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Abstract

:

To improve the understanding of the mixing performance of double shaft, batch-type paddle mixers, the discrete element method (DEM) in combination with a Plackett–Burman design of experiments simulation plan is used to identify factor significance on the system’s mixing performance. Effects of several factors, including three material properties (particle size, particle density and composition), three operational conditions (initial filling pattern, fill level and impeller rotational speed) and three geometric parameters (paddle size, paddle angle and paddle number), were quantitatively investigated using the relative standard deviation (RSD). Four key performance indicators (KPIs), namely the mixing quality, mixing time, average mixing power and energy required to reach a steady state, were defined to evaluate the performance of the double paddle mixer. The results show that the material property effects are not as significant as those of the operational conditions and geometric parameters. In particular, the geometric parameters were observed to significantly influence the energy consumption, while not affecting the mixing quality and mixing time, showing their potential towards designing more sustainable mixers. Furthermore, the analysis of granular temperature revealed that the centre area between the two paddles has a high diffusivity, which can be correlated to the mixing time.
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1. Introduction


Mixing of granular materials is a common practice in many industries such as the food, pharmaceutical and chemical industry, where consistent product quality is of great importance and is highly desirable. Mixing can be performed utilising gravity-controlled, high-shear or agitated mixers [1], which are highly popular because of their ability to handle a wide range of operational tasks [2,3]. Agitated mixers can be in the form of single or double vessels in the horizontal or vertical direction [4]. Taking the shape of the agitators into account, they can be classified into paddle, ploughshare, ribbon and screw blenders [4].



Several experimental studies have investigated agitated mixers by measuring the required force and torque for mixing [5,6], or by using positron emission particle tracking (PEPT) [7] and particle image velocimetry (PIV) to characterise particle flows [8,9]. Although these experimental investigations have provided valuable insights into the mixing process, they were constrained to a limited number of particle properties or operational parameters [10]. Moreover, obtaining local information on particle velocity and forces, which can shed light on the mixing mechanisms, is nearly impossible in experiments.



The discrete element method (DEM), initially introduced by Cundall and Strack [11], is a powerful tool which can provide detailed information on the particle level. Additionally, the influence of various types of parameters affecting the mixer’s performance can be examined efficiently using DEM. Due to these advantages, DEM has been extensively utilised to study various types of agitated mixers including single vessel [10,12,13,14,15] and double vessel mixers [16,17,18].



However, there are very few DEM studies concerning the mixing performance of double paddle mixers, which is a type of agitated double vessel mixer [4,19,20]. Jadidi et al. [4] have investigated the mixing performance of a double-shaft, paddle mixer by performed a sensitivity analysis on the impeller speed, initial loading pattern and fill level. First, they calibrated the DEM model for mono-disperse particles of 5 mm. The calibrated model was then used to study the mixing behaviour of particles with different colours (but the same size). It was concluded that the impeller rotational speed and the initial loading pattern had a significant effect on the mixing performance. Nevertheless, the fill level did not significantly affect the mixing performance. Moreover, using response surface methodology (RSM), they revealed that the interaction between the operating parameters did not significantly affect the mixing performance. As a follow-up study, Jadidi et al. [20] also investigated the effect of bi-disperse spherical particles, besides the impeller rotational speed and fill level, using both experiments and DEM simulations. It was found that the impeller rotational speed and the particle number ratio had a significant effect on the mixing performance. That is, a higher rotational speed and a higher number ratio resulted in an improved degree of mixture homogeneity, irrespective of the fill level. Recently, Jadidi et al. [19] investigated the effect of non-spherical particles on the mixing performance of the double-shaft paddle mixer. They concluded that particle shape can significantly influence the mixing performance, since non-spherical particles showed higher bed compactness and higher resistance to movement. Hence, the mixer exhibited the best performance, i.e., the lowest relative standard deviation (RSD) mixing index, for spherical particles. Furthermore, Jadidi et al. [21] suggested to further investigate the effect of the size and density of the materials.



Despite the mentioned attempts, it is not yet well understood how the mixing performance of double paddle mixers is affected by parameters other than the ones related to material or operational conditions. This study aims to gain knowledge about the parameter’s significance by investigating not only the effect of material properties (i.e., size ratio, density ratio and composition) and operational conditions (i.e., initial filling pattern, fill level and impeller rotational speed), but also the geometric parameters (i.e., paddle size, paddle angle and paddle number) on the mixing performance using DEM. Four key performance indicators (KPIs), namely the mixing quality, mixing time, average mixing power and total energy consumption to reach a saturated mixing quality, were defined to lead towards a deeper understanding of the mixer performance. The KPIs related to energy were adjusted to account for the granular mass in the mixer. Using a statistical design of experiment (DoE) approach (i.e., Plackett–Burman), the factors that significantly influence each KPI were determined. Furthermore, the time-averaged granular temperatures in three different locations were calculated to spatially explore the mixing diffusivity. The results can be used to further optimise the performance of double paddle mixers.




2. Materials and Methods


2.1. Modelling Approach


The discrete element method (DEM) was utilised to simulate the mixing mechanisms and flow patterns inside the paddle mixer. The methods in relation to mixing operations have been successfully employed in many areas such as agricultural technology, chemical engineering, pharmaceutical industry, food industry and process engineering [21,22,23,24,25,26].



Considering the soft-sphere method, particles experience two types of motions during simulation: rotational and translational. Both are governed by Newton’s laws of motion. The forces and torques on an individual particle are caused by interaction with other particles or the system’s boundaries. In Equations (1) and (2), the translational and rotational equations of motion are formulated [11].
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where    m i   ,    v i    and    ω i    are the mass, translational velocity and angular velocity of the individual particle I, respectively. The variables    F  ij  n    and    F  ij  t    are the normal and tangential components, respectively, of the contact force between particle i and particle j and    F i g    represents the gravitational force on particle i. Variables    I i   ,    M  ij  t    and    M  ij  r    are the moment of inertia, rotational torque and rolling resistance torque between particle i and particle j, respectively. The coordination number    N c    represents the number of particles in contact with particle i.



In this study, the two mixture components consist of free-flowing spherical particles to minimize the computational expense [27]. The Hertz–Mindlin contact model is used to model the interactions between the particles and the interactions between particles and geometry. This model is most suitable since it takes into account the nonlinear elastic contact behaviour of particle–particle and particle–geometry interactions. Normal and tangential contact forces are calculated by Equations (3) and (4).
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where    C R   ,    δ n    and    δ t    are the coefficient of restitution, the normal overlap and the tangential overlap, respectively. The symbols E*, R*, m* and G* are the equivalent Young’s modulus, the equivalent radius, the equivalent mass and the equivalent shear modulus, respectively, calculated by Equations (5)–(8).
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where    E i   ,    R i   ,    m i   ,    G i    and    v i    are the Young’s modulus, the radius, the mass, the shear modulus and the Poisson’s ratio of particle I, respectively.



In this study, Altair EDEM was used as the DEM solver. The simulations were conducted in parallel mode using 28 CPUs and 1 GPU of a high-performance computer (Intel(R) Xeon(R) W-2275 CPU @ 3.30GHz, 16GB RAM). Post-processing was performed using Python v3.9.12 in IDE Spyder v5 and Altair’s HyperStudy v2022.1.




2.2. Simulation Setup


The 175 L double shaft, batch-type paddle mixer (Figure 1a) is based upon the first design by Forberg [28]. The shafts are positioned horizontally, each equipped with 14 paddles that are evenly distributed over four radial quadrants. The paddles are configured in such a way that they force the granular material in the radial direction (to the centre of the mixing chamber) and in the axial direction (to move in a circular pattern through the chamber) [17].



To avoid accumulation in the corners of the mixing chamber, the last two paddles are positioned in the opposite direction with a 15 deg angle and serve as ’transfer’ paddles (Figure 1a). To avoid collisions between the paddles of the two shafts, a phase angle of 45 deg is applied (Figure 1b). The dimensions of the mixing chamber are listed in Table 1. Detailed dimensions of the shaft and paddles are left out due to confidentiality reasons. The DEM input parameters of this study are listed in Table 2.



The input parameters are mainly adopted from the calibrated and validated model of Jadidi et al. [4]. Moreover, a time step,    Δ t   , of 4.74378 × 10−5 s and a shear modulus,    G p   , of 1 × 106 Pa were used for all simulations in the experimental simulation plan based upon a conducted stability analysis. The geometric properties are based upon the material stainless steel 304 [29].



The simulation was started with a particle generation process called the filling process and the actual mixing process of the binary granular material. A static factory was used to randomly generate spherical particles with a downward velocity of 2 m/s (-Z direction in Figure 1). After a gravitational settling process for approximately 3 s, the particle bed reaches a steady state while the impellers remain stationary.



The steady state is defined as the moment when the particle bed reaches a kinetic energy/potential energy ratio equal to or lower than 1 × 10−6 [30].



The number of particles follows from the input settings (particle diameter, composition and fill level). The mesh size is equal to 3Rmin. Thereafter, the shafts start to rotate according to a predetermined impeller rotational speed for 60 s.



To be able to assess the overall mixing performance of the system in a quantitative manner, a so-called mixing index is required. Typical characteristics of such an index include mixing process independence, ease of determination and accurate representation of the resulting mixing quality [31].



Bhalode et al. [32] carried out a comprehensive review of different mixing indices available in the literature and classified them into three main categories, namely variance-based, distance-based and contact-based indices. Due to their simplicity, variance-based indices are most widely used to evaluate the mixer performance. However, they are highly dependent on the grid size of the system. A small grid size could overlook a sufficient mixture on a macro-scale level, while a coarse grid could miss micro-mixing effects. Therefore, in case a variance-based index is utilized, it is necessary to conduct a grid size analysis. The distance-based indices use the distance between particles belonging to different mixture components to measure the mixing quality of the (final) product. Although these indices are grid independent, they are computationally expensive and hard to implement compared to variance-based indices. Contact-based indices utilise the contacts of a singular particle with neighbouring particles to measure mixing. Although easy to calculate in DEM, these indices are impossible to measure in experiments and hence are not suitable for validation of the DEM model with experimental results. Additionally, in the granular dilute regime, where particles are far from each other in fluidized beds/zones, contact-based indices yield erroneous results.



As a result, the distance- and contact-based mixing indices are not suitable for this study since they are not only computationally expensive but also direction dependent and misleading in dilute regimes. Thus, the variance-based mixing indices are employed in the present study. According to Emmerink [33], all indices belonging to the variance-based set, excluding the mixing segregation index (MSI), are applicable.



Here, the relative standard deviation (RSD) and Lacey’s index (LI) are used to assess the mixing performance of the system. These indices are frequently used [3,10,20,23,34,35] and calculated by Equations (9) and (11). Theoretically, an RSD of one indicates a completely segregated mixture and an RSD of zero indicates a perfectly mixed mixture.


   RSD =   s   x  avg      



(9)




where  s  is the standard deviation and    x  avg     is the average concentration over all evaluated bins. The standard deviation is calculated by Equation (10).


   s =        ∑   i = 1  N     (   x i  −  x  avg    )   2    N − 1      



(10)




where  N  and    x i    represent the total number of evaluated bins and the average particle concentration of bin  i , respectivelt. The concentrations in Equations (9) and (10) are defined as the number of particles of component 1 divided by the number of particles of component 2.



LI provides an indication of the mixture’s state as well but differs in definition. An LI of zero means a completely segregated mixture and an LI of one means perfectly mixed.


   LI =     σ o 2  −  s 2     σ o 2  −  σ r 2     



(11)




where    σ 0 2  ,      σ   2    and    σ r 2    represent variances of the mixture where the subscripts  o  and  r  indicate a completely segregated state or perfectly mixed state. The variables    σ 0 2  ,      σ   2    and    σ r 2    are calculated by Equations (12)–(14).
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where  n  is the average number of particles in a bin.




2.3. Plackett–Burman (P–B)


A two-level Plackett–Burman (P–B) was selected to conduct the design of experiments (DoE). The P–B design statistically examines the significance of factors and screens the most significant ones in the least number of runs, which is desirable due to the high computational time of DEM simulations. An N-run P–B design is suitable to study up to (N − 1) factors at two levels [36]. In this study, a 12-run P–B design was used to investigate nine factors as listed in Table 3. Besides the nine factors, two virtual factors (i.e., X1 and X2) were included to complete the P–B design. Altair’s HyperStudy v2022.1 was used to conduct the P–B design.



Figure 2 visually presents most of the factor levels presented in Table 3. The composition is the total particle volume ratio between component 2 divided by component 1. In the Plackett–Burman DoE, for 6 out of 12 runs, the composition is defined as the volume ratio of small particles (component 2) to large particles (component 1). Furthermore, the initial filling patterns are defined as Front-Bottom (FB) and Top-Bottom (TB) as shown in Figure 2b. A 100% fill level is equal to the occupied bulk volume up to 107% of the shaft height. The maximum fill level of 140% is based on practice. With respect to the paddle size, the upper and lower values of the effective paddle surface were defined according to the reference paddle size shown in Figure 2d. It is important to note that for the geometric parameters, the “transfer paddle” pairs on both shafts remain unchanged.



Four key performance indicators (KPIs) were formulated to assess the mixing performance in terms of mixing quality, mixing time, average mixing power per kilogram and total energy consumption per kilogram. The LI outputs could not differentiate between the state of the mixing in twelve runs (i.e., LI values had a range of 0.84–0.99) and therefore, LI was not used for the analysis. Thus, four KPIs were formulated based on the RSD as follows:




	
KPI 1 (-) Mixing quality—Average steady-state RSD;



	
KPI 2 (s) Mixing time—Time required to reach a steady-state RSD;



	
KPI 3 (W/kg) Normalized average power—Average energy per second per kilogram over a full mixing period;



	
KPI 4 (J/kg) Total energy consumption—Required energy to reach a steady state RSD.








To calculate KPI 1, the RSD should have reached a constant value known as a steady state (cf. Figure 3). Qualitatively, the steady-state period is identified by visually assessing the RSD time plots. To account for fluctuations, the average RSD is calculated over the last 10 s of mixing. In addition to KPI 1, KPI 2 is very sensitive to fluctuations. To address this issue, an upper and lower margin of 15% on the average steady-state RSD is defined to take into account these fluctuations (Figure 3). The KPI 2 calculation method for run 4, run 7 and run 10 does not hold because of the weak decline in RSD over time. To ensure consistency between all runs, the KPI 2 values were manually determined for these three runs. KPI 3 is calculated by extracting the torque values experienced by both paddle mixer shafts from EDEM and multiplying them with the constant rotation angle for every time step. The consumed energy is then divided by the total mixing time and the mass of the granular material in the system. KPI 4 is calculated by the multiplication of KPI 2 and KPI 3.




2.4. Grid System


The RSD is highly dependent on the number of bins and bin size of the grid system. To select a suitable grid system for all twelve simulations, a grid system analysis was conducted on the worst-case situation, defined as the simulation run with the largest particle size and lowest particle number (run 5). The eight different grid systems are evaluated and shown in Table 4.



A threshold value is determined to eliminate bins filled with particles lower than the average number of particles over all bins [12,32,37]. The 7 × 7 × 4 to 9 × 9 × 6 grid systems yield approximately a 0.17 ± 0.01 (average) steady-state RSD. A lower or higher number of bins results in a higher deviation of 0.03. The 8 × 8 × 5 grid system maintains a sufficient balance between macro- and micro-mixing mechanisms and is therefore chosen as a suitable grid system.




2.5. Granular Temperature


The granular temperature indicates the mobility of bulk material in a certain control volume. The velocities of particles in any direction in a given time period are used to calculate this macroscopic characteristic [10] as follows:


   T =   1 3  ‹  u ′ u ′  ›  



(15)




where u′ represents the fluctuation velocity of each particle at a given time and control volume and the triangular brackets 〈〉 function as temporal averaging within the control volume [4,10,38]. In general, the granular temperature is heavily related to the diffusive mixing mechanism of a mixing application [10]. A higher granular temperature means higher velocity fluctuations. In other words, particles behave in a chaotic and inconsistent way. To improve the understanding of the mixing mechanism in the paddle mixer and its relationship with the constructed KPIs, granular temperature data will be extracted from the DEM software. In this study, the granular temperature is used to provide further insights and support conclusions based on the KPIs.



As the granular temperature is highly dependent on the control volume and the time step, a number of steps are conducted. The used DEM software provides granular temperature extraction from evaluation points [39]. A distance-weighted sum of the particle data is performed using a normal weighting function, calculated by Equation (16), to obtain continuum temperature data between the evaluation points [39].
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where ϕ is the normal distribution function and  r  is the distance of a given particle from the evaluation point. The cut off distance identifies the width of the normal distribution function with a confidence interval equal to 99% [39]. Alternatively, from a more practical point of view, the cut off distance is equal to the radius of the spherical control volume of one single evaluation point.



It is recommended to use at least a cut off distance equal to 9 times the average particle diameter in the system [39]. To find a suitable cut off distance, the worst-case scenario is considered. Therefore, run 1 is chosen for finding a suitable cut off distance as this run consists of both particle diameters of 5 and 15 mm. For every run, a cut off distance of 25 mm is determined, where the evaluation points are a 2*cut off distance apart from each other. This comes down to a total number of 18 evaluation points over the length of the paddle mixer. To reduce the calculation time of each run, data are saved every 2 s. Consequently, a time step of 2 s was selected to obtain an average granular temperature over the full mixing period.



Three locations are selected for granular temperature assessment: location 1 (Loc_1), between the shafts, and two locations (Loc_2 and Loc_3) at the bottom, illustrated in Figure 4a. All three locations are characterized by different particle behaviour according to visual observations of the particle bed. Loc_1 represents the fluidized zone, Loc_2 the compressed state before the material is thrown into the centre of the mixing chamber and Loc_3 represents the location where the particles fall down onto the quasi-static particle bed. The granular temperature results should align with the aforementioned observations. The 18 evaluation points are evenly distributed on the red lines illustrated in Figure 4b. The average granular material for all evaluation points is gathered for every location and every run. The results can be found in the Results and Discussion section.





3. Results and Discussion


The Plackett–Burman (P–B) Design of Experiments (DoE) is shown in Table 5. The outputs of the P–B DoE are presented by KPI 1, KPI 2, KPI 3 and KPI 4. The RSD–Time plots for all twelve simulations are presented in Figure 5. As can be seen, all simulations were carried out for 60 s except run 4 and 11, where they were continued for 150 and 120 s to ensure that a steady state was reached. The results of the P–B DoE were analysed using a Pareto plot in conjunction with an analysis of variance (ANOVA) analysis for each KPI individually. The former presents the factors’ order of significance, while the latter shows the statistical significance of each factor separately. Usually, a p-value of 0.05, equivalent to a confidence interval (CI) of 95%, is used as a cut off to detect significant factors. However, a p-value of 0.1 is used in this study due to the fact that P–B DoE is not able to capture interactions between factors. In other words, the null hypothesis that the factor of interest does not have an effect on the response parameter can be rejected with 90% CI (or p < 0.1) [40].



3.1. KPI 1: Mixing Quality


Figure 6 presents the Pareto plot of the P–B analysis of KPI 1, which shows the order of factors’ significance on the steady-state RSD value. The blue line denotes the accumulation of the total effect and the dashed lines in the bars denote a positive (+) or negative (−) correlation with the respective KPI. As for the small bars in the Pareto plot, the dashed lines are not visible, for each KPI an extra figure is added, indicating the main effect of factors on the respective KPI. As can be seen, the paddle angle has the largest effect on KPI 1 followed by the impeller rotational speed, paddle number and fill level. The ANOVA results presented in Table 6 show the factor’s significance. The R squared value indicates an accurate fit with the obtained data. Considering the cut off value of 0.1 for the p-value, only the paddle angle has a significant effect and is positively correlated with KPI 1.



Furthermore, Figure 7 shows the negatively correlated fill level, impeller rotational speed and paddle number meaning that an increase in these factors leads to a decrease in KPI 1 (thus an improvement in mixing quality).



On the contrary, the paddle angle shows a positive correlation, which means that an increase in paddle angle leads to an increase in KPI 1 (thus a deterioration in the mixing quality). The material properties have a minor effect on the mixing quality, while the operational conditions and geometric parameters have a relatively significant role in this measure of mixing performance.



A comparison with the literature shows at first sight inconclusive results. Studies on other types of mixers showed the importance of the impeller configuration in terms of paddle angle in a single-shaft paddle mixer [14], and showed that the initial filling pattern does not significantly influence the mix quality for a single-shaft paddle mixer [3] and for a ploughshare mixer [12].



For the double-paddle mixer, Jadidi et al. [4] found that the initial filling pattern does have an effect on the mixing performance. However, this is in contrast with the results of this research, where we show that the initial filling pattern has no significant effect on the mixing index (KPI 1). This can be explained by the differences in paddle angles in both studies. In this study, the angled paddles cause particle dispersion in both the radial and axial directions, while Jadidi et al. [4] used paddles that are in line with the shaft, resulting in a very low axial dispersion.



The results show that the impeller rotational speed is the second most influential on KPI 1. From the literature [16], its significance was also found for another agitated mixer, namely the ribbon mixer in a double u-shaped vessel. According to Gao et al. [16], the mixing quality improves with an increase in the impeller rotational speed. Jadidi et al. [4] found contradictory results, where the impeller rotational speeds of 40 and 70 rpm with a TB initial filling pattern eventually approach the same steady-state RSD.




3.2. KPI 2: Mixing Time


With respect to the time it takes for a steady-state RSD to be reached (KPI 2), the Pareto plot and ANOVA results are shown in Figure 8 and Table 7. The ANOVA results show none of the factors are significant over the others. Nevertheless, the Pareto plot presents the order of significance, with the impeller rotational speed affecting KPI 2 the most. In Figure 9, the main (linear) effect of the factors is shown on KPI 2. Considering only the first few factors in the order of significance, the particle size ratio and impeller rotational speed are negatively correlated with KPI2, while the fill level is positively correlated. The increase in impeller rotational speed results in reaching the steady-state RSD faster (Figure 9), which is in line with the literature on double-shaft paddle mixers [4,12,20]. However, Qi et al. [18] investigated a double shaft, lab-scale screw mixer and found that the screw’s rotational speed did not affect the mixing time nor the mixing quality with a constant fill level and screw pitch.



Furthermore, according to Jadidi et al. [4], the fill level had no significant effect on the mixing performance. On the contrary, a study by Alian et al. [12] on a single-shaft ploughshare mixer showed that the fill level had an effect on the mixing time. They stated that it was due to the difference in free space for the particles to move through in the agitated vessel. This research shows that the fill level has a positive correlation with KPI 2; thus, increasing the fill level leads to an increase in KPI 2. In other words, the time it takes to reach a steady-state RSD increases with an increase in the fill level.




3.3. KPI 3: Average Mixing Power Per Kilogram


This KPI (as well as KPI 4) has been formulated to examine the performance of the mixer with respect to sustainability. To the best of the authors’ knowledge, there is no research work exploring the energy efficiency of paddle mixers. Having a deep understanding of the main factors influencing the energy consumption of paddle mixers paves the way for optimising this device from an environmental point of view. KPI 3 was defined as the total energy consumed by the mixer normalised by the mixing time and mass of the materials. The results of the P–B design regarding KPI 3 are presented in Figure 10 and Table 8.



Figure 10 clearly shows that the impeller rotational speed, as expected, has the biggest contribution to the energy consumption. Besides this factor, the ANOVA presented in Table 8 confirms the significance of the paddle number, initial filling pattern, paddle size, paddle angle and composition (considering a p-value < 0.1). This implies that while both operational and geometric parameters are essential for the energy efficiency of the mixer, the material properties have a small effect. In other words, one should put emphasis on operational and geometric parameters for the purpose of optimising the mixer with respect to energy consumption. For instance, based on Figure 11, it can be initially recommended to utilise a lower number of paddles with a bigger size and a higher angle to minimise the energy consumed by the mixer.




3.4. KPI 4: Total Mixing Energy Required to Reach a Steady-State RSD


KPI 4 represents the total mixing energy and is defined as a multiplication of KPI 2 (mixing time) and KPI 3 (average mixing power). It was formulated this way to examine how much energy is consumed to reach a steady-state RSD, which is becoming an increasingly important factor in the mixing process. The results of the P–B design for KPI 4 are shown in Figure 12 and Table 9.



As can be seen, the fill level shows the most contribution to the amount of energy required to reach a steady state. In addition, although KPI 3 and KPI 4 are similar, as both deal with energy consumption, the order of significance of factors for KPI 4 is very different from that for KPI 3. This is because in KPI4, besides the mixing energy, the mixing time has also been considered. An interesting observation was that by increasing the impeller rotational speed from 40 to 80 rpm, the amount of energy required to reach the steady-state RSD decreases (Figure 13). This can be explained by the fact that the impeller rotational speed has an opposing effect on KPI 2 (mixing time) and KPI 3 (mixing energy), and it can be concluded that its effect on KPI 2 is more pronounced. Additionally, it can be seen that in both cases, the mixing energy and mixing time are of interest for optimization, the geometric parameters (i.e., paddle angle and paddle size) have a negligible effect and operational conditions such as fill level and impeller rotational speeds should be focused on.




3.5. Summary of Results of the P–B Design


The factors investigated from three different groups (material properties, operational conditions and geometric parameters) show distinctive behaviour depending on the response variable. In Table 10, a summary of all results is presented. It should be noted that the statistical significance of a factor (p < 0.1) is indicated by three pluses/minuses. A lower number of respective symbols (two or one) denotes the factor’s order of significance.




3.6. Granular Temperature


The granular temperature results for the three specified locations in the paddle mixer are shown in Table 11.



First, for almost all runs it can be observed that the granular temperature is higher in the centre (Loc_1) of the mixing chamber (also called the fluidized zone) compared to the bottom locations (Loc_2 and Loc_3). This observation confirms the expected trend where the particulate behaviour is mostly dynamic at the fluidized zone being formed between two paddles. Second, Loc_2 exhibited the lowest granular temperature in nearly all cases. This is due to the quasi-static state of the granular material before being thrown into the fluidized zone of the mixing chamber. Third, it can be observed for the fluidized zone of the mixing chamber (Loc_1) that the granular temperature can be related to the mixing time (KPI 2) of the paddle mixer. For instance, run 4 and run 11, which are characterized by a very long mixing time, have a very low granular temperature compared to other runs. Thus, a low diffusive behaviour of particles in the fluidized zone affects the mixing time in a negative way.





4. Conclusions


In this study, the discrete element method (DEM) and Plackett–Burman (P–B) design were used to investigate the mixing performance of a double paddle mixer. To this end, several material properties (i.e., particle size ratio, density ratio and composition), operational conditions (i.e., filling pattern, fill level and impeller rotational speed) and geometric parameters (i.e., paddle size, angle and number) were examined. In order to quantitatively analyse their effects on mixing performance, a number of key performance indicators (KPIs) were defined, namely the average steady-state RSD (KPI 1), the mixing time (KPI 2) and the average mixing power (KPI 3). In addition, KPI 4 was formulated as a multiplication of KPI 2 and KPI 3 to examine the mixing time and energy consumption at the same time.



The results were analysed using Pareto plots in conjunction with ANOVA analyses. Furthermore, the time-averaged granular temperature was assessed in three spatial locations for all different runs to verify the observations with respect to the RSD. The main findings can be summarised as follows:




	
Taking all KPIs into account, it can be generally concluded that material properties in the range investigated here do not significantly influence the mixer performance. In other words, when a mixer is well-designed, it will perform equally well in the range of material properties explored in this work. Nevertheless, it was found that a 50/50 volume ratio between components 1 and 2 needs less average mixing power (i.e., KPI 3) compared to an 20/80 composition.



	
Increasing the fill level enhances the mixing quality, but at the same time sacrifices a fast mixing time and a low total energy consumption. In addition, an increase in the impeller rotational speed leads to a mixing quality improvement, higher mixing time and lower total energy consumption. In short, a lower fill level in combination with a high rotational speed could lead to improved mix qualities, achieved in a faster and more sustainable way.



	
With respect to geometric parameters, the paddle angle is the most influential, where a decrease in the paddle angle significantly improves the mixing quality without compromising the mixing time or total energy consumption. Additionally, the paddle number seems to affect the mixing quality, but more research is required to confirm the aforementioned relation.



	
While increasing the paddle size significantly decreases the energy consumption, it does not greatly affect the mixing quality and mixing time, meaning that this factor holds great potential to be optimised for both efficient and sustainable double paddle mixers.



	
A granular temperature analysis showed an interesting relation between mixing time (KPI 2) and diffusivity in the fluidized zone of the paddle mixer. It was found that the mixing time is affected negatively when the fluidized zone is characterized by a low diffusive mixing mechanism.



	
Overall, one should focus on operational conditions and geometric parameters when all the KPIs, including the mixing quality, mixing time and energy consumption, are of interest for the purpose of process optimisation.








It should also be noted that due to the high number of factors studied in this work, the P–B design was used, which has the drawback of neglecting the interactions between factors. Additionally, when using a P–B design with two factors, one of the assumptions is that the behaviour of the system between the two levels is linear, which is often not the case, as shown in [33]. Therefore, it is recommended to explore the factor space with at least three levels to capture possible non-linear behaviour. Additionally, it is worthwhile to focus on the operational conditions and geometric parameters in future work to further optimise the mixing process.
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Figure 1. (a) Isometric view, (b) front view and (c) side view of the paddle mixer. For clarity, only shaft 2 is shown in the side view. 
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Figure 2. Illustrations of factor levels: (a) composition, (b) initial filling pattern (FB = Front-Back, TB = Top-Bottom), (c) fill level, (d) paddle size, (e) paddle angle and (f) paddle number. 
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Figure 3. Schematic of the definition KPI 1 and KPI 2 from an RSD-Time plot. 
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Figure 4. Location identification for granular temperature extraction. (a) Front view of paddle mixer with location IDs and (b) isometric view of paddle mixer where the evaluation points are equally distributed on the red lines. 
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Figure 5. RSD–Time plots of all twelve runs as in Table 5. 
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Figure 6. The Pareto plot of KPI 1 mixing quality. 
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Figure 7. Main effect of factors on KPI 1 mixing quality. 
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Figure 8. Pareto plot for KPI 2 mixing time. 
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Figure 9. The main effect of factors on KPI 2 mixing time. 
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Figure 10. Pareto plot for KPI 3 average mixing power. 
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Figure 11. The main effect of factors on KPI 3 average mixing power. 






Figure 11. The main effect of factors on KPI 3 average mixing power.



[image: Processes 11 00738 g011]







[image: Processes 11 00738 g012 550] 





Figure 12. The Pareto plot for KPI 4 total energy consumption. 
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Figure 13. The main effect of factors on KPI 4 total energy consumption. 
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Table 1. Dimensions of the paddle mixer as shown in Figure 1.
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	Parameter
	Unit
	Value





	L
	mm
	900



	W
	mm
	850



	H
	mm
	570
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Table 2. Discrete element method (DEM) input parameters. The Poisson’s ratio,    ν w   , and the shear modulus,    G w   , are adopted from [29].
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	Parameter
	Unit
	Value





	Poisson’s ratio,    ν p   
	-
	0.3



	Shear modulus,    G p   
	Pa
	1 × 106



	Particle-particle coefficient of restitution,    e  p − p    
	-
	0.75



	Particle-particle coefficient of static friction,    μ  s ,    p  − p    
	-
	0.5



	Particle-particle coefficient of rolling friction,    μ  r ,    p  − p    
	-
	0.01



	Geometry density,
	kg m−3
	7850



	Poisson’s ratio,    ν w   
	-
	0.265



	Shear modulus,    G w   
	Pa
	7.4 × 1010



	Particle-geometry coefficient of restitution,    e  p − w    
	-
	0.75



	Particle-geometry coefficient of static friction,    μ  s ,    p  − w    
	-
	0.35



	Particle-geometry coefficient of rolling friction,    μ  r ,    p  − w    
	-
	0.005



	Simulation time,  t 
	s
	60



	Time step,    Δ t   
	s
	4.74378 × 10−5
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Table 3. Factors with corresponding levels for the Plackett–Burman (P–B) Design of Experiments (DoE).
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	Factor
	Description
	Type of the Factor
	Low Level (−1)
	High Level (+1)





	A
	Particle size ratio
	Material property
	1
	3



	B
	Particle density ratio
	Material property
	1
	20



	C
	Composition (volume-based)
	Material property
	0.25
	1



	D
	Initial filling pattern
	Operational condition
	FB
	TB



	E
	Fill level
	Operational condition
	60%
	140%



	F
	Impeller rotational speed
	Operational condition
	40 rpm
	80 rpm



	G
	Paddle size
	Geometric parameter
	0.67
	1.5



	H
	Paddle angle
	Geometric parameter
	30 deg
	60 deg



	I
	Paddle number
	Geometric parameter
	8
	26
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Table 4. Influence of grid system on KPI 1 for run 5.
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	Grid Size
	Cell Size Factor
	Number of Bins
	Average Number of Particles in the Bin
	KPI 1





	4 × 4 × 3
	13
	48
	4288
	0.099



	5 × 5 × 3
	11
	75
	2744
	0.131



	6 × 6 × 4
	9
	144
	1439
	0.134



	7 × 7 × 4
	8
	169
	1060
	0.160



	8 × 8 × 5
	7
	320
	675
	0.166



	9 × 9 × 6
	6
	486
	448
	0.180



	11 × 11 × 7
	5
	847
	243
	0.210



	14 × 14 × 9
	4
	1764
	117
	0.258
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Table 5. Plackett–Burman (P–B) design with the resulting key performance indicators (KPIs); KPI 1 = average steady-state relative standard deviation (RSD); KPI 2 = time required to reach a steady-state RSD; KPI 3 = average energy per second per kilogram over full mixing period; KPI 4 = required energy to reach a steady state RSD.






Table 5. Plackett–Burman (P–B) design with the resulting key performance indicators (KPIs); KPI 1 = average steady-state relative standard deviation (RSD); KPI 2 = time required to reach a steady-state RSD; KPI 3 = average energy per second per kilogram over full mixing period; KPI 4 = required energy to reach a steady state RSD.





	Run
	A
	B
	C
	D
	E
	F
	G
	H
	I
	X1
	X2
	KPI 1

(-)
	KPI 2

(s)
	KPI 3

(W/kg)
	KPI 4

(J/kg)





	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	0.213
	8.0
	43.4
	62,550



	2
	−1
	−1
	1
	−1
	1
	1
	1
	−1
	−1
	1
	−1
	0.020
	26.8
	49.9
	457,408



	3
	−1
	−1
	−1
	1
	−1
	1
	1
	1
	−1
	−1
	1
	0.261
	7.6
	42.5
	47,529



	4
	−1
	1
	−1
	−1
	1
	−1
	1
	1
	1
	−1
	−1
	0.212
	140.0 *
	25.0
	968,404



	5
	1
	−1
	1
	−1
	−1
	1
	−1
	1
	1
	−1
	−1
	0.165
	7.8
	56.0
	64,200



	6
	1
	−1
	−1
	1
	−1
	−1
	1
	−1
	1
	1
	−1
	0.182
	5.8
	24.1
	20,576



	7
	1
	−1
	−1
	−1
	1
	−1
	−1
	1
	−1
	1
	1
	0.395
	50 *
	22.0
	375,731



	8
	−1
	1
	−1
	−1
	−1
	1
	−1
	−1
	1
	1
	1
	0.124
	10.8
	59.0
	75,879



	9
	1
	1
	1
	−1
	−1
	−1
	1
	−1
	−1
	−1
	1
	0.304
	9.0
	15.6
	10,777



	10
	−1
	1
	1
	1
	−1
	−1
	−1
	1
	−1
	1
	−1
	0.679
	40 *
	12.0
	36,812



	11
	−1
	−1
	1
	1
	1
	−1
	−1
	−1
	1
	−1
	1
	0.028
	100
	25.4
	867,287



	12
	1
	1
	−1
	1
	1
	1
	−1
	−1
	−1
	−1
	−1
	0.122
	8.4
	49.0
	113,798







* Manually determined values.
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Table 6. Analysis of variance (ANOVA) results of KPI 1 mixing quality.
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	Factor
	Description
	Sum of Squares
	F-Value
	p-Value
	Order of Significance





	A
	Particle size ratio
	2.71 × 10−4
	0.0236751
	0.8918379
	9



	B
	Particle density ratio
	0.0303008
	2.6495741
	0.2451139
	5



	C
	Composition
	0.0010641
	0.0930461
	0.7891567
	8



	D
	Initial filling pattern
	0.0058521
	0.5117209
	0.5486319
	7



	E
	Fill level
	0.0438021
	3.8301648
	0.1894715
	4



	F
	Impeller rotational speed
	0.0667521
	5.8369707
	0.1369824
	2



	G
	Paddle size
	0.0085868
	0.7508471
	0.4775527
	6



	H
	Paddle angle
	0.1092521
	9.5532780
	0.0906657
	1



	I
	Paddle number
	0.0612041
	5.3518396
	0.1467947
	3



	Total
	
	0.3499569
	
	
	



	R2 = 0.9346429
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Table 7. Analysis of variance (ANOVA) results of KPI 2 mixing time.
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	Factor
	Description
	Sum of Squares
	F-Value
	p-Value
	Order of Significance





	A
	Particle size ratio
	4649.2033
	5.8268239
	0.1371741
	3



	B
	Particle density ratio
	27.603333
	0.0345951
	0.8696027
	9



	C
	Composition
	80.083333
	0.1003681
	0.7814001
	7



	D
	Initial filling pattern
	463.76333
	0.5812323
	0.5254726
	6



	E
	Fill level
	5300.4033
	6.6429696
	0.1233028
	2



	F
	Impeller rotational speed
	6320.4300
	7.9213641
	0.1064594
	1



	G
	Paddle size
	32.670000
	0.0409452
	0.8583601
	8



	H
	Paddle angle
	714.56333
	0.8955587
	0.4438642
	5



	I
	Paddle number
	1421.3633
	1.7813877
	0.3136374
	4



	Total
	
	20,605.877
	
	
	



	R2 = 0.9225564
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Table 8. Analysis of variance (ANOVA) results of KPI 3 average mixing power.
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Factor

	
Description

	
Sum of Squares

	
F-Value

	
p-Value

	
Order of Significance






	
A

	
Particle size ratio

	
1.1408333

	
0.3639989

	
0.6076023

	
9




	
B

	
Particle density ratio

	
21.067500

	
6.7218825

	
0.1221095

	
7




	
C

	
Composition

	
31.040833

	
9.9040149

	
0.0878654

	
6




	
D

	
Initial filling pattern

	
80.600833

	
25.716831

	
0.0367546

	
3




	
E

	
Fill level

	
2.5208333

	
0.8043074

	
0.4644522

	
8




	
F

	
Impeller rotational speed

	
2572.5408

	
820.80537

	
0.0012161

	
1




	
G

	
Paddle size

	
43.700833

	
13.943366

	
0.0648230

	
4




	
H

	
Paddle angle

	
40.700833

	
12.986174

	
0.0691167

	
5




	
I

	
Paddle number

	
146.30083

	
46.679341

	
0.0207580

	
2




	
Total

	

	
2945.8825

	

	

	




	
R2 = 0.9978722
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Table 9. Analysis of variance (ANOVA) results of KPI 4 total energy consumption.
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Factor

	
Description

	
Sum of Squares

	
F-Value

	
p-Value

	
Order of Significance






	
A

	
Particle size ratio

	
2.72 × 1011

	
5.7354659

	
0.1389247

	
2




	
B

	
Particle density ratio

	
2.66 × 1010

	
0.5605637

	
0.5321090

	
6




	
C

	
Composition

	
8.82 × 108

	
0.0186198

	
0.9039582

	
7




	
D

	
Initial filling pattern

	
5.38 × 1010

	
1.1366536

	
0.3980218

	
5




	
E

	
Fill level

	
5.59 × 1011

	
11.794572

	
0.0753296

	
1




	
F

	
Impeller rotational speed

	
1.77 × 1011

	
3.7405109

	
0.1927832

	
3




	
G

	
Paddle size

	
9.37 × 107

	
0.0019783

	
0.9685645

	
8




	
H

	
Paddle angle

	
7.52 × 104

	
0.000159

	
0.9910893

	
9




	
I

	
Paddle number

	
8.62 × 1010

	
1.8188166

	
0.3098714

	
4




	
Total

	

	
1.27 × 1012

	

	

	




	
R2 = 0.9253936
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Table 10. Summary of factor response. Pluses (+) and minuses (−) indicate positive and negative correlations, respectively. The number of pluses and minuses indicates the factor’s significance, e.g., (+++), (++) and (+) indicate p < 0.1, 0.1 ≤ p < 0.2 and p ≥ 0.2, respectively.
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	Factor
	Description
	KPI 1 [-]

Mixing Quality
	KPI 2 [s]

Mixing Speed
	KPI 3 [W/kg]

Normalized Average Power
	KPI 4 [J/kg]

Total Energy Consumption





	A
	Particle size ratio
	+
	− −
	−
	− −



	B
	Particle density ratio
	+
	−
	− −
	−



	C
	Composition
	+
	−
	− − −
	−



	D
	Initial filling pattern
	+
	+
	+ + +
	+



	E
	Fill level
	− −
	+ +
	+
	+ + +



	F
	Impeller rotational speed
	− −
	− −
	+ + +
	− −



	G
	Paddle size
	−
	−
	− − −
	+



	H
	Paddle angle
	+ + +
	+
	− − −
	+



	I
	Paddle number
	− −
	+
	+ + +
	+
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Table 11. Results of the average granular temperature over the length of the paddle mixer. The three different locations are the fluidized zone (Loc_1) and at the bottom left (Loc_2) and bottom right (Loc_3). See Figure 4 for the definition of the locations Loc_1, Loc_2 and Loc_3.






Table 11. Results of the average granular temperature over the length of the paddle mixer. The three different locations are the fluidized zone (Loc_1) and at the bottom left (Loc_2) and bottom right (Loc_3). See Figure 4 for the definition of the locations Loc_1, Loc_2 and Loc_3.





	Run
	KPI 2 (s)
	Loc_1 (K)
	Loc_2 (K)
	Loc_3 (K)





	1
	8.0
	0.2552
	0.03783
	0.1722



	2
	26.8
	0.0145
	0.00231
	0.0016



	3
	7.6
	0.1074
	0.02129
	0.1300



	4
	140.0
	0.0049
	0.00127
	0.0018



	5
	7.8
	0.2220
	0.01209
	0.1509



	6
	5.8
	0.0385
	0.00674
	0.3320



	7
	50
	0.0037
	0.00109
	0.0007



	8
	10.8
	0.0469
	0.06964
	0.1496



	9
	9.0
	3.8086
	0.06466
	1.1007



	10
	40
	0.0777
	0.00396
	0.0044



	11
	100
	0.0026
	0.00056
	0.0006



	12
	8.4
	0.8287
	0.14147
	0.1706
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
IERERRRERE





media/file4.png
L k.
(a) (b)
E =60% E=140% G=2/3 G=3/2
[ |
1 | |
Reference
paddle size
(c) (d)
H = 30 deg H = 60 deg I =8 I =26
- - s "
k..

(e) (f)





media/file18.png
80

731

661

59

—&— A-particle_size_ratio
—&— B-particle_density_ratio
—&— C-composition

—&— D-initial_filling_pattern
—&— Efill_level

—&— F-impeller_rotational _speed
—&— (G-paddle_size

—&— H-paddle_angle

—@&— |-paddle__number

314

244






media/file21.jpg





media/file26.png
KPI 4 [J/kg]

7.0x10°,

6.3x10°;

5.6x10°

4.9x105

4.2x10°

3.5x105/

2.8x105

e A\-particle_size_ratio
i B-particle_density_ratio
el Effect: C-composition
el D-initial_filling_pattern
el E -fill_|EVEI

il F-impeller_rotational_speed
il G-paddie_size

el H-paddlie_angle

el |-paddie_number

2.1)( 105|‘

1.4x10°:

7.0x10%]

0.0






media/file3.jpg
e . L . 8 ’ © '
@ ®

© @

Nl e





media/file22.png
65.0

57.51

50.01

KPI 3 [W/kg]

—&— A_particle_size_ratio
—&— B-particle_density_ratio
—&— C-composition

—&— D-initial_filling_pattern
—&— EAfill_level

—&— [-impeller_rotational _speed
—&— (G-paddle_size

—&— H-paddle angle

—&— |-paddle _number

.
et
ok

350

27.51

200






media/file19.jpg





media/file7.jpg
(@

oloc3
loc2





media/file10.png
Run 1

Run 2

1.0 1.0
Steady-state RSD area Steady-state RSD area
0.8 0.8
=
3 06 0.6
=
o
[~
X
£ 0.4 1 0.4 -
o
w
o«
0.2 = e ez I P
0.0 T T T 0.0 T T T T
0 10 30 40 50 60 0 10 20 30 40 50 60
Time [s] Time [s]
Run 4 Run 5
1.0 . ; 1.0 T
Steady-state RSD area Steady-state RSD area
0.8 0.8
F
- 0.6 0.6 +—1
£
o
£
%8
£ 0.4 - 044
fa)
1]
o«
0.2 0.2 A = —
A b, 3 itir DA A '.v‘vv
0.0 0.0 T T T T
0 20 60 80 100 120 140 0 10 20 30 40 50 60
Time [s] Time [s]
Run 7 Run 8
1.0 1.0 ‘ ‘
Steady-state RSD area Steady-state RSD area
0.8 0.8 4 — ‘ -
F
3 06 0.6
£
g
:g "‘V‘ b v'."vvw |
€ 0.4 VA Andp 0.4 |
[a) [ |
n
-4
0.2 1 0.2 1 ‘
0.0 T T 0.0 T l T {
0 10 30 40 50 60 0 10 20 40 50 60
Time [s] Time [s]
Run 10 Run 11
1.0 r ‘ | 1.0
Steady-state RSD area Steady-state RSD area
0.8 - ‘ 0.8 -
x
S 0.6 : 0.64
£ ‘
o
£
X
€ 04 0.4
fa)
7
@
0.2 0.2 \
0.0 T 0.0 T T T T
0 20 60 80 100 120 0 20 40 60 80 100 120
Time [s] Time [s]

1.0

Run 3

Steady-state RSD area

0.8

0.6

0.4 -

0.2 1

My

0.0

1.0

10

T

30
Time [s]

Run 6

Steady-state RSD area

0.0 T T T
0 10 20 40 50 60
Time [s]
Run 9
1.0 ‘
Steady-state RSD area

0.8
0.6 4
0.4 -

v |

! 1
0.2 - l
0.0 ' Ll Ll Al
) 10 20 30 40 50 60
Time [s]
Run 12
1.0 :
Steady-state RSD area

0.8 4
0.6 14—
0.4

0.0

30
Time [s]





media/file14.png
KPI 1 [-]

10.283641

0.42000

0.392731

0.365451

0.338181

0.310911

0.256361

0.229091

—&— A-particle_size_ratio
—&— B-particle_density_ratio
~—&— C-composition

—&— D-initial_filling_pattern
—&— E-fill_level

-—&— F-impeller_rotational _speed
~—&— G-paddle_size

—&— H-paddle_angle

—&— |-paddle_number

0.201821

0.17455;

0.14727-

0.12000






media/file11.jpg





media/file6.png
KPI'1 -1

Time period
for average
RSD

+15% margin (—A—\

-15% margin






media/file15.jpg





nav.xhtml


  processes-11-00738


  
    		
      processes-11-00738
    


  




  





media/file16.png
& o
0000000

o D o 0 o 0 S - L | |
444444444






media/file2.png
Particle generation

M | :

Transfer paddle

Transfer paddle
Shaft1

Mixing chamber '__1

(a) (b)






media/file20.png
(=] . .
0000000
-— — [=*] S ° . ) r..\

\ \ \ S
& &\\ AURRNRRNNNNY
%W@ , 706%,/@ CTO”?,OOS/,{ , 70@,%/@ o \
,Q»Oaf@,b e \a,@/@ “n e

0
Ly
ity ”
~ 7y

N

//

o T} = | | | 0
22222

/






media/file23.jpg
Faouw]

=1
E—— L 1
i o
o .
w§

4 b B -
NN N
%,

"~
-~

- =
5_’?\ e, e,





media/file5.jpg
P -

+15% margin

Time period
for average
RSD

> Time [s]






media/file24.png
o - .
000000
1111111

555555555
1111111111

XXXXXXXXX
000000000

444444444

/
@
/
@
~
&





media/file1.jpg
@ (®)





media/file25.jpg





media/file12.png
S o
000000
111111

0
‘C‘oj}bo i “‘oé/bcfe
S/f"’o
,

<) mo & m_. m/_ n,... s L | [ ]
11111111111

LN
I ¢
@U
/





media/file9.jpg
i M e ———
R
T






media/file0.png





media/file8.png
(a)

° Lloc 1

@ Loc_3

Loc 2

N:_l
\oc_z

loc 3

(b)





media/file17.jpg
......





