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In order to study the behavior and mechanism of the bubble breakup in Advanced-Flow Reactor (AFR), visualization experimental study was carried out in a single Corning G1 module. The results show that the breakup behavior in AFR has a significant regularity at low Reynolds numbers (Re<1000), which is closely related to the capillary number Ca and the virtual length l0 of bubbles, and the criterions is also obtained. Most of bubbles in arc-shaped junction divergence of AFR are breakup with permanent obstruction (POB), which could be divided into two stages: squeezing stage and rapid pinch-off stage. The modified equation obtained in this paper can roughly describe the change of the bubble neck at the squeezing stage of POB. The research results provide a theoretical basis for industrial application of AFR and the development of next-generation reactors. 
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Introduction
[bookmark: OLE_LINK6]In recent years, the microchannel technology has been widely used in fine chemistry, pharmaceutical, nanometer material preparation, heat and mass transfer, etc.,1-3 and it has received widespread attention.4-7 Among them, the Advanced-Flow Reactor (AFR) manufactured by Corning Corporation has been well applied in laboratory scale, pilot scale and commercial scale production.8-11 So far, AFR has been successfully applied to gas photochemistry-oxygen oxidation,12,13 material synthesis,14 the cycloaddition reaction,15,16 the synthesis of hazardous chemicals,17-21 green process22-28 etc. Emmanuel et al.12 reported a low-footprint, mobile, robust and frugal chemical neutralization technology for the oxidative neutralization of a mustard gas simulants. The ability to transpose these optimized conditions to larger scales with commercial Corning Advanced-Flow Reactors with minimal reoptimization definitively opens up new perspectives for the safe chemical neutralization of mustard gas with a minimal footprint under frugal conditions. The alcohol esterification with nitrous acid is a very exothermic process, but it could be safely carried out in G1 reactor and turned into synthetically useful alkyl nitrites.19 Gaikwad et al.29 studied the synthesis of performic acid (PFA) using Corning advanced-flow reactors (AFR) using formic acid and H2O2 as reactants, and sulfuric acid as homogeneous catalyst. The results showed that excellent features of Corning AFR demonstrated feasibility of getting maximum conversion rate with optimal reaction conditions at low temperatures compared to microreactors and batch reactors. Monbaliu et al.25 used bio-sourced glycerol to synthesize biodiesel additive STBE. The results showed that the full optimization using a single Corning Advanced-Flow™ glass reactor resulted in a virtual STBE production of 90 t/y, with less than 4 equivalents of acetone and 1 equivalent of isobutene.
[bookmark: OLE_LINK7]Advanced-Flow Reactor (AFR) has a series of heart-shaped connected units, which can produce excellent mixing,29,30 and is proven to be highly efficient and easy to expand.31 Many researchers have compared the characteristic of AFR with traditional reactors.  Nieves-Remacha et al.32 used carbon dioxide as the gas phase and water as the liquid phase to study the fluid dynamics and mass transfer of gas-liquid flow in AFR within the operating flow range of 15.6 mL/min~183 mL/min. They found that with respect to hydrodynamics, the AFR is more efficient in comparison with other commonly used gas-liquid contactors; Nieves-Remacha et al.33 studied the fluid dynamics and mass transfer of immiscible liquid-liquid flow in AFR, the operating flow was controlled at 20 mL/min~160 mL/min. The analysis showed that, similar to microreactors, the AFR can provide specific interfacial areas and overall mass transfer coefficients a few orders of magnitude larger than conventional stirred tank reactors and also the static mixers; Nieves-Remacha et al.34 used OpenFOAM to perform computational fluid dynamics simulations of single-phase flow in the flow range of 5 mL/min~100 mL/min in AFR. They obtained excellent agreement with the simulation of experimental pressure drop and residence time distribution (RTD). In addition, it has a larger heat transfer coefficient and better mass transfer effect.31,32,35,36 Elena D et al.36 used the absorption of CO2 in NaHCO3/Na2CO3 buffer solution to study the mass transfer characteristics of AFR. They found that the volumetric mass transfer coefficient in AFR is larger than that in conventional contactors, proving the mass transfer intensification characteristics of the AFR. Nieves-Remacha et al.32 studied the drop/bubble sizes and distributions, the specific interface areas and mass transfer coefficients of liquid/liquid and gas/liquid two-phase flow in AFR, and found that the AFR showed enhanced interface transmission performance compared with other commonly used two-phase contactors. Woitalka et al.35 compared the liquid-liquid mass transfer coefficients and extraction efficiency of AFR with two microreactors and a Corning low-flow reactor. The results showed that the special design of AFR enhances the dispersion of the liquid phase, thus enhancing the mass transfer coefficient. 
The excellent performance of AFR is closely related to the fluid flow characteristics in the AFR, and the fluid dynamics in AFR has also been studied extensively. Nieves-Remacha et al.33 studied the fluid dynamics and mass transfer of liquid-liquid flow in AFR. They found that the complex geometry of AFR would cause pressure changes, which would cause droplets to break and enhance mass transfer. In terms of overall mass transfer coefficient and power consumption, this equipment has superior performance compared to other traditional liquid-liquid contactors. Nieves-Remacha et al.32 have also studied the droplet/bubble size and distribution of liquid/liquid and gas/liquid two-phase flow in AFR. The results show that, there are a series of convergence-divergence sections in AFR, which facilitate the breaking of bubbles or droplets, enhance the dispersion of the liquid phase, and thus increase the mass transfer rate. Wu et al.37 studied the fluid dynamics of single-phase flow and two-phase flow in the flow rates from 10 mL/min to 40 mL/min in an AFR placed vertically. The result showed that the velocity field in the AFR cardioid unit is symmetrical in single-phase flow. Due to its special shape, it has a stagnant zone, which limits the momentum exchange of each cell, and the addition of the gas phase will greatly increases the momentum exchange of each cell. 
[bookmark: OLE_LINK18]The breakup of bubbles or droplets is an important factor that affects the heat transfer, mass transfer, and reaction in AFR. So far, although AFR has been increasingly used in various chemical processes, there are few studies on the bubble breakup behavior, and its mechanism in AFR. The operating range of AFR-G1 model is quite wide, which is usually in 10~200 mL/min, however, there are a fairly large number of reaction systems require a certain amount of residence time in the reactor, therefore, usually operating at low flow rates in practical applications (less than 70 mL/min)15,18,22,26. In this paper, we found that the breakup behavior of bubbles in AFR has a significant regularity at low Reynolds numbers, therefore, the flow pattern of bubbles was investigated firstly, and then the criterion of the bubbles breaking and flow pattern transition were obtained. Finally, the dynamics of bubble breakup with permanent obstruction in AFR was studied, revealing the internal mechanism of bubble breaking in AFR, and providing theoretical basis for the calculation and application of transfer, reaction process and reactor design in industry.
Experimental Section
Experimental set-up
The experimental setup is mainly composed of a horizontal Corning G1 module, a liquid conveying device, a gas conveying device, a high-speed camera and a macro-lens, etc. The schematic of the experimental setup is shown in Figure 1. Corning AFR (G1 Fluid Module) is composed of two heat transfer layers and a reaction layer: the top and bottom are both heat transfer layers, and the middle is reaction layer, which consists of two inlets and a single outlet. The flow channel composed of 53 heart-shaped chambers in series is arranged in a serpentine shape in 8 rows inside the module. There is an arc-shaped baffle inside each heart-shaped chamber. The arc-shaped baffle and the inner wall of the heart-shaped chamber form an arc-shaped junction divergence, where the fluid splits into two strands, and then re-convergence, so that the fluid forms a series of convergent-divergent sections in the AFR, which facilitates the breaking of bubbles or droplets, thereby enhancing the mass transfer, heat transfer and reaction processes. The volume of the AFR reaction layer is 8.2 mL, the size of the narrowest part of the heart-shaped channel is 1 mm, and the thickness of the channel is 1.2 mm. The experiment related parameters are listed in Table 1.
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Figure 1 Schematic of the experimental setup (1.Device for conveying liquid, 1.(a)Three-necked flask, 1.(b)Pressure buffer tank. 2. Device for conveying gas. 2.(a)Tank (N2), 2.(b)Mass flow controller, 2.(c)Pressure sensor. 3. Light source. 4. Advanced flow reactor (AFR). 5.High speed camera with a macro-lens. 6.Data acquisition system. 7. The schematic diagram of AFR module structure.)
Since the flow of general advection pumps and diaphragm pumps will be pulsating during using, which is not conducive to the progress of the experiments, a self-made device based on pressure to transport liquids is adopt to eliminate the pulsation of flow. The device mainly includes a pressure buffer tank and a three-necked flask. The three-necked flask contains the liquid to be transported, and is connected to the microreactor module through a PFA tube extending into the bottom of the flask. The deionized water enters the microreactor under the action of a constant gas pressure above the flask. The gas pressure in the flask is adjusted by a pressure buffer tank. When the pressure is constant, the flow rate of liquid entering the microreactor is also stable. The volume flow of liquid is calculated by the volume of liquid flowing out of the collection system in . Nitrogen is supplied from a gas cylinder, and its flow is controlled by a mass flow meter which has been calibrated in advance.
The flow inside the microreactor is recorded by a high-speed camera with a macro lens (90mm f/2.8 Di macro 1:1, Nikon), and finally transferred to the computer. The resolution of the image is 1920×1080 pixels, and the acquisition frequency is 1000 fps. 
Table 1 Experiment related parameters
	Parts
	Specification
	

	The volume of the AFR reaction layer
	8.2 mL
	[image: ]

	The inlet width of AFR (win)
	1 mm
	

	The channel thickness of AFR (h)
	1.2 mm
	

	Curvature of AFR arc-shaped junction divergence (K)
	0.311
	

	Length from entrance to exit of AFR (l)
	12.6 mm
	

	Width of AFR (w)
	12.6 mm
	

	Maximum channel width of AFR (wc)
	2.5 mm
	

	High-speed camera resolution
	1280*860
	

	The acquisition frequency of camera
	1000fps
	

	Total flow rate Q
	10 mL/min~70 mL/min
	

	Liquid-Gas flow ratio (QL/QG)
	0.5~8
	


Experimental procedure
Firstly, the deionized water is added to (a) three-necked flask, and then turn on (b) mass flow controller to make N2 enter the AFR from the device for conveying gas 2 at a set flow rate. The mass flow controller has been calibrated in advance. When the gas flow rate is stable, the device for conveying liquid 1 can be opened to allow the deionized water enter the AFR. The light source 3 is placed on the back of the AFR-G1 module, so that the plane of the microreactor module can be uniformly illuminated. When the flow inside the microreactor module reaches a steady state, the high-speed camera with a macro-lens 5 is used to photograph the bubbles inside the microreactor module. Finally, the light signals of the image which recorded by the high-speed camera are converted into a charge signal, and transferred to the computer 6 through a digital interface. 
Results and Discussions
Flow patterns of bubble breakup
There is a significant percentage of reaction systems operating at low flow rates in practical applications of AFR15,18,22,26. Table 2 lists the operating flow rates of various reaction systems in AFR-G1 model, and it can be seen that there are many operating flow rates of the AFR-G1 are below 70 mL/min (Re≤1000). At this range, the breakup behavior of bubbles in AFR has a significant regularity, which might be related to the laminar flow and turbulent flow in AFR. In earlier researches, it is generally believed that the fluid tend to be laminar flow at low flow rates,34 however, the fluid flow becomes irregular due to the formation of vortices when it tend to be turbulent flow. 
At a lower Reynolds number (Re≤1000), there were several bubbles flow patterns can be observed in the arc-shaped junction divergence of AFR: breakup with permanent obstruction (POB), breakup with tunnel (TB) and no breakup (NB). These behaviors are very similar to the behavior of droplets or bubbles at the T junction divergence in microfluidics.38-40 However, there are still many differences since there are different structures between the AFR arc-shaped junction divergence and the T junction divergence.
As shown in Figure 2, it shows the process of the bubble breakup with permanent obstruction (POB) at the AFR arc-shaped junction divergence. After the bubble enters the arc-shaped junction divergence, it is blocked by the arc-shaped baffle and is squeezed by the upstream continuous phase at the same time, so it begins to deform. Firstly, the curvature of the front of the bubble begins to increase, and at the same time the two heads of the bubble enter the two channels of the arc-shaped junction divergence respectively, shown in Figure 3. Because the two heads of the bubble move faster, the two channels of arc-shaped junction divergence are completely blocked in a very short time, causing a part of the fluid between the front of the bubble and the arc-shaped wall of the AFR not had enough time to flow out, shown in Figure 3. Therefore, there are usually some trapped liquid between the front of the bubble and the arc-shaped wall of the AFR, resulting in that the curvature of the front of the bubble will eventually increase to be close to the curvature of the arc-shaped junction divergence, but cannot be increased to be exactly the same as the curvature of the arc-shaped junction divergence. At the rapid pinch-off stage shown in the figure 4, under the pulling of the two heads of the bubble, the front curvature of the bubble neck begins to decrease, and finally approximates to a straight line.





Table 2 Operating flow rates of various reaction systems in AFR
	Author
	Equipment
	System
	Flow rate

	María José Nieves-Remacha32
	Corning® Advanced-Flow™ G1
	Carbon dioxide/water
	15.6mL/min<Q<183mL/min

	Ke-Jun Wu37
	Corning® Advanced-Flow™ G1
	Single and Two-Phase Flow
	10mL/min<Q< 40mL/min

	María José Nieves-Remacha33
	Corning® Advanced-Flow™ G1
	hexane/water
	20mL/min <Q<160mL/min

	María José Nieves-Remacha34
	Corning® Advanced-Flow™ G1
	Single-Phase Flow
	5mL/min <Q<100mL/min

	Noémie Emmanuel12
	Corning® Advanced-Flow™ G1
	EtOH/oxygen
	Q=21 mL/min

	Romaric Gérardy22
	Corning® Advanced-Flow™ G1
	glycerol/DMC
	Q=32.3 g/min

	Victor-Emmanuel H. Kassin18
	Corning® Advanced-Flow™ G1
	EtOH/oxygen
	Q=5.125 mL/min

	Romain Morodo26
	Corning® Advanced-Flow™ G1
	solution/solution of NaOH
	Q=20 mL/min or Q=40 mL/min

	Srinath Suranani30
	Corning® Advanced-Flow™ G1
	fresh oil/used cooking oil
	Q=60 mL/h

	Jason D. Williams15
	Corning® Advanced-Flow™ G1
	Ethyl/ ethylene
	Q=15.5 mL/min
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Figure 2 The process of breakup with permanent obstruction (QG =17.4 mL/min, QL =20 mL/min)
[image: ]
Figure 3 The schematic of the bubble and the trapped liquid at the arc-shaped junction divergence
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Figure 4 The curvature of the front of the bubble finally approximates to a straight line at the rapid pinch-off stage (QG =17.4 mL/min, QL =20 mL/min)
During the breakup process, since the back of the bubble neck has been directly squeezed by the upstream continuous phase, the curvature of the bubble back gradually increases. Different from the curvature of the front of bubbles, the curvature of the back of bubbles increases from beginning to end, and is greater than the curvature of the arc-shaped junction divergence at the end. Since the front curvature of the bubble neck quickly becomes zero during the rapid pinch-off stage, the bubble's neck is quickly narrowed at the last moment and eventually breakup, which is shown in Figure 5.
[image: ]
Figure 5 The curvature of the bubble neck at the rapid pinch-off stage
As shown in Figure 6, it shows the process of the bubble breakup with tunnel (TB) in the arc-shaped junction divergence of the AFR, which mainly occurs when the size of the bubble is small. Different from the POB, due to the two heads of the bubble cannot completely block the two channels of arc-shaped junction divergence, there will be a tunnel between bubble and wall (shown in Fig. 7), resulting in the fluid between the front of the bubble and the arc-shaped wall of the AFR can flow out, so the bubble will also be subjected to the shearing effect from the continuous phase. Therefore, when the bubble enters the arc-shaped junction divergence, it is not only blocked by the arc-shaped baffle and squeezed by the upstream continuous phase, but also subjected to the shearing action of the continuous phase. The curvature of the front and back of the bubble gradually increases under the influence of these effects, and eventually breaks. Similar to the POB, at the rapid pinch-off stage, the neck is pulled by the two heads of the bubble, therefore the curvature of the front of the bubble's neck becomes smaller, and finally it approximates zero (a straight line) or even becomes negative, shown in the Figure 7. Therefore, the neck of the bubble becomes narrower quickly and eventually breakup.
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Figure 6 The process of breakup with tunnel (QG =17.4 mL/min, QL =20 mL/min)
[image: ]
Figure 7 The curvature difference between the back and the front of the bubble becomes larger at the rapid pinch-off stage
The process of the bubble no breakup (NB) at the AFR arc-shaped junction divergence, which is divided into two cases. The first situation is shown in Figure 8. This kind of no breakup generally occurs at small bubbles. Similar to TB, since the size of the bubble is relatively small, the two heads of the bubble cannot block the two channels of arc-shaped junction divergence when the bubble enters the junction, and the continuous phase fluid flows away from the tunnel between the bubble and the channel wall, so the bubbles is not only squeezed by the upstream continuous phase, but also subjected to the shearing action of the continuous phase. Under these effects, the bubbles are deformed. However, since the continuous shear force and inertial force of bubbles are not enough to stretch them to breakup, bubbles will eventually enter the lower-resistance channel, shown in Figure 9. 
[image: ]
Figure 8 No breakup occurs at small bubbles (QG=17.4 mL/min, QL=20 mL/min)
[image: ]
Figure 9 Deformation bubble eventually enter the lower-resistance channel
[bookmark: OLE_LINK4]The second case is shown in Figure 10. This case of no breakup generally occurs at very low flow rates and big bubbles. After entering the arc-shaped junction divergence, the bubble blocks the entire channel, and is mainly squeezed by the upstream continuous phase. Since the flow rate is small in this case, the movement speed of the two heads of the bubble is relatively slow. The bubble are squeezed by the upstream continuous phase, the two heads of the bubble enter the two channels of the arc-shaped junction divergence respectively. However, the squeezing effect is not enough to overcome the surface tension of the bubble, so the bubble will not breakup. At the same time, under the effect of the bubble surface tension, the lower-resistance head of bubble will pull out the other head of the bubble from the other channel of arc-shaped junction divergence, and finally flow into the same channel of arc-shaped junction divergence. In this case, as the fluid velocity is very low and the flow rate of the dispersed phase is greater than the continuous phase, the result is that the bubbles are larger and flow slowly, resulting the poor mass transfer and heat transfer effect, therefore, this is an undesirable phenomenon.
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Figure 10 No breakup occurs at low flow rate and very big bubble (QG =5mL/min, QL =5 mL/min)
Effect of bubble size
As shown in Figure 11, the bubble size also has a great effect on bubbles breaking behavior. When the size of the bubble is large enough, the bubble can completely block the channel after entering the junction, and break into two daughter bubbles under the squeezing action of the continuous phase fluid, the flow pattern is breakup with permanent obstruction (POB), which is shown in Figure 11.a.
If the size of bubbles is slightly smaller, the bubble cannot completely block the channel after entering the junction, and there will be a tunnel between the bubble and the channel wall. But it can still deform under the action of the continuous phase, and eventually breakup, which is breakup with tunnel (TB), which is shown in Figure 11.b.
When size of bubbles is further reduced, after the bubble enters the arc-shaped junction divergence, the two heads of the bubble cannot block the two channels of arc-shaped junction divergence, so the continuous-phase fluid flows away from the tunnel between the bubble and the channel wall. Although he bubble is squeezed and sheared by the continuous phase, the shear force and inertial force of the continuous phase to the bubble are not enough to stretch the bubble to break, the bubble does not breakup (NB), which is shown in Figure 11.c.
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(a)
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(b)
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(c)
Figure 11 The effect of bubble size on bubbles breaking behavior (QG=17.4 mL/min, QL=20 mL/min)
(a) Bubble is large enough (POB); (b) Medium bubbles (TB); (c) Small bubbles (NB)
Effect of liquid flow rates
The effect of the liquid flow rate on the bubble breakup in AFR is shown in Figure 12. As is shown in Figure 12.a, no breakup of bubbles generally occurs at a very low liquid flow rate. The reason is that the squeezing effect of the continuous phase fluid on bubbles is not enough to break the bubble. When the liquid flow rate is increasing shown in Figure 12.b, in which the bubble size is almost the same as that in Figure 12.a, the shear-force of the continuous relative bubble will increase with the increasing of the flow rate, therefore, after reaching a certain critical value, the bubble breakup.
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(a)
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(b)
Figure 12 Effect of the liquid flow rate on the bubble breakup in the arc-shaped junction divergence in AFR (a) QG =17.4 mL/min, QL =5 mL/min; (b) QG =17.4 mL/min, QL =20 mL/min
Effect of gas flow rates
Figure 13 shows the effect of the gas flow rate on the bubble breakup in the arc-shaped junction divergence in AFR. Figure 13.a shown the bubble did not breakup at the junction at the gas flow rate of 5 mL/min, however, when the gas flow rate increase, bubbles of the similar size will break which is shown in Figure13.b. The reason is similar to the effect of the liquid flow rate. The increasing of gas flow rate leads a higher total flow rate in the AFR, which increase the liquid flow rate, and the shearing force of the continuous phase on the bubble increases, therefore, the bubble breakup finally.
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(a)
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[bookmark: OLE_LINK9]Figure 13 Effect of the gas flow rate on the bubble breakup in the arc-shaped junction divergence in AFR (a) QL =20 mL/min, QG =5 mL/min; (b) QL =20 mL/min, QG =21.6 mL/min
Theoretical Analysis of Bubble Flow Pattern Transition
From the above analysis, it can be seen that the flow pattern transition of bubbles in the arc-shaped junction divergence in AFR is similar to the flow pattern transition of droplets or bubbles in the T and Y junction divergence. Previous39,40 results showed that the flow pattern transition of the droplets or bubbles is closely related to the initial length of droplets or bubbled l0 and the capillary numbers Ca. However, the structure of AFR is different from that of T and Y junction, and the bubble in AFR should through a constriction and then enter the arc-shaped junction divergence, therefore, it is not easy to directly determine the initial length of the bubble l0. Therefore, in this paper, the virtual length of the bubble l0 in AFR is defined, as shown in Figure 14.
[image: ]
Figure 14 Virtual length of the bubble l0 in AFR
The virtual bubble length l0 can be obtained by the following formula:
                                                           (1)
Where win is the inlet width of the arc-shaped junction divergence, which is also the width of the narrowest part of the channel; h is the thickness of the channel; V0 is the volume of the bubble, and is determined by the following formula:

Where A is the bottom area of the bubble, which can be determined by the image of the high-speed camera.
In addition to the bubble size, other factors such as flow rate, viscosity, and interfacial tension will also affect the flow pattern transition of bubbles. A dimensionless parameter capillary number Ca are usually adopted to describe the effect of above factors,40 which is defined as:
                                                                (2)
Where u is velocity, which could be calculated according to the total flow velocity (ug+ul) of gas and liquid at the narrowest part of the channel in the AFR (the entrance of the arc-shaped junction divergence); μ is the viscosity of the liquid; δ is the interfacial tension of the two-phase of gas and liquid.
                               (3)
[bookmark: OLE_LINK5]Leshansky et al.41 combined the lubrication analysis of the liquid film and the two-dimensional geometric analysis of the droplet shape, proposed the relationship between the critical dimensionless length of bubble breakup and the capillary number (l0/wc~Cab). Taking this as a reference, the critical dimensionless length of bubble breakup l0/wc is used as the abscissa and the capillary number Ca is the ordinate, the different flow patterns of bubble in AFR are drawn as shown in Figure 15.
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Figure 15 Critical conditions for bubble breakup at the arc-shaped junction divergence in AFR
Figure 15 show that the transition between breakup and no breakup is simultaneously affected by the capillary number Ca and the critical dimensionless length of the bubble l0/wc.  As is shown in Figure 15, the left side of the curve is the no breakup zone, and the right side of the curve is the breakup zone. Whether bubbles break or not are closely related to the initial virtual length l0 and the capillary number Ca. In the no breakup area, the bubbles are usually small, and the corresponding l0/wc value is also small. At this time, bubbles tend not to breakup. According to Figure 15, critical of the bubble breakup at the arc-shaped junction divergence in the AFR could be obtained by
                                               (4)
In addition, whether bubbles will breakup not only depends on the size of bubbles, but also the value of the capillary number Ca. In the case of a certain bubble size, the larger the Ca, the easier it is to break. This conclusion is in line with the T junction in previous studies.38,41,42
For breakup with tunnel (TB), it is actually very rare in AFR. This is because there are high requirement for the bubble size and capillary number Ca. Once the bubble is too large, it will form a POB in the arc-shaped junction divergence in AFR directly, while the bubble is too small and it is difficult to break. At the same time, if the capillary number Ca is too small, the bubbles are difficult to break. It can be seem from the Figure 15, TB is generally near the curve.
Process of POB at arc-shaped junction divergence in AFR
As mentioned above, most of bubbles of breakup in the arc-shaped junction divergence in AFR are breakup with permanent obstruction (POB) in the range of this paper. Figure 16 shows the process of a typical breakup with permanent obstruction (POB). By observing the change of the bubble neck, it can be known that the process of POB at arc-shaped junction divergence in AFR can be roughly divided into two stages: squeezing stage and rapid pinch-off stage, show in Figure 16 and 17.
Squeezing stage: When the bubble completely enters the arc-shaped junction divergence in AFR, similar to the T junction, the neck width of the bubble is continuously reduced under the squeeze of the upstream fluid. At this time, under the squeeze of the upstream fluid, the width of the neck of bubbles continues to decrease, until the rapid pinch-off stage. Its breakup behavior roughly conforms to the geometrical similarity of a circular arc, and the change rule of the width of the neck is very similar to the T junction.
Rapid pinch-off stage: The back curvature of the bubble neck is enlarged due to the direct squeezing action of the upstream continuous phase, and the front curvature of the bubble neck decreases rapidly, tending to 0, which prompting the neck of the bubble to quickly become thinner at the last moment and eventually breakup.
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Figure 16 The process of POB at the arc-shaped junction divergence in AFR
[image: ]
[bookmark: OLE_LINK10]Figure 17 Squeezing stage and rapid pinch-off stage of bubble breakup with permanent obstruction (POB)  (u=0.3347 m/s)
At rapid pinch-off stage, the width of the minimum neck of the bubble decreases rapidly with time, and the bubble breakup extremely fast, which is similar to the traditional T junction. However, as mentioned above, there are always some trapped liquid between the front of the bubble and the arc-shaped wall of the AFR, and at the rapid pinch-off stage, under the pulling of the two heads of the bubble, the front curvature of the bubble neck begins to decrease, and finally approximates to a straight line, resulting the reflux of the trapped liquid. Therefore, the width of the bubbles neck at this stage changes very irregularly with time. As shown in Figure 18, it can be found that after entering the rapid pinch-off stage, the width of the bubble neck changes greatly with time, and the change is irregular. 
[image: ]
Figure 18 The minimum neck width of the bubble changes irregularly with time at the rapid pinch-off stage: (a) u=0.2653 m/s; (b) u=0.3347 m/s; (c) u=0.4042 m/s
Breakup dynamics of POB at the squeezing stage
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Figures 19 and 20 show the influence of the dimensionless length l0/wc of bubbles and the flow velocity u on the change of the neck width at the squeezing stage. As shown in Figure 19, it can be seen that when the incoming flow rate is the same, under different l0/wc conditions, the rate of change of wm/wc with time is basically the same. In other words, the change of wm/wc with time t is hardly affected by bubbles length l0/wc. This is because at the squeezing stage, the size of the bubble has no effect on the radius of curvature of the neck. However, the radius of curvature of the bubble neck reflects the size of the squeezing force on the outside of the bubble neck. This means that when the flow rate is fixed, the size of the bubble has no effect on the squeezing force on the outside of the bubble neck, therefore, it do not affect the width of the bubble neck.
Figure 20 shows the rate of change of wm/wc with time at different flow velocity u. It can be seen that as the apparent flow rate increases, the bubble break faster. This is mainly attributed to the restriction of the inner wall of the channel. At the squeezing stage, the continuous flow is divided into two parts: one part squeezes bubbles to make the neck thinner, and the other part flows downstream. However, compared with the continuous phase fluid that squeezes the bubble, the continuous flow downstream is much smaller, so the speed of the bubble neck narrowing increases with the increasing of the incoming flow speed.
[bookmark: _GoBack][image: ]
Figure 19 The influence of the dimensionless length l0/wc of bubbles on the change of the neck width at the squeezing stage (u=0.3347 m/s)
[image: ]
Figure 20 The influence of the flow velocity u on the change of the neck width at the squeezing stage 
Leshansky derived based on the geometric similarity between the recessed area of the bubble neck and the arc of radius R(t), and obtained the change rule of the minimum neck width of the droplet with time. However, the equation is derived for the symmetrical T junction, and it needs to be modified by the least square method when applied to the description of bubble rupture at the arc-shaped junction divergence of AFR.
        （4）
The neck width of bubbles under several operating conditions were predicted by equation (4), which were compared with the measurement results shown in Figure 21. It also can be seen that equation (4) can roughly describe the change of the bubble neck at the squeezing stage of POB.
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(a) QL=10 mL/min, QG=9.1 mL/min (Re:288)   (b) QL=15 mL/min, QG=9.1 mL/min (Re:364)
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(c) QL=15 mL/min, QG=13.3 mL/min (Re:428)    (d) QL=25 mL/min, QG=9.1mL/min (Re:515) 
[image: ][image: ]
(e) QL=30 mL/min, QG=13 mL/min (Re:650)     (f) QL=35 mL/min, QG=9.1 mL/min (Re:666)  
[image: ][image: ]
 (g) QL=25 mL/min, QG=24.3 mL/min (Re:745)    (h) QL=40 mL/min, QG=13 mL/min (Re:801) 
Figure 21 Comparison of experimental results and simulation results of wm at squeezing stage
Time of bubble breakup
Figure 22 shows the relationship between the time t for the bubble to breakup with permanent obstruction (POB) at the arc-shaped bifurcation and the apparent flow velocity u. It can be seen that the bubble breakup time decreases with the increase of the apparent flow rate, but the rate of decrease is decreasing. This is because the squeezing stage accounts for a larger proportion in the bubble breaking time, and the apparent flow rate mainly affects the squeezing stage of bubble breakup. The larger the apparent flow rate, the greater the squeezing force on the neck of bubble, and the shorter the duration of the squeezing stage. With the increase of the apparent flow velocity, the bubble breakup time decreases, as when the bubble enters the fast pinch-off stage under different apparent flow rates, the critical neck width is little affected by the apparent flow velocity, and is roughly the same. At the rapid pinch-off stage, the main cause of bubble breakup is surface tension, rather than continuous phase squeezing force. The duration of the rapid pinch-off stage has little difference, as the apparent flow rate increases, the time of bubble breakup becomes shorter and shorter, resulting in an increase in the proportion of the rapid pinch-off stage to the bubble breakup time, so the influence of the apparent flow rate becomes smaller and smaller.
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[bookmark: OLE_LINK11]Figure 22 The effect of apparent flow velocity on bubble breakup time
Conclusions
At low Reynolds numbers (Re<1000), the breakup behavior of bubbles in AFR has a significant regularity, and almost all bubbles in AFR break at the arc-shaped junction divergence. The bubble behaviors in AFR have breakup with permanent obstruction (POB), breakup with tunnel (TB) and no breakup (NB). The breakup behavior of bubbles is related to the capillary number Ca and the virtual bubble length l0. The transition criterion for bubble breakup is , which can predict the bubbles flow pattern and breakup in AFR.
In the research scope of this paper, most of the bubbles in AFR are breakup with permanent obstruction (POB). The POB can be roughly divided into two stages: squeezing stage and rapid pinch-off stage. The width of the bubbles neck at rapid pinch-off stage changes very irregularly with time because of the reflux of the trapped liquid. The modified equation can be used to describe the change rule of the neck width of the bubble at the squeezing stage. The research results provide a theoretical basis for the heat transfer, mass transfer, and reaction process in AFR and the development of next-generation reactors.
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Notation
A	the bottom area of the bubble (m2)
Dh	equivalent diameter ()
h	the channel thickness of AFR (h=1.210-3 m)
K	curvature of AFR arc-shaped junction divergence (K=0.311)
l	length from entrance to exit of AFR (l=1.2610-2 m)
l0	the virtual length of the bubble (m)
QG	the gas flow rate (mL/min)
QL	the liquid flow rate (mL/min)
[bookmark: OLE_LINK1]u	the flow velocity (m/s)
ug	the flow velocity of Gas (m/s)
ul	the flow velocity of Liquid (m/s)
t	time (s)
V0	the volume of the bubble (m3)
w	width of AFR (w=1.2610-2 m) 
wc	maximum channel width of AFR (wc=2.510-3 m)
win	the inlet width of AFR (win=110-3 m)
wm	minimum neck width of the bubble (m)
Greek letters
ρ	the density of water(ρ=998.2 kg/m3)
μ	the viscosity of water (μ=1.010-3 Pa·s)
δ	gas-liquid interfacial tension (δ=0.072 N/m)
Dimensionless groups
Ca	capillary number ()
Re	Reynolds number ()
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