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Abstract: Particle suspension and deposition dynamics are significant factors affecting the level of mixing quality in solid-liquid two-phase stirring processes. In general, the ability to increase the suspension rate and minimize deposition effects is instrumental in improving the uniformity of particle mixing, accelerating the reaction of involved solid-liquid two-phase, and improving the efficiency of production operations. In this work, suspension and deposition indicator based on the Betti number and a uniformity indicator are introduced and obtained by means of image analysis. The influence of the blade type, rotation speed, blade diameter and blade bottom height on the particle suspension/deposition characteristics and mixing uniformity are carefully investigated. The experimental results show that the two-phase motion region can be divided into three local regions, including a bottom motion along the wall, a low-degree suspension region under the blade and a high suspension region above the blade. The best degree of particle suspension is attained by the double-inclined blade paddle at a speed of 270 r/min, a paddle diameter ratio of 0.414, and a height-diameter ratio of 0.086. The double-inclined blade paddle has a better effect on promoting particle suspension and solid-liquid two-phase mixing uniformity.
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Nomenclature



	CHomP
	Computational homology program



	
CV

	Coefficient of variation



	
dPQ∗(θ)

	Local discrepancy function of temperature field



	
d

	Paddle diameter/cm



	
D

	Inner diameter of the stirred tank/cm



	
Dpi

	Particle immersion degree



	
Gi,j

	Grayscale at the position 
(i, j)
in the particle suspension region



	
h

	Spatial distance between the paddles and the bottom/cm



	
IE

	Image entropy



	
NUCq

	Single non-uniformity coefficient, 
q=1, 2, 3, 4




	
P

	Quantity of rows of the grayscale matrix



	
Q

	Quantity of columns of the grayscale matrix



	
Rhd

	Height-diameter ratio



	
Rpd

	Paddle diameter ratio



	
Sa

	Agitating speed/r/min



	
Sps

	Particle suspension degree



	
UC

	Uniformity coefficient



	
β0

	The zeroth dimension Betti number



	
β1

	The first dimension Betti number



	
β2

	The second dimension Betti number



	
θ

	Local region of grayscale matrix



	
θ1

	Length of local rectangular region in particle suspension region/cm



	
θ2

	Width of local rectangular region in particle suspension region/cm



	L1, L2, L3, L4, L5, L6 and L7
	Working conditions





1  Introduction

Mixing is one of the most common operations in process engineering [1–3] and has been widely used to prepare composite materials [4], promote heat and mass transfer [5], improve the chemical reaction of two-phase or multiphase systems [6], and so on [7–10]. Solid-liquid two-phase mixing is a popular operation in various mixing processes [11], and stirring is one of the most significant operations to enhance the mixing performance of solid-liquid two-phase mixtures [12]. Due to the advantages of flexible operation, high mixing state quality, large contact area, and strong applicability, stirring has been successfully used in machinery equipment [13,14], the chemical industry [15] and other process industries [16–19] since the 1940s. It is accepted that the type, size, quantity, and revolutions per minute of impellers significantly influence the flow field structure in stirred tanks. Hence, for the analogy from the convective heat transfer enhancement [20], the solid-liquid two-phase mixture can improve its mixing state quality, mass and heat transfer, and reaction yields by increasing its particle suspension degree and mixing uniformity [21]. Enhancement of the particle suspension degree and mixing uniformity is primarily related to the design of impellers, geometric configuration of the stirred tank, fluid properties, and operation conditions [22,23]. In fact, failing to account for such variations of above various influence factors would be undesirable in terms of both precise regulation of the solid-liquid two-phase mixing process and the intelligent management of the product quality of metallurgical industries.

In general, mechanical agitation injects energy into the solid-liquid two-phase mixing system through paddle rotation that generates turbulence, so that the solid phase can be suspended [24]. In the 1950s, Zwietering [25] proposed the concept of a critical state of off-bottom suspension in which no particles stayed more than 1–2 s at the bottom of the stirred tank and used it as a criterion for solid phase suspension. Based on energy balance, Baldi et al. [26] proposed a new model to explain the suspension mechanism of the solid phase in a cylindrical stirred tank. Mishra et al. [27] investigated the solid suspension performance under the stirring of a Maxblend impeller by electrical resistance tomography and computational fluid dynamics techniques. They found that the maximum homogeneity of the solid phase stirred by the Maxblend impeller was higher compared to that of the A200 and Rushton impellers. Moreover, the increase in impeller speed is detrimental to the mixing state quality after reaching the peak homogeneity [28]. Liu et al. [29] investigated and compared the just-suspended impeller speeds and just-suspended power consumption of three coaxial mixers and one single-impeller mixer in a viscous system. Giuseppina et al. [30] investigated the application of the Maxblend impeller stirring in turbulent single-phase and two-phase mixing systems using stereoscopic particle image velocimetry and electrical resistance tomography. From the work from Mirfasihi et al. [31], a set of experiments were undertaken in a benchtop baffled vessel using electrical resistance tomography to characterize blending times and mixing behaviors of miscible liquids with a range of viscosity contrasts. Yang et al. [32] investigated the effects of coaxial mixer rotation mode, impeller inner diameter, gas flow rate, and viscosity on the flow regime. These works explored the characteristics of the solid-liquid two-phase mixing process by various methods and impeller, among which the electrical tomography technique was a widely used non-invasive technique. However, if the diameter of the solid phase was too small, it would be difficult to identify small particles in the liquid phase, Maxblend impellers and coaxial mixers are very effective at mixing viscous fluids, the mixing state quality in low-viscosity fluids is poor.

Direct imaging is a low-cost non-invasive technology that enables flexible detection. From open literature, Yang et al. [33] used visual methods to conduct a detailed experimental investigation on the suspension characteristics of a solid-liquid two-phase system with a solid phase volume fraction of 1% to 40%. Sutkar et al. [34] used Fourier transform and digital image processing technology to explore the hydrodynamic characteristics of a jet flow fluidized bed with a guide plate. Juez et al. [35] used inline digital image processing technology to study the texture evolution of pictures taken at the surface of a stirring bed. Teoman et al. [36] processed images of a vessel bottom at various stirring speeds by image processing techniques to quantify the area covered by the solid phase. Table 1 shows a comparison of electrical resistance tomography and direct imaging technology. Direct imaging technology has the following limitations. (1) It is difficult to observe the solid phase through a stirred tank, especially for industrial metal stirred tanks. (2) The solid phase overlapping is unavoidable when acquiring flow images, which leads to errors in the extracted flow features. However, the direct imaging technology has high detection accuracy, and the extracted image features can reflect the solid-liquid two-phase suspension law within a certain error range.
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Furthermore, there is a need to quantitatively characterize the dynamics of the solid phase during enhanced solid-liquid two-phase mixing using mechanical agitation. For instance, Behnia et al. [37] used the Lyapunov exponent spectrum, bifurcation diagram, time series, and phase diagram to study the dynamic characteristics of the radial response of bubbles. Tchakui et al. [38] characterized the chaos of the dynamic process of a piezoelectric microelectromechanical system (MEMS) by using detection methods such as the maximum Lyapunov exponent, Poincare surface of section, and small alignment index. However, the phase space in the above methods needed to be reconstructed, and it was easy to produce certain errors due to the interference of delay time and embedding dimension. The Betti number is one of the most valuable methods to quantify the mixing time and uniformity of a multiphase flow mixing process [39], and it has been widely used to quantify the characteristics of multiphase flow mixing processes. For instance, Liao et al. [40] introduced the Betti number to evaluate the mixing state quality and the suspension effect of the solid-liquid two-phase system. In addition, the distribution uniformity of the solid-liquid two-phase mixing process, that is, the dispersion uniformity of the solid phase in the liquid phase, should also be known.

This paper aimed to study particle suspension and mixing homogeneity in stirred tanks using algebraic topology theory and image analysis. Specifically, the effects of propeller type, rotation speed, propeller diameter, and paddle height on the particle suspension and mixing uniformity of the solid-liquid two-phase mixing process were investigated. Firstly, we proposed to estimate the suspension degree of the solid phase more accurately with the help of the relationship between the Betti number and the number of particles in the local flow region. In addition, the local discrepancy function, image entropy, and coefficient of variation were introduced to evaluate the mixing uniformity of the solid and liquid mixture. This work would be helpful to expand the insights in the field of solid-liquid two-phase mixing, improve the technical accuracy of measuring the quality of solid-liquid two-phase mixing, and increase the efficiency of industrial production.

The rest of the article is structured as follows. Section 2 describes the experiment related to the solid-liquid two-phase mixing process and related methods. Section 3 discusses the effects of experimental parameters, such as the propeller type, rotation speed, propeller diameter, and paddle height, on particle suspension and solid-liquid two-phase mixing uniformity. Finally, Section 4 presents the conclusions drawn from this work.

2  Experimental and Methods

2.1 Solid-Liquid Two-Phase Mixing Setup and Materials

Various kinds of stirred tanks for solid-liquid two-phase mixing have been widely used in the mineral industry, metallurgical engineering, and chemical engineering for reactions, leaching, digestion, precipitation, adsorption, heat transfer, and mass transfer operations. Here, the schematic diagram of the solid-liquid two-phase mixing system is shown in Fig. 1. According to this figure, the present mixing system included the direct current motor, speed controller, stirred tank, high-speed camera, mixing paddle, and personal computer. The stirred tank was divided into two: an inner round tank and an outer square tank, both made of plexiglass. The outer diameter of the stirred tank was 300 mm, the wall thickness of the stirred tank was 5 mm, the height was 300 mm, and the filling volume of the liquid phase was 19.5 dm3. In solid-liquid two-phase mixing systems, axial impellers are critical for the mixing performance, especially to improve the suspension of particles at the bottom of the stirred tank and reduce the sedimentation of the solid phase. The mixing paddle was made of stainless steel, which had smooth surfaces, sufficient hardness, and good wear and corrosion resistance. The paddle types used in this work included a paddle with double inclined blades and a Rushton agitating paddle. The Rushton turbine is one of the most extensively studied radial pumping impellers in single-phase and multiphase operations due to its outstanding dispersion performance.
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Figure 1: Schematic diagram of the custom-made solid-liquid two-phase mixing system

The designed operation factors and experimental setup are shown in Table 2. In this table, the paddle diameter ratio 
Rpd
was obtained by comparing the paddle diameter 
d
with the inner diameter D of the stirred tank. The height-diameter ratio 
Rhd
was obtained by comparing the spacing 
h
between the paddle and bottom with the inner diameter D of the stirred tank. For each case of the various mixing process experiments, the agitating speed 
Sa
was increased from 200 to 270 r/min, and the agitating or mixing time to reach a stable state (i.e., when sedimentary particles were no longer suspended) at each speed was controlled within 5 s. During the experimental mixing procedure, 5 g of glass microbeads (the number was approximately 10,000) were added to the inner stirred tank, and then 14.5 kg of water was injected to achieve a water surface height of 22 cm for the inner stirred tank. Subsequently, the agitating began and the fixed high-speed camera was used to record the mixing state quality of the solid-liquid two-phase mixture continuously. Next, the flow images of the stable mixing state quality for the mixture were obtained under the agitating condition. After obtaining the recorded video of the solid-liquid two-phase mixing process of all cases, digital image processing technology was employed to obtain the solid-liquid two-phase flow images of each case at every second of the mixing process experiments within steady-state conditions.
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2.2 Indicators of Particle Suspension and Mixing Uniformity

Theoretically, homology analysis is developed as an advanced form of topology that deals not with measurable features such as lengths and/or angles but mostly with the connectivity of given objects. In the field of algebraic topology theory, the topological space, 
{β0, β1, β2, ⋯}
, includes a significant set of invariants, all of which take a value of a non-negative integer or infinity. The invariant 
β0
represents the number of connected components in the space, and the invariant 
β1
represents the change of channels in the structure. In a two-dimensional space, general channels are reduced into circles. In short, 
β0
is the number of blocks in the pattern, and 
β1
is the number of holes in the area. If the number of blocks in the pattern is sufficiently large, the effect of phase mixing is good enough.

In this work, the instantaneous flow images of the solid-liquid two-phase mixing process were recorded by the high-speed camera. Then, these captured flow images were converted into grayscale patterns, as shown in Fig. 2. The local upper region in a typical flow image was defined as the particle suspension region. In the lower part of a typical flow image, the local region of which the top line was approximately 10 mm away from the bottom of the stirred tank was defined as the particle deposition region. Therefore, the first dimension Betti number 
β1
was used to characterize the topological distribution of the suspended solid phase, which had a value of 
β1=104
assuming that all particles were suspended and did not block each other. From this, the particle suspension degree could be estimated by


Sps=β1×10−4×100%
(1)

and


Dpi=1−Sps
(2)

where 
Sps
represents the particle suspension degree, 
Dpi
represents the particle immersion degree, and the invariant 
β1
represents the first dimension Betti number related to the number of suspended particles in the solid-liquid two-phase mixing process. The topology of structures in various fields has been quantified with the Betti numbers that are topological invariant quantities. It is found that Betti numbers remain unchanged under transformations including translation, rotation, and deformation. As mentioned above, 
β0
, 
β1
, and 
β2
are defined as the number of one-dimensional, two-dimensional, and three-dimensional holes in the structure. If the data sets are three-dimensional, the topology can be defined with three Betti numbers, each having a simple and intuitive meaning. Specifically, the zeroth Betti number (
β0
), first Betti number (
β1
), and second Betti number (
β2
) probe the number of isolated objects, tunnels, and cavities, respectively. Computational Homology Project (CHomP) was adopted to calculate the Betti numbers of the binarized images for free.
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Figure 2: Schematic diagram of the region of particle suspension (upper) and region of particle deposition (lower) of the solid particles in solid-liquid two-phase mixing process

Digital image processing technology is favorable for describing images or physical fields. Mathematically, a digital image can be converted into a digital matrix composed of various pixels. Here, the grayscale flow image of the solid-liquid two-phase mixing process could be regarded as a digital matrix. In addition, experiments are essential to industrial and scientific areas. In statistical experiment design theory, the uniform (low-discrepancy) design seeks its design points to be uniformly scattered on the experimental domain by minimizing a given discrepancy. The introduced concept (i.e., discrepancy) characterizes the deviation between the empirical distribution of the design points and the theoretical uniform distribution of the design points. Some bias-correction techniques are commonly adopted to improve the finite-sample performance of these estimators [41]. For 
i∈[0, θ1]
, 
j∈[0, θ2]
, 
θ1∈{1, P}
, 
θ2∈{1, Q}
, and 
θ=[0, θ1]×[0, θ2]
, the local discrepancy function 
dPQ∗(θ)
of the particle suspension region 
θ=[0, θ1]×[0, θ2]
in the digital matrix is given by [42]


dPQ∗(θ)=∑j=1θ2⁡∑i=1θ1⁡Gi,j∑j=1Q⁡∑i=1P⁡Gi,j−θ1θ2PQ
(3)

where 
Gi,j
denotes the grayscale value at position 
(i, j)
of the particle suspension region 
θ=[0, θ1]×[0, θ2]
, 
θ1Q=θ2P
, and 
P
and 
Q
refer to the quantities of the rows and columns of the grayscale digital matrix, respectively. Each element in the matrix refers to a grayscale value. It is worth mentioning that the grayscale values of the particles and the liquid phase in the image are different, and the grayscale values of the four corners of the matrix vary. It can be seen immediately that 
dPQ∗(θ)
depends on the direction of the first calculated position. To address this issue, 
dPQ∗(θ)
from the left-upper, left-lower, right-lower, and right-upper directions of the flow image are respectively calculated. Besides, 
dPQ∗(θ)
is related to the values of 
θ1
and 
θ2
. Specifically, the areas of the four directions corresponding to the four areas increase as 
θ1
and 
θ2
increase. Finally, the areas can cover the whole flow image. Thereby, the single 
dPQ∗(θ)
of the grayscale matrix is given by


NUCq=sup|dPQ∗(θ, q)|
(4)

where 
|dPQ∗(θ,q)|
refers to the absolute value of 
dPQ∗(θ, q)
, and 
NUCq
(
q=1, 2, 3, 4
) refers to the nonuniformity degree of the grayscale value distribution in the local particle suspension region. Parameter 
q=1, 2, 3, 4
refers to the upper-left, lower-left, lower-right, and upper-right directions respectively. To be conservative in this work, the uniformity coefficient of the particle suspension region is given by


UC=1−0.25×(NUC1+NUC2+NUC3+NUC4)
(5)

where 
UC∈[0,1]
refers to the mixing uniformity of the local region in terms of particle deposition. To be brief, a higher uniformity coefficient indicates more uniformly distributed particle mixing.

A quantitative measure of mixing uniformity is essential to enable accurate recognition of uniformly distributed points by computers without human intervention. A good mathematical measure of mixing uniformity must also agree with the human perception of mixing uniformity. The coefficient of variation (denoted hereinafter by 
CV
) [43] and image entropy (denoted hereinafter by 
IE
) [44] are favorable for describing the distribution uniformity of objectives in flow images and physical fields. Specifically, 
CV
is a statistic that measures the variation degree of each observed value in a grayscale digital matrix, whereas 
IE
of an image can represent the aggregation characteristics of the grayscale distribution of the image. From the one-dimensional entropy, the two-dimensional entropy of the image can be formed by introducing the feature quantity that reflects the spatial characteristics of the grayscale distribution. Here, these two methods of image analysis were also introduced and used to calculate and compare the uniformity degree of solid-liquid two-phase mixing in instantaneous images.

Direct imaging methods also have their limitations. For a comprehensive error analysis, Fig. 3 shows a simplified error analysis model based on the topology of the multi-dimensional Betti number structure. In Fig. 3a the independent distribution of the solid phase in the local imaging region is shown with several topologically invariant Betti numbers: the zeroth Betti number 
β0
= 1, first Betti number 
β1
= 7, and second Betti number 
β2
= 0. Fig. 3b shows the case of the connected solid phase in the imaging region with 
β0
= 1, 
β1
= 3, and 
β2
= 0. Although the degree of solid particle suspension was the same in the imaging region, the solid phase was connected or incomplete at the edges of the particles, which led to errors arising from the various topologically invariant Betti numbers that were prevalent in this experimental process, although it was not possible to precisely characterize the degree of particle suspension during solid-liquid two-phase mixing. The Betti numbers associated with the suspended particles in the solid-liquid two-phase mixing process could well explain the general law of particle suspension in the solid-liquid two-phase mixing process. Besides, to discuss the reproducibility of this technique, some tests were performed by other operators independently on the same day using the same experimental system. The results they obtained differed from each other by less than 5% and were also consistent with other results [30].
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Figure 3: Case of independent distribution of solid phase in the local imaging region (a) and case of connected solid phase in the local imaging region (b)

3  Results and Discussions

3.1 Effect of Paddle Shape on Particle Suspension and Mixing Uniformity

Uniform mixing of solid-liquid two-phase is desired to avoid the deposition of the solid phase (i.e., particles), enhance the contact area between the solid and liquid phases, improve the reaction rates between reactants, and ensure uniform reaction progress in the whole stirred tank. It is well known that an appropriate selection of design variables and operating parameters including the impeller speed, impeller clearance, and number of impellers could enhance the suspension quality of solid-liquid two-phase mixtures. Fig. 4 shows the first dimension Betti number 
β1
and the corresponding particle suspension degree 
Sps
under stirring of the Rushton agitating paddle and paddle with double inclined blades. Fig. 4a,b shows the variations of particle suspension degree with the stirring speed under the agitation of the Rushton agitating paddle and the paddle with double inclined blades, respectively. It could be observed that the particle suspension degree 
Sps
increased with the increase in agitating speed 
Sa
from 200 to 270 r/min. However, there was an obvious difference between these two stirring strategies. Specifically, at lower speeds ranging from 200 to 220 r/min, the uplift force on the solid phase generated by the paddle with double inclined blades on the fluid was greater than that generated by the Rushton paddle, which promoted particle levitation. At higher speeds ranging from 240 to 270 r/min, a chaotic segregation zone was formed around the paddles, resulting in reduced mixing performance and particle suspension. The particle suspension degree in Fig. 4b was significantly higher than that in Fig. 4a when the impeller speed ranged from 200 to 220 r/min. As shown in Fig. 4b, the particle suspension degree decreased at higher stirring speeds from 240 to 270 r/min.
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Figure 4: Relation between Rushton agitating paddle and particle suspension degree (a); relation between paddle with double inclined blades and particle suspension degree (b)

Solid-liquid two-phase mixing systems have been popular in industrial production and scientific experiments related to suspension. The change in concentration and the fluctuation of uniformity directly determine the physical and chemical properties and service stability of the final product. Therefore, real-time, in-situ, and precise measurements are critical. As shown in Table 3, Case #1 used the Rushton agitating paddle, and Case #2 employed the paddle with double inclined blades. Under the stirring of the Rushton agitating paddle, the average particle suspension degree corresponding to the eight rotational speeds was 10.28%, 15.86%, 
⋯
, and 30.66%, respectively. Under the stirring of the paddle with double inclined blades, the average particle suspension degree corresponding to the eight rotational speeds was 20.66%, 16.52%, 
⋯
, and 31.86%, respectively. It was found that the suspension degree of particles increased with the increase in rotational speed, and the levitation gap between the two paddle types narrowed at high speeds. However, the mixing state quality from the paddle with double inclined blades was still better than that of the Rushton agitating paddle. At the maximum rotational speed of 270 r/min in this work, the suspension degree reached 30.66% when the Rushton agitating paddle was used, while the highest suspension degree reached 31.86% when the paddle with double inclined blades was used, under which it was easier to lift solid phase with more suspended particles and better mixing process quality.
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The distribution of a finite number of points (e.g., particles or solid phase) is referred to as a pattern in this work. Uniformity and aggregation of particles or solid phase are considered as two typical opposite features of a pattern. The uniformity indicator is used to describe the uniformity of a finite point set (e.g., particles, bubbles, or droplets). However, aggregation may increase solid-solid interfaces between particles, bubbles, or droplets. In the following text, therefore, some experimental results related to the mixing uniformity of the solid-liquid two-phase mixture in the stirred tank are illustrated, where the two paddles (i.e., the Rushton agitating paddle and paddle with double inclined blades) are considered.

The two panels of Fig. 5 show the uniformity coefficient (denoted hereinafter by 
UC
), 
CV
, and 
IE
under working conditions 
L1
and 
L2
. It could be observed from Fig. 5a that the change in the three uniformity indicators was not obvious. Especially, the values of 
UC
under various values of agitating speed (
Sa
) were all close to 
. It could be preliminarily concluded that the Rushton agitating paddle could make solid-liquid two-phase mixing evenly at various speeds. The finding obtained from Fig. 5b was consistent with that from Fig. 5a. For instance, the average uniformity indicators under the eight cases of 
Sa
were approximatively 
UC=0.9
, 
CV=0.8
, and 
IE=7.5
, respectively. However, the values of 
CV
from Fig. 5b were markedly lower than those in Fig. 5a. In addition, the values of 
IE
in Fig. 5b were slightly greater than those in Fig. 5a. It could be concluded that the paddle with double inclined blades was more beneficial to promoting the mixing uniformity of the solid-liquid two-phase mixture when the other parameters were kept the same. The satisfactory performance of the paddle with double inclined blades also preliminarily confirmed its superiority in promoting mixing uniformity and improving particle suspension.
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Figure 5: 
UC
, 
CV
, and 
IE
for Rushton paddle (a) and paddle with double inclined blades (b)

3.2 Effect of Rotational Speed on Particle Suspension and Mixing Uniformity

Another factor essential for the solid-liquid two-phase mixing process is the agitation speed. For generalization, the key is to convert the stirring speed to the Reynolds number. The solid-liquid two-phase mixing process at various agitation speeds was successfully conducted and the experimental data are shown in Fig. 6. According to this figure, the agitation speed was varied as follows: 
Sa=200
, 
Sa=210
, 
Sa=220
, 
Sa=230
, 
Sa=240
, 
Sa=250
, 
Sa=260
, and 
Sa=270
r/min. Fig. 6a shows the relationship between the agitating speed and the particle suspension degree. Here, in experimental case L2, the paddle diameter was 
d=120
mm, the paddle diameter ratio was 
Rdr=0.414
, the spatial distance between the paddle and the bottom was 
h=25
mm, and the height-diameter ratio was 
Rhd=0.086
. The particle suspension degree fluctuated slightly under the various rotational speeds from 
Sa=200
to 
Sa=270
r/min by an interval of 10 r/min. In addition, the average particle suspension degrees corresponding to the eight rotational speeds were respectively 20.66%, 16.52%, 20.90%, 25.82%, 26.18%, 31.06%, 29.62%, and 31.86% under the stirring of the paddle with double inclined blades. It was found that the suspension degree of particles increased with the increase in rotational speed. Therefore, it could be believed that the mixing state quality of the solid-liquid two-phase mixing system in the stirred tank could be improved by increasing the agitating speed. Naturally, the solid phase might be completely suspended at the bottom, and the mixing state quality of a solid-liquid two-phase mixing system might be optimized if the mixing speed reached a critical value at which the solid phase was completely suspended at the bottom of the stirred tank. Fig. 6b shows the levels of 
UC
, 
CV
, and 
IE
with stirring of the paddle with double inclined blades. From the present results, the average 
UC
, 
CV
, and 
IE
levels of the eight observations of 
Sa
did not change much with the varying agitation speed. The experimental results led to a conclusion similar to that from the discussion related to agitation speed above. In addition, an interesting phenomenon could be observed in this subfigure. Under the same experimental conditions, Fig. 6a shows that the particle suspension increased with an increasing stirring speed, while Fig. 6b shows that 
UC
remained constant with the increasing stirring speed. The paddle with double inclined blades promoted the suspension of particles, though not significantly affecting the mixing uniformity of the solid-liquid two-phase mixing system. This shows that with the increase in rotational speed, the paddle with double inclined blades could not only improve the suspension degree of particles in the stirred tank but also ensure the mixing uniformity of the solid-liquid two-phase mixing system.

[image: images]

Figure 6: Relation between 
Sa
and 
β1
(a); relation between 
Sa
and 
UC
, 
CV
and 
IE
(b)

3.3 Effect of Propeller Diameter on Particle Suspension and Mixing Uniformity

Another popular variation among design variables and operation parameters is the paddle wheel diameter. Experiments were conducted in the tanks with four paddle wheel diameters. Fig. 7 shows the relationship between paddle diameter and particle suspension degree. The paddle diameter ratio in this figure was 
Rpd=0.362
, 
Rpd=0.414
, 
Rpd=0.466
, and 
Rpd=0.517
, respectively. As could be seen from this figure, the particle suspension gradually increased as the rotational speed increased. However, the particle suspension degree did not increase with the increase of the paddle diameter ratio 
Rpd
. Within the speed range considered in this work, the particles mostly moved along the wall at the tank bottom when the propeller diameter was small. Some particles began to converge to the center below the paddle and most of them showed a low suspension state as the paddle diameter ratio 
Rpd
increased.
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Figure 7: (a) Relationship between Sa and β1 for paddle diameter d = 105 mm, (b) Relationship between Sa and β1 for paddle diameter d = 120 mm, (c) Relationship between Sa and β1 for paddle diameter d = 135 mm, (d) Relationship between Sa and β1 for paddle diameter d = 150 mm

As shown in Fig. 8, the solid phase moved in low suspension below the paddle and near the middle of the tank bottom when the paddle diameter ratio was large enough. The reason might be that the state dominated by the bottom motion near the wall became the state dominated by the low-degree suspension motion below the paddle. Therefore, for the solid-liquid two-phase agitation, there would be an optimal propeller diameter or propeller diameter ratio. Under this condition, a relatively optimal mixing state quality could be obtained for the solid-liquid two-phase system. However, the mixing state quality of the solid-liquid two-phase mixture would be reduced if the propeller diameter was less than or exceeded this level.
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Figure 8: Instantaneous image of solid-liquid two-phase mixing process from the case L7

In addition, the stirring performance analysis is of great research significance, and a vast number of flow visualization tests have been undertaken before assessing the mixing performance to identify the mixing behavior. Hence, several data were combined to check the stirring performance and obtain the working environment for better stirring performance. The fluctuations of 
UC
, 
CV
, and 
IE
under stirring of the paddle with double inclined blades under various propeller diameters were not obvious, as shown in Fig. 9. It indicated that the paddle diameter ratio 
Rpd
might not be the main factor affecting the mixing uniformity. In general, the stirring performance would be better when the paddle diameter was 120 mm in this work. The results might provide new insights for optimizing the stirrer design and identifying simulation obstacles and future simulation scopes for programmers undertaking the mixing performance simulation. However, it still faced certain challenges before optimizing its performance.
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Figure 9: The uniformity coefficient (
UC
), coefficient of variation (
CV
) and image entropy (
IE
) with stirring of paddle with double inclined blades and various propeller diameter d = 105 mm (a), d = 12 mm (b), d = 135 mm (c) and d = 150 mm (d)

3.4 Effect of Paddle Height off the Bottom on Mixing State Quality

Fig. 10 shows the relationship between the height of the paddle off the bottom and the particle suspension degree. It could be seen from this figure that the particle suspension degree showed a decreasing trend with the increase in height-diameter ratio. The solid phase tended to deposit at the bottom of the stirred tank and move along the wall during mixing when the height-diameter ratio of the paddle was small. The solid phase in low suspension under the paddle at high rotational speeds seemed to be less. Fig. 11 shows the flow images of the solid-liquid two-phase mixing process of L2, L3, and L4. The solid phase under the paddle was more likely to show the state of the bottom near the wall. The solid phase began to gather toward the center and showed a low suspension state when the height-diameter ratio increased. The solid phase at the tank bottom converged toward the center, and most of them showed a low suspension state under the paddle. Almost no particles moved along the wall, and high rotational speed could further promote the solid phase below the paddle to show a low suspension state. It also increased the motion range of the solid phase in low suspension. Therefore, the decrease of the height of the paddle off the bottom could promote the mixing state quality of the solid-liquid two-phase mixture, but when the height was too small, its effect on the mixing state quality was also diminished.

[image: images]

Figure 10: Relationship between Sa and β1 for the height of the paddle off the bottom h = 0.25 mm (a) and h = 0.35 mm (b)

[image: images]

Figure 11: Flow images from solid-liquid two-phase mixing process of L2, L3, and L4

On the one hand, a high height-diameter ratio of the stirred tank was usually believed to be beneficial due to improved selection pressure on particles with better settling ability. On the other hand, some operations needed to be carried out at appropriate blade speeds to obtain the necessary quality and maximum throughput. However, a change in the blade speed would bring about changes to the mixing process in several approaches. For instance, there would be changes in the particle flow patterns, particle structure, and force imparted to the particles in the mixture. Knowledge of these matters is still in its infancy. In addition, investigations of the effect of blade speed would also become critical when scaling up a solid-liquid two-phase stirred tank to a full-scale mixer. Fig. 12 shows 
UC
, 
CV
, and 
IE
vs. rotational speed for mixing with various heights of the paddle with double inclined blades. Under the same rotational speed, 
UC
decreased slightly with the increase of the height-diameter ratio, and the solid-liquid two-phase mixing uniformity had a slightly decreasing trend. However, with the increase in blade speed, the mixing uniformity between the solid phase and liquid phase showed an obvious decreasing trend. On the one hand, it might be due to reduced particle suspension. On the other hand, it was probably due to the high position of the blade causing eddy currents in the center of the liquid surface. It was found that the stirring performance was better when the height of the blade from the bottom was 25 mm. Generally, the most significant design parameter for the stirred tank was the height-diameter ratio, which can be very flexible in practice. When designing a stirred tank, various parameters need to be fully considered and comprehensively optimized according to the specific reaction process requirements and process conditions to ensure the desired reaction process in the stirred tank.
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Figure 12: The uniformity coefficient (UC), coefficient of variation (CV) and image entropy (IE) with stirring of paddle with double inclined blades and paddle height h = 25 mm (a), h = 30 mm (b) and h = 35 mm (c).

4  Conclusions

In this work, the experiment for measuring the mixing state quality of the solid-liquid two-phase mixture was designed, and the flow images of the solid-liquid two-phase mixing process were obtained and processed. Specifically, the suspension indicators of the solid phase and mixing uniformity of the solid-liquid two-phase mixture were obtained by algebraic topology theory and digital image processing technology. The relationships between the mixing state quality and the propeller type, rotating speed, propeller diameter, and distance between the paddle and bottom were analyzed. The increase in agitating speed could promote the particle suspension degree, and the higher the agitating speed, the greater the effect on the mixing state quality. The decrease of the spacing between the paddle and the bottom could also improve the particle suspension degree, but the effect on the mixing state quality of the solid phase and liquid phase was diminished if the spacing was too small. The influence of paddle diameter on the mixing state quality of the solid-liquid two-phase mixture was also large and differed from the previous two. For agitating solid-liquid two-phase mixing, an optimal paddle diameter or paddle diameter ratio existed, under which the optimum mixing state quality of the solid-liquid two-phase mixture could be obtained. The solid phase motion could be divided into three parts: bottom motion along the wall, low suspension under the blade, and high suspension above the blade. The best particle suspension degree could be achieved at an agitating speed of 270 r/min, a paddle diameter ratio of 0.414, and a height diameter ratio of 0.086 by the paddle with double inclined blades.
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Table 1: Application of electrical tomography and direct imaging technology

Methods References Application

Electrical Mishra et al. [8], Mishra et al. [27]  Conductive substance; fast measurement speed;

tomography  Giuseppina et al. [30], Mirfasihi difficulty in measuring the characteristics of
etal. [31]. individual particles.

Direct imaging Yang et al. [33], Sutkar et al. [34],  High precision; fast measurement speed;
Juez et al. [35], Teoman et al. [36].  individual particle characteristics could be
measured.
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Table 3: Average particle suspension degree for the eight rotational speeds with various paddles

Paddle type  Indicator Sa (r/min)
200 210 220 230 240 250 260 270
#1 Sps (%0) 10.28 15.86 1478  21.54 3042 27.82 2792  30.66

#2 2066 1652 2090 2582  26.18 31.06 29.62  31.86
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Table 2: Design data for experimental levels of solid-liquid two-phase mixing system

Level Paddle type d (mm) Rpa () h (mm) Rung ()
L, Rushton agitating paddle 120 0.414 30 0.103
L, Double inclined blade paddle 120 0.414 25 0.086
L Double inclined blade paddle 120 0414 30 0.103
L, Double inclined blade paddle 120 0414 35 0.121
Ls Double inclined blade paddle 105 0.362 30 0.103
Lg Double inclined blade paddle 135 0.466 30 0.103
L~ Double inclined blade paddle 150 0.517 30 0.103






OEBPS/Images/FDMP_50704-fig-4.png
Bi ()

1.0

0.8

0.6

041

0.2

x10*
(a)
d=120 mm
| P,=0.414
h=30 mm
R,,4=0.103

200 210 220 230 240 250 260 270
S, (r/min)

100

x10%

100

(b)

d=120 mm
P4=0.414
h=25 mm

R,4=0.086

_._S

b

200 210 220 230 240 250 260
S, (r/min)

270





OEBPS/Images/FDMP_50704-fig-9.png
®
=}

N
3

A\

UC, CV, and IE (-)
(=)

o
(5]

o
o

S d=1056 mm, R,4=0.362 1

(a) —=—UC——CV——IE

A — " - a

h=30 mm, R,;=0.103
200 210 220 230 240 250 260 270
Sa (r/min)

g
=)

N
o0

N

UC, CV, and IE (-)
>

o
o

T T T T T T T

(c) —a—UC——CV——IE
F o e 4T

L
c

N

| S———-——— = |
r d=135 mm, R,;=0.466 1

A\
A\
A

0 1 1 1 1 1 1 1 1
200 210 220 230 240 250 260 270

h=30 mm, Rns=0.103

Sa (r/min)

g
=)

P
)

A\

UC, CV, and IE (-)

o
o

S
o

o
<)

T T T T T T T T

—e— UC —e— CV—+—E |

A\
AN

-, e

d=120 mm, R,x=0.414 1
h=30 mm, Ry;=0.103

200 210 220 230 240 250 260 270
Sz (r/min)

®
=}

N
3

A\

UC, CV, and IE ()
P

e
5

I e ——— 4 4

! ]

T T T T T T T

(d) —e— UC—o— CV—— E

A\
a\y

d=150 mm, R,4=0.517 1
h=30 mm, Rns=0.103

0 ' 1 i 1 L A L A
200 210 220 230 240 250 260 270

Sz (r/min)





OEBPS/Images/copy.png





OEBPS/Images/FDMP_50704-fig-6.png
By ()

x10%
— 100 , T T

[
=}

@ ' 28, ) [ —UC——CV——IE

(%]
¢
@
o
~
o

d=120 mm
6+ Rps=0.414 160
h=25 mm
Rn=0.086

AN\
A
\

40

-
o
T

Sps (%)
UC, CV, and IE (-)

20 0.5 =120 mm, R,s=0.414
h=25 mm, Ry;=0.086
0 0.0
200 210 220 230 240 250 260 270 200 210 220 230 240 250 260 270

S, (r/min) Sz (r/min)





OEBPS/Images/fdmp-logo.png





OEBPS/Images/FDMP_50704-fig-8.png
S,=200 r/min S2=210 r/min S,=220 r/min S2=230 r/min

S,=240 r/min S,=250 r/min S,=260 r/min S,=270 r/min





OEBPS/Images/FDMP_50704-fig-3.png
Discrete Incomplete Conglutinative
particles particle particles





OEBPS/Images/FDMP_50704-fig-1.png
Direct current motor Speed controller

-

Double inclined blade (left)
Rushton agitating blade (right)

Stirred tank High-speed camera Personal computer





OEBPS/Images/FDMP_50704-fig-11.png
S2=210 r/min S2=230 r/min S2=250 r/min

S2=210 r/min S2=230 r/min S2=250 r/min S2=270 r/min

S2=210 r/min S2=230 r/min S2=250 r/min Sa=270 r/min





