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Abstract

:

In the presented work, the influence of parameters such as the total flow rate of phases, the ratio of flow rates, and residence time on mass transfer during the two-phase flow of immiscible liquids in a T-shaped microchannel was investigated using the micro-LIF technique. The study focused on the plug flow regime, where a 70% water–glycerol solution was used as the dispersed phase, and tri-n-butyl phosphate (TBP) was used as the carrier phase. We determined the transition boundary between the dispersed and parallel flow patterns and calculated the plug length and velocities to develop a mass transfer model. Furthermore, we measured the partition coefficient for the set of liquids used in the experiments and analyzed the concentration fields inside the slugs of the continuous phase at various distances downstream of the T-junction. Using the obtained data, we determined the extraction efficiency and overall volumetric mass transfer coefficient and established dependencies demonstrating the effect of the flow-rate ratio, total flow rate, and the residence time on mass transfer rate and extraction efficiency. Finally, we developed a model for the overall volumetric mass transfer coefficient corresponding to the set of liquids used with an R-squared value of 0.966.
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1. Introduction


Microchannels are ubiquitous in various fields under their unique properties. Owing to their small size, microchannels exhibit a high surface-to-volume ratio, which allows for achieving high efficiency in heat and mass transfer processes. Therefore, microchannels have found their application as micro-heat exchangers, micromixers, microextractors [1,2,3,4,5], and integrated systems for screening and sorting biological objects [6]. Standard mass transfer equipment, such as columns and settlers, used in these processes have several significant disadvantages, including high reagent consumption, low process intensity, and potential danger to personnel in the case of leaks. In contrast, microchannels are devoid of these disadvantages and can intensify mass transfer. Therefore, studying the influence of various parameters on mass transfer in microchannels is necessary.



The increasing demand for low-carbon, cost-effective energy sources has led to the intensive development of new power plants worldwide [7,8]. As a result, the amount of spent nuclear fuel is constantly growing, and its regeneration is most acute for radiochemical technology. Typically, uranium(VI) and plutonium(IV) are recovered from nitric acid solutions of spent nuclear fuel through the PUREX process, with mixtures of organic solvents with tributylphosphate (TBP) as an extractant [9]. By using microchannels as reservoirs for extraction, the technology can be improved in terms of the safety and efficiency of the extraction process.



The slug regime is of great interest for extraction in a microchannel with a two-phase flow of immiscible liquids. This is because plugs and slugs provide a greater interfacial area-to-volume ratio. In addition, due to vortices in slugs and plugs, mass transfer intensification occurs both inside the phases and between them [10]. Thus, various models have been developed to assess mass transfer for gas–liquid [11,12] and liquid–liquid [13,14,15,16] systems in this flow regime. Based on the results obtained in [17,18,19,20], conclusions can be drawn regarding the dependence of mass transfer efficiency in microchannels on the residence time, temperature, and viscosity of the liquids used, as well as the shape of the microchannel. A review conducted by Ganguli and Pandit [21] summarized the effect of microchannel size on mass transfer. It was concluded that reducing the size of the cross section of the microchannel increases the intensity of mass transfer. Kashid et al. [17] investigated the influence of microchannel geometry on mass transfer efficiency and found that the microchannels with obstacles inside could intensify mass transfer due to additional flow circulation.



The influence of temperature on mass transfer in a liquid–liquid system was described by Zhang et al. [18]. The highest mass transfer coefficients corresponded to the highest temperatures studied, however, circulation within the phases decreased. The authors suggest that this effect was caused by the lower viscosity of the continuous phase, which led to a lower shear stress acting on the dispersed phase. The influence of the viscosity of working liquids on mass transfer was studied in [18,19]. Based on experiments using various sets of liquids, it was found that the viscosity of the dispersed phase had a negligible effect on mass transfer, in contrast to the viscosity of the continuous phase.



The effect of residence time on mass transfer in the slug flow regime was investigated by Angeli et al. [20]. The authors concluded that mass transfer mainly occurs at short residence times. At longer times, it becomes noticeable that the extraction efficiency increases more with a higher total flow rate, indicating the influence of the flow structure inside the slugs and plugs on mass transfer. Thus, it is possible to distinguish two main stages of mass transfer in the two-phase flow of immiscible liquids. At short residence times, there is a high solute concentration gradient between phases, so the diffusion coefficient determines the mass transfer. At long residence times, the layer near the interfacial boundary becomes poorer, and the hydrodynamics of the flow becomes decisive to ensure the inflow of solute to the interfacial boundary.



There are different approaches to assessing mass transfer in microchannels which can be classified as local and integral techniques. In local measurements, the values characterizing the mass transfer are determined based on concentration fields obtained by the microresolution laser-induced fluorescence technique (micro-LIF) or colorimetric techniques. In micro-LIF measurements, the transferred solute itself is used as a fluorescent dye [20,22]. In colorimetric techniques, the dye added to the flow changes color due to the reaction with the transferred solute or pH change occurring when the compound in the flow reacts with the solute [14,19,23]. However, integral measurements of the solute concentration in phases are often performed. For example, gas chromatography was used by Kashid et al. [17]. After phase separation, chromatography of the examined liquid is carried out, and the amount of solute is determined. Another method of integral measurement is UV spectroscopy, performed by Priest et al. [5] but, in this case, it is necessary to separate the phases before analysis. Moreover, integral techniques are not applicable if the residence time in microchannels is much lower than the phase separation time.



Currently, existing studies on mass transfer in the flow of immiscible liquids in microchannels aim to determine the influence of parameters such as microchannel geometry, flow pattern, total flow rate, the flow rate ratio of the continuous and dispersed phases, and residence time. However, mass transfer studies using local measurement techniques are limited to a narrow range of flow rates and phase flow ratios. The present work uses a micro-LIF technique to study the effect of flow parameters and residence time on the efficiency of mass transfer in the slug flow regime of immiscible liquids in a T-shaped microchannel.




2. Materials and Methods


2.1. Mass Transfer Characteristics


Extraction is a process of transferring a solute between two non-miscible media. In our experiment, the dye is extracted from the dispersed phase into the continuous phase, so the equations presented in this article refer to the slugs of the continuous phase. The main parameters studied during mass transfer are the overall volumetric mass transfer coefficient (1) and extraction efficiency (2):


   k L  a =   ln      C c  i n   −  C c *     C c  o u t   −  C c *       τ  ,  



(1)






  % E =    C c  o u t      C c *    ,  



(2)




where    C c  i n     and    C c  o u t    —the solute concentration in the continuous phase at the microchannel inlet and outlet, respectively,    C c *   —equilibrium concentration, and τ—residence time.



The ratio of equilibrium concentrations of the solute in the phases is called partition coefficient  K :


  K =    C  o r g  *     C  a q  *    =    C c *     C d *     



(3)




where subscripts org and aq denote organic and aqueous phases.



The equilibrium concentration for various flow rates is determined from the following considerations. Initially, the solute is presented only in the dispersed phase. Its amount    N  i n     entering the channel is determined by the flow rate of the dispersed phase    Q d    and the initial concentration of the solute in it    C 0   :


   N  i n   =  Q d  ·  C 0   



(4)







At the outlet of the channel, the solute is presented in both phases in concentrations    C c    and    C d   . Due to the conservation of the amount of solute at the inlet and outlet of the microchannel, it is possible to write:


   Q d  ·  C 0  =  Q d  ·  C d  +  Q c  ·  C c   



(5)







Assuming that equilibrium is established between the phases in the microchannel with respect to mass transfer, we substitute the equilibrium concentrations and express the equilibrium concentration in the continuous phase:


   C c *  =    C 0       1 K  +    Q c     Q d         



(6)







Thus, to obtain the extraction efficiency and the overall volumetric mass transfer coefficient, it is necessary to have values of the partition coefficient  K , the concentration of the solute in the inlet and outlet of the measurement area of the microchannel    C  i n     and    C  o u t    , and the residence time τ.




2.2. Experimental Setup and Techniques


The mass transfer was studied in a plug regime of immiscible liquids in a T-shaped microchannel with a square cross-section of 370 μm × 200 μm. The schemes of the experimental setup and the microchannel are presented in Figure 1. The experimental setup consisted of a Carl Zeiss Axio Observer.Z1 microscope with a lens magnification of M = 10× and a numerical aperture of NA = 0.25. A T-shaped microchannel was mounted on the microscope stage. Liquid flow rates were set using a KDS Gemini 88 double syringe pump with an accuracy of 0.3%. The experiments were performed at room temperature T = 23 °C.



The microresolution laser-induced fluorescence technique was applied to measure the solute concentration fields. The method is based on the relation between dye concentration in the fluid and its fluorescence intensity. In the standard LIF method at the macroscale, the flow is illuminated with a laser sheet, hence the concentration field is determined by the emission intensity of the fluorescent dye in the measurement plane. However, creating a thin laser sheet is impossible on the microscale; therefore, the entire flow volume was illuminated by a mercury lamp, obtaining the concentration field averaged over the channel depth. Rhodamine 6G fluorescent dye was used as a solute added initially to the dispersed phase. The solute concentration measurements were performed in the slugs of the continuous phase since the measurements in the plugs of the dispersed phase are unreliable due to the presence of the film of the continuous phase on the bottom and top walls of the microchannel. The light from the mercury lamp passed through a band-pass filter of 546 ± 12 nm, reflected from a dichroic mirror with 560 nm edge wavelength, and illuminated the measurement area of the microchannel. The re-emitted light from the solute passed through the dichroic mirror and a band-pass filter of 575–640 nm. Fluorescence intensity was recorded by an IMPERX CCD camera with a resolution of 4 MPix in a 16-bit format. The spatial resolution was 0.43 µm/pixel. The fluorescence images were processed in ActualFlow software, and the calculated concentration fields were analyzed with the help of a script written in Python.



The concentration field calculation during the experiment requires a calibration curve to determine the dependence of the registered light intensity on the dye concentration in the flow. Calibration was performed pixel by pixel, so the measurement area retained the same position during the curve construction and the experiment. For calibration, the microchannel was filled with the liquid with known fluorescent dye concentrations including zero concentration. One hundred fluorescence intensity images were registered for each concentration and averaged before proceeding to the calibration step. Additionally, the dark noise of the camera was captured and subtracted from the calibration images and the fluorescence images of the slugs.



To reveal the flow patterns and plug properties, high-speed flow visualization was performed. The flow was illuminated by a halogen lamp. A microscope lens with a magnification of M = 5× and a numerical aperture of NA = 0.12 was used. Flow images were recorded by a high-speed PCO camera with 1 MPix resolution and a frame rate of up to 1 kHz. The spatial resolution was 2.17 µm/pixel.



An aqueous solution was used as the dispersed phase, and tri-n-butyl phosphate (TBP) was used as the continuous phase. The properties of liquids are presented in Table 1. Water–glycerol solution properties were calculated by the parametrization in [24] with adjustments described in [25]. The physical properties of TBP are provided by the supplier. The interfacial tension of the liquids was evaluated using Antonov’s rule [26], the calculated value coincides well with the measured value in [27]. The percentage for the water–glycerol solution was chosen so that its refractive index nd = 1.428 was close to the refractive index of the carrier phase nc = 1.425. Therethrough, the distortion of the rays of the re-emitted light is avoided, significantly reducing the measurement error.





3. Results


3.1. Slug Flow Properties


To distinguish the boundary between parallel and dispersed flow patterns high-speed visualization was performed in the range of superficial velocities of the continuous phase (100 μm/s ≤ Uc ≤ 6700 μm/s) and dispersed phase (100 μm/s ≤ Ud ≤ 2200 μm/s). Subsequently, a flow pattern map was created, as shown in Figure 2a. Initially, the flow rate of the continuous phase was kept constant, after which the flow rate of the dispersed phase was increased until a parallel flow pattern was established in the channel.



The dimensionless criterion   W  e α  · O  h b    is suitable for unifying flow pattern maps. Here, We is the Weber number, which expresses the ratio of inertia forces to interfacial tension forces, and Oh is the Ohnesorge number, which characterizes the properties of liquids in a two-phase flow [28]. In works by Kovalev et al. [29,30], the parameters a = 0.4 and b = 0.6 were proposed to draw a universal flow pattern map. Additionally, the equation for the boundary between the segmented and continuous flow patterns was suggested as   W  e d  0.4   · O  h d  0.6   = 0.052 ·     W  e c  0.4   O  h c  0.6       0.4    , which describes the transition between flow patterns for liquid–liquid sets with different properties. We compared the boundary between slug and parallel flow in our experiment with the equation by Kovalev et al. in Figure 2b. The boundary is located at the higher values of the   W  e d  0.4   · O  h d  0.6     which coincides with the findings by Kovalev et al. that the proposed equation works well for pairs of liquids with a viscosity ratio of less than unity. In our case, the viscosity ratio is 6.8.
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Figure 2. (a) Flow pattern map in terms of superficial velocities of the phases; (b) the boundaries between parallel and dispersed flow patterns [29,30]. 






Figure 2. (a) Flow pattern map in terms of superficial velocities of the phases; (b) the boundaries between parallel and dispersed flow patterns [29,30].
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Based on the flow images obtained during high-speed visualization, we measured the lengths and velocities of plugs, which are necessary for further developing the mass transfer model. For each flow rate of the continuous and dispersed phase, the averaging was performed among at least ten slugs. The slug lengths were approximated by models from the works of Garstecki et al. [31] (7) and Xu et al. [32] (8). The first approximation corresponds to the ‘squeezing’ mechanism of plug breakup, which depends crucially on the blockage of the channel by a liquid plug. Xu’s model is designed for the so-called ‘dripping’ regime of plug formation dominated by the balance between shear force and interfacial force.


   L  p l u g   = 1 + 1.33 ·    Q d     Q c     



(7)






   L  p l u g   = 2.34 ∗        Q d     Q c        0.42        1  C a       0.02    



(8)




where   C a =    μ c     U  b u l k     / σ  —the capillary number based on the dynamic viscosity of the continuous phase and bulk velocity. The parity plots of the measured plug lengths and approximated data according to Equations (7) and (8) are presented in Figure 3a,b. The R-squared was 0.76 and 0.86 for each of the models, respectively. As we obtained good results for plug approximation by the Xu model, we can conclude that the capillary number of the continuous phase influences the plug length, and the formation of plugs is in the ‘dripping’ regime.



The plug velocity was approximated using linear and power functions of bulk velocity. We obtained nearly equal R-squared for each approximation: 0.996 for the linear approximation and 0.997 for a power function. The function plots are presented in Figure 4. Further, we used a linear approximation of the plug length.




3.2. Mass-Transfer Assessment


3.2.1. Partition Coefficient Measurement


Three samples were prepared to determine the partition coefficient  K . These samples were mixtures of equal volumes of TBP and water–glycerol solution, 30 mL each. The initial concentrations of the fluorescent dye in the dispersed phase were 10 mg/L, 20 mg/L, and 30 mg/L, corresponding to the linear part of the dependence of the emitted light intensity on the dye concentration according to the work of Zehentbauer et al. [33]. Each sample was mixed on a magnetic stirrer for 72 h and allowed to settle until the interfacial layer became completely uniform, indicating complete coalescence of the droplets. The liquids were then manually separated.



The residual concentration of the solute in the aqueous phase was determined using the micro-LIF technique in a microchannel. To construct the calibration curve, the microchannel was filled with prepared samples of the aqueous phase with the known fluorescent-dye concentrations: 0 mg/L, 10 mg/L, 20 mg/L, and 30 mg/L. Based on the obtained intensity values corresponding to specific concentrations, a calibration curve for the aqueous phase was constructed (Figure 5a). The residual concentrations in the separated samples of the aqueous phase were determined using the calibration curve. Since equal volumes of water–glycerol solution and TBP were used, it was possible to calculate the volume concentration of the solute in the TBP samples:


   C  o r g  *  =  C  0   a q   −  C  a q  *   



(9)







The partition coefficient was calculated according to Equation (3). Its average value was   K = 3.9   ± 0.7  .




3.2.2. Solute Concentration Measurements in Slugs of the Continuous Phase


To measure solute concentration in slugs of the continuous phase in two-phase flow, the calibration curve of the dependence of Rhodamine 6G fluorescence intensity on its concentrations was derived using TBP samples obtained after phase separation in the measurements of the partition coefficient. The calibration curve is presented in Figure 5b. The maximum deviation of the points from the approximating linear function was 4.6%, and the random measurement error did not exceed 1.2%.



The measurement scheme of solute concentration in TBP in two-phase flow is presented in Figure 6. The continuous phase without a fluorescent dye and the dispersed phase with a Rhodamine 6G concentration of 30 mg/L were fed to the microchannel inlets, which formed slugs and plugs in the mixing zone. The flow rates of the continuous and dispersed phases were chosen according to the plug regime in the flow pattern map obtained during high-speed visualization and the condition that slugs of the continuous phase fit entirely into the CCD camera frame. Thus, the flow rate ranges of the dispersed and continuous phases were 0.5 µL/min ≤ Qd ≤ 6 µL/min and 0.5 µL/min ≤ Qc ≤ 3 µL/min, and the flow rate ratio Qd/Qc varied in the range of 1–6.



A series of fluorescence images were recorded at points located at distances of 5.6 mm, 8.5 mm, 13.6 mm, and 17 mm, which corresponded to 20, 32, 52, and 65 hydraulic diameters downstream of the T-junction. At least 15 slugs of the continuous phase were recorded for each studied regime and position. Then, concentration fields in the slugs were calculated according to the calibration curve, and averaging was performed over 15 concentration fields for the studied flow rates in each position. Afterward, with the help of a script written in Python, the average values of the concentrations in the slugs and their standard deviations were calculated. Since the measured concentration field in the slug is depth-averaged, we numerically averaged concentration fields point by point, obtaining the average volumetric concentration. An example of the evolution of concentration fields of solute in slugs of the continuous phase for the fixed dispersed phase flow rate Qd = 3 µL/min and different flow rates of the continuous phase downstream from the flow is shown in Figure 7.






4. Discussion


As a result of the measurement of the concentration fields in the slugs of the continuous phase, the dependences of the extraction efficiency and the overall volumetric mass transfer coefficient on the residence time and the total flow rate of the phases were obtained. The calculation was made using Equations (1) and (2) and the equilibrium solute concentration in the continuous phase for the studied flow rates was determined by Equation (6). The residence time  τ  was assessed as the distance from the T-junction to the measurement area   L   divided by plug velocity    U  p l u g    .



Figure 8 shows the dependence of the extraction efficiency and the mass transfer coefficient at a fixed flow rate ratio Qd/Qc = 2. The error bars correspond to the standard deviation of the values calculated based on 15 slugs. The extraction efficiency and the overall volumetric mass transfer coefficient were found to increase with an increase in the total flow rate. We assume that is due to the increasing intensity of vortices inside the slugs and plugs, providing a higher concentration gradient at the interfacial area between phases.



Figure 9 shows the dependence of the extraction efficiency at 17 mm downstream of the T-junction and the overall volumetric mass transfer coefficient at the distance of 5.6 mm from the T-junction on the total flow rate of the phases for various flow rate ratios. Increasing the flow rate ratio Qd/Qc at a fixed total flow rate Qtot decreases the extraction efficiency and mass transfer coefficient, possibly due to the fact that increasing Qd/Qc leads to an increase in the equilibrium concentration but the average concentration in the slug remains approximately the same. For the range of studied flow rates, the highest mass transfer efficiency was achieved at a minimal studied flow rate ratio Qd/Qc close to unity.



We correlated the obtained values of the total volume mass transfer coefficient with the model from Kashid et al. [13], which was developed to assess the mass transfer intensity between microchannel input and output. The authors used a fixed flow rate ratio and considered the part containing the length of the plug to be a constant. In our case, the flow rate ratio is changing, so we cannot neglect this part of the model:


   k L  a · τ = a ·       C a       b   ·       R e    c  ·        D h   L     d  ·        L  p l u g      D h       e   



(10)




where   C a =    μ M   U  p l u g    σ   —capillary number and   R e =    ρ M   U  p l u g    D h     μ M     —Reynolds number, which includes dynamic viscosity (   μ M   ) and density (   ρ M   ) of the mixture,    D h   —hydraulic diameter of the microchannel,  L —length between the beginning of the channel and a point downstream of the T-junction, and    L  p l u g    —plug length. Mixture properties were calculated by the following equations:


   μ M  =        ε c     μ c    +    ε d     μ d        − 1    



(11)






   ρ M  =        ε c     ρ c    +    ε d     ρ d        − 1   ,  



(12)




where    ε c    and    ε d   —phase fraction of the continuous and dispersed phases.



Constants   a − e   are adjustable parameters determined by fitting experimental data to the correlation (10) using the Levenberg–Marquardt algorithm. As a result, the following parameter values were obtained:


   k L  a · τ = 0.042 ·       C a     − 0.92   ·       R e     0.64   ·        D h   L      − 0.59   ·        L  p l u g      D h        − 0.04    



(13)







The experimental data versus the model prediction are plotted in Figure 10. The R-squared value was 0.966. The median deviation between the experimental and predicted data was 8%. The analysis of the obtained parameters shows the dependence on the residence time and the total flow rate to be aligned with the experimentally obtained results and previously conducted studies [20,34]. The obtained coefficients correspond to the dependencies on the flow-rate ratio and total flow rate in Bai et al. [11]. At the same time, compared to the values of the parameters in Kashid et al. [7], the discrepancy in the dependence from the Reynolds number is observed.




5. Conclusions


Experiments were conducted to investigate mass transfer during the flow of immiscible liquids in a T-type microchannel using the micro-LIF method. The concentration fields of the fluorescent dye in the slugs of the continuous phase were measured. To calculate the extraction efficiency and the overall volumetric mass transfer coefficient, the partition coefficient for the studied set of liquids was experimentally determined.



The results of the experiments led to conclusions regarding the effect of the total flow rate and the phase flow ratio on the efficiency of mass transfer and overall volumetric mass transfer coefficient. It was found that an increase in the flow rate ratio leads to a decrease in mass transfer efficiency. Meanwhile, an increase in the total flow rate results in an increase in both the extraction efficiency and mass transfer coefficient. A model for the overall volumetric mass transfer coefficient was also developed with an R2 value of 0.966. This model supports the conclusions about the impact of the total flow rate and flow-rate ratio on the intensity of mass transfer between phases.
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Figure 1. The schemes of the experimental setup and a T-shaped microchannel. 
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Figure 3. Comparison of experimental plug lengths with models (a) Equation (7); (b) Equation (8). 
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Figure 4. The dependence of plug velocity on bulk velocity. 
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Figure 5. Calibration curves of the registered fluorescent intensity on fluorescent dye concentration: (a) water–glycerol solution; (b) TBP at first measurement area. 
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Figure 6. The measurement scheme of the solute concentration in slugs of the continuous phase. 
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Figure 7. The evolution of concentration fields with increasing Qc at a fixed Qd = 3 µL/min. 
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Figure 8. (a) Extraction efficiency and (b) overall volumetric mass transfer coefficient as a function of residence time at a fixed flow rate ratio. 
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Figure 9. (a) Extraction efficiency at 17 mm from the T-junction as a function of the total phase flow rate at different phase ratios; (b) overall volumetric mass transfer coefficient at 5.6 mm from the T-junction as a function of the total phase flow at different phase ratios. 
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Figure 10. Experimental data of overall volumetric mass-transfer coefficient versus the data predicted by the model. 
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Table 1. Physical properties of the liquids.






Table 1. Physical properties of the liquids.





	

	
Water–Glycerol Solution

	
TBP






	
density, kg/m3

	
1181

	
973




	
dynamic viscosity, mPa·s

	
23

	
3.4




	
interfacial tension, mN/m

	
12.6
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