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Solid–liquid mixing has been a common industrial process operation. The measurement of solid–liquid mixing quality can help improve the efficiency of related industrial processes, but there is still a lack of an intuitive, accurate, and simple measurement method. As an important indicator to evaluate the solid–liquid mixing quality, the degree of solid suspension and the uniformity of solid distribution are directly related to mass transfer and reaction efficiency. Therefore, it is necessary to study the solid suspension and distribution in a solid–liquid system. In this work, the solid suspension and distribution of a solid–liquid system composed of glass beads–water stirred by the impeller are studied experimentally via digital image processing combined with statistical analysis. Specifically, images of solid–liquid mixing are first obtained using a camera and digitally processed. The area ratio of the solid in the image is proposed to reflect the degree of solid suspension, and the modified L2-star discrepancy (MD) is then used to quantify the uniformity of the solid distribution. Then, the solid–liquid mixing quality can be characterized by combining the area ratio and solid distribution. The feasibility of this method was proved by qualitative analysis of the solid–liquid mixing state and comparison with known studies. In addition, the effects of various stirring factors on the solid distribution were studied and discussed by using the proposed method. The results show that the method proposed in this paper can measure the quality of the solid–liquid mixing state more directly and is effective and accurate. Furthermore, it was used to find the best experimental parameters in this work. This method is also simpler and cheaper than many other methods. It is of great significance to improve the efficiency of chemical and metallurgical and other industrial processes.
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1 INTRODUCTION
Mixing is one of the most common operations in process engineering that is used to combine materials and promote heat and mass transfer (Blower et al., 2020; Wang et al., 2023; Yang et al., 2023b). Solid–liquid mixing is one of the operations that are general and extensive (Delacroix et al., 2021) and commonly seen in chemical and metallurgical industries. In addition, its efficiency depends on the quality of solid phase suspension and the degree of solid–liquid two-phase contact (Delacroix et al., 2021), so the measurement of solid–liquid two-phase mixing quality is very important in the whole operation process. The mixing quality is generally judged by visual observation of solid particles suspended at the bottom, which is the oldest and most commonly used method (Gu et al., 2019). However, its subjective dependence is strong, which is easy to cause large errors and lacks more rigorous criteria. Therefore, more specific standards and accurate methods are needed for measurement.
For solid–liquid mixing, it is very important to provide enough stirring energy to make the solid phase fully suspended in the liquid phase (Teoman et al., 2021). Hence, it is necessary to achieve uniform and effective solid–liquid phase contact (Harrison et al., 2012). At the same time, the uniformity of solid phase distribution will also affect its contact time with the liquid phase and even mixing efficiency (Harrison et al., 2020). Therefore, there are generally two criteria for evaluating the quality of the solid–liquid mixing state: one is “just suspended” and the other is “uniform distribution” (Grenville et al., 2015). In research, the “just suspension speed” [image: image] of the mixing system is generally used to describe the “just suspended,” and the “uniform distribution” will also be sought for quantification. At present, specific non-visual methods for correlation measurement of mixtures can be divided into two categories: intrusive and non-intrusive. An in-depth study of the mixture while using the intrusive methods, such as sampling at different positions of the mixture or using probes to go deep into different positions of solid suspension to measure certain mixing state parameters, is needed so as to evaluate its mixing state quality (Bohnet and Niesmak, 1980; Jafari et al., 2012a). In addition, Lassaigne et al. (2016) and Kutukcu and Ayranci (2019) adopted pressure measurement methods. Pressure sensors were installed at the bottom of the container to measure the pressure changes when the speed of the solid–liquid mixing stirring changed, and the just suspension speed under the mixing state was obtained through the relationship between the fluid pressure and the proportion of suspended solids. These intrusive methods, by requiring access to the interior of the mixture, disrupt the fluid motion within it and may affect the solid–liquid mixture itself. In addition, some of these methods, such as sampling, are complicated and inconvenient to operate.
Non-invasive methods do not require deep sampling or installation of equipment inside the mixture. For example, laser Doppler velocimetry (LDV) can be used to obtain the mean velocity and root mean square velocity of solid particles in solid–liquid mixing based on the Doppler effect (Nouri and Whitelaw, 1992). Compared with invasive methods, using non-invasive methods avoids the damage to the fluid movement caused by solid particles entering the mixture and is more convenient to operate. Therefore, non-invasive measurement methods are widely used in the field of solid–liquid mixing. The radioactive particle tracking (RPT) method is also a common research method in the field of solid–liquid mixing. Guha et al. (2007) used computer-automated radioactive particle tracking (CARPT) to study the solid flow field in dense solid–liquid suspensions. Jafari et al. (2012b) used the gamma-ray densitometry technique for characterizing Njs. Salierno et al. (2022) also used RPT to study the effect of stirring speed on solid motion in a three-phase stirred reactor. In addition, acoustic methods were also used. Ren et al. (2008) determined the just suspension speed of solids by collecting acoustic emission (AE) signals for multi-scale analysis based on the mechanism of AE signals of different frequencies emitted when solid particles hit the wall. Rossi et al. (2022) developed a sensing method that combined passive acoustic emission (PAE) and supervised machine learning (ML). Acoustic emission data were acquired and processed by piezoelectric acoustic sensors on the outer wall of the vessel to identify solid–liquid suspension states. Liu and Barigou (2015) and Cole et al. (2022) used the positron emission particle tracking (PEPT) method to measure the suspension of glass beads in sodium chloride solution in the lower pump impeller agitator and the solid fluid dynamics in the baffle vessel stirred by the Rushton turbine, respectively. However, PEPT equipment is expensive, and the data processing is complicated. Electrical resistant tomography (ERT) is also a non-invasive measurement technique commonly used in the field of solid–liquid mixing. For example, Yang et al. (2012) used ERT to obtain concentration data during agitation and studied the particle suspension performance of the proposed eccentric shaft agitation and two-half angular blade agitator. Mishra and Ein-Mozaffari (2016) used ERT to obtain solid–liquid mixing plane signals, reconstruct chromatographic images, evaluate the distribution of solid particles, and study the mixing performance of the Maxblend impeller in solid–liquid mixing (Mishra and Ein-Mozaffari, 2016). Kazemzadeh et al. (2019) and Kazemzadeh et al. (2020) used ERT to study the large particle slurry with high solid phase load, measured the plane conductivity data to determine its solid phase volume fraction, and finally calculated the suspension uniformity. For many non-invasive technologies, the measurement effect of solid–liquid mixing quality is often better and the scope of application is broader, but the relevant equipment is generally more expensive, various requirements are higher, and the operation is also complex. As for RPT, there are radiation safety problems. In addition, most of the current non-invasive methods measure some parameters that do not directly show the mixing uniformity during the solid–liquid mixing process. For example, the velocity of solid particles is directly obtained by RPT, and the conductivity of mixtures is directly obtained by ERT. Afterward, the characterization of solid–liquid mixing quality is obtained through the transformation of the relation between parameters. The summary of some solid–liquid mixing measurement techniques is shown in Table 1, and most of them measure some indirect parameters and then extrapolate to get some characteristic quantity of solid–liquid mixing quality. Therefore, in the field of solid–liquid mixing, more simple and effective methods for measuring the mixing quality are still needed. Moreover, the desired method should be able to more intuitively characterize the solid–liquid mixing quality.
TABLE 1 | Summary of some solid–liquid mixing measurement techniques.
[image: Table 1]Optical image analysis is a simple and low-cost technology (Blower et al., 2020; Yang et al., 2023a; Yang et al., 2023c) that can visualize the motion and mixing of objects. Pacek et al. (1994) proposed a method of image acquisition and measurement of droplets in the immiscible liquid dispersible phase by using a stereo microscope connected with a camera, which laid a foundation for the application of the optical image method in polyphase mixing. Direct mixing state information is recorded in the mixing image. Of course, it is difficult to grasp the information effectively, accurately, and comprehensively by direct observation of the image, so the image needs to be processed digitally. Digital processing of images obtained by optical photography can improve the recognition of images and obtain specific information. In the field of solid–liquid mixing, digital image analysis can more effectively grasp the information of the whole field and more accurately help know the state of polyphase mixing. Wang et al. (2008) used a high-speed motion analyzer equipped with a high-speed camera to record images and videos of the motion of solid particles in the hydrocyclone and plot their motion trajectories for research. Xu et al. (2019) recorded the mixed images of glass microbeads and malt syrup solution using a camera and obtained the cloud height of solid phase distribution through the RGB brightness method analysis according to the brightness difference in the clarified liquid phase and solid-rich liquid phase region. Khan et al. (2020) conducted high-speed image analysis of tracer particles in the solid–liquid fluidized bed system and determined their dispersion coefficient in the system by measuring their mean free path and velocity components in three directions. Teoman et al. (2021) took pictures of the bottom of the solid–liquid mixing vessel, analyzed the relationship between the solid phase area in each image and the corresponding stirring speed, and obtained the corresponding just suspension speed of the solid.
The purpose of this paper is to develop a method to measure the quality of solid–liquid mixing by means of image analysis, which can reflect the state of solid–liquid mixing more directly and effectively, with simple operation and low cost. In this work, mechanical agitation is used to carry out solid–liquid mixing, and optical images of the mixing state are obtained for processing and analysis. It is difficult to realize solid suspension completely off the bottom in the solid–liquid mixture due to various restrictions in the actual operation. Therefore, this paper no longer studies the critical rotational speed of solid suspension off the bottom to explore the “critical suspension,” but reflects the degree of suspension by studying the amount of solid suspension at a certain position, and studies the quantification of solid distribution in solid–liquid mixing to characterize the “uniform distribution.” In order to effectively and accurately quantify the uniformity of solid distribution, this paper introduces discrepancy for calculation and analysis because discrepancy can be used to measure the uniformity as a geometric concept. In this paper, the modified L2-star discrepancy (MD) is used as a metric. The more evenly the points are distributed over the region, the smaller the value of the star discrepancy. Here, the image of the local solid–liquid mixing region is selected, the star deviation of its solid phase distribution is calculated by processing, and its uniformity is quantified so as to characterize its overall mixing quality. This method can be used to measure the solid–liquid mixing quality not only intuitively and accurately but also in a simple and fast manner.
The remainder of this paper is organized as follows: in Section 2, the solid–liquid mixing experiment and method are described. In Section 3, the mixing quality of solid–liquid in the stirred tank is explained. In Section 4, the conclusion is drawn finally.
2 EXPERIMENT AND METHOD
2.1 Experimental setup and materials
The schematic diagram of the device for solid–liquid mixing image processing and mixing quality measurement is shown in Figure 1. The plexiglass tank is used as the stirring vessel, and the motor, frequency converter, and stirring impeller are fixed on the iron frame for stirring. The solid–liquid mixing image is obtained using the camera. The inner plexiglass stirred tank is round, with an outer diameter of 30 cm, a wall thickness of 0.5 cm, and a height of 31 cm, so the inner diameter D = 29 cm. The outer tank is square, with a side length of 32 cm, a wall thickness of 1 cm, and a height of 31 cm. Both tanks are flat-bottomed. Adding water to the outer tank can reduce the influence of refraction when observing the mixing of the inner tank. The GRC 3IK15A-S motor with the rated power of 15 W is used. The XSD350-0.4G1 frequency converter produced by Xuzhou Xinshengda Automation Equipment Co., Ltd is used. The lighting used is an LED guide lamp, which belongs to fixed lamps, and the model is D-ST202-024C, produced by Guangdong Delixi Lighting Co., LTD. An iron frame is used to fix the motor connected to the frequency converter so that the connected stirring impeller is located in the middle of the stirred tank. A filter paper is arranged behind the stirred tank, and the light source is used to irradiate the stirred tank directly through the filter paper. The acA2040-120 μm camera produced by Basler is used. The camera position was adjusted, and the lens was fixed 20 cm away from the outer wall of the outer tank, and the lens was set to directly face the tank so that the center of the image was the stirring impeller. In addition, the height of the bottom of the camera was 30 mm higher than the bottom surface of the inner tank. In this study, the continuous shooting mode was selected, and the frame rate was 60 s-1. The exposure time was 3 m. The obtained images were grayscale images with a resolution of 1,536 × 2048. The images taken were uploaded to the computer for processing and analysis. The impellers used are made of stainless steel, and the specific data are shown in Table 2. Six sets of impellers were used in this work: a 120-mm-diameter Rushton impeller and five two-inclined blade impellers with diameters of 90 mm, 105 mm, 120 mm, 135 mm, and 150 mm. Among them, blade height refers to the vertical distance between the highest point and the lowest point of the blade when the impeller shaft is vertical. The blade width is the maximum horizontal distance between the two ends of the symmetry axis on the blade plane. These impellers were custom-made, and their dimensions were further verified by Vernier caliper measurements before the experiment.
[image: Figure 1]FIGURE 1 | Schematic diagram of a device of solid–liquid mixing image processing and mixing quality measurement.
TABLE 2 | Impellers used in this work.
[image: Table 2]The materials used are shown in Table 3. In the solid–liquid two-phase system, water is chosen as the liquid phase, with density [image: image] and dynamic viscosity [image: image]. Glass beads are chosen as the liquid phase. The particle size is 0.6–0.8 mm, and the density is approximately 2,500 kg/m3. Black glass beads with relatively small particle size are selected as solid materials because they can deposit at the bottom of the water in the static state and suspend in the water in the agitated mixing state, which is easy to observe. The inner tank was filled with 14.5 kg of water, the water level of the inner tank was 22 cm, and 0.005 kg of glass beads was added, so the solid phase concentration was 0.034 wt%. The outer tank was filled with water until it was slightly below the level of the inner tank.
TABLE 3 | Mixing materials used in this work.
[image: Table 3]In all cases, the impeller used was mounted on an 8-mm shaft connected to the fixed frequency converter and motor. The specific conditions of the different systems studied in this work are provided in Table 4. The stirring speed v of each group was increased from 200 r/min to 270 r/min by 10 r/min each time. The reason for choosing this speed range is that it is difficult to suspend the solid when the speed is lower than 200 r/min, while the mixing system becomes unstable when the speed is higher than 270 r/min, and a large number of bubbles are generated in the mixing, which affects the image processing. The main factors to be studied were impeller type, impeller diameter d, and the height of the impeller from the bottom h. Among them, the height of the impeller from the bottom h refers to the vertical distance between the bottom of the impeller blade and the bottom. In this study, the impeller diameter and its height from the bottom were described by the ratio between them and the inner diameter of the stirred tank. The first letter in the system name stands for impeller type, where R stands for Rushton impeller and T for two-inclined impeller. The number after R or T represents the impeller diameter in mm. h represents the height of the impeller from the bottom, and the following number is its value in mm.
TABLE 4 | Summary of the systems studied in this work.
[image: Table 4]2.2 The area ratio of the solid phase in the image
For the 3D region of solid–liquid mixing, the volume solid holdup can be obtained by the ratio of solid volume to the total volume of the region, which can characterize the solid suspension amount in the region. Therefore, for obtaining the 2D image of solid–liquid mixing, the ratio of the solid phase area to the total area can also be used to characterize it to a certain extent. In this regard, the area ratio of the solid phase in the solid–liquid mixing image is defined as the ratio of the solid phase area to the entire image area in the obtained solid–liquid mixing image, which is represented by symbol r in this study. In this study, the solid–liquid mixing image is finally processed into a binary image, where the white part of the gray value 255 represents the solid phase, so r can be calculated using Eq. 1.
[image: image]
where [image: image] represents the number of pixels whose gray value is 255 and [image: image] represents the total number of image pixels.
2.3 The modified L2-star discrepancy (MD) and homogeneity of solid–liquid mixing
The Lp-star discrepancy is the most commonly used discrepancy in the number theory method, which is defined as the Lp norm of the difference between the uniform distribution and the empirical distribution function, given by Eq. 2.
[image: image]
where the test region is set at [image: image] and [image: image] means n points in [image: image]. [image: image] represents a uniform distribution function on [image: image], where [image: image]. [image: image] represents the empirical distribution function of design [image: image]. In the command, sup indicates the maximum value.
Lp-star discrepancy is an average of the local discrepancy function on the test area or the maximum value of the absolute value of the local discrepancy function. When p = 2, the simple expression for calculating the L2-star discrepancy is given by Eq. 3.
[image: image]
where [image: image] refers to the ith test point. It does not consider the uniformity of projection, but the uniformity of projection to one and two dimensions is very important. Since it overemphasizes the role of origin and does not have reflection invariance, it is improved to the modified L2-star discrepancy (MD), and the calculation is given by Eq. 4 (Fang et al., 2011).
[image: image]
where [image: image] refers to the ith test point. In this work, the image is a two-dimensional plane, so the solid phase has two coordinates. Therefore, s = 2, and n is the number of solids in the image. According to this, the MD calculation program can be written in mathematical software to calculate the MD of solid distribution to characterize its homogeneity. Therefore, the homogeneity of solid–liquid mixing characterized by MD (HMD) in the 2D image can be defined as given in Eq. 5.
[image: image]
where [image: image] refers to the abscissa of the centroid of the ith solid point and [image: image] refers to the ordinate of the centroid of the ith solid point.
2.4 Operation process
After preparing the required experimental devices and materials, and writing the required mathematical software program, the following steps are employed:
Step.1. The experimental devices were installed according to the requirement. Next, the corresponding mass of glass beads was added to the glass reactor in turn, and then water was added to the specified height. After the glass beads had completely stood, the frequency converter was started and adjusted until the speed of the connected motor met the requirement. Then, the mixing began. As the stirring speed increased, the particles at the bottom of the tank gradually floated up and distributed in the liquid phase.
Step.2. When the glass beads were stably suspended under this stirring condition, that is, they could maintain their suspension motion state, the distribution of the solid particles in the liquid phase was continuously recorded by the camera, and 15 solid–liquid mixing images of resolution 1,536 mm × 2,048 mm were obtained under this condition. After the completion of one set of experiments, the experimental conditions were changed according to the requirements to continue the next set of experiments.
Step.3. The recorded solid–liquid mixing images were uploaded to a personal computer. Due to the restriction of mixing conditions, uniform suspension was difficult to achieve. Moreover, there were also problems, such as uneven brightness and interference from impurities, and the whole image obtained cannot be processed and analyzed in this study. The solid particles used in this study sank to the bottom when allowed to stand, and it is necessary to try to make them suspended upward during the mixing process. Therefore, a position with the sufficient height was selected for the study, and the impeller and vortex generated by agitation should be avoided. The process of solid–liquid mixing image processing is shown in Figure 2. First, the image of resolution 300 mm × 450 mm was captured at the top left of the impeller in the original image. Then, the low cap transform and filter transform were carried out to highlight the solid phase and reduce noise. Next, the image was binarized and opened, and the black and white images were output, where black represents the liquid phase and the white bubble represents solid phase particles.
[image: Figure 2]FIGURE 2 | Process of solid–liquid mixing image processing. (A) Original image; (B) captured image; (C) image after low cap transform and filter transform; and (D) image after binarization and open operation.
Step.4. The image was then analyzed in mathematical software. The area ratio of the solid phase in the image was calculated by the number of image pixels. The white bubble was labeled, and its centroid coordinates were obtained. The coordinates were stored and substituted into the MD program to calculate the homogeneity of solid–liquid mixing of the image, that is, the HMD of the image. In each case, the images that were not processed successfully were first excluded, and 15 qualified images were randomly selected for further calculation and analysis, and the average value of 15 results was taken as the final result of the calculation in this case.
3 RESULTS AND DISCUSSION
3.1 Variation in solid suspension with stirring speed
The images of solid–liquid mixing of the selected region are shown in Figure 3. This mixing used a 120-mm two-inclined blade impeller with a height of 30 mm from the bottom. It can be seen that as the stirring speed increases, the number of solid particles in this region also increases. In addition, the images of solid–liquid mixing at the bottom of the stirred tank are shown in Figure 4. It can be found that a large number of solid particles are still deposited at the bottom of the stirred tank under the low stirring speed. They are mainly suspended at a low height in the center of the bottom or move along the wall, and there is a clear boundary between the two regions. However, when the stirring speed increases, the boundary of solid aggregation at the bottom begins to break. There is a decrease in the solid particles moving in or close to the bottom, and more solid is suspended at the top. The selected region shown in Figure 4 is above the stirring impeller, so it means that more solid particles are suspended from the bottom. As a result, solid suspension performance has been fully improved.
[image: Figure 3]FIGURE 3 | Images of solid–liquid mixing of the selected region while using the two-inclined blade impeller for stirring (D = 120 mm, h = 30 mm). (A) v = 200 r/min; (B) v = 220 r/min; (C) v = 250 r/min; and (D) v = 270 r/min.
[image: Figure 4]FIGURE 4 | Images of solid–liquid mixing at the bottom of the stirred tank while using the two-inclined blade impeller for stirring (D = 120 mm, h = 30 mm). (A) v = 200 r/min; (B) v = 220 r/min; (C) v = 250 r/min; and (D) v = 270 r/min.
The variation in r with stirring speed is shown in Figure 5. Obviously, with the increase in stirring speed, the area ratio of the solid phase in the image of all experimental groups is improved, indicating that the solid suspension quantity at higher positions is increased.
[image: Figure 5]FIGURE 5 | Variation in r with stirring speed v.
The variation in HMD with stirring speed is shown in Figure 6. With the increase in stirring speed, the HMD in all experimental groups shows a decreasing trend generally. In addition, when the stirring speed is higher (v > 250 r/min), the HMD of all experimental systems is closer. That is to say, in all cases of the experiments, before the stirring speed reaches the just suspension speed of the solid, with the increase in stirring speed, besides the increase in the solid suspension rate, the uniformity of solid distribution of the solid–liquid mixing system is also improved. It means that the solid suspension gradually approaches to uniform suspension, and the solid–liquid mixing quality is improved. It can be understood that in the solid–liquid mixing system where solid particles sink to the bottom at static time, the higher the axial height, the lower the solid holdup in the non-uniform mixing. The increase in stirring speed means the increase in input energy to the solid–liquid mixing system, which is conducive to more solid particles to obtain suspended energy. With the increase in the solid suspension rate, the upper solid holdup increased and the bottom solid holdup decreased, so the overall mixing tended to be uniform.
[image: Figure 6]FIGURE 6 | Variation in HMD with stirring speed v.
Harrison et al. 2012 performed solid–liquid mixing experiments with coarse particles ranging from 600 to 850 [image: image]m and obtained the concentrations in several annuluses and planes using the ERT technique. After that, the overall mixing index was used to evaluate the uniformity of the solid–liquid mixing process, and it was concluded that increasing the stirring speed could increase the mixing uniformity of coarse particles. In this paper, the particle size used is similar to that used by them, and the results obtained are also consistent with the known study. Therefore, the effectiveness and accuracy of the proposed method are verified.
3.2 Reproducibility and different location tests
In order to make the image analysis using this method more convincing, the reproducibility and different location tests of the solid–liquid mixing image were carried out. Group T120h30 was selected and randomly sampled three times for analysis. Then, the image capture location was moved down to 250 pixels, and the image capture was taken in the new location. Also, three random samples were taken for analysis. The variation in r and HMD in two locations with stirring speed is shown in Figure 7 and Figure 8, respectively, where A1∼A3 represents the analysis results of the captured images in the original location and B1∼B3 represents the analysis results of the captured images in the new location. It can be seen that r still increases with the increase in stirring speed, and HMD also decreases with the increase in stirring speed. In addition, the variation curve of each group did not deviate greatly. This shows that repetitive image analysis under the same conditions can obtain good precision. However, r values in the new location are slightly higher than those in the original location, indicating that the degree of solid suspension in the new location is slightly higher. This may be due to the fact that the new location is lower in height and requires less energy for solid suspension, so the amount of solid suspension can be increased. However, HMD values in the new location are slightly larger than those in the original location at high stirring speed, indicating that the solid–liquid mixing homogeneity in the new location is slightly lower. This may be related to the fact that the new location is closer to the impeller and is more affected by the intense flow field.
[image: Figure 7]FIGURE 7 | Variation in r in two locations with stirring speed v.
[image: Figure 8]FIGURE 8 | Variation in HMD in two locations with stirring speed v.
3.3 Effect of impeller type on mixing quality
The effect of impeller type on r is shown in Figure 9. At low stirring speed, there is little difference in r between the two impellers. In addition, r increases with the increase in stirring speed. However, at a high stirring speed, r increases more rapidly while using the Rushton impeller than the two-inclined blade impeller. At the highest speed of 270 r/min in this study, r of the two-inclined blade impeller is 0.0497, while that of the Rushton impeller is 0.0682, indicating that it is easier to promote the solid suspension when the Rushton impeller is used.
[image: Figure 9]FIGURE 9 | Effect of impeller type on r.
The effect of impeller type on HMD is shown in Figure 10. Under the same other conditions, when the stirring speed is less than approximately 260 r/min, HMD of solid distribution while using the two-inclined blade impeller is significantly lower than that while using the Rushton impeller, meaning that the two-inclined blade impeller can better promote the uniform distribution of the solid than the Rushton impeller at this time. However, when the stirring speed is greater than or equal to approximately 260 r/min, there is no significant difference in HMD between the two systems of experiments. For example, at the stirring speed of 270 r/min, HMD values of the two-inclined blade impeller and Rushton impeller are 0.1012 and 0.0931, respectively, showing little difference. In this way, the influence of impeller type on solid–liquid mixing quality is relatively complex. The uniformity of solid distribution may not be improved obviously when the solid suspension amount is improved obviously. The main consideration is that the two-inclined blade impeller is an axial flow impeller, and the Rushton impeller is a radial flow impeller. When the axial flow impeller is used, the fluid in the stirred tank can generate axial flow from the bottom surface to the liquid surface, circulating throughout the mixing region, perhaps thus promoting a more uniform distribution of the solid in the overall range at low rotational speed. When the radial flow impeller is used, the radial flow generated by the impeller rotation divides the mixture into the upper and lower regions, which may make the solid phase suspended to the upper layer not easy to sink, thus improving the solid phase quantity of higher suspension.
[image: Figure 10]FIGURE 10 | Effect of impeller type on HMD.
Therefore, in order to improve the quality of solid–liquid mixing, it is necessary to choose the impeller flexibly according to the specific situation.
3.4 Relationship between mixing quality and h/D
The relationship between r and h/D is shown in Figure 11. At each stirring speed, r decreases with the increase in h/D, indicating that increasing the impeller bottom height will reduce the solid suspension amount at higher height. At the highest speed of 270 r/min in this study, r at h/D of 0.086 and 0.155 is 0.0555 and 0.0135, respectively, and at the lowest speed of 200 r/min, they are 0.0183 and 0.0018, respectively, showing obvious differences.
[image: Figure 11]FIGURE 11 | Relationship between r and h/D.
The relationship between HMD and h/D is shown in Figure 12. It can be seen that HMD increases with the increase in h/D. It means that the uniformity of solid distribution can be improved by reducing the height of the impeller from the bottom when other factors remain unchanged in the experiment. It can be understood that when the height of the impeller from the bottom is lower, the liquid flow discharged by the impeller rotation has a stronger effect on the bottom of the stirred tank, and the utilization efficiency of the output energy is higher. The axial flow caused by the impeller is more obvious, which promotes the upward suspension and uniform distribution of solid particles.
[image: Figure 12]FIGURE 12 | Relationship between HMD and h/D.
However, for the two groups with h/D = 0.086 and h/D = 0.155, the corresponding r and HMD and their variation trend with the stirring speed have been very close. Therefore, when the height of the impeller from the bottom is relatively large (when h/D > 0.103), the influence of the change in h/D on the solid–liquid mixing quality is more obvious. When the height is reduced enough (when h/D ≤ 0.103), the influence of the change in h/D will also be weakened. It can be understood that when the height is too low, the axial flow cycle is broken, and the liquid flow discharged by the agitation consumes the output energy with the violent collision between the bottom of the stirred tank and even the bottom wall. The energy received by the bottom of the stirred tank increases, while its loss rate also increases, so the efficiency of energy utilization decreases, making it difficult to significantly improve the effect of solid suspension. Therefore, keeping the other conditions same, reducing the height of the impeller from the bottom to a certain extent can improve the utilization of stirring energy, thus improving the solid–liquid mixing quality.
3.5 Relationship between mixing quality and d/D
The relationship between HMD and d/D is shown in Figure 13. Obviously, with the increase in d/D, r increases significantly at the beginning. When d/D increases from 0.31 to 0.36, r increases significantly and reaches an extreme value when d/D = 0.41. Afterward, r begins to decrease with the increase in d/D. The curve trend of the relationship between r and d/D at each stirring speed is basically the same. At the highest speed of 270 r/min in this study, r at d/D = 0.41 reaches the maximum of 0.0477. Therefore, within the stirring speed range in this study, there is an optimal impeller diameter ratio for solid–liquid mixing, making the degree of solid suspension at higher positions optimal.
[image: Figure 13]FIGURE 13 | Relationship between r and d/D.
The relationship between HMD and d/D is shown in Figure 14. It can be seen that the basic trend of HMD–d/D relationship curve is almost opposite to that of the r–d/D curve. Initially, HMD decreases significantly with the increase in d/D and reaches an extreme value when d/D = 0.41. After that, HMD rises as d/D increases. Similarly, within the stirring speed range in this study, there is an optimal impeller diameter ratio, resulting in the optimal uniformity of solid distribution at higher positions. In addition, under the same optimum d/D, the degree of solid suspension and uniformity of solid distribution can reach the best.
[image: Figure 14]FIGURE 14 | Relationship between HMD and d/D.
That is to say, in the process of solid–liquid mixing, increasing the impeller diameter within a certain range can improve the solid–liquid mixing quality. However, when an optimal impeller diameter is reached, continuing to increase the diameter will decrease the mixing effect. It can be considered that when the impeller diameter is small, the output kinetic energy of the impeller rotation to the mixture is also small, so the solid–liquid mixing quality is poor. With the increase in impeller diameter, the impeller can cause a larger amount of liquid motion, which means that the energy input to the solid–liquid mixing system increases. Therefore, the solid–liquid mixing quality is also improved. However, when the impeller diameter continues to increase, the collision between the liquid flow driven by the impeller and the bottom and wall of the stirred tank also intensifies, resulting in increased energy loss. The energy lost is gradually greater than the output energy increased by stirring, so the quality of solid–liquid mixing has a small degree of decline. Therefore, the solid–liquid mixing quality can be improved by choosing the stirring impeller with the right diameter.
3.6 Discussion on the method
The aforementioned results show that the proposed method is an effective method to measure the quality of solid–liquid mixture. This method is a non-invasive method, so it avoids the error caused by the destruction of mixing. In addition, it mainly relies on capturing dynamic images of the solid–liquid mixing process and then through image processing analysis and calculation, finally quantifies the quality of solid–liquid mixing effectively.
The solid–liquid mixing image contains the most intuitive information of the solid–liquid mixing state. This method is only needed to process the obtained solid–liquid mixing image, and the data required are the direct solid size and position information in the image. After one-step calculation, r can be obtained to reflect the degree of solid suspension, and HMD can be obtained to characterize the uniformity of solid distribution. Therefore, this method has simple steps, with no complicated operation, and reduces the influence of error accumulation in multiple operation processes. In addition, it is simpler and inexpensive, and the results are more intuitive, thus achieving higher efficiency.
However, this method also has its limitations. The first is the need to be able to see the mixture clearly inside the tank. In the laboratory, experiments can be carried out by using clear glass or organic glass tank, and it is required to use transparent liquid materials and solid materials that can be clearly seen while mixing, but this is not quite possible in industrial metal mixing tanks. Second, the solid–liquid mixing process is a three-dimensional dynamic process, but the solid–liquid mixing image obtained by this method is a two-dimensional image. The direct processing of three-dimensional information into a two-dimensional plane will still cause some errors, and it is difficult to fully describe the mixing process. Moreover, there are still some errors in image processing due to the problems such as recognition.
4 CONCLUSIONS
In this work, a method is proposed to obtain the solid–liquid mixing image, which is then processed, and the area ratio of the solid (r) is calculated, and the homogeneity of solid–liquid mixing is characterized by the modified L2-star discrepancy (HMD) to characterize the solid–liquid mixing quality. The reliability and simplicity of the proposed method are verified by solid–liquid mixing experiment and image analysis.
(1) In the experiment, when the stirring speed of the solid–liquid mixing system increases, r increases and HMD decreases, indicating that the solid suspension quantity increases and the uniformity of solid distribution improves, which is consistent with the qualitative analysis of the solid–liquid mixing image and the known research results. Therefore, this method can realize the quantification of the solid–liquid two-phase mixing quality.
(2) Using this method, it is found that in most cases, with the increase in the degree of solid suspension, the uniformity of solid distribution is also improved, especially in the experiment of the axial flow impeller. However, only a qualitative relationship can be seen. Under different conditions, the increase in the two shows little difference.
(3) When the axial flow impeller is used, the influence of factors other than the stirring speed on the quality of solid–liquid mixing is considered. In a certain range, the height of the impeller from the bottom is reduced, and the appropriate impeller diameter is selected, which can promote the solid suspension and uniform distribution, thus improving the mixing quality. In this study, when the axial flow double-inclined impeller is used, the best solid–liquid mixing quality can be obtained at d/D = 0.414 and h/D = 0.086.
In the process of industrial production, it is necessary to measure the mixing quality of solid–liquid mixing operation so as to judge the mixing degree and improve the working efficiency. The method proposed in this paper quantifies solid distribution through the position information of the solid in the optical image, which can reflect the quality of solid–liquid mixing more directly. Compared with the sampling method, probe method, and ERT method, the operation steps are reduced, thus reducing the accumulation of errors. Therefore, the resource consumption of the measurement process is reduced, and the precision is guaranteed. It provides a new way to improve the efficiency of chemical and metallurgical processes.
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