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Abstract

:

Emulsions with crystalline dispersed phase fractions are becoming increasingly important in the pharmaceutical, chemical, and life science industries. They can be produced by using two-stage melt emulsification processes. The completeness of the crystallization step is of particular importance as it influences the properties, quality, and shelf life of the products. Subcooled, liquid droplets in agitated vessels may contact an already crystallized particle, leading to so-called contact-mediated nucleation (CMN). Energetically, CMN is a more favorable mechanism than spontaneous nucleation. The CMN happens regularly because melt emulsions are stirred during production and storage. It is assumed that three main factors influence the efficiency of CNM, those being collision frequency, contact time, and contact force. Not all contacts lead to successful nucleation of the liquid droplet, therefore, we used microfluidic experiments with inline measurements of the differential pressure to investigate the minimum contact force needed for successful nucleation. Numerical simulations were performed to support the experimental data obtained. We were able to show that the minimum contact force needed for CMN increases with increasing surfactant concentration in the aqueous phase.






Keywords:


contact-mediated nucleation; contact force; emulsion; crystallization; CFD












1. Introduction


The kinetics of crystallization in terms of the nucleation probability of a droplet and the influence of the surfactant on crystallization has been studied in recent years, especially in the field of solid-liquid nanoparticles [1,2,3,4,5,6].



Contacts between subcooled, liquid droplets and already crystallized droplets, i.e., particles, can occur during the crystallization of melt emulsions and their storage at rest or in stirred vessels. These contacts may lead to contact-mediated nucleation (CMN), resulting in the crystallization of the subcooled droplets. Direct contact with the blank interfaces of the colliding droplet and particle seems to be needed for CMN. Adsorbed surfactants may shield the droplets from direct contact with each other and hinder CMN. Moreover, a minimum contact time and a minimum relative velocity of the two collision partners must be overcome so that the liquid droplet is inoculated by the particle [7].



In this study, we aim to determine the minimum contact force needed for CMN as a function of the aqueous surfactant concentration.



McClements et al. [8] formulated the hypothesis of CMN for quiescent emulsions due to Brownian motion, to explain their observation that crystallization of the droplets of an n-hexadecane-in-water emulsion with Tween®20 (TW20) as the surfactant accelerated when already solidified droplets were present. Emulsions with only subcooled, liquid droplets did not crystallize or crystallized negligibly slowly [9].



The hypothesis of CMN was strengthened in [10], where the crystallization progress (time-resolved change of the solid fraction of the dispersed phase) of several emulsions with 50% liquid and 50% solid dispersed phase fractions was investigated over a period of 175 h. Spectroscopic nuclear magnetic resonance measurements were used to study the crystallization progress of n-hexadecane-in-water emulsions with TW20 contents between 0 and 14 wt-% added to the continuous phase. Emulsions with already solidified droplets continued to crystallize even at low subcooling, whereas emulsions with completely liquid or solidified droplets did not change their number of solid particles over time and the droplet size distribution of all the emulsions remained constant. Since no other external forces had been applied to the emulsion which could have induced nucleation, CMN was assumed.



In addition to the influence of solid and liquid dispersed phase fractions, different observations had been made regarding the impact of the surfactant concentration. Dickinson et al. [9] and McClements et al. [10] demonstrated that increasing the surfactant concentration was associated with faster crystallization due to an increased rate of CMN. Different approaches are known to explain the impact of surfactants on CMN. They assumed that, for example, micelles in the continuous phase may form a bridge between the approaching reaction partners (subcooled, liquid droplet and crystalline, solid particle), containing a small concentration of oil and surfactant molecules forming a transient connection [9]. Another possible explanation was depletion flocculation, which is enhanced by increasing aqueous surfactant concentrations [10]. Additionally, Povey et al. [11] described a significant impact of the type of surfactant on the CMN. In contrast to what Dickinson et al. and McClements et al., Kaysan et al. [12] found, by a targeted contact between a liquid and a solidified droplet in a microfluidic setup, a reduction in the nucleation efficiency (percentage of collisions that led to the crystallization of the subcooled, liquid droplet compared to the total number of experiments) of the CMN when micelles were present in the continuous phase.



In this work, a differential pressure sensor is connected to a microfluidic chip. By measuring the pressure drop   Δ p   during the CMN, we aim to determine the force needed for CMN due to the fluid field    F c   . At a constant relative velocity of the droplet and the particle, the minimum force needed for nucleation    F  C M N , m i n     increases only due to    F c   , as the force caused by the impulse    F i    should be the same for all experiments (compare Equation (8)). It is therefore crucial to understand the flow and pressure pattern within the microfluidic channel.



The pressure drop within a straight pipe section can be determined by


  Δ p = f ⋅  L   d h    ⋅   ρ  u 2   2  ,  



(1)




where  f  represents the so-called friction factor,  L  the channel length,    d h    the hydraulic diameter of the pipe,  ρ  the fluid density, and  u  the average velocity.  f  is dependent on the Reynolds number [13], the flow properties, the channel geometry, and the roughness of the walls [14]. Here, the Reynolds number is defined as


  R e =   u   ρ    d h   η  ,  



(2)




where  η  represents the dynamic viscosity of the fluid. The hydraulic diameter is calculated as


   d h  =   4    A c     P W    ,  



(3)




where    A c    represents the cross-sectional area of the flow channel and    P W    is the wetted perimeter [14]. Regarding noncircular channel cross-sections and laminar flows, the pipe friction coefficient is calculated using  φ , which depends on the geometry of the channel:


  f = φ   64   R e   .  



(4)







According to [15],  φ  = 0.92 for the channel used in this work with a width  W  = 300 µm and depth  D  = 200 µm. The pressure loss is directly proportional to the fluid velocity in laminar pipe flows. This results in a calculation of the pressure drop as


  Δ p = φ     64   R e   ⋅   L ρ  u 2    2  d h    = φ   32 η u L    d h 2      .  



(5)







The wall roughness in conventional pipes has a negligible impact on the pressure drop during laminar flows. However, the roughness in microfluidic systems may obstruct a significant part of the flow channel, which is discussed in the next section [14].



If mini- or microchannels are utilized instead of conventional channels, not all assumptions and equations mentioned above may be used. Kandlikar and Grande [16] proposed a classification of the different kinds of channels depending on their hydraulic diameter    d h   . The channel is classified as a microchannel for 10 µm <    d h    ≤ 200 µm and as a minichannel for 200 µm <    d h    ≤ 3 mm.



Length-related effects become more important on a smaller scale, such as the entrance length of a flow [17]. Chan et al. [18] investigated fluid films between molecularly smooth plates at distances in the nanometer range and found that the conventional Navier-Stokes equations are still valid up to a distance of 50 nm. The liquid can no longer be regarded as a continuum when the film thickness is less than ten molecular layers (5 nm) [18]. Therefore, continuum mechanical behavior can still be assumed for fluid flows in the micrometer range.



Qu et al. [19] and Xu et al. [20] carried out numerical and experimental tests to investigate flow development and pressure loss in micro- and minichannels. They found that the conventional Navier-Stokes equations also predict the flow in microfluidics.   R e   in mini- and microchannels are significantly lower than in commercial pipe systems due to smaller    d h    and  u . This means that the frictional forces dominate and, simultaneously, the inertial forces are weak. However, the critical Reynolds number   R  e  c r i t    , describing the transition from laminar to turbulent flow, must be adjusted in microfluidics. The transition from laminar to turbulent flow may start below   R  e  c r i t     = 2300, due to the impact of surface roughness, as determined for conventional pipe flows [14]. This transition already takes place for   R  e  c r i t     = 300 − 900 for hydraulic channel diameters    d h    = 30 − 344 μm [21]. In this work,    d h    = 240 μm. Kandlikar [14] also considered the impact of the wall roughness on   R  e  c r i t    . With the relative roughness ϵ of our channel (compare Figure 3,  ϵ  ~0.02),   R  e  c r i t     ~1800. Compared to both values, our experiments are strictly laminar (compare Appendix A Table A1 and Table A2).



According to Mirmanto et al. [22], the friction factors of microfluidics in fully developed flows (either laminar or turbulent) are consistent with those in conventional theory. Ghajar et al. [23] reviewed the existing literature and came to the same conclusion. In addition, they found that the relative roughness of the channels in microfluidics has a major influence. Steinke and Kandlikar [24] compared the friction factors presented in the literature with those from theory and noted that the values are very similar. They explained deviations by inaccuracies related to the irregularity of the channel dimensions.



In addition, droplets moving along the channel can impact   Δ p  . Monodisperse droplets can be generated in microfluidic setups using a T-junction where two fluids meet (e.g., [7,25,26]). Due to the chemical change of the hydrophobicity of the channel walls, droplets can be formed which are not in contact with the channel walls and, therefore, do not fill the channel but almost reach its width and height and form rounded ends, i.e., caps [27]. The volume of a droplet in a rectangular channel can be approximated according to Musterd et al. [27].



If the droplets flow along the channel together with the continuous phase, an increased pressure loss is likely compared to the simple single-phase flow. Fuerstmann et al. [28] list the following parameters for this pressure loss: the number of droplets, their total length (body and cap), the aspect ratio of the channel, the emulsifier concentration, and the viscosity of the continuous phase. When the Reynolds number is low, transition zones between these areas can be neglected [28]. Considering the flow around the droplet bodies, this can be further subdivided into fluid moving through a thin gap between the droplet and the channel walls, as well as a part that flows through the gap formed by the round droplets and the rectangular channel corners (bypass flow). According to Ransohoff and Radke [29], the contribution to the pressure drop by the thin films between the flowing drop and the wall can be neglected because the pressure drop in the corners is predominant.



Fuerstmann et al. [28] considered different concentrations of the emulsifier to calculate the pressure drop in a channel with flowing liquid droplets. Regardless of whether no emulsifier, a very low ( c  < 0.01 critical micelle concentration [  c m c ]  ) or a very high concentration c of emulsifier ( c  > 1000   c m c  ) were present, the pressure drops to a higher degree in the area of the caps rather than over the bodies of the droplets. Therefore, the number of droplets in the channel is decisive, as more droplets also mean a higher number of caps.



The pressure drop across the body of the flowing droplets was the greatest for intermediate emulsifier concentrations (1–2 orders of magnitude of   c m c  ), which is why the total length of the droplets was most important in this case.



One possible reason for the different components of the pressure drop is the dependence of the flow velocity within the corners on the concentration of the emulsifier. If no emulsifier is present, the flow in the corners is negligible and the droplets moved at the same speed as the continuous fluid. At intermediate concentrations of surfactant, the bypass flow is fast, causing the continuous phase to move 1.2 times faster than the droplets. At  c  > 1000   c m c  , the flow velocity within the corners decreased again [28].



To the best of our knowledge, no investigations have been made that deal with a particle partially blocking the cross-sectional area of a rectangular channel with laminar flow.



In this work, the minimum contact force    F  C M N , m i n     needed for successful CMN will be investigated.    F  C M N , m i n     is a combination of the force due to the impulse of the decelerating droplet    F i    and the force due to the fluid field    F c    (compare Equation (8)).    F c    is determined in microfluidic experiments by analyzing the pressure drop between the inlet and the outlet of a microfluidic chip during the crystallization of a liquid droplet due to contact with an already crystallized and immobile particle. A detailed understanding of the different pressure drop contributions that can influence the total pressure drop during the process is necessary for the interpretation of the data and testing of the setup. The influence of particle geometry on the pressure loss, which has barely been considered so far, will be especially investigated in more detail with both, experiments and simulations.




2. Materials and Methods


2.1. Microfluidic Setup


The production and set up of the microfluidic chip used are described elsewhere [7,25]. Rectangular channels with a width of  W  = 300 µm       + 10       − 52       µm and depth of  D  = 200 µm ± 20 µm were milled into a polycarbonate chip. A differential pressure sensor (Deltabar S PMD70, Endress + Hauser, Reinach, Switzerland) was connected to the inlet and outlet of the microfluidic channel (Figure 1).



The differential pressure sensor gives an analogous output current signal to the signal transducer (General Industrial Controls Private Limited, Pune, Maharashtra, India), which converts the current into a voltage signal. This signal is then transferred to the computer using an analogous digital converter (Measurement Computing Corporation, Norton, MA, USA) and the measurement data are recorded using the software DAQamiTM v4.2.1 (Measurement Computing, Norton, MA, USA). The calibration of the sensor led to a linear relationship between the voltage output signal and the actual differential pressure. The signal data were smoothed with OriginPro 2021 (OriginLab, Northampton, MA, USA) using the ‘floating average’ method, averaging ten measurement points. Compensation measurements without the polycarbonate chip were carried out and the influences of valves, connectors, and hose connections were determined to consider only the pressure drop of the main channel. These corrections are always considered for all   Δ p   data presented.



Ultrapure water was used (electrical conductivity 0.057 μS cm−1, OmniTap, Stakpure GmbH, Niederahr, Germany) as a continuous phase. The dispersed phase was the organic substance n-hexadecane (Hexadecane ReagentPlus®, 99%, Sigma-Aldrich, St. Louis, MO, USA) and for some experiments, the droplets were additionally stabilized with the surfactant Tween®20 (TW20, Merck KGaA, Darmstadt, Germany) at a concentration of either     c ˜   T W 20     = 0.24 mol m−3 (~4   c m c  ) or 0.41 mol m−3 (~8   c m c  ). The surfactant was dissolved in the continuous phase. The production of TW20 includes esterification and further chemical reactions, therefore, its purity may differ from batch to batch. The same bottle of TW20 was used for all experiments to exclude any fluctuations in purity and composition and guarantee comparable experimental conditions. The   c m c   of TW20 is given by Linke et al. [30] as 0.059 mol m−3 at 298 K. The melting point of n-hexadecane was determined previously as    ϑ  m , h e x     = 18.6 °C [7]. Volume flows of the continuous phase between 50 µL h−1 and 500 µL h−1 were investigated. This resulted in Reynolds numbers between 0.05 and 0.52 (compare Appendix A Table A2) and, consequently, a strictly laminar flow.



Figure 2 summarizes the procedures to investigate   Δ p   for the following different setups: The channel is filled with continuous phase only (1A), liquid droplets are moving along the minichannel (2A), the channel is partly blocked by a solid particle (2B), or the CMN itself (2C). A more detailed description of the experimental procedure to introduce droplets in the microfluidic channel and of the temperature profile used for CMN can be found in [7].



Whereas the liquid droplet can move along the channel, the solid particle no longer changes its position, which finally enables the direct contact of the particle and the droplet at a given droplet velocity and subcooling   Δ T  . The continuous phase flows 1.01 to 1.1 times faster than the droplets moving through the channel.



The wall roughness (Figure 3) mainly impacts the flow in the mini- and microchannels. Therefore, the structure of the minichannel was investigated optically using a digital microscope (VHX-700, Keyence, Osaka, Japan).



An evaluation of the arithmetical mean height of the channel resulted in an absolute roughness of    R a    = 4.2 µm ± 1.5 µm (averaged over 11 datasets across the whole channel width and length). The relative roughness ϵ differed mainly between the determination across the channel width and along the channel length, which is a result of the milling process.




2.2. Numeric Flow Simulations


All simulations were carried out using the open-source simulation software OpenFOAM (Version 6) [31]. The geometry was generated using the computer-aided design and drafting tool Salome (Version 9.3.0) [32]. Three different parameters of the particle implemented were adjusted (Figure 4):




	
length of the particle body    l  b o d y    ,



	
length of the caps of the particles    l  c a p    , and



	
distance between the particle boundary and the channel wall, i.e., film thickness    h f   .








The particle was integrated into the center of the channel resulting in equal film thicknesses on all sides of the object. We ensured in preliminary tests that the length of the channel (1.6 mm) was sufficient to establish a fully developed flow. This was also checked after the integration of the particle whose length corresponded to 14–34% of the channel length. Therefore, the pressure drop could be divided into an empty channel contribution, which was extrapolated to the experimental channel length of 5 cm, and the contribution of the particle. The dimensions of the channel were 300 × 200 µm ( W  ×  D ).



A grid convergence study was carried out to analyze the influence of the numerical mesh on the simulation results. The grid convergence index (  G C I  ) proposed by Roache [33] was calculated to quantify the discretization errors. It is based on the Richardson extrapolation and dependent on the order of convergence. The base cell sizes tested were 15 µm, 11.6 µm, and 9 μm (Table 1).



The solver simpleFoam was used to solve the Navier-Stokes equations at an unknown pressure field, as an incompressible, steady-state flow of a Newtonian fluid was assumed. A tool available in the OpenFOAM software (SnappyHexMesh) was used to generate the mesh. The mesh was refined up to three times depending on the distance to the particle and the channel walls to adequately resolve gradients that form near the solid surfaces (Figure 5).



The mesh refinement is relative to the base grid. All cells whose centers had a distance of 40 µm from the channel wall and 50 µm away from the particle surface were refined by a factor of 2. Those cells whose centers were closer than 3 µm to the surface of the particle were refined 3 times.



A mapped boundary condition with varying average values was chosen as the boundary condition for the velocity at the inlet. This means that the velocity profile at the outlet was averaged across the outlet surface and then impressed at the inlet, where the new profile was calculated concerning the averaged value. The channel was long enough to form a fully developed flow field, therefore, the velocity gradient was set to 0 at the outlet. A fixed value of 0 was given at the wall of the channel and the wall of the particle. A gradient of zero was chosen for the inlet, the wall of the channel, and the particle for the pressure. The pressure at the outlet was set to a constant value.





3. Results and Discussion


With this study, we aimed to investigate the minimal contact force    F  C M N , m i n     needed for a successful CMN. This is of crucial importance to further understand the mechanisms behind CMN and how it might happen during the industrial production of melt emulsions. In analogy to [34], CMN is influenced by the external flow field [12,35], as the collision frequency and the contact force  F  in stirred systems are proportional to the apparent shear rate     γ ˙   a p p    , whereas the contact or interaction time    t c    is inversely proportional to     γ ˙   a p p    .



Microfluidic experiments are promising in gaining further insights into the induction times    t  i n d     [7] and minimal forces for successful CMN    F  C M N , m i n     (this study) needed to induce nucleation (Table 2).



This publication aims to verify or falsify the following hypothesis:



Theorem 1. 

The minimum contact force    F  C M N , m i n     needed to induce nucleation due to the contact of a solid particle with a subcooled droplet increases with the increasing surfactant concentration as the disjoining pressure increases.





To investigate the stated hypothesis, firstly, the impact of the empty channel, moving liquid droplets and immobile solid particles in the channel geometry on the overall pressure drop was estimated.



3.1. Empty Channel


The flow of water through an empty rectangular channel was studied to validate the implementation of the differential pressure sensor by comparing the experimental measurements with the numeric simulations (Figure 6). The experimental data will also be compared to data presented in the literature to indicate their accuracy (Figure 7).



When the temperature was increased, the pressure drop through the channel decreased at all velocities of the continuous phase. There is a good agreement between the results of the experimental and the simulative works. Moreover, the data points are in good agreement with the theoretically calculated values (Figure 7).



Moody [36] described the friction factor as being independent of the relative roughness  ϵ  in the laminar flow regime for  ϵ  < 0.05. Therefore, the description of the laminar part should follow   f = 64 / R e  . Considering the different channel geometry (rectangular instead of round cross-section),   f = 0.92 ⋅ 64 / R e   [15] should describe the experimental data. Nonetheless, not only does the geometry of the channel play a major role for mini- and microchannels, but different authors described that increasing the relative roughness resulted in an increasing friction factor, even in laminar flow, due to a significant change of the free cross-sectional area of the channel (e.g., [23,36,37,38,39]). This could explain the shift of the experimental friction factor compared to the theoretical friction factor. Consequently, the experimental data points were fitted by introducing another correction parameter that indicates the deviation of the rough channel walls from smooth ones. The fit (Figure 7) led to   f = 0.92 ⋅ 1.34 ⋅ 64 / R e  . As the latter formula is able to describe the data with a coefficient of determination    R 2    > 0.98, this indicates that inertial effects and the redirection of the flow due to the wall roughness can be neglected.



The results presented show that the experimental setup can generally be used to determine the pressure drop in the microfluidic channel. In the following step, a solid particle will be introduced into the channel. The simulations aim to determine the influence of the film thickness between the particle and the wall as well as in the channel corners (area of bypass flow) on the overall pressure drop.




3.2. Solid Particle in Channel


Simulations were carried out for particles with different lengths to outline the impact of a solid particle in the microfluidic channel on   Δ p   (Figure 8). The cap of the particles used for these simulations was constructed following the images taken from the experiments. This resulted in a cap length of 45 µm. In the first approach, a film thickness of 2 µm was assumed. It is shown later that this assumption leads to comparable results for the numeric simulations and the experiments.



It can be seen that   Δ p   increases with an increasing flow velocity of the continuous phase    u c    and an increase in the particle length. The experimental validation of the simulative results has been successful. A simulative parameter study was performed to further understand the impacts of the particle dimensions (   h f   ,    l  b o d y    ,    l  c a p    ) (Figure 9).



With increasing    l  b o d y     and    l  c a p    ,   Δ p   increased along the microfluidic channel. For    l  b o d y     and    l  c a p     this increase can be explained by the reduction in porosity. The linear increase of   Δ p   with increasing    l  b o d y     follows expectations. When the thickness of the liquid film between the particle and the channel wall    h f    was increased,   Δ p   along the channel decreased as    A  f l o w     increased. With    h f    increasing from 0 µm to 5 µm, the relative deviation is only about 6%. As this is smaller than the accuracy of the experimental measurements and a good agreement between the experiments and the simulation was achieved with a thickness of 2 µm (compare Figure 8), the film thickness in the experiments should be between 0 µm and 5 µm.



The thickness of the film separating a moving droplet in a microchannel from the wall is mentioned to be about 1% to 5% of the half height of the channel for Capillary numbers of the droplet smaller than   C  a d    < 0.01 [40,41,42] (compare Appendix A Table A2). In our work, the half-height is assumed to be half of    d h   , leading to a film thickness between 1.2 µm and 6 µm. This is in good agreement with the simulation of the particle in the flow field and the corresponding experimental validation, although the assumption was made for liquid droplets and not for solid particles. As the particle decreases in size due to the solidification, a slightly larger film thickness would be reasonable.



The simulative   Δ p   and    u c    were tracked along three lines in the minichannel to investigate the individual impact of the caps and the body on   Δ p   (Figure 10).



It becomes visible that the main fraction of   Δ p   decreases along the body of the particle, and the impact of the particle on the overall   Δ p   is larger than the   Δ p   along the empty channel. In addition, the pressure drop along the corners dominates the overall   Δ p  . This is in good agreement with the findings of [29]. The main pressure drop for liquid droplets without surfactant was found to be in the plugs, i.e., sections between the droplets, for inviscid droplets, and along the body for viscous droplets [43]. Fuerstman et al. [28] found that, by introducing an intermediate concentration of surfactant (1 to 2 orders of magnitude of   c m c  ), the pressure drop along a bubble is dominated by the loss along the body length. The pressure was found to drop most rapidly along the caps for no or a high concentration of surfactant. The two main differences between the data found in literature and our results are that we investigated a stationary solid particle instead of a movable liquid or gaseous droplet/bubble.




3.3. Moving Droplets


The last step before evaluating the contact force needed for inoculation is to investigate how liquid droplets that move through the channel impact   Δ p   (Figure 11). Various authors discuss the impact of moving droplets on   Δ p   and describe an increasing   Δ p   when introducing moving droplets into the microfluidic channel [43,44].



At a constant velocity of the continuous phase    u c   ,   Δ p   increases linearly with the total length of the droplets inside the channel. This points out that the moving droplets also influence the overall pressure loss, which was also described in the literature previously [43,44]. This result can be explained by the observation that the liquid droplets moved slightly slower than the adjusted velocity of the continuous phase. According to [45], the difference between the velocity of the continuous phase and that of the droplet should be no larger than 6%. In our experiments, the droplets were 1–10% slower than the continuous phase, which is in good agreement with the literature [45]. Regarding the impact of a solid particle on   Δ p  , there is a difference in an order of magnitude (compare Figure 8). Nonetheless, the impact of moving droplets on the overall   Δ p   must be considered when finally evaluating the CMN and calculating the force needed to trigger crystallization.




3.4. Differential Pressure during Crystallization


Having gained knowledge about the impacts of droplets and particles on the overall pressure loss, the results for the CMN can now be evaluated. Figure 12 shows an exemplary measurement of   Δ p   during an experimental performance of a CMN.



Different phases can be found for   Δ p   as a function of time  t  during the experimental investigation of the CMN:




	
t < 0: One solid particle can already be found in the channel. The corresponding   Δ  p  e c + 1 p c     is the sum of the pressure loss due to the fluid flow of the continuous phase around the particle and the empty channel.



	
Yellow region: In addition to the solid particle, one liquid droplet is formed at the T-junction of the channel and is inserted into the main channel.



	
Orange region: The formation of the liquid droplet is finished, and the droplet is moving towards the solid particle along the rectangular channel. As the previous results stated, the moving droplet resulted in an additional pressure loss. That is why   Δ p > Δ  p  e c + 1 p c     in this region. The first contact between the liquid and the solid particles happened at the end of this region.



	
The time between the first visible contact and the visible start of the crystallization is called the induction time and describes the time needed for the successful inoculation of the subcooled, liquid droplet. We were able to show in a previous work that the induction time is a function of the aqueous surfactant concentration and the relative velocity between the two collision partners [7]. Moreover, nucleation is possible because the solid particle seems to have a partial interfacial coverage with surfactant molecules compared to the fully covered interface of liquid droplets [46]. The surfactant molecules are moveable on the interface of the droplet, therefore, a molecular contact between these two partners can be given.



	
Green region: After the crystallization starts, the crystal strands grow through the subcooled droplet until the droplet is completely crystallized. The speed of growth strongly depends on the subcooling (here:   Δ T   ~ 1.1 K). The speed of growth increases as the temperature decreases. The increase of   Δ p   can be explained by the change in the elasticity of the droplet as the latter becomes solid and due to the deformation of the liquid part of the droplet as it is pushed to the particle.



	
As soon as the droplet is completely crystallized,   Δ p   becomes constant at the level indicated as   Δ  p  e c + 2 p c     (empty channel + two solid particles). As has been shown previously, the pressure loss due to the particle depends strongly on the size of the particle.








The pressure difference   Δ  p d    between   Δ  p  e c + 1 p c     and the beginning of the crystallization can be used to estimate the force needed for successful inoculation after the contact    F c   :


   F c  = Δ  p d  ⋅  A  c h a n n e l   .  



(6)




   A  c h a n n e l     hereby represents the cross-section of the channel, here    A  c h a n n e l   = 6 ⋅   10   − 8     m2.   Δ  p d    needed for nucleation was investigated as a function of the surfactant concentration at different    u c    (Figure 13).



At a constant relative velocity of the droplet and the particle   Δ u  , Figure 13 shows that   Δ  p d    increases with increasing surfactant concentration. The velocity of the continuous phase    u c    has a linear relationship to   Δ u   as the latter equals the velocity of the liquid droplet in this setup. For the two lower surfactant concentrations (w/o TW20 and 4 cmc), the induction time    t  i n d     was <<1 s for    u c  > 4.6 ⋅     10   − 4     m s−1 and, consequently, no   Δ  p d    could be determined, but all collisions led to nucleation of the subcooled droplet.



In addition to    F c   , the force due to the impulse of the decelerating droplet    F i    must be considered to determine the overall contact force needed for successful CMN:


   F i  =  m d  ⋅   d  u d    d t   .    



(7)







The minimal and maximal droplet volumes were used to estimate the mass of the droplets    m d    =   1.2 ⋅     10   − 8     –   3.4 ⋅     10   − 8     kg. The time the droplet needed for deceleration was assumed to be 0.01 s as this was the highest possible resolution of the camera. Any possible deformation of the droplet was not considered. As the time the droplet needed for decelerating cannot be estimated properly, this points out the limitation of the estimation of    F i   . Nonetheless, higher droplet velocities must lead to an increase of    F i    (Figure 14).



Both forces presented must be added together to determine the overall minimum force needed for CMN    F  C M N , m i n    :


   F  C M N , m i n   =  F c  +  F i  .    



(8)







The increase of    F  C M N , m i n       with increasing surfactant concentration might be explained by an increase in the aqueous number of micelles. This is in good agreement with, for example, Dudek et al. [47] or Kaysan et al. [7], who found longer mean coalescence times or mean induction times for CMN when increasing     c ˜   T W 20       in the aqueous phase. Both results lead to the conclusion that the aqueous number of micelles impacts the efficiency of CMN. For     c ˜   T W 20      = 0.41 mol m−3 (8   c m c  ), there was no crystallization detectable for    u c    <   4.6 ⋅     10   − 4     m s−1, which also can be explained by the large number of micelles that hinder the contact between the two collision partners. Before the nucleation could happen, the droplet surrounded the particle and was finely emulsified into smaller droplets behind it.



Proof of Theorem 1. 

Measuring the differential pressure during the CMN in a microfluidic channel in combination with numeric simulations led to the verification of Theorem 1: Increasing minimum contact forces    F  C M N , m i n     were determined with increasing surfactant concentrations. □





The calculation of    F i    is prone to errors due to experimental limitations, therefore, the comparison of different velocities with each other must be considered with caution. On the one hand, the decrease of    F c    with increasing   Δ u   (shown as an increase in    u c   ) might be a result of increasing    F i    and, consequently, only fewer additional forces are needed induce CMN.    F  C M N , m i n     could further be reduced by the destruction and displacement of micelles at increasing velocities of the approaching subcooled droplet. The latter hypothesis is strengthened by Christov et al. [48], who found that TW20 micelles can be dissolved by the application of shear stress. Kinoshita et al. [49], for example, succeeded in demonstrating that internal flows are formed in droplets moving through a rectangular channel. The flow on the surface of the droplet is opposite to the flow direction. This could mean for an interface loaded with surfactant molecules that with higher droplet velocities, the surfactant molecules on the surface are also displaced more strongly and accumulate at the rear part of the droplets due to their low solubility in the oil phase. This would result in a decrease of    F c    and, consequently,    F  C M N , m i n     because fewer surfactant molecules must be displaced.





4. Conclusions


This work investigated the pressure loss in a microfluidic channel. Experimental results have been compared with numerical values for a rectangular microfluidic channel that had water flowing through it. For the first time, the impact of a solid particle on the pressure loss was examined during a numerical parameter study and revealed that the film thickness between the particle and the wall should be up to 2% of the hydraulic diameter of the channel. The highest fluid velocities around the particle were found in the bypass or gusset flows in the corners of the rectangular channel. Moreover, the length of the bodies of the droplets had the largest impact on the pressure drop along the channel.



Regarding the CMN, the force needed for a successful inoculation during the CMN has been estimated for the first time. We were able to prove that the addition of surfactant increased the force needed or even hindered the CMN completely. Further investigations will now focus on the investigation of charged surfactants as they increase the disjoining pressure and, therefore, the contact force needed for CMN should increase at the same time.
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Appendix A. Calculation of Dimensionless Numbers


	
Reynolds number Re






Re is meant to be the prominent example of dimensionless key figures in the field of fluid dynamics [13,50]. The inertia force for Re << 1 can be neglected, and the Navier-Stokes equation simplifies to a Stokes form.



	
Capillary number Ca






The ratio between viscous friction forces and surface forces can be described using   C a  :


  C a =   η ⋅ u  γ  .    



(A1)







Especially regarding the microfluidic system,   C a   is a relevant criterium to, for example, describe the droplet formation at the T-junction or the thickness of the liquid film [51].





[image: Table] 





Table A1. Fluid properties at    ϑ  e x p     = 17.5 °C used for the calculations of the dimensionless numbers.
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Fluid Properties

	
Symbol

	
Value






	
Density/kg m−3

	
water

	
  ρ  

	
998.7




	
n-hexadecane

	
775.1




	
Dynamic

viscosity/mPa s

	
water

	
  η  

	
1.07




	
n-hexadecane

	
3.70 1




	
Interfacial tension/

N m−1

	
with TW20

	
  γ  

	
0.004 2




	
without TW20

	
0.047 3








1 Own measurements, for   ϑ >  ϑ  m , h e x     and linear approximation to    ϑ  e x p     = 17.5 °C (<   ϑ  m , h e x    ); 2 own measurements, in analogy to [7]; 3 [52].
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Table A2. Important dimensionless numbers for the fluid velocities in the microfluidic channel. The fluid properties listed in Table A1 were used for the calculations.
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    Fluid   Velocity    u c  / m    s  − 1      

	
    Droplet   Capillary   Number   C  a d     

	
    Reynolds   Number   R e    






	

	
without TW20

	
with TW20

	




	
   2.3 ⋅     10   − 4     

	
   1.8 ⋅     10   − 5     

	
   2.1 ⋅     10   − 4     

	
   5.2 ⋅   10   − 2     




	
   4.6 ⋅     10   − 4     

	
   3.6 ⋅     10   − 5     

	
   4.3 ⋅     10   − 4     

	
   1.0 ⋅   10   − 1     




	
   9.3 ⋅     10   − 4     

	
   7.3 ⋅     10   − 5     

	
   8.6 ⋅     10   − 4     

	
   2.1 ⋅   10   − 1     




	
   1.4 ⋅     10   − 3     

	
   1.1 ⋅     10   − 4     

	
   1.3 ⋅     10   − 3     

	
   3.1 ⋅   10   − 1     




	
   1.9 ⋅     10   − 3     

	
   1.5 ⋅     10   − 4     

	
   1.7 ⋅     10   − 3     

	
   4.2 ⋅   10   − 1     




	
   2.3 ⋅     10   − 3     

	
   1.8 ⋅     10   − 4     

	
   2.1 ⋅     10   − 3     

	
   5.2 ⋅   10   − 1     
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Figure 1. (a) Schematic drawing of the connection of the pressure sensor to the microfluidic chip.     V ˙   d i s p     and     V ˙   c o n t i     show where the dispersed and continuous phases were connected to the microfluidic chip. The channel where the dispersed phase (    V ˙   d i s p    ) entered the system could be closed to increase the accuracy of the measurements of   Δ p  . The dispersed phase is forming droplets at the T-junction, where the two streams meet. (b) Experimental setup: (1) stereo microscope with polarization filter and high-speed camera, (2) microfluidic chip on top of the tempering unit, (3) in- and outlet of coolant, (4) syringe pump, and (5) differential pressure sensor. 
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Figure 2. The experimental approach to measure the differential pressure   Δ p   for the different setups: Channel filled with continuous phase only (1A, Section 3.1), liquid droplet(s) in the channel (2A, Section 3.3), solid particle partly blocking the channel (2B, Section 3.2), and during the CMN (2C, Section 3.4).    u c    hereby represents the velocity of the continuous phase and   Δ T   the subcooling. The latter is calculated as   Δ T =  ϑ  m , h e x   −  ϑ  e x p    , with    ϑ  e x p     representing the temperature of the experiment. The arrow in the pictures indicates the direction of the flow of the continuous phase. 
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Figure 3. (a) Microscopic three-dimensional record of the microfluidic channel. (b) Roughness along the channel length (top) and width (bottom). ϵ indicates the relative roughness. 
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Figure 4. (a) Two-dimensional schematic drawing of a particle used for the simulations. (b) Cross-sectional drawing across the microfluidic channel. It can be seen that the particle does not stay in contact with the channel walls (due to the ionization of the walls), resulting in bypass and wall flow. (c) Three-dimensional presentation of the particle that was cut from the channel to do all the simulations. 
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Figure 5. Example of a mesh generated by SnappyHexMesh, which was used for the simulative parameter studies of the influence of the particle shape on the overall pressure drop. To achieve reliable data, the refinement differs depending on the relative location of the particle and the channel walls. In this case, the film thickness between the particle and the channel was 0. 
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Figure 6. Experimental and simulated differential pressure values for the rectangular microfluidic channel with pure water at temperatures    ϑ  e x p     between 10 °C and 50 °C flowing through it. 
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Figure 7. The so-called Moody diagram shows the friction factor  f  as a function of the Reynolds number   R e  . The friction factor was calculated according to Equation (1), Re according to Equation (2). The grey region represents the range of ± 30% of the fitted data points (  f = 0.92 ⋅ 1.34 ⋅ 64 / R e  ). 0.92 hereby represents the correction factor for using a rectangular channel instead of a round cross-section [15]. The additional correction factor of 1.34 is a result of the roughness of the channel walls. 
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Figure 8. Experimental (data points) and simulations (lines) at    ϑ  e x p     = 17.5 °C to outline the impact of the body length    l  b o d y    . The experimental data points were fitted linearly and the grey region represent the 95% confidence interval of this fit. 
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Figure 9. Influence of (a) body length    l  b o d y    , (b) cap length    l  c a p     and (c) film thickness    h f    on the pressure drop in the minichannel. The lines presented are guides for the eye. 
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Figure 10. Differential pressure drop (top) and the velocity of the continuous phase    u c    (bottom) along different lines (top left corner) in the microfluidic channel at    ϑ  e x p     = 20 °C and    u c    =   1.4 ⋅     10   − 3     m s−1. The orange region represents the body of the particle (   l  b o d y       = 580 µm) and the grey regions of the two caps (   l  c a p     = 45 µm). Please notice the different scales (logarithmic and linear) of the axis of ordinates. 
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Figure 11. Experimental results of droplets moving along the microfluidic channel for two different velocities of the continuous phase    u c   . The grey areas represent the 95% confidence intervals of the linear fits. 
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Figure 12. Exemplary measurement data for the pressure drop as a function of time during the formation of the droplet at the T-junction (yellow), the movement of the droplet along the channel (orange), the first contact of particle and droplet as well as the crystallization of the droplet (green).   Δ  p  e c + 1 p     and   Δ  p  e c + 2 p       represent the differential pressures measured for the system when one or two solid particles were circulated by the continuous phase. The two microscopic images show the droplets moving toward the solid particle (red frame) and the crystallization of the droplet after contact with the solid particle (green frame). The white bar represents 200 µm. The arrows in the pictures indicate the flow direction of the continuous phase and, consequently, also of the subcooled droplet. 
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Figure 13. Differential pressure   Δ  p d    needed to inoculate the liquid droplet after it came into contact with the solid particle with (  4   or   8   c m c   ) and without (w/o) TW20 as the surfactant.   Δ  p d    correlates linearly with the force needed for CMN due to the flow field (Equation (6)). 
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Figure 14. Force    F i    acting on the droplet due to the impulse (Equation (7)), and the force due to the flow field after the contact    F c    (Equation (6)) for three different velocities of the continuous phase and three aqueous surfactant concentrations     c ˜   T W 20     (without (w/o) TW20,   4   c m c   or   8   c m c   ). A cross-sectional area of    A  c h a n n e l     =   6 ⋅   10   − 8     m2 was used for the calculations. 
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Table 1. The results of the grid convergence study and corresponding grid convergence index (  G C I )   values. A base cell size of 11.6 µm was chosen as a compromise between the duration of the simulations and their accuracy.
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     Δ  p / Pa    

	
    G C I    




	

	
15 µm

	
11.6 µm

	
9 µm

	
    G C  I  15 , 11.6      

	
    G C  I  11.6 , 9      






	
empty channel (no particle)

	
44.21

	
44.63

	
44.94

	
0.0329

	
0.0242
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Table 2. Comparison of the parameters influencing the efficiency of contact-mediated nucleation (CMN) in stirred systems and the parameters that are investigated in the microfluidic system.
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	Parameters Influencing CMN in Stirred Systems 1
	Parameters Investigated in the Microfluidic Approach
	Condition for Successful CMN in Stirred Systems





	Collision frequency
	-
	-



	Contact force  F 
	minimum contact force for CMN    F  C M N , m i n    
	   F ≥  F  C M N , m i n     



	Contact time    t c   
	induction time    t  i n d    
	    t c  ≥  t  i n d     







1 Due to the external flow, in analogy to [34].
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