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Abstract

:

In this study, laser-induced fluorescence is used to investigate the homogenization in stirred vessels equipped with single- and two-stage stirrers. The acquired local mixing times across the reactor cross-section are plotted as mixing time distribution (MTD) and then compared with the previously measured flow fields of the identical systems. With the help of a novel evaluation method, the mixing times are characterized with a normal distribution fit. With mean value and standard deviation as determined parameters, the mixing results of different installation heights and stirrer combinations are quantitatively evaluated and lead to clear recommendations for installations that enable efficient mixing.
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1. Introduction


The mixing time is a quantity, which is often used for the assessment of the efficiency of the blending process inside chemical reactors. Most of the established experimental methods for the measurement of mixing time, however, are incapable of describing the mixing process in its entirety. The common decolorization method, for instance, which uses an acid–base reaction with a color change upon pH change, usually only focuses on the point in time when the entire liquid volume is mixed and the color change is completed (“global mixing time”) [1,2]. For an efficient mixing process with minimal energy requirements, however, the aim should be to provide the desired degree of mixing at the same time throughout the entire volume, which the classic measurements methods cannot assess. Therefore, this study presents the attempt of a novel method of assessing the mixing process, with the aim of establishing design recommendations for energy-efficient stirred tank reactors.



Laser-induced fluorescence (LIF) is a non-invasive, laser-optical measurement technique to detect local concentration, temperature or pH value, simultaneously at multiple locations in a laser light sheet [1,3,4,5,6]. A fluorescent dye, such as fluorescein or rhodamine, is used as a tracer. This dye absorbs the incoming laser light and subsequently emits fluorescence light with a different wavelength. With the aid of suitable optical filters, the wavelength of the laser light can be filtered, so that only the fluorescence is captured using a camera.



The intensity of the emitted fluorescence IF is proportional to the amount of absorbed light I, which is calculated according to Lambert–Beer’s law, using the intensity of the incoming light I0, the molar extinction coefficient ε, and the absorption path length b. Φ is the quantum efficiency of the respective dye and serves as the proportionality factor (see Equation (1)):


    I   F   = Φ · I = Φ ·   I   0   ·   e   − ε · b · c    



(1)







In a certain range of relatively low concentrations c, it is valid to simplify this equation into Equation (2), resulting in a linear relation between concentration and fluorescence intensity, with K as a measurement system-dependent constant [1]:


    I   F   = Φ ·   I   0   · K · ε · b · c  



(2)







Consequently, the target quantity, in this case the local dye concentration, can be calculated directly from the image brightness, provided that the experiment is conducted within this range of linearity. The LIF is an established measurement method that has been used in several studies concerning mixing processes in stirred tank reactors, investigating the influence of the position of tracer addition [7], the mixing process in connection to chemical reactions [8,9,10], different impeller types [11,12] as well as mixing in a continuously operated tank [13].



In previous studies, concentration data were often extracted only at a finite number of locations within the vessel, not fully utilizing the potential of the LIF as a whole field technique. Stefan et al. [4,14], for example, used six defined locations, whereas Distelhoff et al. [15] used eight locations to determine the mixing time for a variety of impeller types. In contrast to that, the experimental setup used in this study is capable of determining the local mixing times for the entire cross-section of the reactor. The evaluation concept used in this study is based on Bliem’s work [4], who developed a MATLAB code to obtain local mixing times across the entire cross-section of the vessel, as well as Stefan et al.’s study [14], which included the first iteration of a Visual Basic evaluation. This concept is further expanded here, by describing the distribution of the local mixing times as a mathematical function.



The second main difference between this study and the majority of investigations found in the literature is the tracer addition, which usually takes place at the liquid surface [16,17,18,19]. Here, the dye enters the system via a custom 3D-printed injection baffle. This element was primarily developed for flow field investigations with the fluorescence tracer method [20], which required a reproducible tracer addition in close proximity of the impeller.



Third, this study also takes the flow fields of the investigated impeller setups into account, which were obtained in previous studies using stereo particle image velocimetry [21,22]. This facilitates the identification and description of the relationships between the flow patterns and the mixing process. By additionally introducing a mathematical description of the mixing time distribution, the aim of this study is to describe the mixing process holistically.




2. Materials and Methods


2.1. Setup


Experiments were conducted in the same laser-optical testing facility that was used to investigate flow patterns in stirred tanks [21,22,23] as well as other processes [24] during previous studies from this workgroup.



For LIF measurements, the reactor is placed inside an outer tank of polyhedral shape, which is also used for stereo particle image velocimetry (PIV) measurements [21,22]. It is filled with tap water in order to minimize light refraction at the cylindrical tank’s surface. A continuous wave (CW) laser, which emits green light with a wavelength of 532 nm, is used for illumination. With a light sheet optics device attached, the laser light is expanded to a light sheet plane. The laser sheet enters the tank from the side and is positioned at the central plane of the reactor. As a consequence, only one half of the tank can be analyzed with this setup, since the impeller(s) and the shaft cast a shadow on the opposite half (cf. Figure 1).



Images are acquired with a “FlowSense EO 4M” CCD camera, supplied by Dantec Dynamics, Denmark, with a resolution of 2048 × 2048 pixels. It is set up in front of the reactor and therefore in a 90° angle to the laser light sheet. While this type of camera is also capable of acquiring double-frame images within a short timeframe, which is used for PIV measurements, it is set to the single-frame mode for this study. In order to detect the fluorescence intensity with a sufficiently high resolution, 12-bit images with a total of 4096 (=212) grayscale levels are used instead of the 8-bit images that are usually suitable for PIV measurements [21,22]. The camera is equipped with an optical filter module that is only transparent for light with wavelengths λ ≥ 550 nm. Due to that, only the fluorescence light is captured within the acquired images while the laser light is blocked. Compared to PIV measurements, the laser is operated with an approximately 2.5 times higher energy output [4,25].



The geometric features of tank, baffles and impellers are also mostly identical to those used in previous studies from this workgroup [20,22]. A PMMA vessel with an inner diameter of 110 mm is equipped with a set of six rectangular baffles with a width of 11 mm (dB = D/10), positioned at a distance to the wall of 2.2 mm (=D/50). In the reference experiments, impellers with a standard diameter ratio d/D of 1/3 [5] are used, which is also most commonly investigated in the literature. The combinations of different impeller types consist of a Rushton turbine with a diameter of 0.28 D and a pitched blade turbine with 0.35 D. As determined via torque measurements, both of these impellers exhibit an identical power input, when operated individually [22]. With the exception of the specific impeller diameters and the number of baffles, this setup is in accordance with recommendations found in the literature [1,2,5,26,27].



An increased number of baffles is unavoidable for laser-optical measurements in multi-stage stirring processes in order to minimize surface motion and gas intake [20]. This is especially relevant in the fully turbulent flow regime, since light reflections at the curved liquid surface can damage the utilized CCD camera [21,25]. In order to further minimize the impact of surface motion, a ring is 3D-printed out of flexible thermoplastic polyurethane (TPU) material and attached to the outside of the reactor. A small layer of the moving liquid surface is therefore intentionally covered, masking this region within the resulting images. As a consequence, the plots displayed in the results section do not extend over the entire filling height; but with less than 2% of the cross-section area, the corresponding information loss is minimal and can therefore be neglected. A secondary ring covers the adhesive seam between the reactor bottom and the cylindrical corpus (cf. Figure 2).




2.2. Calibration


As a first step of LIF measurements, a calibration procedure is performed in order to identify the range of dye concentration where the linear correlation to fluorescence intensity applies. For that purpose, different concentrations of dye are successively set inside the reactor. It is practical to measure the lowest selected concentration first and add small volumes of dye solution over the course of the calibration [14,25]. After each injection, the liquid is mixed under turbulent conditions for about two minutes until a steady state is reached. Afterward, with the laser activated, a set of 50 images is acquired using the camera. In the Dynamic Studio database, the respective dye concentration inside the reactor is manually assigned to the dataset. Once all specified concentrations are measured and the corresponding images are saved in the database, the calibration takes place, connecting the brightness of the images to the specified dye concentration. This is performed for each individual pixel. Therefore, care must be taken to ensure that any involved part of the setup is positioned at the same location during the entire calibration as well as for all subsequent measurements. If this is the case, the baffles and/or internals are considered as background objects and do not influence the conversion of image brightness into concentration. During the subsequent measurements, minor positional deviations in the magnitude of up to 1 mm are unavoidable, but are acceptable due to the division of the image into a grid, as described in Section 2.4 [28].



With the average brightness across each set of images, the calibration function displayed in Figure 3 is created. Within the concentration range from 0 to 140 µg/L, the linear correlation between fluorescence intensity and concentration can be identified. Therefore, LIF experiments are conducted with a significantly lower dye concentration than the fluorescence tracer method, which was performed with the same substances [20,29].




2.3. Measurements


For measurements, the tank is filled with tap water to a level of 110 mm (therefore H/D = 1). The impeller and internals are positioned and the stirrer motor is activated at the respective rotational frequency. In contrast to PIV measurements, the usage of a refractive index matching (RIM) fluid [21,23] is not suitable for mixing experiments, because the fluid has to be replaced after every measurement. As a consequence, the inserted baffles are visible within the acquired images. With the previous calibration, however, the evaluation is feasible with only minor measurement errors in the baffle region, due to one baffle edge being visible in the acquired images. This must be taken into account when interpreting the following figures, where the baffle is observable by a slight vertical stripe in a negligibly small area of the figures.



Once the flow reaches a stationary state, the laser and the camera are activated and 1 mL of a Rhodamine B solution with a concentration of 90 mg/L is inserted into the system via the injection baffle displayed in Figure 2b. This ensures a reproducible tracer injection at 1/3 of the filling height H [20]. Upon completed mixing, a concentration of approximately 90 µg/L is present in the reactor volume, which lies within the previously determined calibration interval of linearity (cf. Figure 3).



Similar to PIV measurements, the camera is synchronized with the impeller and acquires one image upon each completed impeller rotation. This is achieved using an “ROS” optical sensor by Monarch Instruments, which is oriented at a reflective element on the rotating stirrer shaft. As a consequence, the impeller position is identical in each individual image. The image acquisition is initiated before the dye injection and ends at least 50 impeller rotations after the image brightness on the monitor is deemed constant, which indicates that the mixing process is completed. Therefore, the acquired sequences of images vary in length, according to the respective experimental conditions. After the image acquisition is finished, the laser and impeller are deactivated. The reactor and internals are removed from the measurement construction, emptied, rinsed and reinserted afterward.




2.4. Evaluation


With the aid of the previously obtained linear calibration function, the image brightness can be converted into local concentration values via the “LIF Processing” algorithm in the Dynamic Studio software [30]. Additionally, areas outside of the reactor are masked and thereby blacked out. In order to evaluate the mixing time from these processed image sequences, the numeric concentration data as well as the timestamps of the images are exported and further processed using a Visual Basic algorithm [14]. Although it would be possible to extract the temporal course of concentration for every single pixel of the images, the area was divided by a grid in order to accelerate the evaluation process. A region size of 16 × 16 pixel was chosen in analogy to the common interrogation area dimensions for PIV measurements [31]. For each region, a concentration–time (c–t) curve is extracted [4].



The point in time when the dye enters the system, and therefore the brightness begins to increase, is defined as t = 0 [25]. For each of the curves, the final dye concentration is determined by averaging the values of the last 20 images. Furthermore, an interval with respect to the specified mixing quality is created. In this case, for a mixing quality of 95%, this interval extends between 95 and 105% of the previously determined final dye concentration [14]. Afterward, the algorithm begins at the last timestamp and moves backward in time, until the c–t curve leaves the mixing quality interval for the first time. This specific timestamp is marked as the local mixing time tM for the respective region [14]. With the individual mixing times for all regions, the mixing time distribution (MTD) can be obtained and displayed as a contour plot [4].



With this approach, it is possible to achieve reproducible results, as exemplarily shown in Figure 4, which presents the great conformity of four exemplary repeated measurements. However, during this study, this could not be achieved for all investigated setups, despite conducting at least three experiments each. Therefore, a complete statistical evaluation of the MTD is not feasible within the scope of this study.





3. Results


Throughout Section 3, the MTD plots for the different investigated impeller setups are presented, with the local mixing time indicated by the coloring scheme (left part of the x–y plot in the figures). In this context, light shades represent shorter local mixing times while dark shades represent longer local mixing times within the respective left sections of the plots. These mixing times tM are multiplied with the respective rotational frequencies n and are thus displayed in the dimensionless notion, according to Equation (3):


    N   M   =   t   M   · n  



(3)







Essentially, this quantity represents the number of impeller rotations that are necessary to reach the required level of homogeneity (here: 95 %) [2] and allows for a comparison of results between different measurements as well as with the literature data.



For reference, the PIV-derived flow fields of the investigated impellers and combinations, which were investigated in the aforementioned previous studies [21,22], are discussed in connection to the MTD plots. The flow fields are displayed in the right part of the x–y plots in the figures, with the light shades in this region indicating high flow velocity, and darker shades indicating low flow velocity.



Due to the usage of different fluids (LIF: tap water; PIV: aqueous ammonium thiocyanate solution), the two measurements were conducted with different rotational frequencies that led to the same Reynolds number of 10,000. For the same reason, all of the MTD plots presented in this section contain a vertical shading in the region around x = −37 mm. This is caused by a visible baffle edge and is therefore considered an optical artifact that is not taken into account for the evaluation of the results. These acrylic glass elements are made invisible in the PIV images through the RIM technique.



The third segment of the figures contains a graphical representation of the mixing time distribution. The experimentally determined local mixing times are divided into classes with a width ΔNM of 5 and displayed as a bar chart, representing the distribution density. In addition to that, a normal distribution fit is applied to these data via the least squares method. The resulting cumulative distribution function is represented as a dashed line, applied to the secondary vertical axis. Since the aforementioned baffle region contains less than 100 of the approx. 5000 data points, the effect on the distribution functions is negligible. The respective fit parameters of these functions, i.e., the mean value μ and the standard deviation σ, are summarized in Table 1. Additionally, the literature values are included in the sub-sections for the purpose of comparison, if available for the respective impeller setup. As some of these values are based on a different level of homogeneity than the 95% used here, they are recalculated with Equation (4) [4,32]:


    t   M , 95 %   =   t   M , α %   ·   l n   1 −   95   100       l n   1 −   α   100        



(4)







3.1. Single-Stage Impellers


First, the results of single-stage reference experiments are presented and discussed, featuring a radially conducting Rushton turbine and an axially conducting pitched blade turbine. These impellers with a standard diameter of D/3 were positioned at the standard installation height of H/3.



The MTD plot for the Rushton turbine on the left of Figure 5a reveals a comparatively uniform mixing time distribution, with the lowest values found directly in the region of the radial impeller discharge stream. On the one hand, this observation fits well with the theory and, on the other hand, also very well with the flow field, which can be seen on the right of Figure 5a. Between the two ring vortices, the radial discharge stream forms the zone with the greatest flow velocity and turbulence. The shortest mixing time can also be observed in this region, which indicates intensive mixing in the main radial discharge flow. The dimensions of the two vortices, described and derived by the main flow vectors, are around (0.75–0.9) d, with the lower ring vortex, limited by the vessel walls, appearing somewhat smaller than the upper one. At the bottom of the vessel, in the vicinity of the walls, below the level line and in the core of the ring vortices, slightly longer mixing times can be seen, in line with the lower flow velocity there. Nevertheless, the mixing time distribution displayed in Figure 5b shows a satisfactory similarity and therefore a quite uniform distribution over the entire volume, resulting in a mean value µ = 42.5 for the dimensionless mixing time with a corresponding standard deviation of 5.4. In Distelhoff et al.’s study [15], a value of 37.1 can be found for this system, which is slightly lower, but in the same order of magnitude as these results. This deviation can be explained by the higher impeller Reynolds number of 24,000 used during their measurements.



For the pitched blade turbine in Figure 6a, it is evident that the fastest mixing times can be found in the lower regions of the reactor, close to the main axial circulation. This observation again fits very well with the velocity profile that can be seen in the image on the right. The axial main flow, which is initially directed downward, appears to change direction at 10–15% of the filling level and to be deflected upward. Low flow velocity is found in the upper 30–40% of the filling level, with the axial ring vortex leading back to the suction side of the agitator at about 65% of the filling level. The vortex thus has an approximate dimension of 1.25 d. In contrast to the radial ring vortices, the core of the axial vortex seems to be mixed more intensively, which is why the mixing times are short here, especially on the suction side of the stirrer. As is to be expected, the regions close to the vessel walls and the vessel bottom, but especially just below the filling level line near the surface, are again mixed rather poorly, which leads to long mixing times here. Slow mixing correlates with exceptionally low flow velocity. Compared to the radial agitator, the mixing time distribution over the entire volume is not as homogeneous and uniform as for the axial agitator setup and results in a wider distribution (see Figure 6b). This leads to a mean value µ = 54.4 for the dimensionless mixing time that is 28% higher than the value for the Rushton turbine and a nearly doubled corresponding standard deviation of 9.9 (+83%). In this case, the difference between the mixing time and the literature value of 33.8 [15] is significantly larger than for the Rushton turbine.



While the single Rushton turbine already provides a satisfactory mixing performance at ReR = 10,000, the results indicate that the single-stage pitched blade turbine was not operated with ideal parameters. Higher Reynolds numbers are probably necessary to avoid inhomogeneous and nonuniform mixing, which can also lead to disadvantages when implemented for technical processes.




3.2. Combinations of Identical Impellers


For the second set of experiments, impeller combinations of either two Rushton turbines or two pitched blade turbines were installed. In these cases, it is known that the impeller installation heights and the distance between individual stages provide a significant impact on the resulting flow conditions [20,33,34,35,36,37,38,39].



In the large distance scenario of the two-stage Rushton turbine in Figure 7a (h1/D = 1/4, h2/D = 3/4), the “parallel flow” pattern [35] can be clearly identified by the flow field on the right side. The two impellers operate mostly independently, resulting in two individual radial circulations with their four specific ring vortices in the respective compartments, each occupying approximately half of the reactor height. As a consequence, the primary mixing zone with the shortest local mixing times, visible on the left side of Figure 6a, is formed by the inward-oriented backstreams of the two circulations, which merge in the boundary region of the two compartments. This finding indicates that not only is high flow velocity alone responsible for short mixing times, but also turbulence, which, in our study, is caused by the two middle colliding ring vortices (the upper vortex from the lower stage and the lower one from the upper stirrer stage) both returning to the suction side of their particular stirrer stages. The MTD data in Figure 7b show that this configuration does not provide any advantage compared to the single-stage Rushton turbine (cf. Figure 5), as both the mean mixing time and the standard deviation are slightly higher (µ = 44.1, σ = 9.7).



With the turbines positioned at the standard installation heights (h1/D = 1/3, h2/D = 2/3; see Figure 8a) or even closer toward each other (h1/D = 5/12, h2/D = 7/12; see Figure 9a), the “merging flow” pattern [35] is formed, a singular intensive radial flow field that encompasses the entirety of the volume, as can be seen on the right side of the figures. The respective MTD plots on the left side of the figure shows shorter mixing times everywhere in the volume, with a more uniform distribution. However, low values in the combined main discharge flow, in the middle between the two stirrer stages, in particular once again indicate the influence of turbulence and not only absolute flow velocity on mixing times. From Figure 7b and Figure 8b, it can be derived that both configurations with the smaller stage distance deliver lower mean dimensionless mixing times with µ = 27.5 and µ = 35.9, respectively. At σ = 5.8 and σ = 3.2, the standard deviation is lower or in the same order of magnitude as for the single stage (cf. Figure 5), but significantly lower than for the two-stage version with a large distance (cf. Figure 7). These results are in line with Rutherford et al. [35], who also found lower mixing times with the standard setup and the “merging flow” pattern, compared to the increased distance and the “parallel flow”. The observed difference of about 38% found in this study is slightly higher than the 20% from the literature, which can again be explained by the different investigated Reynolds numbers.



In comparison to the single-stage variant (cf. Figure 5), the two-stage variant of the radially conveying Rushton turbine exhibits a shorter and comparable or more homogeneous mixing time across the volume. This was expected, as the “merging flow” pattern can be observed in these two presented height constellations (Figure 8 and Figure 9). In contrast, the large distance constellation with the “parallel flow” pattern [35] even leads to worse mixing times and standard deviations (cf. Figure 7). Considering that the second impeller would also double the power input without advantages regarding mixing times in this case [40], this impeller setup cannot be recommended for mixing processes.



Any combination of two-staged pitched blade turbines (PBTs), depicted in Figure 10, Figure 11 and Figure 12, induces a combined, large-scale axial circulation as the primary flow field. According to Baudou et al. [39], this pattern can be observed for Δh ≤ 2/3 D, which is maintained in all experiments featured in this study. Additionally, all cases display a rather homogenous mixing time distribution, with similar values as for the Rushton turbine combinations. The setup with increased distance between the two pitched blade turbine stages, with h1/D = 1/4 and h2/D = 3/4, is presented in Figure 10. While the large-scale, combined, axial ring vortex can be seen very clearly on the right-hand side, the left-hand side shows a largely uniform mixing time distribution over the entire reactor volume. Slightly shorter mixing times occur between the two stages, while higher values are only observed along the agitator shaft due to slight shading (due to the obvious effect of the shaft considered as a measurement artifact). Even the critical regions identified in the single-stage setup (Figure 5) close to the vessel walls and the vessel bottom, but especially just below the filling level line near the surface, are mixed quite well and show short mixing times (µ = 31.7, σ = 3.2).



The scenario with the typical distance (h1/D = 1/3, h2/D = 2/3; see Figure 11) yields the shortest mean dimensionless mixing time (µ = 24.7). However, the standard deviation σ = 5.2 here is higher than with the larger distance (cf. Figure 10), since the larger distance from the bottom leads to the formation of a slight dead space centrally under the lower stirrer stage. The low flow velocities and longer local mixing times in this region lead to a greater spread of the measured values.



The further decreased distance (h1/D = 5/12, h2/D = 7/12; see Figure 12) displays a slightly inferior mixing performance, which can be attributed to the main circulation not encompassing the entire volume in this case. In particular, the region between the upper impeller and the surface is affected by this effect. A greater upper impeller submergence leads to the formation of an increasing zone with poorer mixing and longer mixing times in the upper 35% of the volume. Consequently, the setup shown in Figure 12 shows the worst performance (µ = 40.7) among the three setups featuring two-stage pitched blade turbines, as evident by the poorly mixed areas at the vessel bottom and just below the filling level line, although the standard deviation σ = 4.4 is in the range of the typical setup (cf. Figure 11). However, for the two-stage PBTs, each of the three tested variations shows clear superiority compared to the single stage (cf. Figure 6) in terms of the mean dimensionless mixing time and the associated standard deviation.



It can be concluded that the majority of two-stage setups featured in this section, except the “parallel flow” scenario displayed in Figure 7, provide a significant improvement compared to the respective single-stage systems shown in Figure 5 and Figure 6. This benefit of a secondary impeller in terms of shorter mixing times, a more uniform distribution of local mixing times and flow velocities is most notable in the cases involving pitched blade turbines. Among the experiments discussed in this section, the setups with standard installation heights (cf. Figure 8 and Figure 11) prove to be preferable for effective and fast mixing. Concerning the PBTs, the one with increased distance (cf. Figure 10) seems to be acceptable, whereas the similar configuration with the RT (cf. Figure 7) exhibits even worse results compared to the single stage. The cases with decreased distance (cf. Figure 9 and Figure 12) on the other hand do not represent any significant advantage and are therefore not recommended.




3.3. Combinations of Different Impeller Types


In this section, the impeller combinations featuring one Rushton turbine and one pitched blade turbine are presented. As discussed in a previous study [22], the setup with the Rushton turbine as the lower and the pitched blade turbine as the upper impeller induces a specific combined flow field with a radial base structure and an enlarged and intensified upper circulation. The resulting MTD plots, presented in Figure 13, Figure 14 and Figure 15 with the same variation of impeller installation heights, indicate homogenous and fast mixing, comparable to the combinations of identical impellers presented in Section 3.2.



This impeller combination induces a unique characteristic flow pattern, with the main discharge stream of the upper axial impeller directed toward the Rushton turbine positioned beneath. From there, the fluid is distributed radially throughout the majority of the volume. In the region of the main discharge streams, slightly shorter mixing times can be identified compared to the rest of the reactor. Independently of the installation height, this impeller combination exhibits a comparatively fast mixing (30.8 ≤ µ ≤ 35.3) with a narrow distribution of local mixing times (2.8 ≤ σ ≤ 6.0).



The MTD contour plot of the setup with decreased distance (cf. Figure 15) contains regions with darker shading, both near the reactor bottom and slightly above the upper impeller. These, however, are measurement artifacts caused by laser light fluctuations and therefore do not represent these regions accurately. However, the central statements are not affected by this. Since the remaining, unaffected regions of this plot indicate great similarities with Figure 13 and Figure 14, a comparable mixing pattern is most likely present. This indicates that the installation height constellation is not particularly impactful on the mixing pattern of this impeller combination. Interestingly, the large spacing configuration with a mean dimensionless mixing time of µ = 30.4 (cf. Figure 13) appears to provide slight mixing time advantages. Similar to the two-stage PBTs discussed in Section 3.2, this improved state of homogenization is achieved by the closer proximity of the upper impeller toward the surface. As Figure 15 shows exemplarily, a less intensively circulated zone with higher local mixing times can form in this region, when the impellers are positioned closer toward the center of the volume.



In the second part of this section, the arrangement of the two different stirring elements is inverted. The combinations with the pitched blade at the bottom and the Rushton turbine at the top show an increased tendency of inducing flow fields with complex individual compartments. This pattern occurs even at the standard installation heights, which is distinctly unique for this combination. As a consequence, the MTD plots show a similar pattern to the two-stage Rushton turbine with increased distance (cf. Figure 7). A primary mixing zone is formed by merging back-streams at the inter-compartment boundary, which can be exemplarily seen in Figure 16 and Figure 17. In these two experiments, the shortest mixing times are therefore found between the two stirring stages in the vicinity of the stirring shaft. Outside of this region, significantly higher values are found in the MTD plots, despite high flow velocities, especially in the respective main discharge streams of the impellers. This suggests that these setups are not particularly suitable for homogenization tasks and that turbulence and interaction of fluid elements is not ideal.



The scenario with decreased distance, shown in Figure 18, induces significantly different patterns in both flow field and MTD. Here, the influence of the impeller arrangement appears to be minimal. The resulting flow field resembles that in Figure 15 much more closely than that for the other two installation heights of the PBT + RT combination (cf. Figure 16 and Figure 17). Consequently, comparatively short and more narrowly distributed mixing times can be detected in the MTD plots, rendering this scenario the most effective variant of this impeller combination. Nevertheless, it became apparent that the PBT + RT combination performed the worst among the four investigated dual-impeller setups (41.1 ≤ µ ≤ 53.1 and 5.0 ≤ σ ≤ 9.7).




3.4. Comparison of All Setups


In Table 1, the parameters of the fitted distribution functions are presented, with the lowest values of mean as well as standard deviation marked in bold. For the best homogenization process, i.e., the most rapid and uniform one, both of these parameters would need to exhibit minimal values simultaneously, which is not the case for the results of this study. The fastest average mixing time could be achieved with the two-stage PBT, followed by the two-stage RT, in both cases at the standard installation heights. Meanwhile, the RT + PBT combination yields the most homogenous MTD.



Among the two single-stage impellers, the Rushton turbine provides superior results compared to the pitched blade turbine, which was expected regarding the higher power input and flow velocity of the radial impeller. The results of the two-stage mixing experiments also show significant parallels with the flow investigations [22]. The mixing process and consequently the mixing time distribution and patterns within these matrices were proven to also be strongly dependent on the distance between the impellers and on turbulence with interacting flow regimes. Therefore, the MTD plots can be divided into two categories in analogy to the flow fields. On the one hand, scenarios with one combined flow field, such as the “merging flow” pattern, result in short mixing times with a fairly uniform distribution. On the other hand, in cases with separate flow compartments, formed by individual impellers, a primary mixing zone can be identified, where the streams merge while flowing back toward the impellers. Within these two categories, only minor differences can be found between the MTD plots of individual impeller combinations. For both the two-stage RT and two-stage PBT, the standard configuration with h1/D = 1/3 and h2/D = 2/3 was clearly proven to be the most efficient one among the investigated setups with different installation heights.



Among the two combinations featuring different impellers, the RT + PBT setup performs significantly superior in both metrics, which is to be expected due to the formation of combined, large-scale flow fields, in contrast to the compartments formed by the PBT + RT setup, which therefore cannot be recommended for homogenization tasks. The RT + PBT combination exhibits decent mixing results in the same order of magnitude, slightly inferior than the best scenarios of combinations of identical impellers, in all three constellations, with the increased height setup (h1/D = 1/4 and h2/D = 3/4) being slightly advantageous compared to the other two. In contrast to that, the PBT + RT combination does not provide an advantage over single-stage systems, with the setup with decreased distance (h1/D = 5/12 and h2/D = 7/12) being the only exception.





4. Discussion and Conclusions


In this study, the mixing process has been investigated in stirred tanks featuring a variety of one- and two-stage impeller setups, including combinations of identical impellers as well as setups consisting of different impellers. With the LIF technique followed by a Visual Basic evaluation of c–t curves, local mixing times could be obtained and combined into MTD plots. Despite the few systemic errors and limitations discussed in Section 2, it is possible to achieve reproductive results, as exemplarily shown in Figure 4. By directly comparing the MTD plots with the flow fields that were obtained via stereo-PIV in exactly the same geometries in previous studies [21,22], the interrelationships between flow and mixing pattern could be displayed and discussed. Additionally, a new attempt has been made to characterize the MTD mathematically via a normal distribution function. For the vast majority of measurements, this type of fit indicates a suitable representation of the data. In some scenarios with particularly narrow mixing time distribution, however, such as the RT + PBT combination at the standard heights (cf. Figure 14), the local mixing times are highly concentrated in just two of the intervals. In these cases, the normal distribution is not ideal for representation, as specifically evident by the large displacement of the derived function’s peak from the experimental data.



The comparison with single-stage reference experiments shows, especially for axial conveying stirrers, that a secondary impeller stage is beneficial to accelerate the mixing process and to homogenize the MTD.



Regarding the investigated two-stage impeller setups, it can be confirmed that combined flow fields are beneficial to achieve a uniform distribution with short mixing times [35], which is not feasible in scenarios with separate flow compartments that in addition cause higher power input and therefore higher energy costs. High flow velocity on its own is not sufficient to ensure fast and homogenous mixing; the present flow patterns and local turbulence need to be taken into account as well. Regarding the combined two-stage systems, the setups with the axial stage at the top and the radial stage at the bottom showed clear advantages over the reverse variant, which had rather inconsistent flow regimes and longer mixing times. The better of the two combinations could be suitable for stirring floating particles.



The obtained results differ significantly from observations described in the literature, which can be primarily attributed to the different tracer addition method. In multi-stage impeller setups, a tracer added via the liquid surface is initially distributed in the region of the upper impeller, resulting in shorter local mixing times than around the lower impeller [41,42,43,44]. With the utilized 3D-printed injection baffle, this asymmetry can be avoided, allowing for a more uniform distribution across the liquid height as well as a more realistic representation of technical processes, where dosing usually takes place below the liquid filling line. Nevertheless, a detailed comparison of different tracer addition methods and their effect on the mixing process may be the topic of subsequent investigations. In order to assess the aspect of scale-up, measurements with a larger reactor diameter of 200 mm and a liquid volume of approx. 5 L [21] are planned as well, alongside the investigation of multiple impeller Reynolds numbers. Future studies on this topic may also include further stirrer types [45] and a simultaneous measurement of flow fields and mixing with combined PIV/LIF systems, as, for instance, described in [46,47].
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Abbreviations




	
CCD

	
charge-coupled device




	
CW

	
continuous wave




	
MTD

	
mixing time distribution




	
PIV

	
particle image velocimetry




	
LIF

	
laser-induced fluorescence




	
PBT

	
pitched blade turbine




	
RT

	
Rushton turbine




	
RIM

	
refractive index matching




	
TPU

	
thermoplastic polyurethane




	
Sub- and Superscripts




	
0

	
light/fluorescence intensity, start value




	
1,2

	
specification of an individual impeller stage, ascending from the reactor bottom




	
F

	
measured light/fluorescence intensity, start value




	
Symbols used




	
b

	
absorption path length

	
(m)




	
c

	
concentration

	
(g L−1)




	
d

	
impeller diameter

	
(m)




	
dB

	
baffle width

	
(m)




	
D

	
tank diameter

	
(m)




	
h

	
impeller installation height

	
(m)




	
H

	
liquid filling height

	
(m)




	
I

	
light/fluorescence intensity

	
(grey levels)




	
K

	
measurement system-dependent constant

	
(-)




	
n

	
rotational frequency

	
(s−1)




	
NM

	
dimensionless mixing time

	
(-)




	
ReR

	
impeller Reynolds number

	
(-)




	
t

	
time

	
(s)




	
tM

	
mixing time

	
(s)




	
x, y

	
horizontal and vertical coordinates

	
(m)




	
α

	
numerical value of the reference level of homogeneity

	
(-)




	
ε

	
molar extinction coefficient

	
(L g−1 m−1)




	
λ

	
wavelength

	
(m)




	
μ

	
mean

	
(-)




	
σ

	
standard deviation

	
(-)




	
Φ

	
quantum efficiency

	
(-)
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Figure 1. LIF setup, top view. (a) CW laser. (b) Light sheet optics. (c) Polyhedral aquarium. (d) Vessel with stirrers and internals. (e) 3D-printed injection baffle. (f) CCD camera. The dotted line represents the position of the laser light sheet. 
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Figure 2. (a) Baffled PMMA reactor, with injection baffle (black). (b) Schematic drawing of the reactor geometry, dimensions given in (mm). 






Figure 2. (a) Baffled PMMA reactor, with injection baffle (black). (b) Schematic drawing of the reactor geometry, dimensions given in (mm).



[image: Processes 12 00132 g002]







[image: Processes 12 00132 g003] 





Figure 3. LIF calibration function, acquired via Dynamic Studio. 
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Figure 4. MTD plots resulting from the repeated measurements of the RT + PBT impeller combination, h1/D = 1/3, h2/D = 2/3, at ReR = 10,000. 
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Figure 5. (a) MTD plot (left) and flow field (right) of the single-stage Rushton turbine at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Figure 6. (a) MTD plot (left) and flow field (right) of the single-stage pitched blade turbine at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Figure 7. (a) MTD plot (left) and flow field (right) of the two-stage Rushton turbine, h1/D = 1/4, h2/D = 3/4, at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Figure 8. (a) MTD plot (left) and flow field (right) of the two-stage Rushton turbine, h1/D = 1/3, h2/D = 2/3, at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Figure 9. (a) MTD plot (left) and flow field (right) of the two-stage Rushton turbine, h1/D = 5/12, h2/D = 7/12, at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Figure 10. (a) MTD plot (left) and flow field (right) of the two-stage pitched blade turbine, h1/D = 1/4, h2/D = 3/4, at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Figure 11. (a) MTD plot (left) and flow field (right) of the two-stage pitched blade turbine, h1/D = 1/3, h2/D = 2/3, at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Figure 12. (a) MTD plot (left) and flow field (right) of the two-stage pitched blade turbine, h1/D = 5/12, h2/D = 7/12, at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Figure 13. (a) MTD plot (left) and flow field (right) of the RT + PBT impeller combination, h1/D = 1/4, h2/D = 3/4, at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Figure 14. (a) MTD plot (left) and flow field (right) of the RT + PBT impeller combination, h1/D = 1/3, h2/D = 2/3, at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Figure 15. (a) MTD plot (left) and flow field (right) of the RT + PBT impeller combination, h1/D = 5/12, h2/D = 7/12, at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Figure 16. (a) MTD plot (left) and flow field (right) of the PBT + RT impeller combination, h1/D = 1/4, h2/D = 3/4, at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Figure 17. (a) MTD plot (left) and flow field (right) of the PBT + RT impeller combination, h1/D = 1/3, h2/D = 2/3, at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Figure 18. (a) MTD plot (left) and flow field (right) of the PBT + RT impeller combination, h1/D = 5/12, h2/D = 7/12, at ReR = 10,000. (b) Distribution density (solid line) and cumulative distribution (dotted line) of the corresponding dimensionless mixing time. 
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Table 1. Overview of determined distribution parameters. Values in italics mark the experiment affected by laser-light fluctuations. Values in bold indicate the respective lowest mean and standard deviation.
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Single Stage

	
1/4 + 3/4

	
1/3 + 2/3

	
5/12 + 7/12




	

	
μ

	
σ

	
μ

	
σ

	
μ

	
σ

	
μ

	
σ






	
RT

	
42.5

	
5.4

	
44.1

	
9.7

	
27.5

	
5.8

	
35.9

	
3.2




	
PBT

	
54.4

	
9.9

	
31.7
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