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At present, there are relatively few studies on the slug flow generation mode obtained by exchanging gas-liquid two-phase inlets. In this study, an experimental system combining microfluidic devices and high-speed cameras was used to study the effects of gas-liquid two-phase flow rate, liquid physical parameters, etc., On the characteristic length, generation period and other generation characteristics of slug flow, and dimensionless analysis was conducted to investigate the main factors affecting the characteristic length of gas slug. Results show that 1) when the gas flow rate affects the aeroelastic generation characteristics, the aeroelastic characteristic length increases from 443 μm when the gas flow rate increases changes to 657 μm. The generation period decreases rapidly at first and then the change amplitude slows down. The maximum value of aeroelastic generation frequency is 217 s-1; 2) when studying the effect of different liquid flow rates, increasing the liquid flow rate, the characteristic length of the gas bomb gradually decreases, and the generation period of the gas bomb gradually increases. Aeroelastic characteristic length from 770 μm changes to 378 μm. The range of aeroelastic generation cycle is 4–13.4 ms, and the maximum value of aeroelastic generation frequency is 250 s-1; 3) there is a functional relationship between the ratio of aeroelastic characteristic length to channel size L/d and dimensionless gas-liquid flow ratio Q*, Reynolds number Re, Weber number We: [image: image].
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1 INTRODUCTION
Microfluidic technology is a kind of technology that emerged at the end of last century and gradually developed [1]. It meets the characteristics of integration and miniaturization advocated by modern industry. At this stage, microbubbles are mainly used in disease diagnosis and treatment, food safety and environmental governance [2]. Efforts should be made to add other functions to microbubbles and broaden their application scope. Study the generation process and mechanism of microbubbles, analyze the changes of the phase interface through the combination of experiment and simulation, and obtain the physical field information and force situation in the whole generation process, so the research on the generation mechanism and control mechanism of microbubbles needs to be deepened. Deepening the understanding of the mechanism of microfluidic technology controlling the generation of microbubbles will help to further promote and apply this technology.
The study of flow characteristics in microchannels includes flow patterns, phase interfaces, heat and mass transfer, velocity and pressure changes, etc. [3] Common flow patterns include bubble flow, slug flow (also known as Taylor flow), stratified flow, annular flow, etc. At present, there are three main problems in the study of flow patterns [4, 5]: (i) the definition of flow pattern is vague: at present, the definition of flow pattern is mostly based on the results of subjective observation, with strong subjective factors; (ii) diversified definitions of flow patterns: the names of flow patterns are diverse, and a set of unified definitions have not been established; (iii) qualitative characteristics of flow pattern: flow pattern can only be judged qualitatively, and there is no quantitative judgment method. Although the definition of flow pattern is subjective, the common flow pattern is recognized. Triplett et al. believed that flow patterns mainly include bubble flow, slug flow, turbulent flow, slug annular flow and annular flow [6]. The bubble flow size is usually smaller than the pipe size. In the liquid phase fluid by separation, the bubble shape is uneven. Bubbles in slug flow occupy most of the cross section of the channel, forming a relatively regular aeroelastic shape. The long and thin bubbles in the agitated flow are unstable and produce obvious confusion at the tail. In the annular flow, the gas phase occupies most of the area in the center of the pipe, and the liquid phase forms a liquid film and flows along the pipe wall [7].
Under the experimental conditions of Triplett, the phenomenon of stratified flow, which often occurs in the macro field of gas-liquid two-phase flow, has not been observed. In stratified flow, gas-liquid two-phase flows up and down the pipe respectively, with obvious phase boundaries in the middle, and stratified flow cannot produce bubbles [8]. Chung et al. showed that slug flow, mixed flow and slug annular flow accounted for a large proportion in the flow pattern diagram, indicating that these three flow patterns were more likely to occur under the conditions of gas-liquid flow rate shown in the diagram [9]. When the gas and liquid velocities are both low, the flow pattern appears to be slug flow, and the flow pattern changes to bubble flow with increasing liquid velocity. The distribution area of slug flow in flow pattern diagram is larger than that of bubble flow, which indicates that slug flow has wide operating conditions and strong controllability [10]. When the gas flow rate increases, the flow pattern changes to agitated flow and annular flow, indicating that the proportion of gas phase increases and the fluctuation in the channel intensifies [11]. As several flow patterns are distinguished by transition lines, there is basically no transition area, so when the two-phase flow rate conditions are changed, the flow pattern may change greatly [12]. Fu et al. studied the transition process and characteristics of bubble generation mechanism from “squeezing” to “dripping” in T-shaped microchannels [13]. In the “squeezing” state, a longer gas slug is obtained, and the extrusion pressure is dominant in the generation process. The bubble size is proportional to the gas-liquid flow rate ratio. In the “dripping” state, dispersed bubbles are obtained, and the shear force resists the surface tension. The bubble size is related to the liquid capillary number [14]. At this time, the extrusion force still affects the bubble formation process. When the shorter gas slug appears in the transition state, the extrusion pressure, shear force and surface tension all affect the formation of the bubble, and the bubble size is related to the liquid capillary number and the gas-liquid flow rate ratio [15].
Dimensionless number is an effective method in discussing flow force [16]. The five dimensionless numbers are Capillary number, Weber number, Bond number, Reynolds number and Ohnesorge number. Because the experimental conditions used by researchers are different, there is no general gas-liquid two-phase flow pattern diagram [17]. The flow pattern and the transition between flow patterns are mainly affected by channel size, phase apparent velocity, liquid interfacial tension, wall wettability, channel structure, fluid flow direction and liquid viscosity [18]. Under the influence of these factors, the flow pattern and its transformation trend still have laws to follow. S. Arias et al. studied gas-liquid two-phase flow in a T-shaped device with an inner diameter of 1 mm, and obtained the bubble characteristic length and its change rule in bubble flow and slug flow through analysis. It is found that the bubble length is the result of the balance of gas-liquid two-phase flow rate, and the bubble length can be expressed as a function of the apparent velocity of gas-liquid two-phase flow [19]. Su et al. studied the influence of viscosity on the flow process of liquid phase fluid in microchannels, and found that the traditional theory can accurately predict the single-phase flow of high viscosity fluid in microchannels [20]. The viscosity of dispersed phase has a significant effect on slug flow in microchannel. The capillary number formula is established by modifying the capillary number, and the error of the empirical formula deduced is within 10%. The two-phase flow process in the microchannel is different from that in the macro scale. Due to the different experimental conditions and experimental personnel, the experimental results are highly subjective, and the flow pattern judgments obtained are different [21]. The slug flow pattern can produce microbubbles with uniform size and strong controllability.
The empirical numerical simulation is a commonly used method for the study of gas-liquid two-phase flow in microchannels [22]. Through experiments, different flow patterns and their changes with experimental conditions can be observed. However, the physical field information such as the velocity and pressure of gas-liquid two-phase flow in microchannels cannot be accurately obtained by using experimental methods alone [23]. With the rapid development of computer technology, numerical simulation has become an important means to study gas-liquid two-phase flow in microchannels. Computational Fluid Dynamics (CFD) can analyze physical phenomena such as fluid movement and heat transfer through computer calculation and solution. At present, the commonly used numerical methods to study the phase interface motion include the volume of fluid method, level set method, phase field method, and labeled particle element method (MAC) [24]. These methods provide an effective way to study two-phase flow in microchannels, and VOF method has become the main means to simulate slug flow generation in microchannels. Guo et al. found that the capillary number of extrusion mechanism and shear mechanism is 5.8 [image: image] 10–3 when simulating the slug flow generation process in the T-shaped microchannel. It changes from left to right [25]. When the capillary number is low, it is extrusion mechanism, and when the capillary number is high, it is shear mechanism. Decreasing the surface tension and increasing the liquid viscosity can reduce the length of the gas slug. The contact angle also affects the length of the aeroelastic, and the capillary number is 9.7 [image: image] 10–4—1.7 [image: image] 10–2. The contact angle range for producing slug flow is 134°–71° [25]. Chen et al. used VOF method to study the generation and flow process of slug flow in T-shaped channels. The increase of surface tension and viscosity causes the increase of internal pressure, and the pressure fluctuation increases during the formation of slug flow. The pressure drop of continuous phase and dispersed phase increases with the increase of interfacial tension [26].
Before the 1990s, the research on two-phase flow in T-shaped channels was mainly focused on the research of small-size equal-diameter channels; In recent years, more and more attention has been paid to the flow law of two-phase flow in microchannels [26–29]. However, in the research of similar equal-diameter T-shaped channel, the so-called liquid separation is essentially a process of separation, which is a problem of two-phase uniformity in the branch pipe, rather than a real two-phase separation. For the problem of two-phase flow separation in a quasi-equal-diameter T-shaped microchannel, its flow characteristics are mainly affected by several factors such as channel structure, inlet flow pattern, inlet flow rate, and physical properties of working medium [30–34]. The effect of the inlet flow pattern is obvious. With the transition of the inlet flow pattern from slug to annular, the phase separation curve gradually moves from the gas-phase enrichment zone to the liquid-phase enrichment zone. The slug circulation curve is located in the transition zone between the slug and annular flow curves. The change of the apparent velocity of the liquid phase in the inlet apparent velocity has a greater impact on the overall phase separation, which is due to the high density of the liquid phase itself, the more sensitive liquid membrane separation effect close to the wall, and other characteristics. At the same time, it can be seen from the flow pattern diagram that the effect of the apparent velocity is roughly the same as that of the flow pattern, showing the same rule [35–38]. The cross-scale T-shaped microchannel can realize the true separation of two-phase flow. The interface movement and interface pressure difference are the power or essence of two-phase flow separation, and the relative size of the channel, the back pressure at the outlet of the separation and the liquid shear force are all important factors affecting the separation; However, the research on the liquid separation process is still not perfect, especially the influence of the wave motion and instability of the two-phase flow on the phase separation effect is still not involved, and further in-depth research is needed [39–42].
At present, the numerical simulation of slug flow in microchannels mainly adopts VOF method to study the influence of two-phase flow rate, physical parameters and contact angle on the flow process. It can not only obtain the basic parameters such as two-phase flow pattern, slug flow length and generation period, but also deeply analyze the information such as velocity field and pressure field in the flow process, thus making up for the shortage of simple experimental research [43].
Currently, research questions of studies in terms of slug flow in microchannel are mainly concentrated in flow characteristics in microchannel, numerical simulation of slug flow generation process, microbubble characteristics, etc. However, problems still need to be discussed including 1) the definition of flow pattern is mostly based on the results of subjective observation, with strong subjective factors; 2) the flow characteristics of slug flow in microchannels are not clear; 3) the influence factors and function relations of flow characteristics of slug flow in microchannels are unknown. Because the experimental conditions used by researchers are different, there is no general gas-liquid two-phase flow pattern. The flow pattern and the transition between flow patterns are mainly affected by the channel size, phase apparent velocity, liquid interfacial tension, wall wettability, channel structure, fluid flow direction and liquid viscosity. Under the influence of these factors, the flow pattern and its changing trend still have rules to follow. The two-phase flow process in the microchannel is different from the two-phase flow in the macro scale. Due to the different experimental conditions and personnel, the experimental results have strong subjectivity, and the flow pattern judgments are different. The slug flow pattern can produce microbubbles with uniform size and strong controllability.
Although a lot of research has been done on the generation process of slug flow in gas-liquid two-phase flow, the research on the generation process and generation characteristics of slug flow in microchannels still needs to be deepened. Especially, the influence factors and functional relationship of the generation characteristics of the gas bomb are still unclear. Therefore, in this paper, we aimed to 1) explore generation characteristics of gas bomb; 2) investigate impact factors of gas bomb; 3) reveal the functional relationship between aeroelastic generation characteristics and influencing factors through mathematical methods. We supplement the deficiency that the experiment cannot obtain the information such as the physical field in the microchannel.
2 EXPERIMENTAL METHODS AND SIMULATION MODEL
2.1 Experimental material
We used an experimental system combining microfluidic devices and high-speed cameras to study the effects of gas-liquid two-phase flow rate, liquid phase physical parameters, etc., On the characteristic length, generation period and other generation characteristics of slug flow, and conducted a dimensionless analysis to investigate the main factors affecting the characteristic length of gas slug.
The materials used in the experiment include: the liquid phase fluid is the mixed aqueous solution of sodium alginate (SA) and surfactant sodium dodecyl sulfate (SDS) or Tween 20, and the gas phase fluid is air. Sodium alginate is a natural polysaccharide with good solubility, stability, certain viscosity and high safety. It has the characteristics of concentrated solution, film forming and gel forming. SDS is a white or pale yellow powder anionic surfactant, which has emulsifying, decontaminating and excellent foaming ability. It is often used as emulsifier, fire extinguishing agent and foaming agent in chemical production. Tween 20 is a kind of non-ionic surfactant, commonly used as emulsifier, solubilizer, stabilizer, etc., The three materials can be soluble in water, and the viscosity and surface tension of the solution can be changed by changing the mass fraction of the added materials. Deionized water is used to prepare sodium alginate mixed water solution. When the experiment is completed, it is also used to clean the device in combination with absolute ethanol (see Table 1).
TABLE 1 | Experimental material.
[image: Table 1]The experimental system consisting of microfluidic chip, micro feeding system and high-speed camera is used to study the generation process and generation characteristics of slug flow. The main experimental equipment is shown in Table 2. The gas-liquid two-phase flow is powered by a micro feed pump with the same specification. The channel size in the microfluidic chip is micrometer, so it needs to be magnified and observed with a microscope. The high-speed camera is connected to the microscope through the C interface. The microscope acts as a lens for the high-speed camera and provides light source for shooting. The high-speed camera is controlled by a computer to achieve high-speed photography, supported by an iron frame, and waste liquid is collected through a waste liquid bottle.
TABLE 2 | The main experimental equipment of study.
[image: Table 2]The micro feed pump used in the experiment was purchased from Baoding Lange Constant Flow Pump Co., Ltd., the model of which is the laboratory precision injection pump LSP01-2A, and the minimum flow can be accurate to 0.0002 μl/min, meeting the regulation accuracy of this experiment. A variety of different types of syringes can be selected. The specification of the syringe used in this experiment is 20 mL. Because the slug flow generated at a high rate during the experiment, it could not be observed and recorded accurately by the naked eye, so a high-speed camera was needed as an auxiliary tool. The high-speed camera used for image recording is produced by Photon Company of Japan. The model is Fastcam SA4. The shooting speed of the high-speed camera is 125–500000 fps. The greater the frame rate, the greater the exposure required, and the clearer the image captured in the bullet flow generation process. Under the condition that clear slug flow can be obtained and light intensity conditions allow, it is determined that the frame rate used in this experimental condition is 5000 fps. The high-speed camera controls the shooting and saving through the computer software PFV Ver.351. The shooting is cached in the high-speed camera and the data is transmitted to the computer for post-processing.
The actual microfluidic chip used in the experiment is as shown in Figure 1. The intermediate chip is made of glass. A piece of glass is etched by hydrofluoric acid to form a T-shaped channel, and another piece of glass with the same size is sealed by hot bonding, leaving only the inlet and outlet channels. The internal channel can also be modified by chemical methods.
[image: Figure 1]FIGURE 1 | Experimental model of microfluidics chip.
Chip dimensions (L × W × H) is 22.5 mm × 15.0 mm × 4.0 mm with two inlets and one outlet. The chip is fixed by a clamp and connected with the external pipe. The clamp and chip are sealed by a rubber plug with a channel. When installing the chip and clamp, ensure that the T-shaped channel is aligned with the rubber plug channel, and adjust the screw tightness to prevent air and liquid leakage or poor flow. Chips and fixtures are purchased from Suzhou Wenhao Chip Technology Co., Ltd.
In addition to the devices involved in the above experimental system, the devices for preparing solutions and measuring physical properties are also required. The devices used for preparing solution mainly include electronic balance and magnetic stirrer. The model of the electronic balance is AR224CN, the weighing range is 0.01–220 g, and the calibration graduation value e is 0.001 g. Since the amount of solution required for each experiment is small, considering the weighing error and the range of the electronic balance, it is determined that the mass of solution prepared each time is 100 g. Taking the SA mass fraction of 0.1 wt% as an example, the weighed sodium alginate is 0.1 g. The magnetic stirrer model is DF-101S heat collecting constant temperature heating magnetic stirrer. The mixing and heating functions can be controlled separately. The speed range is 0–2400 r/min. The constant temperature water bath temperature can be set as required. The measuring devices for liquid phase physical parameters mainly include rotary viscometer, surface tension meter and density bottle. The rotary viscometer is manufactured by BROOKFIELD Company of the United States. The model is DV2TLVTJ0. The measuring range of viscosity value is [image: image]. The surface tension meter is manufactured by KRUSS, Germany, with a measurement range of 1–1000 mN/m and a measurement accuracy of 0.01 mN/m. To sum up, the measuring device and characterization device used above have high accuracy and meet the needs of this experiment.
2.2 Experimental process
Preparation of sodium alginate mixed aqueous solution: considering the measurement error and dosage of the solution, the mass of the uniformly prepared solution is 100 g, and then the mass of the required materials is calculated according to the mass fraction of the corresponding materials in the experimental condition table. Put a 250 ml washed and dried beaker on the electronic balance, and return to zero after the balance reading is stable. Use a spoon to take a small amount of sodium alginate solid powder into the beaker, and gradually add it until the indication is the amount of sodium alginate used for calculation. After removing the residual agent on the spoon surface, take the surfactant SDS and add it to the beaker until the indication is the total amount of the two agents calculated. After the drug measurement is completed, use another beaker to take deionized water and slowly add it to the beaker on the balance through a clean glass rod in the way of drainage. When the indicator is 2–3 g away from the 100 g indicator, use a rubber tip dropper to drop deionized water into the beaker until the indicator is 100 g. After adding deionized water, stir the solution until it is homogeneous and transparent, and gently put the rotor along the wall into the beaker after weighing. Place the beaker in the center of the magnetic stirrer, and turn on the middle and low level of the magnetic stirrer to stir for about 20 min. If there is no solid block visible to the naked eye, it can be considered that the stirring is even.
The experimental working condition table is designed according to the variables considered. In Table 3, No.1 corresponding to gas phase fluid and No.2∼9 corresponding to liquid phase fluid are taken from the data corresponding to Table 3 of gas-liquid two-phase physical property parameters. When studying the influence of gas phase flow rate on slug flow generation process and slug flow generation characteristics, choose No.1∼5 corresponding operating conditions, and by analogy, choose No.3 and No.6∼9 when studying the influence of liquid phase flow rate, No.3 and No.10∼12 when studying the influence of surface tension, and No.3 and No.13∼16 when studying the influence of viscosity.
TABLE 3 | Experimental case.
[image: Table 3]Setting up the experimental device: the experimental device is mainly set up to connect the microscope and high-speed photography, and the XSZ was used.
The viewing head in the vertical direction of the optical microscope can be connected to the high-speed camera with the lens removed through the C-type interface. At this time, the objective lens of the microscope is equivalent to the lens of the high-speed camera. Connecting the two together is one of the highlights of this experiment. The high-speed camera is upside down on the upper part of the microscope and is supported and fixed by an iron frame. Use the computer software PFV Ver.351 to control the high-speed camera shooting, and complete the data storage and transmission through the data line. After the microfluidic chip and fixture are installed, they are placed on the microscope stage. Move the stage to align the T-shaped intersection position of the chip with the center of the objective lens. Adjust the thickness of the microscope and the focusing screw to adjust the clarity of the field of vision. The magnification of the objective lens selected in this experiment is ×10. The microfluidic chip is connected to the syringe through a polytetrafluoroethylene (PTFE) tube with an outer diameter of 1.6 mm. Two syringes are respectively filled with gas-liquid and gas-liquid fluids, and a micro feed pump is used to drive the feed. A beaker is used at the outfeed side of the microfluidic chip to receive the experimental waste liquid to avoid environmental pollution.
Conduct the experiment: during the experiment, set the feeding speed of the micro feeding pump, and the flow process of the liquid phase fluid can be seen with the naked eye. After a period of time, when the microbubble can be seen to form stably, turn on the microscope switch to minimize the brightness. After the high-speed camera is turned on, run the computer software PFV Ver.351 to gradually enhance the brightness and adjust the thickness of the focusing spiral to make the channel contour in the software clearer. After selecting the high-speed camera to capture the frame rate of 5000 fps, click to capture. The photos taken are cached in the high-speed camera, and you can select some of the photos you want to save in the computer folder. After each shooting, turn off the high-speed camera and microscope switch, and adjust the parameters for a period of time before taking the next shot.
Complete the experiment: after measuring and recording multiple groups of experimental results, turn off the power supply of the microscope and high-speed camera, and disassemble the high-speed camera and bracket. Change the solution in the syringe into deionized water, and use the micro feed pump to flush the pipe and chip. After flushing, close the micro feed pump, remove the microfluidic chip clamp and air dry it, tidy up the rest of the experimental devices, and clean up the waste liquid. Finally, the experimental data were processed.
2.3 Simulation model
On the premise of accurate description of physical problems, in order to improve the computational efficiency, reasonable assumptions were made in the process of establishing the numerical model: 1) the flow in the microchannel was treated as laminar flow; 2) The gas-liquid two-phase flow is incompressible; 3) In the flow process, the gas-liquid two-phase physical parameters remain unchanged, mainly the two-phase density, liquid viscosity and surface tension remain unchanged; 4) Ignore the influence of gravity.
In this paper, the multi-phase flow VOF method is used to capture the change of gas-liquid two-phase interface. The VOF model can simulate a variety of immiscible fluids by solving the continuity equation, momentum equation and processing the volume fraction of each phase of the fluid in the region through which it passes.
The width of the T-shaped channel used in the experiment is micrometer. Considering that the location of the slug flow is near the intersection of the T-shaped channel, the physical model of the T-shaped microchannel used in the numerical simulation is determined by reasonable simplification and focusing on highlighting the change of the phase interface at the intersection. Take the intersection point O (0,0) of the centerlines of the two feeding channels as the coordinate origin, the horizontal direction is the x coordinate, and the vertical direction is the y coordinate. The length from the midpoint of the two entrances to the coordinate origin is 500 μm. In order to fully display the motion state of slug flow generation and bubble separation in the microchannel, the length from the origin to the outlet midpoint is 3000 μm. The gas phase fluid is introduced horizontally, and the channel width is 178 μm; The liquid phase is introduced vertically, and the channel width is 172 μm. The two values are the actual size of the T-shaped microchannel obtained from the micrograph measurement. In this paper, the two-dimensional T-channel model is used, and the modeling software Gambit 2.4.6 is used to establish the physical model of the T-channel and divide it into 10 μM.
Before using the above control equation to calculate the two-phase flow in the microchannel, it is necessary to set the initial conditions and boundary conditions for the control equation. The initial conditions are as follows: (1) set the initial time when the microchannel is filled with liquid phase; (2) At the initial time, the gauge pressure in the channel is 0, which is atmospheric pressure; (3) At the initial time, the computing unit speed in the channel is zero. In the physical model of T-shaped microchannel, there are two inlets, one outlet and the wall. It is necessary to set the boundary conditions for the inlet and outlet and wall characteristics.
1) Set the liquid phase as the primary phase and the inlet as the velocity inlet. The velocity is calculated by the flow; Phase holdup is [image: image] = 1, [image: image] = 0;
2) Set the gas phase as the secondary phase and the inlet as the velocity inlet. The velocity is calculated by the flow; Phase holdup is [image: image] = 1, [image: image] = 0;
3) The outlet is a free outflow boundary condition, and the flow in the outlet direction is fully developed;
4) The wall is set as a non-slip boundary condition, that is, the fluid velocity at the wall is zero. In addition, the wall contact angle is set at 140°, which is hydrophobic wall.
According to the research of Brackbill, the continuous surface tension model in the fluid volume function method combined with wall adhesion needs to specify the wall contact angle, and the contact angle between the fluid and the wall is often used to adjust the surface normal direction of the element near the wall.
This paper focuses on the change of the formation process of gas-liquid two-phase slug flow in the microchannel and considers that the density is constant, so the transient solver is selected to solve based on the pressure. Explicit Scheme is used for the volume fraction equation in the multiphase flow model, which is suitable for the transient calculation, and the phase interface is clearer. The implicit body force is selected for the body force equation, and the pressure gradient term is partially balanced with the surface tension to improve the convergence of the solution. PISO (Pressure Implicit with Splitting of Operators) algorithm is selected for pressure-velocity coupling. The PISO algorithm is a two-step correction method, which mainly includes the prediction step, the first correction step and the second correction step. Compared with the SIMPLC algorithm, it adds a correction step, which is suitable for solving transient flow problems. The gradient difference is mainly for the diffusion phase, and the Green-Gauss Cell Based format is selected. PRESTO is selected for pressure difference! (Pressure Staging Option) scheme, the momentum equation uses the second order upwind scheme. Geo-Reconstruction is selected for gas-liquid two-phase interface, which is helpful to improve the accuracy of interface tracking.
According to the Fluent help file, the VOF method itself follows the conservation of volume. It tracks the volume fraction of a specific phase in the cell to get the interface. The disadvantage of this method is the calculation of the spatial derivative, because the volume fraction of a certain phase of VOF is discontinuous on the interface. The level set function is smooth and continuous, which can accurately calculate the interface curvature and the surface tension generated by it. However, the level set function has some defects in maintaining the volume conservation. The two methods can be coupled to remedy the defects, and this method is only applicable to two-phase flow and transient flow problems. Therefore, this model starts the level set equation and selects the coupling level set and VOF solution method.
Grid size is 10 μm. This dimension represents the size of space step in the model. The relationship between space step and time step can be obtained from the Courant Number formula. Usually, the CN value is used to adjust the stability and convergence of the calculation. Generally speaking, the convergence rate is slow when the CN value is small, but the computational stability is good; If the CN value is large, the convergence speed is fast, but the computational stability is poor. Through a large number of simulation tests and comparison, the simulation CN value is set at 0.25, and the time step length is finally selected as 10–6 s, with a maximum of 20 iterations in each time step. The Intel Xeon server with a main frequency of 2.13 GHz, two processors and 8 GB RAM is used to solve the generation process of gas-liquid two-phase slug flow ([image: image] ).
In order to further study the changes of the physical field in the microchannel during the simulation process, especially the pressure field, three monitoring points and one monitoring line are set in the simulation process, as shown in Figure 2. Wherein, point O is the intersection of the two entrance centerlines, and monitoring points A (- 0.1, 0), B (0, 0.1) and C (0.3, 0) are set, with the unit of mm. The monitoring line is the center line from point O to the horizontal exit channel. Through a large number of simulation calculations, monitoring points A and B record the pressure changes of gas-liquid phase before entering the T-shaped intersection during the generation of slug flow, and monitoring point C records the pressure changes near the gas phase fracture location. The monitoring line can record the change of two-phase length and pressure during the formation of slug flow in the microchannel under different conditions.
[image: Figure 2]FIGURE 2 | Slug flow in experiment.
3 RESULTS AND DISCUSSION
3.1 Effect of gas liquid two phase flow rate on slug flow generation characteristics
The flow rate is one of the important factors that affect the characteristics of slug flow. In the experiment, the flow rate of gas phase or liquid phase can be changed according to the control variable method when two kinds of fluids are introduced. The numerical simulation can get the information of the physical field inside the channel and the characteristic length of the gas bomb. However, the simulation results need to be verified by experiments to analyze the reliability of the simulation results. Therefore, in addition to studying the influence of different gas flow rates on the aeroelastic generation characteristics, this study further compares the experimental results with the simulation results, and discusses the error between the results of the numerical model and the actual situation. Compared with the simulated flow pattern, it can be found that the formation process of the slug flow photographed in the experiment is highly similar to the simulation results on the whole. The gas phase breaks at the T-shaped intersection. Before the break, the gas phase is squeezed by the liquid phase to form a depression at the intersection. The shape of the depression and the position of the fracture of the gas phase are similar to the simulation results, which indicates that the accuracy of the simulation results at the angle of the slug flow pattern is high.
According to the subjective judgment of the reliability of the simulation results of flow patterns, further quantitative comparison is made through the length of aeroelastic characteristics. Figure 3 shows the comparison of aeroelastic characteristic lengths under different gas phase flow rates obtained from experiments and simulations. The error between the experimental and simulation results is small, and the gas phase flow rate is 56.1 μl/min. Therefore, the gas flow rate of 50 μl/min is taken as an example to study the slug flow generation process. Compared with the experimental results, the simulated gas phase characteristic length is more linear. Increasing and decreasing the gas flow rate error will increase. Based on the experimental results, the gas phase flow rate is 30 μ. The maximum error is only 5.4% at L/min. Therefore, the overall error of simulation is small at the angle of aeroelastic characteristic length. Considering the flow pattern and the characteristic length of aeroelasticity, the error between the numerical model established in this paper and the actual situation is acceptable from the subjective and quantitative perspectives, and has high reliability.
[image: Figure 3]FIGURE 3 | Comparison results of experiment and simulation.
As shown in Table 4, No.1∼5 are selected to study the influence of different gas phase flow rates on slug flow generation characteristics. When studying the influence of gas phase flow rate on slug flow generation characteristics, control the liquid phase flow rate to 50 μl/min, gas phase flow rate at 10 μl/min is the gradient change. The generation characteristics of slug flow mainly consider the characteristic length, generation period and generation frequency of aeroelastic. It can be seen from the table that the characteristic length of aeroelastic increases with the increase of gas phase flow rate, and the aeroelastic length is 443 μm changes to 657 μm. The variation is 214 μm. Moreover, the linear relationship between the gas elastic length and the gas flow rate is good. When the gas phase flow rate is increased, the gas entering the channel increases, making the length of the gas slug increase.
TABLE 4 | Generation features of different gas flow rate.
[image: Table 4]Figure 4 shows the aeroelastic generation cycle with different gas phase flow rates. It can be seen from the figure that with the increase of gas phase flow rate, the aeroelastic generation cycle decreases rapidly at first and then gradually slows down. The aeroelastic generation period is reduced from 14 m to 4.6 m, and the corresponding aeroelastic generation frequency is increased from 71 s-1 to 217 s-1. The maximum frequency of gas slug generation is 217 s-1, and about 217 bubbles can be generated per second, which indicates that using microfluidic technology to generate microbubbles can have a high yield. In general, the gas phase flow rate has a great impact on the characteristics of aeroelastic generation, which can both make the characteristic length of aeroelastic approximate linear change and affect the aeroelastic generation period. Especially when the gas phase flow rate is low, increasing the flow rate value will make the aeroelastic generation period change significantly.
[image: Figure 4]FIGURE 4 | Generation cycle under different gas flow rate.
When studying the influence of different liquid flow rates on the characteristics of aeroelastic formation, five groups of conditions, namely, No. Three and No. 6–9, were selected. Fixed gas phase flow rate is 50 μl/min, the liquid phase flow rate is 10 μ L/min is the gradient change. It can be seen from Figure 5A that the characteristic length of aeroelastic under different liquid flow rates decreases with the increase of liquid flow rate. The relationship between them is linear, but the change of aeroelastic length decreases gradually. With the increase of liquid flow rate, the liquid phase fluid entering the channel increases, the resistance generated by liquid phase to gas phase increases, and the characteristic length of aeroelastic decreases. According to the aeroelastic generation characteristics in Table 5, it can be found that the aeroelastic characteristic length value ranges from 770 μm changes to 378 μm. The variation is 392 μm. Compared with the change of aeroelastic characteristic length under different gas flow rates, it is found that the change range of aeroelastic length is wider when the liquid flow rate is changed, indicating that the change of liquid flow rate has greater influence on the characteristic length of aeroelastic. The change rule of gas slug characteristic length by changing the liquid phase flow rate is just opposite to the result of changing the gas phase flow rate, indicating that the formation process of gas slug is the result of the competition between gas and liquid phases.
[image: Figure 5]FIGURE 5 | Characteristic length of slug under different liquid flow rate (A); Generation cycle under different liquid flow rate (B).
TABLE 5 | Generation features of different liquid flow rate.
[image: Table 5]It can be seen from Figure 5B that the generation period of gas slug under different liquid phase flow rates is increasing with the increase of liquid phase flow rates, and the range of change is increasing as a whole. This shows that it takes longer to generate gas slugs when the gas phase flow rate is increased. From the data table, the generation cycle is increased from 4 ms to 13.4 ms, and the corresponding generation frequency is reduced from 250 s-1 to 75 s-1. By comparing the changes in gas phase flow rate, it can be found that the change range of the number of bubbles generated per second in the two methods is not much different. Therefore, in terms of aeroelastic generation cycle, the variable liquid phase flow rate and the variable gas phase flow rate have similar effects on the generation cycle. To sum up, when studying the influence of different gas-liquid two-phase flow rates on the characteristics of gas slug generation, the main difference is that the change of liquid phase flow rate has a greater impact on the characteristic length of gas slug, but the difference of gas slug generation cycle is small. Therefore, considering the characteristic length and generation cycle of gas slug, the change of liquid phase flow rate has a greater impact on the characteristics of gas slug generation than the change of gas phase flow rate.
3.2 The effect of liquid physical parameters on slug flow generation
In addition to controlling the two-phase flow rate, the physical parameters of the solution can also be changed by changing the mass fraction of the material when preparing the solution. It is mainly to change the mass fraction of sodium alginate (SA) and surfactant SDS to change the viscosity and surface tension of the solution [44].
Four conditions, No. Three and No. 10–12, were selected to study the influence of surface tension on aeroelastic generation characteristics. Fixed gas-liquid two-phase flow rate is 50 μ L/min, the mass fraction of SA is 0.1 wt%, and the mass fraction of surfactant SDS is 0.1 wt%—0.4 wt%. The surface tension values corresponding to the four different working conditions are listed in Table 6. The surface tension of the solution increases when the mass fraction of surfactant is increased. In addition, the characteristic values of aeroelastic generation under different surface tensions are also shown in Table 6.
TABLE 6 | Generation features of different liquid flow rate.
[image: Table 6]When the surface tension is increased, the aeroelastic characteristic length increases slightly, but the change amplitude is small. Aeroelastic characteristic length from 533 μm increased to 601 μm. The variation is 68 μm. The change range of surface tension characteristic length is smaller than that of gas-liquid two-phase flow rate (Figure 6A). It is not obvious to change the forming period of tension bomb on the solution surface. The aeroelastic generation cycle changes in about 6 m. It can also be seen from the aeroelastic generation characteristics table that the aeroelastic generation frequency is maintained at about 160 s-1. It shows that changing the surface tension of solution has little effect on the aeroelastic generation period (Figure 6B).
[image: Figure 6]FIGURE 6 | Characteristic length of slug under different surface tension (A); Generation cycle under different surface tension (B).
No. 13–16 was selected to study the influence of liquid viscosity on the characteristics of aeroelastic formation. Average gas-liquid two-phase flow rate 50 μl/min, Tween 20 mass fraction 0.1 wt%, SA mass fraction 0.1 wt%—0.4 wt%.
The viscosity values corresponding to four different working conditions are listed in Table 7, and the viscosity of solution increases with the increase of SA mass fraction. It can be seen from Figure 7A that different from the effect of surface tension, increasing the viscosity of the solution reduces the aeroelastic characteristic length, and the change range of the characteristic length gradually slows down.
TABLE 7 | Generation features of different viscosity.
[image: Table 7][image: Figure 7]FIGURE 7 | Characteristic length of slug under different viscosity (A); Generation cycle under different viscosity (B).
From the aeroelastic generation characteristic table, it can be seen that the characteristic length is from 500 μm changes to 398 μm. The variation is 102 μm. From the angle of aeroelastic characteristic length, the influence of viscosity is between the gas-liquid two-phase flow rate and surface tension. It can be seen from Figure 7B that with the increase of solution viscosity, the aeroelastic generation cycle increases slightly. It may be that when the viscosity increases, the flow resistance of the liquid phase increases, and the time required for the formation of the gas slug increases. From the value of characteristic length, increasing the viscosity of solution will help to get smaller bubbles, and the bubble generation frequency is higher than that of other working conditions. To sum up, the mixed solution of SA and Tween 20 can produce bubbles with better characteristics.
3.3 Dimensionless analysis of generating properties
The formation of slug flow is affected by many factors, and the formation characteristics of gas slug are related to the gas-liquid two-phase flow field [45]. Ordering to the specific analysis of this experiment, the main parameters affecting the gas-liquid two-phase flow field are: gas phase flow rate [image: image], liquid phase flow rate [image: image], and gas-liquid two-phase density difference Δρ, channel size d, liquid viscosity μ and surface tension σ. Because there are many influencing factors, they are formed into a dimensionless form to study the relationship between various physical quantities. Take aeroelastic characteristic length L as an example, use Π theorems can be used for dimensional analysis.
There are seven related physical quantities, i.e., [image: image]. The physical quantities with different basic dimensions are selected as the basic quantities, in which [image: image] contains the time dimension, Δρ is mass dimension. The three physical quantities are independent and can be used as basic quantities. The other physical quantities are taken as derived quantities, and they are respectively composed with the power equation of the basic quantity Π expression. In this example, there are four derived quantities ([image: image]:
[image: image]
Then the dimension power equation is solved Π Exponent in expression. Finally, we obtained:
[image: image]
We defined that [image: image], according to the physical meaning of Reynolds number Re and Weber number We, [image: image],thus:
[image: image]
That is to say, the aeroelastic characteristic length L is a function of the flow ratio [image: image], Reynolds number Re and Weber number We. The exponential equation can be solved by taking the logarithm of Eq. 3 to solve the multivariate linear equation:
[image: image]
Through multiple linear regression analysis, we obtained:
[image: image]
The results show that the index d of Weber number is far less than the indexes of flow ratio and Reynolds number, so Weber number can be ignored. Finally, the fitting function relationship is [image: image].
When the channel size is constant, the aeroelastic characteristic length is positively related to the gas-liquid flow rate ratio, negatively related to the Reynolds number, and not significantly related to the Weber number. According to the practical physical significance of each dimensionless number, it is considered that in a certain range of operating conditions, increasing the gas phase flow rate and decreasing the liquid phase flow rate can increase the characteristic length of aeroelastic. In the process of flow, both inertial force and viscous force can affect the characteristic length of aeroelasticity, and the influence of surface tension can be ignored.
In gas-liquid slug flow, the viscosity of dispersed phase gas can be ignored, so the shear force of dispersed phase interface can also be ignored. However, the decrease of viscosity difference of two-phase fluid in liquid-liquid slug flow means the increase of interfacial shear force. Therefore, the hydrodynamic parameters of liquid-liquid slug flow are different from that of gas-liquid slug flow. When the number of capillaries is small, the length of liquid slug varies slightly with the increase of the number of capillaries. However, the length of liquid slug tends to decrease with the further increase of capillary number. The length of liquid slug increases with the increase of volume flow of dispersed phase and decreases with the increase of volume flow of continuous phase. The distribution of the liquid film along the length of the dispersed phase liquid slug is not uniform, which is divided into uniform liquid film region and transition region. The length of the liquid slug has no effect on the liquid film thickness, but the liquid film thickness becomes thicker with the increase of the number of capillaries. Due to the lubrication of the liquid film, the velocity of the dispersed liquid slug is slightly greater than the mixing velocity of the two phases. There is a good linear relationship between the velocity of dispersed liquid slug and the mixing velocity, and the difference between the velocity of liquid slug and the mixing velocity increases with the increasing of the mixing velocity. The two geometric shapes of the co-flow T-shaped pipe and the cross-flow (continuous phase flow is parallel to the pipe) T-shaped pipe have no effect on the hydrodynamic parameters of the slug flow. When the inlet flow rate is the same, the inlet diameter increases, and the length, liquid film thickness and velocity of dispersed liquid slug will increase.
Although the hydrodynamic characteristics and functional relationship of slug flow have been obtained in this study, the study of multiphase flow in microchannels can still be expanded and improved from other entry points, and some problems that need to be solved have also been found in the simulation study. In this study, a two-dimensional physical model was used to study the formation mechanism of slug flow in T-shaped pipes. The formation mechanism of slug flow in pipes with trapezoidal, triangular and other cross sections can be further expanded and improved by combining three-dimensional physical model with actual experimental operation. This paper mainly studies the influence of the volume flow rate of two-phase fluid on the hydrodynamic parameters. In addition, the influence of the physical properties of the fluid (viscosity, surface tension, etc.) and the contact angle on the hydrodynamic parameters of slug flow needs further study. In future work, more experimental data on the influence of inlet geometry and size on the hydrodynamic parameters of slug flow can be obtained, so as to explain the influence of inlet shape on the hydrodynamic parameters of slug flow in detail.
4 CONCLUSION
In this chapter, by establishing a T-shaped microchannel experimental system, connecting a high-speed camera with a micro camera system, we can conduct visual research and study the characteristics of aeroelastic generation under different control conditions. Through analysis, we can draw the following main conclusions.
1) When studying the influence of different gas flow rates on the characteristics of aeroelastic generation, the characteristic length of aeroelastic increases with the increase of gas flow rates. With the increase of the gas phase flow rate, the aeroelastic generation cycle decreases rapidly at first and then gradually slows down, and the maximum aeroelastic generation frequency is 217 s-1. By comparing the flow pattern and aeroelastic characteristic length obtained from the experiment with the simulation results, the rationality of the numerical model is further verified.
2) When the influence of different liquid flow rates is studied, the characteristic length of gas slug decreases and the generation period of gas slug increases with the increase of liquid flow rate. Aeroelastic characteristic length from 770 μm changes to 378 μm. The variation range of aeroelastic generation cycle is 4–13.4 m, and the maximum aeroelastic generation frequency is 250 s-1. The influence of liquid physical parameters on the characteristics of aeroelastic formation mainly considers the liquid surface tension and viscosity. Surface tension has little effect on aeroelastic generation characteristics. Increasing the liquid viscosity is helpful to obtain smaller microbubbles and maintain a higher generation frequency.
3) The dimensionless method is used to analyze the effect of each physical quantity on the aeroelastic characteristic length. Establish the functional relationship between the ratio of aeroelastic characteristic length to channel size L/d and dimensionless gas-liquid flow ratio [image: image], Reynolds number Re, Weber number We, and the empirical formula obtained by fitting is [image: image]. The formula shows that the characteristic length of aeroelastic can be increased by increasing the gas flow rate and decreasing the liquid flow rate when the channel size is fixed. In the process of flow, inertial force and viscous force have great influence on the characteristic length of aeroelasticity, while the influence of surface tension can be ignored.
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