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Spherical and non-spherical wax microparticles are generated by employing a fac-
ile two-step droplet microfluidic process which consists of the formation of molten
wax microdroplets in a flow-focusing microchannel and their subsequent off-chip
crystallization and deformation via microdroplet impingement on an immiscible
liquid interface. Key parameters on the formation of molten wax microdroplets in a
microfluidic channel are the viscosity of the molten wax and the interfacial tension
between the dispersed and continuous fluids. A cursory phase diagram of wax mor-
phology transition is depicted depending on the Capillary number and the Stefan
number during the impact process. A combination of numerical simulation and ana-
Iytical modeling is carried out to understand the physics underlying the deforma-
tion and crystallization process of the molten wax. The deformation of wax
microdroplets is dominated by the viscous and thermal effects rather than the gravi-
tational and buoyancy effects. Non-isothermal crystallization kinetics of the wax
illustrates the time dependent thermal effects on the droplet deformation and crys-
tallization. The work presented here will benefit those interested in the design and
production criteria of soft non-spherical particles (i.e., alginate gels, wax, and poly-
mer particles) with the aid of time and temperature mediated solidification and
off-chip crosslinking. © 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4937897]

I. INTRODUCTION

Microfluidics has become an emerging and versatile tool to synthesize particles and drop-
lets, providing fine control over the size and shape,'™ chemical functionality and anisotropy,®’
porosity,® and internal structure’™'" of particles. In particular, microfluidic-assisted techniques
can tailor-design particles with unique sizes and shapes that are difficult to achieve by using
conventional techniques such as template molding,'*'? seeded emulsion polymerization,'* self-
assembly of colloids through liquid protrusions,'> and stretching of soft spherical particles.'®!’
In this regard, microfluidic techniques are highly desirable to generate particles with homogene-
ous morphologies and monodispersed sizes due to their consistent and reproducible behavior.

A number of recent studies explored the production and use of non-spherical particles
in biotechnology,"®'® cosmetics,”® pharmaceutical,”'** optics,”>** and image enhancement.”
Non-spherical particles are remarkably applicable in a variety of applications for their unique
properties such as anisotropic responses to external fields,”®® large surface areas,?” and high
packing density.’® Many groups have successfully synthesized non-spherical microgels and
polymeric particles by using microfluidic platforms and utilizing ultraviolet, crosslinking, poly-
merization, and thermal energy to solidify particles in-situ. An external crosslinking technique
after impinging on liquid drops in solutions also provided new opportunities to produce par-
ticles with various anisotropic dimensions. Hu and coworkers, for instance, demonstrated a
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simple strategy to prepare non-spherical alginate particles with various morphologies by using
droplet microfluidics, combined with an external ionic crosslinking procedure.>’ This unique
external crosslinking step gives additional experimental parameters for tailored control of the
particle morphology, e.g., viscosity of the bath liquid, releasing height of the drop, as well as
the flow rate ratio in the microchannel.'~*>

Wax based materials have been widely used in dentistry,”® food processing,®* cosmetics,?
and pharmaceutical applications35 since they are abundant in nature, biocompatible, and facile
to the use of encapsulation of active compounds and ingredients. We recently demonstrated
that millimeter size molten wax drops could be solidified into particles with mushroom, ellip-
soid, disc, and flake-like morphologies upon striking an immiscible liquid interface.’® We
investigated the deformation and solidification of molten wax drops upon impacting an immis-
cible liquid by varying the initial temperature and viscoelasticity of the molten drop, drop size,
impact velocity, viscosity and temperature of the bath fluids, and the interfacial tension
between the molten wax and bath fluid. However, it is more difficult to generate micron size
non-spherical wax particles in comparison to millimeter size non-spherical wax particles since
the inertial effect of the wax microdroplets is much smaller than that of the millimeter sized
wax drops. A thorough understanding of the mechanism of controllable droplet generation in a
microfluidic platform, deformation and crystallization of the molten wax drop due to liquid-li-
quid impact can shed insights on key factors to control tailored sizes and morphologies of the
wax particles.

In this study, we propose a two-step method by utilizing a microfluidic platform to produce
size-controllable molten wax microdroplets in a flow-focusing channel, followed by subsequent
deformation and solidification processes during liquid-liquid impact in an aqueous bath solution
to generate non-spherical wax microparticles (see schematics in Figure 1). Through systematic
experiments we build the phase diagram of final morphologies of wax particles with respect to
the Capillary number and the Stefan number. A simplified analytical model is proposed to
understand dominant factors on the droplet deformation process. Numerical simulation by cou-
pling heat transfer and crystallization kinetics processes is performed to investigate the droplet
solidification. This strategy not only provides experimental and theoretical evidences for the de-
formation process but also presents design and production criteria of soft non-spherical particles
(i.e., alginate gels, wax, and polymer particles) with the aid of time and temperature mediated
solidification and off-chip crosslinking.
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FIG. 1. Schematics of the experimental setup of molten wax droplet impacting a cooling aqueous medium.
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Il. BACKGROUND

An early study for the emulsion droplet production in a flow-focusing microchannel
showed the droplet size dependence as a function of the flow rate and flow rate ratio." The geo-
metric effect (i.e., the width and depth of the channel) was also investigated to determine the
droplet size in T-junction microchannels, showing an increase in the size of droplets with
increasing depth of the channel.’’*® In most cases, Capillary number is considered as a key
dimensionless parameter to determine the droplet production,

Ca— noVo _ Viscous Force

ey

o;  Interfacial Force’

where 7 is the viscosity of the continuous phase or bath liquid, V is the average velocity at the
orifice of a microchannel (Figure 1), and o; is the interfacial tension between the dispersed and
continuous phases.** Consequently, the temperature dependent interfacial tension and viscosity
of the liquid become important in thermally mediated droplet formation and breakup.**~*!

Extensive studies have investigated the deformation of drops upon impacting an immiscible
liquid.***** During impact the viscous and elastic components of the bath fluid dictate the
amount of energy dissipated and stored, respectively. Waigh et al. reported the deformation and
process conditions of millimeter sized viscoelastic drops after impinging on a liquid interface in
which dimensionless numbers (i.e., Weber, Reynolds, and Froude numbers) were used to
describe the deformation behavior of viscoelastic drops.*> We recently studied the deformation
and solidification of millimeter sized wax drops upon impact at an immiscible liquid inter-
face.’® Dimensionless numbers such as the Weber, Reynolds, Capillary, and Stefan numbers
were identified to be important to the deformation, solidification, and final morphology of wax
particles. Besides the Capillary number and Stefan number, the Ohnesorge and Bond numbers
are introduced to investigate the viscous, gravitational, and buoyancy effects, which can be
used to characterize the deformation of wax microdroplets upon impact and subsequent droplet
migration in the bath liquid. The Fourier number (important for unsteady state conduction-
convection problems) is used to examine the crystallization behavior of the molten wax micro-
droplets. These dimensionless numbers are defined as

_ C,AT _ Sensible Heat

St = 2
L, Latent Heat ’ @
Oh — vp, Viscous Force 3)
~ (p,Do;)"/>  Inertial and Interfacial Forces’
Bo — (Pp— Pp)gD2 _ Buoyancy and Gravity Forces @
o 4 o Interfacial Force ’
t Heat Conducti Rat
Foo eat Conduction Rate 5)

D2~ Thermal Energy Storage Rate’

where C,, AT, L,, v, py, D, 0;, p, & , and ¢ denote the specific heat of the bath liquid, tem-
perature difference between the bath liquid and molten wax, latent heat of wax, kinematic vis-
cosity of the bath liquid, density of the bath liquid, diameter of the molten wax droplet, interfa-
cial tension between the molten wax and the bath liquid, density of the molten wax, gravity,
thermal diffusivity of the molten wax, and elapsed time during the crystallization, respectively.

Ill. EXPERIMENTS
A. Materials

Vaseline, hexadecane, glycerol, and surfactant sodium dodecyl sulfate (SDS) were pur-
chased from Sigma-Aldrich and used without further purification. The wax sample was prepared
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TABLE L. Physical properties of the bath fluids at various temperatures.”

Density [Kg/m3] and viscosity [Pa s]

Weight percent 8°C 25°C 32°C 37°C 43°C 48°C

of glycerol

[wt. %] P n p n P n P n P n P n
0 999.81 0.0014 996.85 0.0009 994.86 0.0008 993.21 0.0007 990.98 0.0006 988.92 0.0006
20 10654 0.0029 1060.2 0.0017 1057.5 0.0014 10554 0.0013 1052.8 0.0011 1050.4 0.0010
40 1124.6 0.0078 1117.5 0.0041 11142 0.0032 1111.8 0.0028 1108.7 0.0024 1106.1 0.0021
60 11782 0.0304 1169.6 0.0128 1165.8 0.0095 1163.0 0.0079 1159.7 0.0063 1156.8 0.0054
80 1227.1 02193 1217.1 0.0669 1212.9 0.0446 1209.9 0.0342 12062 0.0255 1203.1 0.0203

*The densities and viscosities of aqueous glycerol solutions are calculated from the formula for a glycerol-water mixture*®
and verified by our measurements.

by mixing 80 wt. % Vaseline and 20 wt. % hexadecane, and stored at room temperature. The
aqueous solutions of the bath fluid consist of different amount of glycerol (0, 20, 40, 60, and
80 wt. %) mixed with deionized (DI) water and 0.025 wt. % SDS. The density and viscosity of
the aqueous glycerol solutions were obtained from the formula for a glycerol-water mixture
(Table 1).4

The heat capacity, thermal conductivity, enthalpy of crystallization, and phase transition tem-
perature of the wax sample were measured by using a differential scanning calorimeter (Auto
Q20, TA instruments) (Table II). The molten wax sample changes its phase from liquid to crystal-
lized wax when temperature decreases to its phase transition temperature (~45.93°C). The
dynamic viscosity of the wax sample at a shear rate 1000s™" was measured to be from 0.083 to
0.007 Pa s at a fixed temperature ranging from 40 °C to 80 °C, by using a strain-controlled rheome-
ter (ARES-G2, TA instruments) with a steel cone-plate geometry (50 mm in diameter and 1° trun-
cation angle). The interfacial tension between the molten wax and aqueous glycerol solution was
measured by an optical tensiometer (Attention Theta, Biolin Scientific), which can measure the
interfacial tension in the range of 0.01-1000 mN/m at a resolution of 0.001 mN/m. Morphology of
solidified wax microparticles was characterized by a field emission scanning electron microscope
(Quanta 250 FEG, FEI) at low energy intensity of 1.5kV to avoid melting the wax sample. The
density of wax was inferred to be 865kg/m” from the weight of a known volume.

B. Experimental procedures

Our experimental platform is divided into two processes: the formation of wax microdrop-
lets using a flow-focusing microchannel and wax microdroplet impingement on an immiscible
liquid interface (see Figure 1). A microfluidic device was fabricated using the soft lithography
technique. The replica was fabricated by using a silicon wafer through photolithography with
negative photoresist (SU-8, Microchem). We used two different sized flow-focusing microflui-
dic devices with the orifice dimensions of 70 um x 80 um and 100 ym x 170 yum in width and
height. The base and curing agents of polydimethylsiloxane (PDMS) (10:1, Sylgard 184, Dow
Corning) were thoroughly mixed and degassed in a vacuum chamber for 30 min. The mixture
was poured onto the silicon wafer and cured in an oven at 60 °C for 6 h. The cured PDMS was
peeled off and bonded onto the glass slide with a plasma cleaner (PDC-001, Harrick Plasma) at
300 mTorr for 3 min. A polyimide etched heating film (FSHH-P1-100-1-B, BioLab, Singapore)

TABLE II. Physical properties of the wax sample at 10 °C/min from 40 to 75 °C.

Heat capacity, C, [kJ/kg K] 1.71
Thermal conductivity, kK [W/mK] 0.15
Enthalpy of crystallization, L [kJ/kg] 18.51

Phase transition temperature, Ty [°C] 45.93
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provides reliable heat distribution and optical transparency. A voltage ranging from 10 to 20 V
was applied by a power supply (Keithley 2000) to control the temperature of the heating film.
The temperature of the heating film and the voltage of the power supply were calibrated by a
thermometer. The heating film was taped at the glass substrate of the microfluidic device to
provide uniform heating of the device, with temperature ranging from 50 to 76 °C to ensure the
wax maintaining its molten state inside the microdevice, yet enabling clear optical access to
observe the formation of molten wax microdroplets at the orifice, as the microfluidic device
was placed on an inverted optical microscope. The flow rate was set to 0.1 ml/h and 1 ml/h for
the dispersed phase (molten wax) and the continuous phase (20 wt. % aqueous glycerol solu-
tion), respectively. Fluid motion was recorded with a high speed camera (Phantom Miro 310,
Vision Research) and the wax microdroplet diameters were measured by Image] software.
Once the molten wax microdroplets were generated inside the microfluidic device, they were
extruded from an outlet and detached by their own weight, before impacting a cooling bath lig-
uid. The molten wax microdroplet is assumed to be homogeneous without any phase change
before impact since the wax emulsion is surrounded by the hot aqueous continuous phase,
maintaining its molten state. An aqueous glycerol bath was placed beneath the outlet tube in a
circular glass beaker and the release height between the tip of the outlet tube and the liquid sur-
face was varied (Figure 1). The viscosity and density of the collecting bath fluid were adjusted
by the amount of glycerol added to the aqueous solution. The temperature of the bath fluid was
also varied from 8 to 48 °C to investigate the thermal effect on the solidification process of the
wax microdroplet.

IV. RESULTS AND DISCUSSIONS
A. Molten wax microdroplet generation

In the flow-focusing region of the device, the molten wax phase periodically breaks into
discrete droplets under certain flow rate combinations of the two phases. The droplet formation
process is mainly governed by the flow rate ratio, viscosity ratio, and the capillary number
(Ca=noVolo;), where 1, is the dynamic zero shear viscosity of the continuous phase, Vj is the
average velocity of the continuous phase at the orifice, and o; is the interfacial tension between
the dispersed and continuous phases.** Generally, droplet diameters are proportional to the ratio
between the interfacial tension and the viscous force exerted from the continuous phase. The
first investigation on the droplet diameter dependence with respect to shear rate and surface ten-
sion was reported by Taylor,*’ in which he studied hydrodynamic equations of a spherical drop
in a shearing fluid, and concluded that the droplet diameter could be estimated by the balance
between the Laplace pressure and shear force, D o a;/(1,7). This equation can be normalized
to investigate temperature dependent parameters by D* = D/D,, ¢* = a/a(, and n* = n/no. In our
study, the interfacial tension and the viscosity of the continuous phase are normalized by their
nominal values at reference temperature of 52°C, gop=11.3mN/m and 7,=0.0012Pa s. The
temperature dependence of the dimensionless droplet diameter can be then expressed as*

1 o*(AT)
o
Cay n* (AT) ’

*

(6)

where AT=T — T is the temperature difference between instantaneous and reference tempera-
tures, Cag=Vonjo/o; is the capillary number at the reference temperature, and ¢* and 1" are
interfacial tension and viscosity functions of the temperature difference AT. To simplify the
analysis we only considered the correlation between D" and a*/n* by using the experimental
results.

Figures 2(a) and 2(b) show snapshots of molten wax microdroplets formed at 52°C and
66 °C in the flow-focusing microchannel, representing temperature dependency on droplet diam-
eters. We used the dynamic viscosity of the continuous phase fluid and the interfacial tension
between the molten wax solution and the continuous fluid to estimate the molten wax droplet
diameter (Figures 3(a) and 3(b)). For the continuous phase, the shear viscosity variation with
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\20 wt% aqueous glycerol
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FIG. 2. Wax microdroplet generation inside a flow-focusing channel: (a) T=52°C and (b) T=66°C. The continuous
phase flow rate Q.= 1 ml/h and the dispersed phase flow rate O, = 0.1 ml/h. The scale bar is 200 ym.

temperature has been reported to follow an exponential function. Regarding the interfacial ten-
sion between two phases, it typically follows a power law trend from existing literature.
However, Nguyen et al*® observed an exponential decay of interfacial tension with respect to
temperature when the temperature variation was less than 50 °C. Similarly, from our experimen-
tal measurements, the normalized interfacial tension and viscosity yield the best curve fit at
" = exp(0.007AT) and n* = exp(—0.019AT), respectively. The solid line represents the expo-
nential curve fitting with respect to temperature difference AT. The dimensionless droplet diam-
eter can now be represented as D* o ¢*/n* o< exp(0.026AT), displaying that the diameter of
molten wax droplet increases with increasing temperature difference. The droplet diameters
formed at two different orifice sized flow-focusing channels (70 um x 80 um and 100 um
x 170 um in width and height) were measured by imageJ software and normalized by the initial
diameter of the molten wax droplet at 52°C (Figure 3(b)). The normalized droplet diameters
increased with increasing temperature difference for 2 different sized flow-focusing microchan-
nels. The analytical estimation obtained from Equation (6) also exhibits a typical trend that the
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FIG. 3. (a) Normalized viscosity of the continuous phase and normalized interfacial tension between dispersed and continu-
ous phases. The interfacial tension and the viscosity are normalized by their nominal values at 52°C, 6o = 11.3 mN/m and
1o =0.0012Pa s. The solid lines are the exponential fitting curves. (b) Normalized droplet diameters as a function of tem-
perature. The droplet diameters are normalized by their nominal values at 52°C.
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droplet diameter increases with increasing temperature, which shows a reasonable agreement
with the experimental data. Some discrepancy does occur at larger temperature differences,
which is possibly due to the fact that Equation (6) does not consider the hydrodynamic resist-
ance of droplets in rectangular channels. Furthermore, the temperature gradient derived from
the heat source from the bottom of the channel may cause asymmetric heat transfer, leading to
a non-uniform temperature field in the microchannel.

B. Droplet impact

After the continuous phase (gray in Figure 4) encapsulates the molten wax (red in
Figure 4) droplets, it travels downstream in the microchannel through the outlet. Upon release,
the impinging continuous droplet containing the molten wax drop would break the target air—
bath (blue in Figure 4(b)) interface with instantaneous deformation. The continuous phase solu-
tion in the microchannel is 20 wt. % aqueous glycerol solution mixed with 0.025 wt. % SDS
while the bath liquid consists of different amount of glycerol (0, 20, 40, 60, and 80 wt. %)
mixed with DI water and 0.025wt. % SDS. The molten wax droplets are released after the
impact toward the bottom of the liquid bath by inertia, and eventually bounce back to the liquid
interface due to the fact that the wax droplets are lighter than the bath liquid (see the illustra-
tion in Figure 4).

During the impact of the molten wax microdroplet onto the liquid interface, rapid heat
transfer occurs between the droplet and the surrounding liquid, leading to the solidification of
the molten wax microdroplet. We previously studied the deformation and solidification process
of millimeter sized molten wax drops impacting an immiscible liquid interface.*® The deforma-
tion of the millimeter sized wax drops was determined by the competition among the inertial,
viscous, interfacial, and thermal forces. Mushroom, ellipsoid, disc, and flake-like morphologies
were controllably obtained by varying the interfacial, inertial, viscous, and thermal effects. In
the millimeter scale case, the initial inertial driven spreading and the residual inertia led to
more significant deformation of the molten wax droplet during the impact. In this study, how-
ever, the dispersed phase of molten wax first broke into discrete wax microdroplets (red in Fig.
4(a)) at the flow-focusing region in the microchannel. As it traveled downstream and reached
the exit tubing, the dripping continuous phase formed droplets (in gray) with encapsulated wax
droplets (in red, Fig. 4(b)), acting as a buffer layer to reduce the impact energy upon striking
the immiscible liquid interface (illustrated in Figure 9). Therefore, the inertial effect of the wax
microdroplets is much smaller than that of the millimeter sized wax drops. The Weber number
for the molten wax microdroplet system is only on the order of 107°~10"", in comparison to
10'-10° of the millimeter sized wax drops. The Weber number is defined as We = (p,VZD)/a;,
in which p,,, Vo, D, g; are the density of the bath, initial impact velocity, diameter of the molten
wax droplets, and the interfacial tension between the molten wax and bath fluid. In the micro-
droplet impact case, the inertial effect is negligible and the viscous and thermal effects become
more dominant over the inertial force during the simultaneous deformation and solidification

a) Droplet generation in a flow-focusing channel b) Impact process
.
Molten Wax =——o
Continuous fluid —b:
(20 wt% aqueous glycerol
P l +0.025 wt% BDS) -
. ~— ‘
v -f 00
Transparent heat film

Bath fluid
, 40, 60, 80 wt% aqueous glycefol
+0.025 wt% SDS)

Gray: continuous fluid
Flow-focusing microchannel Red: molten wax .

Blue: bath fluid

7o : Viscosity of continuous phase 1o : Viscosity of bath fluid

Moo

— NoVo
o Vp : initial velocity of molten wax upon release

Cltgpopier= o V, : average velocity at the orifice of a microchannel

o0; :interfacial tension between dispersed and continuous phases oy : interfacial tension between molten wax and bath fluid

Ca.mpﬂct =

FIG. 4. Different parameters for calculating the Capillary numbers during: (a) emulsion production in a flow-focusing
channel and (b) droplet impact process on the cooling bath fluid.
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FIG. 5. Four morphologies of wax microparticles observed by optical microscopy (top panel) and scanning electron
microscopy images at low energy intensity of 1.5kV to avoid melting the wax sample (bottom panel), formed after molten
microdroplets impinged on an immiscible cooling liquid: (a) sphere; (b) flattened ellipsoid; (c) egg; and (d) thin disc. The
yellow and white scale bars represent 200 um and 50 um, respectively.

processes of wax microdroplets. The experimental results show four different solidified wax
microparticle shapes after impact: sphere, flattened ellipsoid, egg, and thin disc (Figure 5).

The cursory phase diagram represents the predominant shapes that are generated within the
range of dimensionless Stefan and Capillary numbers (Figures 6(a) and 6(b)), from microdroplet
and millimeter size droplets, showing distinguished differences. The capillary number here is cal-
culated differently from the value in the microchannel (see Figure 4). It is defined as Ca =noVo/
o;, where 7 is the dynamic zero shear viscosity of the bath fluid, V; is the impact velocity of
the molten droplet upon release, and o; is the interfacial tension between the molten wax and the
bath fluid. The dashed lines denote the boundary of particle shape transition. We used the same
raw data from our recent studies in macroscale®® and re-analyzed them with a logarithmic x-axis
scale in Ca for side-by-side comparison of micron versus millimeter size cases.

For the millimeter sized wax drops, the spreading of molten wax was enhanced with
increasing Ca, promoting mushrooms and flake-like shapes (Ca > 0.5). Spherical particles did
not emerge in the Ca and St phase diagram for the millimeter sized wax droplets (Figure 6(b)).
In contrast, spherical micron sized wax particles formed at higher St (St>5) (see Figure 6(b))
because the deformation of the molten wax microdroplets was hindered by the rapid crystalliza-
tion as St increased. At lower capillary numbers (0.03 < Ca <0.5), less deformable shapes (e.g.,
spheres or eggs) were favorably generated followed by thin discs. Within 0.1 < Ca < 1.0, lower
St number implied slower crystallization, providing more time for deformation to form thin
discs, when compared to higher St for the spherical morphology. For higher capillary numbers
(Ca> 1), the spreading of the molten wax was hindered by more viscous bath liquid, promoting
flattened ellipsoid particles. The morphological difference between wax microparticles and

(a) 7 (b) 7
gl ophere e e e e e Ellipsold Disc ‘Mushrogin Flake-like
e o o ° ° A 6 \ \ R kS
\ A 4
6 ° ° ° o & 5 \\ \ cacie'e a0,
{ e 4 '.'M‘ oo
e T EEEr - o . a N
5°| ke ., (Thingise 7, 54 LI TR AT
o "/ " '/‘ -.\ S ’\.AA pl.\ ° :S. o
4 ° v ’/Iv - nw Saa 3 CCI T L
vovo vy L] SA o .".A‘\Aoo
3 vav/es mm  Sanm Flattened 2 LD dae  an,
wvianm mu/ a acllipsoid Oy PN b -
7 ’ \ % % [
2 1 | g
0.01 0.1 1 10 0.01 0.1 1
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FIG. 6. Cursory phase diagram of wax particle morphologies (a) in micron size (the scale bar is 50 um); (b) in millimeter
size (the scale bar is 1 mm), formed under different Stefan number and Capillary number. The dashed lines represent the
shape transition.
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millimeter sized particles at high Ca is associated with the influence from the buffer layer from
the continuous phase in the microchannel, hence reducing the impact energy significantly dur-
ing the droplet impact process, forming less deformed wax particles. We also observed opposite
trend of slopes in the phase diagram for the micro- versus millimeter-sized particles, which is
potentially due to the dominance of thermal effect over the inertial effect as the microdroplets
impact on the cold bath fluid. This cursory phase diagram provides a baseline for investigating
and understanding the kinematics, heat transfer, and crystallization behaviors of the molten wax
droplets upon impacting an immiscible liquid.

The deformation process of molten wax microdroplets is complicated, affected by intrinsic
material properties of molten wax and bath solutions, droplet velocity, heat transfer between
the molten wax droplet and bath liquid, and crystallization of the molten wax droplet. Here, we
first investigate the motion of droplets through an immiscible fluid with thermal effects. We
consider the following simplified situation: a molten wax drop of mass m, moves through an
immiscible fluid under the action of gravitational (F,), drag (F,), and buoyancy (F,) forces.
Using the equation of motion of a particle falling in a liquid bath by integrating the force bal-
ance on the particle, m,a = F, +F, -+ Fj. The drag force acting on the wax particle is
assumed to be a Stokes drag since the Reynolds number of the moving wax particle is around
0.1. We then solved the equation of motion of the particle to investigate the terminal velocity
of the wax particle with thermal effect by changing the viscosity and density of the bath liquid.
The equation of motion is represented as

dv —p, . 6mn,DV
__pp phg+ Mp ,

dr Py m,

@)

where D is the diameter of the wax droplet, the subscripts » and p stand for bath fluid and wax
particle, respectively. V is the relative velocity between the wax particle and its surrounding
fluid. Since the liquid bath is at rest, V is essentially the same as the velocity of the wax
particle.

In this falling body system, the drag force increases with the velocity of the droplet quickly
reaching a constant terminal velocity, which can be used to estimate the kinetic energy during
the wax deformation.*®** The Ohnesorge number (O%) represents the importance of the viscous
force relative to interfacial tension and inertial forces, expressed by Oh = Vpb/(p,,DO',»)l/z, where
v and p, are the kinematic viscosity and density of the bath fluid, D is the diameter of the drop-
let, and o; is the interfacial tension between the bath fluid and the molten wax. Chan and his
coworkers used Ohnesorge number (Oh) to examine the relationship between the processing
variables and the shape and size of alginate microbeads when alginate microbeads were cross-
linked through an extrusion-dripping method, showing the morphological transition at a critical
Ohnesorge number (O >0.24).*® In our study, the Ohnesorge number was plotted against the
dimensionless velocity V7/V, while varying St numbers to capture the competing viscous and
inertia effects during the droplet impact process (see Figure 7(a)). Vj is the initial velocity of
the continuous phase droplet (glycerol/water containing the molten wax droplet) upon release.
The terminal velocity V7 is the velocity at which the drag force balances out the gravitational
and buoyancy forces. We show that normalized terminal velocity V;/V decreases rapidly when
Oh < 0.2 and reaches a plateau region over Oh > 0.2 (Figure 7(a)). That is, the impact energy is
high for less viscous solutions (Oh <0.2), which yields more deformed wax particles.
Moreover, the thermal effect described by the Stefan number (S7) has little effect on V4/V, at
higher Oh. As the bath fluid becomes more viscous, the thermal effect becomes less important,
resulting in less deformed particles. These observations are in good agreement with experimen-
tal results illustrated in the phase diagram at high Ca (Figure 6(a)).

The deformation process of the molten wax droplet is also affected by the combination of
buoyancy, gravity, and interfacial tension forces, which are represented by the Bond number
Bo=(pp — ,0,,)gD2/4(r,»).49 Since the thermal effect is important in our system due to the tem-
perature difference between the molten wax droplet and the cooling bath liquid, V7/V, shows
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FIG. 7. Dimensionless velocity profile as a function of (a) the Ohnesorge number; and (b) the Bond number while varying
Stefan numbers.

larger variation at low Bo with respect to St than the values at high Bo (Figure 7(b)).
Furthermore, V7/V, decays to almost zero when Bo reaches 0.008, which demonstrates that the
gravitational and buoyancy forces are less dominant than the interfacial tension force since the
size of the molten wax droplet is only hundreds of micrometers. Therefore, it is reasonable to
relate the final wax morphologies with the Capillary number Ca which represents the viscous
and interfacial forces along with the Stefan number Sz. Note that V;/V, decreases with increas-
ing St in both Bo and Oh plots (Figures 7(a) and 7(b)), indicating that higher S# numbers sup-
pressed droplet deformation, evidenced by our experimental results (Figure 6(a)).

C. Crystallization of molten wax microdroplet

During impact, the deformation of a molten wax microdroplet is not only determined by
the kinematics of the particle but also associated with its crystallization process. As the molten
wax cools down below its phase transition temperature, the wax crystals precipitate and form
an interlocked three-dimensional crystal network,”® causing continuous crystallization from the
surface to the core. Early studies of droplet solidification after impinging on a cooling liquid
were mainly motivated by biopreservation, because the vitrification is regarded as the only pos-
sible way to cryopreserve human cells and tissues (e.g., oocytes and brain tissue).’'?
Crystallization refers to the process of formation of a solid crystal precipitating from its molten
state while vitrification is the transformation of a substance into glassy state due to extremely
rapid cooling. Once the temperature of microdroplets reaches its freezing point, solidification
(crystallization or vitrification) takes place, depending on the cooling rate, nucleation site, and
thermal properties of the material.’*>> Figure 8(a) shows the molten wax microdroplets

< Continuo
(20 wt% aque

Molten wax
“—

200 m e o 4 S 100 pm

FIG. 8. (a) Molten wax droplets are generated in a flow-focusing microchannel at 66 °C. The flow rate for the continuous
phase (20 wt. % aqueous glycerol solution) is Q.= 1ml/h, and Q,=0.1ml/h for the dispersed phase (molten wax). (b)
Crystallized wax microparticles after cooling at 23 °C observed by an optical microscope.
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produced in a droplet microfluidic device at 66 °C, with solid wax microparticles exhibiting dis-
tinct crystallization structures after reaching 23 °C (Figure 8(b)), which demonstrates that the
wax microparticles are crystallized during the cooling process.

The theoretical estimation for the kinetics of isothermal crystallization was earlier proposed
by Avrami.”® Non-isothermal crystallization models with different crystallization temperatures
and cooling rates were extensively studied by Nakamura®’ and Boutron.’® The non-isothermal
kinetics model proposed by Boutron considers both the growth of spherical crystals and the re-
tarded speed of the ice front, as shown below:>®

dy

4 = ka1 = 0)(Ty — T)exp(~Q/RT,), ®

where y is the degree of crystallization (0 <y <1), O (J/mol) is the activation energy, Tr (K) is
the onset temperature of crystallization, R (J/mol K) is the gas constant, T, (K) is the tempera-
ture at the surface of the wax droplet, and &, (1/s K) is the characteristic constant related to the
number of nuclei in the wax.’® The crystallization process due to heat transfer is governed by
both heat convection and heat conduction between the molten wax droplet and the bath liquid.
The dimensionless heat transfer equation is expressed as

8T*(r*’t*) SN (% k) _ k(% 18%
S V) VTG ) = V- (V0 ) 4 g 2

©)
in which V is the differential vector operator, 7% =(T — T, )/(T; — T,) is the dimensionless
temperature in which T; is the initial temperature of the droplet surface and T, is the tempera-
ture of the surrounding bath liquid, V" = (V,/V;)é, is the dimensionless velocity in which
Vo is the initial droplet velocity, V, is the radial velocity of the wax droplet, r* =at/D? is
the dimensionless time (same as the Fourier number Fo) in which D is the droplet diameter,
o=k/(pC)) is the thermal diffusivity (can be calculated from the thermal conductivity, density,
and heat capacity for the molten wax listed in Table II).

The molten wax microdroplet crystallization system consists of three domains: molten wax,
buffer layer, and the surrounding bath liquid (Figure 9). By solving two coupled partial differ-
ential equations (PDEs) (Egs. (8) and (9)), the temperature profile at the surface of the molten
wax droplet (T*(1,r*) = T:(r*)) with respect to time is updated to solve the non-isothermal
crystallization equation. In our case, the heat convection is not negligible due to the fact that
the Peclet number, Pe =DVy/a=14.79, is greater than unity when the wax microdroplet ini-
tially impacts an immiscible liquid. By using the dimensionless parameters (i.e., the Stefan

bath liquid
* buffer layer

Too

V*

; 0o<r<1
DE

FIG. 9. Schematics of a molten wax microdroplet cooling in an aqueous solution, showing all the key temperature
parameters.
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number and the Fourier number), we analyzed the dimensionless temperature on the surface of
the droplet and the degree of crystallization in the wax phase (Figures 10(a) and 10(b)).
Typically, the surface temperature of the droplet decreases rapidly initially and then reaches a
plateau when the temperature of the droplet and the surrounding medium reaches an equilib-
rium (inset in Figure 10(a)). It is noted that T = T*(1,r") profiles show similar trends along
Fo with varying St, giving a general master curve of thermal equilibrium for the molten wax
droplet and its surrounding medium with certain thermal properties of materials (Figure 10(a)).
In particular, we found that the degree of crystallization of wax droplets increased with an
increase in St and Fo (Figure 10(b)). At the highest Sr=7.06, the degree of crystallization of
the molten wax rapidly reached a plateau value y ~ 1.0 at Fo =10, which represents the com-
plete crystallization that is different from the lower St trends. For lower St, the heat transfer
rate between the bath liquid and molten wax is smaller than that of high Sz, resulting in a
slower crystallization rate. Our results reveal that the crystallization process occurs rapidly at
large temperature difference, so that the deformation of molten wax droplet is hindered by the
fast crystallization. This theoretical prediction is in good agreement with the experimental

a)
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FIG. 10. Change in temperature and degree of crystallization as a function of time. (a) Plot of the dimensionless surface
temperature of the molten droplet versus the Fourier number by varying the Stefan number. An inset graph represents the
dimensional plot of temperature with respect to time. (b) Plot of the dimensionless crystallinity versus the Fourier number
by varying the Stefan number.



064114-13 Lee, Beesabathuni, and Shen Biomicrofluidics 9, 064114 (2015)

results shown in the phase diagram (Figure 6). The wax particles are prone to form spherical
shape rather than egg-shaped, thin disc-shaped, and flattened ellipsoid-shaped when Sz > 5. The
deformed molten wax droplets are easier to form at lower St (even at high Fo), see Figure
10(b). In short, the deformation of wax droplets impinging on a cooling immiscible liquid was
investigated by analyzing the droplet motion, heat transfer, and crystallization of wax micro-
droplets. The deformation process of the molten microdroplet is complex, and many physical
aspects should simultaneously be considered. Our ongoing effort is to solve the droplet impact
problem, coupled with the crystallization process numerically with a moving boundary interface
by considering deformation of the wax drop upon impact.

V. CONCLUSION

With the aid of a microfluidic platform, molten wax microdroplets were successfully gener-
ated in a flow-focusing microchannel. Wax microdroplet diameters formed in the microchannel
were controlled by the temperature and could be estimated with respect to the molten wax vis-
cosity and interfacial tension between the molten wax and the aqueous solution. The droplet
motion, heat transfer, and crystallization of molten wax microdroplets were analyzed to investi-
gate the deformation process of molten wax microdroplets impinging on an immiscible inter-
face by using various dimensionless parameters. Sphere, egg-shaped, thin disc-shaped, and flat-
tened ellipsoid-shaped morphologies were controllably generated by varying the viscous and
thermal effects, and a cursory phase diagram was depicted. The viscous and thermal effects
were found to be more dominant over the gravitational and buoyancy effects, promoting mor-
phologies different from those observed in the millimeter sized molten wax drops. The tempera-
ture and the degree of crystallization of the wax microdroplets were examined with respect to
time by varying the temperature difference between the wax microdroplets and the aqueous
bath liquid. The droplet deformation was hindered by fast crystallization due to heat transfer
between the wax droplets and the surrounding bath liquid. These theoretical and experimental
studies are expected to provide in-depth insight into the general deformation and crystallization
behavior, and morphological manipulations of soft materials such as droplets, droplet com-
pounds, and cells impinging on an immiscible liquid interface.
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