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Abstract

:

The elevated energy demand and high dependency on fossil fuels have directed researchers’ attention to promoting and advancing hydraulic fracturing (HF) operations for a sustainable energy future. Even though previous studies have demonstrated that the proppant suspension and positioning in slickwater play a vital role during the shut-in stage of the HF operations, minimal experimental work has been conducted on the fundamental proppant–proppant interaction mechanisms, especially a complete mapping of the interactions. This study utilizes high-speed imaging to provide a 2D space- and time-resolved investigation of two-particle (proppant models: 2 mm Ø, 2.6   g ·   cm   − 3    ) interactions during gravitational settling in different initial spatial configurations and rheological properties. The mapping facilitates the identification of various interaction regimes and newly observed particle trajectories. Pure water results at a settling particle Reynolds number    (  R  e p   )    ~ 470 show an unstable particle–particle interaction regime characterized by randomness while altering pure water to a 25% (v/v) water–glycerin mixture    (  R  e p    ~   200  )    transitions an unstable interaction to a stable prominent repulsion regime where particles’ final separation distance can extend up to four times the initial distance. This indicates the existence of   R  e p    at which the stability of the interactions is achieved. The quantified trajectories indicate that when particles are within minimal proximity, a direct relation between repulsion and   R  e p    exists with varying repulsion characteristics. This was determined by observing unique bottle-shaped trajectories in the prominent repulsion regimes and further highlighted by investigating the rate of lateral separation distance and velocity characteristics. Additionally, a threshold distance in which the particles do not interact (or negligibly interact) and settle independently seems to exist at the normalized 2D lateral separation distance.
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1. Introduction


The advancements in technology have been correlated to increased global energy demand and consumption [1,2,3]. Given the current rate of technological progression, the U.S. Energy Information Administration (EIA) projects an increase in the worldwide energy demand that can reach up to 50% by the year 2050. This rapid energy demand has led to rising concerns about the sustainability of energy sources, especially fossil fuels, due to their vital role in global energy production. According to the EIA, oil and natural gas alone accounted for 68% (65.03 quadrillion British thermal units) of U.S. energy production in 2020 [4]. The elevated demand and high dependency on conventional oil have paved the path for scientists and engineers to explore new sources of oil production to secure sustainable energy sources for future generations [5,6]. Unconventional oil reservoirs have opened doors to a new era of energy production [7,8,9]. Unlike conventional oil, unconventional oil is trapped in low-permeability formations underground, such as shale rock [10,11,12]. The entrapment of unconventional oil in these formations poses a challenge in which the need for more sophisticated drilling approaches is required. Hydraulic fracturing (HF) has provided access to unconventional oil reservoirs with technological advancements in horizontal and vertical drilling techniques [13,14,15,16], making HF a promising technology for a more sustainable energy future. The HF process can be classified into the following main stages: perforation, injection, and shut-in. The perforation stage involves initiating micro-sized fractures in the shale formation using a perforating gun; this is followed by the injection stage, which involves injecting a highly pressurized particle-laden fluid (slurry) known as “slickwater”, mainly composed of water and sand proppants (99.5%) and also containing chemical additives (0.5%), into the formation. The highly pressurized incompressible fluid expands the initiated fractures and occupies the shale formation. Along with the fluid, the sand proppants are distributed in the fractures, after which the shut-in stage is begun. During shut-in, the injection is terminated, and fluid pressure is reduced. Naturally, the fractures tend to close due to elevated in situ stresses, while the transported sand proppants “prop” the fractures open and aid in the prevention of their complete closure, allowing the flow of hydrocarbons when the well is reopened [17,18,19].



Due to the proppants’ vital propping role in the injection and shut-in stages, the efficiency of HF operations depends on proppant suspension and placement in fractures [20,21,22,23,24,25]. A significant challenge for HF operations during the shut-in phase is the premature proppant settling due to the slickwater’s low viscosity properties [26,27,28]. The rapid proppant settling relates to low extraction efficiency due to reduced fracture conductivity [29]. This has led researchers and engineers to investigate proppant settling behaviors and understand particle–particle interaction mechanisms and their effect on slurry distribution in fractures. Initially, various analyses relied on single-particle Stokes law to model and understand proppant settling in HF operations [30]. While they provided some fundamental understanding of the behavior, they lacked accuracy due to excluding proppant–proppant interactions during settling and the low range of particle Reynolds number only, at which Stokes law is applicable. On the other hand, slurry (multi-proppant) settling was initially investigated by Daneshy [31]. Using numerical approaches, the author obtained a correlation that describes a slurry’s settling velocity as a function of a single particle settling velocity and particle volumetric concentration.


   ν s  =  ν 0     [    1 −  c v      10   1.82  c v       ]   



(1)




where    ν s    is slurry settling velocity,    c v    is volumetric particle concentration, and    ν 0    is single particle settling velocity.



A few years later, Clark et al. [32] experimentally investigated proppant settling in a vertical fracture model. They obtained particle settling data from a parallel plate apparatus in which they produced a correlation that was different yet still a function of single-particle settling velocity and volumetric particle concentration.


   ν s  =  1  1 + 6.88    c v       ν 0   



(2)







A more recent study conducted by Gadde [33] simulated the settling of proppants in fractures. They mentioned that various settling rates could significantly impact the final proppant placement in fractures. Their simulation model obtained the following second-order polynomial correlation.


   ν s  =  ν 0   (  2.37  c v    2  − 3.08  c v  + 1  )   



(3)







All previous models demonstrated that the hindrance of proppants settling due to increased proppant volumetric concentration reduces the overall slurry settling velocity for a given fluid viscosity denoted by    ν 0   . However, as a first step towards promoting hindered settling in fractures, it is necessary to understand the proppant interactions and their effect on the placement and positioning of each other. While investigations of two spheres settling side by side indicate that when two sphere are initially separated by a small gap, they repel each other due to flow blockage in between them [34,35], minimal experimental work has been conducted on the nature of repulsion and its characteristics in various flow regimes, especially a complete mapping of the interactions. Liu et al. [36] investigated the interactions for particles larger than typical proppant size leading to varying flow characteristics compared to those of this study. Their results were limited to    R  e p  = 300  . This study aims to investigate the newly experimented range of pure water (  R  e p    ~ 470) and highlight its unique characteristics when compared to lower   R  e p    cases.



The presented study aims to promote the understanding of particle–particle interaction during gravitational settling in different spatial configurations and rheological properties with two proppant models (2 mm Ø, 2.6   g ·   cm   − 3    ). Using high-speed imaging, 2D space- and time-resolved mapping of particle–particle interactions was utilized to extract information and identify various repulsion behaviors and characteristics as a function of the initial separation distance between the particles and particles’ settling Reynolds number (  R  e p   ). Additionally, the study identified and promoted a prominent repulsion regime that yields a favorable proppant positioning for an overall hindered settling in actual HF operations.




2. Materials and Methods


2.1. Materials


Polymethylmethacrylate (PMMA) sheets (1.7 and 3.175 mm thick) were purchased from McMaster-Carr (Elmhurst, IL, USA) for the fabrication of a Hele-Shaw cell device and miniature components as part of the particle release system. To print the mechanical particle release system, 3D SpiderMaker Premium Matte PLA filament (1.75 mm) was purchased from Shinkong Synthetic Fiber Corp. Glycerin (lab grade, purity ≥99.5%) was purchased from Fisher Chemical (Fair Lawn, NJ, USA) for altering fluid properties. High-precision (2 mm Ø, 2.6   g ·   cm   − 3    ) black glass particles (precision grade 25 as per ISO 3290) were purchased from Redhill Precision Specialty Balls (Lincoln, NE, USA) and utilized as proppant models in the experiments.




2.2. Experimental Apparatus


To visually observe the particle behavior, a polymethylmethacrylate (PMMA) Hele-Shaw cell transparent to visible light was designed using a 3D CAD design software package (SolidWorks, 3DS, Vélizy-Villacoublay, France). The created geometry was then exported as geometric faces and extruded cut using a laser cutter (VersaLaser VLS2.30, Universal Laser Systems, Inc., Scottsdale, AZ, USA); the obtained faces were then assembled using a cyanoacrylate to form the cell. A 3D mechanical release system was designed using SolidWorks; the system is composed of a shaft arm with an extruded cut slot that fits miniature laser-cut PMMA plates, a top lid, and a motor housing. The release system design was then exported to an STL format and 3D printed (Dremel Digilab 3D20, Mt Prospect, IL, USA).



Figure 1 demonstrates the overall view of the experimental setup; on top of the cell lies the 3D-printed mechanical release system directly connected to the stepper motor, which was controlled by the Arduino microcontroller. The experimental procedure can be explained as follows: (1) the lighting and high-speed camera were enabled; (2) the desired solution was filled into the cell; (3) the mechanical release system was placed on the cell where all connections were made; (4) the particles were located into their desired initial position before the release; (5) the release system was then actuated through a user controlled Arduino code where zero initial release velocity was achieved with minimal angular incremental step release, resulting in insignificant flow disturbance. Additionally, to minimize variabilities in the experiment, the particles utilized were chosen to be high-precision spherical particles with minimal variation in sphericity and density (precision grade 25 per ISO 3290; 2 mm Ø, 2.6   g ·   cm   − 3    ). A 50 W LED dual gooseneck light source (AmScope, Irvine, CA, USA) was utilized for the illumination of the setup, and a high-speed camera (TS5, Fastec Imaging Corp., San Diego, CA, USA) was used to capture and record the settling process at the maximum frequency of 1000 frames per second. The images were then exported for processing, in which the segmentation and particle centroid information extraction was completed using a developed MATLAB (MathWorks, Natick, MA, USA) algorithm.




2.3. Testing Parameters


The experiments were performed considering the following two parameters: (1) initial separation distance between the particles (denoted as    δ 0   ) and (2) rheological properties which directly alter the settling regime and particle Reynolds number   R  e p   . In addition to testing in pure water, the experimental design was completed based on a factorial design with two factors and four levels for initial separation distance and rheological properties. To quantify the repulsive behavior at a wide range of initial separation distances, the following four distances were selected for the study: 3D, 2D, 1D, and 0.25D (where D = particle diameter). The closest proximity condition was 0.25D, which is the smallest possible distance to fabricate. Figure 2 demonstrates the separation distances used in the experiment; the particles were precisely held in the desired initial position by two back-to-back laser-cut PMMA plates.



Before performing the experiments in altered fluid viscosity, pure water was first utilized to perform initial experiments. Then, several (v/v) mixtures (100%, 75%, 50%, and 25%) of glycerin and water were utilized to investigate the effect of varying fluid viscosity and particle Reynolds number (  R  e p   ) on the interaction.


  R  e p  =   ρ V D    μ   



(4)




where  ρ  = fluid density,  V  = particle velocity,  D  = particle diameter, and  μ  = fluid dynamic viscosity.




2.4. Data Analysis and Processing


Data analysis was started by obtaining the images of each associated experiment from the high-speed camera. A developed MATLAB algorithm was utilized to process the images. The algorithm first converted the images to greyscale, and then a binary set of images was obtained using thresholding. With the aid of the image processing toolbox, the images were segmented to filter out the object of interest only within a defined pixel area that matches the particles’ size. The segmented images provide 2D centroid locations of particles in the space (Figure 3). The data segregation was performed by applying an asymptote on the plane of symmetry between the particles’ initial positions. The final output was a two-column vector of each particle’s x and y centroid positions in space, while the time domain was obtained from the camera sampling rate. The centroid positions were then used for obtaining particles’ trajectory and velocity information, as discussed in Section 3. Lastly, it is important to note that variations of particles’ trajectories in the z-direction were minimal, and therefore, the fundamental repulsive behavior was investigated in the x–y plane.





3. Results and Discussion


3.1. Results in Pure Water


The experiment was initiated by testing the particle–particle interaction in pure water. An individual experiment lasted approximately 200 milliseconds, in which around 200 data points were obtained imaging at 1000 Hz sampling frequency. Initially, visual observations of instabilities in the interactions between the particles were made. The considerable fluctuations of particle trajectories were shown as randomness in the particles’ trajectories. It is important to note that there seemed to be an interaction between the particles, yet it was difficult to quantify it due to its coupling with the instabilities. To confirm the visual observations of the random behavior in our experiments, we performed thirty repeated experiments at a 2D initial separation distance. After processing, we confirmed that the interaction is purely random in the pure water regime. Figure 4 demonstrates the particle x displacement normalized by particle diameter    (    s    ( t )   x   D   )    as a function of time for the thirty repeated experiments. The random behavior increased as the time of the experiment progressed; this can be demonstrated by inspecting the initial time range of the experiment (0 to ~100 millisecond), where a significant overlap between the particles’ positions existed in all thirty experiments. In contrast, disorder mechanisms seemed to take over for the remaining duration of the experiment. Based on both visual and quantified results, it was concluded that particle–particle interaction is random and unstable for the given particle size and density in pure water, implying that the particle–particle interaction during the settling in the actual HF regime is possibly unstable. In addition, it is necessary to identify if a stable and repeatable regime exists and how different the particle–particle interactions are in such a regime. This will be highlighted in the glycerin experiments presented in the following subsection.




3.2. Results in Glycerin–Water Mixture


To identify a regime where the particle–particle repulsion characteristics were prominent and stable, a series of experiments was performed in four different (v/v) mixtures of glycerin–water (100%, 75%, 50%, and 25%). The first set of experiments was conducted for 0.25D initial separation distance. The experimental results show that a considerable increase in the stability of interactions in all cases was observed, which indicates that there is a high possibility of the existence of a critical   R  e p    where the particle–particle interactions shift from an unstable to a stable regime. With a minimum of five repeated experimental results, the averaged normalized x-displacement of the particles as a function of time and vertical location (in particle diameter) was plotted for 75%, 50%, and 25% (v/v) mixture sets, as shown in Figure 5. The particle trajectories were observed to be highly overlapping compared to those in water. To provide insight and quantification of the repeatability of the experiments, error bars (standard error of the mean of the particle’s centroid positions) were added to all test cases. The magnified portions of the plots represented in Figure 5a,b highlight the typical range of error bars, indicating negligible variations in the centroid locations. For example, the average standard errors for particle 1 were calculated to be     s    ( t )   x   D    ± 0.01613, 0.01028, 0.01516, and 0.1212 for the 25%, 50%, 75%, and 100% (v/v) cases, respectively. On the other hand, particle 2 yielded     s    ( t )   x   D    ± 0.01334, 0.0094, 0.0189, and 0.05562 for 25%, 50%, 75%, and 100% (v/v). The uncertainty analysis has been further applied to cases of larger separation distance later in this section. It was both visually and quantitatively apparent that the particles do not interact in the 100% case (v/v) (i.e., Stokes regime). The experiment lasted for 20 seconds (Figure 5d), a significantly longer duration than other cases, where the particles settled in a vertical direction, maintaining the initial separation distance from start to end. However, as the viscosity of the solution decreased, the effect of particle–particle repulsion started to become prominent. For example, the 75% (v/v) condition demonstrated a repulsive behavior when compared to the non-interactive behavior in the 100% (v/v) case, and the repulsion lasted longer than the lower concentration cases. Although the interactive behavior seemed weak, the particles were constantly repelling from the beginning of the release to the bottom of the cell. Further reduction in the viscosity increased the repulsion between the particles, and the nature of the repulsion seemed to be different. This is demonstrated in the apparent bottle shape projected by the particle trajectories in the case of 50% (v/v). In this concentration, the particles have fully interacted, and a straight vertical settling occurs at the final separation distance.



Interestingly, in the case of 25% (v/v), the repulsion had reached a maximum potential when compared to all other performed experiments. The final separation distance extended to almost four times the initial position. A bottle shape projection that is similar to that of the 50% (v/v) case, but even more comprehensive can be seen. It is important to note that the time duration for all four glycerin experiments was different, indicating various settling regimes. The traveled distance was maintained constant at approximately 25 particle diameters (the same length as the Hele-Shaw cell).



Knowing that the interactions were minimal and non-existent in the cases of 75% and 100%, respectively, Figure 6 demonstrates the particle–particle interactions in the regime of prominent repulsion (25% and 50% v/v) for different initial separation distances, namely 3D, 2D, 1D, and 0.25D. The plot indicates the lateral separation distance between the two particles (   δ x   ) as a function of time. The repulsive behavior is inversely proportional to the initial separation distance. The previously demonstrated strong repulsion for 0.25D is also visualized in yellow by a rapid increase in the lateral separation distance and a flattening out after the interaction was complete for 25% and 50% (v/v), while linear, negligible, and diminished interactions seemed to exist in 1D, 2D, and 3D cases, respectively.



Additionally, an interesting observation lies in the behavior of the 0.25D separation curve was observed for 50% (v/v), as it seemed to be bounded by the 2D separation curve. The bound could be interpreted as a verification that the particles’ interactions fade away when a 2D lateral distance separates them. This was demonstrated by the particles strong repulsion at the beginning of the release and, when the interaction was complete, they settled independently at the 2D final separation distance. An explanation of why this may not be the case for 25% (v/v) is as follows: the extreme repulsion in the case of 25% (v/v) may have allowed the particles to gain enough momentum due to their high lateral velocity at the initial duration of the experiment, which may have contributed to bypassing the threshold (2D) as shown in Figure 6a. Therefore, it was established that the lateral velocity analysis was necessary for a clearer understanding of the interactions, which will be discussed in the latter portion of this section. To provide quantitative uncertainty information on the lateral separation distance, the error bars of the mean of the quantified lateral separation distance were plotted for all test cases as shown in Figure 6. The error bars indicate the high repeatability in the experiments, highlighting the statistical significance between the various separation distances. Lastly, the inset representation in the 50% (v/v) case in Figure 6b supports the argument made about the bound of the 0.25D curve by the 2D curve, namely the overlap in the error bars highlights the statistical insignificance, where the two curves are highly matched. The quantified error bars of the mean lateral separation distance in the 25% (v/v) case were as follows:    δ x    ± 0.043 mm, ± 0.044 mm, ± 0.032 mm, and ± 0.013 mm for 0.25D, 1D, 2D, and 3D, respectively. On the other hand, the 50% (v/v) case yielded the following standard errors:    δ x    ± 0.027 mm, ± 0.012 mm, ± 0.014 mm, and ± 0.11 mm for 0.25D, 1D, 2D, and 3D, respectively.



To further highlight the varying repulsion characteristics, the lateral separation distance normalized by the initial separation distance was plotted in Figure 7. For the case of 0.25D, prominent repulsion can be observed, and particle final separation distances reached up to four and three times the initial separation distances for 25% and 50% (v/v), respectively. On the other hand, 1D, 2D, and 3D separation distances yielded suppressed repulsion, showing similar behavior in 25% and 50% (v/v). The 1D separation distance demonstrated a repulsive behavior that seemed linear and not augmented. Even though the repulsion was not as prominent in 0.25D separation, the repulsive behavior persisted as the particles settled towards the bottom of the cell. This indicated that the interaction between the particles was not strong but rather long in duration. Differences in behavior in 25 and 50% were minimal for the 2D and 3D cases. Both conditions highlighted minimal interactive behavior between the particles, where steady vertical settling was dominant.



While both 25% and 50% (v/v) cases demonstrated a stable and desirable prominent repulsive behavior, a more thorough analysis was performed on the case of 25% (v/v) given its practical utilization in HF when compared to the 50% (v/v). The rate of relative particle lateral separation distance change as a function of time was plotted in Figure 8. Due to elevated fluctuations, a 10-point weighted average smoothing algorithm was utilized to demonstrate the behavior. Interestingly, the rate at which separation occurs can reach up to 24 times the original distance per millisecond, represented by the peak happening approximately around t = 110 milliseconds (Figure 8a). The peak formation was an indication that the repulsion was initially prominent, and after some time, the particles’ effect on each other started to fade away until they settled independently. The peak was significantly smaller in magnitude in the case of 1D, negligible for 2D, and almost diminished for the 3D case.



A velocity analysis was performed to further quantify the particles’ repulsive behavior as a function of the associated   R  e p   . Figure 9 and Figure 10 show the vertical and lateral velocity components of the extreme cases 0.25D–25% and 0.25D–100%, respectively. Inspecting Figure 9, the settling velocity was determined based on the histogram analysis, where a Lorentz fit was utilized to construct the probability density function (PDF) for both velocity components. The instantaneous vertical velocity data points were fitted using an exponential decay function. Even though the sampled data have shown a range of velocity fluctuations, the function fit demonstrated a high prediction accuracy (R2 = 0.95) in capturing the acceleration regime and the terminal velocity for a range of 300 milliseconds.



On the other hand, the lateral velocity component has posed a challenge in obtaining a model with comparable accuracy to that of the vertical components due to high fluctuations in a smaller range of velocity magnitude (Figure 9b). Using a trial and error approach, a Gaussian curve fit facilitated an acceptable model representing the interaction. The function’s peak indicated a symmetric plateau in both particles’ lateral velocity components. As time progressed, the particles reached a zero-lateral velocity. This suggests a finite duration where repulsion was prominent, and then the particles settle independently. Figure 10, on the other hand, demonstrates the complete opposite spectrum where a diminished particle–particle interaction was observed with the lateral velocity fluctuating about a zero mean for the 100% (v/v) case. A similar velocity analysis approach was utilized for all experiments to construct the settling velocity values shown in Table 1. Viscosity and density information were calculated using the aqueous glycerol models developed by Cheng [37] and Volk and Kähler [38]. Then, the averaged   R  e p    was computed for each associated set.



Comparisons can be made with the experimental and numerical study performed by Joseph et al. [34]. While the authors’ work is different from ours, as they investigated larger sphere interactions, their results indicated that two side-by-side spheres always repel in a Newtonian fluid and attract in a non-Newtonian visco-elastic fluid. This result is well in agreement with our results, where we quantified repulsive behavior in Newtonian fluids. Future work shall include a similar investigation but in a non-Newtonian visco-elastic fluid for a full mapping and understanding of attractive behavior. Similarly, the numerical study conducted by Kim et al. [35] highlighted the repulsive behavior of two spheres with prominence in close proximity conditions. Furthermore, this investigation shares the lower range of the particle Reynolds number   0 < R  e p  < 50   with that of Wu and Manassesh’s [39] experimental study. While the authors’ particle sizes were different from those of this experiment, both experiments showed that the particles do not interact in the low range of   R  e p    but showed an apparent interaction as the   R  e p    was increased. More specifically, the acquired data from both experiments showed that the particles do not interact when the   R  e p  ≪ 1 ,   and repulsive behavior was observed as   R  e p    was increased beyond 1. Additionally, our work has filled in the data gap of particle–particle interactions in the range   40 < R  e p  < 500  , which falls closer to the actual   R  e p    in HF operations [19,40]. Similarly, our experimental work varies from that of Liu et al. [36], as the authors’ particles are larger than the typical proppant size. Moreover, their results were limited to only    R  e p  = 300  . On the hand, our results in the newly experimented range have shown that particle–particle interactions are unstable in pure water (  R  e p    ~ 470), and a threshold exists in which interactions transition from unstable to stable between pure water and 25% (v/v). Lastly, it is important to note that the performed study provides valuable insight into the fundamental dual particle interactions in a size similar to that of proppants. This study is the first step in understanding slurry interactive behavior when particles are in close proximity. An expansion to this study with multi-particle interactive settling in a similar fluid regime is necessary for a complete understanding of slurry settling.





4. Conclusions


The current study investigated the fundamental particle–particle interactions in various settling regimes to better understand proppant distribution in HF operations. A high-speed mapping of the particle–particle interactive behavior in 2D space and time was utilized to uncover the repulsive behavior as a function of the initial separation distance between the particles and fluid properties. Various interaction regimes and particle trajectories were identified and further studied to better understand the interactions. Experimental results obtained from pure water    (  R  e p    ~   470  )    have shown unstable particle interactions characterized by randomness. On the other hand, altering pure water to a 25% (v/v) water–glycerin mixture    (  R  e p    ~   200  )    transitioned the interaction regime from an unstable, random interaction regime to a stable and prominent repulsive regime, indicating a critical   R  e p    at which the transition occurs. This also implies that there may be an ideal slickwater viscosity alteration regime that may be utilized to yield favorable proppant positioning characteristics in actual HF operations. This can be achieved with the utilization of viscofiers (e.g., polymers). The results also indicated that the repulsive behavior was most prominent in the case of 0.25D–25% and 0.25D–50% (v/v), as shown by the varying versions of bottle-shaped trajectories, where the final lateral separation distance can extend up to four and three times the initial distance, respectively. The particle–particle interactions faded away as the fluid viscosity was increased, demonstrated by a minimal and diminished repulsion for the cases 0.25D–75% and 0.25D–100% (v/v), respectively.



Additionally, a threshold distance in which the particles do not interact (or negligibly interact) seemed to exist at a 2D separation distance. The threshold distance represents a separation distance where the particles’ effect on each other vanishes with no repulsion. This was demonstrated by releasing the particles at an initial separation distance of 2D and observing minimal interaction. A second confirmation was shown with a bound of the 0.25D separation curve by the 2D separation curve at 50% (v/v). On the other hand, in the case of 25% (v/v), the 0.25D lateral separation curve exceeded the threshold (2D), which may be explained by a prominent gain in the lateral velocity that allowed for exceeding the threshold. Future work includes the exact identification of the threshold at which particle–particle interactions transition from an unstable to a stable regime and its utilization in a multiple-particle settling experiment to promote hindered slurry settling velocity.
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Figure 1. Schematic representing Hele-Shaw experimental apparatus. The particles were released from their initial location with the aid of a mechanical release system (#1) directly driven with a stepper motor (#2) and controlled with an Arduino microcontroller. High-speed imaging was utilized to map the positions of the particles in 2D space and time. 
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Figure 2. Configurations of initial separation distances between particles using two back-to-back laser-cut PMMA plates. 
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Figure 3. Schematic representing frames acquired with particle position at various time frames. The frames were segmented using MATLAB, resulting in 2D mapping of particle positions during settling. 
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Figure 4. A plot representing particle x displacement normalized by particle diameter as a function of time for thirty repeated experiments at 2D initial separation distance. It demonstrates the random behavior and unstable particle–particle interactions in pure water. 
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Figure 5. Plots representing normalized particle vertical and lateral positions as function of time in four different (v/v) mixtures of glycerin and water: (a) 25%, highest repulsion behavior demonstrated in a wide bottle-shaped trajectory; (b) 50%, less prominent repulsion demonstrated by a flattened bottle-shaped trajectory; (c) 75%, linear repulsion; and (d) 25%, no interaction. 
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Figure 6. Plots representing particle lateral separation distance    (   δ x   )    as a function of time for prominent repulsion (v/v) mixtures of glycerin and water, (a) 25% and (b) 50%, at various initial separation distances    (   δ 0   )   —3D, 2D, 1D, and 0.25D. The plots indicate an inverse relationship between initial separation distance and lateral separation distance. 
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Figure 7. Plots representing particle normalized lateral separation distance    (     δ x     δ 0     )    as a function of time for glycerin and water mixtures, (a) 25% (v/v) and (b) 50% (v/v), at various separation distances    (   δ 0   )   —3D, 2D, 1D, and 0.25D. The plots indicate an inverse relationship between initial and lateral separation distances. 
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Figure 8. Plots representing the rate of normalized relative particle lateral separation distance     Δ  (     δ x     δ 0     )      Δ t     as a function of time for prominent repulsion regime 25% (v/v) at various initial separation distances.    (   δ 0   )   : (a) 3D, (b) 2D, (c) 1D, and (d) 0.25D. The plots indicate an inverse relationship between the rate of normalized relative particle lateral separation distance and lateral separation distance. 
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Figure 9. Plots representing an example of particles’ velocity components: (a) vertical and (b) lateral for 0.25D–25%(v/v) and their associated histogram distributions (c,d). Prominent repulsion is apparent in lateral velocity components. 
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Figure 10. Plots representing an example of particles’ velocity components: (a) vertical and (b) lateral for 0.25D–100% (v/v) and their associated histogram distributions (c,d). No interaction regime demonstrated by the lateral velocity fluctuating about a zero mean velocity. 
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Table 1. Characterization of dual settling particles’ averaged Reynolds number for a 0.25D initial separation distance.
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	Concentration

   %  (     v g     v w     )    
	Viscosity

   (   P a  ·  s   )   
	Density

   (   k g  ·   m   − 3    )   
	Averaged Settling Velocity

   (   m m  ·   s   − 1    )   
	Averaged Particle Reynolds Number

   (  R  e p   )   





	100
	1.414
	1260.8
	2.6
	<<1



	75
	0.055
	1205.5
	32.7
	1



	50
	0.008
	1142.0
	122.8
	45



	25
	0.002
	1071.5
	186.6
	200



	0
	0.001
	998.1
	234.9
	469







The computed Reynolds number values are based on averaged dual particles’ settling velocity.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Normalised Particle Lateral Seperation Behavior

(©25D)
I T ® e T2
3
<
<

T T &)






media/file4.png
3D

-
0.25D





media/file18.png
Characterization of Particle Velocity Behavior
0.25D - 25%(v/v)

(a) 200_ o2 ¥e ’O'Ae,,o,'.'ﬁr-( : 130
5 175—_ S P
9 150-_ . - "
E 1251 . |
N L7 | @ Particle,| |
T £100- , - 115
O 7 . o Particle
cEE 1 iR
2 754 &0 : -Gy
\ 1 ‘:8 7 110
> 50 1 I)S N P .
25_' " Model Exponential 15
] _/’ Equation y=y0 + A*exp(R0*x) |1
0+— T T T T T T 0
0.0 0.1 0.2 0.3 0.4
Time (8)
80 " 1 " 1 " 1 I I T
(©) [ Particle, 100
| B Particle,
60 4 —m— Particle, - % 80
- —m— Particle, - %
2 | I Particle, 60
% 40400 Particle,
o)
I 40
20 1
20

25 50 75
V, - Vertical Velocity (mm/s)

0
100 125 150 175 200

g, - Travelled Vertical Distance

(Particle Diameter - D)

Cumulative Percent

o~

= .
[S]
fo) 120
2 )
© 115
2L
g ® 0
5 | ©°¥ed 40 % e Particle, | 10
> 201 0 "’.‘... ° o Particle, |,
301 6% g !
1 - e ©
-40 +——= . . . 0
0.0 0.1 0.2 0.3 0.4
Time (s)
d T T T T T
( ) 120 - ]:_:: PartiC|e1 .——.—:;.—._. - 100
| B0 Particle,
100'_ —m— Particle, - % -80
—m— Particle, - %
> - 2
% 80 | IR Particle, L 60
Particl
qg)_ 60/ Particle,
b -40

40

20
V, - Lateral Velocity (mm/s)

T
N
o

&, - Travelled Vertical Distance

Cumulative Percent

(Particle Diameter - D)





media/file3.jpg
L1
-
0.25D





media/file19.jpg
'V, - Vertical Velocity
()

e
120,

100.

Characterization of Particle Velocity Behavior
0.25D - 100%(viv)

l° parc, ::My.;‘wm‘ s 1D)‘ l° Paricle,
: e T = »
208 2 -
1 da
555 30
Wif i
EE >
R b ¥
o
i
E
(@)
B
Lo panice, %] [
. Parice, 6o £
. Panice, H
wif
H
-

o o
30 05 10 15 20 25 30 35 40
V- Verteal Velociy (ms)

o
, - Lateal Velociy (ms)

£, Travelea Vertcal Disance

Cumuatie Percent

(Partice Diameter - D)





media/file7.jpg
s(t)/D

Characterization of Particle Behavior
2D - Purewater

3

.

.

.

.

.

.

.

.

L Random

3 Behavior
2

.

H
14 :

.
0 e J
0.00 005 0.10 015 020 025

Time (s)





media/file10.png
s(t),/D

s(t),/D

25%(VIV)

Characterization of Particle Behavior

' I
—@— Particle,
—O— Particle,

v,

30

3.0 - 20
25
: - 15
2.0
1.5 - - 10
1.0 - —
1 0.20 -5
0.5
0.0 F . . . 0
0.0 0.1 0.2 0.3 0.4
Time (s)
©) 75%(vIv)
4.5 : . = . 30
I —O— Particle,
4.0 —@— Particle, -
3.5 V5
3.0 - 20
2.5
] - 15
2.0
1.5 & T 110
1.0 1
: - 5
0.5
0.0 4= . . . 0
0.0 0.5 1.0 1.5 2.0
Time (s)

(0.25D)
50%(v/v)
45 . . . . . . . 30
1 —@— Particle,
4.0 1 —O— Particle, -
8 35_ _V_Cy
g ~ '
o o 3.0 - 20
a =] i
— O 4
Q-
_‘.L__)' g g 2.5 SR S
¢ 8 £ - 15
i O & 204
® )
3 2 1.5 10
et !
S a |
=~ 1.0 1
oF ' o
0.5 4
0.0 = T T T T 0
0.0 0.1 0.2 0.3 0.4 0.5
Time (s)
(d) 100%(V/v)
45 T T T T T T T 20
T —@— Particle,
4.0 —O— Particle,
()] E
8 3.5 : CV
8 = - 15
o O '
o ! 3.0 1
)
q - 1
10}
2 E 0O 25-
g8 X - 10
o =
S o o 2.0+
2o -
(= 1.5
> Y] )
S a
'_ S
I>-
s 7

Time (s)

15

20

25

{y - Travelled Vertical Distance

§y - Travelled Vertical Distance

(Particle Diameter - D)

(Particle Diameter - D)





media/file14.png
Normalised Particle Lateral Seperation Behavior

(0.25D)

25%(VIv)

41 a
@)

34
oS
~ 24
2°]

( (e
! . ‘“““\““‘“““““,“f“.f‘.?(.‘.ﬁ(f.(.(f..“.5(.(.1.%(.(.(.f‘.ﬁ(.(.(.f(.E(.(.ﬁs(u(l(uﬁﬁ(u(l(u|§|ﬁ(u(mu(|u|u|-.
0 T
0.0 OI ' ) T T |
' 3 02 0.3 0.4

Time (s)

50% (v/v)

(1(1\1\\1’(‘1(1\1(1\1\(1“(1“(1\1(1‘\‘\1\1!1‘\(1’\1(1!((1!(\(1(1(((
B { (LI (Al
R e

T RS

0.0

1 T T T T . : I
0.1 0.2 0.3 0.4 0.5
Time (s)






media/file11.jpg
Charactezation of Particle Lateral Seperation Behavior

(0250)

Tt

“Teve )





media/file6.png
=
7 I
- P
/” -7
z’, ,”
7 ’
Rad . ,,/’
- ——— - v
> i |
X | *®
I .. I (X1, Y1), (X2,¥2)¢,
vy : I ® @
I . . | _—> (xl'yl)t£ (xz»)’z)tf
®° ©® °
| |
|

(x].' yl)tf (xZ;J’Z)tf

DA
Particle 1 Particle 2






media/file15.jpg
Rate of relative particle lateral sepearation distance change

25% (uh)
@ ® ©
B ot smosnes v
T I
© [=-7— @so
H H

T

Tanas)





nav.xhtml


  energies-15-08721


  
    		
      energies-15-08721
    


  




  





media/file16.png
Rate of relative particle lateral sepearation distance change

| @

—

0.25D
10 pt - smoothed curv

=
2210—
< !
5 -
o-
_5- . I T 1
0.0 0.1 02 03 0.4
Time (s)
; (©) tggpt-smoothed curve;
1
| ‘J” ‘lv"“
Sﬁo l ‘ Hllu "”
- i
14

0.0

T
0.1

0?2
Time (s)

T 1
0.3 0.4

25% (viv)

(b) a-

A, /5,)/At

1D
25 pt - smoothed curve

T
0.1

T
0.2

Time (s)

T 1
0.3 04

(d)10-

o
o

A3, /,)/At

o
o
__1__

-0.5

il
eyl

3D
25 pt - smoothed curve

N[

,“’1‘”“

0.0

T
0.1

0?2
Time (s)

T 1
0.3 04






media/file2.png
_eo7 28mmT 1

Light Source gl 0 : i

- T T _-~""High-Speed | r" :

| ] Camera | y [

I |

| |

Arduino " :
B '

Microcontroller






media/file20.png
Characterization of Particle Velocity Behavior

0.25D - 100%(v/v)

5 - Particle, - 30
(a) o Particle;| [pmogel Exponential
Gy Equation y = y0 + A*exp(R0™) 1 o5
> 4 N 7
= o Rd J
O
% : 120
2 @ 31 P .‘.'."E(r.‘?!.;-.{'r.‘. ::ﬁ'r:..-f.{‘;?f.g ]
£ E Sl S as el
o 2 o0 TS,
> %02 ! {10
> ° b
> 1 7 (¢] i 5
() A . . 0
0 5 10 15 20 25
Time (s)
(c)
120 ' 1 ' 1 ' 1 1 1 1 1 1
{ I ! Particle, -u-m-m-m -100
1004 SN Particle,
{ |—m— Particle, - % -80
.. 80 —m— Particle, - %
% I Particle, L 60
S 60 [ Particle,
3
L

40-

201

40

- 20

0
0.0 05 10 15 20 25 3.0 35 40
Vy - Vertical Velocity (mm/s)

g, - Travelled Vertical Distance

(Particle Diameter - D)

Cumulative Percent

5_| © Particle, _ 30
(b) 4] o Particle, |
— 27 25
.‘é‘ 3- ' ,/'/ ]
(_é) 2_ ./-/ _ 20
O /-\1 N ,./
. 0 ‘. ae. ® e,
g go—mwmww 15
g =17 |
1 -2 4 ','/ 410
" ' ./ .
_3__ /'/ 15
-4 s |
5le=t | | | 0
0.0 0.5 1.0 1.5 2.0
Time (s)
(d) |
1204 Particle, - 100
{ B Particle,
100 - |—m— Particle, - % L 80
- 1|—m— Particle, - %
S 80 |l Particle, 50
S 1 2 Particle, o
= 60 :
wo ] 40
40 -
20 - 20
0- -0

0
V, - Lateral Velocity (mm/s)

g, - Travelled Vertical Distance

Cumulative Percent

(Particle Diameter - D)





media/file5.jpg
X L L)

XLyt (X2.¥2)t

y °

X1Y1)y,
1
Particle_1 j .\— Particle_2

Y
(x1,71)e,






media/file1.jpg
Arduino
Microcontroller






media/file12.png
Characterization of Particle Lateral Seperation Behavior

(0.25D)

9, - Lateral Seperation Distance

O 3D
10 - 250/0(V/V) QO 2D
¢ 1D
v 0.25D
8_
6 -k R
' #ﬂ
5 b
0.I19
0 T T I !
0.0 0.1 0.2 0.3 0.4
Time (s)

(mm)

9, - Lateral Seperation Distance

50%(v/v)

“5%$ %$$

6.30

6.254_

Time (s)






media/file9.jpg
Characterization of Particie Behavior

s o T o
e 2 s
g e 4
1 Bt
. 1 £
Time (s) : Time (5).
@ 2oy ) e N
1 B g
38 “38
lp ks
e 1l
51 e N





media/file0.png





media/file8.png
s(t),/D

Characterization of Particle Behavior

2D - Purewater

7
o —
.
6— — > ®
i ®
2D ///;’ o
5 e &
e e e—— ®
' ®
4 4 o —— e
®
__ Random
. Behavior
2_
e
o
1 ®
®
®
0 - g —
| | ' | . | X |
0.00 0.05 0.10 0.15 0.20 0.25

Time (8)





media/file17.jpg
Characterization of Particle Velocity Behavior
0.25D - 25%(viv)

0 » w0
@ ®o 5 s
blic 25 & % |
g L 38
] 2% ¢ 02
s H
£y <o |18 3 i
§gw o uae, {158 2 8 155 8
Ly ) _ 238 38
% ¢ g § 3 "0 03§
> osolat Eix iz
2 R L - s £
R e A
o lo “ o
o or oz o5 od R
Time @) Time )
w0 @ THoo
80 E e 80 E
» £
wt g ot
w
i B ol
Ehe £
3 3
2 i 20
o o

25 50 75 100 125 150 175 200
V, - Vertica Velocy (mmis)

) ©
V,- Lateral Velosty ()

£y





