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Abstract

:

The experimental method is used to study the droplet breaking characteristics of an immiscible liquid–liquid t8wo-phase fluid in symmetric Y-junction microchannels. Silicone oil is used as the dispersed phase and distilled water containing 0.5% SDS is used as the continuous phase. Three breakup behaviors were observed: breakup with permanent obstruction, breakup with gaps, and no breakup. Two stages of the change of the neck width of the sub-droplet during the breakup process were discovered: a rapid breakup stage and a thread breakup stage. The effect of the breakup behavior on the flow pattern was investigated and it was found that the breakup behavior of the droplets made the slug flow area smaller; further, a new flow pattern was observed, being droplet flow. The length of the sub-droplet increases with an increase of the volume flow rate of the dispersed phase and the ratio of the volume flow rate of the dispersed phase to the continuous phase, while decreasing with an increase of the volume flow rate and the capillary number of the continuous phase. Based on the influence of the two-phase flow parameters on the length of the sub-droplet, a correlation formula for the length of the sub-droplet with good predictive performance is proposed.
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1. Introduction


With the advancement of science and technology, microfluidic technology has also developed rapidly and has received extensive attention in the field of the microchemical industry [1,2,3]. Microfluidic technology is widely used in bioengineering [4,5,6], drug screening [7,8,9], protein crystallization [10], and chemical reactions [11,12] due to its many advantages, such as high safety, high device integration, low consumption of experimental reagents, strong controllability, and process energy saving. In microfluidic technology, the production efficiency can be greatly improved by obtaining two or more sub-droplets at one time by breaking the droplets in the microchannel [13]. Due to the high controllability and repeatability of this breakup method, it has become an important application in microfluidic technology [14,15,16,17].



Common microchannel structures used to prepare sub-droplets include T-junction [18,19], Y-junction [20,21], cross-focusing [22], and microchannels with internal obstacles [23]. Among them, these channels can be designed to be symmetrical [24] or asymmetrical [25]. Link et al. [18] investigated droplet breakup within multi-order T-junction microchannels of different lengths and proposed a transition rule for droplet breakup and non-breakup behavior. Jullien et al. [26] conducted an experimental study on droplet breakup within T-junction microchannels at larger capillary numbers and found two breakup mechanisms: microdroplet tunnel breakup and blockage breakup. Rosenfeld et al. [27] studied the breakup process of droplets when a concentrated emulsion flows in a narrow microchannel with a small pore throat structure. The variation law of droplet divergence with parameters such as flow rate, inlet angle, and droplet size relative to droplet width was studied. Chen et al. [28] used the volume-of-fluid method (VOF) to conduct a 3D simulation of the breakup mechanism of microdroplets in a T-junction microchannel and verified the simulation results through visualization experiments. Through simulations and experimental observations, four breakup modes were discovered and a correlation was proposed to predict the size of the droplet. Cheng et al. [29] used a numerical simulation to study the droplet breakup in asymmetric T-junction microchannels with square cross-sections and different pressure gradient ratios. The critical conditions for the breakup of a droplet into two sub-droplets of different sizes are identified and two main asymmetric breakup mechanisms are proposed: permanently blocked breakup and unstable breakup. Cong et al. [30] used experimental methods to study the breakup behavior of bubbles in an asymmetric Y-junction microchannel, and investigated the effects of two-phase flow rate and physical properties on the distribution of broken bubbles. Three different breakup behaviors were found: asymmetric breakup without a gap, asymmetric breakup with a gap, and no breakup. It can be seen that the research in the existing literature mostly focuses on the T-junction microchannel structure and there is little about the droplet breaking behavior in the symmetrical Y-junction microchannel structure. Furthermore, because of its unique bifurcated structure, Y-junction microchannels are similar to blood vessels in living organisms and have ingenious bionic significance. In order to better control the production of sub-droplets, it is of great significance to study the droplet breaking behavior in symmetric Y-junction microchannels.



In this paper, using silicone oil as the discrete phase and a 0.5 wt % SDS (sodium dodecyl sulfate) aqueous solution as the continuous phase, the droplet breaking behavior in the symmetric Y-junction microchannel was studied by means of visualization experiments. The effect of the breakup behavior on the flow pattern was studied, and the effect of the physical properties of the two-phase fluid on the size of the sub-droplets was investigated. At the same time, a good correlation for predicting the length of sub-droplets is proposed.




2. Experiment System


Figure 1 is a schematic diagram of the experimental system and microchannel used to study the droplet breakup behavior in this paper. The experimental system is divided into four parts: two-phase liquid input system, microchannel reaction system, data acquisition system, and waste liquid collection system. In order to clearly photograph the flow of droplets, an acrylic glass (PMMA) plate with a transmittance of 90% was used as the microfluidic reactor and a 100 W light source was used at the bottom to provide the required brightness. The microchannel is designed as a symmetrical Y-junction entrance and a symmetrical Y-junction bifurcation structure with an angle of 90 degrees and is carved on a PMMA board by a precision engraving machine. The channel consists of two inlets and one outlet, with a square cross-section (400 μm wide × 400 μm high). Two immiscible liquids from two high-precision syringe pumps (LSP01-1A, Baoding Lange, Baoding, China) were respectively introduced into the two inlets. Silicone oil was used as the dispersed phase, and distilled water containing 0.5 wt % sodium dodecyl sulfate (SDS) was used as the continuous phase. The physical parameters of the fluid are shown in Table 1. The channel outlet leads to a waste bottle, which acts as a waste collection system. A high-speed camera (Photron Nova S6, Tokyo, Japan) was placed right above the microfluidic reactor, saving 2000 frames per second, and the captured data was transmitted to a computer in real time for data acquisition and recording.



For ease of discussion and understanding, a schematic diagram of the relevant parameters of the droplet breakup process in this work is given in Figure 2. Among them, W is the main channel width, Wm is the neck width during the droplet breakup process, and Ld is the sub-droplet length after the droplet breakup.




3. Experimental Results and Discussion


3.1. Droplet Breakup Process


Figure 3 shows the droplet breakup process in a symmetric Y-junction microchannel. The operating flow range of this paper is qd = 2–18 mL/h, qc = 2–22 mL/h, and it is found that the behavior of the droplet at the symmetric Y-junction bifurcation is divided into two types: breakup and no breakup. In the breakup behavior, it is divided into two breakup modes: breakup with permanent obstruction and breakup with gaps. No matter what kind of breakup mode, it can be divided into three stages: entry stage, deformation stage, and breakup stage. The droplet breakup behavior inside the microreactor was captured using a high-speed camera and the frame rate was set to 2000 fps. The time interval of each picture can be calculated according to the frame rate. By calculating the product of the number of pictures and the interval time of each picture, the instantaneous time represented by any picture can be calculated. In all processes, the droplet head just reached the bifurcation as the start time of the droplet breakup process, and the moment when the droplet breaks as the two sub-droplets as the end time of the droplet breakup process. Taking the breakup with a permanent obstruction as an example, from 0–13.7 ms, the head of the droplet completely fills the Y-junction bifurcation and this moment is the sign of the end of the entry stage. From 13.7–43.7 ms, after the end of the entry stage, the droplet gradually expanded and deformed, eventually filling the two branch channels with the passage of time, thus forming the neck of the droplet. The appearance of the droplet neck is a sign of the end of the deformation phase. From 43.7 to 52.7 ms, the droplet neck gradually becomes thinner until the neck width is 0, at which time the droplet breaks into two sub-droplets. The sign to distinguish gapless breakup from gapped breakup is whether the droplet separates from the microchannel wall during the process of entering the branch channel until breakup. As shown in Figure 3a, if the droplets always contact the wall of the microchannel, there is breakup with permanent obstruction. As shown in Figure 3b, after 28 ms, there is a gap between the droplet and the wall of the microchannel, which is a breakup with gaps. As shown in Figure 3c, the droplet selectively entered the unilateral branch channel and did not break into two sub-droplets, which is the case of no breakup.



Figure 4 shows the variation of the droplet neck width during the breakup stage. Among them, tp refers to the total time of the droplet breakup process, that is, the droplet breakup period. It is defined as the time interval from the droplet head just reaching the bifurcation to the droplet breaking into sub-droplets, with t being a certain moment in the breakup process. It is defined as the time interval from the droplet head just reaching the bifurcation to the droplet breaking into sub-droplets.



It can be clearly seen that there are two distinct stages in the rate of change of the dimensionless neck width Wm/W with the dimensionless remaining time throughout the breakup process. In the first stage, Wm/W decreased with an increase of time, and the decreasing rate gradually became slower, which was defined as the rapid breakup stage. In the second stage, Wm/W also decreased with the increase of time, but the difference was that the rate of decrease was much greater than that of the first stage, and it gradually increased with the increase of time. This is due to the fact that the droplet breakup is mainly affected by the differential pressure force and the shear force from the continuous phase. In the rapid breakup stage, the area of the two-phase interface in contact with the continuous phase is small, so it is mainly affected by the differential pressure force, so the breakup rate is small. As the droplet grows into the branch channel, the contact area between the two-phase interface and the continuous phase is relatively large when the neck reaches the state of filament adhesion. Therefore, the droplets are subjected to a relatively large shear force from the continuous phase and break up faster [5]. Since the transition in the rate of change of Wm/W begins with the appearance of filamentous adhesions at the neck of the droplet, the second stage is defined as thread breakup stage. The rapid breakup stage occupies a very long time in the whole breakup process, while the filament breakup phase occupies only a small part.




3.2. Flow Pattern


Figure 5 shows the flow pattern according to the breakup mode in the symmetrical Y-junction microchannel. Take the dispersed phase flow qd as the abscissa and the continuous phase flow qc as the ordinate. Clearly, the way the droplets break up changes with the two-phase flow. When qd is constant, with an increase of qc, the breaking method of the droplet changes from breaking to not breaking. This is due to the fact that the length of the droplet becomes smaller as the qc increases and it is easier to choose to enter one of the branch channels such that breakup does not occur. Clearly, when the two-phase flow rates are relatively small, the droplets are more prone to no-breakup behavior. This is because as the capillary number of the two phases is small, the shear force on the droplet is small, which is not enough to overcome the effect of surface tension and the droplet is not easy to break. When the qd is relatively small, the droplet breakup mode is only gapless breakup and no breakup. When the qd is relatively large, the droplet will experience breakup with permanent obstruction, breakup with gaps and no breakup with the increase of qc.



In the study of two-phase flow, the flow pattern is the basis of all problems. Different application backgrounds have different requirements for flow patterns, so it is of far-reaching significance to study the effect of breakup on flow patterns. It is worth noting that the division of the flow pattern at this time is based on the length of the droplet. In general, the microchannel cross-sectional size has an effect on the droplet length. In order to reduce the influence of different microchannel cross-sectional dimensions on the droplet length, a dimensionless droplet length Ld/W is defined, where Ld refers to the droplet length and W refers to the channel width. Parallel flow refers to the flow pattern in which the dispersed phase does not break, slug flow refers to droplets with dimensionless length Ld/W > 1.5, and droplet flow refers to droplets with Ld/W < 1.5. As shown in Figure 6a, when qd is relatively large and qc is relatively small, parallel flow is likely to be generated. This is because the disperse phase has a large inertial force when the disperse phase flow is large. When the inertial force of the dispersed phase plays a dominant role in the two-phase flow, the dispersed phase can maintain continuous flow in the microchannel without being sheared by the continuous phase. At this time, the dispersed phase flows continuously in the main channel, and the continuous phase flows around the dispersed phase near the wall of the microchannel. In the two-phase operating flow range in this paper, the vast majority of flow patterns in the microchannels without breakup behavior are slug flow. As shown in Figure 6b, parallel flow cannot be observed in the microchannel after the droplet is broken, and a new flow pattern: droplet flow appears. In addition, the area occupied by the slug flow in the flow pattern becomes smaller. Clearly, the droplet breakup behavior has a significant effect on the flow pattern.




3.3. Influence of Two-Phase Fluid Parameters on Sub-Droplet Length


Figure 6 shows the effect of the two-phase flow parameters on the sub-droplet length. The definition formulas of the continuous phase capillary number Cac and the two-phase flow ratio q are as follows. W represents the width of the microchannel and H represents the depth of the microchannel.


  C  a c  =   (    q c    W × H   ) ×  μ c   σ  ,  



(1)






  q =    q d     q c     



(2)







Figure 7a,b shows the effect of the two-phase flow on the sub-droplet length. The sub-droplet length decreases with the increase of the continuous phase flow rate and increases with the increase of the dispersed phase flow rate. This is due to the fact that the inertial force of the dispersed phase increases with the flow rate and the head of the dispersed phase is more likely to move forward, thereby forming longer droplets. At a certain speed, as the flow rate of the continuous phase increases, the shear force between the two phases increases. As the shearing effect of the continuous phase is greater, the droplets are more easily broken up at higher continuous phase flow rates. The change in droplet length is inseparable from the interaction of the two phases. The size of the broken sub-droplets increases with the size of the generated droplets. Conversely, smaller droplets correspond to smaller sub-droplets. Figure 7c,d shows the influence of the dimensionless length Ld/W of the sub-droplet with the continuous phase capillary number Cac and the two-phase flow ratio q on the length of the sub-droplet. The dimensionless length of sub-droplets (Ld/W) increases with increasing q and decreases with increasing capillary number (Cac) of the continuous phase. This is because when the droplet q is relatively large, the qd is relatively large and the qc is relatively small; as such, the inertial force of the dispersed phase is relatively large and the shearing effect of the continuous phase is relatively small, making it is easier to generate longer droplets. Cac is proportional to the ratio of viscous force and surface tension. The larger the Cac, the larger the viscous force relative to the surface tension. The length of the droplets becomes shorter as the shearing action of the continuous relative dispersed phase increases. Likewise, larger droplets correspond to larger sub-droplets.




3.4. Droplet Length Correlation


As mentioned earlier, the dimensionless length Ld/W of the sub-droplets is positively correlated with q and negatively correlated with Cac. Therefore, Ld/W can be written as a function of q and Cac, where only the coefficients change. It can be seen from the correlation that the effect of the two-phase flow rate ratio q on the droplet length is positively correlated, while the effect of the continuous phase capillary number Cac on the droplet length is negatively correlated. The law of this correlation is consistent with the conclusion in Section 3.3. According to the experimental data, the length correlation of the sub-droplets generated by the breakup behavior in the symmetric Y-junction microchannel is fit as shown in Formula (3):


   L d  / W = 0.593  q  0.385   C  a c     − 0.11    



(3)







Figure 8 shows the error comparison between the experimental value of the sub-droplet length in the microchannel and the predicted value of the correlation. Obviously, the error range between the predicted value of the correlation and the experimental value is within ±20%. The predictive performance of length correlations was quantitatively described using mean absolute deviation (MAD) and mean relative deviation (MRD). MAD and MRD are shown in Formulas (4) and (5), respectively. The MAD was 6.5% and the MRD was −1%. In summary, it shows that the droplet length correlation proposed in this paper can better predict the experimental results.


  MAD =  1 N    ∑  i = 1  N      |   U  pre   −  U  exp    |     U  exp       × 100 %  



(4)






  MRD =  1 N    ∑  i = 1  N      U  pre   −  U  exp      U  exp       × 100 %  



(5)









4. Conclusions


In this paper, the characteristics of droplet breakup in symmetrical Y-junction microchannels were studied under the flow rate range of qd = 2~18 mL/h for the discrete phase and the flow rate range of qc = 2~22 mL/h for the continuous phase. Among them, the liquid–liquid two-phase uses silicone oil as the dispersed phase and distilled water with 0.5% SDS as the continuous phase. The main conclusions are as follows:




	(1)

	
At the two-phase flow ranges covered in this paper, three modes of breakup were observed: breakup with permanent obstruction, breakup with gaps, and no breakup. Three stages in the droplet breakup process were found: the entry stage, the deformation stage, and the breakup stage. The change of neck width during droplet breakup has two stages: rapid breakup stage and thread breakup stage;




	(2)

	
The breakup behavior of droplets has a significant impact on the flow pattern. Before breakup, most flow patterns are slug flow. After breakup, no parallel flow can be observed in the microchannel and a new flow pattern, droplet flow, appears. Moreover, the area occupied by the slug flow in the flow pattern becomes smaller after breakup;




	(3)

	
Two-phase flow parameters affect the length of the sub-droplets after breakup. The droplet length has a positive correlation with the discrete-phase flow qd and a negative correlation with the continuous-phase flow qc; the dimensionless droplet length Ld/W has a positive correlation with the two-phase flow ratio q and a negative correlation with the capillary number. According to this rule, the correlation formula of sub-droplet length is proposed and the prediction effect is good.
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Figure 1. Schematic diagram of the experimental system and microchannel. 
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Figure 2. Definition of parameters related to droplet breakup. 






Figure 2. Definition of parameters related to droplet breakup.



[image: Applsci 12 04011 g002]







[image: Applsci 12 04011 g003 550] 





Figure 3. Breaking process of liquid drop in symmetric Y-junction microchannel: (a) breakup with permanent obstruction; (b) breakup with gaps; (c) no breakup. 
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Figure 4. Changes in the width of the droplet neck during the breakup stage. 
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Figure 5. Flow pattern diagram based on breakup mode. 
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Figure 6. Effect of breakup behavior on droplet flow pattern: (a) flow pattern before the droplet breakup; (b) flow pattern after the droplet breakup. 
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Figure 7. Influence of two-phase fluid parameters on the length of sub-droplets: (a) qd, (b) qc, (c) q, and (d) Cac. 
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Figure 8. Comparison of the experimental value of the sub-droplet length and the predicted value of the correlation formula. 
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Table 1. Fluid properties.






Table 1. Fluid properties.





	
Fluid System

	
μ/(Pa·s)

	
ρ/(kg·m−3)

	
γ/(N·m−1)






	
Continuous phase

	
0.5 wt % SDS

	
0.00135

	
971.53

	
--




	
Discrete phase

	
Silicone oil

	
0.01

	
901.4

	
0.0118
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