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Abstract

:

Water-in-oil droplets have huge importance in chemical and biotechnology applications, despite their difficulty being produced in microfluidics. Moreover, existing studies focus more on the different shape of microchannels instead of their size, which is one of the critical factors that can influence flow characteristics of the droplets. Therefore, the present work aims to study the behaviours of water-in-oil droplets at the interfacial surface in an offset T-junction microchannel, having different radiuses, using micro-PIV software. Food-grade palm olein and distilled water seeded with polystyrene microspheres particles were used as working fluids, and their captured images showing their generated droplets’ behaviours focused on the junction of the respective microfluidic channel, i.e., radiuses of 400 µm, 500 µm, 750 µm and 1000 µm, were analysed via PIVlab. The increasing in the radius of the offset T-junction microchannel leads to the increase in the cross-sectional area and the decrease in the distilled water phase’s velocity. The experimental velocity of the water droplet is in agreement with theoretical values, having a minimal difference as low as 0.004 mm/s for the case of the microchannel with a radius of 750 µm. In summary, a small increase in the channel’s size yields a significant increase in the overall flow of a liquid.
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1. Introduction


Over the years, microfluidic devices have been developed significantly for microelectromechanical systems (MEMS), microchemical technology and micrototal analysis systems (µTAS). They are also used to a great extent in biotechnology applications. Generally, multiphase flow, especially two-phase flow, occurs frequently in these applications [1]. For instance, liquid–liquid multiphase flow has numerous applications in the mixing process [2,3], chemical reactions [4] and also emulsion technology [5,6]. One important application of microfluidic devices is in the generation of monodisperse emulsions and particles that have precise size and composition [7,8,9]. They rely on the co-axial flow of these immiscible liquids and on breaking up the disperse phase into droplets suspended in the outer continuous liquid, along with the resulting shear forces through geometric constriction [10].



The common geometries used for the microfluidic droplet generation are flow-focusing, co-flow and cross-flow devices. For example, Thurgood, Baratchi [11] used a polydimethylsiloxane (PDMS)-based microfluidic flow-focusing channel to investigate the size, gap and generation rate of oil-in-water droplets. They highlighted the abilities of asynchronous oil droplet generations, with the gap varying from a few microns to a few hundred microns in successive and rapid cycles. Deng, Huang [12] studied the hydrodynamics of rising droplets, i.e., soybean oil and toluene in quiescent water, using a co-flowing microfluidic device. The results of the experimentations indicated the rigid sphere-like behaviour of a single micro-droplet in terms of its terminal velocity; however, the swarm of droplets moved with a higher terminal velocity compared to a single droplet. Yao, Lin [13] investigated the effect of different viscosities of carrier oil on water-in-oil emulsion using a cross-flow T-junction microchannel. The results showed that regardless of the flow pressure levels, the droplet size and droplet generation rate decreased as the oil viscosity increased. Based on these three types of microfluidic droplet generation geometries, cross flow is the simplest and most commonly used geometry to generate droplets in a controlled way [14]. In addition, the offset T-junction microchannel is proven to have better performance for immiscible dissimilar liquids than the conventional T-junction microchannel [15].



Producing oil-in-water droplets is easier than developing water-in-oil droplets [16]. Suspended water droplets are significant in encapsulating the bioactive compounds for controlled release in fat-based edible products [17]. As in the droplet-based microfluidics experiment, Yao, Lin [13] investigated the effect of different viscosities of carrier oil on water-in-oil emulsion using a T-junction microchannel. The results indicated that with the increase in oil viscosity, the size of the droplet decreased, and this occurred regardless of pressure level of flow.



The micro particle image velocimetry (micro-PIV) method has been a widely known technique in the application of microfluidics [18,19,20,21,22]. Moreover, the droplet internal flow details in the microchannels have been characterized mainly by this technique due to its capability to obtain instantaneous velocity measurements and related properties in fluids [23,24,25,26,27,28]. There are a number of studies involving the use of this method to study the formation of droplets. Liu, Zhang [28] studied the internal flow field of water-in-oil droplets traveling in a T-junction microchannel by means of the micro-PIV method. One important observation is the impact of the capillary number on the flow physics, including its critical value, while the geometry of the droplet impacts the axial as well as transverse velocity components. Kinoshita, Kaneda [29] measured and visualized the internal flow of a moving water/glycerol-in-oil droplet in the PDMS T-junction microchannel using a confocal micro-PIV system. The measured results revealed that the fluid residing inside the droplet intricately observes a circular three-dimensional motion within the constrained volume, as the contacting surfaces, i.e., surrounding walls of the channel, pose drag on the surfaces of the droplet while it moves inside the microchannel. This intricated motion of fluid within the droplet enhances the mixing and, resultantly, the chemical reaction in the device, if any.



In a different study, Jin and Yoo [30] conducted flow visualization via micro-PIV to investigate water/glycerol-in-oil droplet merging processes in a main Y-microchannel, which is connected downstream to a straight channel or a divergent channel. The results for a straight channel-confined droplet suggest that the rear droplets, at the time coalescent, penetrated the front droplets. While in the divergent channel geometry, as the droplet merges, a strong vortex motion is generated, resulting in the rear droplet enveloping the front droplets. Shen, Li [31] investigated fundamental flow characteristics of a water–ethanol droplet suspended in sunflower oil merging in the T-junction channel and rectangular microgroove, and splitting in two different microstructures, i.e., cylinder obstruction and Y-junction bifurcation via micro-PIV technique. The microgroove generates higher probability for the coalescence of the droplet compared to the T-junction in a microchannel. Moreover, the junction of the Y-shape can result in microdroplets splitting with a higher efficiency (η > 95%) while keeping the microdroplet flow steady during the splitting at the junction. The existed studies focused on the different shape of the microchannels for the droplet merging and splitting process, with less consideration given to the size or diameter of the microchannels [32,33,34], which is also one of the properties of channel geometry that can affect the flow characteristics of the droplets.



Therefore, in this work, we aim to study experimentally the behaviours of a distilled water droplet suspended in food-grade palm olein at the interfacial surface in different sizes of offset T-junction microchannels, i.e., radiuses of 400 µm, 500 µm, 750 µm and 1000 µm, using the micro-PIV technique in MATLAB software. The channels’ size was described as a main factor affecting the evolution and velocity of the water droplets, and also the movement and velocity of the seeding particles.




2. Materials and Methods


2.1. Fabrication of Microfluidic Channel


The offset T-junction microfluidic channel was fabricated using 4 units of Poly (methyl methacrylate) (PMMA) having thickness of 6 mm. To cut the section forming 20 mm length and 25 mm height cuboid, the PMMA sheet was machined using a 40 W CO2 laser (Model: Fabool, smartDIYs Inc., Tennessee, Japan). The resultant debris was cleaned using clean-room tissue. The PMMA was then drilled using an electric mini drill to form the microchannel shape with inlet and outlet radiuses of 400 µm, 500 µm, 750 µm and 1000 µm. Fluids of two different densities entered from inlet A and B separately, then moved into the channels and mixed at the junction highlighted by the yellow-coloured box (Figure 1).




2.2. Experimental Setup and Micro-PIV Processing


The schematic diagram of a microfluidic channel and the associated optical imaging measurement system is shown in Figure 2 along with the fluid driving mechanism. A digital video microscope (Model: MD500, AmScope, Irvine, CA, USA) having 4× magnification was used to capture the droplet behaviours focused at the junction of the microfluidic channel, with an image resolution of 800 × 600 pixels. A two-phase stepper motor (Model: NEMA 17, StepperOnline Inc., New York, NY, USA) driven lead screw was used to drive the syringes containing the different solutions. The syringe with 10 mL nominal capacity ±4% at room temperature was used for the setup. An Arduino Uno microcontroller was programmed to control stepper motor powered by a linear DC supply (Model: GPS-3030D, Good Will Instrument Co., Ltd., New Taipei City, Taiwan). Table 1 summarizes the input parameter setting maintained for all the experiments, including the setting of the microscope and initial flow rate.



The experiments originally used the Magnaglo® 14A fluorescent magnetic powder (mean particle size of 6 µm, manufactured by Magnaflux, Glenview, IL, USA) suspended in Carrier II (density of 802.837 kg/m3, dynamic viscosity of 0.0026 Pa·s at 38 °C, manufactured by Magnaflux, Glenview, IL, USA) at the dispersed phase. However, due to its fast settling in the oil, the preliminary experiments were unsuccessful. Hence, food-grade palm olein, having a density of 917 kg/m3 and viscosity of 7.97 × 10−2 Pa·s [35], and distilled water (density of 997 kg/m3, viscosity of 8.90 × 10−4 Pa·s at ambient temperature) seeded with polystyrene microspheres particles (manufactured by Thermo Scientific™ 4210A, San Francisco, CA, USA) were injected into inlet A and inlet B, respectively, for different radiuses of offset T-junction microchannels. Food-grade palm olein was chosen for this study because it is one of the most commonly used oils in the household and food industries [36], and also has a high stability index [36] in the emulsification process. The suspension containing seeding particles (Table 2) and distilled water had a ratio of 1:4 for each experiment. The food-grade palm olein and the seeding particles were assumed to have the same density and dynamic viscosity as distilled water. These particles do not affect the palm olein because they are suspended in water. Due to the particles’ small size, and minimal density difference between the particles (1050 kg/m3) and water (997 kg/m3), they are assumed to faithfully follow the flow of water [18,37].



As the densities of the two fluids (food-grade olein and distilled water) were different, the properties of the distilled water were taken as the reference.



By adopting time-resolved as the image sequencing style in micro-PIV for MATLAB software [39,40], the flow patterns of the fluids were obtained. The region of interest was set to the whole area of the 800 × 600 pixels frame. The physical dimension of the region is 1420 × 1060 µm2 (see Figure 1). Therefore, the resolution is 1.77 µm × 1.77 µm per pixel, respectively. For image pre-processing, contrast limited adaptive histogram equalization (CLAHE) was applied to the images for visibility enhancement [41]. It is noted that the average seeding density is 5 particles per 32 × 32 window, while the threshold parameter for the signal-to-noise ratio was set at 1.5. The spatial resolution is defined by the size of the window of the interrogation spot and out-of-plane resolution [42]. In the case of volume illumination, the depth of focus of the microscope objective defines the measurement region [43]. By overlapping the interrogation spots with 50%, the resulting velocity fields have a spatial resolution of 28.4 μm × 28.4 μm × 55.5 μm. Then, the images were processed by cross-correlation function in order to obtain the raw velocity vectors of the liquids. To compensate for aberration [37,44], the calibration was performed using the image of 10 µm polystyrene microsphere flowing inside the microchannel, which resulted to 6 × 6 pixels based on 4× magnification of digital video microscope. The vector validation was conducted in order to eliminate some incorrect vectors remaining from noise peaks in the correlation function.





3. Results and Discussion


3.1. Evolution of Water Droplets at the Intersection of the Offset T-Junction Microchannel


In general, less viscous water flows faster than more viscous oil. However, when both solutions were experimented on within the microchannel, the hydrophobic coating on the walls of the PMMA channel [45] created a small air gap between the inside wall of the channel and the outer surface of the liquids [46]. The air gap around the more viscous liquid is larger, which allowed food-grade palm olein to move through the channel faster than the less viscous distilled water.



Figure 3 shows the growth of water droplets at the junction in an offset T-microchannel at t1 = 91 ms until t4 = 636 ms. The droplet in the microchannel with a radius of 400 µm evolved faster over time compared to the droplet in the channel with a radius of 750 µm, and at t4 = 636 ms, the front tip of droplet started to exceed the junction point. This growth pattern of the droplet was found to be similar to the ones in the channel with a radius of 500 µm. However, for the channel with a radius of 750 µm, the evolution of the water droplet was much slower as time passed, and the droplet was still within the junction area and can be seen at t4 = 636 ms. In terms of droplet size, the droplet becomes larger as the size of the microchannel increases. The water droplet is rounder and more solid-shaped within the microchannel’s radius of 750 µm. Its size is less than or nearly equal to the microchannel’s width. Both channels showed that when the droplet reached the junction, the oil pushed the water droplet upwards and caused an irregular shape at the bottom of the droplet, as can be seen at t3 = 455 ms. At this point, the droplet was likely starting to enter the break-up process. The droplet expanded mainly in the radial direction and slightly in the axial direction [1]. Hence, the length increases gradually while the width increases moderately. This point is named the thread expansion stage, and the period is called expansion time [1]. As it reached t = t4, the cross-flowing liquids drove the thread in its axial direction and a visible neck formed. The droplet in the microchannel with a radius of 400 µm is faster to split and to break up compared to the 750 µm channel.




3.2. Experimental Velocity of Water Droplets at the Intersection of Offset T-Junction Microchannel


Figure 4 shows the motion of droplets in the offset T-junction microchannels from t = 91 ms to t = 455 ms, while Table 3 summarizes the minimal difference in theoretical and experimental velocity of the water droplets. Time t = 91 ms and t = 455 ms were chosen because the front tip of the droplets for all channels still can be seen at this range of time. The front tip of the droplets is exceeded the field of view at t = 636 ms in the case of the microchannel with radiuses of 400 µm and 500 µm. An increase in the radius of the offset T-junction microchannel leads to a decrease in the droplet’s velocity. Velocity decreases when the cross-sectional area increases [47]. This is a consequence of the continuity equation. If the flow rate is held constant, when the area decreases, the velocity must increase proportionally. Based on Table 3, the experimental data have proved this theory, where the microchannel with a radius of 400 µm has a higher water droplet velocity than the channel with a radius of 750 µm.



The experimental velocity of the distilled water phase is also in keeping with that found within the theoretical velocity. The surface roughness of the channel walls might affect the liquids’ flows, which cause 0.06 mm/s difference in the theoretical and experimental velocity of the distilled water phase within a microchannel radius of 500 µm. However, the actual roughness of the walls could not be quantified. For the inlet and outlet radius of the offset T-junction microchannel = 1000 µm, the experimental velocity could not be determined due to the fact that the droplet was forming outside the field of view as the image was captured at the junction.




3.3. Internal Velocity Profile of Generated Water Droplets in Offset T-Junction Microchannel


Figure 5, Figure 6, Figure 7 and Figure 8 show pre-processing images, vector analysis and also velocity magnitude analysis performed by a micro-PIV technique via MATLAB software for the droplet flow and slug flow pattern. As the water is in the dispersed phase, the hydrophobic coating promotes these dispersed flows in which the water phase must wet the wall of the microchannel [46].



The pattern of the flow involving droplets as shown in Figure 5, Figure 6 and Figure 7 can be characterized by the sub-channel-sized droplets [34]. The flow within these droplets is guided forward at the interfaces to the right end of the microchannels, where the water droplets are bypassed by the continuous oil phase. The formation of such droplets, having diameters less than the channel diameter, are generated at low dispersed and high continuous phase flow rates. In such conditions, the inertial force input at the higher flow rate of the continuous phase is high enough to break down the dispersed phase into smaller droplets with lesser resistance posed by the dispersed phase at a lower flow rate. Meanwhile, for the slug flow pattern, which is likely to be the flow behaviour for the microchannel with a radius of 1000 µm (Figure 8), the slug occupied almost the whole cross-section of the microchannel with a very thin layer of the oil phase between the slug and the wall of the offset T-junction microchannel. This behaviour fit well in Darekar, Singh [34] generalized flow regime map. It is evident from this discussion that changing the channel size has a significant impact on the slug size. In contrast to the smaller offset T-junction microchannel, bigger channels produce larger slugs. All of the microchannels exhibit same slug size behaviours in relation to flow velocity [32]. However, the shear stress is not significant in this regime, and the interfacial tension, along with the pressure gradient, results in the breakup of the dispersed phase into slug. The interfacial tension could not support and endure the pressure gap between inside and outside the interface at the droplet’s tail [28]. This differential pressure increased prior to the neck regime, squeezing the interface and, consequently, forced the rear tip or interface to break, resulting in the formation of a droplet. Resultantly, the slug growth leads to the obstruction to the continuous phase flow [34].



In terms of the microchannel’s size affecting the size of droplet, based from Figure 5, Figure 6 and Figure 7, the droplets’ size increases with an increase in the radius of the microchannels [32]. In the case of small differences between the offset T-junction microchannels, i.e., radiuses of 400 µm and 500 µm, there is no major difference in droplets’ sizes that can be spotted in Figure 5 and Figure 6. However, with a further increase in the microchannel’s radius to 750 µm (Figure 7), the water droplet’s size with respect to flow velocity increases significantly. For the microchannel with a radius of 1000 µm (Figure 8), the droplet’s volume cannot be seen due to the limit of field of view and the exceedance of the observation area. From this discussion, it is clear that the change in the offset T-junction microchannel’s radius exerts a major influence on the water droplet’s size.



On the other hand, the flow velocity vectors determined by micro-PIV are displayed as small arrows. The key features of the flow are illustrated by larger arrows for better visualization. At t = 91 ms and t = 1000 ms, the microchannel with a radius of 750 µm (Figure 7) has an average velocity of 0.055 mm/s and 0.15 mm/s, which is 2.7 and 1.3 times smaller than the average velocity of the microchannel with a radius of 500 µm (Figure 6), respectively. This is because in a bigger channel, the oil phase takes a longer time to break down the water phase into longer slugs. The interfacial area was decreased as channel size was increased. In contrast to that, for a smaller channel, an increase in the velocity with respect to time increases its inertial force which leads to the enhancement in its tendency to break down the water phase into smaller droplet form. In short, increasing the channel’s size and cross-sectional area decrease the liquid’s velocity compared to the ones in the smaller channel. This also can be proved by referring to the Hagen–Poiseuille equation [48] below:


QHP = (π × R^4 × ∆p)/(8 × μ × L)



(1)




where QHP is flow rate, R is the channel’s radius, ∆p is the pressure drop between the inlet and outlet, μ is the dynamic viscosity of the fluid and L is the channel’s length.



The velocity could then be shown as,


vHP = QHP/ A = (R^2 × ∆p)/(8 × μ × L)



(2)




where vHP is the average velocity and A is the channel’s cross-sectional area.



If Qexp is to be the flow rate measured in the experiment, the velocity can, thus, be written as,


vexp = Qexp/A



(3)







The highest velocity which coloured in yellow region in velocity magnitude analysis is largely due to the vortex which localised towards the edge of the droplet, as the droplet grew bigger and the particles also moved to the edge. The interfacial tension between the droplet and the continuous oil phase pulls the resulting interface sideways more firmly, causing powerful vortex motions within the water droplet. The shear force causes these strong vortex motions within the droplet, located away from the centre to the edge of the front inner surface, deflecting the accelerated dispersed water phase [30]. Since gravitational forces have no significant impact in microfluidics, it can be concluded that the central region of the inner droplets exhibits low velocities, while the regions near the channel boundaries have higher velocities magnitude [26]. There might be minimal errors in the readings due to the channel’s inner geometry and its surface roughness during the fabrication process.





4. Conclusions


The present work aims at studying the behaviours of distilled water droplet formation suspended in food-grade palm olein at the interfacial surface in offset T-junction microchannels, having radiuses of 400 µm, 500 µm, 750 µm and 1000 µm, by means of micro-PIV software. The different sizes of inlet and outlet radiuses of microfluidic channels were affecting the flow behaviours of the generated water droplets. The experimental results show that increasing the radius of the offset T-junction microchannel leads to an increase in the cross-sectional area and the decrease in the distilled water phase’s velocity. The microchannel with a radius of 400 µm has a higher distilled water phase velocity than the channel with a radius of 750 µm. Furthermore, the experimental velocity of the distilled water phase is in agreement with theoretical values, i.e., radiuses of 400 µm, 500 µm and 750 µm microchannels have a minimal difference of 0.008 mm/s, 0.06 mm/s and 0.004 mm/s, respectively. For the radius of the offset T-junction microchannel = 1000 µm, the experimental velocity could not be determined due to the fact that the droplet was forming outside of the field of view as the image was captured at the junction. The size of the droplets increased as the radius of the microchannel increased, and they are nearly equal to the microchannel’s width. At t = 1000 ms, the average velocity of the channel with a radius of 400 µm decreased slightly to 0.12 mm/s, which may be due to the roughness on the channel’s surface, while the other channels showed a good and maintained average velocity. This concludes that the vector and velocity magnitude data are in agreement with the Hagen–Poiseuille flow equation, meaning that a small increase in the channel’s size yields a significant increase in the overall flow of a liquid.
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Figure 1. Fabricated offset T-junction microchannel with an inlet and outlet radius of 750 µm. 
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Figure 2. Schematic diagram of experimental setup. 






Figure 2. Schematic diagram of experimental setup.
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Figure 3. The evolution of water droplets for offset T-junction microchannels with radiuses of (a) 400 µm, and (b) 750 µm at t1 = 91 ms until t4 = 636 ms. 
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Figure 4. The motion of water droplets after 364 ms within radiuses of (a) 400 µm, (b) 500 µm, and (c) 750 µm offset T-junction microchannels. 
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Figure 5. Pre-processing image, vector and velocity magnitude for the offset T-junction microchannel with a radius of 400 µm at (i) 91 ms, (ii) 273 ms, (iii) 455 ms, (iv) 636 ms, (v) 818 ms and (vi) 1000 ms. 
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Figure 6. Pre-processing image, vector and velocity magnitude for the offset T-junction microchannel with a radius of 500 µm at (i) 91 ms, (ii) 273 ms, (iii) 455 ms, (iv) 636 ms, (v) 818 ms and (vi) 1000 ms. 
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Figure 7. Pre-processing image, vector and velocity magnitude for the offset T-junction microchannel with a radius of 750 µm at (i) 91 ms, (ii) 273 ms, (iii) 455 ms, (iv) 636 ms, (v) 818 ms and (vi) 1000 ms. 
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Figure 8. Pre-processing image, vector and velocity magnitude for the offset T-junction microchannel with a radius of 1000 µm at (i) 91 ms, (ii) 273 ms, (iii) 455 ms, (iv) 636 ms, (v) 818 ms and (vi) 1000 ms. 
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Table 1. Controlled parameters.
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	Parameter
	Value





	Exposure time
	3.906 ms



	Colour temperature
	5547



	Frame rate
	21.8 f/s



	Resolution
	800 × 600 pixels



	Motor step
	5



	Flow rate of liquid at the inlets
	0.16 mm3/s
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Table 2. Specification of seeding particle [38].
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	Composition/Material
	Polystyrene





	Diameter
	10 µm ± 0.08 µm



	Concentration
	0.2% solids



	Density
	1050 kg/m3



	Refractive index
	1.59 at 589 nm (25 °C)
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Table 3. Theoretical and experimental velocity of water droplets.






Table 3. Theoretical and experimental velocity of water droplets.










	Inlet and Outlet Radiuses of Offset T-Junction Micro-Channel (µm)
	Theoretical Velocity of Water Droplets Based on Reynolds Number (mm/s)
	Experimental Velocity of Water Droplets (mm/s)





	400
	0.322
	0.330



	500
	0.206
	0.266



	750
	0.092
	0.096



	1000
	0.051
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