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The droplet formation in the presence of nanoparticles was studied in a T-shaped
microfluidic device numerically. Nanoparticles in continuous phase did not influ-
ence droplet formation dynamics obviously. Contrarily, the presence of nanopar-
ticles in dispersed phase will influence evidently droplet formation dynamics, the
possible reason is that the accumulation of nanoparticles at the liquid-liquid in-
terface would cause the variation of interfacial tension and the anisotropy of na-
noparticles’ movement at interface. Discussions on microscopic mechanism of
droplet formation in the presence of nanoparticles were carried out.
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Introduction

Over the past decade droplet-based microfluidics has been widely used in the areas
of nanomaterials preparation, pharmaceutical analysis, protein engineering, and so on [1-6].
Research works on dynamics behavior of droplet mainly focus on mechanism of droplet for-
mation, control of droplet size. In T-junction microchannels, the dispersed phase liquid is dis-
cretized into separate elements by immiscible continuous phase liquid. This process involves
complex mechanism, which derives from the force competition among the interfacial tension,
viscous shearing, pressure drop, and possible force perturbations out of the system [7-10].
Current computational fluid dynamics (CFD) study has been proven to be a powerful tool to
investigate the pressure and velocity distribution, the commercial CFD software is readily a
complement for experimental study. Moreover, lattice Boltzmann method (LBM) was also
proven to be a valid tool for predicting droplet creation and deformation at microscale
[11-15]. However, it remains unclear, how the nanoparticles in fluid influence the droplet
formation mechanism and droplet size so far. We intend to investigate the hydrodynamics be-
havior of droplets containing nanoparticles in this paper numerically.

Calculation model

The microchannel under investigation is presented in fig. 1 The channel depth is
30 um. The inlet 1 and inlet 2 are injected with deionized water as continuous phase and sili-
cone oil as dispersed phase, respectively. At wall hydrophobic contact angle is 105°. The inlet
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for dispersed fluid and the main
channel for continuous fluid are pre-
filled with continuous phase. At the
T-junction microheater and tempera-
tue sensors are hypothetically em-
bedded to control and measure the
local temperature. The settings of

Continuous phase

uous, based fluids properties: the viscosity,

density, specific heat and thermal
conductivity of fluid are 1.003
g/m-s, 0.9982 g/lcm®, 4180 JkgK,
and 0.6 W/mK, respectively; the viscosity, density, specific heat, and thermal conductivity of
dispersed phase are 50 g/m-s, 0.950 g/cm?®, 1630 J/kgK, and 0.16 W/mK, respectively. Densi-
ty and specific heat of Fe;04 nanoparticle are 5.18 g/cm® and 937 J/kgK. The interfacial ten-
sion between deionized water and silicone oil is 30 mN/m at 25 °C. The source term in N-S
equation correlated with interfacial tension based on the continuum surface force model can
be calculated as described in [5]. Moreover, the nanoparticle continuity and energy equations
are derived from Buongiorno [16]. In our simulation, the nanofluid is treated as a single
phase, and is considered to be a dilute mixture. Brownian diffusion and thermophoresis, can
be regarded as the only slip mechanisms for nanoparticle transport at low Reynolds number in
microflow. They are incorporated into the nanoparticle transport equation.

Figure 1. Schematic diagram of geometric models

Results and discussion

The problem can be described in terms of following dimensional and physical para-
meters: interfacial tension o, channel depth h, channel width w., wg, flow velocity v, vy, , Vis-
COSIty ue, ug, density pc, pq, (Subscript ¢ and d denote that of continuous phase and dispersed
phase ). We can define six independent dimensionless parameters based on the abovemen-
tioned parameters, Q = Vgvg/VeVe, Ca = ucVelo, Re = pWeVelue, A = palue, A4 = wglwe, and
I’ = hiw.. The droplet diameter Dy is defined as droplet volume divided by channel width of
continuous phase, channel width of dispersed phase and depth, i. e. Dy = Vg/wwch, here, Vq is
droplet volume, which can be exported after calculation, because most of the droplets in pub-
lished experiments are longer than the width of continuous phase channel. The inlet velocity
of continuous phase is set to be 0.12-1.2 mm/s, and the flow rate ratio Q ranges from 0.005 to
5. The capillary number Ca is 0.004-0.04, the Reynolds number Re is about 0.006-0.06, the
ratio of depth to width 7"is 0.6, channel width ratio A is 1. The viscosity ratio 4 is about 50 ir-
respective of nanoparticles suspending in based fluid. The particle volume fraction of the con-
tinuous phase is 0.2%, and that of the dispersed phase is from 0.1% to 2%.

The problem is solved using one set of continuity equations for the entire domain both
inside and outside the droplets. Both continuous phase and dispersed are treated as incompressi-
ble with no external body forces as the influence of gravity can be regarded as negligible. This is
justified by the fact that the Bond number (Bo = p, gwczla) is well below unity.

Numerical simulations have been performed on the influence of droplet size of na-
noparticle volume fraction with various flow rate ratio and capillary number. Theoretically,
the viscosity influenced interfacial tension and flow characteristics, and the viscosity of a
nanofluid varies with increasing nanoparticle volume fraction. It is a pity, no theoretical mod-
el is available for the prediction of the effective viscosity of nanofluids as a function of par-
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Figure 2. Effect of 0.2% nanoparticle in the Figure 3. Effect of 0.2% nanoparticle in the
presence of dispersed phase, that of Ca and Q presence of continuous phase, that of Ca and Q
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ticle volume fraction so far. There are many established results about the effects on the drop-
let size of capillary number and flow rate ratio in the absent of nanoparticle in fluid [17, 18].
To insight effect of the presence of nanoparticles in dispersed phase, humerical simulations
are carried out at a fixed 1 =50, 4 = 1, "= 0.6, flow rate ratio Q is 1.0, 0.8, 0.2, respectively.
Capillary numbers range from 0.001-0.02, for such small values of capillary numbers the
droplet formation is in the squeezing (pressure dominated) regime, suggesting that interfacial
tension dominates viscous stress. We can see from fig. 2., nanoparticles in dispersed phase af-
fect the droplet size obviously, especially at low Ca and Q, nearly 50% reduction can be
achieved.

The reasons should be that, nanoparticles increase slightly the effective viscosity on
the one hand, decrease violently the interfacial tension on the other hand. In the microscopic
view, Brownian motion and thermophoresis cause nanoparticle enrichment at interface. In ad-
dition, Brownian motion is anisotropic, thermal motion of nanoparticle takes place more ef-
fortless tangential to interface than that of normal to interface because of the constraint of in-
terfacial tension. However, in the presence of nanoparticles in continuous phase, less than
10% reduction of the droplet size come into being even at very low Ca and Q (fig. 3), because
the variation of viscosity ratio (1) is not so great, that only a slightly influence has been ex-
erted on interfacial tension and droplet formation process.

Conclusions

The droplet formation process of silicone oil containing nanoparticles in deionized
water as continuous phase was investigated for different flow conditions, such as capillary
number, and flow rate ratio. With thorough parametric studies, we elaborated on the strong ef-
fect of interfacial tension on the droplet size in a microfluidic T-junction. We observed that
interfacial tension of nanoparticles uniform suspension in silicone oil as dispersed phase
strongly affects the droplet formation in low capillary number and Reynolds number
microflow, likely reason is that the accumulation of nanoparticles at the liquid-liquid interface
would cause the variation of interfacial tension and the anisotropy of particles’ movement at
interface. The mechanism is very complicated, because the integrated influence of particle
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movement and interaction should be taken into account to estimate effective viscosity and in-
terfacial tension. The Brownian motion and adsorption of nanoparticles at the interfaces were
identified as mechanisms for reduced the interfacial tensions of nanofluid. Contrarily, nano-
particles in continuous phase did not influence droplet formation dynamics obviously.

Acknowledgments

The authors acknowledge the support from the Natural Science Foundation of Zhe-
jiang Province (LY12A02007).

References

[1] Brouzes, E., Medkova, M., Savenelli, N., Droplet Microfluidic Technology for Single-Cell High-
throughput Screening, Proc Natl Acad Sci, 106 (2009), 106, pp. 14195-14200

[2] Bao, F.B., Lin, J.Z., Shi, X., Burnett Simulations of Flow and Heat Transfer in Micro Couette Flow Us-
ing Second-order Slip Conditions, Heat and Mass Transfer, 43 (2007), 6, pp. 559-566

[3] Bao, F. B, Lin, J. Z., Burnett Simulation of Gas Flow and Heat Transfer in Micro Poiseuille Flow, In-
ternational Journal of Heat and Mass Transfer, 51 (2008), 15-16, pp. 4139-4144

[4] Bao, F. B., Lin, J. Z., Linear Stability Analysis for Various Forms of One-Dimensional Burnett Equa-
tions, Inter. J. of Nonlinear Sciences and Numerical Simulation, 6 (2005), 3, pp. 295-303

[5] Fischer, M., Juric, D., Poulikakos, D., Large Convective Heat Transfer Enhancement in Microchannels
With a Train of Coflowing Immiscible or Colloidal Droplets. J. of Heat Transfer, 132 (2010), 11, pp.
112402

[6] Liu, Z., et al., Mixing Intensification by Chaotic Advection Inside Droplets for Controlled Nanoparticle
Preparation, Microfluidics and Nanofluidics, 9 (2010), 9, pp. 773-786

[7] de Menech, M., et al., Transition from Squeezing to Dripping in a Microfluidic T-shaped Junction.
Journal of Fluid Mechanics, 595 (2008), 1, pp. 141-161

[8] Sang, L., Hong,Y., Wang, F., Investigation of Viscosity Effect on Droplet Formation in T-shaped Mi-
crochannels by Numerical and Analytical Methods, Microfluidics and Nanofluidics, 6 (2009), 6, pp.
621-635

[9] Gupta, A., Kumar, R., Effect of Geometry on Droplet Formation in the Squeezing Regime in a Micro-
fluidic T-junction, Microfluidics and Nanofluidics, 8 (2010), 6, pp. 799-812

[10] Murshed, S. M. S., Tan, S. H., Nguyen, N. T., Temperature Dependence of Interfacial Properties and
Viscosity of Nanofluids for Droplet-based Microfluidics, J. Phys. D., 41 (2008), 8, pp. 085502

[11] Lin, J. Z., Shi, X., Effects of the Aspect Ratio on the Sedimentation of a Fiber in Newtonian Fluids,
Journal of Aerosol Science, 34 (2003), 7, pp. 909-921

[12] Ku, X. K., Lin, J. Z., Inertial Effects on the Rotational Motion of a Fiber in Simple Shear Flow between
Two Bounding Walls, Physica Scripta, 80 (2009), 2, pp. 025801

[13] Lin, J. Z., Ku, X. K., Fiber Orientation Distributions in a Suspension Flow through a Parallel Plate
Channel Containing a Cylinder, Journal of Composite Materials, 43 (2009), 12, pp. 1373-1390

[14] Ku, X. K., Lin, J. Z., Numerical Simulation of the Flows over Two Tandem Cylinders by Lattice
Boltzmann Method, Modern Physics Letters B, 19 (2005), 28-29, pp. 1551-1554

[15] shi, X., Lin, J. Z., Yu, Z. S., Discontinuous Galerkin Spectral Element Lattice Boltzmann Method on
Triangular Element, Int. J. for Numerical Methods in Fluids, 42 (2003), 11, pp. 1249-1261

[16] Buongiorno, J., Convective Transport in Nanofluids, ASME J. Heat Transfer, 128 (2006), 3, pp. 240-250

[17] Li, X. B., Li, F. C,, Yang, J. C., Study on the Mechanism of Droplet Formation in T-junction Micro-
channel, Chem. Eng. Sci., 69 (2012), 1, pp. 340-351

[18] Sivasamy, J., et al., An Investigation on the Mechanism of Droplet Formation in a Microfluidic
T-junction, Microfluidics and Nanofluidics, 11 (2011), 1, pp. 1-10

Paper submitted: July 3, 2012
Paper revised: September 3, 2012
Paper accepted: September 13, 2012



