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We introduce a method for precise and accurate measurements of particle speeds in dense suspensions flowing at high rates and demonstrate the utility of the approach for revealing complex flow fluctuations during shearing in a setup that combines imaging with a confocal microscope and shearing with a rheometer. We scan the focal point in one dimension, aligned with direction of flow, producing absolute measurements of speed that are independent of suspension structure and particle shape. We compare this flow-direction line scanning approach with a complementary method we introduced previously, measuring speed using line scanning in the vorticity direction. By comparing results in various flow conditions, including shear-thinning and thickening regimes, we demonstrate the efficacy of our new approach. We find that both approaches exhibit qualitatively similar flow profiles, but a comparative analysis reveals a 15%–25% overestimation in speed measurement using vorticity line scanning, with discrepancies generated by anisotropic suspension microstructure under flow. Moreover, in the thickening regime where complex flow fields are present, both approaches capture local speed fluctuations. However, line scanning in the flow direction reveals and precisely captures stagnation and backflows, a capability not achievable with vorticity line scanning. The approach introduced here not only provides a refined technique for speed measurement in fast-flowing suspensions but also emphasizes the significance of accurate measurement techniques in advancing our understanding of flow behavior in dense suspensions, particularly in contexts where strong non-affine flows are prevalent.
Keywords: speed measurements, fast flows, rheology, shear thickening, suspensions
1 INTRODUCTION
Characterizing and understanding the behavior of flowing suspensions is an important challenge in materials science and engineering, with significant implications across various industrial sectors [1, 2]. Suspensions exhibit diverse flow behaviors that profoundly influence their properties and applications. Understanding and controlling flow phenomena in suspensions is crucial for optimizing processes and enhancing product performance in industries ranging from pharmaceuticals to cosmetics, from food processing to petroleum extraction [2]. The flow behavior of suspensions is intricately linked to their rheological properties, including shear-thinning and thickening. Shear-thinning, characterized by a decrease in viscosity under increasing shear rates, is commonly observed in many suspensions and plays a vital role in processes such as pumping, painting, inkjet printing and mixing. Conversely, shear thickening, where viscosity increases with shear rate, is important in applications such as body armor and damping systems [3].
Shear thickening typically occurs at relatively large Péclet number, [image: image] (where [image: image] is the shear rate and [image: image] is the system intrinsic time scale), posing a challenge for accurately measuring the structure and velocities of particles. To tackle this obstacle, our prior work introduced a novel technique aimed at capturing both local structure and particle velocities [1]. In this approach, instead of scanning the focused laser in two dimensions to produce a planar image in which particles are located, the laser is scanned only along the vorticity direction, allowing for very high time resolution. The flow of particles past the scan line enables the measurement of local structure and approximate flow speed. While this method successfully captures the spatio-temporal dynamics of dense suspensions in the thickening regime, there is considerable uncertainty in the measured speed values due to the coupling between the estimated flow speed and the spatial structure of the suspension (discussed below). To address this limitation, here we introduce an alternative approach employing laser scanning in the flow direction, allowing for precise measurement of average particle speed that is independent of the degree or type of order in the suspension (or any other aspects of the suspension structure or particle shape). We compare results obtained by line scanning in each direction in various flow fields and find that both approaches capture the flow profile (below the shear-thickening regime) and speed fluctuations (seen in the shear-thickening regime). However, the line scanning in the vorticity direction, using the parameters from our previous measurements, overestimates the values of speed by approximately 15%–25%. As expected, the exact values of the discrepancy depend on the structure of the suspension under flow. Moreover, we show that line scanning in the flow direction can accurately capture backflows in highly dense suspensions of silica particles in the shear thickening regime, a phenomenon not previously reported. The two approaches in combination enable accurate and robust measurements of speed and order fluctuations in rapidly flowing dense suspensions.
2 APPROACH
2.1 Speed measurement by line scanning in the flow direction
Particle tracking is a widely employed method for measuring the velocity of particles in flowing suspensions. This technique involves tracing the trajectories of individual particles as they move within the fluid medium, allowing for the determination of their velocity over time [4]. For accurate particle tracking, the displacement of a particle between consecutive frames should be smaller than the interparticle spacing. Consequently, given the frame rate [image: image] and interparticle spacing [image: image], the maximum flow speed [image: image] must adhere to the condition [image: image]. In dense suspensions, where the interparticle spacing is relatively small, successful particle tracking necessitates some combination of low velocity and high frame rate. Another technique commonly used for measuring fluid flow velocities is Particle Image Velocimetry (PIV). In this technique, instead of locating individual particles, the movement of a group of particles (in an interrogation window) is tracked using cross-correlation analysis. This allows for the measurements of larger speeds compared to particle tracking method. However, its efficacy relies on the consistent presence of a persistent unique spatial pattern among particles, which is often not maintained in the case of dense suspensions examined in this study.
Here, we introduce a different approach that facilitates measurements of speeds in fast-flowing systems. In this method, instead of employing the relatively slow 2D laser scanning technique, the laser scans back and forth exclusively along the flow direction, designated as the x-axis (see Figure 1A). In the ideal scenario where the center of the particle lies within the focal volume of the scanned line, the magnitude of the particle velocity in the flow direction can be determined as follows: [image: image], where [image: image] denotes the scan rate and [image: image] represents the distance over which the particle has traveled between consecutive scans. The condition that [image: image] must be small compared to the interparticle spacing [image: image] implies that the maximum flow speed must satisfy [image: image]. Since the scan rate [image: image] is several order of magnitude smaller than the frame rate [image: image], this implies [image: image].
[image: Figure 1]FIGURE 1 | (A) Schematic of line scanning along the flow direction for a sheared dense suspension: The laser scans back and forth along the flow direction, [image: image] (indicated by the black line). Particles transiting this line are illuminated (shown by orange color). The imaging region for the standard 2D laser scan is shown in the pink-colored area, and the arrows represent the average velocity field of the sheared suspension. (B) Representative space-time kymographs generated from line scans (horizontal) stacked vertically. Since the particles are not fluorescent, their motion along the flow direction appears as dark lines. The results are recorded at a shear rate [image: image] and [image: image]m height from the bottom plate of rheometer for a dense suspension of silica particles with diameter [image: image] and volume fraction [image: image].
In the results presented below, we image non-fluorescent particles dispersed in a fluorescent background, so particles generate local intensity minima, which move along the scan line with each successive scan. Plotting the intensity along the scanned line on subsequent scans (creating a kymograph), we visualize the passage of particles along the flow direction. Figure 1B shows an example image generated from a sheared suspension of 1.5 [image: image]m diameter silica spheres, with the scan line focused 20 [image: image]m above the bottom boundary of the sheared suspension. The horizontal axis represents the position along the scanned line in the flow direction, while the vertical axis represents scans at different times. In this illustration, the motion of each particle along the flow direction is visualized as dark tilted lines. In cases of flows orthogonal to the scan direction, such as flow in the gradient or vorticity directions, particles may move away from the scanned line. When this occurs, the kymograph will not display extended dark tilted lines. Instead, it will show disconnected or oval patterns, reflecting the displacement of particles away from the scanning region. This effect is further discussed in the Results section, where we examine significant non-affine flows and their impact on the kymograph patterns.
In principle, the slope of each line could be utilized to measure the speed of individual particles. In practice, discerning individual particles poses a challenge, in part due to the variability in the particle position relative to the scan line in the directions perpendicular to the line. Therefore, we opt to derive speeds from characteristic lengths obtained through correlation analyses. This approach is similar to fiuorescence correlation spectroscopy (FCS), which has been used to measure flow speeds in situations where the volume fraction of the fiuorescent species is low [1, 5–10]. To extract the speed from the line scan intensity data, [image: image], we calculate the two-dimensional spatial autocorrelation, [image: image], where [image: image]. The top left inset of Figure 2 shows the color map plot of [image: image] for the image displayed in Figure 1B. The flow pattern is evident in [image: image] by distinct tilted lines, and the quantitative evolution is displayed by plotted [image: image] at different delay times (main panel of Figure 2). A Gaussian fit is used to precisely determine the position of the central maximum of [image: image] at each delay time, from which the speed is calculated from the slope of the peak position with delay time (right inset of Figure 2). Note that the conversion to flow speed depends only on the laser scan rate and the microscope optics and is therefore independent of any details of the material system, including particle shape, orientation, or suspension structure.
[image: Figure 2]FIGURE 2 | Top left inset: [image: image] for the image displayed in Figure 1B. Main panel: [image: image] at different delay times as indicated by dashed lines in the top left inset (shifted vertically for clarity). The black solid lines in the main panel are the Gaussian fit to precisely extract the position of the central peak of [image: image]. Bottom right inset: The position of the central peak of [image: image] versus lag time. The results are for the shear rate [image: image] and [image: image]m height from the bottom plate of rheometer. The suspension particle volume fraction is [image: image].
2.2 Speed measurement by line scanning in the vorticity direction
The speed of particles in the flow direction can also be determined through line scanning in the vorticity direction. One advantage of this method is that it provides information on the local structure in the flow-vorticity plane. While we briefly touch upon this method here, a more comprehensive analysis has been presented in our previous study [1]. Similar to line scanning in the flow direction, when a line is scanned in the vorticity direction, a non-fluorescent particle in a fluorescent background within the scanned line produces a local intensity minimum, facilitating the determination of its position along the vorticity direction. Plotting the intensity along the scanned line at various scanned times (kymograph) reveals the local structure in the flow-vorticity plane. Figure 3A depicts an example image produced by 1.5 [image: image]m spheres with the scan line positioned 20 [image: image]m above the bottom of the sheared suspension. The horizontal axis represents the position in the vorticity direction, while the vertical axis shows scans at successive times. Individual particles are visible as dark ovals. In theory, the vertical axis of each oval could be utilized to measure the speed of each particle. For the same reason mentioned earlier, we use correlation analyses to measure the average speed of particles. The inset in Figure 3A shows the corresponding contour plot of [image: image] for the kymograph displayed in Figure 3A. A hexagonal order with the expansion in the flow direction is evident. Fitting the central peak of [image: image] to a 2D Gaussian [image: image] provides an accurate measure of the widths in the flow [image: image] (number of scanned lines) and vorticity [image: image] directions (see Gaussian fits along t and z direction in Figures 3B, C, respectively). The flow velocity, [image: image], can be estimated as [image: image] = [image: image], where [image: image] represents the particle spacing in the flow direction. However, since [image: image] is not directly measurable in our experiments, we approximate it using the particle spacing in the vorticity direction, [image: image]. Consequently, the flow velocity is approximated as [image: image]. This approximation assumes that the structural differences between the flow and vorticity directions are small enough to not significantly affect the velocity estimation, but it does introduce a level of uncertainty, as we acknowledge in our analysis.
[image: Figure 3]FIGURE 3 | (A) Representative space-time kymographs generated from line scans in the vorticity direction (horizontal) stacked vertically taken in a sheared dense suspension of silica particles of diameter [image: image], [image: image], at shear rate 5[image: image] and [image: image] height from the bottom plate of the rheometer. The inset is the corresponding [image: image] for the image displayed in (A). (B) [image: image] at [image: image] (along the vertical blue dashed-dotted line in the inset. (C) [image: image] at [image: image] (along the horizontal red dashed-dotted line in the inset. The solid lines in (B) and (C) represent Gaussian fits to the central peak of [image: image].
3 RESULTS AND DISCUSSION
Dense suspensions at shear rates below shear-thickening: We first compare the values of speeds in the flow direction [image: image] measured independently from line scanning in the flow [image: image] and vorticity [image: image] directions. Here, we report the results for a dense suspension of 1.5 [image: image]m silica spheres at a volume fraction [image: image]% at different heights from the bottom boundary for a constant shear rate of [image: image] (corresponding to [image: image]). This shear rate is well below the shear-thickening regime (Supplementary Figure S1). The resulting flow profiles are presented in Figure 4, with error bars given by the standard deviation of each time series (averaged over 100 frames). Flow profiles obtained by line scanning in both directions yield qualitatively similar results, but the speed measured by scanning in the vorticity direction [image: image] is consistently higher than [image: image], suggesting that the structural correlations in the suspension are not isotropic. We have previously shown that the suspension is disordered at heights above [image: image], so the likely explanation for the anisotropy is a larger average particle separation in the flow direction relative to the vorticity direction. Assuming that increase in separation is 1/0.85, the two speed measurements match for heights above 20 [image: image]. The discrepancy between [image: image] and [image: image] is larger closer to the bottom boundary, consistent with the observation that the particles display significant hexagonal order near the wall, which produce notable asymmetries in the structure in the flow-vorticity plane [1]. Note that the ordering in the flow-vorticity plane is also associated with layering in the gradient direction, which produces a lower viscosity [11–16], as is evident in the increased shear rate (slope of the flow profile) measured near the bottom boundary.
[image: Figure 4]FIGURE 4 | Profiles of average speed as a function of height from rheometer’s bottom plate for a constant shear rate of [image: image] generated from linescan in the flow (blue circles) and vorticity (red squares) directions. Error bars are standard deviations (averaged over 100 frames). The green triangles are the velocity data obtained from line scanning in the vorticity direction scaled by a constant value of 0.85 to collapse on velocity data generated from line scanning in the flow direction for height[image: image]. The dashed line represents the affine flow with no wall-slip. Results are for the silica suspensions with [image: image].
Dense suspensions in the shear-thickening regime: Next, we compare the average velocity values measured by line scanning in the flow and vorticity directions in the shear-thickening regime where a more complex flow field with faster particle speeds is anticipated [1, 17]. Here, we show the results at the bottom layer for the same silica suspension ([image: image]%), but with a constant applied stress of 200Pa which is well-inside shear-thickening regime (Supplementary Figure S1). Both [image: image] and [image: image] show intermittent spikes (see Figure 5). These velocity fluctuations have been linked to fluctuations in localized stresses at the boundary [1, 17] which leads to fluctuations in the bulk viscosity/shear rate [17–20]. Although both [image: image] and [image: image] show the same trend, their exact value differs; away from spikes where the structure is ordered (Figure 5D), the difference is approximately 50% which is larger than the one observed for a low shear rate of 5[image: image] (Figure 4). However, the difference reduces to about 10%–20% during the spikes where the local order is disrupted by flow (Figure 5D),
[image: Figure 5]FIGURE 5 | The averaged velocity in the flow direction measured from line scanning in the (A) flow and (B) vorticity directions for the suspension particles at the bottom boundary. (C) and (D) are the corresponding kymographs for the highlighted regions shown in (A) and (B), respectively. The horizontal dashed lines show the specific time points marked by open red squares on the plot of the average [image: image] in (A) and (B). Results are for the suspension of silica particles ([image: image]%) with the applied stress of [image: image].
In Figures 5C, D, we show the corresponding kymographs for line scanning in the flow and vorticity directions, respectively, during one spike (highlighted regions in Figures 5A, B). In the case of line scanning in the flow direction (Figure 5C), variations in speed are discernible by changes in the slope of dark lines in the kymograph, representing of particles over time along the direction of flow. In Figure 5C, for [image: image], we observe clearly defined dark lines with relatively similar slopes, indicating uniform motion of particles along the flow direction. For [image: image], the slope of the dark lines exhibits a sharp increase, indicating that particles are moving faster. For [image: image], the slope of the dark lines shows a gradual decrease, and finally for [image: image], one can observe a clear reduction in slope. We also note that the spacing of dark lines can offer insights into the relative distance between particles along the flow direction. A preliminary examination of Figure 5C suggests a noticeable alteration in interparticle spacing during velocity spikes, which may suggest a compression wave as suggested by [17, 21]. However, a detailed quantitative analysis of these variations is beyond the scope of the present study.
For line scanning in the vorticity direction, the change in speed is manifested by the change in the relative size of dark ovals (particles) in the flow direction. A longer oval corresponds to a slower flow, and vice versa. Additionally, as previously mentioned, line scanning in the vorticity direction provides information on the local structure of the suspension in the vorticity-flow plane. As shown in the kymograph of Figure 5D, for [image: image], particles appear to have arranged in a hexagonal ordered lattice (see Figure 3B and Ref. [1]). For [image: image], the size of ovals reduces significantly, indicating an increase in particle speed. Moreover, the structure seems to be largely disordered and heterogeneous along the vorticity axis. For [image: image], the structure remains disordered but more homogeneous with smaller oval sizes. For [image: image], the structure appears still amorphous, but the size of ovals shows a clear increase, indicating a slower flow. Thus by looking at lin scanning measurements along flow and vorticity directions under the same conditions, we can acquire both precise and accurate measurements of the fast, dramatic speed fluctuations (from the flow direction scans) and unambiguous observations of the order/disorder fluctuations associated with the speed fluctuations (from the vorticity direction scans).
Very dense suspensions in the shear-thickening regime: Next, we investigate the flow in a very dense silica suspension ([image: image]%) in the shear-thickening regime. Here, we present data only for line scanning in the flow direction. Figure 6A shows the averaged particle speeds at various heights from the bottom boundary. Similar to lower volume fractions, the averaged particle speeds exhibit intermittent spikes during the application of constant stress [image: image]. However, the shape of these spikes is more irregular, indicating an even more complex flow which includes the presence of velocities with negative components in the flow direction ([image: image] values below the blue dashed lines) at all investigated heights from the bottom boundary. These backflows are manifested by dark lines with negative slopes as seen in regions [image: image] and [image: image] for the kymograph during one of the speed spikes (Figure 6B). Note that line scanning in the vorticity direction cannot unambiguously identify backflow, since it operates based on the size of ovals, and there is no way to determine if particles are moving in the positive or negative direction.
[image: Figure 6]FIGURE 6 | (A) The averaged velocity in the flow direction measured from line scanning in the flow direction at different heights from the bottom plate. (B) The kymograph for the highlighted region shown in (A). The dashed blue lines in (A) highlight zero speeds. The rectangular regions in (B) show the specific time points (negative speeds) marked by open red circles in (A). Results are for the suspension of silica particles ([image: image]%) with the applied stress of [image: image].
An additional feature evident in the kymograph is that for times before the sharp increase in speed (times before and within region [image: image]), rather than extended dark lines indicating particles traveling along the scan line, we instead observe ovals, similar to the kymograph patterns captured by line scanning in the vorticity direction. This pattern indicates times when the particle flow field includes significant components orthogonal to the scan direction, so that particles exit the scan line relatively quickly in one of the transverse directions. This observation of non-affine flow is consistent with our previous study on dense cornstarch [17] and calcium carbonate [22] suspensions, where we identified flows in the vorticity direction during the passage of a high-stress front. Thus line scanning in the flow direction reveals a complex flow field in the shear-thickening regime for highly dense suspensions of silica particles, including the presence of backflows and orthogonal flow, highlighting the intricate nature of the flow behavior in such systems.
4 CONCLUSION
In conclusion, we have introduced a novel approach for precisely measuring particle speeds in fast-flowing suspensions. This approach involves scanning the laser focal point back and forth along the flow direction, effectively tracking the movement of individual particles and enabling the precise determination of their velocities over time. The rapid line scanning process facilitates the measurement of speeds far exceeding those achievable with conventional techniques such as particle tracking or PIV. We have validated our approach under various flow conditions and compared it with measurements from line scanning in the vorticity direction. Although vorticity direction scanning provides information on the local structure in the flow-vorticity plane, it approximates the values of speed since it requires assumptions about the relative interparticle spacings in the vorticity and flow directions. We first compared values of speed obtained by line scanning in the flow and vorticity directions well below the shear-thickening regime where the suspension is expected to experience a simpler flow field. Our direct comparison showed similar flow profiles obtained by both methods. However, line scanning in the vorticity direction was found to overestimate flow speeds. The exact values of the discrepancy between the two methods depends on the structure of the suspension under flow. Near the bottom boundary of the suspension, where there is layering and ordering of particles, this discrepancy was approximately 25%, whereas farther from the bottom plate where the structure becomes largely disordered the difference was smaller (about 15%). In the thickening regime, both methods showed speed fluctuations during the course of shear with quantitative differences ranging from 50% (away from fluctuations) to about 10%–20% (in the middle of the fluctuations). These fluctuations are linked to a loss of order near the bottom boundary. Linescan measurements in the flow direction detected a more complex flow field for very dense suspension of silica particles in the shear-thickening regime, which includes backflow and presence of orthogonal flows, highlighting the intricate nature of the flow behavior in such systems. Our findings underscore the importance of precise speed measurements in understanding suspension dynamics, particularly in contexts where suspensions experience strong nonaffine flows.
5 MATERIALS AND METHODS
Experiments were performed on the suspensions of silica particles with the size of 1.5 [image: image]m (from Angstorm, Inc.) dispersed in an index-matched mixture of water/glycerol (20/80 v/v). To visualize the particles, we added 20 mM fluorescein sodium salt into the suspension. This enabled the untagged spheres to contrast as dark spots against the fluorescent solvent background. Rheological experiments were conducted on an Anton Paar MCR 301 stress-controlled rheometer which is mounted on an inverted Leica SP5 confocal microscope [23]. A parallel plate geometry with a diameter of 5.2 mm and a gap of 170 [image: image]m was used. The linescan measurements along both flow and vorticity directions were taken at 300 [image: image]m from the edge of the plate on a length of 145 [image: image]m using 63[image: image] objective. A typical frame consists of a 2D array, with horizontal dimension being the number of pixels per scan (1,024) along either flow or vorticity directions, and the vertical dimension being the number of lines scanned per frame (1,025 lines). In the shear-thickening regime due to fast flows, the number of scans was reduced to 256.
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