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Abstract

:

Particle sedimentation has widely existed in nature and engineering fields, and most carrier fluids are non-Newtonian. Recently, the manipulation of a settling particle in liquid has been a topic of high interest to those involved in engineered processes such as composite materials, pharmaceutical manufacture, chemistry and the petroleum industry. Compared with Newtonian fluid, the viscosity of non-Newtonian fluid is closely related to the shear rate, leading to a single settling particle having different dynamic behaviors. In this article, the trajectories and velocities of two side-by-side particles of different densities (heavy and light) settling in a shear-thinning fluid with viscoelastic property were studied, as well as that for the corresponding single settling particle. Regardless of the difference in the particle density, the results show the two-way coupling interaction between the two side-by-side settling particles. As opposed to a single settling particle, the wake of the heavier particle can clearly attract or rebound the light particle due to the shear-thinning or viscoelastic property of the fluid. Regarding the trajectories of the light particle, three basic path types were found: (i) the light particle is first attracted and then repelled by the wake of the heavy one; (ii) the light particle approaches and then largely traces within the path of the heavy one in the limited field of view; (iii) the light particle is first slightly shifted away from its original position and then returns to this initial position. In addition to this, due to the existence of a corridor of reduced viscosity and negative wake generated by the viscoelastic property, the settling velocity of a light particle can exceed the terminal velocity of a single particle of the same density. On the other hand, the sedimentation of the light particle can induce the distinguishable transverse migration of the heavy one.
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1. Introduction


Particle sedimentation can be found in a wide range of natural and industrial processes, such as river flows, blood flows, microfluidic chips and fluidization etc. [1,2,3,4,5]. The settling particle is strongly affected by the rheological properties of surrounding fluid as well as the physical properties of the particle. Knowledge on particle behaviors in Newtonian liquids is relatively extensive. Magnaudet [6] summarized the forces that act on spherical particles, which usually include steady drag, history force, added mass effects and lift force. In addition, it is possible to predict interactions between dispersed particles moving in Newtonian fluids [7]. Clift proposed that when the particle Reynolds number is large (750 < Re < 2 × 105), the viscous resistance of the particle is negligible compared with the inertial force [5]. Considering the relationship between the Reynolds number (Re) and the mass ratio (m*), three typical sedimentation trajectories of a single particle settling in glycerin-water mixture were found: vertical, oblique and zigzag [8], where (m*) is the relative density of the particle compared to the fluid, a map of regimes of the particle trajectories is presented for Re = 100–12,000 and m* = 0–1.5. Five types of trajectories of a free-settling particle in Newtonian fluids have been found: steady and oblique, oblique and oscillating regime with low frequency, oblique and oscillation regime with high frequency, zigzagging periodic regime and three-dimensional chaotic regime [9]. The settling velocities of dual particles would be larger than a single particle at small Reynolds numbers [10]. It has been widely confirmed that the drag coefficient of a particle settling in Newtonian fluids only depends on Re. In the case of two particles, based on a numerical study using the three-dimensional lattice Boltzmann method, Nie and Lin [11] identified six sedimentation patterns for two side-by-side particles of different densities settling in a Newtonian fluid. They also simulated two particles of different densities released in tandem [12]. As for the theoretical analysis, the asymptotic forms of the far-field and near-field for the particle velocities were given by Wacholder and Sather [13]. In this work, the two particles were unequal in size and density, and both the inertia of the particles and the fluid can be neglected, as opposed to with the viscous forces.



Since many processes involving particle settling occur in non-Newtonian fluids [14,15], such as hydraulic fracture for oil exploration [16], sedimentation velocity analytical ultracentrifugation in biopharmaceuticals [17], the behavior of particles in the human respiratory tract [18] and the transport of the particles in microfluidic chips [19], understanding particle settling behavior in non-Newtonian fluids is of significant importance to the above applications. However, this is much more complex for particles moving in non-Newtonian fluids. Specifically, the viscosity of the fluid around the particle changes with the variation of the distribution of shear stress caused by the settling particle, which finally results in a change in the drag coefficient [7]. Thus, the conclusions drawn from the investigation of Newtonian fluid are not appropriate for non-Newtonian fluids. Various experimental and numerical studies have been carried out on the sedimentation of particles in different non-Newtonian fluids, such as power-law fluids [20], Carreau fluids [21], and Boger fluids [22,23]. Particles can behave in completely different ways in non-Newtonian fluids due to the coupling effects of viscoelasticity and shear-dependent viscosity. For example, obvious negative wakes would occur when particle settling in different viscoelastic fluids. The increase in the elasticity would cause the negative wakes to move closer to the particle [24]. The pioneering studies on the two particles settling in viscoelastic fluids were performed by Riddle et al. [25], Joseph et al. [26], and Bot et al. [27]. A critical distance which distinguishes between the attraction and repulsion of a pair of particles settling in water-glycerin mixture of polyacrylamide was revealed by Riddle et al. [25]. A particular range of the initial particle–particle distance, within which inter-particle attraction of two side-by-side settling particles was observed, was given by Joseph et al. [26]. They considered the first normal stress difference to be the explanation for particle–particle attraction. As particles settled in a shear-thinning fluid with a thixotropic and viscoelastic effect, three types of particle interaction, strong particle–particle attraction, weak particle–particle attraction and repulsion were observed [28]. For two identical particles released in tandem in viscoelastic fluid, two settling modes were observed numerically: (i) a dipole would emerged as the trailing particle approaching the leading one; (ii) a stable terminal distance between the particles was established [29]. The two settling modes have also been recently confirmed by the experimental results reported by Freire et al. [30], in which shear thinning fluid with a viscoelastic effect was adopted, and which modes occurred depended on the initial distance and the fluid viscosity.



In this paper, the sedimentation of a single particle in a shear-thinning viscoelastic fluid was first examined for comparison. Then, we investigated the settling behavior of two side-by-side particles with different densities and focused on the effect of the initial particle–particle distance and the density difference on their interaction.




2. Experimental Method


The experimental setup was mainly composed of a transparent tank, a particle releasing system and a shadowgraph setup, as shown in Figure 1. The tank is an open acrylic container with a height of 1000 mm with a squared cross-section with a 500-mm width, and is filled with polyacrylamide solution. The two side-by-side particles arranged horizontally can be released simultaneously with a specified distance as required by the particle releasing system, which uses an ejector to generate the vacuum pressure in the two particle pipettes. We used two high-speed cameras (FASTCAM Mini UX, Photron, Yonezawa, Japan), two LED arrays and a computer linked to the cameras to facilitate high-speed shadowgraph binocular-imaging. Thus, the particle trajectories can be tracked on both x-z and y-z planes through this binocular imaging system. Meanwhile, we used the particle image velocimetry (PIV) system to investigate the flow field in the wake of the particle (Figure 2). The PIV system includes a high-speed camera (FASTCAM Mini UX, Photron, Yonezawa, Japan), a continuum laser (SN: CL007, Beijing SMHY Technology Co. Ltd., Beijing, China), a computer linked to the camera and the fluorescent tracer particles (W-TG1, Beijing HSKT Technology Co. Ltd., Beijing, China). Three types of spherical particles (with less than a 0.25 μm diameter variation and spherical error and 0.02 μm of the surface roughness) were used in our experiments (Table 1), and 0.5 wt% polyacrylamide (PAAm, supplied by Shanghai Macklin Biochemical Co., Shanghai, China) solution was used. The density of PAAm solution is 1005 kg/m3, which is very close to that of water. The rheological properties of the PAAm solution were examined at 20 °C by a rheometer (MCR 702 Multidrive, Anton Paar Co., Graz, Austria). Figure 3 show the rheological curves of the shear stress τ to the shear rate γ with steady state in the PAAm solution and pure water, where the slope of the curves represents the fluid viscosity η. Figure 4 shows the rheological curves of the fluid viscosity η to the shear rate γ in the PAAm solution and pure water. It can be seen that the shear stress τ and shear rate γ of pure water have a linear relationship, while PAAm solution exhibits a very high viscosity value at a low shear rate γ. With the increase of the shear rate γ, the viscosity of PAAm solution decreases and becomes stable. This indicates that the PAAm solution has a strong shear thinning property [31].



In order to verify whether the PAAm solution has viscoelasticity, the frequency sweep response was performed through the MCR rheometer at a shear strain = 1%. The data (Figure 5) indicate that the storage modulus G’ and loss modulus G” increased with the increasing frequency, which indicates the yield behavior of the test solution. This demonstrates that the PAAm solution in this study is a viscoelastic fluid by Liu et al. [32]. Apart from this, the negative wake (the instantaneous profile) was confirmed by our results using PIV (Figure 6). In the previous work, the negative wake was considered a large strain phenomenon associated with viscoelasticity [33,34] and the reason for this formation was proven to derive from the shear and extensional motion of the particle wake in the viscoelastic fluid. Under the complex shear and extensional motion, the viscoelastic fluid exhibits rapid elastic recoil, similar to an elastic thread, which seems to be the cause of the negative wake [33,34]. Thus, it can be concluded that the PAAm solution in this study is a viscoelastic fluid.



For comparison, the settling behavior of a single particle and two particles were both detected using the binocular imaging system at a frame rate of 1000 fps. In order to prevent the gas film or bubbles from adhering on the particle surface during particle sedimentation, the particles were immersed in PAAm solution preliminarily several times.



In our experiments, both the initial particle–particle distance and the density difference between the two particles were varied, but the particle size remained similar. The dimensionless distance, L*, was adopted to describe the initial horizontal distance between the two particles (Figure 7), given as


  L * = L / d  



(1)




where L is the initial center distance between the two particles, and d is the particle diameter (d = 9.525 mm).



Additionally, parameter α is introduced to denote the density difference between the two particles and is given by [35]


  α =    ρ  p H   −  ρ  p L      ρ l     



(2)




where ρpL, ρpH are the densities of light particle and heavy particle, respectively; ρl is the density of fluid. The different α values used in our experiments are listed, i.e., α = 1.92 (ZrO2 and Stainless steel), 2.79 (Si3N4 and ZrO2) and 4.71 (Si3N4 and Stainless steel).



In our experiments, there were several sources of experimental error of the spherical particles such as the diameter variation, spherical error and the surface roughness. Three types of spherical particles with a diameter variation less than 0.25 μm and spherical error and a surface roughness 0.02 μm were used in our experiments. Compared with the d (9.525 mm), the errors of the spherical particles can be ignored.



Meanwhile, in order to improve the sensitivity and synchronization of the control particles in the experiment, we designed a new synchronous particle release device, which uses the vacuum suction principle of the ejector (Figure 1). This device can precisely control the release timing and spatial location of the particles and ensure the simultaneous release and of the two side-by-side particles at the same horizontal level. The particles settling experiments under each condition are performed at least 4~10 times to ensure the recurrence. The particle settling path in the PAAm solution was remarkably stable and the experimental results have good repeatability. After each set of test experiment, an interval period of 1 h was required to restore fluid stability.




3. Results and Discussion


3.1. Force Analysis


The forces acting on the moving particles in a quiescent fluid have been widely studied [5,7,36]. When the moving particles reach the terminal velocity, the particles are in a force equilibrium. During sedimentation, the particles are mainly subject to gravity G, and buoyancy FB, and the total drag force FD (Figure 8).



The forces acting on the particle in Figure 8 can be expressed as


  G =  F B  +  F D   



(3)







The gravity on the particles can be expressed as


  G = m g =  1 6  π  d 3   ρ p  g  



(4)







And the buoyancy of the particles during settling:


   F B  = V  ρ l  g =  1 6  π  d 3   ρ l  g  



(5)




where d is the particle diameter, ρp is the particle density, and ρl is the fluid density.



In non-Newtonian fluids, the power law model, which has been used widely in previous work to describe the fluids’ rheology, has the following form [37]:


  τ = k  γ n   



(6)




where k is the consistency index and n is the power law index.



Meanwhile, n and k are the power law constants in a power law fluid. For a Rheogram of 0.5 wt% PAAm solution (Figure 3), we can determine that the value of n is 0.484 and the value of k is 0.572 (Goodness of fit = 0.997) by the curve fitting equation (Equation (6)).



A modified particle Reynolds number was defined for the settling particle in the shear thinning fluid [38]:


  R  e *  =    d n   u p     2 - n    ρ l   k   



(7)




where up is the sedimentation velocity of particles.



The total drag force of the particle settling in a power law fluid was given by [39]


   F D  = 3 π k  d 2     (     u p   d   )   n  f  ( n )   



(8)




where f(n) is a function of the power law constant.



From the above equation, we can obtain the following:


  f  ( n )  =    d  n + 1   g  (   ρ p  −  ρ l   )    18 k  u p    n     



(9)







In our experiments, the terminal velocities of single particle settling in the PAAm solution are 1.44 m/s (for stainless steel), 1.24 m/s (for ZrO2), and 0.77 m/s (for Si3N4), respectively.



Therefore, the values of f(n) are 5.539 (for stainless steel), 4.295 (for ZrO2), and 2.377 (for Si3N4), respectively.



Apart from this, the values of Re* are 321 (for stainless steel), 256 (for ZrO2), and 124 (for Si3N4), respectively.




3.2. Sedimentation of a Single Particle


In this section, the behavior of a single settling solid spherical particle in the PAAm solution is presented, which was used to compare with that of two side-by-side particles in Section 3.3.



In the previous work, we obtained the settling velocity of the corresponding particles in water [40]. The results show that the sedimentation velocity in the initial acceleration stage is basically proportional to the time for t < 0.2 s, regardless of the particle density. After this linear acceleration stage, all the particles in water achieved their terminal velocities at t ≈ 0.4 s.



Figure 9 shows the settling behaviors of a single particle in the PAAm solution with different particle densities. It is clear that for all cases the particle motion in both x-z and y-z planes is almost straight and the transverse motion can be neglected. In other words, the particle settling path can be regarded as a vertical line in the PAAm solution. This phenomenon can be caused by the viscoelastic property of PAAm solution, the fluidization boundary between the settling particles and the viscoelastic fluid acts as a cylinder wall [24,28]. Therefore, the friction generated by the fluidization boundary position in relation to the settling particle surface results in a sharp decline in the transverse velocity of the particle settling [41]. Thus, the transverse migration for a single particle can be neglected and the settling path can be regarded as a vertical line. In contrast, particles settling in water usually exhibit a three-dimensional unstable path [36,40] due to the unsteady trajectory and the wake turning to three-dimensional and unsteady behind the settling particle.



In addition, Figure 10 shows the variation of the particle velocity and the normalized trajectory in PAAm solution for different particles. The migration velocity is decomposed into the transverse velocities vx in x-z plane, vy in y-z plane and the vertical velocity u. The transverse migration is normalized by the particle diameter and denoted as s*, which is also plotted as a function of time in Figure 10. The very small s* quantitatively reflects that there is no obvious transverse motion of the settling particles. This can also be confirmed from the near-zero transverse velocities during the whole testing process.



In our experiments, before reaching the terminal velocity, the particle would experience a short acceleration leading to an increase in the vertical velocity, while this acceleration hardly changes the transverse velocity in the viscoelastic fluid.



In PAAm solution, although the difference in particle density leads to a difference in the terminal settling velocity, the particles almost achieved their terminal velocities at t ≈ 0.4 s. As shown in the Figure 11, the terminal settling velocity of the particle (Si3N4) in PAAm solution is lower than that in water. Apart from this, the terminal velocities of other particles (stainless steel and ZrO2) are higher than that in water, and the deviation of terminal velocity from that of the particle settling in water increases with the particle density. Based on this, we speculate that there is a critical value of Re*, i.e., another particle with a different density, and its terminal settling velocity in the PAAm solution is consistent with that in water. The reason why the terminal settling velocity of the particle (Si3N4) in the PAAm solution is lower in water but not the other two particles is the relatively weak shear thinning effect. The modified particle Reynolds number (321 (for stainless steel), 256 (for ZrO2), and 124 (for Si3N4)) was mentioned for the settling particle in the PAAm solution. Moreover, it has been confirmed that the terminal settling velocity increases with the increasing Re* in the shear thinning fluids in the previous work [36], which can also be observed in Figure 11. We can find that the Re* (Si3N4) is smaller than that in the other two particles, which indicates that the viscous resistance occupies a more dominant role than the initial resistance in the particle (Si3N4) sedimentation [36]. Thus, the terminal settling velocity of the particle (Si3N4) in the PAAm solution is slower and the shear thinning effect is relatively weak. As shown in the Figure 11, the error bar of the u in the PAAm solution represents the standard error of a set of the parallel experiments. Notably, the u of Si3N4 particle settling in water fluctuates at t = 0.2 s, which is probably caused by the unsteady trajectory and the wake becoming three-dimensional and unsteady behind the settling particle [5,7], but this phenomenon disappeared due to the obvious viscoelastic property of the PAAm solution.




3.3. Trajectory of Side-by-Side Particles of Different Densities


As discussed above, the path of a single particle settling in PAAm solution can be approximately regarded as a vertical line. In comparison, for the sedimentation of two similar side-by-side particles, a particle–particle interaction would occur and cause the particles to deviate from the vertical path at small L* [7]. This interaction and deviation from the case of a single particle can be enhanced by the identical particle terminal velocity, which results in a highly similar elevation of the two particles. Therefore, within the critical distance L*, the drafting-kissing-tumbling phenomenon (DKT) had been widely observed for this initial particle configuration [7,28].



In our study, we found that the difference of particles’ density leads to great difference in settling velocity (Figure 12), and then the vertical distance between the particles is enlarged with time. Nevertheless, the wake of the heavy particle, in a leading position, can still affect the light particle settling into a non-linear path. The particle–particle interaction can also cause the transverse migration of the heavy particle, and the smaller the α, the greater the transverse migration. Notably, at the low value of α, the path of the heavy particle settling can be approximately regarded as a vertical line at L* < 3. The clear transverse migration of the heavy particle occurred at 3 < L* < 6.1 and disappeared at L* > 7.1.



Compared to the trajectory of heavy particles, the particle–particle interaction has a stronger impact on the light particle. There are three basic types of trajectories of light particles in the x-z plane as the light particle traces the heavy one:



Type (i) in the horizontal direction (x), the light particle first is strongly attracted and then is repelled by the rectilinear path of the heavy one (for L* = 1.2 and α = 1.92, 2.79 and 4.71).



Type (ii) the light particle approaches the heavy one in the x direction, and then travel a certain distance within the path of the heavy one (for L* = 2.0 and α = 1.92 and 2.79) without bouncing from the wake of the heavy particle in the limited field of view of the camera.



Type (iii) the light particle is slightly away from the path of the heavy one at first in the horizontal direction, and then the light particle moves back to its original position in the x direction (for L* = 3 and α = 1.92, 2.79 and 4.71)



Figure 13 shows three basic types of settling trajectories of the side-by-side particles. The line connecting the particles illustrates the instantaneous position of this pair of particles at a certain moment.



In the cases of type (i), two particles settle vertically at first, and the heavy particle travels faster due to its larger density, causing the appearance of a corridor with reduced viscosity (CRV) due to the shear-thinning property of the fluid. Then, the light particle deviated from its initial position and was attracted by this corridor in the x direction. This phenomenon is similar to the drafting stage of the DKT pattern in the settling of two particle with different densities in a Newtonian fluid [11] and the attracting behavior reported in two particles settling in viscoelastic fluids [7,20,28]. In Newtonian fluids, the approach of two particle is mostly due to the lower pressure caused by the wake of the leading particle [42]. While in viscoelastic fluids (such as PAAm solution), a widely accepted explanation for particle–particle attraction is that the first normal stress difference of the viscoelastic fluid modifies the pressure distribution on the particle surface [7]. Hence in the current experiments, the viscoelasticity of the PAAm solution could have caused the light particle to approach the heavy one in the x direction. Further, the light particle would be sucked into the corridor with a reduced viscosity behind the heavy particle. The particle–particle collision that has been reported in the settling of two identical particles in shear thinning liquids [20,28] was not observed in our experiments as a result of the different sedimentation velocities caused by the different densities. The heavier particle’s settling velocity is larger than the lighter one; thus the lighter particle is only attracted to the CRV. Interestingly, after a certain distance following the heavy particle’s wake, the light particle would rebound from the CRV and the horizontal distance between the particles increases gradually. Since the PAAm solution is a shearing thinning viscoelastic fluid, the fluid will deform under stress due to the particle motion and partial recovery to the undeformed state once the stress disappears [7]. Inspired by this, the negative wake behind the settling particles was successfully captured in our experiments, as shown in Figure 6. The negative wake probably induced the downstream fluid and the particle to move upwards. Therefore, the combined effect of the shear-thinning property of the PAAm solution and the negative wake could be responsible for the type (i) path of the light particle.



In the cases of type (ii), after a time period of vertical settling of the two particles, the light particle was attracted by CRV, which is similar to the early attractive stage of type (i). The trajectories of the two particles obtained from type (ii) also exhibit a similarity to the work in which the particles tended to attract [28]. In this previous study [28], two identical stainless steel particles were released side by side; however, the two particles gradually converge until they touch each other, and then settle (one up and one down) at the same velocity. In our experiments, the density difference always causes the heavy particle to settle ahead of the light one without collision when the two particles were released side by side. Although obvious tendency of the light particle to approach the heavy one can be seen in the test section, the rebounding stage in the type (i) is not observed in type (ii), which is probably caused by our limited field of the view of the camera.



In the cases of type (iii), the light particle first slightly shifted away from its original position in the horizontal direction, and then returned to this initial position. A similar repulsive effect had been reported in the settling of two side-by-side particles of identical densities when the initial separation distance was larger than a critical value [26,28]. According to a previous deduction [28], the particle–particle repulsion can be attributed to the fluid inertia. This is a different phenomenon from the settling behaviors of two identical particles in different non-Newtonian fluids [20]. As explained above, the particle–particle attraction is mainly caused by the effects of the shear-thinning viscoelasticity properties of the fluid, hence, the first normal stress difference of the PAAm solution and the lower pressure of the CRV can drive the light particle back to its original lateral-position. It is worth mentioning that the particle–particle interaction decreased with increasing α or L*, as shown in Figure 12. Particularly, when α = 4.71 and L* = 7.1, the light particle hardly affects the heavy particle, which falls as a single particle, but the disturbance of the heavy particle is still present.




3.4. Settling Velocity


Corresponding to the three types of settling paths in Figure 13, the snapshot of the settling velocities of a single particle and two side-by-side particles are shown in Figure 14. For path type (i), after the discharge of the particles, the settling velocities u increased and the transverse velocities vx in x-z plane remain around 0 m/s. As the light particle was dragged toward the CRV, at around 0.2 s, the vx of light particle (vxL) started to increase and reached a maximal positive transverse-velocity of 0.031 m/s at t = 0.422 s. Meanwhile, the u of light particle (uL) became higher than the terminal velocity of a single particle (0.77 m/s for Si3N4), and continued to increase to the maximum value 0.866 m/s at t = 0.641 s. Then, the light particle rebounding from the CRV resulted in an obvious increase in the negative traverse velocity, while uL would fall back.



The variation of the particles settling velocities can be explained by the energy transfer. The sedimentation of a particle in a stagnant fluid can be regard as the transport between potential energy and kinetic energy accompanied by energy dissipation. For two particles settling side by side in PAAm solution, the energy dissipation due to the viscosity decreases when the light particle settles into the CRV, and more potential energy is transferred into the kinetic energy of the light particle and the fluid around it. Thus, the settling velocity of a light particle during above process will be larger than the terminal settling velocity when it settles as an isolated particle in the same fluid, as discussed above. Then the kinetic energy is transformed from the vertical direction into the horizontal direction once the lateral migration occurs, which is possibly due to the shear-thinning property of PAAm solution or the appearance of negative wake (Figure 6).



In the cases of type (ii), the uL can always exceed the terminal settling velocity for a single settling particle of the same density. This is possibly due to the combined effect of the lower amount of energy dissipated and the dragging of the fluid in the CRV. Moreover, as shown in Figure 14b, for mediate L*, the particle–particle interaction tends to cause a slight fluctuation in the vxL, which corresponds to the lateral migration of the light particle in path type (ii). With the separation distance increasing, the effects caused by the shear-thinning property of PAAm solution and the negative wake act on the light particle became continuously weaker.



As for path type (iii), no significant difference in the settling velocities between the single particle and the two side-by-side particles shown in Figure 14c was found.





4. Conclusions


In this work, we studied the trajectories and velocities of two side-by-side particles of different density settling in a non-Newtonian fluid with shear thinning viscoelastic properties, as well as that for the corresponding single settling particle.



In contrast to from the three-dimensional unstable path of a single particle settling in water, the particle settling path can be regarded as a vertical line in the PAAm solution. The terminal settling velocity of the particle (Si3N4) in PAAm solution is lower than that in water. Apart from this, the terminal velocities of other particles (stainless steel and ZrO2) are higher than that in water, and the deviation of terminal velocity from that of the particle settling in water increases with the particle density. The reason may be that there is a critical value of Re*, i.e., another particle with a different density, and its terminal settling velocity in the PAAm solution is consistent with that in water.



In addition to this, an experimental study on the effect of the initial separation distance on settling side-by-side particles motion at different density ratios was conducted in PAAm solution. The results show that the wake of the heavy particle, in a leading position, can affect the light particle settling into a non-linear path. For the heavy particle, the particle–particle interaction can also cause the transverse migration of the heavy one, and the smaller the density ratio, the greater the transverse migration. For the light particle, three basic path types were found: (i) the light particle is first attracted and then repelled by the wake of the heavy one; (ii) the light particle approaches and then largely traces within the path of the heavy one in the limited field of view; (iii) the light particle is first slightly shifted away from its original position and then returns to this initial position. In these, the light particle can be attracted or rebounded by the CRV behind the heavy particle. Meanwhile, we conclude that the u of light particle became higher than the terminal velocity of a single particle, due to the existence of a corridor with a reduced viscosity and the negative wake generated by the viscoelastic property. As explained above, particle–particle attraction is mainly caused by the effects of the shear-thinning viscoelasticity properties of the PAAm solution. As discussed throughout this study, the trajectory and velocity of particle sedimentation in PAAm solution are affected by the density difference and initial spacing of the two particles and fluid properties. These findings will make contributions to the future studies and applications in this area.
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Figure 1. Schematic of the experimental setup for two side-by-side particles settling. 
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Figure 2. Schematic of the PIV system for investigating the flow field of the wake behind the particle. 
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Figure 3. Rheogram of 0.5 wt% PAAm solution. 
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Figure 4. Dynamic viscosity for the 0.5 wt% PAAm solution as a function of the shear rate. 
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Figure 5. Viscoelastic modulus of PAAm solution as a function of frequency. 
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Figure 6. The negative wake at 7d downstream from the particle center. 
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Figure 7. Schematic of the sedimentation of two side-by-side particles. 
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Figure 8. Schematic of the forces acting on the particle. 
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Figure 9. Settling behaviors of single particle. The time interval between adjacent particles is 19 ms. 






Figure 9. Settling behaviors of single particle. The time interval between adjacent particles is 19 ms.



[image: Applsci 11 07113 g009]







[image: Applsci 11 07113 g010a 550][image: Applsci 11 07113 g010b 550] 





Figure 10. Variations in the trajectories and velocity of a single particle settling in PAAm solution. vx is the transverse velocity in x-z plane, vy is the transverse velocity in y-z plane, u is the vertical velocity. 
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Figure 11. Variation in vertical velocity u of a single particle with different densities in PAAm solution and water. 
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Figure 12. The settling process of two side-by-side particles at different initial separation distance under binocular vision; (a1) x-z plane, Left particle: ZrO2, right particle: Stainless steel; (a2) y-z plane, Particle: ZrO2, Stainless steel; (b1) x-z plane; Left particle: Si3N4; right particle: ZrO2; (b2) y-z plane, Particle: Si3N4, ZrO2; (c1) x-z plane; Left particle: Si3N4; right particle: Stainless steel; (c2) y-z plane, Particle: Si3N4, Stainless steel. 
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Figure 13. Typical settling trajectories of two particle settling side by side, with an example for each type. 






Figure 13. Typical settling trajectories of two particle settling side by side, with an example for each type.



[image: Applsci 11 07113 g013]







[image: Applsci 11 07113 g014 550] 





Figure 14. The velocities and the trajectories of the two side-by-side settling particles at different separation distance L*; Left: the light particle; Right: the heavy particle. 
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Table 1. Properties of spherical particles.
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	Material
	Density (kg/m3)
	Diameter (mm)





	Silicon nitride ceramics (Si3N4)
	3200
	9.525



	Zirconia ceramics (ZrO2)
	6000
	9.525



	Stainless steel
	7930
	9.525
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