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Abstract 

In this work, a method based on Pickering emulsion systems (PES) was proposed to 

manipulate multiphase processes containing solid particles in microchannels 

without adhesion and/or accumulation. The flow hydrodynamics of PES in a 

microchannel were systematically characterized. For comparison, a suspension system 

(SS, ethyl acetate with suspended SiO 2 nanoparticles-water) and a viscous fluid 

system (VFS, ethyl acetate with methyl-silicone oil-water) were examined. It was 

found liquid-liquid two-phase characteristics of PES, SS and VFS around T-junction 

within the main microchannel depended on surface hydrophobicity of stabilizing SiO 

2 nanoparticles, amount of SiO 2 particles added, viscosity and flow rate. Four flow 

patterns were observed under these operating conditions for PES and VFS, where 

superficial velocity was the key factor affecting the flow patterns transition. Finally, a 

scaling law of the droplet size was established as a function of Q d /Q c , μ d /μ c and 

Ca . 
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particles, Slug flow 

1. Introduction 

With the development of microchannel reactor technology for chemical process 

intensification and optimization, multiphase flow hydrodynamics, transport and 

reaction characteristics under microfluidic condition have received much attention 

and been intensively investigated over the past two decades (Jähnisch et al., 2004; 

Chen et al., 2006; Wang et al., 2013; Adamo et al., 2016; Jin et al., 2020). Compared 

with conventional macroscale reactors, the microreactor has demonstrated many 

advantages such as large specific interfacial area, fast heat and mass transfer rate, 

improved safety and controllability, and reduced backmixing. At present, the vast 

majority of work on multiphase systems in microreactors has been focused on 

gas-liquid and liquid-liquid processes, but limited work has been performed on 

continuous microfluidics for transporting solid particles across microchannel 

networks (Xu et al., 2008; Kim and Yoo, 2012; Zaloha et al., 2012; Abadie et al., 2013; 

Liedtke et al., 2013; Zhao et al., 2013; Yao et al., 2018). This is largely associated 

with (i) the characteristic microchannel geometry, (ii) the large surface area/volume 

ratio of microchannels, and (iii) the large surface energy of solid micro/nano particles. 

Consequently, those factors can result in clogging of microchannels by mechanical 

obstruction and/or adhesion of solid particles to microchannel surfaces, leading to 

unstable or uncontrollable flow and mass transfer processes. In view of the 

significance of heterogeneous chemical processes in the chemical industry, especially 

heterogeneous catalytic reactions involving solid catalyst particles, there is a 



tremendous need to address the above challenges in order to effectively facilitate 

heterogeneous catalysis in microchannel reactors (Munirathinam et al., 2015; Tanimu 

et al., 2017; Yue., 2017).  

To investigate microfluidic multiphase processes involving gas-liquid flow through 

microchannels filled with solid catalyst particles, Márquez et al. (2019) designed a 

series of micro-packed beds of solid particles and pillars. The gas-liquid two-phase 

flow hydrodynamics and the corresponding mass transfer rate were characterized by 

varying gas/liquid flow rates and the distance between pillars, together with the liquid 

hold-up and gas-liquid interfacial area. In another micro-packed bed reactor, Tidona et 

al. (2012) elucidated the liquid-to-particle mass transfer characteristics with a copper 

dissolution method by adjusting the ratio of hydraulic to particle diameter and the 

channel geometries. They demonstrated the enhancement of the gas-liquid-solid 

three-phase mass transfer performance and the heterogeneous reaction rate, which 

were attributed to the existence of the fixed catalyst particles. Along with those 

developments, however, there still remain some technical issues for the practical 

application of such micro-packed bed reactors, in terms of difficult replacement of the 

solid catalyst, poor controllability of multiphase flow, and large pressure drop. 

Accordingly, a micro-suspended reactor configuration has been proposed. Liedtke 

et al.(2013, 2015) developed a micro-suspended reactor where solid catalyst particles 

were suspended in the fluid under Taylor flow, for the catalytic hydrogenation of 

methyl pentanol. However, the suspended solid particles were found to cause some 

significant problems including poor flow stability, frequent clogging of channels 



when the solid catalyst suspension started to aggregate, and deposition of solid 

particles to the channel wall surface. Further, Kobayashi et al. (2004) developed a 

wall-coated microreactor with a very thin layer of catalyst particles coated onto the 

inner wall of microchannel, for conducting gas-liquid-solid hydrogenation reactions 

achieving a high conversion. Although the wall-coated microreactor had advantages 

in eliminating clogging and also reducing pressure drop, it suffered from some 

inherent drawbacks, such as low catalyst loading per unit volume, catalyst loss, and 

difficulties in refreshing or replacing the deactivated catalyst.  

In recent years, the introduction of the Pickering emulsion into microchannel 

reactors has opened up new avenues for manipulating and controlling multiphase flow 

systems, in particular, to address the above mentioned challenges associated with 

involvement of solid particles in microchannel reactors (Liu et al., 2017; Vis et al., 

2020). Differing from the traditional emulsion, the Pickering emulsion is stabilized by 

micro/nano solid particles (instead of liquid surfactants) with selected hydrophilicity 

or hydrophobicity, that help eliminate operating difficulties associated with traditional 

surfactants, such as the formation of foaming, difficulty in emulsifier separation, and 

product contamination. The Pickering emulsion has also a unique interface 

self-assembly property for micro/nano particles, reducing the possibility of collision 

and coalescence between the adjacent emulsion droplets (Leclercq et al., 2012; Yang 

et al., 2015). Furthermore, it is a thermodynamically stable system (Aveyard et al., 

2003) with insignificant influence by the environmental conditions such as 

temperature and salt ion concentration. Most importantly, the surface energy of 



micro/nano particles is released at the interface of liquid-solid, reducing the 

possibility of their adherence to the channel wall and their aggregation towards 

consequent clogging. When these micro/nano particles are functionalized as solid 

catalysts, droplet-based heterogeneous catalytic systems are formed having large 

liquid-solid two-phase interface and significantly reduced internal diffusion resistance 

(Shen et al., 2009; Crossley et al., 2010; Yang et al., 2010; Wang et al., 2012). Thus, 

the Pickering emulsion systems have been applied to oxidation, hydrogenation, 

condensation and enzyme catalysis for gas-liquid or liquid-liquid two-phase systems, 

due to their ultra-stable and large interface, biological compatibility and 

environmental friendliness (Zhang et al., 2016; Qi et al., 2018; Chang et al., 2021). 

Factually, the application of Pickering emulsion in heterogeneous catalytic reaction is 

still in the preliminary stage, and its prospects are worthy of being further investigated 

and explored. Recently, Vis et al. (2020) reported the first use of a tube-in-tube 

co-flow microfluidic approach for flow Pickering emulsion catalysis, which showed a 

nine-fold improvement in yield compared to the simple biphasic flow system offering 

a versatile new extension of Pickering emulsion catalysis. Nevertheless, to realize the 

full potential of the Pickering emulsion for applications in microchannel reactors it is 

essential to gain a fundamental understanding of the multiphase flow characterization 

involving solid particles within microreactors, which is lacking at present, however. 

Built on our previous research on a Pickering emulsion-water system (PES) 

stabilized by SiO2 nanopartricles with tunable surface properties (Meng et al., 2020), 

the present study aimed to systematically characterize the microfluidic behavior and 



hydrodynamics of Pickering emulsions within microreactors under a range of 

operating conditions. For comparing with the PES, a suspension system (SS) formed 

with ethyl acetate containing suspended SiO2 nanoparticles and water, and a viscous 

fluid system (VFS) consisting of ethyl acetate, methyl-silicone oil and water, were 

employed. A qualitative force analysis was carried out to gain insight into the 

mechanism of the flow pattern transition and the motion behavior of emulsion 

droplets. Furthermore, a dimensionless characteristic number LD/w (i.e., length of 

dispersed phase droplet/width of microchannel) was investigated in order to establish 

a scaling law through empirical correlation. 

2. Experimental section 

SiO2 nanoparticles (20 nm, Beijing Shenghe Haoyuan Technology Co., Ltd), 

methyltrimethoxysilane (Aladdin, CAS 1185-55-3) and ethyl acetate-water system 

(Sinopharm Chemical Reagent Co., Ltd, CAS 141-78-6) were chosen to prepare the 

stable Pickering emulsion according to our previous studies (Meng et al., 2020). In a 

typical process of surface modification of SiO2 particles, raw SiO2 particles (1.0 g), 

methyltrimethoxysilane (with selected amount) and toluene (30 mL) were 

successively added into the reactor vessels (100 mL) made of stainless steel. The six 

vessels in the unit contained either the same mixture for increasing production, or 

different ones for examining multiple parameters. The rotating unit, placed in a forced 

convection oven (KLJX-8a, Yantai Branch Chemical Equipment Co., Ltd) set at 130 

ºC, operated at an optimized rotating rate of 10 Hz for 12 h. The silanol group on the 

surface of SiO2 particles underwent condensation reaction with the silane coupling 



agent, with the increase of the amount of silane coupling agent, more hydrophobic 

groups were grafted on the surface of particles, so that the hydrophobicity became 

stronger. The surface of SiO2 nanoparticles were modified to reduce its hydrophilicity 

by the surface grafting method with different amounts of methyltrimethoxysilane, i.e. 

0.5 mL, 0.8 mL and 1.0 mL, denoted as M0.5, M0.8 and M1.0, respectively. During 

the preparation of the emulsion, the oil-water volumetric ratio of ethyl acetate to water 

was fixed at 7:5 and the amount of modified SiO2 particles (0.25 g, 0.5 g and 0.75 g) 

was adjusted to prepare the W/O (water/oil) Pickering emulsions with different 

viscosity. Pickering emulsion exhibited great stability, it was found that droplets 

deposited at the oil phase bottom, but the droplet size did not change significantly 

after standing for 24 hours. The emulsions samples prepared were denoted as 

M0.5@S0.25, M0.5@S0.5, M0.5@S0.75, M0.8@S0.25, M0.8@S0.5, M0.8@S0.75, 

M1.0@S0.25, M1.0@S0.5, M1.0@S0.75, as shown in Table 1.  

The contact angle of the Pickering emulsion was measured by an optical 

tensiometer (JC2000, Shanghai Zhongchen Digital Technology Equipment Co., Ltd) 

to quantify the hydrophobicity or hydrophilicity of the modified particle surface. The 

viscosity of Pickering emulsion was measured by a rotational viscometer (Brookfield 

DV2T, USA) at 24 oC. The interfacial tension between the continuous phase (water) 

and the dispersed phase (the Pickering emulsion) was measured by an interfacial 

tensiometer (DataPhysics OCA 15EC, Germany). The uncertainty of measurement 

was less than ±5%. Table 1 summarizes these measured physical properties of the 

three multiphase systems, namely, PES, SS and VFS, in terms of viscosity, interfacial 
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tension and droplet diameter. 

Table 1. Physical properties of PES, SS and VFS 

Testing system 

(24 ºC) 

Viscosity 

µ(mPa·s) 

Interfacial tension 

γ (mN/m) 

Droplet diameter  

d (μm) 

PES 

M0.5@S0.25 3.39 7.64 171.88 

M0.5@S0.5 5.47 7.15 55.21 

M0.5@S0.75 10.21 7.00 41.67 

M0.8@S0.25 3.57 7.24 122.19 

M0.8@S0.5 5.84 6.92 50.45 

M0.8@S0.75 10.50 6.68 33.85 

M1.0@S0.25 4.03 7.31 103.44 

M1.0@S0.5 6.45 6.91 46.65 

M1.0@S0.75 10.94 6.79 27.97 

SS 

M0.5@S0.25 1.21 * * 

M0.5@S0.5 1.38 * * 

M0.5@S0.75 1.54 * * 

M0.8@S0.25 1.29 * * 

M0.8@S0.5 1.40 * * 

M0.8@S0.75 1.54 * * 

M1.0@S0.25 1.36 * * 

M1.0@S0.5 1.47 * * 

M1.0@S0.75 1.68 * * 

VFS 

3.36 5.94 * 

5.38 6.36 * 

10.08 6.61 * 

3.55 7.56 * 

5.86 8.23 * 

10.59 8.46 * 

4.00 6.57 * 

6.40 7.30 * 

10.97 9.38 * 

During the preparation of the Pickering emulsion, firstly, with the assistance of 

ultrasound (SB 3200D, Ningbo Xinzhi Biotechnology Co., Ltd), a selected amount of 

SiO2 particles was dispersed in ethyl acetate at 20 kHz for about 5 min. Then, the 

deionized water was added into the ethyl acetate phase containing SiO2 particles, 

which was mixed vigorously with a vortex mixer (IKA T25 digital Ultra Turrax, 

S25N-18G, German), set at a speed of 13,500 rpm for about 4 min. Finally, the 

obtained W/O Pickering emulsion was analyzed to characterize their morphology and 



microstructure through visualization using an inverted microscope (Olympus 

IX73P2F, Japan) equipped with a 20× magnification of and a high speed digital 

camera (Phantom Miro R311, USA).  

The suspension solution was prepared by mixing the same amount of modified 

SiO2 particles with ethyl acetate assisted by ultrasound. The comparison of the 

Pickering emulsion and the suspension solution was carried out to validate the 

stability and the feasibility of the PES. The PES was also regarded as three-phase 

system, which included the modified SiO2 particles, deionized water and ethyl acetate. 

A small amount of Sudan III was added into the emulsion phase to enhance 

visualization. 

The experimental setup is schematically depicted in Fig. 1(a). The microchannel 

chip is a rectangle of 50 mm × 60 mm, the full-length of main channel is 167 mm, the 

cross section of the channel is an approximate square shape of 0.3 mm × 0.3 mm. The 

immiscible liquid-liquid two-phase fluids were introduced into the horizontal 

T-junction microchannel by two syringe pumps (Harvard 11 ELITE Single, USA) 

equipped with 10 mL syringes, respectively. A stereo microscope (Olympuss 

ZX2-ILLK, Japan) and a high speed digital camera (Phantom Miro R311, USA) were 

used to visualize two-phase flow patterns. The frame rates were set in the range of 

3,200~10,000 fps (frames per second).  

Fig. 1(b)&(c) illustrates the structure design and geometry of the microchannel 

reactor, where the continuous phase and the dispersed phase entered into two inlets, 

respectively. The microchannel reactor was made of quartz glass and sealed by a 



thermal bonding method, fabricated by Suzhou Paifimeng Trading GmbH. Because of 

the strong hydrophilicity of the glass, the microchannel reactor was saturated initially 

with deionized water. During experiments, the volumetric flow rates of the dispersed 

phase and the continuous phase were set in the range of 10<Qd<200 μL/min and 

10<Qc<1300 μL/min, respectively. The flow patterns were monitored at the T-junction 

regions with recorded snapshots and videos. The slug/droplet length was measured 

and averaged from at least 10 snapshots. In this work, Re and Ca for the continuous 

phase were in the ranges of 0.608~114.85 and 8.0×10-5~0.05, respectively. After each 

experiment, the microchannels were cleaned by injecting acetone, acetic acid, and 

deionized water to remove residual chemicals, and finally dried ready for the next 

experiment. 

  

      

(b)                                 (c)               

 

(a) 
 



Fig. 1. (a) Schematic of experimental setup; (b) Layout design of microchannel reactor; (c) 

Schematic of the microchannel T-junction, 300 μm × 300 μm 

3. Results and discussion 

3.1 Characterization of the Pickering emulsions 

The hydrophobicity of the surface of the modified SiO2 nanoparticles was 

characterized by measuring contact angles of water droplets on the film coated with 

SiO2 nanoparticles. The measurements (Fig. 2) showed that the contact angles 

increased from 18° of raw particles (M0.0) to 101° (M0.5), 127° (M0.8) and 143.3° 

(M1.0) as modified by a silane coupling agent methyltrimethoxysilane, respectively. 

As the amount of the silane coupling agent increased, the surface properties of SiO2 

nanoparticles switched from hydrophilicity to hydrophobicity, allowing to facilitate 

the formation of the W/O Pickering emulsion (Meng et al., 2020). 

    
(a)               (b)               (c)              (d)         

Fig. 2. Contact angles of (a) raw (M0.0) and modified SiO2 nanoparticles (dia. 20 nm) of (b) 

M0.5, (c) M0.8 and (d) M1.0 

To examine the effect of the addition of SiO2 nanoparticles on the emulsion droplet 

diameter, different amount of the modified SiO2 nanoparticles with varying 

hydrophobicity were used. The results are shown in Fig. 3 and Table 1. As can be seen, 

increasing amount of SiO2 nanoparticles resulted in reduction of the diameter of the 

dispersed droplets, but enhancement of the stability. For this system, the increase in 

SiO2 nanoparticles amount improved the surface coverage, which decreased the 



formed emulsion droplet size. This was likely due to the formation of a 3D network 

structure around the emulsion droplets that enhanced the stability of the Pickering 

emulsion (Binks et al., 2010). Binks’ group (Aveyard et al., 2003) systematically 

studied the influence of SiO2 particles concentration on the droplet size of Pickering 

emulsion system. They found that in a low particle concentration range (lower than 

3%), the droplet size of the emulsion would decrease with increasing particle 

concentration. In this work, the concentration of SiO2 particles is in the range of 2-6%. 

A 10-fold increase in particle concentration reduced the droplet size to about 1/8 of 

the original. That was overall well in line with the previous observation (Binks et al., 

2004, 2005; Liu et al., 2012). 

When the concentration of particles was higher than 3%, the droplet size would not 

change with the increase in particle concentration, and the extra particles tended to 

disperse in the continuous phase, not adsorb at the droplet interface. The stabilization 

mechanism is that the increase of the addition amount of solid particles means that the 

increase of the number of solid particles adsorbed at the oil-water interface, which 

leads to the thickening of the interface film, the enhancement of the ability to prevent 

the coalescence between droplets. In addition, coalescence is inhibited by the excess 

of particles because they enter oil phase and form a three-dimensional network, which 

increases the distance between droplets and stability (Binks et al., 2010).  

As the amount of particles adsorbed on the oil-water interface increased, the 

oil-water interfacial tension decreased while a dense interface film formed, which 

effectively prevented the collision and the coalescence between the emulsion droplets. 



Although the hydrophobicity of SiO2 was in favor of the formation of the W/O 

Pickering emulsions, it had insignificant effect on the diameter of the droplets, that 

may be associated with a combination of a number of factors such as the 

non-spherical structure, the size distribution and the surface roughness of SiO2 

particles (Binks et al., 2000; Binks et al., 2005; Wu and Ma, 2016) (Fig. 3). 

   

M0.5@S0.25 M0.8@S0.25 M1.0@S0.25 

   

M0.5@S0.5 M0.8@S0.5 M1.0@S0.5 

   

M0.5@S0.75 M0.8@S0.75 M1.0@S0.75 

Fig. 3. Microscope image of Pickering emulsion droplets 

3.2 Two-phase flow patterns of three systems of PES, SS and VFS 

When the PES contains high-solid content and dispersed emulsion droplets, the 

apparent viscosity and density are generally high, exhibiting similar characteristics to 

fluids having high viscosity (Yao et al., 2018; Archibong-Eso et al., 2019; Wang et al., 

2021). In order to identify the suitable operational parameters for achieving stable 

Pickering emulsion flow within microchannels, the prepared three multiphase flow 



systems, i.e. PES, SS and VFS, were examined and compared. It is worth to note that 

the high viscous fluid was used as the dispersed phase in those three systems, which 

has been less studied previously (Cubaud and Mason, 2008; Bai et al., 2016; Zhang et 

al., 2019). 

Qd/Qc 

μL/min 
PES VFS SS 

50-50 

   
 (a1) Slug flow (a2) Slug flow (a3) Unstable slug flow 

50-500 

   

 (b1) Monodispersed droplet (b2) Monodispersed droplet 
(b3) Unstable monodispersed 

droplet flow 

50-1,000 

   

 (c1) Jetting droplet (c2) Jetting droplet 
(c3) Unstable jetting droplet 

flow 

200-20 

   
 (d1) Parallel flow (d2) Parallel flow (d3) Unstable parallel flow 

Fig. 4. Flow patterns observed around T-junction for three systems of PEs, SS and VFS 

Fig. 4 illustrates the observed flow patterns with images covering the microchannel 

section across 20 mm downstream of the T-junction to allow the flow to fully develop. 

Four categories of stable flow patterns were observed for PES and VFS having 

comparable viscosities, namely, slug flow, monodispersed droplet flow, jetting droplet 

flow and parallel flow (Fig. 4). In these systems, the demulsification phenomena of 

Pickering emulsion in microchannel were not observed in all experiments. However, 

liquid-liquid two-phase immiscible flow patterns for SS were unstable, where the 

solid content of SS was identical with that of PES. These were similar to the previous 

observations, e.g. during the formation of other viscous droplets (Cubaud and Mason, 



2008). In general, the formation of any specific flow pattern is a combination of many 

factors in the complex multiphase system under dynamic fluidic conditions, including 

fluid properties, fluidic operating parameters, and microchannel geometry/surface 

properties. The forces involved during the formation of dispersed droplets are further 

analyzed in the next Section. 

For SS, the aqueous phase in the dispersed Pickering emulsion phase was replaced 

by ethyl acetate with the same volume. Fig. 5(a) shows that the suspension stretched 

along and attached to the channel wall when leaving the T-junction. Therefore, it was 

difficult to cut off the neck of the dispersed suspension phase at the T-junction. Fig. 

5(b) shows that the dispersed droplets were formed at around the first bend of the 

main channel after flowing over a longer distance along the flow direction compared 

to PES, which was largely induced by Rayleigh-Taylor instability (Vadivukkarasan, et 

al., 2020). However, the dispersed droplets still tended to attach to the channel wall, 

which made the interface being elongated and deformed, even blocking the channel 

and finally forming some unstable flow patterns, as shown in Fig. 5(c). 

 

Fig. 5. Flow patterns of SS at different positions in microchannel (a) Around T-junction; (b) 

Around the bends of the microchannel; (c) In the main microchannel 

For VFS, silicone oil was used to regulate the viscosity of ethyl acetate (oil phase), 

(a) (b) (c) 



in order to obtain comparable viscosities to that of the Pickering emulsion. The flow 

patterns and their formation processes are shown in Fig. 6. Four distinct flow patterns 

were also observed similar to that of PES, i.e. slug flow, monodispersed droplet flow, 

jetting droplet flow and parallel flow. These flow patterns were mainly formed by 

squeezing, dripping and jetting regimes, in accordance with observations in previous 

investigation with VFS by Yao et al. (2018) and Bai et al. (2016). In this work, the 

viscosity of PES increased with the increase in the addition amount of SiO2 

nanoparticles. In order to further clarify the influence of the dispersed W/S/O 

spherical emulsion droplets (Ph2-1) on the formation of the dispersed Pickering 

emulsion phase, the introduction of VFS as a benchmark with the same viscosity 

should be important and necessary. For avoiding redundancy of the description about 

well known VFS, we tried our best to only list part experimental results. As VFS was 

out of the main scope of the present work, more experimental results for VFS are 

shown in Supporting Information.  

    
0 ms               0 ms                0 ms               0 ms 

    
9.38 ms           3.13 ms              1.19 ms           15.63 ms 

    
18.75 ms           9.38 ms             2.38 ms            31.25 ms 

    
28.13 ms          12.5 ms             3.57 ms            40.63 ms 

    
30.62 ms         14.69 ms             4.76 ms            51.56 ms 



    
34.06 ms          16.25 ms             6.43 ms            54.69 ms 

(a)                   (b)                 (c)                 (d) 

Fig. 6. Flow patterns and their formation processes for VFS. (a) Squeezing: Qd=50 μL/min, 

Qc=100 μL/min. (b) Dripping: Qd=50 μL/min, Qc=500 μL/min. (c) Jetting: Qd=50 μL/min, 

Qc=1000 μL/min. (d) Laminar: Qd=200 μL/min, Qc=20 μL/min 

The above observed different flow patterns may have different effects on potential 

reaction applications involving Pickering emulsion, where both well-defined contact 

interface and the recirculation within the continuous phase or the dispersed phase 

exist. The former is conducive to the regulation of the reaction processes. The latter 

can significantly enhance local mixing leading to augmented heat and mass transfer (i) 

in the radial direction within the liquid slug, and (ii) in the axial dispersion across the 

gas-liquid interface, which is similar to the issues of gas-liquid two-phase systems 

(Kececi et al. 2009; Su et al. 2012). Therefore, Slug flow and Monodispersed droplet 

flow are believed to be more favourable for potential reaction applications. 

3.3 Formation mechanism of PES dispersed droplets in microchannel 

As discussed above, the PES was composed of a continuous water phase (Ph1) and 

a dispersed Pickering emulsion phase (Ph2), where the formation of the dispersed 

droplets was the result of a number of forces exerted upon the emerging droplet 

(Pickering emulsion). Fig. 7 illustrates those forces, including the inertia force caused 

by Ph1 (
2 2 c H WS WF d u ) and by Ph2 (

2 2 d H PS PF d u ), the interfacial force at the neck of 

Ph2 ( /   W P neckF ), the viscous shearing force ( 2/  W W D gapF Q L ) caused by the 

flow of Ph1 around the emerging droplet, the continuous phase pressure on the neck 



(Pneck) and the tip (Ptip) of Ph2 (Fig. 7).  

 

Fig. 7. Correlative forces for the formation of the dispersed droplets 

The formation of the dispersed droplets was also believed to be the result of the 

dynamic competition among these forces. Specifically, as shown in Fig. 7, Fc and Fd 

were the main forces to drive Ph2 to the downstream of the channel. Fμ also promoted 

the tip of Ph2 towards the downstream, and caused the neck of Ph2 to be quickly cut 

off, accelerating the formation of droplets. In addition, Fγ played an important role on 

the balance and the stability of the emerging droplet. At the neck of the dispersed 

phase, Fγ was balanced with Fc, Fμ and Pneck to ensure the dispersed phase to flow 

downstream continuously. The interfacial force caused the tail of the next emerging 

droplet to retract as the dispersed droplet forms, and the flow got into the transiently 

stable state. The interfacial force at the tip of the emerging droplet was balanced with 

Fμ and Ptip, in addition to the environmental confinement in the case of microchannels, 

to keep it moving downstream.  

 

(a) (b) 
 



On the other hand, the dispersed W/S/O spherical emulsion droplets (Ph2-1) and the 

continuous ethyl acetate phase (Ph2-2) formed Pickering emulsion, as shown in Fig. 

7(b). Ph2-1 may be considered as quasi-solid soft microspheres due to SiO2 particles 

acting as solid surfactant, where its moving trail was determined commonly by the 

drag force (  
2 1 2 1

2

D D o o Ph PhF C u u A
 

   ) induced by a range of factors, including 

Ph2-2, the interfacial tension at the S/O interface (σ), the confinement of the 

microchannel wall, Basset force (FBa), virtual mass force (FVM), Magnus force (FM), 

Saffman force (FSa), and the collision and the repulsion forces between the adjacent 

emulsion droplets. The formation of the dispersed droplets was affected by the motion 

of Ph2-1 in Ph2, which depended on the size of Ph2-1. The diameter of the dispersed 

droplets could be controlled by changing the addition amount of SiO2 nanoparticles, 

and the dispersed phase neck formed with small size of Ph2-1 was narrow. In addition, 

the small size of Ph2-1 had a smaller torque, which increased the particle rotation 

speed, reduced the parabolic radian of motion, weakened the effect of FD, accelerated 

the contract of neck, and led to the decrease of the size of the dispersed droplet. 

The motion behaviors of Ph2-1 in Ph2 can be characterized over two regions, i.e. at 

the T-junction and in the main microchannel, as shown in Fig. 7(a). As the tip of the 

emerging Ph2 began to intrude into the main channel at the T-junction, torque of Ph2-1 

occured under the action of Fc , Fd and FD. The rotating motion was verified by an 

approximate clockwise direction. Ph2-1 moved to the center of the microchannel due 

to FM and FSa. Generally, the motion trajectory was more complex at the vicinity of 

T-junction due to the location distribution of Ph2-1. Once the tip intruded into the main 



channel, the streamline of all Ph2-1 was almost identical and their vector direction was 

the same with Fμ, the disappearance of the rotation of Ph2-1, FM and FSa, so flow field 

was close to be stable and the motion trajectory showd a straight line (Fig. 7(b)). 
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Fig. 8. Formation of the dispersed droplet for PES 

(a) Squeezing, Qd=50 μL/min, Qc=50 μL/min; (b) Dripping, Qd=50 μL/min, Qc=500 μL/min; (c) 

Jetting, Qd=50 μL/min, Qc=1000 μL/min; (d) Laminar: Qd=200 μL/min, Qc=20 μL/min 

Whilst the above analyzed forces affected the formation of Pickering emulsion 

droplets, they also influenced the overall multiphase flow behavior along the 

microchannel, forming different flow patterns under certain fluidic conditions (Fig. 4). 

Fig. 8 depicts the experimental observation captured during the formation of slug flow, 

monodispersed droplet flow and jetting droplet flow, by taking M1.0@S0.75 

Pickering emulsion as an example, as detailed below. 

Fig. 8(a) shows the dynamic formation of slug flow for PES at the T-junction in the 



microchannel. The length of Pickering emulsion slugs was larger than the 

microchannel width. These slugs flowed along the channel, and were segmented from 

each other by the liquid plugs of Ph1. Moreover, a thin continuous phase liquid film 

was located between the slug and the wall. This flow pattern was observed at a low 

Ph1 flow rate (50 mL/min) and a 1:1 flow rate ratio of Ph2 to Ph1. In addition, the 

formation process of slug flow conformed to the squeezing mechanism. At the 

beginning of Ph2 growth stage, the growth direction was perpendicular to the flow 

direction of the continuous phase in the main channel, and Fγ was dominant. Also, the 

size and the amount of Ph2-1 had important influence on the formation and the width 

of the neck of the Ph2 (Pan et al., 2018). Subsequently, Ph2 gradually expanded at the 

inlet T-junction until blocking the main channel from time 0 ms to time 10 ms. The 

continuous phase flowed through the gap between Ph2 and the channel wall, where the 

velocity of the continuous phase increased, as well as Fμ.  

Fig. 9 schematically shows further analysis on the motion trajectory of Ph2-1 in Ph2, 

based on the observation captured by videos. It was found that Ph2-1 on both sides of 

Ph2 near the channel wall moved faster and migrated to the center of the channel (SI, 

Fig. S1). This was likely associated with Ph2-1 around the tip tending to move 

clockwise as the torque induced the combined action of Fc, Fd and FD. In the 

squeezing stage, the tip of Ph2 continued to grow downstream under the balance with 

Fc, Fγ and Pneck, while the width of the neck of Pickering emulsion gradually 

decreased from time 10 ms to time 50 ms. At time 50 ms, the two-phase interface at 

the neck of the dispersed phase became a concave shape, which was similar to that of 



high viscous fluid as the dispersed phase (Bai et al., 2016). Finally, the neck of the 

dispersed phase collapsed at time 52.81 ms. When the tail of the formed Pickering 

emulsion slug and the head of the new droplet quickly retracted due to the interfacial 

tension, the process entered into next squeezing period.  

 

Fig. 9. Diagram of the motion trajectory of Ph2-1 in Ph2 (Qc= Qd=50 μL/min) 

When the ratio of two-phase flow rate was relatively low (0.03~0.24), 

monodispersed drop flow and jetting droplet flow patterns were observed (Fig. 8 

(b)&(c)), where higher continuous phase flow rates were favorable for forming jetting 

droplet flow. The formation of monodispersed droplets corresponded to the dripping 

mechanism. As the tip of the dispersed phase was unable to block the main channel 

due to the high continuous phase flow rate, it had to flow downstream under the 

strong push of Fμ and Fc. At the growth stage, the dispersed W/S/W/O spherical 

emulsion droplets entered into the tip of the dispersed phase, which expanded axially 

and radically, for example, from time 0 ms to time 3.33 ms. At the rupture stage, the 

neck of the dispersed phase began to gradually become narrower and slender, and 

only Ph2-2 in Pickering emulsion can flow into the tip through the narrow neck, as 

seen from time 3.33 ms to time 8.89 ms in Fig. 8(b).  

The length of the monodispersed droplet formed by the dripping mechanism was 



smaller than the microchannel width because the shearing from the inertial or viscous 

force of the continuous phase was stronger than the two-phase interfacial tension. As 

the continuous phase flow rate continued to increase, Pickering emulsion phase was 

elongated and extended to downstream, thus the long narrow liquid column formed, 

which was pushed towards the center of the channel under the strong inertial force of 

the continuous phase (SI, Fig. S1). Due to the classical Rayleigh-Plateau instability 

(Xiao et al., 2016), the breakup of the tip of the Pickering emulsion occurred and 

small spherical droplets were formed at the moment of time 0.82 ms (Fig. 8(c)), i.e. 

the narrow liquid column was pinched off to form the jetting droplet flow.  

When the flow rate ratio of dispersed phase to continuous phase was relatively high 

Fd began to dominate. As the dispersed phase cannot be cut off, it flowed side-by-side 

with the continuous phase in the microchannel (Fig. 8(d)). In this case, no dispersed 

droplets were formed, neither were slugs.  

Overall, the diameter of Pickering emulsion droplets and the movement of Ph2-1 

were decisive factors for flow pattern and transition. With the decrease of SiO2 

amount, the diameter of emulsion droplets increased gradually, so δ was also 

relatively large that flow pattern transition needed larger jc. When the diameter of the 

droplet was larger, the distribution became tighter, which led FD increases on Ph2-1, so 

the contraction of the neck of Ph2 was inhibited, and the flow pattern transition lines 

were raised eventually. 

3.4 Flow pattern maps for PES in microchannels 

As discussed above, the formation of a specific flow pattern is determined by a 



number of factors, including fluid properties and operating parameters, during the 

complex multiphase flow within a given microchannel. To identify suitable operating 

conditions in order to achieve a specific flow pattern, were varied the hydrophobicity 

of SiO2 nanoparticles, the amount of SiO2 nanoparticles added, and both phases’ 

superficial flow velocities (jd and jc for dispersed and continuous phase, respectively). 

The properties and amounts of SiO2 particles are specified in Table 1, while the two 

phases’ superficial flow velocities, jd and jc, were operated in the range of jd=0~40 

mm/s and jc=0~350 mm/s, respectively. Fig. 10 shows the flow pattern maps 

corresponding to those variables, with the transition curves dividing different flow 

pattern zones. 
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Fig. 10. Flow patterns and flow pattern transition lines for PES flow in microchannels with 

varying superficial velocities of dispersed phase and continuous phase, and amounts of 

methyltrimethoxysilane and SiO2 nanoparticles 
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Fig.11. Comparison between the flow pattern map in the present study and that in the 

literature 

As can be seen in Fig. 10(a), for a specific multiphase system increasing one 

phase’s superficial velocity required to increase the other phase’s velocity in order to 

realize a flow pattern transition. At a given jd level, increasing jc facilitated the 

transition from parallel flow, through slug flow and monodispersed drop flow, to 

jetting droplet flow. Clearly, the parallel flow zone occupies the smallest zone, located 

at the bottom right corner of the flow pattern map, requiring a higher flow rate ratio of 

Ph2 to Ph1 under high flow rates of Pickering emulsion. It was interesting to note that 



those trends applied to all multiphase systems examined (Fig. 10(a)-(f)). Also, these 

observations were in line with that shown in Figs. 4 & 8.  

For a given jd, when increasing jc, the flow pattern transited from parallel flow to 

stable slug flow, mainly due to the dominance of Fγ over Fc and Fμ. By further 

increasing jc, the flow pattern changed from slug flow to monodispersed drop flow, 

finally to jetting droplet flow, while the shearing from large Fc or Fμ dominated over 

Fγ forming monodispersed drop flow and jetting droplet flow patterns. Compared to 

traditional liquid-liquid two-phase systems, the regions of the dispersed flow patterns 

(slug flow, monodispersed drop flow and jetting droplet flow) significantly increased 

(Zhao et al., 2006; Tsaoulidis et al., 2013; Cao et al., 2018; Yao et al., 2018). Also, the 

dispersed flow patterns easily formed with PES, which increased the feasibility of the 

solid conveying based on Pickering emulsion. 

Regarding effect of added SiO2 amount, Fig. 10(a)-(c) show that the decrease of 

SiO2 amount, for a selected amount of methyltrimethoxysilane at a given jd level, 

shifted upwards all the transitions curves requiring higher jc, i.e. the smaller amount 

of SiO2 added, the higher jc, needed. This may be explained by the decrease of 

viscosity and two-phase interfacial tension, and the increase of diameter of the 

dispersed emulsion droplets in Pickering emulsion, given a decreased amount of SiO2 

nanoparticles added. During the formation of the dispersed emulsion droplet, the size 

of Ph2-1 affected the break-up of the neck except for the balance between the shear 

stress and the interfacial tension according to our experimental observation. Moreover, 

the larger the Ph2-1 size was, the stronger the impediment for the break-up of the neck 



was. The effects of the amount of methyltrimethoxysilane, i.e., the hydrophobicity of 

SiO2 nanoparticle surface on flow patterns are illustrated in Fig. 10(d)-(f), showing 

insignificant influence. This was mainly due to the variation of the Pickering 

emulsion droplet diameter to be insignificant with the increase of the 

methyltrimethoxysilane amount for a given amounts of SiO2 nanoparticle, as shown in 

Figs. 3. For S0.25, with the increase of methyltrimethoxysilane amount, the critical 

velocity of Pickering emulsion for forming parallel flow gradually increased, which 

may be caused by the larger Pickering emulsion droplet diameter, as shown in Figs. 3 

& 10(d). This was a typical situation where Fd or Fμ dominated over Fγ. 

Fig. 11 shows the comparison between results from the present study and those in 

the literature. Based on the above discussion, key factors including viscosity, 

interfacial tension, two-phase velocity, characteristic scale of Pickering emulsion 

droplets and its motion of Ph2-1 in Ph2 all play an important role in the formation of 

the flow patterns, and further in the flow pattern transition boundary on the flow 

pattern map. Therefore, the composite dimensionless numbers were adopted to plot 

the flow pattern map, which were also employed previously (Yagodnitsyna et al., 

2016; Yao et al., 2018).  

As seen in the map, overall the central zone of the flow pattern map was occupied 

by the slug flow, which belonged to the interfacial tension dominated zone and the 

squeezing regime. The slug-droplet transition line in the present experiment shifted to 

top-left in the map compared to the traditional two-phase system (Cao et al., 2018; 

Zhang et al., 2018). This was attributed to larger interfacial tension and viscosity of 

the dispersed phase for PES, which postponed the occurrence of the dispersed 

droplets. Moreover, the trends of almost all the transition lines were similar. It 

indicated that the results from traditional high viscous systems could be extrapolated 

to PES in the microchannel.  

By increasing the velocity or viscosity of the dispersed phase for traditional 



systems, the parallel flow was prone to be formed under the domination of the 

dispersed inertia or viscous force. The viscosity of Ph2 for PES increased with the 

increase in the solid content, whilst the diameter of Ph2-1 reduced. Further, the neck 

width of the dispersed phase at the T-junction became narrower, which was 

unfavorable for the formation of the parallel flow. Other transition lines in the 

cyclohexane-CMC two-phase flow in rectangular microchannels were almost vertical 

(Fu et al., 2015), which were different from the present observation. That was likely 

due to the interfacial tension of their system being remarkably large (37 mN/m), 

which led to the increase of the interfacial tension dominated zone. 

3.5 The length of the dispersed droplets in PES, SS and VFS 

Upon establishment of a stable state for the formation of Pickering emulsion 

dispersed droplets, it is also important to characterize and, ultimately, achieve the 

desired droplet geometry. Within a confined microchannel, the dimensionless number 

LD/w (i.e., length of dispersed phase droplet/width of microchannel) represents a 

characteristic quantity to describe the physical geometry of droplets under flow. Fig. 

12(a)-(c) plot the variation of LD/w as a function of total flow rate (Qt) at a constant 

flow rate ratio of Qd/Qc = 1:1 for the PES flowing along the main microchannel. 

Different amounts of SiO2 particles (0.25 g, 0.50 g and 0.75 g) with varying 

hydrophobicity (by adding 0.5 mL, 0.8 mL and 1.0 mL silane coupling agent) were 

employed. For comparison, an SS flow system was examined under the identical 

operating conditions (Fig. 12(d)-(f)). A wider range of operating conditions was also 

applied and the experimental results together with flow patterns observed are 

presented in Supporting Information (SI, Figs. S2-S3). 

As can be seen in Fig. 12(a) for the PES, LD/w decreased with the increase of total 



two-phase flow rate for all three amounts SiO2 addition, while the increase of 

modified SiO2 addition resulted in the decrease in LD/w. With the increase of SiO2 

amount, the diameter of emulsion droplet decreased, which was conducive to the 

contraction of the neck width of the dispersed phase (δ), and accelerated the droplet 

fracture under the same operating conditions. By increasing hydrophobicity following 

more silane coupling agent added from 0.5 mL to 1.0 mL (Fig. 12(a)-(c)), LD/w was 

reduced correspondingly. As the two-phase interfacial tension almost kept constant 

with the increase of the amount of SiO2, its effects on the the droplet length could be 

negligible. On the other hand, the increase of SiO2 amount was in favor of the 

decrease of the neck width of the dispersed phase at the T-junction, potentially leading 

to decrease of the size of the emulsion droplet in Ph2 and, in turn, decrease in LD/w.  

For the SS flow under identical operating conditions (Fig. 12(d)-(f)), it showed a 

similar trend in terms of LD/w as a function of total flow rate, where LD/w was 

generally larger than that of PES. More significantly, all SS flows appeared to be very 

unstable without obvious regularity, which was largely due to the adhesion of solid 

particles on the channel wall (Fig. 5). It was found that the solid particles in the 

suspension were easy to deposit at the bottom and adhere to the microchannel in SS, 

resulting in channel blockage. The solid particles in the suspension were easy to 

deposit under the action of gravity (FG), which finally entered the water phase from 

the oil phase due to the drag force (FD) produced by its own adhesion channel. This 

was a typical FD dominated interfacial tension (Fγ). 

Meanwhile, the comparison of the dispersed droplet length of VFS and PES is 



depicted in Fig. 13. The experimental results showed that the length decreased with 

the increase of the dispersed phase viscosity for a given Qd/Qc, and it was in 

accordance with the literature reports (Bai et al., 2016). It was also found that the 

length for VFS was clearly larger than PES under the identical operating conditions, 

and the difference was induced by the emulsion droplet in Ph2. The experimental 

results for other operating conditions are shown in SI, Fig. S4-S5. 

On the one hand, there were little differences in both two-phase interfacial tension 

and viscosity between PES and VFS (Table 1), where their influence on the formation 

of the dispersed phase droplets was insignificant. With the increase of Ph2 viscosity, 

meanwhile, the diameter of Ph2-1 was smaller, which made the neck width of the 

dispersed phase decrease and Fμ become the dominant force, so the size of Ph2 

decreases. On the other hand, the existence of the emulsion droplets in Ph2 promoted 

the break-up of the neck. Moreover, the smaller the diameter of the emulsion droplets 

was, the faster the collapsing velocity of the neck was. In order to elucidate the 

mechanism of the effects of the dispersed emulsion droplet in Ph2, further study will 

be required, which is ongoing in our laboratory.  
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Fig. 12. Effects of the flow rate on length of dispersed phase droplets in PES (a-c) and SS (d-f) at 

a flow rate ratio of 1:1 
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Fig. 13. Comparison of LD/w of VFS and PES at a flow rate ratio of 1:1 

3.6 Empirical correlation for the length of the dispersed droplet 

It was interesting that the size of the dispersed W/S/O spherical emulsion droplets 

(Ph2-1) played an important role on the formation of the dispersed Pickering emulsion 

phase (Ph2). The possible reason was that the complicating movement of Ph2-1 in Ph2, 

the interaction between adjacent Ph2-1, and the rigid shell of Ph2-1 under the balance of 

all forces in the above discussion. Compared with conventional homogeneous 

dispersed phase, the dynamic behaviors of the dispersed Pickering emulsion made of 

Ph2-1 and the continuous ethyl acetate phase (Ph2-2) were more complex. Although 

many rational models based on classical Garstecki’s scale law model have been 

proposed in the previous literatures for the squeezing regime (Garstecki et al., 2006; 

van Steijn et al., 2007; Leclerc et al., 2010; Xiong et al., 2007; Shao et al., 2008), the 

shearing regime (de Menech et al., 2008; Guo and Chen, 2009; Thorsen et al., 2001; 

Husny and Cooper-White, 2006; Xu et al., 2008) and the transition 

squeezing/shearing regime (Christopher et al., 2008; de Menech et al., 2008; Xu et al., 

2008; Fu et al., 2010), these models were difficult to extrapolate to those complex 

systems involving internal movement in the dispersed phase-Pickering emulsion.  

Considering the complexity of the movement of Ph2-1 in Ph2, moreover, our 

investigation for the application of Pickering emulsion in microchannels was only in 

the preliminary stage, so the rational model for predicting the length of the dispersed 

droplet (LD/w) was difficult to be proposed. Based on the rule of thumb, the empirical 

correlation would be adopted in this work. Essentially, our proposed empirical 



correlation still originated from classical Garstecki’s scale law model. Meanwhile, 

several classical and latest models were introduced to compare with our empirical 

model and the experimental results, as shown in Fig. 15. It was obvious that the 

predicted values from previous models were rather larger than the experimental 

results. The main reason for the difference was the negative effects of Ph2-1 on the 

break-up of the dispersed phase at the T-junction, that is, the existence of Ph2-1 in Ph2 

impeded the formation of Ph2. So, the viscosity ratio and Ca were adopted in the 

empirical correlation. 

These slug droplets were formed under squeezing (Ca<1.5×10-3). The experimental 

results showed that the length of the dispersed droplet was affected by the viscosity 

ratio and Ca, and the change of the viscosity of Ph2 affected the size and movement of 

Ph2-1 in Ph2. That is, the intrinsic mechanism of the above influence of fluid viscosity 

on droplet formation could be attributed to the external shear stress and the movement 

behavior of Ph2-1 in Ph2. So these two important dimensionless numbers were 

introduced on the basis of the prediction formula mentioned in the literature, the 

results showed that droplet size of all systems could be predicted well. 

In order to establish a scaling law for the Pickering emulsion flow, an empirical 

correlation was developed for the flow characteristic number LD/w with a wider range 

of fluidic parameters, by introducing two additional dimensionless numbers, 

Ca=μcuc/γ, and λ=μd/μc, based on the experimental investigations. Fig. 14 shows 

experimental results for LD/w as a function of Ca at three levels of viscosity ratio () 

with a given flow rate of the dispersed phase (Qd) and hydrophobicity of SiO2 particle 



surface. The experimental results for a wider range of operating conditions are 

presented in SI (Figs. S6-S7).  

  As shown in Fig. 14(a), initially, LD/w dropped sharply with the increase of Ca, 

followed by gradually leveling off as Ca>1.5×10-3. With given Qd (20 L/min) and λ, 

the increase in Ca reflected a higher flow rate of the continuous phase (Qc), speeding 

up the contraction of the phase interface while reducing the detachment time of the 

droplet, finally leading to the decrease of LD/w. For given Ca and Qd, the decrease of λ 

resulted in increase of LD/w, where the lower viscosity of the dispersed phase was in 

favor of the pinch-off of the neck while taking a shorter period of time to complete the 

formation of the dispersed droplet. 
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references, 1.6×10-4<Ca<3.0×10-3 

As demonstrated above, the droplet length in terms of LD/w was significantly 

influenced by viscosity and volumetric flow rates of the two phases, liquid properties 

and interfacial tension within a confined microchannel. Based on the experimental 

measurements, a scaling law was proposed for LD/w by considering those key 

parameters. By using a multi-variable least squares method to fit all the experimental 

data, an empirical correlation was obtained (Eq. (1)). For comparison, an empirical 

correlation for VFS was also carried out (Eq. (2)). It was also interesting that the 

value of the exponents might be indicative of the influence of the leakage flow at the 

corner of microchannel, which may also be associated with the defects of the 

empirical correlation. 
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The empirical correlations show that LD/w is more dependent on Qd/Qc than Ca and 

λ for both PES and VFS. Compared to VFS, the effects of Qd/Qc and λ on LD/w are 

larger for PES than VFS. Interestingly, Ca plays an almost equivalent role in 

influencing LD/w for PES and VFS. The reason behind this phenomenon is worth 

investigating further. 

The validation of the two correlation models, Eq. (1) & (2), was conducted by 

comparing the predicted values and experimental results of LD/w (Fig. 16). It can be 

seen that the relative errors of the predictions for LD/w all fall within 15% for both 

PES and VFS. Considering the uncertainty associated with experimental 

quantification of LD/w, the predicted values were in satisfactory agreement with the 

experimental data. These results indicated that the scaling law could be applied to 

predict LD/w for droplet/slug flow in microfluidic T-junction with an acceptable 

accuracy.  
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     Fig. 16. Comparison of the predicted values and the experimental data for PES and VFS 

4. Conclusion 

The clogging and difficulties in achieving stable operation in multiphase flow 

involving solid micro/nano particles are still severe challenges for heterogeneous 



catalytic reactions or other multiphase processes in microchannel reactors. To address 

those challenges, the Pickering emulsion was adopted in the present work. The 

microfluidic behavior and hydrodynamics of Pickering emulsion systems (PES) 

within a microchannel reactor were systematically characterized, both experimentally 

and theoretically, under a range of operating conditions. For comparison, a suspension 

system (SS) formed with ethyl acetate containing suspended SiO2 nanoparticles and 

water, and a viscous fluid system (VFS) consisting of ethyl acetate, methyl-silicone 

oil and water, were also examined. 

(1) Liquid-liquid two-phase flow hydrodynamics of PES, SS and VFS around the 

T-junction within the main microchannel were dependent on a range of parameters, 

including surface hydrophobicity of stabilizing SiO2 nanoparticles, amount of 

SiO2 particles added, viscosity and flow rate. 

(2) Four flow patterns of parallel flow Slug flow, monodispersed droplet flow, and 

jetting droplet flow were observed under these operating conditions for PES and 

VFS, where superficial velocity was the key factor affecting the flow patterns 

transition. The dispersed droplets were prone to adhere to the channel wall for SS, 

which made the interface be elongated and deformed, even block the channel. 

(3) The formation of slug flow was the result of the dynamic competition among the 

inertia force (Fc, Fd), the interfacial force (Fγ), the viscous shearing force (Fμ) and 

the continuous phase pressure (Pneck, Ptip). 

(4) The motion behavior of interface Ph2-1 was determined by drag force (FD), 

interfacial tension at the S/O interface (σ), confinement of the microchannel wall, 



Basset force (FBa), virtual mass force (FVM), Magnus force (FM), Saffman force 

(FSa), and collision and the repulsion forces between the adjacent emulsion 

droplets. The motion trajectory showed the characteristics of the approximate 

clockwise direction and the straight line. 

(5) A scaling law of the droplet size (LD/w) was developed as a function of Qd/Qc, 

μd/μc and Ca. The results showed that the predicted values were in accordance 

with the experimental data. 

 

SUPPORTING INFORMATION 

Experimental data under other operating conditions are shown in Supporting 

Information. 

Acknowledgements 

We gratefully acknowledge the financial supports from National Natural Science 

Foundation of China (Nos. 21978250, 21808194), Natural Science Foundation of 

Shandong Province (ZR2017BB058) and Key Technology Research and 

Development Program of Shandong (2019JZZY010410). 

Nomenclature 

APh2-1 Cross-sectional area of Ph2-1, m
2 

Ca
 

Capillary number, Ca=μcuc/γ 

CD Drag coefficient 

d Pickering emulsion droplet diameter, μm 

dH Hydraulic diameter, m 

FBa Basset force, N 

Fc
 

Inertia force caused by Ph1, N 

Fd
 

Inertia force caused by Ph2, N 

FD Drag force, N 



FM Magnus force, N 

FSa Saffman force, N 

FVM Virtual mass force, N 

Fγ, neck Interfacial force on the neck, N 

Fμ Viscous shearing force, N 

jc Superficial velocity of the continuous phase, mm/s 

jd Superficial velocity of the dispersed phase, mm/s 

LD Length of the dispersed phase droplets, μm 

M
 

Amount of methyltrimethoxysilane, mL  

Ph1
 

Continuous water phase  

Ph2 
Dispersed Pickering emulsion phase 

Ph2-1
 

Dispersed W/S/O spherical emulsion droplets  

Ph2-2 Continuous ethyl acetate phase  

Pneck
 

Continuous phase pressure on the neck of Ph2, N/m2 

Ptip 
Continuous phase pressure on the tip of Ph2, N/m2 

Qc Flow rate of the continuous phase, μL/min 

Qd Flow rate of the dispersed phase, μL/min 

Qt Total flow rate of two phases, μL/min 

@S
 

Amount of modified SiO2, g 

t Time, ms 

u Superficial velocity, m/s 

w Microchannel width, µm 

Greek letters
 

 

γ Interfacial tension, mN/m 

δneck Thickness of the emerging Ph2 tip, m 

δgap Gap between the wall and the dispersed phase, m 

µ Dynamic viscosity, mPa·s 

λ
 

Two-phase viscosity ratio, λ=μd/μc 

ρ Density, kg/m3 

σ Interfacial tension at the S/O interface, mN/m 
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Abstract 

In this work, a method based on Pickering emulsion systems (PES) was proposed to 

manipulate multiphase processes containing solid particles in microchannels 

without adhesion and/or accumulation. The flow hydrodynamics of PES in a 

microchannel were systematically characterized. For comparison, a suspension system 

(SS, ethyl acetate with suspended SiO 2 nanoparticles-water) and a viscous fluid 

system (VFS, ethyl acetate with methyl-silicone oil-water) were examined. It was 

found liquid-liquid two-phase characteristics of PES, SS and VFS around T-junction 

within the main microchannel depended on surface hydrophobicity of stabilizing SiO 

2 nanoparticles, amount of SiO 2 particles added, viscosity and flow rate. Four flow 

patterns were observed under these operating conditions for PES and VFS, where 

superficial velocity was the key factor affecting the flow patterns transition. Finally, a 

scaling law of the droplet size was established as a function of Q d /Q c , μ d /μ c and 

Ca . 
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particles, Slug flow 

1. Introduction 

With the development of microchannel reactor technology for chemical process 

intensification and optimization, multiphase flow hydrodynamics, transport and 

reaction characteristics under microfluidic condition have received much attention 

and been intensively investigated over the past two decades (Jähnisch et al., 2004; 

Chen et al., 2006; Wang et al., 2013; Adamo et al., 2016; Jin et al., 2020). Compared 

with conventional macroscale reactors, the microreactor has demonstrated many 

advantages such as large specific interfacial area, fast heat and mass transfer rate, 

improved safety and controllability, and reduced backmixing. At present, the vast 

majority of work on multiphase systems in microreactors has been focused on 

gas-liquid and liquid-liquid processes, but limited work has been performed on 

continuous microfluidics for transporting solid particles across microchannel 

networks (Xu et al., 2008; Kim and Yoo, 2012; Zaloha et al., 2012; Abadie et al., 2013; 

Liedtke et al., 2013; Zhao et al., 2013; Yao et al., 2018). This is largely associated 

with (i) the characteristic microchannel geometry, (ii) the large surface area/volume 

ratio of microchannels, and (iii) the large surface energy of solid micro/nano particles. 

Consequently, those factors can result in clogging of microchannels by mechanical 

obstruction and/or adhesion of solid particles to microchannel surfaces, leading to 

unstable or uncontrollable flow and mass transfer processes. In view of the 

significance of heterogeneous chemical processes in the chemical industry, especially 

heterogeneous catalytic reactions involving solid catalyst particles, there is a 



tremendous need to address the above challenges in order to effectively facilitate 

heterogeneous catalysis in microchannel reactors (Munirathinam et al., 2015; Tanimu 

et al., 2017; Yue., 2017).  

To investigate microfluidic multiphase processes involving gas-liquid flow through 

microchannels filled with solid catalyst particles, Márquez et al. (2019) designed a 

series of micro-packed beds of solid particles and pillars. The gas-liquid two-phase 

flow hydrodynamics and the corresponding mass transfer rate were characterized by 

varying gas/liquid flow rates and the distance between pillars, together with the liquid 

hold-up and gas-liquid interfacial area. In another micro-packed bed reactor, Tidona et 

al. (2012) elucidated the liquid-to-particle mass transfer characteristics with a copper 

dissolution method by adjusting the ratio of hydraulic to particle diameter and the 

channel geometries. They demonstrated the enhancement of the gas-liquid-solid 

three-phase mass transfer performance and the heterogeneous reaction rate, which 

were attributed to the existence of the fixed catalyst particles. Along with those 

developments, however, there still remain some technical issues for the practical 

application of such micro-packed bed reactors, in terms of difficult replacement of the 

solid catalyst, poor controllability of multiphase flow, and large pressure drop. 

Accordingly, a micro-suspended reactor configuration has been proposed. Liedtke 

et al.(2013, 2015) developed a micro-suspended reactor where solid catalyst particles 

were suspended in the fluid under Taylor flow, for the catalytic hydrogenation of 

methyl pentanol. However, the suspended solid particles were found to cause some 

significant problems including poor flow stability, frequent clogging of channels 



when the solid catalyst suspension started to aggregate, and deposition of solid 

particles to the channel wall surface. Further, Kobayashi et al. (2004) developed a 

wall-coated microreactor with a very thin layer of catalyst particles coated onto the 

inner wall of microchannel, for conducting gas-liquid-solid hydrogenation reactions 

achieving a high conversion. Although the wall-coated microreactor had advantages 

in eliminating clogging and also reducing pressure drop, it suffered from some 

inherent drawbacks, such as low catalyst loading per unit volume, catalyst loss, and 

difficulties in refreshing or replacing the deactivated catalyst.  

In recent years, the introduction of the Pickering emulsion into microchannel 

reactors has opened up new avenues for manipulating and controlling multiphase flow 

systems, in particular, to address the above mentioned challenges associated with 

involvement of solid particles in microchannel reactors (Liu et al., 2017; Vis et al., 

2020). Differing from the traditional emulsion, the Pickering emulsion is stabilized by 

micro/nano solid particles (instead of liquid surfactants) with selected hydrophilicity 

or hydrophobicity, that help eliminate operating difficulties associated with traditional 

surfactants, such as the formation of foaming, difficulty in emulsifier separation, and 

product contamination. The Pickering emulsion has also a unique interface 

self-assembly property for micro/nano particles, reducing the possibility of collision 

and coalescence between the adjacent emulsion droplets (Leclercq et al., 2012; Yang 

et al., 2015). Furthermore, it is a thermodynamically stable system (Aveyard et al., 

2003) with insignificant influence by the environmental conditions such as 

temperature and salt ion concentration. Most importantly, the surface energy of 



micro/nano particles is released at the interface of liquid-solid, reducing the 

possibility of their adherence to the channel wall and their aggregation towards 

consequent clogging. When these micro/nano particles are functionalized as solid 

catalysts, droplet-based heterogeneous catalytic systems are formed having large 

liquid-solid two-phase interface and significantly reduced internal diffusion resistance 

(Shen et al., 2009; Crossley et al., 2010; Yang et al., 2010; Wang et al., 2012). Thus, 

the Pickering emulsion systems have been applied to oxidation, hydrogenation, 

condensation and enzyme catalysis for gas-liquid or liquid-liquid two-phase systems, 

due to their ultra-stable and large interface, biological compatibility and 

environmental friendliness (Zhang et al., 2016; Qi et al., 2018; Chang et al., 2021). 

Factually, the application of Pickering emulsion in heterogeneous catalytic reaction is 

still in the preliminary stage, and its prospects are worthy of being further investigated 

and explored. Recently, Vis et al. (2020) reported the first use of a tube-in-tube 

co-flow microfluidic approach for flow Pickering emulsion catalysis, which showed a 

nine-fold improvement in yield compared to the simple biphasic flow system offering 

a versatile new extension of Pickering emulsion catalysis. Nevertheless, to realize the 

full potential of the Pickering emulsion for applications in microchannel reactors it is 

essential to gain a fundamental understanding of the multiphase flow characterization 

involving solid particles within microreactors, which is lacking at present, however. 

Built on our previous research on a Pickering emulsion-water system (PES) 

stabilized by SiO2 nanopartricles with tunable surface properties (Meng et al., 2020), 

the present study aimed to systematically characterize the microfluidic behavior and 



hydrodynamics of Pickering emulsions within microreactors under a range of 

operating conditions. For comparing with the PES, a suspension system (SS) formed 

with ethyl acetate containing suspended SiO2 nanoparticles and water, and a viscous 

fluid system (VFS) consisting of ethyl acetate, methyl-silicone oil and water, were 

employed. A qualitative force analysis was carried out to gain insight into the 

mechanism of the flow pattern transition and the motion behavior of emulsion 

droplets. Furthermore, a dimensionless characteristic number LD/w (i.e., length of 

dispersed phase droplet/width of microchannel) was investigated in order to establish 

a scaling law through empirical correlation. 

2. Experimental section 

SiO2 nanoparticles (20 nm, Beijing Shenghe Haoyuan Technology Co., Ltd), 

methyltrimethoxysilane (Aladdin, CAS 1185-55-3) and ethyl acetate-water system 

(Sinopharm Chemical Reagent Co., Ltd, CAS 141-78-6) were chosen to prepare the 

stable Pickering emulsion according to our previous studies (Meng et al., 2020). In a 

typical process of surface modification of SiO2 particles, raw SiO2 particles (1.0 g), 

methyltrimethoxysilane (with selected amount) and toluene (30 mL) were 

successively added into the reactor vessels (100 mL) made of stainless steel. The six 

vessels in the unit contained either the same mixture for increasing production, or 

different ones for examining multiple parameters. The rotating unit, placed in a forced 

convection oven (KLJX-8a, Yantai Branch Chemical Equipment Co., Ltd) set at 130 

ºC, operated at an optimized rotating rate of 10 Hz for 12 h. The silanol group on the 

surface of SiO2 particles underwent condensation reaction with the silane coupling 



agent, with the increase of the amount of silane coupling agent, more hydrophobic 

groups were grafted on the surface of particles, so that the hydrophobicity became 

stronger. The surface of SiO2 nanoparticles were modified to reduce its hydrophilicity 

by the surface grafting method with different amounts of methyltrimethoxysilane, i.e. 

0.5 mL, 0.8 mL and 1.0 mL, denoted as M0.5, M0.8 and M1.0, respectively. During 

the preparation of the emulsion, the oil-water volumetric ratio of ethyl acetate to water 

was fixed at 7:5 and the amount of modified SiO2 particles (0.25 g, 0.5 g and 0.75 g) 

was adjusted to prepare the W/O (water/oil) Pickering emulsions with different 

viscosity. Pickering emulsion exhibited great stability, it was found that droplets 

deposited at the oil phase bottom, but the droplet size did not change significantly 

after standing for 24 hours. The emulsions samples prepared were denoted as 

M0.5@S0.25, M0.5@S0.5, M0.5@S0.75, M0.8@S0.25, M0.8@S0.5, M0.8@S0.75, 

M1.0@S0.25, M1.0@S0.5, M1.0@S0.75, as shown in Table 1.  

The contact angle of the Pickering emulsion was measured by an optical 

tensiometer (JC2000, Shanghai Zhongchen Digital Technology Equipment Co., Ltd) 

to quantify the hydrophobicity or hydrophilicity of the modified particle surface. The 

viscosity of Pickering emulsion was measured by a rotational viscometer (Brookfield 

DV2T, USA) at 24 oC. The interfacial tension between the continuous phase (water) 

and the dispersed phase (the Pickering emulsion) was measured by an interfacial 

tensiometer (DataPhysics OCA 15EC, Germany). The uncertainty of measurement 

was less than ±5%. Table 1 summarizes these measured physical properties of the 

three multiphase systems, namely, PES, SS and VFS, in terms of viscosity, interfacial 

mailto:M1.0@S0.75


tension and droplet diameter. 

Table 1. Physical properties of PES, SS and VFS 

Testing system 

(24 ºC) 

Viscosity 

µ(mPa·s) 

Interfacial tension 

γ (mN/m) 

Droplet diameter  

d (μm) 

PES 

M0.5@S0.25 3.39 7.64 171.88 

M0.5@S0.5 5.47 7.15 55.21 

M0.5@S0.75 10.21 7.00 41.67 

M0.8@S0.25 3.57 7.24 122.19 

M0.8@S0.5 5.84 6.92 50.45 

M0.8@S0.75 10.50 6.68 33.85 

M1.0@S0.25 4.03 7.31 103.44 

M1.0@S0.5 6.45 6.91 46.65 

M1.0@S0.75 10.94 6.79 27.97 

SS 

M0.5@S0.25 1.21 * * 

M0.5@S0.5 1.38 * * 

M0.5@S0.75 1.54 * * 

M0.8@S0.25 1.29 * * 

M0.8@S0.5 1.40 * * 

M0.8@S0.75 1.54 * * 

M1.0@S0.25 1.36 * * 

M1.0@S0.5 1.47 * * 

M1.0@S0.75 1.68 * * 

VFS 

3.36 5.94 * 

5.38 6.36 * 

10.08 6.61 * 

3.55 7.56 * 

5.86 8.23 * 

10.59 8.46 * 

4.00 6.57 * 

6.40 7.30 * 

10.97 9.38 * 

During the preparation of the Pickering emulsion, firstly, with the assistance of 

ultrasound (SB 3200D, Ningbo Xinzhi Biotechnology Co., Ltd), a selected amount of 

SiO2 particles was dispersed in ethyl acetate at 20 kHz for about 5 min. Then, the 

deionized water was added into the ethyl acetate phase containing SiO2 particles, 

which was mixed vigorously with a vortex mixer (IKA T25 digital Ultra Turrax, 

S25N-18G, German), set at a speed of 13,500 rpm for about 4 min. Finally, the 

obtained W/O Pickering emulsion was analyzed to characterize their morphology and 



microstructure through visualization using an inverted microscope (Olympus 

IX73P2F, Japan) equipped with a 20× magnification of and a high speed digital 

camera (Phantom Miro R311, USA).  

The suspension solution was prepared by mixing the same amount of modified 

SiO2 particles with ethyl acetate assisted by ultrasound. The comparison of the 

Pickering emulsion and the suspension solution was carried out to validate the 

stability and the feasibility of the PES. The PES was also regarded as three-phase 

system, which included the modified SiO2 particles, deionized water and ethyl acetate. 

A small amount of Sudan III was added into the emulsion phase to enhance 

visualization. 

The experimental setup is schematically depicted in Fig. 1(a). The microchannel 

chip is a rectangle of 50 mm × 60 mm, the full-length of main channel is 167 mm, the 

cross section of the channel is an approximate square shape of 0.3 mm × 0.3 mm. The 

immiscible liquid-liquid two-phase fluids were introduced into the horizontal 

T-junction microchannel by two syringe pumps (Harvard 11 ELITE Single, USA) 

equipped with 10 mL syringes, respectively. A stereo microscope (Olympuss 

ZX2-ILLK, Japan) and a high speed digital camera (Phantom Miro R311, USA) were 

used to visualize two-phase flow patterns. The frame rates were set in the range of 

3,200~10,000 fps (frames per second).  

Fig. 1(b)&(c) illustrates the structure design and geometry of the microchannel 

reactor, where the continuous phase and the dispersed phase entered into two inlets, 

respectively. The microchannel reactor was made of quartz glass and sealed by a 



thermal bonding method, fabricated by Suzhou Paifimeng Trading GmbH. Because of 

the strong hydrophilicity of the glass, the microchannel reactor was saturated initially 

with deionized water. During experiments, the volumetric flow rates of the dispersed 

phase and the continuous phase were set in the range of 10<Qd<200 μL/min and 

10<Qc<1300 μL/min, respectively. The flow patterns were monitored at the T-junction 

regions with recorded snapshots and videos. The slug/droplet length was measured 

and averaged from at least 10 snapshots. In this work, Re and Ca for the continuous 

phase were in the ranges of 0.608~114.85 and 8.0×10-5~0.05, respectively. After each 

experiment, the microchannels were cleaned by injecting acetone, acetic acid, and 

deionized water to remove residual chemicals, and finally dried ready for the next 

experiment. 

  

      

(b)                                 (c)               

 

(a) 
 



Fig. 1. (a) Schematic of experimental setup; (b) Layout design of microchannel reactor; (c) 

Schematic of the microchannel T-junction, 300 μm × 300 μm 

3. Results and discussion 

3.1 Characterization of the Pickering emulsions 

The hydrophobicity of the surface of the modified SiO2 nanoparticles was 

characterized by measuring contact angles of water droplets on the film coated with 

SiO2 nanoparticles. The measurements (Fig. 2) showed that the contact angles 

increased from 18° of raw particles (M0.0) to 101° (M0.5), 127° (M0.8) and 143.3° 

(M1.0) as modified by a silane coupling agent methyltrimethoxysilane, respectively. 

As the amount of the silane coupling agent increased, the surface properties of SiO2 

nanoparticles switched from hydrophilicity to hydrophobicity, allowing to facilitate 

the formation of the W/O Pickering emulsion (Meng et al., 2020). 

    
(a)               (b)               (c)              (d)         

Fig. 2. Contact angles of (a) raw (M0.0) and modified SiO2 nanoparticles (dia. 20 nm) of (b) 

M0.5, (c) M0.8 and (d) M1.0 

To examine the effect of the addition of SiO2 nanoparticles on the emulsion droplet 

diameter, different amount of the modified SiO2 nanoparticles with varying 

hydrophobicity were used. The results are shown in Fig. 3 and Table 1. As can be seen, 

increasing amount of SiO2 nanoparticles resulted in reduction of the diameter of the 

dispersed droplets, but enhancement of the stability. For this system, the increase in 

SiO2 nanoparticles amount improved the surface coverage, which decreased the 



formed emulsion droplet size. This was likely due to the formation of a 3D network 

structure around the emulsion droplets that enhanced the stability of the Pickering 

emulsion (Binks et al., 2010). Binks’ group (Aveyard et al., 2003) systematically 

studied the influence of SiO2 particles concentration on the droplet size of Pickering 

emulsion system. They found that in a low particle concentration range (lower than 

3%), the droplet size of the emulsion would decrease with increasing particle 

concentration. In this work, the concentration of SiO2 particles is in the range of 2-6%. 

A 10-fold increase in particle concentration reduced the droplet size to about 1/8 of 

the original. That was overall well in line with the previous observation (Binks et al., 

2004, 2005; Liu et al., 2012). 

When the concentration of particles was higher than 3%, the droplet size would not 

change with the increase in particle concentration, and the extra particles tended to 

disperse in the continuous phase, not adsorb at the droplet interface. The stabilization 

mechanism is that the increase of the addition amount of solid particles means that the 

increase of the number of solid particles adsorbed at the oil-water interface, which 

leads to the thickening of the interface film, the enhancement of the ability to prevent 

the coalescence between droplets. In addition, coalescence is inhibited by the excess 

of particles because they enter oil phase and form a three-dimensional network, which 

increases the distance between droplets and stability (Binks et al., 2010).  

As the amount of particles adsorbed on the oil-water interface increased, the 

oil-water interfacial tension decreased while a dense interface film formed, which 

effectively prevented the collision and the coalescence between the emulsion droplets. 



Although the hydrophobicity of SiO2 was in favor of the formation of the W/O 

Pickering emulsions, it had insignificant effect on the diameter of the droplets, that 

may be associated with a combination of a number of factors such as the 

non-spherical structure, the size distribution and the surface roughness of SiO2 

particles (Binks et al., 2000; Binks et al., 2005; Wu and Ma, 2016) (Fig. 3). 
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Fig. 3. Microscope image of Pickering emulsion droplets 

3.2 Two-phase flow patterns of three systems of PES, SS and VFS 

When the PES contains high-solid content and dispersed emulsion droplets, the 

apparent viscosity and density are generally high, exhibiting similar characteristics to 

fluids having high viscosity (Yao et al., 2018; Archibong-Eso et al., 2019; Wang et al., 

2021). In order to identify the suitable operational parameters for achieving stable 

Pickering emulsion flow within microchannels, the prepared three multiphase flow 



systems, i.e. PES, SS and VFS, were examined and compared. It is worth to note that 

the high viscous fluid was used as the dispersed phase in those three systems, which 

has been less studied previously (Cubaud and Mason, 2008; Bai et al., 2016; Zhang et 

al., 2019). 

Qd/Qc 

μL/min 
PES VFS SS 

50-50 

   
 (a1) Slug flow (a2) Slug flow (a3) Unstable slug flow 

50-500 

   

 (b1) Monodispersed droplet (b2) Monodispersed droplet 
(b3) Unstable monodispersed 

droplet flow 

50-1,000 

   

 (c1) Jetting droplet (c2) Jetting droplet 
(c3) Unstable jetting droplet 

flow 

200-20 

   
 (d1) Parallel flow (d2) Parallel flow (d3) Unstable parallel flow 

Fig. 4. Flow patterns observed around T-junction for three systems of PEs, SS and VFS 

Fig. 4 illustrates the observed flow patterns with images covering the microchannel 

section across 20 mm downstream of the T-junction to allow the flow to fully develop. 

Four categories of stable flow patterns were observed for PES and VFS having 

comparable viscosities, namely, slug flow, monodispersed droplet flow, jetting droplet 

flow and parallel flow (Fig. 4). In these systems, the demulsification phenomena of 

Pickering emulsion in microchannel were not observed in all experiments. However, 

liquid-liquid two-phase immiscible flow patterns for SS were unstable, where the 

solid content of SS was identical with that of PES. These were similar to the previous 

observations, e.g. during the formation of other viscous droplets (Cubaud and Mason, 



2008). In general, the formation of any specific flow pattern is a combination of many 

factors in the complex multiphase system under dynamic fluidic conditions, including 

fluid properties, fluidic operating parameters, and microchannel geometry/surface 

properties. The forces involved during the formation of dispersed droplets are further 

analyzed in the next Section. 

For SS, the aqueous phase in the dispersed Pickering emulsion phase was replaced 

by ethyl acetate with the same volume. Fig. 5(a) shows that the suspension stretched 

along and attached to the channel wall when leaving the T-junction. Therefore, it was 

difficult to cut off the neck of the dispersed suspension phase at the T-junction. Fig. 

5(b) shows that the dispersed droplets were formed at around the first bend of the 

main channel after flowing over a longer distance along the flow direction compared 

to PES, which was largely induced by Rayleigh-Taylor instability (Vadivukkarasan, et 

al., 2020). However, the dispersed droplets still tended to attach to the channel wall, 

which made the interface being elongated and deformed, even blocking the channel 

and finally forming some unstable flow patterns, as shown in Fig. 5(c). 

 

Fig. 5. Flow patterns of SS at different positions in microchannel (a) Around T-junction; (b) 

Around the bends of the microchannel; (c) In the main microchannel 

For VFS, silicone oil was used to regulate the viscosity of ethyl acetate (oil phase), 

(a) (b) (c) 



in order to obtain comparable viscosities to that of the Pickering emulsion. The flow 

patterns and their formation processes are shown in Fig. 6. Four distinct flow patterns 

were also observed similar to that of PES, i.e. slug flow, monodispersed droplet flow, 

jetting droplet flow and parallel flow. These flow patterns were mainly formed by 

squeezing, dripping and jetting regimes, in accordance with observations in previous 

investigation with VFS by Yao et al. (2018) and Bai et al. (2016). In this work, the 

viscosity of PES increased with the increase in the addition amount of SiO2 

nanoparticles. In order to further clarify the influence of the dispersed W/S/O 

spherical emulsion droplets (Ph2-1) on the formation of the dispersed Pickering 

emulsion phase, the introduction of VFS as a benchmark with the same viscosity 

should be important and necessary. For avoiding redundancy of the description about 

well known VFS, we tried our best to only list part experimental results. As VFS was 

out of the main scope of the present work, more experimental results for VFS are 

shown in Supporting Information.  
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Fig. 6. Flow patterns and their formation processes for VFS. (a) Squeezing: Qd=50 μL/min, 

Qc=100 μL/min. (b) Dripping: Qd=50 μL/min, Qc=500 μL/min. (c) Jetting: Qd=50 μL/min, 

Qc=1000 μL/min. (d) Laminar: Qd=200 μL/min, Qc=20 μL/min 

The above observed different flow patterns may have different effects on potential 

reaction applications involving Pickering emulsion, where both well-defined contact 

interface and the recirculation within the continuous phase or the dispersed phase 

exist. The former is conducive to the regulation of the reaction processes. The latter 

can significantly enhance local mixing leading to augmented heat and mass transfer (i) 

in the radial direction within the liquid slug, and (ii) in the axial dispersion across the 

gas-liquid interface, which is similar to the issues of gas-liquid two-phase systems 

(Kececi et al. 2009; Su et al. 2012). Therefore, Slug flow and Monodispersed droplet 

flow are believed to be more favourable for potential reaction applications. 

3.3 Formation mechanism of PES dispersed droplets in microchannel 

As discussed above, the PES was composed of a continuous water phase (Ph1) and 

a dispersed Pickering emulsion phase (Ph2), where the formation of the dispersed 

droplets was the result of a number of forces exerted upon the emerging droplet 

(Pickering emulsion). Fig. 7 illustrates those forces, including the inertia force caused 

by Ph1 (
2 2 c H WS WF d u ) and by Ph2 (

2 2 d H PS PF d u ), the interfacial force at the neck of 

Ph2 ( /   W P neckF ), the viscous shearing force ( 2/  W W D gapF Q L ) caused by the 

flow of Ph1 around the emerging droplet, the continuous phase pressure on the neck 



(Pneck) and the tip (Ptip) of Ph2 (Fig. 7).  

 

Fig. 7. Correlative forces for the formation of the dispersed droplets 

The formation of the dispersed droplets was also believed to be the result of the 

dynamic competition among these forces. Specifically, as shown in Fig. 7, Fc and Fd 

were the main forces to drive Ph2 to the downstream of the channel. Fμ also promoted 

the tip of Ph2 towards the downstream, and caused the neck of Ph2 to be quickly cut 

off, accelerating the formation of droplets. In addition, Fγ played an important role on 

the balance and the stability of the emerging droplet. At the neck of the dispersed 

phase, Fγ was balanced with Fc, Fμ and Pneck to ensure the dispersed phase to flow 

downstream continuously. The interfacial force caused the tail of the next emerging 

droplet to retract as the dispersed droplet forms, and the flow got into the transiently 

stable state. The interfacial force at the tip of the emerging droplet was balanced with 

Fμ and Ptip, in addition to the environmental confinement in the case of microchannels, 

to keep it moving downstream.  

 

(a) (b) 
 



On the other hand, the dispersed W/S/O spherical emulsion droplets (Ph2-1) and the 

continuous ethyl acetate phase (Ph2-2) formed Pickering emulsion, as shown in Fig. 

7(b). Ph2-1 may be considered as quasi-solid soft microspheres due to SiO2 particles 

acting as solid surfactant, where its moving trail was determined commonly by the 

drag force (  
2 1 2 1

2

D D o o Ph PhF C u u A
 

   ) induced by a range of factors, including 

Ph2-2, the interfacial tension at the S/O interface (σ), the confinement of the 

microchannel wall, Basset force (FBa), virtual mass force (FVM), Magnus force (FM), 

Saffman force (FSa), and the collision and the repulsion forces between the adjacent 

emulsion droplets. The formation of the dispersed droplets was affected by the motion 

of Ph2-1 in Ph2, which depended on the size of Ph2-1. The diameter of the dispersed 

droplets could be controlled by changing the addition amount of SiO2 nanoparticles, 

and the dispersed phase neck formed with small size of Ph2-1 was narrow. In addition, 

the small size of Ph2-1 had a smaller torque, which increased the particle rotation 

speed, reduced the parabolic radian of motion, weakened the effect of FD, accelerated 

the contract of neck, and led to the decrease of the size of the dispersed droplet. 

The motion behaviors of Ph2-1 in Ph2 can be characterized over two regions, i.e. at 

the T-junction and in the main microchannel, as shown in Fig. 7(a). As the tip of the 

emerging Ph2 began to intrude into the main channel at the T-junction, torque of Ph2-1 

occured under the action of Fc , Fd and FD. The rotating motion was verified by an 

approximate clockwise direction. Ph2-1 moved to the center of the microchannel due 

to FM and FSa. Generally, the motion trajectory was more complex at the vicinity of 

T-junction due to the location distribution of Ph2-1. Once the tip intruded into the main 



channel, the streamline of all Ph2-1 was almost identical and their vector direction was 

the same with Fμ, the disappearance of the rotation of Ph2-1, FM and FSa, so flow field 

was close to be stable and the motion trajectory showd a straight line (Fig. 7(b)). 
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Fig. 8. Formation of the dispersed droplet for PES 

(a) Squeezing, Qd=50 μL/min, Qc=50 μL/min; (b) Dripping, Qd=50 μL/min, Qc=500 μL/min; (c) 

Jetting, Qd=50 μL/min, Qc=1000 μL/min; (d) Laminar: Qd=200 μL/min, Qc=20 μL/min 

Whilst the above analyzed forces affected the formation of Pickering emulsion 

droplets, they also influenced the overall multiphase flow behavior along the 

microchannel, forming different flow patterns under certain fluidic conditions (Fig. 4). 

Fig. 8 depicts the experimental observation captured during the formation of slug flow, 

monodispersed droplet flow and jetting droplet flow, by taking M1.0@S0.75 

Pickering emulsion as an example, as detailed below. 

Fig. 8(a) shows the dynamic formation of slug flow for PES at the T-junction in the 



microchannel. The length of Pickering emulsion slugs was larger than the 

microchannel width. These slugs flowed along the channel, and were segmented from 

each other by the liquid plugs of Ph1. Moreover, a thin continuous phase liquid film 

was located between the slug and the wall. This flow pattern was observed at a low 

Ph1 flow rate (50 mL/min) and a 1:1 flow rate ratio of Ph2 to Ph1. In addition, the 

formation process of slug flow conformed to the squeezing mechanism. At the 

beginning of Ph2 growth stage, the growth direction was perpendicular to the flow 

direction of the continuous phase in the main channel, and Fγ was dominant. Also, the 

size and the amount of Ph2-1 had important influence on the formation and the width 

of the neck of the Ph2 (Pan et al., 2018). Subsequently, Ph2 gradually expanded at the 

inlet T-junction until blocking the main channel from time 0 ms to time 10 ms. The 

continuous phase flowed through the gap between Ph2 and the channel wall, where the 

velocity of the continuous phase increased, as well as Fμ.  

Fig. 9 schematically shows further analysis on the motion trajectory of Ph2-1 in Ph2, 

based on the observation captured by videos. It was found that Ph2-1 on both sides of 

Ph2 near the channel wall moved faster and migrated to the center of the channel (SI, 

Fig. S1). This was likely associated with Ph2-1 around the tip tending to move 

clockwise as the torque induced the combined action of Fc, Fd and FD. In the 

squeezing stage, the tip of Ph2 continued to grow downstream under the balance with 

Fc, Fγ and Pneck, while the width of the neck of Pickering emulsion gradually 

decreased from time 10 ms to time 50 ms. At time 50 ms, the two-phase interface at 

the neck of the dispersed phase became a concave shape, which was similar to that of 



high viscous fluid as the dispersed phase (Bai et al., 2016). Finally, the neck of the 

dispersed phase collapsed at time 52.81 ms. When the tail of the formed Pickering 

emulsion slug and the head of the new droplet quickly retracted due to the interfacial 

tension, the process entered into next squeezing period.  

 

Fig. 9. Diagram of the motion trajectory of Ph2-1 in Ph2 (Qc= Qd=50 μL/min) 

When the ratio of two-phase flow rate was relatively low (0.03~0.24), 

monodispersed drop flow and jetting droplet flow patterns were observed (Fig. 8 

(b)&(c)), where higher continuous phase flow rates were favorable for forming jetting 

droplet flow. The formation of monodispersed droplets corresponded to the dripping 

mechanism. As the tip of the dispersed phase was unable to block the main channel 

due to the high continuous phase flow rate, it had to flow downstream under the 

strong push of Fμ and Fc. At the growth stage, the dispersed W/S/W/O spherical 

emulsion droplets entered into the tip of the dispersed phase, which expanded axially 

and radically, for example, from time 0 ms to time 3.33 ms. At the rupture stage, the 

neck of the dispersed phase began to gradually become narrower and slender, and 

only Ph2-2 in Pickering emulsion can flow into the tip through the narrow neck, as 

seen from time 3.33 ms to time 8.89 ms in Fig. 8(b).  

The length of the monodispersed droplet formed by the dripping mechanism was 



smaller than the microchannel width because the shearing from the inertial or viscous 

force of the continuous phase was stronger than the two-phase interfacial tension. As 

the continuous phase flow rate continued to increase, Pickering emulsion phase was 

elongated and extended to downstream, thus the long narrow liquid column formed, 

which was pushed towards the center of the channel under the strong inertial force of 

the continuous phase (SI, Fig. S1). Due to the classical Rayleigh-Plateau instability 

(Xiao et al., 2016), the breakup of the tip of the Pickering emulsion occurred and 

small spherical droplets were formed at the moment of time 0.82 ms (Fig. 8(c)), i.e. 

the narrow liquid column was pinched off to form the jetting droplet flow.  

When the flow rate ratio of dispersed phase to continuous phase was relatively high 

Fd began to dominate. As the dispersed phase cannot be cut off, it flowed side-by-side 

with the continuous phase in the microchannel (Fig. 8(d)). In this case, no dispersed 

droplets were formed, neither were slugs.  

Overall, the diameter of Pickering emulsion droplets and the movement of Ph2-1 

were decisive factors for flow pattern and transition. With the decrease of SiO2 

amount, the diameter of emulsion droplets increased gradually, so δ was also 

relatively large that flow pattern transition needed larger jc. When the diameter of the 

droplet was larger, the distribution became tighter, which led FD increases on Ph2-1, so 

the contraction of the neck of Ph2 was inhibited, and the flow pattern transition lines 

were raised eventually. 

3.4 Flow pattern maps for PES in microchannels 

As discussed above, the formation of a specific flow pattern is determined by a 



number of factors, including fluid properties and operating parameters, during the 

complex multiphase flow within a given microchannel. To identify suitable operating 

conditions in order to achieve a specific flow pattern, were varied the hydrophobicity 

of SiO2 nanoparticles, the amount of SiO2 nanoparticles added, and both phases’ 

superficial flow velocities (jd and jc for dispersed and continuous phase, respectively). 

The properties and amounts of SiO2 particles are specified in Table 1, while the two 

phases’ superficial flow velocities, jd and jc, were operated in the range of jd=0~40 

mm/s and jc=0~350 mm/s, respectively. Fig. 10 shows the flow pattern maps 

corresponding to those variables, with the transition curves dividing different flow 

pattern zones. 
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Fig. 10. Flow patterns and flow pattern transition lines for PES flow in microchannels with 

varying superficial velocities of dispersed phase and continuous phase, and amounts of 

methyltrimethoxysilane and SiO2 nanoparticles 
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Fig.11. Comparison between the flow pattern map in the present study and that in the 

literature 

As can be seen in Fig. 10(a), for a specific multiphase system increasing one 

phase’s superficial velocity required to increase the other phase’s velocity in order to 

realize a flow pattern transition. At a given jd level, increasing jc facilitated the 

transition from parallel flow, through slug flow and monodispersed drop flow, to 

jetting droplet flow. Clearly, the parallel flow zone occupies the smallest zone, located 

at the bottom right corner of the flow pattern map, requiring a higher flow rate ratio of 

Ph2 to Ph1 under high flow rates of Pickering emulsion. It was interesting to note that 



those trends applied to all multiphase systems examined (Fig. 10(a)-(f)). Also, these 

observations were in line with that shown in Figs. 4 & 8.  

For a given jd, when increasing jc, the flow pattern transited from parallel flow to 

stable slug flow, mainly due to the dominance of Fγ over Fc and Fμ. By further 

increasing jc, the flow pattern changed from slug flow to monodispersed drop flow, 

finally to jetting droplet flow, while the shearing from large Fc or Fμ dominated over 

Fγ forming monodispersed drop flow and jetting droplet flow patterns. Compared to 

traditional liquid-liquid two-phase systems, the regions of the dispersed flow patterns 

(slug flow, monodispersed drop flow and jetting droplet flow) significantly increased 

(Zhao et al., 2006; Tsaoulidis et al., 2013; Cao et al., 2018; Yao et al., 2018). Also, the 

dispersed flow patterns easily formed with PES, which increased the feasibility of the 

solid conveying based on Pickering emulsion. 

Regarding effect of added SiO2 amount, Fig. 10(a)-(c) show that the decrease of 

SiO2 amount, for a selected amount of methyltrimethoxysilane at a given jd level, 

shifted upwards all the transitions curves requiring higher jc, i.e. the smaller amount 

of SiO2 added, the higher jc, needed. This may be explained by the decrease of 

viscosity and two-phase interfacial tension, and the increase of diameter of the 

dispersed emulsion droplets in Pickering emulsion, given a decreased amount of SiO2 

nanoparticles added. During the formation of the dispersed emulsion droplet, the size 

of Ph2-1 affected the break-up of the neck except for the balance between the shear 

stress and the interfacial tension according to our experimental observation. Moreover, 

the larger the Ph2-1 size was, the stronger the impediment for the break-up of the neck 



was. The effects of the amount of methyltrimethoxysilane, i.e., the hydrophobicity of 

SiO2 nanoparticle surface on flow patterns are illustrated in Fig. 10(d)-(f), showing 

insignificant influence. This was mainly due to the variation of the Pickering 

emulsion droplet diameter to be insignificant with the increase of the 

methyltrimethoxysilane amount for a given amounts of SiO2 nanoparticle, as shown in 

Figs. 3. For S0.25, with the increase of methyltrimethoxysilane amount, the critical 

velocity of Pickering emulsion for forming parallel flow gradually increased, which 

may be caused by the larger Pickering emulsion droplet diameter, as shown in Figs. 3 

& 10(d). This was a typical situation where Fd or Fμ dominated over Fγ. 

Fig. 11 shows the comparison between results from the present study and those in 

the literature. Based on the above discussion, key factors including viscosity, 

interfacial tension, two-phase velocity, characteristic scale of Pickering emulsion 

droplets and its motion of Ph2-1 in Ph2 all play an important role in the formation of 

the flow patterns, and further in the flow pattern transition boundary on the flow 

pattern map. Therefore, the composite dimensionless numbers were adopted to plot 

the flow pattern map, which were also employed previously (Yagodnitsyna et al., 

2016; Yao et al., 2018).  

As seen in the map, overall the central zone of the flow pattern map was occupied 

by the slug flow, which belonged to the interfacial tension dominated zone and the 

squeezing regime. The slug-droplet transition line in the present experiment shifted to 

top-left in the map compared to the traditional two-phase system (Cao et al., 2018; 

Zhang et al., 2018). This was attributed to larger interfacial tension and viscosity of 

the dispersed phase for PES, which postponed the occurrence of the dispersed 

droplets. Moreover, the trends of almost all the transition lines were similar. It 

indicated that the results from traditional high viscous systems could be extrapolated 

to PES in the microchannel.  

By increasing the velocity or viscosity of the dispersed phase for traditional 



systems, the parallel flow was prone to be formed under the domination of the 

dispersed inertia or viscous force. The viscosity of Ph2 for PES increased with the 

increase in the solid content, whilst the diameter of Ph2-1 reduced. Further, the neck 

width of the dispersed phase at the T-junction became narrower, which was 

unfavorable for the formation of the parallel flow. Other transition lines in the 

cyclohexane-CMC two-phase flow in rectangular microchannels were almost vertical 

(Fu et al., 2015), which were different from the present observation. That was likely 

due to the interfacial tension of their system being remarkably large (37 mN/m), 

which led to the increase of the interfacial tension dominated zone. 

3.5 The length of the dispersed droplets in PES, SS and VFS 

Upon establishment of a stable state for the formation of Pickering emulsion 

dispersed droplets, it is also important to characterize and, ultimately, achieve the 

desired droplet geometry. Within a confined microchannel, the dimensionless number 

LD/w (i.e., length of dispersed phase droplet/width of microchannel) represents a 

characteristic quantity to describe the physical geometry of droplets under flow. Fig. 

12(a)-(c) plot the variation of LD/w as a function of total flow rate (Qt) at a constant 

flow rate ratio of Qd/Qc = 1:1 for the PES flowing along the main microchannel. 

Different amounts of SiO2 particles (0.25 g, 0.50 g and 0.75 g) with varying 

hydrophobicity (by adding 0.5 mL, 0.8 mL and 1.0 mL silane coupling agent) were 

employed. For comparison, an SS flow system was examined under the identical 

operating conditions (Fig. 12(d)-(f)). A wider range of operating conditions was also 

applied and the experimental results together with flow patterns observed are 

presented in Supporting Information (SI, Figs. S2-S3). 

As can be seen in Fig. 12(a) for the PES, LD/w decreased with the increase of total 



two-phase flow rate for all three amounts SiO2 addition, while the increase of 

modified SiO2 addition resulted in the decrease in LD/w. With the increase of SiO2 

amount, the diameter of emulsion droplet decreased, which was conducive to the 

contraction of the neck width of the dispersed phase (δ), and accelerated the droplet 

fracture under the same operating conditions. By increasing hydrophobicity following 

more silane coupling agent added from 0.5 mL to 1.0 mL (Fig. 12(a)-(c)), LD/w was 

reduced correspondingly. As the two-phase interfacial tension almost kept constant 

with the increase of the amount of SiO2, its effects on the the droplet length could be 

negligible. On the other hand, the increase of SiO2 amount was in favor of the 

decrease of the neck width of the dispersed phase at the T-junction, potentially leading 

to decrease of the size of the emulsion droplet in Ph2 and, in turn, decrease in LD/w.  

For the SS flow under identical operating conditions (Fig. 12(d)-(f)), it showed a 

similar trend in terms of LD/w as a function of total flow rate, where LD/w was 

generally larger than that of PES. More significantly, all SS flows appeared to be very 

unstable without obvious regularity, which was largely due to the adhesion of solid 

particles on the channel wall (Fig. 5). It was found that the solid particles in the 

suspension were easy to deposit at the bottom and adhere to the microchannel in SS, 

resulting in channel blockage. The solid particles in the suspension were easy to 

deposit under the action of gravity (FG), which finally entered the water phase from 

the oil phase due to the drag force (FD) produced by its own adhesion channel. This 

was a typical FD dominated interfacial tension (Fγ). 

Meanwhile, the comparison of the dispersed droplet length of VFS and PES is 



depicted in Fig. 13. The experimental results showed that the length decreased with 

the increase of the dispersed phase viscosity for a given Qd/Qc, and it was in 

accordance with the literature reports (Bai et al., 2016). It was also found that the 

length for VFS was clearly larger than PES under the identical operating conditions, 

and the difference was induced by the emulsion droplet in Ph2. The experimental 

results for other operating conditions are shown in SI, Fig. S4-S5. 

On the one hand, there were little differences in both two-phase interfacial tension 

and viscosity between PES and VFS (Table 1), where their influence on the formation 

of the dispersed phase droplets was insignificant. With the increase of Ph2 viscosity, 

meanwhile, the diameter of Ph2-1 was smaller, which made the neck width of the 

dispersed phase decrease and Fμ become the dominant force, so the size of Ph2 

decreases. On the other hand, the existence of the emulsion droplets in Ph2 promoted 

the break-up of the neck. Moreover, the smaller the diameter of the emulsion droplets 

was, the faster the collapsing velocity of the neck was. In order to elucidate the 

mechanism of the effects of the dispersed emulsion droplet in Ph2, further study will 

be required, which is ongoing in our laboratory.  
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Fig. 12. Effects of the flow rate on length of dispersed phase droplets in PES (a-c) and SS (d-f) at 

a flow rate ratio of 1:1 
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Fig. 13. Comparison of LD/w of VFS and PES at a flow rate ratio of 1:1 

3.6 Empirical correlation for the length of the dispersed droplet 

It was interesting that the size of the dispersed W/S/O spherical emulsion droplets 

(Ph2-1) played an important role on the formation of the dispersed Pickering emulsion 

phase (Ph2). The possible reason was that the complicating movement of Ph2-1 in Ph2, 

the interaction between adjacent Ph2-1, and the rigid shell of Ph2-1 under the balance of 

all forces in the above discussion. Compared with conventional homogeneous 

dispersed phase, the dynamic behaviors of the dispersed Pickering emulsion made of 

Ph2-1 and the continuous ethyl acetate phase (Ph2-2) were more complex. Although 

many rational models based on classical Garstecki’s scale law model have been 

proposed in the previous literatures for the squeezing regime (Garstecki et al., 2006; 

van Steijn et al., 2007; Leclerc et al., 2010; Xiong et al., 2007; Shao et al., 2008), the 

shearing regime (de Menech et al., 2008; Guo and Chen, 2009; Thorsen et al., 2001; 

Husny and Cooper-White, 2006; Xu et al., 2008) and the transition 

squeezing/shearing regime (Christopher et al., 2008; de Menech et al., 2008; Xu et al., 

2008; Fu et al., 2010), these models were difficult to extrapolate to those complex 

systems involving internal movement in the dispersed phase-Pickering emulsion.  

Considering the complexity of the movement of Ph2-1 in Ph2, moreover, our 

investigation for the application of Pickering emulsion in microchannels was only in 

the preliminary stage, so the rational model for predicting the length of the dispersed 

droplet (LD/w) was difficult to be proposed. Based on the rule of thumb, the empirical 

correlation would be adopted in this work. Essentially, our proposed empirical 



correlation still originated from classical Garstecki’s scale law model. Meanwhile, 

several classical and latest models were introduced to compare with our empirical 

model and the experimental results, as shown in Fig. 15. It was obvious that the 

predicted values from previous models were rather larger than the experimental 

results. The main reason for the difference was the negative effects of Ph2-1 on the 

break-up of the dispersed phase at the T-junction, that is, the existence of Ph2-1 in Ph2 

impeded the formation of Ph2. So, the viscosity ratio and Ca were adopted in the 

empirical correlation. 

These slug droplets were formed under squeezing (Ca<1.5×10-3). The experimental 

results showed that the length of the dispersed droplet was affected by the viscosity 

ratio and Ca, and the change of the viscosity of Ph2 affected the size and movement of 

Ph2-1 in Ph2. That is, the intrinsic mechanism of the above influence of fluid viscosity 

on droplet formation could be attributed to the external shear stress and the movement 

behavior of Ph2-1 in Ph2. So these two important dimensionless numbers were 

introduced on the basis of the prediction formula mentioned in the literature, the 

results showed that droplet size of all systems could be predicted well. 

In order to establish a scaling law for the Pickering emulsion flow, an empirical 

correlation was developed for the flow characteristic number LD/w with a wider range 

of fluidic parameters, by introducing two additional dimensionless numbers, 

Ca=μcuc/γ, and λ=μd/μc, based on the experimental investigations. Fig. 14 shows 

experimental results for LD/w as a function of Ca at three levels of viscosity ratio () 

with a given flow rate of the dispersed phase (Qd) and hydrophobicity of SiO2 particle 



surface. The experimental results for a wider range of operating conditions are 

presented in SI (Figs. S6-S7).  

  As shown in Fig. 14(a), initially, LD/w dropped sharply with the increase of Ca, 

followed by gradually leveling off as Ca>1.5×10-3. With given Qd (20 L/min) and λ, 

the increase in Ca reflected a higher flow rate of the continuous phase (Qc), speeding 

up the contraction of the phase interface while reducing the detachment time of the 

droplet, finally leading to the decrease of LD/w. For given Ca and Qd, the decrease of λ 

resulted in increase of LD/w, where the lower viscosity of the dispersed phase was in 

favor of the pinch-off of the neck while taking a shorter period of time to complete the 

formation of the dispersed droplet. 
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As demonstrated above, the droplet length in terms of LD/w was significantly 

influenced by viscosity and volumetric flow rates of the two phases, liquid properties 

and interfacial tension within a confined microchannel. Based on the experimental 

measurements, a scaling law was proposed for LD/w by considering those key 

parameters. By using a multi-variable least squares method to fit all the experimental 

data, an empirical correlation was obtained (Eq. (1)). For comparison, an empirical 

correlation for VFS was also carried out (Eq. (2)). It was also interesting that the 

value of the exponents might be indicative of the influence of the leakage flow at the 

corner of microchannel, which may also be associated with the defects of the 

empirical correlation. 
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The empirical correlations show that LD/w is more dependent on Qd/Qc than Ca and 

λ for both PES and VFS. Compared to VFS, the effects of Qd/Qc and λ on LD/w are 

larger for PES than VFS. Interestingly, Ca plays an almost equivalent role in 

influencing LD/w for PES and VFS. The reason behind this phenomenon is worth 

investigating further. 

The validation of the two correlation models, Eq. (1) & (2), was conducted by 

comparing the predicted values and experimental results of LD/w (Fig. 16). It can be 

seen that the relative errors of the predictions for LD/w all fall within 15% for both 

PES and VFS. Considering the uncertainty associated with experimental 

quantification of LD/w, the predicted values were in satisfactory agreement with the 

experimental data. These results indicated that the scaling law could be applied to 

predict LD/w for droplet/slug flow in microfluidic T-junction with an acceptable 

accuracy.  
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     Fig. 16. Comparison of the predicted values and the experimental data for PES and VFS 

4. Conclusion 

The clogging and difficulties in achieving stable operation in multiphase flow 

involving solid micro/nano particles are still severe challenges for heterogeneous 



catalytic reactions or other multiphase processes in microchannel reactors. To address 

those challenges, the Pickering emulsion was adopted in the present work. The 

microfluidic behavior and hydrodynamics of Pickering emulsion systems (PES) 

within a microchannel reactor were systematically characterized, both experimentally 

and theoretically, under a range of operating conditions. For comparison, a suspension 

system (SS) formed with ethyl acetate containing suspended SiO2 nanoparticles and 

water, and a viscous fluid system (VFS) consisting of ethyl acetate, methyl-silicone 

oil and water, were also examined. 

(1) Liquid-liquid two-phase flow hydrodynamics of PES, SS and VFS around the 

T-junction within the main microchannel were dependent on a range of parameters, 

including surface hydrophobicity of stabilizing SiO2 nanoparticles, amount of 

SiO2 particles added, viscosity and flow rate. 

(2) Four flow patterns of parallel flow Slug flow, monodispersed droplet flow, and 

jetting droplet flow were observed under these operating conditions for PES and 

VFS, where superficial velocity was the key factor affecting the flow patterns 

transition. The dispersed droplets were prone to adhere to the channel wall for SS, 

which made the interface be elongated and deformed, even block the channel. 

(3) The formation of slug flow was the result of the dynamic competition among the 

inertia force (Fc, Fd), the interfacial force (Fγ), the viscous shearing force (Fμ) and 

the continuous phase pressure (Pneck, Ptip). 

(4) The motion behavior of interface Ph2-1 was determined by drag force (FD), 

interfacial tension at the S/O interface (σ), confinement of the microchannel wall, 



Basset force (FBa), virtual mass force (FVM), Magnus force (FM), Saffman force 

(FSa), and collision and the repulsion forces between the adjacent emulsion 

droplets. The motion trajectory showed the characteristics of the approximate 

clockwise direction and the straight line. 

(5) A scaling law of the droplet size (LD/w) was developed as a function of Qd/Qc, 

μd/μc and Ca. The results showed that the predicted values were in accordance 

with the experimental data. 

 

SUPPORTING INFORMATION 

Experimental data under other operating conditions are shown in Supporting 

Information. 

Acknowledgements 

We gratefully acknowledge the financial supports from National Natural Science 

Foundation of China (Nos. 21978250, 21808194), Natural Science Foundation of 

Shandong Province (ZR2017BB058) and Key Technology Research and 

Development Program of Shandong (2019JZZY010410). 

Nomenclature 

APh2-1 Cross-sectional area of Ph2-1, m
2 

Ca
 

Capillary number, Ca=μcuc/γ 

CD Drag coefficient 

d Pickering emulsion droplet diameter, μm 

dH Hydraulic diameter, m 

FBa Basset force, N 

Fc
 

Inertia force caused by Ph1, N 

Fd
 

Inertia force caused by Ph2, N 

FD Drag force, N 



FM Magnus force, N 

FSa Saffman force, N 

FVM Virtual mass force, N 

Fγ, neck Interfacial force on the neck, N 

Fμ Viscous shearing force, N 

jc Superficial velocity of the continuous phase, mm/s 

jd Superficial velocity of the dispersed phase, mm/s 

LD Length of the dispersed phase droplets, μm 

M
 

Amount of methyltrimethoxysilane, mL  

Ph1
 

Continuous water phase  

Ph2 
Dispersed Pickering emulsion phase 

Ph2-1
 

Dispersed W/S/O spherical emulsion droplets  

Ph2-2 Continuous ethyl acetate phase  

Pneck
 

Continuous phase pressure on the neck of Ph2, N/m2 

Ptip 
Continuous phase pressure on the tip of Ph2, N/m2 

Qc Flow rate of the continuous phase, μL/min 

Qd Flow rate of the dispersed phase, μL/min 

Qt Total flow rate of two phases, μL/min 

@S
 

Amount of modified SiO2, g 

t Time, ms 

u Superficial velocity, m/s 

w Microchannel width, µm 

Greek letters
 

 

γ Interfacial tension, mN/m 

δneck Thickness of the emerging Ph2 tip, m 

δgap Gap between the wall and the dispersed phase, m 

µ Dynamic viscosity, mPa·s 

λ
 

Two-phase viscosity ratio, λ=μd/μc 

ρ Density, kg/m3 

σ Interfacial tension at the S/O interface, mN/m 
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