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Abstract

This study used COMSOL Multiphysics 6.2 and the Level Set method to track the evolution process
of oil-water-oil interfaces. A two-dimensional axisymmetric coaxial microchannel model was con-
structed to investigate the effects of the ratio of the diameter of the focusing hole to the width of the
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outlet channel (wn), the neck length (Ls), and the opening angle (63) on the generation of double
emulsion droplets. The results show that in this model, there are two generation modes for double
emulsion droplets: droplet flow and jet flow. In the droplet flow mode, the interfacial tension dom-
inates and the monodispersity is good; in the jet flow mode, the viscous shear is strong and the gen-
eration frequency is high. Geometric analysis shows that raising wn reduces outer droplet volume
and increases generation frequency; an excessively large wn is prone to cause droplet merging; in-
creasing Ls mainly extends the jet length, with a relatively small impact on the droplet volume; re-
ducing 03 can enhance the shear force, reduce the volume of the outer droplet, increase the genera-
tion frequency, and the volume change of the inner droplet is not significant. In summary, the geo-
metric parameters can effectively control the size and frequency of double emulsion droplets,
providing numerical basis and design references for the application of microfluidic double emul-
sion droplets in drug carriers, functional capsules, etc.
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Figure 1. Geometric dimensions of the coaxial microchannel model
E 1 EHR@EERE MR
Table 1. Physical properties of three-phase fluids
= 1. ZHEREAIIEY T
RIS P JE (kg/md) HE (Pa-s) FH1HI 5K 73(N/m)
R ETREN 1000 0.00671 0.005
o ] AR AL A 1000 0.00195 0.005
SR 1000 0.00671 0.005
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Figure 2. Local diagrams and phase diagrams of different unit size networks
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Table 2. Data of different grids
= 2. TEIMEHE R

==t Vi AL S e P E TR P AN AR EL T K (min)
Wk 1 12,823 0.9535 0.04773 79
W 2 19,877 0.9552 0.06257 91
Wt 3 90,487 0.9663 0.13471 533
Wt 4 340,828 0.9639 0.14585 2725
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Figure 3. Drop-flow mode of the double emulsion droplet experiment [26]
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Figure 4. Phase diagram under droplet flow mode (left) and pressure and velocity contour maps (right)
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Figure 5. Jet mode of the double emulsion droplet experiment [26]
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Figure 6. Phase diagram under jet flow mode (left) and pressure and velocity contour maps (right)
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Figure 7. Volume fraction diagrams of the double emulsion droplets for different focusing hole diame-
ters (left) and pressure and velocity contour maps (right)
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Figure 8. (a) Volume of inner and outer droplets; (b) Frequency of formation of double emulsion droplets
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Figure 9. Volume fraction diagrams of the two emulsion droplets with different neck lengths
of the focusing holes (left) and pressure and velocity cloud diagrams (right)
E 9. TRIREFLIKMNABHER I HE (L) REHFREZE(R)
2.0E-3 3.0E+2
a — v, b Cf
e Vo
1.5E-3} N . 2.3E+2} 2123
o ~ 98.02 195.69 02.0.
3 = 163.85
=1.0E-3f 0 1.5E+21
S
>
5.0E-4 7.5E+1
A A A A —
0 1 1 1 1 1 0 1 il 1 1 1
30 60 90 120 150 30 60 90 120 150
Ly (um) Ls (um)

Figure 10. (a) Volume of inner and outer droplets; (b) Frequency of formation of double emulsion droplets
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Figure 11. Volume fraction diagrams of the double emulsion droplets for different focusing hole diameters (left) and
pressure and velocity cloud diagrams (right)
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Figure 12. (a) Volume of inner and outer droplets; (b) Frequency of formation of double emulsion droplets
12. (a) PISNREARTR; (b) ML IREE RSN

4, 4Eip

ARSCHE T 7R A X )l e T v XL W0 4 2 1 S IR HEAT T BB, I B T RS
PR IR, IR IE 1 SR T A L] AR T RELER. SR ARSI LS
O RS SR IR R0 BUNEAR . BUESUHKRAENT AA R T IR AN ARV e
AR R R, & T PR RS 2 R TR EAR . B SUHAMUBR T A WIS 2 4135 1440
Ky FRIE ARSRARAEEA, A m BRI RSN . RS R R 3 58 S PR
BL, TGP IN TP I s AR A [ R A TUART i 2 X B B R — B R . ASCOREUAL T
RFEWEUR L, BE T RN AR m B ABE R X, WATRE Il =4E kA8 Vs SR,
AR A T RE . Rk, D9 RE N SE PR R A T, RORF T 4 = 4R AU . B TN
Pz LR A E AL s SR O T e Tk, e S rE I 2 S FRE, BB SR THRR T RE R
FEUERTHRIE, SRR DhREATRHIIESE Ty T A S o

SE K

[1] Zhu, P.and Wang, L. (2017) Passive and Active Droplet Generation with Microfluidics: A Review. Lab on a Chip, 17,
34-75. https://doi.org/10.1039/c61c01018k

[2] Jeong, G., Ricco, R., Liang, K., Ludwig, J., Kim, J., Falcaro, P., et al. (2015) Bioactive MIL-88A Framework Hollow
Spheres via Interfacial Reaction In-Droplet Microfluidics for Enzyme and Nanoparticle Encapsulation. Chemistry of
Materials, 27, 7903-7909. https://doi.org/10.1021/acs.chemmater.5b02847

[3] He, F., Zhang, M., Wang, W., Cai, Q., Su, Y., Liu, Z., et al. (2019) Designable Polymeric Microparticles from Droplet
Microfluidics for Controlled Drug Release. Advanced Materials Technologies, 4, Article ID: 1800687.
https://doi.org/10.1002/admt.201800687

[4] Silva, B.F.B., Rodriguez-Abreu, C. and Vilanova, N. (2016) Recent Advances in Multiple Emulsions and Their Appli-
cation as Templates. Current Opinion in Colloid & Interface Science, 25, 98-108.
https://doi.org/10.1016/j.cocis.2016.07.006

DOI: 10.12677/hjcet.2026.162012 124 =AW EESES VN


https://doi.org/10.12677/hjcet.2026.162012
https://doi.org/10.1039/c6lc01018k
https://doi.org/10.1021/acs.chemmater.5b02847
https://doi.org/10.1002/admt.201800687
https://doi.org/10.1016/j.cocis.2016.07.006

FRER, KM

(5]
(6]
[7]

(8]
(9]

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]
(18]
[19]
[20]

[21]

[22]
[23]

[24]

[25]

[26]

Utada, A.S., Lorenceau, E., Link, D.R., Kaplan, P.D., Stone, H.A. and Weitz, D.A. (2005) Monodisperse Double Emul-
sions Generated from a Microcapillary Device. Science, 308, 537-541. https://doi.org/10.1126/science.1109164

Galogahi, F.M., Zhu, Y., An, H. and Nguyen, N. (2020) Core-Shell Microparticles: Generation Approaches and Appli-
cations. Journal of Science: Advanced Materials and Devices, 5, 417-435. https://doi.org/10.1016/j.jsamd.2020.09.001

Panigrahi, D., Sahu, P.K., Swain, S. and Verma, R.K. (2021) Quality by Design Prospects of Pharmaceuticals Applica-
tion of Double Emulsion Method for PLGA Loaded Nanoparticles. SN Applied Sciences, 3, Article No. 638.
https://doi.org/10.1007/s42452-021-04609-1

Zhang, Y., Chen, X. and Han, W. (2021) Generation of Droplets in Double T-shaped Microchannels with Necked Struc-
tures. Chemical Engineering & Technology, 44, 1241-1250. https://doi.org/10.1002/ceat.202000428

Shen, F., Zhang, Y., Li, C., Pang, Y. and Liu, Z. (2024) Merged and Alternating Droplets Generation in Double T-
Junction Microchannels Using Symmetrically Inserted Capillaries. Microfluidics and Nanofluidics, 28, Article No. 29.
https://doi.org/10.1007/s10404-024-02725-z

Sattari, A. and Hanafizadeh, P. (2020) Controlled Preparation of Compound Droplets in a Double Rectangular Co-Flow-
ing Microfluidic Device. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 602, Article ID: 125077.
https://doi.org/10.1016/j.colsurfa.2020.125077

Askari, A.H., Shams, M. and Sullivan, P.E. (2019) Numerical Simulation of Double Emulsion Formation in Cross-Junc-
tional Flow-Focusing Microfluidic Device Using Lattice Boltzmann Method. Journal of Dispersion Science and Tech-
nology, 40, 1451-1460. https://doi.org/10.1080/01932691.2018.1518141

Pan, D., Zhang, Y., Zhang, T. and Li, B. (2021) Flow Regimes of Polymeric Fluid Droplet Formation in a Co-Flowing
Microfluidic Device. Colloid and Interface Science Communications, 42, Article ID: 100392.
https://doi.org/10.1016/j.colcom.2021.100392

Nabavi, S.A., Vladisavljevi¢, G.T. and Manovi¢, V. (2017) Mechanisms and Control of Single-Step Microfluidic Gen-
eration of Multi-Core Double Emulsion Droplets. Chemical Engineering Journal, 322, 140-148.
https://doi.org/10.1016/j.cej.2017.04.008

Umbanhowar, P.B., Prasad, V. and Weitz, D.A. (1999) Monodisperse Emulsion Generation via Drop Break off in a
Coflowing Stream. Langmuir, 16, 347-351. https://doi.org/10.1021/1a990101e

Abate, A.R., Thiele, J. and Weitz, D.A. (2011) One-Step Formation of Multiple Emulsions in Microfluidics. Lab Chip,
11, 253-258. https://doi.org/10.1039/c01c00236d

Zhang, J., Xu, W., Xu, F., Lu, W., Hu, L., Zhou, J., et al. (2021) Microfluidic Droplet Formation in Co-Flow Devices
Fabricated by Micro 3D Printing. Journal of Food Engineering, 290, Article ID: 110212.
https://doi.org/10.1016/j.jfoodenq.2020.110212

Anna, S.L. (2016) Droplets and Bubbles in Microfluidic Devices. Annual Review of Fluid Mechanics, 48, 285-309.
https://doi.org/10.1146/annurev-fluid-122414-034425

Yang, Q., Wang, Z., Zhao, Y., Zhang, F. and Gao, Q. (2024) Electro-Hydrodynamics Study of Double Emulsion Droplet
Formation in a Double Y-Shaped Channel. Physics of Fluids, 36, Article ID: 092015. https://doi.org/10.1063/5.0223426

Wang, Z., Wang, Y., Qin, J., Chen, Z., Ding, B. and Chen, Y. (2024) Core Release Dynamics of Double-Emulsion
Droplets Induced by Temperature Gradient. Physics of Fluids, 36, Article ID: 052004. https://doi.org/10.1063/5.0203084

Chen, Y., Wu, L. and Zhang, L. (2015) Dynamic Behaviors of Double Emulsion Formation in a Flow-Focusing Device.
International Journal of Heat and Mass Transfer, 82, 42-50. https://doi.org/10.1016/j.ijheatmasstransfer.2014.11.027

Nabavi, S.A., Vladisavljevi¢, G.T., Gu, S. and Ekanem, E.E. (2015) Double Emulsion Production in Glass Capillary
Microfluidic Device: Parametric Investigation of Droplet Generation Behaviour. Chemical Engineering Science, 130,
183-196. https://doi.org/10.1016/j.ces.2015.03.004

Giona, M., Procopio, G., Adrover, A. and Mauri, R. (2022) New Formulation of the Navier-Stokes Equations for Liquid
Flows. Journal of Non-Equilibrium Thermodynamics, 48, 207-228. https://doi.org/10.1515/jnet-2022-0095

Olsson, E., Kreiss, G. and Zahedi, S. (2007) A Conservative Level Set Method for Two Phase Flow Il. Journal of Com-
putational Physics, 225, 785-807. https://doi.org/10.1016/j.jcp.2006.12.027

Yu, Q., Ma, Y., Li, X, Zheng, H. and Chen, X. (2022) Numerical Simulation Study of Double-Emulsion Droplet For-
mation in a Co-Flow Microchannel Capillary Device. Transport in Porous Media, 145, 347-366.
https://doi.org/10.1007/s11242-022-01853-w

Zhou, J., Wei, A., Bertsch, A. and Renaud, P. (2022) High Precision, High Throughput Generation of Droplets Contain-
ing Single Cells. Lab on a Chip, 22, 4841-4848. https://doi.org/10.1039/d21c00841f

Sattari, A., Hanafizadeh, P. and Keshtiban, M.M. (2021) Microfluidic Preparation of Double Emulsions Using a High
Aspect Ratio Double Co-Flow Device. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 628, Article
ID: 127297. https://doi.ora/10.1016/j.colsurfa.2021.127297

DOI: 10.12677/hjcet.2026.162012 125 e TREEHA


https://doi.org/10.12677/hjcet.2026.162012
https://doi.org/10.1126/science.1109164
https://doi.org/10.1016/j.jsamd.2020.09.001
https://doi.org/10.1007/s42452-021-04609-1
https://doi.org/10.1002/ceat.202000428
https://doi.org/10.1007/s10404-024-02725-z
https://doi.org/10.1016/j.colsurfa.2020.125077
https://doi.org/10.1080/01932691.2018.1518141
https://doi.org/10.1016/j.colcom.2021.100392
https://doi.org/10.1016/j.cej.2017.04.008
https://doi.org/10.1021/la990101e
https://doi.org/10.1039/c0lc00236d
https://doi.org/10.1016/j.jfoodeng.2020.110212
https://doi.org/10.1146/annurev-fluid-122414-034425
https://doi.org/10.1063/5.0223426
https://doi.org/10.1063/5.0203084
https://doi.org/10.1016/j.ijheatmasstransfer.2014.11.027
https://doi.org/10.1016/j.ces.2015.03.004
https://doi.org/10.1515/jnet-2022-0095
https://doi.org/10.1016/j.jcp.2006.12.027
https://doi.org/10.1007/s11242-022-01853-w
https://doi.org/10.1039/d2lc00841f
https://doi.org/10.1016/j.colsurfa.2021.127297

	同轴微通道中双乳液滴生成的数值模拟研究
	摘  要
	关键词
	Numerical Simulation Study on the Generation of Dual Emulsion Droplets in Coaxial Microchannels
	Abstract
	Keywords
	1. 引言
	2. 数值分析方法及可行性验证
	2.1. 控制方程
	2.2. 几何模型及边界条件
	2.3. 网格可行性分析

	3. 结果与讨论
	3.1. O/W/O型双乳液滴典型流态模式
	3.1.1. 滴流模式
	3.1.2. 射流模式

	3.2. 聚焦孔直径对双乳液滴生成的影响
	3.3. 聚焦孔颈长对双乳液滴生成的影响
	3.4. 聚焦孔开角对双乳液滴生成的影响

	4. 结论
	参考文献

