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Colloidal suspensions of nanoparticles (e.g., metals and oxides) have been considered as a promising working fluid in microreactors for achieving significant process intensification. Existing examples include their uses in microflow as catalysts for enhancing the reaction efficiency, or as additives to mix with the base fluid (i.e., to form the so-called nanofluids) for heat/mass transfer intensification. Thus, hydrodynamic characterization of such suspension flow in microreactors is of high importance for a rational design and operation of the system. In this work, experiments have been conducted to investigate the flow pattern and pressure drop characteristics under slug flow between N2 gas and colloidal suspensions in the presence of TiO2 or Al2O3 nanoparticles through polytetrafluoroethylene (PTFE) capillary microreactors. The base fluid consisted of water or its mixture with ethylene glycol. The slug flow pattern with nanoparticle addition was characterized by the presence of a lubricating liquid film around N2 bubbles, in contrast to the absence of liquid film in the case of N2-water slug flow. This shows that the addition of nanoparticles has changed the wall wetting property to be more hydrophilic. Furthermore, the measured pressure drop under N2-nanoparticle suspension slug flow is well described by the model of Kreutzer et al. (AIChE J 51(9):2428–2440, 2005) at the mixture Reynolds numbers ca. above 100 and is better predicted by the model of Warnier et al. (Microfluidics and Nanofluidics 8(1):33–45, 2010) at lower Reynolds numbers given a better consideration of the effect of film thickness and bubble velocity under such conditions in the latter model. Therefore, the employed nanoparticle suspension can be considered as a stable and pseudo single phase with proper fluid properties (e.g., viscosity and density) when it comes to the pressure drop estimation.
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INTRODUCTION
Over recent decades, microreactor technology has been heralded as a highly promising concept for achieving significant process intensification in comparison with conventional scale reactors, owing to its distinct advantages including, e.g., high heat/mass transfer rates, precise process/reaction control under well-regulated flow patterns in miniaturized channels (Jensen, 2017). As a result, microreactors have received numerous research attention regarding their application potential in various chemical and material synthesis, where one typical case is seen in the uncatalyzed or homogeneously catalyzed gas–liquid/liquid–liquid microflow applications, such as extraction (Jovanović et al., 2011; Susanti et al., 2016), phase transfer catalysis (Magosso et al., 2021), gas absorption (Yao et al., 2017), oxidation reactions (Leclerc et al., 2008; Hommes et al., 2020), and biphasic transformations using other gases (Mallia and Baxendale, 2016).
Heterogeneous catalysts, due to their easiness in recycling and product separation, are more preferred than homogeneous ones to be applied in catalytic reactions. The most common way to introduce solid catalysts in microreactors is by coating a thin layer on the wall or applying a packed bed configuration (Yue, 2018). However, such catalyst immobilization has some drawbacks such as the requirement of tailored catalyst-coating procedures, high-pressure drop penalty and complex multiphase hydrodynamics over the packed bed. Another option is to suspend solid catalyst microparticles in the form of slurry flowing in microreactors, which has been explored for gas–liquid hydrogenation (Liedtke et al., 2013; Salique et al., 2021) and photocatalytic reactions such as liquid-phase fluorination and polymerization (Pieber et al., 2018; Li et al., 2021). In this aspect, the high activity and mobility of nanoparticle catalysts has also intrigued their promising uses in the form of colloidal suspensions in microreactors recently for catalytic reaction efficiency enhancement. For example, colloidal suspensions of rhodium/platinum nanoparticles (in the aqueous phase) have been employed for catalyzing gas–liquid–liquid hydrogenation of various alkenes (Yap et al., 2014; Yap et al., 2017), where a considerable reactant conversion was achieved in microreactors at a reaction time of ca. 10–100 times smaller than that required in the batch reactor. This efficiency increase is attributed to the much enhanced mass transfer rates of organic substrate and H2 toward the catalyst at the interface in microreactors, allowing to approach the intrinsic catalytic activity. Moreover, continuous transport of colloidal suspensions of metal oxide nanoparticles as the catalyst (support) in microreactors has been reported in liquid-phase reactions, such as using SiO2-supported FeCl3 catalyst in the benzylation of toluene (Pu and Su, 2018) and TiO2 catalyst for the photocatalytic reduction of nitrobenzene (Pu et al., 2019).
Colloidal nanoparticles (e.g., metals, oxides, and carbon nanostructures) were also used as the so-called nanofluids for modifying functional properties of the base fluid (e.g., water, glycols and oils) (Ali and Salam, 2020), offering potential applications in microreactors for heat and mass transfer intensification. The addition of such nanoparticles can improve the thermal conductivity of the base fluid and, thus, heat transfer capabilities (Verma and Tiwari, 2017). For example, the addition of 1.5 vol% TiO2 nanoparticles to water in microchannels substantially increased the heat transfer rate by 39.7% compared with the experiment with only pure water (Manay and Sahin, 2016). The application prospect of Al2O3-based nanofluids is also wide in many aspects involving heat transfer, given the relatively high thermal conductivity of Al2O3 (Zhang et al., 2013; Sivakumar et al., 2016). Numerical studies of gas–liquid slug flow in microreactors using CuO/H2O nanofluid were performed by Zhang et al. (2020). The heat transfer coefficient increased as the nanoparticle concentration increased (1–3 vol%), while it decreased with the increase in gas void fraction from 0.25 to 0.5. The enhancement of heat transfer coefficient reached a maximum of 4% with 3 vol% CuO nanoparticles in water at a high Reynolds number (Re) of 500. However, in the much higher range of nanoparticle concentrations, the nanofluid viscosity increased dramatically, which leads to a decrease in the (maximum) heat transfer coefficient and performance in microreactors. In addition, nanofluids represent a promising new solvent system for improving gas absorption rates. The gas-nanofluid slug flow was utilized to enhance the mass transfer of CO2 absorption in a square microchannel, where the liquid side volumetric mass transfer coefficient with the addition of nanoparticles (i.e., 20 wt% silica) was measured to be 2.6 times of that in pure water at a high gas–liquid flow ratio (Huang et al., 2021). Several mechanisms of mass transfer enhancement in conventional reactors with the addition of nanoparticles have been proposed, including the shuttle effect, bubble breaking effect and hydrodynamic effect (Cheng et al., 2019). Typically, nanoparticles are considered to enhance the mass transfer via, e.g., its cycling in the liquid phase (thereby realizing the exchange of the adsorbed gas) or adhering on the bubble surface to avoid coalescence, which remains to be studied in depth in microreactors.
In the abovementioned microreactor systems with colloidal nanoparticle suspension flow, the microreactor performance is closely affected by the flow pattern inside (Yap et al., 2014; Cheng et al., 2019; Huang et al., 2021). Especially, multiphase flow patterns in microreactors are largely affected by viscous forces and surface tension (Angeli and Gavriilidis, 2008). Pressure drop is another essential parameter for a rational design and operation of microreactor systems (e.g., in choosing the working pump, flow rate ranges), which also helps provide rich insights into the inner details of flow patterns and relevant mass transfer properties (e.g., gas–liquid interaction and reactor parameter values that are dependent on the gaseous flow rate) (Warnier et al., 2010; Molla et al., 2011; Yin et al., 2018). The addition of nanoparticles would exert a certain influence on the flow pattern and pressure drop due to the change in liquid physical properties, which is, therefore, of vital importance to be well studied and understood toward realizing the abovementioned promising applications of colloidal nanoparticle suspensions in microflow.
This work deals with the characterization of flow pattern and pressure drop under gas–colloidal suspension slug flow in the presence of TiO2 or Al2O3 nanoparticles in microreactors, based on the further consideration of numerous benefits that slug flow processing offers for solid-catalyzed gas–liquid reactions (Yue, 2018), heat/mass transfer intensification in the presence of nanofluids (Cheng et al., 2019; Huang et al., 2021). So far, very limited hydrodynamic studies of gas–nanofluid slug flow in microreactors have been reported (Zhang et al., 2020; Huang et al., 2021). N2-CuO/water nanofluid slug flow was numerically studied in a vertical capillary with an inner diameter of 1.0 mm (Zhang et al., 2020). A thicker liquid film in the nanofluid than that in pure liquid was predicted due to the decreased surface tension of nanofluid. The overall gas–nanofluid pressure drop increased with the increase in nanofluid concentration and the mixture Reynolds number, while it decreased with increasing the gas void fraction. Similar results on pressure drop were also found in the experimental work of CO2 absorption in SiO2/water nanofluids under slug flow in microreactors (Huang et al., 2021). However, no pressure drop models were established in both works.
It is noteworthy that pressure drop under slug flow of gas and pure liquid (i.e., without solid particle presence) has received significant investigations both in numerical and experimental studies. Several pressure drop models have been introduced based on the homogeneous flow or Lockhart–Martinelli approach (Kawahara et al., 2002; Yue et al., 2007; Fries et al., 2008; Cygański et al., 2012). These models are highly empirical and not well suited for the case of gas–liquid slug flow, as they did not consider the influence of slug flow inner details (e.g., bubble/slug lengths) and surface tension effects, which are important in determining pressure drop in microreactors (Yue et al., 2008; Warnier et al., 2010). It is now commonly recognized that the overall pressure drop of gas–liquid slug flow through microchannels consists of the frictional pressured drop in the slug and the additional interfacial pressure drop caused by the bubble presence, as elaborated in the notable work of Kreutzer et al. (2005). With surface tension effects and slug length being considered, Kreutzer et al. (2005) described that the frictional pressure drop gradient ([image: image]) for gas–liquid slug flow through small circular channels could be calculated from
[image: image]
where dc is the diameter of the (micro)channel, ρl is the liquid density, and Umix is the mixture velocity (here equal to the sum of gas and liquid superficial velocities, i.e., = Ug + Ul). Ls and Lb are the lengths of liquid slug and bubble, respectively (see Figure 1). Remix is the Reynolds number, and Camix is the capillary number, both defined based on Umix (i.e., Remix = dcUmixρl/μl and Camix = μlUmix/σ; where μl and σ denote the liquid viscosity and surface tension, respectively). The parameter a in Eq. 1 was determined via CFD simulation to be 0.07, while the experimental pressure drop data of air–liquid (water, decane, or tetradecane) in a capillary of 2.3-mm internal diameter are described by this equation if a higher value (a = 0.17) is used, which is ascribed to Marangoni effects of impurities likely present in the tested liquids.
[image: Figure 1]FIGURE 1 | Configurations of gas–liquid slug flow in a microreactor (in the case of the microchannel wall being wetted by the liquid). 
The semi-empirical pressure drop model of Kreutzer et al. (2005) was obtained under relatively large Reynolds numbers (e.g., Remix being typically above 100). Considering that the bubble shape and liquid film thickness (dfilm) at relatively lower Reynolds numbers would be different, thus, affecting the pressure drop to some extent, Warnier et al. (2010) proposed a modified model as shown below:
[image: image]
where Cab is the capillary number based on the bubble velocity Ub (Cab = μlUb/σ). δ is the correction parameter for the liquid slug length by further considering the liquid volume surrounding bubble caps and is found from
[image: image]
Equation 2 could well predict their experimental data of nitrogen-water slug flow in a round capillary with an inner diameter of 250 μm (with Camix varied from 2.3 × 10−3 to 8.8 × 10−3 and Remix from 41 to 159), whereas the model of Kreutzer et al. (2005) largely fails in the prediction. The good prediction accuracy in the model of Warnier et al. (2010) is explained by properly accounting for the influence of liquid film thickness at such low Reyonlds numbers [i.e., using the analysis of Aussillous and Quéré (2000)] and the influence of bubble velocity. So far, both pressure drop models have been used or further modified in order to satisfactorily predict the experimental data dealing with various gas–liquid systems in microreactors of different channel shapes (Fries et al., 2008; Walsh et al., 2009; Yue et al., 2009; Kurimoto et al., 2017). However, their applicability for microflow involving colloidal nanoparticle suspensions has not been examined.
In this study, circular polytetrafluoroethylene (PTFE) capillaries with three inner diameters (0.5, 0.8, 1.0 mm) were applied to investigate the effect of nanoparticle addition on slug flow pattern and pressure drop characteristics. Such capillary microreactors are convenient to use given its low cost and ready availability and easy scale up by combining more capillaries (Szymborski et al., 2018; Yang et al., 2020). TiO2 and Al2O3 nanoparticles were dispersed in the base fluid (water or its mixture with ethylene glycol) to prepare the colloidal suspension (called simply as nanofluid hereafter for ease of description). The influence of nanoparticle addition on the wettability change of microreactor wall and the resulting change in the N2-nanofluid slug flow pattern details (liquid film presence and bubble length) was studied. Pressure drop data were measured for N2-nanofluid slug flow in the microreactor at different flow rates and solid loadings, and compared with the prediction of the models of Kreutzer et al. (2005) and Warnier et al. (2010) in which the nanofluid was treated as a pseudo homogeneous single phase with mixture properties. The finding of this work, thus, provides useful insights in the precise manipulation of nanofluids in slug flow microreactors.
MATERIALS AND METHODS
Chemicals
TiO2 nanoparticles in rutile phase (diameter: 21 nm) and Al2O3 nanoparticles in gamma phase (diameter: <50 nm) were supplied by Sigma Aldrich Corporation. Ultrapure water (Milli-Q, type 1) was used for the preparation of base fluids. Ethylene glycol (EG) with a purity of >95% was purchased from VWR, and nitrogen gas (>99.9%) was purchased from Linde.
Preparation of nanofluids
In this study, the two-step method was applied to prepare TiO2/H2O, TiO2/H2O + EG, and Al2O3/H2O nanofluids with a volume fraction (φ) of 0.05% and 0.15% (Yang and Hu, 2017; Wu et al., 2009), as shown in Table 1. The samples were prepared by dispersing nanoparticles in the base fluid under a 30-min stirring without adding surfactant, followed by using the ultrasonic vibrator (at a power of 600 W for 1 h) to break down the possible agglomeration of nanoparticles. Besides water as the base fluid, ethylene glycol was mixed with water under different fractions to change the properties of nanofluid (e.g., viscosity), which also has potential applications in heat transfer intensification (Reddy and Rao, 2013; Yiamsawas et al., 2013). The density of nanofluid is calculated based on the physical principle of mixture rule (Pak and Cho, 1998) as
[image: image]
where ρnf, ρnp, and ρbf denote the densities of nanofluid, nanoparticle, and base fluid, respectively. Viscosities of nanofluid were measured by a viscometer (Thermo Fisher Scientific, Waltham, MA, USA). The surface tension of nanofluid depends on, among others, the concentration and size of nanoparticles. For instance, the surface tension of Al2O3/H2O nanofluid was reported to decrease with increasing volume concentrations of nanoparticles in the work of Zhu et al. (2011), while others indicated that the surface tension of nanofluid (e.g., Al2O3/H2O, TiO2/H2O, and SiO2/H2O) increased with solid concentration (Bhuiyan et al., 2015). In the latter work, the larger nanoparticles were found to exhibit a higher surface tension. In this work, the surface tension of the prepared nanofluids and base fluids was measured by a tensiometer (Dataphysics OCA25 system) using the pendant drop method. The obtained physical properties of these fluids are listed in Table 1. To help illustrate the effect of nanoparticle addition on the two-phase flow pattern in the current microreactor, the contact angle of the tested fluids on a flat PTFE plate was measured using the Dataphysics OCA25 system via the sessile drop method. Moreover, analyses of scanning electron microscopy (SEM; Zeiss Gemini Ultra 55) and dynamic light scattering (DLS; Beckman Coulter Delsa Nano C system) were performed to investigate the morphology and size of TiO2 and Al2O3 nanoparticles in the nanofluid, and the stability of the used nanofluids. Before SEM analysis, samples were prepared by casting a drop of nanofluid on the sample holder and drying in a vacuum oven for 6 h to evaporate the base fluid. DLS measurements were performed on a Brookhaven ZetaPALS instrument to determine the particle size distribution. A minimum of 2 ml of the prepared nanofluid was transferred into a disposable plastic cuvette and then placed in the equipment for analysis. The collected data were analyzed using the multimodal size distribution algorithm of the equipment software.
TABLE 1 | Properties of the prepared nanofluids and base fluids at 22°C.
[image: Table 1]Experimental Setup
Figure 2 illustrates the experimental system for the flow pattern and pressure drop study of N2-nanofluid slug flow in the PTFE capillary microreactor. N2 and nanofluid were connected to the microreactor by an inlet Y-junction mixer (bore diameter: 0.5 mm) made of polyether ether ketone (PEEK). The nanofluid was injected by a syringe pump (model LA30, HLL GmbH) to one inlet of the Y-junction. N2 was delivered from a cylinder to another inlet of the Y-junction through a mass flow controller (EL-Flow, Bronkhorst HI-TEC). A flow restrictor, consisting of a 10-cm-long section of PEEK capillary of very small inner diameter (42 μm), was placed in the gas line before N2 reached the Y-junction in order to induce sufficient pressure drop that prevented back flow and maintained a steady slug flow generated in the subsequent microchannel. Three inner diameters of PTFE capillary microreactors (dc = 0.5, 0.8 and 1.0 mm; each with a length of L = 40 cm) were tested, with the inlet gas flow rate (Qg; corresponding to 1 bar and 20°C) varied from 1.5 to 3.0 ml/min and the nanofluid flow rate (Qnf) from 0.5 to 5.0 ml/min.
[image: Figure 2]FIGURE 2 | Experimental setup for flow pattern and pressure drop study of N2-nanofluid slug flow in polytetrafluoroethylene (PTFE) capillary microreactors.
N2-nanofluid flow pattern in the microchannel was captured by a Nikon D3300 digital camera equipped with a Nikon lens (AF-S Micro NIKKOR 60 mm F/2.8G ED) with the help of a cold light (MI-LED A2, Dolan-Jenner, Fiber-Lite). At the outlet of the microchannel, the nanofluid was collected in a vial and recycled for use in flow experiments, as long as it was stable according to DLS analysis (vide infra). A pressure indicator (PI; ESI-Tec, GS4200-USB) was placed in the liquid line (before the inlet of Y-junction) to measure the corresponding pressure. The pressure drop during gas-nanofluid slug flow in the microchannel itself was obtained based on a comparison with additional experiments conducted without the presence of PTFE capillary microreactor, that is, being equal to the measured pressure difference between experiments with microreactor and without under otherwise the same operating conditions. Experiments were performed under ambient conditions (ca. 22°C and 1 bar). A good reproductivity was confirmed in experiments conducted at least in duplicate under representative operating conditions, with a standard deviation generally (much) less than 10%.
N2-water slug flow in the PTFE microreactor was also studied using the setup shown in Figure 2 to provide a reference for comparison with the nanofluid case. In addition, pressure drop characteristics under single-phase flow of the prepared nanofluids were studied in the microreactor using the same experimental setup, except that the gas-side inlet of the Y-junction was blocked. The single-phase frictional pressure drop under fully developed laminar flow through the microchannel was then obtained from the pressure difference measured in the setup with a relatively long microreactor (L = 45 cm) and a short one (L = 5 cm), in order to exclude the influence of entrance effect.
RESULTS AND DISCUSSION
Stability of Nanofluids
Figure 3 shows the SEM micrographs of TiO2 nanoparticles in the freshly prepared TiO2/H2O nanofluid. The mean particle size is about 24 or 28 nm for the solid loading of 0.05 vol% or 0.15 vol%, respectively. This shows that the particle size tended to increase at higher solid loadings likely due to its easier aggregation, which further implies that nanofluids with a lower solid concentration are more stable. This is consistent with the results of DLS analysis, where the measured mean particle sizes of TiO2 are about 20 and 27 nm for 0.05 vol% and 0.15 vol% TiO2/H2O nanofluids, respectively (Figures 4A,B). The DLS results also suggest that the mean particle size of TiO2 became larger in the H2O + EG base fluid, being, respectively, ca. 52.5 and 57.5 nm for 0.05 vol% TiO2/H2O + EG (3:2) and 0.05 vol% TiO2/H2O + EG (1:1) (Figures 4C, D), likely due to more significant particle agglomeration induced by EG addition. The TiO2-based nanofluid could keep a good stability within 3–7 days, as inferred from the almost unchanged particle size distribution (with a further consideration of the analysis error). This ensured the recycled use of nanofluids in the flow experiments for several days. However, for the Al2O3/H2O nanofluid, the mean particle size in the dispersion is much bigger (ca. 300–400 nm) and tended to increase more dramatically over days, indicating its somewhat low stability.
[image: Figure 3]FIGURE 3 | Scanning electron microscopy (SEM) images of TiO2 nanoparticles in the freshly prepared TiO2/H2O nanofluid. (A) φ = 0.05 vol%; (B) φ = 0.15 vol%.
[image: Figure 4]FIGURE 4 | Particle size distribution in the nanofluid in different days after its preparation via dynamic light scattering (DLS) analysis. (A) TiO2/H2O, φ = 0.05 vol%; (B) TiO2/H2O, φ = 0.15 vol%; (C) TiO2/H2O + EG (3:2), φ = 0.05 vol%; (D) TiO2/H2O + EG (1:1), φ = 0.05 vol%; (E) Al2O3/H2O, φ = 0.05 vol%.
Flow Pattern
Figure 5A shows a typical flow pattern of N2-water slug flow in the current microreactor, suggesting no thin liquid film presence between the N2 bubble and PTFE microchannel wall, as can be inferred from the concave shape of the front and rear ends of the bubble (Choi et al., 2011; Yue et al., 2013). This is consistent with the measurement of static contact angle (θ) of water on PTFE (Figure 5B), showing that θ = 108.0° and, thus, the hydrophobic nature of PTFE with water. This type of flow is also called plug flow in the literature, which can introduce a significant energy dissipation due to the alternative movement of gas and liquid phases along a dry solid surface creating three-phase contact lines (Lee and Lee, 2008).
[image: Figure 5]FIGURE 5 | (A) Picture of N2-water slug flow in the PTFE microchannel (dc = 0.8 mm). (B) Static contact angle of water on PTFE (θ = 108.0°). (C) Picture of N2–TiO2/H2O nanofluid (φ = 0.05 vol%) slug flow in the PTFE microchannel (dc = 0.8 mm). (D) Static contact angle of 0.05 vol% TiO2/H2O nanofluid on PTFE (θ = 72.5°). In (A) and (C), the flow direction is from left to right, Qg = 2.77 ml/min, the water flow rate (Qw) and nanofluid flow rate (Qnf) are both at 1.5 ml/min.
In the case of N2-nanofluid flow, the slug flow was found to be characterized by a presence of the lubricating liquid film around bubbles, as supported by the convex shape of bubble end caps (e.g., see Figure 5C). This implies that the addition of nanoparticles in the base fluid has changed the wettability of PTFE microchannel wall to be more hydrophilic, which was confirmed by the contact angle measurement (e.g., θ = 72.5° for 0.05 vol% TiO2/H2O nanofluid on PTFE; cf. Figure 5D as well as Supplementary Table S1). Lim et al. (2015) also reported that the contact angle of SiO2/H2O nanofluid on a gold plate (originally hydrophobic) was less than 90°. Thus, nanoparticles have been attached to the microreactor inner surface during continuous flowing that improved its hydrophilicity (Chaudhuri and Paria, 2014). To confirm this, the wettability change in PTFE wall material was first examined over long hours. In more detail, a flat PTFE plate was pretreated by immersing in the 0.05 vol% TiO2/H2O nanofluid for 6 and 24 h, respectively. Then the contact angle of water on the pretreated PTFE plate was measured and found to be 76° (for the 6-h pretreatment) and 72° (for the 24-h pretreatment). The results here are consistent with the literature, which reported a contact angle of water on a TiO2 film being 76° without UV illumination (Horprathum et al., 2010). This means that the nanofluid film was actually formed on the surface of PTFE microchannel wall, causing the stable presence of liquid film around bubbles (which took typically around 30 min in the case of experiments with an unused PTFE capillary). In addition, as TiO2 was widely used as a photocatalyst, the effect of lab light on the contact angle of TiO2/H2O nanofluid on PTFE was examined. No significant change in the contact angle was found in 2 days, illustrating that the normal light in the lab did not affect the surface properties of TiO2 film attached on the microchannel wall.
It is worth to note that the alteration in the wettability of PTFE microreactor by nanoparticles was not permanent once without nanofluids flowing inside. For example, after stopping the TiO2/H2O nanofluid flow in the microreactor, a continuous operation of N2-water slug flow through this used microreactor rendered a flow pattern with the liquid film presence at first (Figure 6A), but the liquid film gradually disappeared due to water flushing away the deposited TiO2 on the wall (Figure 6B).
[image: Figure 6]FIGURE 6 | Pictures of N2-water slug flow at first (A) and after ca. 30 min (B) in the PTFE microchannel (dc = 1.0 mm) previously used in the N2–TiO2/H2O flow experiments. Qg = 2.77 ml/min, Qw = 1.5 ml/min, the flow direction is from left to right.
Similar changes in the slug flow inner details were observed for all nanofluids in this study. Figure 7 shows the pictures captured for N2-nanofluid slug flow at different flow rates at the entrance region of the 0.8-mm diameter microreactor (i.e., after the Y junction). The continuous presence of a lubricating liquid film around the bubble body was observed in all nanofluid cases, corresponding to the measured lower contact angle after nanoparticle addition (i.e., θ < 90°; Supplementary Table S1). In contrast, higher contact angles (i.e., θ > 90°) were observed for all base fluids on the new PTFE plate, indicating a poor wettability. Besides, the contact angle of all tested nanofluids on the pretreated PTFE plate (by immersing in the nanofluid for 24 h) was found to decrease (slightly) with increasing nanofluid concentration (Supplementary Table S1), possibly due to, among others, the increase in surface roughness or adhesion tension between solid and liquid (Chaudhuri and Paria, 2014). Another common observation in Figures 7A–F is that at a constant gas flow rate, the bubble length decreased with increasing flow rate of nanofluids. This is more clearly shown in Figures 8A–C that the measured bubble length in microreactors of different diameters can be predicted according to the equation below:
[image: image]
where the subscript 0 refers to the entrance of the microchannel. Thus, the inlet gas superficial velocity (Ug,0) was calculated based on the microreactor inlet pressure. Unf denotes the superficial velocity of nanofluid. Equation 5 is well according to the mechanism of bubble/droplet formation in another continuous liquid phase under the squeezing regime in microfluidic T-junctions proposed by Garstecki et al. (2006). They formulated the same equation except that dc in Eq. 5 is replaced with the width of the side channel fed with the dispersed phase and reasoned that the two constants, α1 and α2, are on the order of 1 and depend on the junction geometry. The good fitting of the majority of the experimental data using Eq. 5 as shown in Figure 8 implies that the bubble formation process within gas–nanofluid flow in the current Y-junction of circular geometry (Figure 2) can be described primarily by the squeezing mechanism, though it cannot be visualized due to the opaque PEEK material of the junction. The predominance of squeezing regime in the bubble breakup is in line with the relatively low capillary numbers involved in this work (Camix,0 ranging from 0.001 to 0.027). This is also supported by the fact that the measured bubble length for the cases of all nanofluids tested in the 0.8- or 1.0-mm diameter microreactor more or less collapses onto the same prediction line according to Eq. 5 (Figures 8B,C), though the influence of viscosity seems to exist to some extent. That is, the bubble length seems to (slightly) decrease in the case with more viscous nanofluids like TiO2/H2O + EG (1:1) (see Table 1), suggesting the likely somewhat important role of shear stress in determining the bubble length as well under the current conditions of non-negligible Reynolds numbers (Remix,0 ranging from 21 to 307) (Dang et al., 2013; Lu et al., 2014). Furthermore, it was noticed that the fitted values of α1 and α2 generally increased with decreasing microreactor diameters (Figure 8), which could be mainly related to the fixed Y-junction in use (with an inner diameter of 0.5 mm). In other words, for the same gas–nanofluid flow ratio, the emerging bubble volume at the junction might not vary to a much different extent, resulting in relatively longer bubbles in smaller diameter microreactors. However, largely different values of α1 and α2 were obtained in the 0.5-mm diameter microreactor for various nanofluid cases (Figure 8), possibly due to the local geometry imperfections around the Y-junction (e.g., caused by the frequent dismantling and re-mounting of capillaries connected with the junction in the experiments) that have affected the bubble formation to a certain extent. The slug length at the entrance (Ls,0) was found to decrease with increasing gas–nanofluid flow ratio (see Supplementary Figure S1 in the Supplementary Material as well as Figure 7), which could be explained according to the mass balance in the unit cell within a slug flow (Warnier et al., 2010).
[image: Figure 7]FIGURE 7 | Flow pattern of N2-nanofluid slug flow in the PTFE microchannel (dc = 0.8 mm). The flow direction is from left to right, Qg = 2.77 ml/min. (A) N2–TiO2/H2O, φ = 0.05 vol%, θ = 72.5°; (B) N2–Al2O3/H2O, φ = 0.05 vol%, θ = 65.5°; (C) N2–TiO2/H2O + EG (3:2), φ = 0.05 vol%, θ = 84.5°; (D) N2–TiO2/H2O + EG (1:1), φ = 0.05 vol%, θ = 87.5°; (E) N2–TiO2/H2O + EG (3:2), φ = 0.15 vol%, θ = 77.3°; (F) N2–TiO2/H2O + EG (1:1), φ = 0.15 vol%, θ = 77.4°.
[image: Figure 8]FIGURE 8 | Bubble length as a function of the inlet gas–nanofluid flow ratio in the current PTFE microchannels of different diameters. (A) dc = 0.5 mm; (B) dc = 0.8 mm; (C) dc = 1.0 mm. Symbols represent the experimental data and lines are according to the prediction of Eq. 5. Camix,0 and Remix,0 represent the capillary number and Reynolds number calculated based on the mixture velocity at the microreactor entrance (i.e., Umix,0 = Ug,0 + Unf).
Pressure Drop
Pressure Drop of Single-Phase Nanofluid Flow
To check the feasibility of the current experimental setup and further examine whether the nanofluid flow in the microchannel still conforms to the classic laminar flow theory, the pressure drop data of the prepared nanofluids under single-phase flow through the current microreactors have been collected (cf. Experimental Setup) and compared with the theoretical model predictions. According to the classical Hagen–Poiseuille equation for fully developed laminar flow of a Newtonian fluid through a circular channel (Molla et al., 2011), there is
[image: image]
where Q is the volumetric flow rate, and μ is the viscosity of the fluid. Equation 6 can be further rearranged as
[image: image]
where f is the Darcy friction factor, and Re is the Reynolds number of the fluid (= dcUρ/μ). With Eq. 7, the values of fRe and Re were calculated for the nanofluid flow case, based on its flow rate, the collected pressure gradient ([image: image]) data from experiments, as well as the nanofluid density and viscosity (cf. Table 1). The comparison of fRe between the experimental data under TiO2 or Al2O3 nanofluid flow in the microreactor and the theoretical value (i.e., fRe = 64 for a Newtonian fluid) is shown in Figure 9. The measured fRe values for nanofluid flow are shown independent of Re, and generally in agreement with the theoretical values regardless of the diameter of the microchannel (Figure 9A) and nanofluid concentration (Figure 9B) or type (Figure 9C), by further considering the experimental uncertainty (see Supplementary Section S3 in the Supplementary Material for calculation details). This shows that after taking the nanofluid with proper physical properties into account, the single-phase pressure drop of nanofluids agrees with that predicted by the Hagen–Poiseuille equation, as also proven in the literature (Zhang et al., 2013). Thus, its flow behavior is still governed by the classical laminar flow theory. The results here also proved the reliability of the current experimental setup for pressure drop measurement in gas-nanofluid flow in microchannels.
[image: Figure 9]FIGURE 9 | Comparison between the measured fRe under TiO2 or Al2O3-based nanofluid single-phase flow in the microchannel and the theoretical value. (A) TiO2/H2O; (B) TiO2/H2O + EG; (C) Al2O3/H2O. Symbols represent the experimental data and solid lines the theoretical value.
Pressure drop of N2-nanofluid slug flow
To verify the effect of nanoparticle addition on pressure drop of gas–nanofluid slug flow, experiments were performed in three different diameter microreactors under various nanofluid flow rates (Qnf = 0.5–5.0 ml/min) and N2 flow rates (Qg = 1.5–3.0 ml/min). Figure 10 depicts the influence of flow rate on the measured pressure drop of N2-nanofluid slug flow in the 0.8-mm diameter microreactor and a comparison with the case of N2-water slug flow. The pressure drop exhibits a clear increase with increasing nanofluid flow rate, especially for the nanofluid with a higher viscosity (e.g., when EG was present in the base fluid; see Table 1) or solid loading (Figures 10A, B). The measured pressure drop with N2-water flow, though also increasing at the higher water flow rate (Qw), is by far much larger than that with N2-nanofluid flow. This is ascribed to the absence of liquid film in the form case (e.g., see Figure 5A), resulting in the moving gas–liquid–solid contact lines that created significantly higher pressure drop than that by the viscous/inertial force (Lee and Lee, 2008). While in the nanofluid case, the addition of nanoparticles changed the PTFE microreactor wall to be more hydrophilic (e.g., see Figure 5D), and thus, the gas could slide over a continuous liquid film that covered the wall (e.g., see Figure 5C), largely reducing pressure drop.
[image: Figure 10]FIGURE 10 | Comparison between the measured pressure drop data under slug flows of N2-nanofluid and N2-water in the 0.8-mm diameter microchannel. Qg = 2.77 ml/min. (A) φ = 0.05 vol%; (B) φ = 0.15 vol%.
Figure 11 plots the measured pressure drop of N2-nanofluid slug flow versus the length of unit cell (i.e., one slug plus one bubble) at a fixed gas flow rate in the 0.8-mm diameter microreactor. It is evident in all nanofluid cases that besides the effect of nanofluid viscosity as discussed above, the measured pressure drop tends to increase with the decreased unit cell length. This corresponds well with literature findings on gas–liquid slug flow in microreactors (Kreutzer et al., 2005; Molla et al., 2011), where shorter slugs and bubbles result in a higher amount of unit cells per channel length and, thus, could enhance pressure drop dramatically by the more dominant interfacial pressure contribution over bubbles in addition to the contribution from the inner recirculation in the slug.
[image: Figure 11]FIGURE 11 | Measured pressure drop of N2-nanofluid slug flow versus the normalized unit cell length [i.e., (Lb,0 + Ls,0)/dc] at a constant gas flow rate (Qg = 2.77 ml/min) in the 0.8-mm diameter microchannel. (A) φ = 0.05 vol%; (B) φ = 0.15 vol%.
The measured pressure drop of gas–nanofluid flow in microchannels was further compared with the prediction of the established models of Kreutzer et al. (2005) and Warnier et al. (2010), that is, Eq. 1 with a = 0.07 and Eq. 2, respectively. The nanofluid was treated as a pseudo homogenous liquid so that its mixture density, viscosity, and surface tension as shown in Table 1 can be directly used in the calculation with both equations. To account for the pressure change along the microchannel, certain parameter values (including the bubble length and velocity, the mixture velocity, the capillary number, and Reynolds number) in both equations are evaluated based on the average pressure in the microchannel (i.e., at the middle section). More deduction details are provided in Supplementary Sections S4 and S5 of the Supplementary Material.
A comparison of the measured ΔP/ΔL values under N2-nanofluid slug flow with the model predictions of Kreutzer et al. (2005) and Warnier et al. (2010) is shown in Figure 12. It clearly shows that both models can describe (most of) the experimental results, with an overall much better and satisfactory prediction accuracy by the model of Warnier et al. (2010). Therefore, nanofluids used in this work can be reasonably considered as a stable and pseudo single phase.
[image: Figure 12]FIGURE 12 | Comparison between the measured pressure drop data for N2-nanofluid slug flow in the microchannel and predictions according to the model of Kreutzer et al. (2005) (A) and Warnier et al. (2010) (B).
To further reveal the flow behavior and the detailed performance of both models, the measured ΔP/ΔL value was compared with the model prediction under different slug flow operation conditions for the used nanofluids in Figures 13–15. The increasing trend of pressure drop with the gas–nanofluid mixture Reynolds number (Remix) in all nanofluids and the three PTFE microchannels tested is generally well matched with the two models. However, a closer examination suggests that the model of Kreutzer et al. (2005) has a good accuracy in predicting the pressure drop under N2-TiO2/H2O and N2-Al2O3/H2O slug flow in the current microchannels, where the Reynolds number is comparatively large (e.g., Remix being typically above 100; Figure 13). However, it somewhat underestimates the slug flow pressure drop in the cases of TiO2/H2O + EG (3:2) and TiO2/H2O + EG (1:1) nanofluids (Figures 14, 15), where Remix is below 100 caused by the significant increase in nanofluid viscosity with EG addition (Table 1). In comparison, the model of Warnier et al. (2010) increased the prediction accuracy on the pressure drop to a satisfactory level when Remix is at such a small level for all nanofluids mentioned above (Figures 13B–D, 14, 15).
[image: Figure 13]FIGURE 13 | Comparison of the measured pressure drop data for N2–TiO2/H2O and N2–Al2O3/H2O nanofluid slug flows in the microchannel with predictions according to the models of Kreutzer et al. (2005) and Warnier et al. (2010). (A) TiO2/H2O, dc = 0.5 mm, φ = 0.05 vol%; (B) TiO2/H2O, dc = 0.8 mm, φ = 0.05 vol%; (C) TiO2/H2O, dc = 1.0 mm, φ = 0.05 vol%; (D) TiO2/H2O, dc = 0.8 mm, φ = 0.15 vol%. (E) Al2O3/H2O, dc = 0.8 mm, φ = 0.05 vol%. Values of Remix shown are evaluated based on the mixture velocity corresponding to the average pressure in the microchannel (the same for Figures 14, 15).
[image: Figure 14]FIGURE 14 | Comparison of the measured pressure drop data for N2-TiO2/H2O + EG (3:2) nanofluid slug flow in the microchannel with predictions according to the models of Kreutzer et al. (2005) and Warnier et al. (2010). (A) dc = 0.5 mm, φ = 0.05 vol%; (B) dc = 0.8 mm, φ = 0.05 vol%; (C) dc = 1.0 mm, φ = 0.05 vol%; (D) dc = 0.8 mm, φ = 0.15 vol%.
[image: Figure 15]FIGURE 15 | Comparison of the measured pressure drop data for N2–TiO2/H2O + EG (1:1) nanofluid slug flow in the microchannel with predictions according to the model of Kreutzer et al. (2005) and Warnier et al. (2010). (A) dc = 0.5 mm, φ = 0.05 vol%; (B) dc = 0.8 mm, φ = 0.05 vol%; (C) dc = 1.0 mm, φ = 0.05 vol%; (D) dc = 0.8 mm, φ = 0.15 vol%.
The difference in the prediction performance of both models is, first, because in the model of Kreutzer et al. (2005), the frictional pressure drop in the liquid slug and pressure drop over gas bubbles were introduced based on their CFD simulation results at relatively large two-phase mixture Reynolds numbers (Remix typically above 100). Thus, pressure drop over bubbles at relatively low Reynolds numbers could not be precisely captured by this model, due to the changing role of inertial force in determining the liquid film thickness and bubble curvatures. In the pressure drop model of Warnier et al. (2010) as shown in Eq. 2, the effect of small Reynolds numbers was taken into account by using the liquid film thickness correction proposed by Aussillous and Quéré (2000). Moreover, the effect of bubble velocity was included, and the slug length was corrected by further considering the liquid volume around bubble end caps (Eq. 3). A better accuracy in the pressure drop predictions than those of Kreutzer et al. (2005) was also confirmed with their experimental data collected for nitrogen–water slug flow in a hydrophilic microreactor (with Camix varied from 2.3 × 10−3 to 8.8 × 10−3 and Remix from 41 to 159). This conclusion is consistent with the current experimental results dealing with gas-nanofluid flow, further supporting that nanofluids tested in this study could be reasonably considered as a stable and pseudo homogeneous phase. This entails the use of both models in describing the obtained pressure drop data under gas–nanofluid slug flow, i.e., the model of Kreutzer et al. (2005) for Reynolds numbers (Remix) typically above 100 and that of Warnier et al. (2010) at smaller Remix values, by further considering the relative low capillary number of this work (Camix ranging from 0.001 to 0.028 in the middle of the microchannel) being well within the ranges involved in both literature studies.
Outlook
The addition of nanoparticles within the current slug flow processing has changed the PTFE microreactor wall wettability to cause the presence of liquid film covering the wall. This could have some consequences regarding the potential applications of such colloidal nanoparticle suspensions. The deposition of nanoparticles on the wall could introduce additional heat transfer resistance, which might need to be considered when using nanofluids for improving the thermal performance of the energy system. On the other hand, the presence of a lubricating film around the bubble body further increases the interfacial area available for mass transfer and reaction, which is beneficial for improving the reaction efficiency when using suspended nanoparticles as the catalyst in gas–liquid reactions.
The employed nanofluids could be regarded as a pseudo homogeneous single phase, which could be also due to the relatively low solid loadings used (up to 0.15 vol%). However, a somewhat significant viscosity increase with nanoparticle addition is already clear compared with that of base fluids (cf. Table 1). Thus, the experimental results observed in this work (e.g., regarding the bubble length and pressure drop) are certainly related (in part) to the effect of nanoparticle presence. Whether similar flow results can be achieved at (much) higher solid loadings still awaits further research. Moreover, the desired solid loading depends on the specific applications like heat/mass transfer and chemical reaction (Pieber et al., 2018; Pu and Su, 2018; Zhang et al., 2020; Huang et al., 2021). In the case of using a much higher solid loading, the stability issue of nanoparticles needs to be well addressed, e.g., via the addition of surfactants as the stabilizer (Pu and Su, 2018), which could also impose a change on the hydrodynamic and mass transfer characteristics in microreactors (yet to be studied in depth).
CONCLUSION
The flow pattern and pressure drop characteristics of N2-nanofluid slug flow along circular PTFE microreactors of three different diameters (0.5, 0.8, and 1.0 mm) have been investigated. TiO2 and Al2O3 were used as nanoparticles to be dispersed in the base fluid (water or its mixture with EG in different fractions). The experiments were performed at a gas flow rate of 1.5–3.0 ml/min and nanofluid flow rates of 0.5–5.0 ml/min, corresponding to the capillary number (Camix) between 0.001 and 0.028 and Reynolds number (Remix) between 18 and 320. The following conclusions can be drawn:
(1) The slug flow in the presence of nanofluids is characterized by the appearance of a lubricating film around N2 bubbles, in contrast to the film absence in the case of N2-water slug flow. This shows that the addition of nanoparticles has changed the PTFE microreactor wall to be more hydrophilic due to nanoparticle deposition, as also supported by the offline static contact angle measurement of nanofluids on PTFE plates.
(2) The lengths of bubbles generated within gas–nanofluid flow could be generally described by the scaling relation proposed by Garstecki et al. (2006) under the squeezing regime, though the influence of nanofluid viscosity and inlet Y-junction geometry seems to exist.
(3) The measured pressure drop under single-phase nanofluid laminar flow through the current microchannels is generally well represented by the Hagen–Poiseuille equation within the experimental uncertainty. Thus, its flow behavior is still governed by the classical laminar flow theory.
(4) The measured pressure drop data of N2-nanofluid slug flow are generally well described by the model of Kreutzer et al. (2005) at Reynolds number (Remix) >100 as seen in the cases of N2–TiO2/H2O and N2–Al2O3/H2O slug flows, but the model tends to underestimate at lower Reynolds numbers. In contrast, the pressure drop model of Warnier et al. (2010) gave a better and satisfactory prediction accuracy at Remix <100 as seen in the slug flow case with more viscous nanofluid with H2O + EG as the base fluid. This is ascribed to a better consideration of the effect of film thickness and bubble velocity at such low Reynolds numbers in the latter model.
(5) Based on the above, the employed nanofluids can be reasonably considered as a stable, pseudo homogeneous phase with proper fluid properties (e.g., viscosity and density), especially when it comes to the pressure drop estimation.
The finding of this work, thus, provides useful insights in the precise manipulation of nanofluids in microreactors operated under slug flow, which would help realize the promising application of such colloidal nanoparticle suspensions in, among others, heat/mass transfer and solid-catalyzed gas–liquid reactions toward achieving significant process intensification.
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