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Abstract

:

This study analyzes experimentally the deposition of magnetic beads on the walls of a square microchannel by the action of a nearby cubical magnet. The deposition has been studied for different magnetic bead sizes, flow rates, magnetic conditions and with solutions of magnetic and non-magnetic particles. Images of the time evolution of the deposition under the different conditions have been analyzed to determine the spatial distribution of the accumulation and the growth rate of the depositions. It has been found that the way in which the magnetic beads are deposited on the walls of the microchannel depends strongly on their size and the magnetic configuration. The accumulation of the major part of particles is on the wall closest to the magnet and, depending on the size of the particles, near the magnet leading and trailing edges or near the center of the magnet. The experiments with magnetic and non-magnetic particles revealed the screening effect of the non-magnetic particles on the deposition. In this case, the non-magnetic particles displace the deposition toward the region near the center of the magnet and near the trailing edge.
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1. Introduction


Nowadays miniaturized lab-on-a-chip devices have become powerful tools to analyze, manipulate, and control droplets [1,2,3,4,5], biological particles [6,7,8], and active colloids [9,10,11].



In lab-on-a-chip devices, magnetic forces are commonly used to manipulate the position of microscopic particles [12,13,14] or artificial microswimmers [15,16].



Magnetic beads are used mostly for in vitro applications (bio-diagnostics and bio-recognition) and recently for in vivo applications, such as cancer treatment. In this case, functionalized magnetic particles can be transported by the blood flow and retained by a magnet implemented in the treatment zone, avoiding more aggressive treatments like X-ray proton therapy or chemotherapy which may produce side effects. For the most common applications, the sizes of the magnetic particles range from 5 nm to 6 μm [17].



Zhou et al. [18] showed that paramagnetic ellipsoidal particles could be focused to the channel center by applying a static uniform magnetic field perpendicular to the flow.



The introduction of non-magnetic particles in the system has implications on in vitro applications [19,20,21], such as bio-diagnostics and bio-recognition [22,23,24,25,26], and in the interaction between erythrocytes and thrombocytes [27]. Specifically, in our study the experiments have been conducted with particle sizes similar to the particle diameters found in blood. The application of the magnet near the wall of the microchannel produces the attraction of the magnetic particles, which can simulate intravenous treatments (e.g., in vivo application [28,29] such as cancer treatment [30]) or the behavior of erythrocytes and thrombocytes in the early stages of the thrombosis [31,32,33] when the wall of a blood vessel is injured.



In the present work, we explore the different forms of deposition of spherical magnetic particles in a constant magnetic field generated by a permanent magnet. We consider different orientations of the magnetic field, different sizes of particles, and different flow rates. One experimental condition has been chosen to include non-magnetic particles. In this case, the measurements have been carried out adding and modifying the concentration of non-magnetic particles to determine how they influence the quantity and shape of the deposition.




2. Materials and Methods


A permanent cubical magnet is located on the side of a straight microchannel with a square cross section. Two different orientations of the magnet have been considered, as shown in Figure 1.



In Figure 1a the magnetization vector is parallel to the side of the magnet which is closest to the wall of the microchannel (   M →  = M     x ′  ^   ) and Figure 1b shows the perpendicular position, in which the magnetization vector is perpendicular to the side of the magnet closest to the microchannel (   M →  = M     y ′  ^   ). Gravity vector is in the negative z direction, parallel to the main flow direction, to avoid gravitational settling of the particles on the walls of the microchannel.



The fluid used was deionized water and the magnetic particles were carboxyl spherical particles with mean diameter of 1.14 and 4.37 µm purchased from Spherotech, Inc. [34]. Some experiments were carried out with suspensions of magnetic particles and some other experiments with suspensions of magnetic and non-magnetic particles. The experiments with only magnetic particles were performed with solutions with concentrations of approximately 8.16 × 105 particles/µL and 1.45 × 104 particles/µL, for the smaller and larger particles, respectively. For both magnetic particle sizes, the corresponding volume fraction in the solutions used for the experiments carried out (with only magnetic particles) is 6.33 × 10−4.



The experiments with magnetic and non-magnetic particles were carried out with magnetic particles of 1.14 μm and hollow glass spheres [35] of 10 μm of diameter.



Experiments with magnetic and non-magnetic particles were performed with a constant concentration of magnetic particles (8.16 × 105 particles/µL) and four different concentrations of non-magnetic particles with values 1.74 × 103 particles/µL, 3.47 × 103 particles/µL, 6.95 × 103 particles/µL, and 1.04 × 104 particles/µL. In these solutions, the volume fraction of magnetic particles was kept constant and the corresponding volume fractions of non-magnetic particles were 9.10 × 10−4, 1.82 × 10−3, 3.64 × 10−3, and 5.46 × 10−3.



The magnets used were Neodymium (NdFeB) cubical magnets with sizes of 3 and 5 mm and a residual magnetic field (Br) of 1.32–1.37 T and 1.29–1.32 T, respectively [36]. The magnet was installed, as shown in Figure 1, near transparent square capillaries manufactured in borosilicate glass (Vitrocom Inc., Mountain Lakes, NJ, USA [37]). Two different sizes of microchannels were used with hydraulic diameters of 300 µm and 600 µm. The length of the microchannels was 100 mm.



An epifluorescence microscope (Motic AE31E TRI) was connected to a camera (Mo-ticam Pro 285B, 1.4 Mp, maximum frame rate 15 fps) to visualize and record the images of the time evolution of the particle deposition near the wall adjacent to the magnet. The flow was supplied with a syringe pump (Fusion 710) which ensured a constant flow rate during the experiments, which typically lasted between 8 and 33 min. The typical experimental arrangement is shown in Figure 2.



The flow is assumed incompressible, steady, and laminar. The maximum Reynolds number for the experimental conditions is 6.47.



For each experiment, the time evolution of the deposition was recorded with 999 images. The time between images was adjusted to 2, 1, or 0.5 s for flow rates of 0.03, 0.06, or 0.12 mL/min, respectively. Thus, the image 999 corresponds to the exact time the syringe of the pump was fully emptied.



A mask obtained from an initial image without any deposition of particles was subtracted from all the binarized recorded images. An example of a binarized image before and after the application of the mask is shown in Figure 3. In this way we can calculate in each temporal step the area of the projection of the accumulated particles on the plane   y z   and their shape using Matlab functions. It can be seen that the deposition can be clearly identified in the processed image.




3. Results


A total of 16 experiments were performed. Table 1 summarizes the different experimental conditions used. The experiments were grouped into six sets and were labelled according to the following nomenclature:




	
PA or PE indicate the parallel or the perpendicular direction of the magnetization vector, respectively (see Figure 1).



	
M3 or M5 indicate the size of the magnet (3 or 5 mm).



	
P1 or P4, the size of the magnetic particles.



	
C3 or C6 the hydraulic diameter of the microchannel (300 or 600 μm).



	
QL, QM, and QH, the low, medium or high flow rate.



	
PNM indicates the parts per ten thousands volume fraction of non-magnetic particles in the solution (09, 18, 36, or 55).








The first and second experimental sets were oriented toward the study of the effect of the flow rate and the orientation of the magnetization vector. In the third, fourth, and fifth sets the effects of the size of the magnet, the diameter of the particles, and the diameter of the microchannel were analyzed. Finally, in the sixth set the effect of the concentration of non-magnetic particles on the deposition of the magnetic beads was investigated.



In the following subsections, we analyze separately the different effects indicated in Table 1 on the rate of deposition of the magnetic particles and on the shape of the deposition.



3.1. Effect the Orientation of the Magnetization Vector and of the Flow Rate


Figure 4 shows the selected snapshots of the depositions obtained for experiments PA-M5-P1-C3-QL and PE-M5-P1-C3-QL carried out with the same conditions but with different orientation of the magnetization vector. The experiment with the parallel orientation (see Figure 1a) is shown in Figure 4a–d, while the experiment with the perpendicular orientation (see Figure 1b) is in Figure 4e–h. The images of the two experiments correspond to the same non-dimensional time defined with the averaged flow velocity (  V ¯  ) and the hydraulic diameter of the microchannel (   t *  = Δ t   .   n f r a m e s .    V ¯  / W  ). It can be seen in Figure 4 that for the parallel orientation, the accumulation of particles starts in the central part of the magnet, and then progressively is enlarged toward the edges of the magnet. The deposition corresponding to the perpendicular orientation starts near the edges of the magnet and is progressively enlarged near the central part of the magnet. The comparison of the depositions in Figure 4b,f shows that the perpendicular orientation generates faster deposition rates. These different behaviors agree with the larger gradients of the magnetic field, which is proportional to the magnetic force, generated within the fluid by the perpendicular orientation near the edges of the magnet.



To monitor the spatial distribution of the particles, the time of evolution of the thickness of the deposition along the y direction was measured. Three positions, relative to the coordinate system      x ′  ,    y ′  ,  z ′      with origin in the center of the magnet (see Figure 1) have been selected. These positions were located near the leading edge of the magnet at    y ′  =    L m   2  ,     z ′    1 4    =    L m   4    at the center of the magnet    y ′  =    L m   2  ,     z ′  0  = 0  , and near the trailing edge of the magnet    y ′  =    L m   2  ,   z ′   −  1 4    = −    L m   4  .   It should be noted that the measurements correspond to the projection of the accumulation of particles along the  x  direction; lines red, blue, and green respectively. For simplicity, these positions are named as     z ′    1 4      (red line),     z ′  0    (blue line) and     z ′   −  1 4      (green line) (see Figure 4a,e) in the following sections.



Figure 5 shows the time evolutions of the non-dimensional thickness (   S *  = S / W  ) of the magnetic particles deposited in the three different positions of the magnet indicated in Figure 4a, for the three flow rates and for the two directions of the magnetization vector.



It is evident that for the two orientations of the magnetization vector the increase of the flow rate decreases the particle deposition rate. For example for the perpendicular orientation (Figure 5d–f) the thicknesses of the particle deposit reach a plateau at non-dimensional times of approximately   t    *    = 0.8 × 104, 1.2 × 104, and 1.7 × 104, for the low, medium, and high flow rates, respectively. Note that the dimensionless time used in the plots is defined using the average fluid velocity. When the magnetization vector is parallel to the microchannel wall, the particles start to accumulate near the center of the magnet and then around the leading and trailing edges for all flow rates, Figure 5a–c shows this. For this orientation of the magnetization vector and at the lowest flow rate, the thicknesses of the deposits near the leading edge (red curve in Figure 5a) and near the center (blue curve in Figure 5a) of the magnet decrease for   t    *    > 1.5 × 104 indicating that the deposited particles are dragged by the action of the fluid velocity toward the trailing edge (green curve in Figure 5a) of the magnet because the relatively small magnetization force. This phenomenon is not observed for the perpendicular orientation of the magnetization vector that generates a much stronger magnetic force on the particles.




3.2. Effect of the Size of the Magnet


The size of the magnet directly influences the magnitude of the magnetic flux density ( B ) generated and, consequently, affects the force experienced by a magnetic particle, which is proportional to the vector·    B · ∇   B   [38]. In general, for magnets with the same or with similar magnetization, the increase of the size of the magnet increases the magnetic force toward the magnet near the edges. There is also a reduction in the central part of the magnet. The experiments for Set 3 (see Table 1) were performed with magnets of different sizes, 3 mm and 5 mm, and similar magnetization (1.32–1.37 T and 1.29–1.32 T, respectively).



To analyze the effect of magnet size on the particle accumulation, Figure 6 shows the snapshots of the experiments PE-M5-P1-C3-QM and PE-M3-P1-C3-QM, corresponding to the medium flow rate and the perpendicular orientation of the magnetization vector and Figure 7 shows the corresponding time evolutions of the thicknesses. It can be seen that, initially, the shape of the accumulation of particles is similar for both magnets, with a larger extension of the deposition for the larger magnet. For the magnet of 5 mm, the accumulation of particles is somewhat larger near the leading edge than the trailing edge and later tends to be equal and greater than the accumulation near the center. In the case of the experiment PE-M3-P1-C3-QM, the initial accumulations near the leading edge and near the trailing edge are similar. As time evolves it is observed that the accumulations near the leading edge and near the center are very similar (red and blue curves in Figure 7b) while the accumulation of particles near the trailing edge is larger (green curve in Figure 7b).




3.3. Effect of the Diameter of the Particles


3.3.1. Magnet Size of 5 mm


The effect of the mean diameter of the magnetic particles can be observed by comparing the results obtained in experiments for particles with mean diameter 1.14 µm and 4.37 µm, PE-M5-P1-C3 (Set 2) and PE-M5-P4-C3 (Set 4), respectively. As an example, Figure 8 shows the snapshots of the deposition for PE-M5-P4-C3-QM. In this case, the accumulation of particles is performed according to the direction of the flow. First, particles are accumulated near the leading edge of the magnet, then near the center, and finally near the trailing edge and the deposit grows following a moving front along the streamwise direction. This is clearly seen in Figure 9, which shows the time evolutions of the thicknesses of the deposit at the positions indicated in Figure 8a and for the three different flow rates analyzed. Note that, independently of the flow rate, the accumulation of particles starts to increase visibly at   t    *  > 2000  . This behavior is different from the one observed in the experiment PE-M5-P1-C3 carried out in the same working conditions and shown in Figure 4e–h.



To highlight the differences between the experiments PE-M5-P1-C3 and PE-M5-P4-C3 Figure 10 shows the time-evolution of the non-dimensional thickness of the magnetic particles deposits obtained at medium flow rate during the initial times (2000 <   t    *   < 6500). It is clearly observed that the use of particles with an average diameter of 4.37 μm completely modifies the behavior of the accumulation, obtaining the maximum accumulation much faster than in the case of the particles with a diameter of 1.14 μm. For the large particles, the generation of two lobes (Figure 6b) is not observed and the deposit grows following a moving front along the streamwise direction (Figure 8b).




3.3.2. Magnet Size of 3 mm


As in experiments PE-M5-P1-C3 and PE-M5-P4-C3, the effect of the diameter of the particles can be analyzed using the magnet of 3 mm. Figure 11 shows selected snapshots of the deposition of particles for experiments PE-M3-P1-C3-QM and PE-M3-P4-C3-QM. As in the experiments shown in sub Section 3.2, the deposition of the particles with diameter 1.14 μm shows two lobes near the edges of the magnet, which are symmetrically distributed with respect to the center of the magnet. For the large particles, with a diameter of 4.37 μm, the accumulation grows following a moving front along the streamwise direction. An interesting phenomenon is observed when comparing experiments PE-M3-P1-C3-QM and PE-M3-P4-C3-QM carried out with the small magnet and different particle diameters. It can be seen that for the large particles the accumulation of particles extends far downstream from the trailing edge of the magnet at a distance of the order of the size of the magnet. For the small particles with a diameter of 1.14 μm the downstream extension of the accumulation is approximately half of the size of the magnet. The amount of magnetic material in the particles is about 12% and this different behavior can be attributed to the larger amount of magnetic material for the larger particles. To check if this can be produced by the effect of gravity, we performed an experiment with the microchannel in horizonal orientation, perpendicular to the gravity vector. The visualizations, not shown here, reveal that the shape and extension of the deposition is independent of the orientation of the microchannel.



Figure 12 compares the time evolution of the non-dimensional thickness for experiments PE-M3-P1-C3-QM and PE-M3-P4-C3-QM carried out with the same conditions but with different particle sizes. It can be seen that large particles are deposited at a significantly larger rate.





3.4. Effect of the Hydraulic Diameter of the Microchannel


Experiment PE-M5-P4-C6-QL was carried out with a square microchannel with a hydraulic diameter of 600 µm with a flow rate of 0.03 mL/min. Under these conditions, the average flow velocity is 1.4 mm/s, which is the minimum velocity of all the experiments indicated in Table 1.



Figure 13 compares the visualizations of the deposition for experiments PE-M5-P4-C3-QL and PE-M5-P4-C6-QL. It can be seen that for both cases the deposition starts near the leading edge of the magnet. For the microchannel with larger diameter, the deposition extends along the direction perpendicular to the flow and reaches the opposite wall of the microchannel (see Figure 13e). It should be noted that under this condition the flow is not interrupted by the deposit. The fluid, which is pumped continuously by the syringe pump, flows through the central part of the microchannel while the particles are progressively deposited onto the sidewalls of the microchannel perpendicular to the direction of visualization. The deposit corresponding to the experiment with the microchannel of the small diameter (PE-M5-P4-C3-QL, Figure 13a–d) also starts near the leading edge of the magnet and it progressively extends, mainly, along the streamwise direction. The small gap between the deposit and the bottom wall seen in the two-dimensional visualizations of Figure 13a–d suggests that, also in this case, the particles are deposited on the sidewalls of the microchannels, which are perpendicular to the visualization axis. This can be attributed to the relatively large flow velocities attained by the progressive reduction of the available cross-sectional area for the flow as the particle deposit grows locally near the leading edge of the magnet. The comparison of Figure 9a and Figure 14 shows that the particles accumulate first in the leading edge, then in the center and finally on the trailing edge in the case of PE-M5-P4-C6-QL. The biggest difference in the time-evolution of the non-dimensional thickness of magnetic particle deposits between PE-M5-P4-C3-QL and PE-M5-P4-C6-QL is the final value reached. For PE-M5-P4-C6-QL the values reached on the leading edge, central part, and trailing edge are practically the same but for PE-M5-P4-C3-QL the non-dimensional thickness of deposit is higher for the trailing edge and the smallest for the leading edge, having an intermediate value at the center.




3.5. Effect of the Concentration of Non-Magnetic Particles on the Deposition of the Magnetic Beads


To study the influence of the non-magnetic particles in the deposition behavior of magnetic particles, four experiments were performed (Set 6 in Table 1) with different concentrations of non-magnetic particles.



Figure 15 shows the time evolution of the non-dimensional total area accumulated (  A    *  = A /    L m  W     were   A   is the total calculated area in    m 2   ) of magnetic particles. It can be seen that time evolution of the area of the deposit corresponding to the experiment without non-magnetic beads reaches a plateau at    t *  ≈ 10 , 000  , while the area for the experiments with non-magnetic beads initially increases, in general faster than the experiment with only magnetic particles, and then progressively increases at a much lower rate. Interestingly, the initial rate of growth of the deposit depends on the concentration of non-magnetic particles. It can be seen in Figure 15 that the fastest initial growth is obtained for the experiment PNM36, then for PNM18, then for the largest concentration of non-magnetic particles (PNM55), and finally for the experiment with the lowest concentration (PNM09) which exhibits a similar initial growth rate as the experiment without non-magnetic particles.



Figure 16 shows the time evolution of the non-dimensional thickness of the magnetic deposit when non-magnetic particles are present in different concentrations. It can be seen that, in general, for all the cases the accumulation near the leading edge of the magnet at the beginning of the magnet is larger than near the center of the magnet. For the experiment with only magnetic beads, the deposition near the trailing edge end is similar to that near the leading edge of the magnet (see Figure 16a). In the rest of the cases with non-magnetic particles, the accumulation in all the positions except for the leading edge (    z ′    1 4     ) is decreased. Figure 16a–c shows that the increase of the concentration of non-magnetic particles produces a relatively fast increase of the deposition near the center of the magnet. This explains the larger accumulation rate for intermediate concentration of non-magnetic particles shown in Figure 15. In this case, for moderate concentrations of non-magnetic particles the shielding effect of the much larger non-magnetic particles on the magnetic beads produces the displacement of the deposition toward the center of the magnet. For large concentrations of non-magnetic particles, the shielding effect decreases the deposition of the magnetic beads.



Figure 17 illustrates the time evolution of the accumulation for different dimensionless times (   t *    = 1; 3,000; 6,000; 9,000; 12,000) for each experiment. The accumulation is shown in terms of different contours corresponding to different times.



For the experiment with only magnetic particles (Figure 17a) the accumulation near the leading edge of the magnet has a sharper shape than in the experiments with non-magnetic beads. On the other hand, the accumulation in the central zone of the magnet is larger when there are non-magnetic beads in the solution. This can be attributed to the shielding effect of the non-magnetic particles that avoids the deposition near the leading edge of the magnet. In fact, the comparison of Figure 17a,b or Figure 17c shows that the non-magnetic particles promote the early deposition of magnetic beads downstream the trailing edge of the magnet.





4. Conclusions


We performed experiments to analyze the spatial distribution and the growth rate of depositions of magnetic particles on the walls of microchannels by the effect of a nearby permanent magnet. Visualizations of the time evolution of the accumulation have been performed under different conditions.



It has been found that the flow rate affects significantly the deposition rate with larger deposition rates at lower flow rates. The direction of the magnetization vector with respect to the flow also has a relevant effect on the spatial distribution and the growth rate of the accumulation. In general, when the magnetization vector is perpendicular to the microchannel wall in contact with the magnet the deposition starts and grows near the leading and trailing edges of the magnet. For orientations of the magnetization vector parallel to the microchannel wall in contact with the magnet the deposition starts near the center of the magnet and at a lower rate according to the weaker spatial distribution of the magnetic field generated by the magnet within the fluid. The size of the magnet is also relevant. Larger magnets with similar magnetization enhance the deposition in comparison with the use of smaller magnets. In addition, larger magnetic particles with a similar concentration of magnetic material generate faster and more localized depositions than smaller magnetic particles. The addition of non-magnetic particles, which have ten times the mean diameter than magnetic particles, decreases the deposition of these in any case. In spite of this fact, it has been observed that solutions with non-magnetic particles accelerate the initial deposition because of the shielding effect of non-magnetic particles. This also produces the displacement of the deposition downstream from the leading edge of the magnet.
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Nomenclature




	
g

	
[m/s2]

	
Gravity acceleration




	
L

	
[m]

	
Length




	
S

	
[m]

	
Width of the accumulation




	
W

	
[m]

	
Width of the channel




	
A

	
[m2]

	
Area of the accumulation




	
Ms

	
[A/m]

	
Magnetization of the magnet




	
   V ¯   

	
[m/s]

	
Mean Velocity




	
x

	
[m]

	
Cartesian axis direction




	
y

	
[m]

	
Cartesian axis direction




	
z

	
[m]

	
Cartesian axis direction




	
   Δ t   

	
[s]

	
Time between images




	
nframes

	
[-]

	
Number of images




	
Non Dimensional Numbers




	
    t *    

	
[-]

	
    t *  =   Δ t ⋅ n f r a m e s ⋅  V ¯    / W   




	
    A *    

	
[-]

	
    A *  = A /    L m  W     




	
    S *    

	
[-]

	
    S *  = S / W   




	
Subscripts




	
m

	

	
Magnet, magnetic
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Figure 1. Physical model showing the position of the magnet and the orientation of the magnetization vector with respect to the flow direction. (a) Parallel (PA), (b) perpendicular (PE). Gravity acts along the negative z direction. 
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Figure 2. Experimental setup. (a) General view. The red rectangle indicates the zone shown in (b) with the cubical magnet and the microchannel. 
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Figure 3. Example of a recorded and a processed image (a) before mask subtracting with the particle deposit in black and (b) after mask subtracting with the particle deposit in white. 
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Figure 4. Snapshots of the deposition for experiment PA-M5-P1-C3-QL (a–d) and for PE-M5-P1-C3-QL (e–h). The non-dimensional time are for (a,e)   t    *    = 4.47 × 101, for (b,f)   t    *    = 4.47 × 103, for (c,g)   t    *    = 8.95 × 103 and for (d,h)    t    *     = 1.79 × 104. The lines in (a,e) indicate the positions where the accumulation is monitored,     z ′    1 4      (red line),     z ′  0    (blue line) and     z ′   −  1 4      (green line). 
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Figure 5. Time-evolutions of the non-dimensional thickness of the magnetic particle deposits at positions     z ′    1 4      (red),      z ′  0    (blue), and     z ′   −  1 4      (green). Low flow rate, (a) PA-M5-P1-C3-QL and (d) PE-M5-P1-C3-QL. Medium flow rate (b) PA-M5-P1-C3-QM and (e) PE-M5-P1-C3-QM. High flow rate, (c) PA-M5-P1-C3-QH and (f) PE-M5-P1-C3-QH. Vertical lines indicate times    t *    = 4.47 × 101,    t *    = 4.47 × 103,    t *    = 8.95 × 103, and    t *    = 1.79 × 104 which correspond to the snapshots of Figure 4. 
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Figure 6. Snapshots of the deposition for experiments PE-M5-P1-C3-QM (a–d) and PE-M3-P1-C3-QM (e–h). The non-dimensional time are for (a,e)   t    *    = 4.47 × 101, for (b,f)   t    *    = 4.47 × 103, for (c,g)   t    *    = 8.95 × 103, and for (d,h)   t    *    = 1.79 × 104. 
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Figure 7. Time-evolutions of the non-dimensional thickness of the magnetic particle deposits at positions     z ′    1 4      (red),      z ′  0    (blue), and     z ′   −  1 4      (green). Medium flow rate (a) PE-M5-P1-C3-QM and (b) PE-M3-P1-C3-QM. Vertical lines corresponds to times   t    *    = 4.47 × 101,    t     *      = 4.47 × 103,   t    *    = 8.95 × 103, and   t    *    = 1.79 × 104 which correspond to the snapshots of Figure 6. 
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Figure 8. Snapshots of the deposition for the experiment PE-M5-P4-C3-QM at times, (a)   t    *    = 4.47 × 101, (b)   t    *    = 4.47 × 103, (c)   t    *    = 8.95 × 103, (d)   t    *    = 1.79 × 104. 
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Figure 9. Time-evolutions of the non-dimensional thickness of the magnetic particle deposits at positions     z ′    1 4      (red),      z ′  0    (blue) and     z ′   −  1 4      (green) for PE-M5-P4-C3, (a) low flow rate, (b) medium flow rate, and (c) high flow rate. 
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Figure 10. Time-evolutions of the non-dimensional thickness of the magnetic particle deposits at positions     z ′    1 4      (red),      z ′  0    (blue), and     z ′   −  1 4      (green) for (a) PE-M5-P1-C3-QM and (b) PE-M5-P4-C3-QM. 
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Figure 11. Snapshots of the deposition Particle accumulations for the experiments PE-M3-P1-C3-QM (a–d) and PE-M3-P4-C3-QM (e–h). The non-dimensional time are for (a,e)   t    *    = 4.47 × 101, for (b,f)   t    *    = 4.47 × 103, for (c,g)   t    *    = 8.95 × 103 and for (d,h)    t    *     = 1.79 × 104. 
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Figure 12. Time-evolutions of the non-dimensional thickness of the magnetic particle deposits at positions     z ′    1 4      (red),      z ′  0    (blue), and     z ′   −  1 4      (green) for (a) PE-M3-P1-C3-QM and (b) PE-M3-P4-C3-QM. 
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Figure 13. Snapshots of the depositions for PE-M5-P4-C3-QL and PE-M5-P4-C6-QL at different times. For real time   t =   200 s ((a)    t    *    = 4.47 × 103 and (e)   t    *    = 4.88 × 102),   t =  400 s ((b)   t    *    = 8.95 × 103, and (f)   t    *    = 9.76 × 102),   t =  800 s ((c)    t *    = 1.79 × 104 and (g)   t    *    = 1.95 × 103) and   t =  1000 s ((d)   t    *    = 2.24 × 104 and (h)   t    *    = 2.44 × 103). 
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Figure 14. Time-evolutions of the non-dimensional thickness of the magnetic particle deposits at positions     z ′    1 4      (red),      z ′  0    (blue), and     z ′   −  1 4      (green) for PE-M5-P4-C6-QL. 
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Figure 15. Time-evolutions of the non-dimensional area of the deposited magnetic particles according to Set 6 of Table 1. 
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Figure 16. Length accumulation at     z ′    1 4      (red),      z ′  0    (blue), and     z ′   −  1 4      (green) for experiments (a) PE-M5-P1-C3-QM-PM; (b) PE-M5-P1-C3-QM-PNM09; (c) PE-M5-P1-C3-QM-PNM18; (d) PE-M5-P1-C3-QM-PNM36; (e) PE-M5-P1-C3-QM-PNM55. 
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Figure 17. Accumulation of magnetic particles comparison at non-dimensional times   t    *    = 1, 3000, 6000, 9000, 12,000 for experiments (a) PE-M5-P1-C3-QM-PM; (b) PE-M5-P1-C3-QM-PNM09; (c) PE-M5-P1-C3-QM-PNM18; (d) PE-M5-P1-C3-QM-PNM36; (e) PE-M5-P1-C3-QM-PNM55. 
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Table 1. Experimental conditions. Magnetization vector, MS: magnet width, CD: capillary diameter, PD: magnetic particle diameter, and FR: flow rate.
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Set

	
Experiment Label

	
Magnetization

Vector Direction

	
MS (mm)

	
CD (μm)

	
PD (μm)

	
FR (mL/min)






	
1

	
PA-M5-P1-C3-QL

	
  ∥  

	
5

	
300

	
1.14

	
0.03




	
PA-M5-P1-C3-QM

	
0.06




	
PA-M5-P1-C3-QH

	
0.12




	
2

	
PE-M5-P1-C3-QL

	
  ⊥  

	
5

	
300

	
1.14

	
0.03




	
PE-M5-P1-C3-QM

	
0.06




	
PE-M5-P1-C3-QH

	
0.12




	
3

	
PE-M3-P1-C3-QM

	
  ⊥  

	
3

	
300

	
1.14

	
0.06




	
PE-M3-P4-C3-QM

	
4.37

	




	
4

	
PE-M5-P4-C3-QL

	
  ⊥  

	
5

	
300

	
4.37

	
0.03




	
PE-M5-P4-C3-QM

	
0.06




	
PE-M5-P4-C3-QH

	
0.12




	
5

	
PE-M5-P4-C6-QL

	
  ⊥  

	
5

	
600

	
4.37

	
0.03




	
6

	
PE-M5-P1-C3-QM-PM

	
  ⊥  

	
5

	
300

	
1.14

	
0.06




	
PE-M5-P1-C3-QM-PNM09




	
PE-M5-P1-C3-QM-PNM18




	
PE-M5-P1-C3-QM-PNM36




	
PE-M5-P1-C3-QM-PNM55
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