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The interfacial instability and flow patterns of coaxial liquid cone in a coflow focusing
(CFF) process are investigated through the integration of experiments and numerical
simulations. Based on the flow fields obtained quantitatively in numerical simulations,
the startup process of focused coaxial liquid cone is established, and the streamlines
of focusing stream are further compared with the potential flow model. The effects of
main process parameters, including liquid flow rates, physical properties of materials, and
geometrical parameters of CFF device on the cone morphologies, are given experimentally
and numerically, and the local competition between the viscous shear stress and the
interfacial tension on inner and outer cone interfaces is analyzed qualitatively through
nondimensional parametric analysis. Moreover, through the particle tracing method in CFF
experiments, the flow fields inside the liquid cone are obtained, with much attention paid
to the recirculation flow occurring inside the inner liquid cone. The results show that the
variation of liquid flow rates can manipulate the size of recirculation flow, and the balance
of tangential shear stress makes main contributions to the formation of recirculation flow.
This study provides significant guidance for the generation of microcapsules by the CFF
technique in practical applications.

DOI: 10.1103/PhysRevFluids.7.024001

I. INTRODUCTION

Microcapsules often refer to the core-shell structured products at microscopic scales with one
kind of material encapsulated in another phase of material, and have been widely applied in indus-
trial fields such as pharmaceutics, material technology, food industry, and bioscience [1,2]. In recent
decades, capillary flow methods have been popularly utilized for producing microcapsules, where
the fluid interface is stretched to microscopic scale and ultimately breaks up into droplets due to the
interface instability [3,4]. One of emerging capillary flows is called coflow focusing (CFF) [5-7], in
which three phases of immiscible fluids flow through the focusing orifice simultaneously, forming
a steady coaxial liquid cone-jet configuration in the focusing stream. In comparison with the
traditional microfluidic systems in which the flow velocity is relatively low due to the geometrical
restriction of solid wall boundaries [8—13], the CFF method can lead to much faster flow velocity
and thus has high throughput in generating microcapsules [14—16].

The pioneering study of CFF was carried out by Gafidan-Calvo [17], where a coaxial ink-in-oil
jet is formed in the high speed gas environment. In the CFF process, the innermost core fluid and
the interlayered shell fluid are selected as two immiscible liquids, and the selection of outermost
focusing fluid can be either gaseous phase or liquid phase. There are two most typical modes
for the generation of compound droplets, the jetting and dripping modes [5,7,14]. In the jetting
mode, a steady coaxial cone-jet configuration can be established with droplets formed some distance
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away from the focusing orifice; while in the dripping mode, the compound droplets are produced
at the exit of orifice with either a stable or an unstable coaxial cone. Generally, the jetting mode
occurs at relatively large values of liquid flow rates, and the jet can be maintained under the joint
contribution of inertia and shear stress. As the liquid flow rates gradually decrease, the jetting mode
can convert to the dripping mode, in which the evolution of interfaces is dominated by the interfacial
tension [7]. The transition boundary between jetting and dripping modes can be theoretically pre-
dicted through linear instability analysis on the spatiotemporal development of initial infinitesimal
disturbances [5,18]. In practical applications, the jetting mode is more commonly utilized for
producing microcapsules due to its higher breakup frequency and smaller droplet size comparing
with the dripping mode [6,15,16]. To control the breakup of coaxial liquid jets, external mechanical
stimulations can be further applied on the CFF process, enhancing the monodispersity of resultant
compound droplets and suppresses the formation of satellite droplets [19,20]. Moreover, the size
and geometrical structure of the compound droplets can be manipulated by adjusting the frequency
and waveform of the mechanical stimulations [21]. Recently, the breakup of coaxial liquid jets is
also studied through numerical simulations [22-24], which illustrate more detailed characteristics
of coaxial liquid jets and resultant microdroplets, and provide quantitative flow fields to access the
underlying mechanism of the breakup of coaxial liquid jets.

It should be emphasized that a stable coaxial liquid cone upstream the orifice is the precondition
for the establishment of a coaxial liquid jet, which guarantees the efficient production of compound
droplets. In previous studies, the interface morphologies of coaxial liquid cone were observed
for the outermost focusing fluid of either gas [25] or liquid [26]. However, to the best of our
knowledge, a systematic consideration on the interfacial instability and flow patterns of coaxial
liquid cone is still lacking, although the single liquid cone in single-axial flow focusing (SFF)
has been studied extensively [27-29]. In comparison with the SFF process, the addition of the
second cone interface and the complexity of more process parameters in CFF would bring in much
more phenomena that should be understood to produce microcapsules for potential applications.
Therefore, a comprehensive study on the interfacial instability and flow patterns of coaxial liquid
cone is desired, especially by considering the influences of various process parameters such as liquid
flow rates, physical properties of materials and geometrical parameters of CFF device.

In this work, we aim to perform a parametric study on the coaxial liquid cone in the liquid-driven
CFF process through experiments and numerical simulations. The dynamic startup process of the
cone interface under the driving effect of focusing stream is first given. Once the coaxial liquid
cone is established, a nondimensional analysis is performed to show the effects of main process
parameters on the stability of the inner and outer liquid cones. The theoretical prediction is validated
qualitatively by the experimental and numerical results. The flow fields inside the liquid cone are
then studied through the particle tracing method and numerical simulations, showing the underlying
mechanism for the appearance of recirculation flows. Finally, the main conclusions are drawn.

II. EXPERIMENTAL AND NUMERICAL METHODS

In CFF experiments, two immiscible liquids of the core phase (liquid 1: density p;, viscosity 1,
flow rate Q;) and the shell phase (liquid 2: density p,, viscosity u,, flow rate Q) flow out of the
coaxial needle continuously within the chamber, and get focused by the focusing stream (liquid 3:
density p3, viscosity w3, flow rate Qs) at the orifice facing directly to the coaxial needle, forming
the coaxial liquid cone-jet configuration, as shown in Fig. 1(a). The diameters of the inner and outer
needles are denoted by D; and D, and the diameter and thickness of the orifice are denoted by d and
T, respectively. The distance between the orifice and the outer needle is H, and the inner tube outset
is h. In our experiments, we keep the geometrical parameters constant, set as D = 1050 um, D; =
420 um, d = 840 um, T = 450 ym, H varies between 0.5 and 1.5 mm and £ varies between 0 and
0.5 mm. Distilled water is chosen as the core and focusing liquids, and silicone oil is chosen as the
shell liquid. The physical properties of materials are p; = p3 = 996kgm~>, u; = sz = 0.001 Pas,
02 = 965 kg m~3 and u, = 0.04 Pa s, and the interfacial tension between water and oil is o = 32.8
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FIG. 1. (a) Sketch of the CFF device showing the geometric parameters and the interface profiles of the
steady coaxial cone-jet configuration. (b) Computational domain for numerical simulations, where U,, U, and
Uj; stand for the inlet flow velocities of core, shell and focusing phases, respectively. (c) Comparison between
the experimental and numerical results of the coaxial cone at the liquid flow rates of Q; = 15 ml/h, @, = 100
ml/h and Q3 = 1400 ml/h. The experimental inner liquid cone seems enlarged because of the optical refraction
effect arising from the presence of the outer liquid cone. Scale bar: 300 um.

mN m~!. The evolution of liquid interfaces is recorded by a high-speed video camera (Photron,
Fastcam Mini AX 200, Japan) equipped with a microscope (Leica Z16 APO, Germany) under the
illumination of an intense light source (Sumita LS-M352, Japan) from the other side of the chamber.
A frosted diffuser is placed in front of the light source, which transforms the quasi-parallel light to
diverging light and realizes the quasi-uniform illumination in the field of view. The high-speed
camera is connected to a computer for data recording and post processing.

In numerical simulations, the computational domain of CFF is presented in Fig. 1(b). The
geometric parameters, boundary conditions and averaged inlet flow velocities U, U,, and U; are
also indicated. In this work, we mainly focus on the interfacial instability and flow patterns of
coaxial liquid cone located between the coaxial needle and the focusing orifice. As the breakup of
coaxial liquid jets to compound droplets far away from the orifice is beyond the focus of current
work, the computation domain downstream the orifice is chosen much shorter than the real situation
to minimize the calculation cost. For better capturing the fluid interfaces and the flow fields, a
ternary-fluid diffuse-interface model proposed in our group [30] is utilized to directly solve the
Navier-Stokes equations, where the interface is represented by the volume fraction of the liquid C,
and its time evolution is governed by the Cahn-Hilliard equation [31,32],

€.y (uC) = iVz(\lt—clc2c3), (1)
ot Pe

where u is the liquid velocity and C = (Cy, C;) is the volume fraction of liquids 1 and 2, respec-
tively. The volume fraction of liquid 3 can be calculated as C3 = 1 — C; — ;. In our simulations
of CFF, liquid 1, 2, and 3 indicate the core, shell, and focusing liquids, respectively. The Peclet
number Pe represents the ratio of the convective flux to the diffusive flux, and the chemical potential
¥ = (Y1, ¥2) is defined by the variation of free energy with respect to the volume fraction C with
the form

_OF(C)

Cn’V3C, i=1,2, )
aC;

Vi
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where F (C;) = iCiZ(l — C;)? is the bulk energy density, and the Cahn number Cn is a dimensionless
measurement of the diffuse interface thickness. A larger value of Cn results in a thicker interface,
but the calculation of interfacial tension is more accurate as there are more meshes to resolve the
interface. To guarantee the calculation accuracy under a relatively thin interface, we set Cn = 0.5Ax
where Ax is the mesh size. The Peclet number is set to Pe = 1/Cn to ensure the convergence of the
diffuse interface. We expand oF (C;)/9C; to get

JdF (C; 1 1
T - laa-cr-1ca-a.
aC; 2 2

20+ - Q).

= %(20,.3 —-3CI+C),

=C} - 1.5C? +0.5C;. 3)
Then the expression of Eq. (2) can then be written as
Y = C? — 1.5C? + 0.5C; — Cn?V2C;, i=1,2. (4)
The motion of the liquids is governed by the dimensionless Navier-Stokes equations [33],
Ju 1 T f;
p<§+u~Vu>:—Vp+R—eV-[M(Vu+Vu )]+We, 5)
V.u=0, (6)
where p and p are the dimensionless density and viscosity, respectively, which are defined as
p=C+2c+ 2, )
P2 P2
n=C+ 0+ B, (8)
12%) H2

with p; and p; the density and viscosity of fluid i (i = 1, 2, 3), respectively. f; represents the
interfacial tension force and is computed as

3
f, = 32 > Ve ©)

sin<p]

i=1

Here, o) = sing; — sing; + sing,, «y = sings + sing; — sing,, and o3 = sing; + sing, —

sings, and ¢; denote the interfacial angles which are decided by the interfacial tension of interfaces,
sing;  sing,  sing;

= = , (10)
(op) o3 [of]

where 07, 03, and o7 denote the interfacial tension coefficient between liquids 2 and 3, liquids 3 and
1, and liquids 1 and 2, respectively. In CFF process, the interfacial tensions of the inner cone (inner
interface) and the outer cone (outer interface) correspond to 0| and o5, respectively.

In our simulations, we choose D and U, of the shell liquid (liquid 2) as the characteristic length
and velocity, thus the Reynolds number Re = p,U, D/, and the Weber number We = p, U22D /02
can be defined. All the computations are performed under a mesh size Ax = 0.0025D. For the
convenience of analysis, we also refer to the Ohnesorge number Oh = u;,/+/p202D. The flow
rates of core and focusing liquid are reflected by the flow rate ratio ¢, = Q/Q» and ¢» = Q3/0Q»,
respectively. The density ratios r,; = p1/0> and r,» = p3/p2, viscosity ratios r,; = p1/p, and
ru2 = W3/p2, and interfacial tension ratio r, = o;/0, can also be defined. In this work, the
referenced dimensionless parameters corresponding to the experimental conditions are Oh = 0.208,
rp1 =1y = 1.03, 11 =1, = 0.025, and r, = 1. The values of We, ¢y, and ¢, all vary with the
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liquid flow rates. For the numerical simulations, we will further study the effects of liquid viscosities
and interfacial tension through changing Oh, 7, and 7.

The boundary conditions for the flow velocity are implemented as follows: v = 0, du/dr = 0 at
the symmetry axis r = 0, where u and v are the r and z components of the velocity, respectively;
no-slip condition (u = 0 and v = 0) at the solid wall; u = 0 and v = v, at the inlet, where v =
Vi is a prescribed value which is determined by the liquid flow rates; du/dz = 0 and dv/dt +
v(dv/dz) = 0 at the downside outlet; dv/dr = 0 and du/9dt + u(du/dr) = 0 at the rightside outlet.
The numerical code has been validated successfully in our previous studies [7,23,30]. For more
information, we present a comparison between the numerical results and experimental observations
of the coaxial liquid cone, as shown in Fig. 1(c). The flow rates are Q; = 15 ml/h, @, = 100 ml/h,
and Q3 = 1400 ml/h, which correspond to We = 0.04, g; = 0.15, and ¢, = 14, respectively. It
can be easily seen that a good agreement can be reached for the interface profile of outer liquid
cone. Due to the optical refraction effect arising from the presence of the outer liquid cone, the
experimental inner liquid cone seems enlarged in comparison with the numerical results, which
would be hardly avoided in experimental observations. Moreover, we find that the cross section
of the inner and outer capillary tube is not totally flat and there exists a certain degree of contact
angle hysteresis in experiments. These limitations will affect the anchorage of the contact line at
the capillary tube, causing the discrepancy between experimental and numerical results. Since an
acceptable agreement can be reached, the numerical simulations will be utilized for providing more
detailed information of curved inner cone interfaces and flow fields.

III. RESULTS AND DISCUSSION

A. Startup process of the coaxial liquid cone

In a typical startup process of CFF, the flows of triple liquids are generally supplied by initially
injecting the outermost focusing phase to maintain the stable bulk flow within the chamber, and
then the shell phase to form a stable single liquid cone, and eventually the core phase to form
a stable coaxial liquid cone-jet configuration. The preferential injection of focusing liquid can
provide constant velocity field for the surrounding flow close to the orifice, which avoids the
adhesion of focused outer and inner liquids to the solid wall and contributes to the formation of
cone configuration upstream the orifice. As the quantitative flow fields are hard to be measured in
experiments due to the small size and three-dimensional structure of coaxial liquid cone, we utilize
numerical tools to study the startup process of the outer and inner liquid cones.

As the focusing liquid is first injected into the chamber, the flow fields for the flow after
maintaining its steady state are shown in Fig. 2(a), where the streamlines and the dimensionless
values of pressure field (denoted by P) and flow velocity (denoted by V) are given in the left
and right part, respectively. It is clearly seen that as the streamlines gradually converge close
to the orifice, the flow velocity increases significantly while the pressure decreases with velocity
increasing. Moreover, the boundary layer occurs along the side wall of the orifice [see the right part
of Fig. 2(a)], where the axial velocity quickly decreases to zero at the side wall of orifice. Actually,
the streamlines for the single focusing liquid were predicted theoretically through the potential
flow model in previous studies on SFF [34,35]. In this work, we further compare the potential
flow model with numerical results. Figure 2(a) presents the comparison between the theoretical
prediction (see Eq. (1) in Acero et al. [34]) with the numerical simulation, where the streamlines
obtained theoretically and numerically are denoted by dashed and arrowed solid lines, respectively.
Overall, a good agreement can be reached between the theoretical results and numerical simulations,
except that some deviation exists close to the orifice. As the potential flow approximation assumes
the inviscid and irrotational flow across a zero-thickness orifice, the streamlines at the orifice are
totally perpendicular to the orifice plate. However, the orifice with finite thickness in numerical
simulation leads to nonnegligible boundary layer effect at the side wall of orifice, which causes
the streamlines at the orifice diverging from the theoretical results. Moreover, the inertia of liquid
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FIG. 2. (a) Dimensionless pressure and velocity field of focusing liquid and comparison between potential
flow model [34] (dashed lines) and numerical simulation (arrowed solid lines) on the streamlines. (b) Dimen-
sionless vorticity field and the value of (P + 1/2pV?) of focusing liquid.

during the convergence at the orifice can also lead to radial velocity, thus the streamlines obtained
through numerical simulations are not perpendicular to the orifice.

To further explain the rationality of potential flow model in theoretical analysis, Fig. 2(b) gives
the dimensionless vorticity field close to the focusing orifice (see the left part). It is observed that the
value of vorticity is close to zero except that at the position very close to the solid wall, suggesting
the approximate irrotational characteristic of focusing flow. The right part of Fig. 2(b) further gives
the dimensionless value of (P + 1/2pV?) which is calculated by the pressure and flow velocity.
Similar to the results of vorticity field, the value of (P + 1/2pV?) approximates a constant value
except that at the position close to the solid wall. This observation suggests the reasonability of
Bernoulli equation along the streamlines. Therefore, the inviscid assumption in the potential flow
model is also well satisfied. Actually, previous work has successfully predicted the jet diameter in
SFF based on the Bernoulli equation [17]. Overall, the numerical simulations further demonstrate
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FIG. 3. (a) The velocity field of the focusing flow after maintaining its steady state without the shell and
core fluids (left part) and the shell liquid interface profiles showing the startup process on the formation of outer
liquid cone (right part). The red dashed lines denote the spherically fitted profiles for the interface. (b) The
velocity field after the establishment of a steady outer liquid cone under the focusing flow (left part) and the
shell and core liquid interfaces showing the startup process on the formation of inner liquid cone (right part).
(c) The apex velocity V. measured at the interface tip of the outer cone at different z position during the startup
process of outer liquid cone. For comparison, the dashed line gives the velocity distribution for pure steady
focusing flow along the center line. (d) V, measured at the interface tip of the inner cone at different z position.
The dashed line gives the velocity distribution for the combination of focusing and shell flows along the center
line in steady state.

that the potential flow model is reasonable to give a good prediction of the focusing flow field in
different methods based on flow focusing principle.

In CFF process, the velocity field for the steady focusing flow is shown in the left part of Fig. 3(a),
where the streamlines and the dimensionless values of flow velocity are given simultaneously. It is
notable that the addition of coaxial capillary tube only change the velocity field slightly comparing
with the results in Fig. 2(a). The process parameters here are chosen to ensure the formation of a
stable coaxial liquid cone when three fluids are supplied continuously. The right part of Fig. 3(a)
shows the startup process of outer liquid cone for the shell liquid in the steady focusing flow. When
the cone interface is far from the orifice (e.g., profiles 1 and 2), the stretching effect of the focusing
flow is very weak as the local flow velocity is almost negligible; therefore, the shell liquid cone
maintains an approximate spherical profile under the effect of interfacial tension. For comparison,
the spherically fitted profiles for the cone interface are plotted by red dashed lines in Fig. 3(a). As
the shell liquid interface gradually approaches the orifice, it is quickly stretched under the shearing
stress of the focusing flow (profiles 3 and 4) and finally forms a stable cone profile (profile 5).
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To show the characteristics of interface movement, the velocity of the shell liquid interface tip
(denoted by V.) with the variation of axial coordinates z is given in Fig. 3(c), which verifies the
obvious acceleration of interface as it evolves close to the orifice (e.g., z > 1). It is notable that
the value of V, is obviously lower than that of axial velocity of focusing flow measured along
the symmetric axis when there is only steady focusing flow as the shell liquid is not supplied
(see the dashed line), due to the inertia of the shell liquid during the acceleration process. Similar to
the formation of outer liquid cone, the formation process of inner liquid cone is shown in Fig. 3(b),
where the stationary velocity field after the establishment of a stable outer liquid cone is given in the
left part and the evolution of inner and outer interfaces is shown in the right part, respectively. Since
the flow velocity away from the orifice is relatively low (e.g., z < 1), the inner interface can maintain
the approximate spherical profile (profiles 1 ~ 3, spherically fitted by the red dashed lines). As the
interface evolves close to the orifice, it gets stretched (profile 4) with its tip accelerating significantly.
This tendency is clearly shown in Fig. 3(d), where the tip velocity V, of the inner cone is given under
different axial coordinates z. Likewise, V, is lower than the axial velocity measured at the symmetric
axis when only the steady focusing and the shell flows exist, as shown by the dashed line in Fig. 3(d).
Finally, the inner interface is stretched sufficiently under the shear effect of the shell liquid and a
stable inner cone can be established (profile 5). In the startup process of inner liquid cone, the profile
of outer interface has slight variation as the total value of shell and core liquid flow rates increases.
When the stable coaxial liquid cone is maintained (profile 5), the diameter of outer liquid jet issuing
from the tip of the cone is enlarged, as illustrated in Fig. 3(b).

B. Nondimensional analysis on the cone instability

It has been clearly shown in Fig. 2 that the converging flow close to the orifice leads to obvious
downstream pressure gradient. Moreover, the liquid acceleration caused by the pressure gradient
brings in the effect of viscous shear stress, which is able to stretch the interface and contributes to the
formation of a stable liquid cone. The stability of cone interface is found to be heavily dependent on
the relative importance of viscous shear stress and the interfacial tension [36]. For the coaxial liquid
cone in CFF, it can be simply considered that the outer cone is established under the shear stress of
focusing flow and the inner cone is established under the shear stress of shell liquid, respectively,
as the velocity gradient upstream the orifice can accelerate the interfaces to form the coaxial cone
configuration (see the results shown in Fig. 3). Therefore, the instability of coaxial liquid cone can be
analyzed by decoupling the outer and inner cone interfaces and considering the competition between
viscous shear stress and interfacial tension of each interface. For the liquid cone in SFF studied
previously, the instability of the single liquid cone is directly related to the global instability of the
interface [28,37], where a temporally steady profile of liquid cone corresponds to the globally stable
mode while a periodically vibrating profile between the orifice and the capillary tube corresponds
to the globally unstable mode. Some theoretical global instability analyses have been carried out in
past decade, showing the stability map of different flow modes [26,38—40]. The effect of various
parameters on the cone instability in SFF has been studied through nondimensional analysis, in
which the competition between the viscous shear stress and the interfacial tension on the cone
interface is considered [29]. To quantify the relative value between the shear stress and the interfacial
tension, the capillary number can be similarly defined in terms of the local effective elongation rate
G as described in literatures [10,41,42]. For the outer liquid cone, the effective elongation rate
G, is defined as G, = AV,,/H based on the focusing liquid, where AV, is the difference between
the upstream velocity and the local velocity inside the orifice. As the value of upstream velocity is
negligible comparing with that in the orifice [see Fig. 3(a)], AV, & 4Q3/(rd?) can be approximately
obtained. Choosing the diameter of outer jet d,; as the characteristic length, the capillary number is
given by Ca, = 13G,d,;/0>. Similarly, the effective elongation rate G; for the inner liquid cone can
be defined based on flow of the shell liquid, which gives G; = AV;/(H — h) = 40,/ [ndgj (H — h)].
Therefore, the capillary number for the inner cone is given by Ca; = u»G;d;;/01, where d; is the
diameter of inner jet.
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Previous studies on the coaxial jet have indicated that an approximated average velocity of the
core, shell, and focusing liquid could be reached downstream the orifice due to the viscous momen-
tum diffusion [23,43,44], which gives the prediction of jet diameters through volume conservation,

1 1

3 1 3

do-%d<M) :d<¢) i
O1+ 02+ 05 I+q1+q

di; zd<¢>2 =d(L>2. (11)
O1+ 0>+ 0 Il+q1+q

Under the assumption of Q) < Q> <K Q3 for most cases, we can obtain the capillary numbers
for outer and inner liquid cones as

Mn3 M3

1 1
C o R 202 — 202,
a ode(Ql + )20 szHQz 03
M2 1O 1 M2 14
Ca; = 2 1= ———0703. 12
a cnd(H—h)Q' Q1+Q2(Q1+Q2+Q3) ald(H—h)Q‘Q3 (12)
The dimensionless form gives
1 1
~ r,LZOhEV_Veqz)z’ C ANOh(Weqlqz)z (13)

i WETdH — )

It can be found that the value of Ca, is appropriately proportional to the square root of O,
and Q3 (nondimensionalized as We and ¢»), proportional to @3 (nondimensionalized as r,,), and
inversely proportional to o, (nondimensionalized as Oh) and the geometrical parameters of d and H
(nondimensionalized as d and H). The results indicate that, as the values of Q», O3, and 13 increase,
or those of 07, d, and H decrease, the interfacial tension would play a less significant role at the
outer liquid cone, making the cone much more stable. Moreover, the value of Ca; is appropriately
proportional to the square root of Q; and Q3 (nondimensionalized as ¢, and g,), proportional to i,
(nondimensionalized as Oh), and inversely proportional to o7 (nondimensionalized as r,) and the
geometrical parameters of d, H, and & (nondimensionalized as d, H, and h). As the values of Q;,
03, and u, increase, or those of o1, d, and H — h decrease, the interfacial tension would play a less
significant role for the inner liquid cone, promoting the formation of a stable cone.
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FIG. 4. (a) Coaxial liquid cone profiles as Q; changes at certain O, = 100 ml/h and Q3 = 1400 ml/h, cor-
responding to the variation of g; at certain We = 0.04 and ¢, = 14. Scale bar: 300 um. (b) The dimensionless
inner and outer jet diameters (denoted by d;; and d,;, respectively) as g; varies. The dashed and dash-dotted
lines denote the theoretical predictions of Eq. (11), respectively.
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FIG. 5. (a) Coaxial liquid cone profiles as O, changes at certain Q; = 15 ml/h and Qs = 1400 ml/h,
corresponding to the variation of We at certain Weg? = 0.009 and Weg3 = 7.76. Scale bar: 300 um. (b) The
dimensionless inner and outer jet diameters (d;; and d,;) as We varies. The dashed and dash-dotted lines denote
the theoretical predictions of Eq. (11), respectively.

C. Effect of process parameters on the characteristics of the coaxial liquid cone

In this section, the effects of various process parameters on the instability and morphology of
coaxial liquid cone are given in detail based on experimental and numerical results. It has been
indicated in Eq. (12) that the cone instability is affected by the liquid flow rates, physical properties
of materials and geometrical parameters of CFF device conjointly. For easy understanding, we
will consider the effects of main contributing parameters, including the flow rates of core, shell
and focusing liquids (Figs. 4-6), the geometrical parameters (Figs. 7-9), and the liquid physical
properties (Figs. 10 and 11), respectively.

The core liquid flow rate O (nondimensionalized as g;) is first considered in Fig. 4(a), in which
the experimental and numerical results are located at the upper and lower part of each sub-graph.
Once the liquid cone gets stable at large O, a steady coaxial liquid jet can be formed with a certain
diameter at the orifice, and the profile of inner cone gets more bulgy as Q; increases. However, as the
value of Q; is lower than a critical value (e.g., O; = 2 ml/h), the inner cone is unstable and vibrates
between the capillary tube and the orifice. The result is consistent with the theoretical prediction of
Eq. (12). The vibration of inner cone has little influence on the stability of outer liquid cone, and

(a)

0,=2000ml/h

\w/4

05=1000ml/h 0,=600ml/h

Lines: Theory
Symbols: Simulation

- o -
O " -6
10:=20 =14
TIA—— A,
. ™S
0055 15 20
9,

FIG. 6. (a) Coaxial liquid cone profiles as Q3 changes at certain Q; = 15 ml/h and Q> = 100 ml/h, corre-
sponding to the variation of ¢, at certain g, = 0.15 and We = 0.04. Scale bar: 300 um. (b) The dimensionless
inner and outer jet diameters (d;; and d,;) as g, varies. The dashed and dash-dotted lines denote the theoretical
predictions of Eq. (11), respectively.
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FIG. 7. (a) Coaxial liquid cone profiles as H (nondimensionalized as H) varies at certain Q; = 15 ml/h,
0, =100 ml/h and Q3 = 1400 ml/h (g; = 0.15, We = 0.04 and ¢, = 14). Scale bar: 300 um. (b) The
dimensionless inner and outer jet diameters (d;; and d,;) as H varies. The dashed and dash-dotted lines denote
the theoretical predictions of Eq. (11), respectively.

terminates the continuous formation of coaxial liquid jets downstream the orifice. Figure 4(b) plots
the dimensionless outer and inner jet diameters [denoted by d,; and d;;, respectively; as sketched
in Fig. 1(b)] of coaxial liquid jets measured at the orifice exit for stable coaxial liquid cone. Due
to the optical distortion effect on the measurement of inner jet diameter in experiments, we only
present the numerical results, showing a good agreement with the theoretical prediction of Eq. (11).
Figure 5(a) considers the variation of shell liquid flow rate O, (nondimensionalized as We). It is
notable that according to the definition of the dimensionless parameters, the variation of Q, at
certain Q; and Q3 corresponds to the change of We under fixed values of Weq% and Weq%. The
coaxial liquid cone is always stable for large value of Q,. As Q, is lower than a critical value,
the coaxial liquid cone gets unstable. According to Eq. (12), the decrease of O, mainly affects the
instability of the outer cone. Once the outer cone is unstable, the vibration of the outer interface
would certainly cause the accompanying vibration of the inner liquid cone. Figure 5(b) plots the
numerical results of the dimensionless outer and inner jet diameters measured at the orifice exit,

(a)

® —
Lines: Theory
Symbols: Simulation
0.25F
[0~ " fTTTe-C
4 4 ol
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0.1F d;
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1 1 1 1
0.1 0.2 03 0.4
h

FIG. 8. (a) Coaxial liquid cone profiles as & (nondimensionalized as /) varies at certain Q; = 15 ml/h,
0, =100 ml/h and Q3 = 1400 ml/h (g; = 0.15, We = 0.04 and ¢, = 20). Scale bar: 300 um. (b) The
dimensionless inner and outer jet diameters (d;; and d,;) as h varies. The dashed and dash-dotted lines denote
the theoretical predictions of Eq. (11), respectively.
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FIG. 9. (a) Numerical coaxial liquid cone profiles as d decreases at flow rates ¢; = 0.15, We = 0.04, and
q>» = 20. Scale bar: 300 um. (b) The dimensionless inner and outer jet diameters (d;; and d,;) as d varies. The
dashed and dash-dotted lines denote the theoretical predictions of Eq. (11), respectively.

showing that the outer jet diameter increases with We while the inner jet diameter decreases with
We. A good agreement can be reached with the theoretical prediction of with Eq. (11). The effect
of liquid flow rate Q5 for the outermost focusing liquid (nondimensionalized as ¢,) on the coaxial
liquid cone is further studied in Fig. 6(a). Similar to the variation of Q,, under a small value of Q3 the
coaxial liquid cone is unstable and present a temporally vibrating behavior. As Qs increases, a stable

(a) M, decrease

OI=0.416 Oh=0.208 0h=0.104 OI=0.052
(b) H; decrease

7,2=0.05 7,,=0.025 7,,=0.005 7,,=0.001

FIG. 10. Numerical coaxial liquid cone profiles as (a) u, varies singly, corresponding to the change of Oh
at certain values of Ohr,; = Ohr,, = 0.0052; and (b) u, varies singly, corresponding to the change of r,,
at certain Oh = 0.208 and r,; = 0.025. The liquid flow rates of triple phases are g, = 0.15, We = 0.04, and
qr = 20.
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\

FIG. 11. Numerical coaxial liquid cone profiles as (a) o; varies singly, corresponding to the change of r,, at
Oh = 0.208; and (b) o, varies singly, corresponding to the change of Oh at certain values of Oh/,/r, = 0.208.
The liquid flow rates of triple phases are g; = 0.15, Re = 0.957, and ¢, = 20.

coaxial cone-jet configuration can be established, and the diameters of outer and inner jets gradually
decrease with Q3 increasing. The numerical measurements of the dimensionless jet diameters are
plotted in Fig. 6(b), which is also consistent with the theoretical results of Eq. (11). The effects of
main geometrical parameters of CFF device, including the distance H between the outer capillary
tube and the orifice, the inner tube outset 4, and the orifice diameter d, on the instability of the
coaxial liquid cone are also analyzed. Figure 7(a) reveals that H (nondimensionalized as H) has a
significant influence on the stability and morphology of the coaxial cone. When H is relatively large,
the outer and inner liquid cone will both present an unsteady vibrating manner, which is consistent
with the theoretical prediction of Eq. (12). As H gradually decreases, the coaxial liquid cone is able
to maintain a stable profile. Moreover, it is observed that the liquid cone interfaces will gradually
transfer from a convex shape at large values of H to a concave shape at low values of H. The reason
lies in that as the flow velocity far from the focusing orifice is relatively low [shown in Fig. 3(a)],
the interface would present a droplet-like convex shape due to the dominance of interfacial tension.
When H is small, the shear stress close to the orifice will significantly stretch the interface and thus
present a concave shape. The diameters of the outer and inner liquid jets measured in numerical
simulations under different A are shown in Fig. 7(b), suggesting that H hardly affects d,; and d;;,
and the results are in good agreement with the theoretical predictions. Figure 8(a) further considers
the effect of & (nondimensionalized as /) on the coaxial liquid cone. When £ is relatively small,
which corresponds to a large distance between the inner tube and the orifice (denoted by H — h),
the inner cone is unstable and presents a vibrating manner, which is consistent with the theoretical
prediction of Eq. (12). The vibration of inner cone terminates the formation of a stable coaxial jet
downstream the orifice. As h gradually increases, the distance between the inner tube and the orifice
(H — h) decreases and the coaxial liquid cone is able to maintain a stable profile. The jet diameters
under different / for a stable coaxial cone are shown in Fig. 8(b), suggesting that  would not affect
the values of d,; and d;.

Due to the integration of the experimental device, the orifice diameter can not be changed
optionally. Therefore, the effect of orifice diameter on the coaxial liquid cone is studied numerically,
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as presented in Fig. 9(a). An increase of d is able to reduce the driving effect of the focusing liquid
on the outer interface by decreasing the difference of their flow velocities, making the cone enlarged,
and finally destabilize the cone, which is also well predicted by Eq. (12). Moreover, Fig. 9(b) shows
that the diameters of inner and outer liquid jets increase linearly with d increasing in the situation
of maintaining an always stable cone, and the numerical results agree well with the theoretical
predictions of Eq. (11). The effects of liquid physical properties on the cone instability are a little
complicated. The numerical results indicate that the liquid viscosities w3 and w,, and the interfacial
tensions o, and o play a significant role on the instability of coaxial liquid cone. For simplification,
the single variation of main physical properties is considered in numerical simulations by keeping
the rest parameters constant. According to the definition of dimensionless parameters, the single
change of u, corresponds to the variation of Oh at certain values of Ohr,; and Ohr,, and single
change of us3 corresponds to the variation of r,, at certain values of Oh and r,, respectively.
Figure 10(a) considers the effect of u, on the coaxial cone profiles by changing the value of
Oh, in which r,; and r,, are also changed by maintaining the values of Ohr,; and Ohr,,. It
is found that when Oh is small (i.e., Oh = 0.052), which corresponds to a low value of u,, the
inner cone presents an unstable behavior due to the insufficient shear stress provided by the shell
liquid. This observation agrees well with the theoretical prediction of Eq. (12). As Oh gradually
increases, which corresponds to the increase of u,, the shear stress of the shell liquid is able to
overcome the interfacial tension and a stable inner cone can be established. The variation of 3
(nondimensionalized by 7,,) is considered in Fig. 10(b). When r,, is small (i.e., r,» = 0.001),
which corresponds to a low value of us, the coaxial liquid cone presents an unstable behavior as
the shear stress of the focusing liquid is relatively low. Actually, the nondimensional analysis has
indicated that the decrease of 3 will cause the instability of the outer cone, and the vibration of
outer interface would certainly lead to the accompanying vibration of the inner cone. As r,» (u3)
gradually increases, the stable coaxial liquid cone can be maintained. It is clearly seen in Fig. 10
that once the coaxial cone gets stable as p, or w3 increases, the profiles of the cone interface only
vary slightly with liquid viscosities changing.

Apart from the liquid viscosities, the variation of interfacial tensions are further considered
in Fig. 11. It is notable that the single change of inner interfacial tension o) corresponds to the
variation of r, at certain values of Oh and We, and the single change of outer interfacial tension o,
corresponds to the variation of Oh at certain values of Re (= +/We/Oh) and Oh/ /T, respectively.
Figure 11(a) shows that the inner liquid cone presents an unstable behavior at relatively high o
(nondimensionlized as r, ), which is consistent with the theoretical prediction of Eq. (12). As o
decreases, the coaxial liquid cone is able to maintain a stable profile. Once the cone gets stable, it
is observed that o affects the cone profiles slightly. The variation of o5 is considered in Fig. 11(b),
where a decrease of Oh denotes the increase of 0. It is observed that the coaxial cone is unstable and
vibrates continuously at relatively high o, due to the domination of interfacial tension. According
to the theoretical prediction of Eq. (12), a large o, would cause the instability of outer liquid cone,
which would lead to the vibration of inner cone subsequently. The coaxial liquid cone gradually
gets stable as o, decreases, and the morphology of the stable cone can hardly be affected by the
interfacial tension.

D. Recirculation flow inside the liquid cone

The interfacial instability and morphology of the coaxial liquid cone are directly correlated to
the flow fields within the cone. To visualize the flow field characteristics of the cone, the tracing
particles (hollow glass beads with average diameter of 20 um) are added in the inner liquid, and the
motion of particles is recorded by the high-speed video camera in experiments. As the average
density of the tracing particles (21030 kg m~3) is very close to that of the inner liquid, the
particles can suspend uniformly with negligible agglomeration and sedimentation, which enables
a favorable visualization effect. Numerical results are also utilized for quantitative analysis on the
flow fields. Figure 12(a) shows a group of experimental and numerical results (see the upper and
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FIG. 12. (a) Experimental visualization of recirculation cell (RC) and the corresponding numerical results
as Q; (g) varies under certain values of Q> = 80 ml/h and Q3 = 1600 ml/h (We = 0.025 and ¢, = 20).
(b) Measured length of RC at the symmetry axis as g; varies. (c) Distributions of tangential velocity along the
r’ direction at different ¢;.

lower parts, respectively), where the flow rates of shell and focusing liquids are O, = 80 ml/h
and Q3 = 1600 ml/h and the flow rate of core liquid Q) varies, i.e., 13 ml/h, 18 ml/h, and
28 ml/h, respectively. The single variation of Q; corresponds to the change of ¢; in numerical
simulations. It is observed that a recirculation cell (RC) occurs inside the inner cone for relatively
low Q; (e.g., Q1 = 13 ml/h, corresponding to ¢; = 0.16). The RC leads to the backflow of tracing
particles where the flow direction at the symmetry axis is opposite to that in the capillary tube.
Due to the light refraction on the curved interfaces, the size of RC observed in experiments is
obviously larger than that in numerical simulations. As Q; increases (Q; = 18 ml/h, corresponding
to g; = 0.23), the size of RC gradually decreases and finally vanishes at a relatively high value
of Q) (Q; =28 ml/h, corresponding to g; = 0.35). It should be emphasized that the RC is a
temporally steady configuration, and its size hardly changes with time. Previous study carried
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out by Gaiidan-Calvo er al. [45] has proved that the characteristic mass diffusion time is much
longer than the characteristic time associate to the recirculation flow; therefore, the mass diffusion
between RC and the outer environment is very weak. Moreover, the Brownian motion can also
be ignored as the size of tracing particle is much larger than the typical length scale for the
observation of Brownian motion. The particles trapped inside the RC rotate persistently with very
weak substance exchanging with the outer environment. The flow dynamics as Q; varies can be
seen in Supplemental Videos S1 ~S3 for the flow dynamics at the flow rate Q; = 13, 18, and 28
ml/h, respectively [46]. In experiments, the backlighting illumination is used, in which the depth of
focus brings integration effect on the observation of particle movement. To minimize the depth of
focus, the microscope (Leica Z16 APO, Germany) is adjusted to the largest magnification and fully
opening the diaphragm during experimental observation. In this condition, an approximate value of
depth of focus AL ~ 40 um can be obtained. As AL is obviously smaller than the transverse width
w of the RC [e.g., the transverse width of RC for the case ¢; = 0.16 and 0.23 in Fig. 12(a) is 238
um and 170 um, respectively], the particle movement within the coaxial liquid cone can be clearly
observed, efficiently avoiding the three-dimensional integration effect along the light illumination
path.

The length L, of RC measured along the symmetry axis [see the definition in the lower subgraph
in Fig. 12(a)] as Q; gradually changes is shown in Fig. 12(b), which suggests that L, will decrease
gradually with Q, increasing and therefore a larger RC occurs inside the cone. At the vortex core of
the RC, the local flow velocity corresponds to zero. Then the tangential velocity V; both inside and
outside the interface perpendicular to the interface of inner cone is sketched in Fig. 12(a) for the case
g1 = 0.16 and 0.23. For comparison, we also extract the tangential velocity for the case g; = 0.35
at the same z position with the case g, = 0.23. The distributions of tangential velocity for three
cases are shown in Fig. 12(c). As the viscosity of the core liquid (distilled water with viscosity of
0.001 Pa s) is much lower than that of the shell liquid (silicone oil with viscosity of 0.04 Pa s), the
velocity gradient inside the inner liquid cone would be much higher than that outside the cone to
ensure the balance of shear stress on both sides of the interface. For the case ¢; = 0.16, as the flow
velocity is relatively low, the tangential velocity inside the cone drops quickly and becomes opposite
some distance away from the interface, causing the appearance of backfow inside the cone. As ¢
increases to 0.23, the velocity for both the core and shell liquids increases, and the distance between
the vortex core and the interface increases significantly, thus decreasing the size of RC. When ¢,
increases to 0.35, the velocity both inside and outside the interface increases simultaneously and
maintains positive invariably, making the backflow disappear inside the cone.

The effects of shell and focusing liquid flow rates (9, and Q3, nondimensionalized as We and
q>) on the RC formation are studied in Figs. 13(a) and 13(b), respectively. Figure 13(a) shows that
an increase of We under certain Weg: and Weg3 (corresponding to the single increase of O, under
certain Q; and Q3) changes the length of RC insignificantly. Moreover, an increase of shell liquid
flow rate can squeeze the inner cone to a narrower size, which causes the position of RC shifting
upstream. Similar to Fig. 12, we analyze the tangential velocity V; on both sides of the interface, as
shown in Fig. 13(c). It is observed that the velocity distributions almost coincide under different We,
suggesting a self-similar characteristic of the flow around the RC. Therefore, the size of RC barely
varies with We. Likewise for the situations as ¢, decreases under certain We and ¢; (corresponding
to the decrease of Q3 under certain Q; and Q,), the length L, maintains almost unchanged, as shown
in Fig. 13(b). The position of RC would also shift upstream slightly as ¢, increases. Considering
the tangential velocity V; on both sides of the interface, as shown in Fig. 13(d), it is found that
the velocity distribution almost coincides under different ¢, and a self-similar characteristic can
be reached. It is notable that the effect of liquid flow rates on the size of RC in CFF is obviously
different from that in SFF [29]. For the single liquid cone in SFF, an increase on the flow rate of
focusing liquid can enlarge the size of RC significantly; while for the coaxial cone in CFF, the
increase on the flow rates of either shell or focusing liquid hardly affect the size of RC within the
inner liquid cone.
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FIG. 13. Length of RC as (a) We varies at certain Weq; = 0.001 and Weq, = 7.76 and (b) g, varies at
certain We = 0.025 and g, = 0.163. Distributions of tangential velocity along the r’ direction at different
(c) We and (d) g».

IV. CONCLUSION

The direct numerical simulations are combined with experimental measurements to study the
effects of various process parameters on the coaxial liquid cone in an axisymmetric liquid-driven
coflow focusing process. The startup process of the outer and inner cone interfaces within a stable
focusing stream is analyzed. Nondimensional analysis that considers the balance between the
viscous shear stress and the interfacial tension at local inner and outer cones is used to consider
the coaxial cone instability affected by various parameters jointly. For example, the increase of the
triple liquids flow rates, and the increase of liquid viscosities can lead to a more stable coaxial liquid
cone; while the increase of the distance between the capillary tube and the orifice, and the increase
of the orifice diameter and the increase of interfacial tensions can promote the instability of the
coaxial cone. The experimental and numerical results validate the effect of parameters shown by the
nondimensional analysis, and further illustrate the variations of cone morphology and jet diameter as
the control parameters change. It is found that a recirculation cell would occur inside the liquid cone,
which is closely related to the the balance of local shear stress on the cone interface. The increase
of core liquid flow rate can decrease the size of recirculation cell, while the variation of shell and
focusing liquid flow rates only affects the size of recirculation cell slightly. This study provides a
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valuable qualitative understanding of the role of all parameters involved in the coaxial liquid cone
in CFF process, contributes to the process optimization on the formation of stable coaxial cone-jet
configuration and facilitates the applications of coflow focusing in producting microcapsules.
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