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Abstract

:

The study of mass transfer is essential in the food digestion process, especially when gastric acid interacts with food and nutrients dissolve in the gastric system. In this study, a computational fluid dynamics (CFD) model was built based on an in vitro study, which investigated the mass transfer in a tablet dissolution process in a beaker and stirrer system. The predicted mass transfer coefficients from the simulation aligned well with the experimental values. The effect of the type and rotation speed of the stirrers was also investigated. Mass transfer from the tablet was found to be closely related to the tablet Reynolds number of the fluid (ranging from 0 to 938) and the shear stress (0 to 0.167 Pa) acting on the tablet. The relationship between the power number (0.0061 to 0.196) and the Reynolds number for the impeller (719 to 5715) was also derived for different stirrers.
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1. Introduction


It is relevant to compare food digestion and tablet dissolution behaviors, where the former is traditionally studied in food engineering and the latter in the pharmaceutical industry, because the complexity of the drug mixtures in some tablets can approach the variety of nutrients in some foods, both of which may travel through the gastrointestinal tract. The aims of the US Pharmacopeia [1] regarding the specification of a dissolution test apparatus may be closely aligned with the aims of food engineers who are trying to simulate stomach digestion systems through in-vitro testing apparatus, as reviewed by Li et al. [2] and Zhong and Langrish [3]. The aims of the US Pharmacopeia [1] in this field may be expressed as testing the release rates of pharmaceutical drugs from tablets or capsules in a standardized environment that is close (in some sense) to the human digestion process. Both the food industry [2,3] and the pharmaceutical industry [4,5] have strong interests in developing correlations between in vitro and in vivo dissolution, digestion and uptake data.



According to the US Pharmacopeia [1], there are four different recognized types of standard dissolution testing apparatus, as follows:




	
US Pharmacopoeia dissolution apparatus 1: basket apparatus; a wire mesh basket containing a tablet is rotated in a stationary fluid (largely superseded by apparatuses 2–4);



	
US Pharmacopoeia dissolution apparatus 2: paddle apparatus; a tablet freely moves in the bottom of a rounded-bottom flask with a rotating paddle stirrer;



	
US Pharmacopoeia dissolution apparatus 3: reciprocating cylinder; and



	
US Pharmacopoeia dissolution apparatus 4: flow through cell; a tablet fixed in the middle of a column where fluid flows up the column and around the tablet.








By contrast, in the area of food engineering, Zhong and Langrish [3] and Li et al. [2] reviewed 19 in-vitro digestion systems and nine systems, respectively.



Most of the above-described pieces of pharmaceutical dissolution apparatus have clear parallels in the food engineering field, as follows:




	(a)

	
US Pharmacopoeia dissolution apparatus 2: paddle apparatus: similar to Kong and Singh [6], SHIME [7,8,9,10];




	(b)

	
US Pharmacopoeia dissolution apparatus 3: reciprocating cylinder: similar to Chen et al. [11], Do et al. [12], Guerra et al. [13]; and




	(c)

	
US Pharmacopoeia dissolution apparatus 4: flow through cell: similar to Passannanti et al. [14].









Although these types of US Pharmacopoeia dissolution apparatus are simple and standardized, which are key characteristics of the pharmaceutical industry, the amount of variability in fundamental parameters that govern mass transfer, dissolution and digestion may be very large, and the flow fields and flow patterns may be different to those in the human digestion system. Examples of fundamental parameters that govern mass transfer, dissolution and digestion are the shear stresses and shear strain rates in the fluid and around the tablets, where these stresses and strain rates vary widely, particularly in the paddle apparatus (USP dissolution apparatus 2 [15]). Detailed studies of the predicted flow fields (using CFD in some cases supported with experiments) in the USP dissolution apparatus 2 reveal the numerical ranges for shear strain rates: up to 60 s−1 (50–100 rpm [16]); 50–100 s−1 for a paddle stirrer speed of 50 rpm and 70–175 s−1 at 100 rpm [17]; up to 120 s−1 with different impeller locations, 50 rpm paddle speed [18]; up to 60 s−1 at 50 rpm [19]; and up to 36 s−1 at 50 rpm and up to 73 s−1 at 100 rpm [20].



There are several reasons why these shear strain rates (and induced shear stresses) are important. First, the shear stresses are very likely to be related to the external mass-transfer coefficients, through analogies between heat, mass, and momentum transfer, with the consequence that any differences between these strain rates (in the USP dissolution apparatus 2) and those in real stomachs are likely to have significant effects on differences in the external mass-transfer coefficients. Second, following this consideration, the shear stresses and shear strain rates in real stomach systems are typically over one order of magnitude greater than those in stirred systems (Table 6 in Zhong and Langrish [3]), including those in the USP dissolution apparatus 2.



The mass-transfer rates for the USP 2 dissolution apparatus (paddle) were measured by D’Arcy et al. [21] both experimentally and numerically. However, as the saturation concentration is dependent on the temperature, the mass-transfer rate also varies (implicitly) with the temperature. Compared with the mass-transfer rates, the mass-transfer coefficients are more fundamental parameters, but they were not measured in the study.



D’Arcy et al. [22] studied the USP 1 dissolution apparatus (basket) through an experiment by evaluating the dissolution rates of benzoic acid and salicylic acid tablets. However, the corresponding mass-transfer coefficients were not estimated or compared with other types of dissolution apparatus.



The hydrodynamics of the USP 4 dissolution apparatus (flow through cell) were investigated numerically by D’Arcy et al. [4], assuming the flow to be laminar and time-dependent. The dissolution rates of the benzoic acid and salicylic acid tablets were measured experimentally. In this study, the mass-transfer coefficients were not calculated either. In addition, no shear stresses or shear strain rates were estimated or measured. Once again, the results were not compared with other types of apparatus either.



An important gap in the above studies, both CFD analyses and experimental studies, is that the shear stresses directly above the tablets have not been simulated, and in the case of the common USP Apparatus 2 (paddle stirrer), the tablet has been free to move into different flow regions where the shear stresses vary widely. Mass transfer processes were also not simulated directly.



The remainder of this paper is organized as follows: Section 2 presents a summary of the experimental setup that is modelled in this paper, Section 3 contains a description of the CFD model, Section 4 contains the results and discussion and finally Section 5 contains the conclusions.




2. Experimental Study


Experimental Method and Procedure


The experimental method and procedure have been described in detail by Langrish et al. [23] and are summarized here. Briefly, a 13 mm diameter, 2.5 mm high tablet was pressed from benzoic acid (laboratory grade from Honeywell Fluka™) powder using a tableting press at a compression pressure of 111 MPa. The tablets were placed on a platform (Figure 1 in Langrish et al. [23]) 25 mm above the bottom of a 150 mL beaker containing either 80 mL or 120 mL of deionized water. Three types of stirrers were used, as shown in Figure 1, at rotational speeds of 0 rpm, 100 rpm, and 200 rpm. The concentration of benzoic acid in the bulk solution was monitored as a function of time with a Cary-60 UV-Visible spectrophotometer. Each experiment was repeated at least twice.



The concept behind the platform was to ensure that the tablet was fixed in place and did not move, since such movement is known [17] to cause significant variability in the dissolution behavior, due to the tablets being exposed to a wide range of different flow conditions (velocities and turbulence levels). The results of these experiments have been reported, together with an experimental error analysis and analysis of variance, in Langrish et al. [23].





3. Computational Fluid Dynamics Model


In this section, the CFD model developed to simulate the stirrer and tablet setup is presented. An Ansys Fluent 2022R2 transient, pressure-based solver was used.



3.1. Geometry


Ansys SpaceClaim was used to construct the geometry for the simulation. Figure 2a shows the solid bodies in the beaker: the supported platform (light blue), the stirrer blade (green), and the tablet (pink). Figure 2b shows the fluid domain; the bottom fluid domain (brown) was set to be a moving mesh zone (see Figure 2). This is a significant advance over previous modeling which used a frozen rotor approach [24], as large-scale transient structures, as well as flow interaction with the tablet support structure, can be captured correctly [25]. The lower, cylindrical fluid zone was set as a moving mesh region with a vertical rotation axis, and the mesh motion determined from the rotation rate.




3.2. Computational Mesh


An Ansys fluent watertight geometry meshing tool was used to generate the mesh in the fluid region. The generated mesh has 215,000 cells and comprises poly-hexcore elements with inflation at the walls. Ten layers of fine inflation were used on the tablet to capture the thin concentration boundary layer. Views of the mesh used are given in Figure 3. The minimum orthogonal quality of the mesh is 0.38.



A sensitivity study shows that this mesh gave sufficient resolution. To determine this, two different quantities were examined. Firstly, the overall dependence of the solution on the mesh density was examined by running cases with different mesh densities for stirrer 1 at a tablet Reynolds number of 800 and comparing data after 6 s. These meshes were created by changing both the surface and volume mesh sizes, although the inflation mesh on the tablet was unchanged. Table 1 shows the results, which indicate the power number, a measure of the non-dimensional torque on the stirrer (see later for definition), does not change significantly once the number of cells reaches about 180,000. The Sherwood number, a dimensionless number used in a mass-transfer operation (see later for definition), is unaffected by changes to the mesh in the bulk of the vessel.



Secondly, the inflation mesh on the tablet was changed to reduce the near-wall cell height from 20 μm to 15 μm with the same expansion ratio. This changed the Sherwood number from 376.24 to 376.26, again confirming that the mesh used was adequate.




3.3. Conservation Equations


The mass and momentum conservation equations employed for incompressible flow with a moving mesh are:


  ∇ ·  (  u −  u g   )  = 0  



(1)






    ∂  (  ρ u  )    ∂ t   + ∇ ·  (  ρ  (  u −  u g   )  ⊗ u  )  = − ∇ p + ∇ ·  μ  eff    (  ∇ u + ∇  u T   )   



(2)




where    μ  eff     is the sum of the laminar and turbulent dynamic viscosities. The SST k-ω model [26] is chosen as the turbulence model because it performs well even when the turbulence levels are low [27] and the flow is essentially laminar.



The transport equations for the turbulence kinetic energy ( k ) and the turbulence eddy frequency ( ω ) are:


   ∂  ∂ t    (  ρ k  )  + ∇ ·  (  ρ  (  u −  u g   )  k  )  = ∇ ·  [   (  μ +    μ t     σ  k 1      )  ∇ k  ]  +  P k  −  β *  ρ k ω    



(3)






      ∂  ∂ t    (  ρ ω  )  + ∇ ·  (  ρ    (  u −  u g   )  ω  )  =    ∇ ·  [   (  μ +    μ t     σ  ω 1      )  ∇ ω  ]  +  (  1 −  F 1   )  2 ρ  1   σ  ω 2   ω   ∇ k · ∇ ω +  α 1   ω k   P k  −  β i  ρ  ω 2      



(4)




where    σ  k 1   = 1.176  ,    β *  = 0.09 ,    σ  ω 1   = 2.0 ,    σ  ω 2   = 1.168 ,    α 1  = 0.52   and    β i  = 0.075  .



The turbulence production rate (   P k   ) is given by:


     P k  =  μ t  ∇ u ·  (  ∇ u + ∇  u T   )   



(5)







The blending function,    F 1   , is a function of both the near-wall distance and the local values of k and ω;


   F 1  = tanh  (   Φ 1 4   )     



(6)




where


   Φ 1  = min  (  max  (     k     β ′  ω y   ,   500 ν    y 2  ω    )  ,   4 ρ k   C  D  k ω    σ  ω 2    y 2     )   



(7)







 y  is the near-wall distance, ν the kinematic viscosity, and


    C  D  k ω   = max  (  2 ρ  1   σ  ω 2   ω     ∂ k   ∂  x j      ∂ ω   ∂  x j    , 1.0 ×   10   − 10    )     



(8)







   F 1    is expected to be 1.0 inside the boundary layer and zero outside. A second blending function,    F 2   , is used to explicitly limit the eddy viscosity inside the boundary layer (   μ t   ) [26]


     μ t  =    α 1  ρ k   max  (   α 1  ω , S  F 2   )     



(9)




where    α 1    is a constant, set to be 0.31.  S  is the magnitude of the shear strain rate.



The second blending function is given by;


   F 2  = tanh  (   Φ 2 2   )   



(10)




where


   Φ 2  = max  (    2  k     β ′  ω y   ,   500 ν    y 2  ω    )   



(11)







Conservation of species mass gives:


    ∂  (  ρ  Y  dis    )    ∂ t   + ∇ ·  (  ρ  (  u −  u g   )   Y  dis    )  = ∇ ·  (  ρ  D  eff   ∇  Y  dye    )   



(12)




where    Y  dis     is the mass fraction for the dissolved species, and    D  eff     is the effective mass diffusion coefficient, given by:


   D  eff   = D +    μ t    ρ  σ Y     



(13)




where the turbulent Schmidt number is set to the default value of 0.7.




3.4. Model Setup


The mixing vessel was filled with water, with a constant density of 998.2 kg m−3 and a constant viscosity of 0.001 Pa·s. The benzoic acid diffusion coefficient in the water was taken from Irandoust and Andersson [28]. The tablet wall was assumed to have a constant benzoic acid mass fraction of 0.0328 [28]. The rotating speed of the moving fluid domain was set to 100 rpm or 200 rpm corresponding to the stirrer speeds used in the experiment. Each case was run for 20 s with a timestep selected to give 5° of rotation in a single step, which for 200 rpm was 0.66 ms. An additional case was run with no rotation.




3.5. Solution Method


The coupled pressure–velocity scheme was used to solve the equations with the bounded second-order implicit transient formulation. Gradients were determined using the least-squares cell-based option and the pressure was determined using the second-order method. The second-order upwind scheme was used for all the transport equations, except those for turbulence that used the first-order upwind scheme. Converged solutions were achieved when residual values for the continuity,  x ,  y ,  z  velocities and dye were below 10−5. The residual values were calculated based on the locally scaled root mean square (RMS).





4. Results and Discussion


4.1. Flow and Mass Transfer Results from the Simulations


4.1.1. Mass Fraction of Benzoic Acid


The mass fraction contours of benzoic acid at 20 s with different stirrers and rotation speeds are shown in Figure 4. The benzoic acid is more widely distributed at a higher rotation speed with all stirrers. Stirrer 1 provides the most diffused mixing pattern, followed by stirrer 3, while stirrer 2 seems to be the least effective.




4.1.2. Velocity Field in the Stirrer System


Figure 5 shows the fluid velocity for different stirrers at a stirrer speed of 200 rpm. The velocity magnitude is much higher with stirrers 1 and 3 than with stirrer 2. They range from 0 m/s to 0.4 m/s, which is of the same order of magnitude as in the previous studies conducted by D’Arcy et al. [29], Bai and Armenante [17,18,19], and McCarthy et al. [30]. The complex eddy patterns generated by the stirrers are evident in the vector plot on the right side of the figure. It is also evident that in the region of the tablet the flow is very weak for stirrer 2 and strongest for stirrer 1.




4.1.3. Fluid Strain Rate


The patterns of the fluid strain rate are shown in Figure 6. The strain rate of the fluid ranges from 0 to 200 s−1 while it reaches up to 800 s−1 on the tablet, which is in line with the previous predictions of Bai and Armenante [17,18], and some predicted strain rates for the USP II apparatus shown in Figure 5 of Baxter et al. [20]. The strain rate of the fluid is highest near the tablet with stirrer 1, while it is highest near the stirrer with stirrer 2. The strain rate is important as it controls mixing at the small scale and again illustrates the better performance of stirrer 1.




4.1.4. Turbulence Behavior


For all cases studied, the maximum    y +    value on all walls in the domain is less than 7 overall and far less than unity on the tablet wall. Figure 7 shows the wall    y +    value on the tablet and stirrer for stirrer 3 rotating at 200 rpm, which is the case with the highest Reynolds number for the tablet, highlighting the very low    y +      value on the tablet. Therefore, the first point away from the wall is located in the laminar sublayer and the turbulence equations are integrated to the wall rather than a log-law boundary profile being applied. This is important because it means the mass transfer boundary layer is calculated rather than an incorrect log-law being applied at the very low turbulent Reynolds numbers for the tablet.



Figure 8 shows the contours of the turbulent viscosity ratio, which is the ratio of the turbulent viscosity to the laminar viscosity, in the fluid. The ratio is highest with stirrer 1, followed by stirrer 3, then stirrer 2. With stirrer 1, the highest values are observed above the stirrer. With stirrer 3, the highest values are near the tips of the stirrer. However, in all cases the region around the tablet is largely unaffected by turbulence.



Next, results for the turbulence kinetic energy and turbulence energy dissipation rate are presented. When the rotational speed is 100 rpm, and 200 rpm for stirrer 2, the values are small and close to zero. The turbulence levels are higher, consistent with the observed turbulent eddy viscosity ratio, when the rotational speed is 200 rpm, and are present mainly in the region above the stirrers. Typically, the turbulence kinetic energy ranges from 0 to 0.001 m2 s−2 and the turbulent energy dissipation rate ranges from 0 to 0.1 m2 s−3. These values are consistent with the values obtained in the previous studies conducted by Bai et al. [18,19]. Example plots are provided in Figure 9. It should be noted that the small spikes at the corners where the rotating and stationary frames meet are numerical artefacts that arise for some mesh configurations and are hard to avoid. They arise from the difficulty of matching gradients across interfaces and in this case appear only in the corners of the domain.



It is evident from the results presented above that, while there is some local turbulence in the vicinity of the stirrer and its discharge, the simulations suggest that mass transfer is occurring largely in the laminar regime.





4.2. Comparison with Experimental Data


From basic mass-transfer theory, the mass-transfer rate is related to the mass transfer area; the mass transfer coefficient and the rate of concentration change as defined below:


    d    m  s o l     d   t   = A   k    (   C s  −  C b   )   



(14)




where    m  s o l     is the mass of benzoic acid transferred from the tablet to the bulk solution,  A  is the interfacial area between the tablet and solution, taken as the sum of the top and side areas of the tablet here,  k  is the overall mass-transfer coefficient,    C s    is the saturation concentration of benzoic acid at the tablet surface, and    C b    is the concentration of benzoic acid in the bulk solution, derived from the simulation results. All quantities use kg-m-s units. Data from the last second of the simulation were used to calculate both     d    m  s o l     d   t     and    C b  .   The mass-transfer coefficients are calculated from the simulation results using Equation (14) and compared with the experimental results from Langrish et al. [23]. Both experiment and simulation agree that stirrer 1 provides the highest mass-transfer coefficients, followed by stirrer 3 and finally stirrer 2. The values from the simulation are lower than the experimental values overall, but within acceptable ranges. All data are given in Table 2. The mass-transfer coefficients range from 1.33 × 10−5 to 4.48 × 10−5 (m s−1) in the experiment and from 6.33 × 10−6 to 2.89 × 10−5 (m s−1) in the simulation.



The mass transfer data are further investigated using dimensional analysis, including the calculation of the Reynolds number for the tablet, the Sherwood number, the Schmidt number and the power number.



The Reynolds number for the tablet (  R  e t   ) is the ratio of inertial forces to viscous forces in the fluid, defined by:


  R  e t  =   ρ   u    L t   μ  =   ρ   N    L s     L t    2 μ    



(15)




where  ρ  is the density of the solution,  μ  is the viscosity of the solution,  u  is the characteristic speed, defined as   N    L s  / 2     in this study,    L t    is the length scale of the tablet which is taken as the tablet diameter (0.013 m),    L s    is the length scale of the impeller which is taken as the impeller diameter (0.034 m for stirrer 1, 0.020 m for stirrer 2 and 0.040 m for stirrer 3), and  N  is the rotational speed of the stirrer (100 rpm or 200 rpm).



The Sherwood number (  S h  ) is the ratio of mass transfer by convection to the mass transfer by diffusion, defined by:


  S h =   k    L t   D   



(16)




where k is the external mass-transfer coefficient, and D is the diffusivity of the benzoic acid in water.



The Schmidt number (  S c  ) is the ratio of momentum diffusivity (kinematic viscosity) over mass diffusivity, defined by:


  S c =  μ  ρ   D    



(17)







The Ranz–Marshall correlation [31] which is widely used to predict the Sherwood number from a sphere, was used in Langrish et al. [23] to give a reference value. It is used here as a lower bound for estimates of the Sherwood numbers from the experiment and is given by


  S h = a + b   R  e t c    S  c  1 / 3    



(18)




where  a  = 2,  b  = 0.6, and  c  = 0.5.



The correlations between the Reynolds number for the tablet and the Sherwood number for both the simulations and experiments with different stirrers are shown in Figure 10. The Sherwood numbers for tablet dissolution are of the same order of magnitude as that for spheres when correlated against the Reynolds number for the tablet. The simulation results show good agreement with the experimental data in that they capture the trends for all configurations. Differences can easily be explained by the fact that the magnetic stirrer in the experiment will not rotate perfectly centered on the axis but tend to wobble, causing improved mixing which is consistent with the excellent agreement in the stationary case. Therefore, the statistical significance of the variations between the experimental and simulation data is not included here.



The performance of the stirrers can be examined based on the Reynolds number for the impeller and power number of the impeller [32]. The Reynolds number for the impeller (  R  e i   ) is given by


  R  e i  =   ρ   N    L i 2   μ   



(19)







The power number (   N p   ) is the ratio of the external force exerted over the inertial force imparted, defined by:


   N p  =  P  ρ    N 3     L s 5     



(20)




where  P  is the external power to the stirrer.



The power ( P ) is determined from the torque ( τ ) derived from the CFD results based on:


  P = τ   · 2    π    · N  



(21)







Figure 11 shows the correlation between the Sherwood number and the impeller Reynolds number. It is found that the Sherwood number increases linearly with the increasing impeller Reynolds number for different stirrers, meaning that the mass-transfer coefficient increases linearly with the increased rotational speed in this system with different stirrers. Stirrer 1 performs best, while stirrers 2 and 3 follow the same trend.



Figure 12 shows the correlation between the Sherwood number and the average wall shear stress on the tablet, which ranges from 0 to 0.2 Pa for different stirrers and different rotational speeds. All data collapse onto a single curve. Typical correlations show that the Sherwood number increases as the wall shear stress increases and this is evident here too.



Figure 13 shows the relationship between the power number and impeller Reynolds number for different stirrers and different rotational speeds. With stirrer 2, the Reynolds numbers are smaller than 2000, and the power number decreases with an increase in the Reynolds number showing laminar flow behavior. With stirrer 1, the Reynolds numbers are in the range of 2000 to 4000 and the power number decreases slowly as the Reynolds number increases. With stirrer 3, the Reynolds numbers range from 3000 to 6000 and the power number only changes slightly when the Reynolds number increases. These results are consistent with those expected from compilations of data for many impellers [32].




4.3. Overall Discussion


The link between pharmaceutical dissolution (upon which this modeling is based) and food is that the mass-transfer coefficients for pharmaceutical components and food components are only slightly dependent on the nature of the solute, and the mass-transfer coefficients for different solutes may be related to each other through the use of the Sherwood number, as shown in Cussler [33], and Langrish et al. [23]. Therefore, mass-transfer coefficients measured and simulated for pharmaceutical components are directly relevant to mass-transfer coefficients for food components.



The gap between this work and that of previous work (D’Arcy et al. [21,22,29]) reflects both the realization of the similarities between mass transfer for food components and for pharmaceutical ones [34], and the improvements in computational simulation techniques that have occurred in the intervening period [24,26,27], including the simulation here of the wall shear stresses above the tablet surfaces.



While beyond the scope of this work, tablet hardness may affect the breakup of tablets and therefore the length scales and mass-transfer coefficients from tablets. Only a single tablet hardness was used throughout all the experimentation used in this work.





5. Conclusions


This study presents CFD simulations of an in vitro beaker and stirrer system. This system was investigated extensively about 15 years ago using much simpler CFD approaches and did not include mass transfer simulations. Here, a CFD model is developed that accounts for the rotation of the stirrer in as complete a way as possible and additionally models simultaneous mass transfer. The sliding mesh approach captures transient interactions of the flow with the support structure and the tablet.



The estimated mass-transfer coefficients from the simulation match well with the experimental results. Tablet dissolution and mixing behaviors of the system are influenced by both the type of stirrer and the rotation speed. The dimensionless mass-transfer coefficient (the Sherwood number, which ranges from 53 to 376) correlates well with the tablet Reynolds numbers (0 to 938) and the shear stress (0 to 0.167 Pa) acting on the tablet. The correlations between the power number (0.0061 to 0.196) and the impeller Reynolds number (719 to 5715) are also presented for different stirrers and follow the expected trends. This work reinforces the utility of CFD simulation to provide additional insights into the dissolution process and has the capability of modeling the digestion process, at the food particle scale.
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Figure 1. Dimensions of the three stirrers that were used in the experiments. (a) stirrer 1; (b) stirrer 2; (c) stirrer 3. 
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Figure 2. Geometry of the beaker and stirrer system and the fluid domain with stirrer 1 (a) solid bodies; (b) fluid domain. 
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Figure 3. Computational mesh on the fluid domain with stirrer 1. (a) surface mesh. (b) section through the vessel. 
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Figure 4. CFD predictions of the benzoic acid mass fraction on the vertical middle cross-section for different stirrers at different rotation speeds (100 rpm and 200 rpm). 
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Figure 5. CFD predictions of velocity magnitude contour on the vertical middle cross-section for different stirrers at different rotation speeds (100 rpm and 200 rpm). 






Figure 5. CFD predictions of velocity magnitude contour on the vertical middle cross-section for different stirrers at different rotation speeds (100 rpm and 200 rpm).



[image: Processes 11 00505 g005]







[image: Processes 11 00505 g006 550] 





Figure 6. CFD predictions of strain rate on the vertical middle cross-section for different stirrers at different rotation speeds (100 rpm and 200 rpm). 
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Figure 7. CFD predictions of the wall y+ value on (a) the surface of the tablet; and (b) the surface of the stirrer and the base of the beaker for the stirrer 3 system with a rotation speed of 200 rpm. 
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Figure 8. CFD predictions of the turbulent viscosity ratio on the vertical middle cross-section for different stirrers at different rotation speeds (100 rpm and 200 rpm). 
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Figure 9. Turbulence kinetic energy (left) and turbulence energy dissipation rate (right) for stirrers 1 and 3 operating at 200 rpm. 
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Figure 10. The relationship between the Sherwood number and Reynolds number for the tablet achieved from experimental and simulation results. The experimental data are taken from Langrish et al. [23]. 
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Figure 11. Sherwood number as a function of the impeller Reynolds number derived from the simulation results. 
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Figure 12. Sherwood number as a function of the average wall shear stress derived from the simulation results. 
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Figure 13. Power number as a function of the impeller Reynolds number derived from the simulation results. 
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Table 1. Results of the mesh independence study.
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	Number of Cells
	Power Number
	Sherwood Number





	107,000
	0.193
	376.30



	179,000
	0.184
	376.20



	215,000
	0.181
	376.24



	233,000
	0.184
	376.19



	243,000
	0.180
	376.26
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Table 2. Comparison of estimated mass transfer coefficients (m s−1) between experimental and simulation results. The experimental data are taken from Langrish et al. [23].
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Speed (rpm)

	
Stirrer 1

	
Stirrer 2

	
Stirrer 3




	

	
Experiment

	
Simulation

	
Experiment

	
Simulation

	
Experiment

	
Simulation






	
0

	
5.21 × 10−6,

4.55 × 10−6

	
4.11 × 10−6

	

	

	

	




	
100

	
3.86 × 10−5, 3.60 × 10−5

	
1.74 × 10−5

	
1.56 × 10−5,

1.33 × 10−5

	
6.33 × 10−6

	
2.23 × 10−5,

1.94 × 10−5

	
1.40 × 10−5




	
200

	
4.48 × 10−5,

4.33 × 10−5

	
2.89 × 10−5

	
1.87 × 10−5, 1.48 × 10−5

	
8.99 × 10−6

	
3.47 × 10−5, 3.44 × 10−5

	
2.32 × 10−5
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