
in the inner and outer inlets. The solid lines are borders computed theoretically by equations (6) and (7). (b) Micrographs
showing the three obtained flow regimes: (i) backflow in the inner inlet, (ii) stable coflow and (iii) backflow in the outer inlet.
The aspect ratio is a = 1. The viscosity ratio is x ™' = f = 8. Scale bar 50 pym. (c) The measured flow rates of the data

shown in (a).

where R is the hydraulic resistance, yields the following
relationships between P,, P, ). and Q;:

P = RiQi + R (Ql + Qe) ) (3)

Pe - ReQe + Rs (Ql + Qe) 5 (4)

where R;, R. and Ry are the hydraulic resistances of the
core liquid inlet, the sheath liquid inlet and the outlet,
respectively. In writing equations (3) and (4), we assume
that Qs = Q; + Q., we neglect the contraction of the
water-glycerol mixture. By doing so, we introduce an
error on the specific gravity of the mixture, and thus
on Qs, of order 1% [25]. For a more accurate estimate of
Qs, we could implement a model linking glycerol fraction

FIG. 3. The electric circuit analogy to our the fluidic exper-
imental setup network. The indexes (i, e and s) refer to the
core, the sheath and the outflow liquids.

and density, such as the one presented in [26]. Here, we
neglect the gycerol contraction and this uncertainty is
taken into account in the calculations as an additional
source of error on the inlet pressures P; and P..

As both the flow through the PDMS chip and through
the capillary pipes contribute to the total pressure drop,
each of the hydraulic resistances is expressed as the sum
of two terms. The first is the resistance of the rectangu-
lar channels in the microfluidic device. The second term
represents the resistance in the capillary tubes transport-
ing the liquid into and out of the microfluidic chip. Thus,
following Ref. [27] the resistance can be expressed as:

-1

12400 Ly, =192 H naW
Ry=—r—+ |1— _ h
= THIW nzm;d s ()
channels (5)
8Ll
+ mrd
tubes

where the index (a = i, e and s) refer to the core, the
sheath and the outflow liquids, see Figure 3. | and r are
the length and the radius of the tubes upstream the mi-
crofluidic chip, which are the same in the three branches.
L., H and W are the length, the height and the width
of the channels in the microfluidic device. The chan-
nel depth H is uniform in the whole device, and all the
channels have a width W = aH. The length of the in-
ternal fluid inlet and the outlet are L; = 1.2 mm and
Ls = 4.7 mm respectively. For the entrance of the exter-
nal fluid, as the initial channel of length Li, = 320 pym
divides into two branches of length Lo, = 6.9 mm that
meet again at the cross-junction, the hydraulic resistance
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FIG. 4. Scaled jet width ¢/W in the coflow regime of the flow
diagram (P, P.). The aspect ratio is a = 1 and the viscosity
contrast is x ! = 8.

of this branch is equal to that of a single channel of
length L, = L1, + Lo /2. This quantity is used in equa-
tion (5) to compute R.. For an aspect ratio a = 1 and
a viscosity contrast x = 1/8, the inlet hydraulic resis-
tances are approximately R; ~ 1.2 x 103 kgm~*s~! and
R. ~1.9x10"kgm~*s~!. For the least resistive of the
channels (a = 4), the capillary PEEK tubes account for
about 80 % of R; and 55 % of R.. Because the out-
flow is a mixture of the inner and the outer liquids, its
viscosity is expected to vary between p; and pe. Thus,
R, can not be determined exactly. However, in the lim-
its of the coflow regime, the outflow consists of either
pure inner or pure outer liquid. The computed value
is Ry ~ 2.0 x 10 kgm~*s~! in the former case, and
R, ~1.6 x 10 kgm~*s7! in the latter.

By substituting either @; or Q. by zero in Egs. (3)
and (4),we get expressions for the upper limit Pe 1ax and
for the lower limit P, min between which the coflow is
possible for a given pressure P; in the water inlet:

R + Ry

Pe,max = R TS7 (6)
R,

Ponin =P 5———- 7

: Rt R (7)

The solid lines in Figure 2(a) depict the boundaries of
the coflow regime plotted using these equations. A good
agreement is observed between the model and the ex-
perimental data. In the following section, we study the
width of the jet obtained in stable coflow conditions. This
means that Pe min < Pe < Pe max, but also that the fluid
velocity is both large enough so that the miscible inter-
face between the two fluids remains sharp enough to be
observed by the microscope, but small enough to avoid
the instabilities that appear at high flow rates [9)].
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FIG. 5. The scaled jet width ¢/W as a function of ¢?/3x'/2.
Three microfluidic cross-junctions with different aspect ratios
have been studied ¢ = 1,2,4. Two fluid pairs are depicted

with viscosity contrasts y™' = 69 and 279. The solid line
represents Eq. (8).

IV. JET WIDTH

We characterize the jet width € as a function of the
viscosity contrast x = pi/ e, the aspect ratio a = W/H
and the inlet flow pressures (P, P,). We show in Figure 4
that the scaled jet width /W, here plotted for y ! =8
and a = 1, is highly variable in the region of stable coflow.
For a fixed pressure P; in the inner inlet, increasing the
external pressure P, results in a decrease of the jet width.

Using a Hele-Shaw approximation, the jet width can be
written as /W = [1+(¢x) 17!, where ¢ = Q;/Q. is the
flow rate ratio [7]. When the cross-section of the channel
is square, the effect of the side walls are significant and
lead to the empirical formula [9]

1
T 140679723172

/W (8)

Equation (8) is compared with experimental data in
Figure 5, where we plot ¢/W versus ¢—2/3x~1/2 Three
aspect ratios (¢ = 1,2,4) and two viscosity contrasts,
X! = 69 and 279, have been used. In every set of exper-
iments, we observe a monotonic increase of the jet width
when the flow rate ratio increases and the experimental
data show a good agreement with equation (8). Here,
scaling by W allows the collapse of all the experimental
data into one single curve. We find that the scaled jet
width e¢/W does not vary despite the aspect ratio have
been changed from 1 to 4.

In order to relate Eq. (8) to our control parameters, we
express the flow rate ratio as a function of inlet pressures
and hydraulic resistances using Eqs. (3) and (4):
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The fluid flowing out of the cross junction is a mixture
of two liquids in variable proportions. The hydraulic re-
sistance R is therefore likely to vary with the flow rate
ratio and the pressure ratio.

In Figure 6(a), we plot the flow rate ratio ¢ as a func-
tion of the pressure ratio P;/P., for a = 2 and xy~! = 279.
Raw experimental data (filled circles) are superimposed
with Eq. (9), where R, has been estimated using Eq. (5)
for the two limiting cases ps = p; (solid line) and ps = pe
(dashed line). The graph is on a log-linear scale, as ¢
spans two orders of magnitude whereas P;/P. only in-
creases by a factor 2. Experimental values are located
between the two limiting curves, because each data point
corresponds to a different value of Rs. Also, the curves
obtained for different values of P; do not collapse on a sin-
gle master curve: there is no bijection between P;/P, and
¢. This explains why the jet width €, that is controlled
by the flow rate ratio, not only depends on the pressure
ratio but also on the absolute value of the pressure, as
illustrated in Figure 6(b) and quantified in Figure 6(c).

At low viscosity contrast (y~! = 8), when we plot
again ¢ versus P;/P, in Figure 7(a), the gap between
the two limiting curves gets narrower and the data points
are less dispersed. This implies that the flow rate ratio
¢ varies on a much smaller range than in Figure 6(a)
for a given value of the pressure ratio P;/P.. As a con-
sequence, the jet width € is less sensitive to variations
of the absolute value of P;, as can be observed in Figure
7(b). This is reported more quantitatively in Figure 7(c).
For two values of the pressure ratio P;/P., we show that
the jet width e does not depend on P;. At low viscosity
contrast, the jet width can be controlled by tuning the
pressure ratio, independently of the absolute value of the
pressures.

In some of the conditions explored in this article, rel-
atively small pressure variations could lead to significant
changes in the flow rate ratio, which was found to govern
the jet width. This observation is consistent with ob-
servations made with non-miscible fluids in the context
of producing emulsions. The domain of steady droplet
generation appears wide in a (Q;, Q.) diagram and much
narrower in a (P;, P.) diagram [14]. In order to achieve
a good flow control using a pressure controller, it is nec-
essary to take into account the pressure drop in the cap-
illary tubing, that may exceed the pressure drop in the
microfluidic channel, and to compute the flow rate ra-
tio as a function of the control parameters. The pressure
drop in the capillaries may be reduced by increasing their
lumen, if the dead volume is not a limiting factor, and
keeping the connecting tubes as short as possible. But
the pressure drop in the capillaries can also be used as an
advantage. If the hydraulic resistances are large enough

in the inlets, then P, ~ R;Q; and P, ~ R.Q., which
means that the flow rate ratio becomes

_RB

)

(10)

In this limit, just like in the limit of low viscosity contrast,
the pressure ratio can be used to control the jet shape.
The pressure drop in the connecting tubes is often over-
looked by users of pressure controllers, who sometimes
omit to mention their dimensions. Our results show that
this pressure drop is significant and can be exploited to
achieve a good control of the experiment.

V. APPLICATION: CENTERING OF
MICROCAPSULES

In earlier work, we used a flow focusing module to
center microcapsules at the entrance of a microfluidic
sorter [28]. We show in Figure 8 measurements of the off-
centering 4, defined as the distance between the capsule
center and the channel axis, about 10 capsule diameters
downstream of the flow focusing. Capsules are infused
at variable pressure P; and the surrounding glycerol at
P, = 5P;. We see in Figure 8(a) that § decreases with
the inlet pressure. The scattering of centering data also
decreases with P;, as seen in Figure 8(b). This improved
centering at high pressures is due to a thinner jet, as dis-
cussed in previous paragraph. This effect is likely to be
amplified by fluid-structure interaction [29]. In all the
experimental conditions explored here, the off-centering
0 remains inferior to 5 pm, which is well below the chan-
nel width w = 200 pgm. This indicates that pressure-
controlled flow focusing is an efficient centering method.
Depending on the application, the centering may require
a constant value of €. In this case, even when a pressure
controller is used, it would be advisable to define tar-
get values of the inner and outer flow rates and to use a
feedback loop to adjust the pressures, a possibility that
is now offered by some pressure controllers, or to choose
long, resistive capillary tubes to connect the reservoirs to
the chip, and reach the conditions of validity for equation
(10).

VI. CONCLUSIONS

We have reported a systematic study about control-
ling the flow of two miscible liquids using a pressure con-
troller. We have used cross-junction microfluidic devices
with different aspect ratios and we have carried out ex-
periments using liquids with different viscosity contrasts.
We have identified and characterized the challenges as-
sociated with the pressure control of miscible coflows, in
contrast to the flow rate controller. The main encoun-
tered drawbacks are the risk of backflow in the inlets, and
the lack of simple scaling laws to predict the jet width
as a function of the inlet pressures. A simple analysis of
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the channel geometry, together with the knowledge of the
fluid viscosities, allows to predict the shape of the stabil-
ity domain of the jet and to avoid backflows. In particu-
lar, the resistivity of the capillaries connecting the fluid
reservoirs to the chip must be taken into account early
in the conception of the microfluidic circuit, and can be
adjusted to make the system less sensitive to pressure
fluctuations.
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