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Abstract

:

In this work, the oxygen transport and hydrodynamic flow of the PBS Vertical-Wheel MINI™ 0.1 bioreactor were characterized using experimental data and computational fluid dynamics simulations. Data acquired from spectroscopy-based oxygenation measurements was compared with data obtained from 3D simulations with a rigid-lid approximation and LES-WALE turbulence modeling, using the open-source software OpenFOAM-8. The mass transfer coefficients were determined for a range of stirring speeds between 10 and 100 rpm and for working volumes between 60 and 100 mL. Additionally, boundary condition, mesh refinement, and temperature variation studies were performed. Lastly, cell size, energy dissipation rate, and shear stress fields were calculated to determine optimal hydrodynamic conditions for culture. The experimental results demonstrate that the   k L   can be predicted using   S h = 1.68 R  e  0.551   S  c  1 3    G  1.18    , with a mean absolute error of 2.08%. Using the simulations and a correction factor of 0.473, the expression can be correlated to provide equally valid results. To directly obtain them from simulations, a partial slip boundary condition can be tuned, ensuring better near-surface velocity profiles or, alternatively, by deeply refining the mesh. Temperature variation studies support the use of this correlation for temperatures up to 37 °C by using a Schmidt exponent of 1/3. Finally, the flow was characterized as transitional with diverse mixing mechanisms that ensure homogeneity and suspension quality, and the results obtained are in agreement with previous studies that employed RANS models. Overall, this work provides new data regarding oxygen mass transfer and hydrodynamics in the Vertical-Wheel bioreactor, as well as new insights for air-water mass transfer modeling in systems with low interface deformation, and a computational model that can be used for further studies.
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1. Introduction


Human pluripotent stem cells are generating great hope in the scientific community as they may be used to design innovative therapeutic approaches for numerous health conditions [1]. However, large numbers of cells are required to realize this potential, and therefore, there is the need to establish scalable culture systems for their mass production. Suspension bioreactors allow the monitoring and control of the culture environment, as well as the scale-up of the culture volume without compromising cell quality. The Vertical-Wheel™ (PBS Biotech®, Camarillo, CA, USA) bioreactors have proven to be successful at ensuring hydrodynamic homogeneity [2] and have been used for the culture of different stem cell types, such as induced pluripotent stem cells [2,3,4] or mesenchymal stem cells [5,6], either on microcarriers or as floating cell aggregates.



In bioreactor cultures, mass transfer of gas and nutrients is often increased by increasing the impeller’s agitation rate, but the associated increase in the shear stress imposed on the free-flowing cell aggregates can impact the cell quality, specifically in terms of differentiation potential, proliferation capacity and phenotype [7,8]. On the other hand, the aggregate size can also be controlled by the shear stress levels. In particular, higher agitation speeds/shear stress levels lead to the formation of smaller aggregates [9], reducing gas and nutrient diffusion limitations to the aggregate core, something that could otherwise cause cell damage and even necrosis by hypoxia [10,11]. Controlling the shear stress should, thus, be performed by manipulating process conditions to achieve an optimal point.



Following this line of thought, computational fluid dynamics (CFD) can be used to study the bioreactor’s hydrodynamic variables, which can be correlated to predict product quality, optimize process conditions and develop scale-up procedures [12,13]. In the case of Vertical-Wheel™ bioreactors, studies have been conducted for these purposes using a Reynolds averaged Navier–Stokes (RANS)   k − ϵ   formulation. However, the aeration process is often neglected and mainly analyzed by empirical studies. This is often because the aeration is easy to measure but hard to simulate, as the interactions between the interface and turbulent structures can strongly influence the mass transfer [14].



To properly study the underlying mechanisms, multiphase models offer a way to simulate the deformation of the gas–liquid interface, with the downside of requiring higher computational costs. However, in cases where surface deformations are low, such as the present one, the effects imposed on the average properties of the bulk and the surface are small enough to be approximated as a rigid lid [14]. Previous works have also studied this possibility using different turbulence models and found that the large eddy simulation (LES) model reproduces the near-surface behavior in wall-bounded rotating flows more accurately [15,16].



In this work, we use the same concepts and simulate the flow and aeration of the PBS Vertical-Wheel MINI™ 0.1 for different agitation rates and volumes, comparing the predicted mass transfer coefficients with experimental results. What was found is that the mass transfer coefficient for a given agitation rate, volume, and temperature can be correlated with a modified Sherwood correlation, which uses a dimensionless geometrical term to correlate changes in the working volume. Additionally, we demonstrate how the rigid-lid approximation can offer a simple and inexpensive way to model and predict the oxygenation of the bioreactor and that empirical correlations can be derived from this type of virtual environment to predict product outcomes. Moreover, some effects, such as surface contamination, can significantly impact the mass transfer rate and are difficult to measure or account for [17,18,19]. To correct this issue, we also present a way to calibrate the simulated system allowing us to reproduce the experimentally recorded mass transfer coefficients by dampening the velocity at the interface.



In CFD simulations, the use of a proper mesh is crucial to derive adequate results. Using meshes with different types and zones of refinement can significantly influence the outcome of the simulation, particularly in LES, where turbulent structures are directly resolved up to the size of the mesh cells and, in this case, are essential for a good prediction of the near-surface flow. Because of this fact, we performed a mesh refinement study, where we concluded that the deviation to the theoretical slip condition depends on the refinement level and tends to zero for extremely refined meshes. In addition, another study of virtual nature was performed, in which we tested the impact of the Schmidt on the Sherwood prediction, verifying that the correlation can appropriately predict the mass transfer coefficient for different temperatures.



Finally, the flow inside the bioreactor was characterized, and the velocity oxygen concentration, energy dissipation rate (EDR), Kolmogorov length scale and shear stress fields obtained from the LES model were analyzed to ascertain whether the bioreactor can achieve adequate aggregate suspension and oxygen homogenization, while presenting acceptable shear stress levels, and if so, which range of agitation rates provide the best conditions for cell culture. Taking into account the average variable fields, the results agree with the conclusions presented in other published articles that use a RANS   k − ϵ   formulation [2,20].




2. Materials and Methods


2.1. About the PBS MINI™


The PBS MINI™ 0.1 (PBS Biotech®, Camarillo, CA, USA) is a single-use bioreactor, constructed from injection-molded polycarbonate, with a working volume between 60 and 100 mL that comprises a vessel with the shape of a lightly funneled box and a U-shaped bottom, containing a vertically oriented impeller wheel, that functions through magnetic agitation induced by the non-disposable base unit in which it rests. The geometry of the wheel presents two curved paddles oriented in the same plane, shaped similarly to elephant-ear impellers, which are supported by two annular structures. Joining these structures, there are four small prisms separated by 90° angles that have magnets embedded in them, allowing the rotation of the whole structure. The agitation rate is controlled by adjusting the dial in the base unit, with the value being displayed next to it. Additionally, the bioreactor has a lid on top that, when opened, puts the medium in contact with fresh air and lets the operator retrieve samples for analysis. This bioreactor is a surface aerated system, and there is no aeration via sparging. A representation of the bioreactor is presented in Figure 1. More information can be consulted in the PBS Biotech official website and in the PBS MINI™ user manual [21,22].




2.2. Experimental Protocol: Spectroscopy-Based Oxygen Measurements


The experimental protocol used for the oxygen measurements inside the PBS MINI™ 0.1 was based on the LED-induced luminescence of a dissolved indicator dye, which when electronically excited, is physically deactivated by the oxygen present in the medium, resulting in a quenching phenomenon and a consequent decrease in the recorded luminescence.



For the set-up, represented in Figure 2, we used a 420 nm LED excitation source and an UV-Vis-NIR FLEX   +  ™ spectrometer (Sarspec®, Lisbon, Portugal), connected by an 0.4 cm UV-Vis-NIR (ultraviolet, visible and near-infrared) reflectance bifurcated optic fiber with a 530 nm longpass glass filter (SCHOTT®, Jena, Germany) inside an in-filter holder connected to another stretch of 0.2 cm optic fiber. The software used in conjunction with the equipment was LightScan™ v1.18 (Sarspec®, Lisbon, Portugal), for which the run parameters were as follows: 1200 ms of integration time, 10 measure average, and 30 point smoothing.



The indicator solution consisted of 8 mg of tris(2,2   ′  -bipyridyl) ruthenium chloride hexahydrate for each 100 mL of deionized water, which was transferred to the bioreactor as needed.



The deaeration was performed at the beginning of the experiments and was carried out by prolonged (minimum of 20 min) nitrogen gas flow through the bioreactor medium, composed entirely of deionized water, until the oxygen reached a steady value close to zero. The aeration of the bioreactor was then performed exclusively with ambient air at a constant agitation rate, up to the point when a steady value was achieved. All of the luminescence measurements were performed without the bioreactor cap and with the optic fiber firmly held against the bioreactor vessel.




2.3. Data Treatment


To treat the measured data, we used MATLAB® R2019a v9.6 (The MathWorks Inc., Natick, MA, USA) [23] to adjust the liquid-side mass transfer coefficient,   k L  , via a minimization search.



To determine the oxygen concentration at a given point in time, we integrated the partial differential equation given below:


    d  C  O 2     d t   =  k L  a  (  C   O 2    S a t   −  C  O 2   )   



(1)







By defining the initial condition as CO2   |   t = 0    = 0, that is, assuming the deaeration was absolute, we obtain the standard concentration profile evolution, where a fixed   k L   is assumed:


   C  O 2    ( t )  =  C   O 2    S a t    ( 1 −  e  −  k L  a × t   )   



(2)







For the calculation of the specific area, a, the volume was obtained by direct measurement and the contact area was estimated by numerical integration from the virtually generated mesh, which can be consulted in Table 1.



For each time step, the luminescence spectrum was obtained, and the peak intensity (peaking at 608 nm) was determined after the subtraction of the dark spectrum and baseline drift, with the latter being due to equipment-related temperature variations. Then, in order to adapt the inverse relationship between the measured luminescence and the oxygen concentrations (due to the decrease caused by the quenching mechanism), the treated experimental values,   I  t r e a t e d _ e x p   , were calculated by subtracting the recorded peaks,   I  r e c o r d e d   , from the luminescence peak at full deaeration,   I  m a x   . Lastly, Equation (4) (analogous to Equation (2)), where   I  m i n    is the recorded luminescence at saturation, was used to estimate the luminescence values,   I  c a l c u l a t e d   , from a given mass transfer coefficient. The   k L   was obtained by minimizing the squared difference between   I  t r e a t e d _ e x p    and   I  c a l c u l a t e d   :


   I  t r e a t e d _ e x p   =  I  m a x   −  I  r e c o r d e d    



(3)






   I  c a l c u l a t e d   =  (  I  m a x   −  I  m i n   )   ( 1 −  e  −  k L  a × t   )   



(4)







After obtaining the mass transfer coefficients, a Sherwood correlation was established to predict the system’s behavior relative to the experimental variables:


  S h = k R  e α  S  c β   



(5)







Studies indicate that the Sherwood number demonstrates a linear relationship in relation to the Schmidt number to the power of 1/3 [24,25,26,27]. To decrease the amount of correlated variables and avoid correlating experimental errors, we took that value for  β  as a starting point, and since the temperature variations between experiments were small.



For the calculation of the Schmidt number, we computed the kinematic viscosity values [28] for each working temperature, and, for the oxygen diffusion coefficients in water, we used a linear correlation based on several different values from the literature, which can be consulted in Figure 3. This way, we were able to obtain a reasonable estimate for every experimentally recorded temperature (between 21.5 and 25.1 °C).



Finally, changes in volume and surface area were accounted for through a dimensionless number, G. This term physically represents the relative length of the wheel diameter to the equivalent liquid height and is given by:


  G = D  A V   



(6)







To sum up, the following correlation was fitted to the experimental results using the least squares method:


  S h = k R  e α  S  c  1 3    G γ   



(7)







To address its range of validity, the correlation was fitted under Reynolds numbers between 624 and 3172, Schmidt numbers between 366 and 395, and geometrical numbers between 0.651 and 1.08.




2.4. Transport Equations and Turbulence Model


The LES model numerically resolves the larger turbulence structures and uses sub-grid scale (SGS) models to calculate the turbulence which cannot be directly resolved [37]. To do this, the Navier–Stokes equations are filtered accordingly to the mesh cell size, meaning that the variables are split into super-grid and sub-grid components by spatial filtering:


  u =  u ¯  +  u ′   



(8)






   u ¯  =  ∫ D  F  ( x −  x ′  )   u i   (  x ′  )  d  x ′   



(9)




where F is the filter function, generally taking the form of a top-hat filter.



In order to account for the sub-grid stresses, these are split from the diffusion term of the momentum equation. The momentum equation then becomes:


  ρ    ∂   u ¯  i    ∂ t   +   ∂   u ¯  i    u ¯  j    ∂  x j     = −   ∂  p ¯    ∂  x i    +  ∂  ∂  x i     μ    ∂   u ¯  i    ∂  x j    +   ∂   u ¯  j    ∂  x i      −   ∂  τ  i j  S    ∂  x j     



(10)




where  ρ , u, p, and  μ  are the fluid density, velocity, pressure, and dynamic viscosity, respectively. Then, using the Boussinesq hypothesis, the sub-grid stresses are modeled as:


   τ  i j  S  = − 2  μ t    S ¯   i j    +    δ  i j   3   τ  k k  S   



(11)




in which   μ t   is the turbulent viscosity, also referred to as eddy viscosity, and    S ¯   i j    is the resolved strain rate tensor, given by:


    S ¯   i j   =  1 2     ∂   u ¯  i    ∂  x j    +   ∂   u ¯  j    ∂  x i      



(12)








2.5. Sub-Grid Scale Model


To calculate the   ν t   values, the wall adapting local eddy-viscosity model (WALE) was employed. It can predict the turbulent viscosity near walls and handle laminar-turbulent transitions better than the traditional Smagorinsky model by using the traceless symmetric part of the square of the velocity gradient tensor to take into account both the rates of strain and rotation:


   ν t  =   (  C w  Δ )  2     (  S  i j  d   S  i j  d  )   3 2      (   S ¯   i j     S ¯   i j   )   5 2   +   (  S  i j  d   S  i j  d  )   5 4      



(13)







In turn, the traceless symmetric part of the square of the velocity gradient tensor,   S  i j  d  , can be defined by


   S  i j  d  =  1 2     ∂   u ¯  i    ∂  x k      ∂   u ¯  k    ∂  x j    +   ∂   u ¯  j    ∂  x k      ∂   u ¯  k    ∂  x i     −   δ  i j   3      ∂   u ¯  k    ∂  x k     2   



(14)








2.6. Mass Transfer Model


To simulate the mass transfer of the oxygen, the following concentration conservation equation was used:


  ρ    ∂  C  O 2     ∂ t   +   ∂   u ¯  i   C  O 2     ∂  x i     =   D  A B   +  D  A B  t      ∂ 2   C  O 2     ∂  x i 2     



(15)




where   C  O 2    is the oxygen concentration and   D  A B    plus   D  A B  t   are the molecular and turbulent diffusion coefficients. The latter is calculated through the turbulent viscosity and the turbulent Schmidt number assumed to be constant and equal to 1.34 given the expected transitional flow and the relatively high Schmidt number [38,39].


   D  A B  t  =   ν t   S  c t     



(16)








2.7. In Silico Protocol


For the simulation of the bioreactor, we assumed an isothermal system and gas–liquid equilibrium based on Henry’s law. The medium was simulated in its entirety as water (as a Newtonian incompressible fluid), and the chosen temperature was 21.0 °C, for which the oxygen–water diffusivity and water kinematic viscosity values are of 2.10 × 10−9 m/s and 9.78 × 10−7 m2/s, respectively. This temperature corresponds to close to the average of the ambient temperatures registered in the first experimental trials.



For this case, where the mass transfer occurs with oxygen in water, the mass transfer resistance in the gas film was considered negligible and, therefore, the   k L   was approximated as the overall mass transfer coefficient. As for the simulation of the air–water interface, we employed a solid slippery patch with concentration equal to that of the saturation for the arbitrated temperature. Additionally, the initial concentration of the bioreactor was set to zero.



All simulations and meshing were performed in OpenFOAM-8, using 2 virtual machines with 16 Intel (R) Xeon(R) CPU E5-2630 v3 of 2.4 GHz. For the meshing, the bioreactor geometry was provided through a CAD file supplied by PBS Biotech, and the grid was generated by means of the blockMesh and snappyHexMesh utilities. Regarding the rotation of the wheel, it was implemented using a sliding mesh formulation.



In relation to the WALE constants, the ones used were the program’s standards, which represent a good compromise for most flows.



For the boundary conditions (BCs), the no-slip condition was imposed on the solid walls, and for the air–water interface, both the slip and partial slip conditions were tested. The BCs for the turbulent variables were set to “calculated”, as they are computed by the WALE model, and the pressure and concentration BCs were set to zero gradient with the exception of the interface concentration which was set to the oxygen saturation concentration as a fixed value. In the case of the arbitrary mesh interface (AMI) patches, the BC used was always of the type “cyclicAMI”. A summary of the BCs used in the simulations can be consulted in Table 2.



For the time-stepping, the simulation started with a 1.00 × 10−6 second value and progressed to the maximum possibly allowed by the Courant–Friedrichs–Lewy (CFL) condition, set to 0.3 as advised for LES simulations [40].



For the time scheme, we employed both the implicit Euler scheme and the Crank–Nicolson scheme with a factor of 0.7, having recorded no significant changes between them.




2.8. Post-Processing: Mass Transfer


The calculation of the   k L   was performed through the ratio between the average mass transfer flux in the air–liquid surface,   〈  N   O 2    〉  , and the difference between the saturation concentration, CSat, and the average concentration in the bioreactor,   〈  C  O 2   〉  :


   k L  =   〈  N  O 2   〉    C  S a t   −  〈  C  O 2   〉     



(17)







As for the local oxygen mass transfer flux in the air-water interface, we used Fick’s first law of diffusion, but to account for the near-surface turbulence, the turbulent diffusivity term was added:


   N  O 2   = −   D  A B   +  D  A B  t       ∂  C  O 2     ∂ y     s u r f a c e    



(18)







These equations were then discretized and implemented in the solver, which can be consulted at https://github.com/Pedro-Miguel-Neto/PBS-MINI-0.1L (accessed on 1 August 2022).




2.9. Post-Processing: Turbulent Variables


As described by the turbulent energy cascade, the size of the turbulent structures ranges all the way from biggest to smallest of eddies. If the aggregates can only be influenced by eddies of their size, then it is reasonable to assume that the size of the aggregates is hydrodynamically limited by the size of the smallest eddies. Furthermore, if we accept the assumption that the Kolmogorov eddy length scale theory is valid for transitional flow, we can predict an average size for the aggregates as a function of the EDR,  ϵ , and the kinematic viscosity of the medium [15]:


  η =     ν 3  ϵ    1 4    



(19)







A study has shown that this approximation fits well the experimental data for this type of conditions [41].



To determine  ϵ , we used the variable’s definition by inserting it as a programmable function object in the control dictionary:


  ϵ = 2 ν   S ¯   i j     S ¯   i j   +  ϵ  S G S    



(20)







For this, the SGS value was directly calculated by the WALE model as such:


   ϵ  S G S   =    C ϵ  ×  k  S G S    3 2   Δ   



(21)




in which C ϵ  is equal to 1.034 and k and  Δ  correspond to the WALE-calculated kinetic energy and the filter width (the cell’s average length), respectively.



The shear stress felt by the aggregates was estimated by [16]:


  τ =  ( μ +  μ t  )      S ¯   i j     S ¯   i j      



(22)








2.10. Post-Processing: Mesh Refinement Quality


To assess the mesh refinement in LES, the following ratio between the SGS and overall turbulent kinetic energy was checked:


   k  R a t i o   =   k  R e s o l v e d     k  R e s o l v e d   +  k  S G S      



(23)




where the resolved part can be obtained by:


   k  R e s o l v e d   =  1 2       u x ′   2  ¯  +     u y ′   2  ¯  +     u z ′   2  ¯    



(24)




and in this case, the overline represents a time-average.



When assuming an isotropic nature for the modeled turbulence, it is important that those eddies are short in size, correspondent to the structures that contain the least amount of kinetic energy, i.e., the last 20.0% of the energy cascade. As a rule of thumb, a good mesh should, thus, resolve at least 80.0% of the kinetic energy [42]; by calculating this ratio, we were able to estimate if any parts of the mesh required extra refinement.




2.11. Maximum Cell Density


By equaling the oxygen uptake rate (OUR) to the oxygen transfer rate (OTR), a prediction for the maximum cell density, X, due to oxygen substrate limitations can be calculated. For this purpose, we can approximate the bioreactor as completely homogeneous and the oxygen concentration in the medium to zero, which is equivalent to assuming that all of the oxygen transferred is being immediately consumed by the cells. Then, by knowing the specific oxygen consumption of the culture at hand,   q  O 2   , and the operating conditions of the bioreactor, the value for X can be given by:


  X =    k L  a   C  S a t     q  O 2     



(25)









3. Results


3.1. Oxygen Mass Transfer: Experimental Evaluation and Numerical Predictions


As mentioned before, the oxygen mass transfer in the PBS MINI™ 0.1 was studied experimentally using the set-up shown in Figure 2. The fittings performed on the experimental results, using Equation (4), showed that an average   k L   leads to reasonable oxygen concentration predictions over the entire aeration. However, the values tend to be slightly overestimated for the initial time points and underestimated for later time points. This can be observed in the luminescence plots in the Supplementary Data (Figure S1), where initial concentrations are underpredicted and later ones are overpredicted until the values converge to saturation.



Regarding the   k L   predicted with the correlation from Equation (7), the experimental results were able to be reproduced, as seen in Figure 4, with a maximum error of 4.44%. Analyzing the different sets of data, generated with different working volumes, we can also see that the use of the geometrical term is able to account for changes in the bioreactor volume. Ultimately, the correlated Sherwood numbers displayed linear behavior against the experimental values leading to an R2 of 0.992. Moreover, the deviations observed appear to be random, not systematic. Finally, it can be said that changes in temperature could not be empirically verified in an accurate way since temperature differences were practically negligible between experiments, but there is no indication that its variability is being wrongly correlated through a Schmidt exponent of 1/3.



By employing this correlation, we can predict a value for the   k L  , that can then be used to predict a maximum cell concentration through Equation (25), which will depend on the operating conditions and the type of cell culture. For practical purposes, we compared the value obtained by this method with experimental results acquired for the operating conditions of 37 °C, 60 mL, and 30 rpm, where the maximum cell density, observed for human induced pluripotent stem cells after their exponential growth phase, took the value of (2.3 ± 0.2) × 106 cells/mL [43]. Using a range of maximum and minimum values found in the literature for the   q  O 2    of the same type of stem cells (1.10 × 10−16–1.00 × 10−18 mol/cell/s) [44,45,46], we estimated the maximum cell density to be between 2.26 × 106 and 2.49 × 108 cells/mL.




3.2. Simulation Results


After determining the experimental   k L   and establishing the correlation, a CFD model was built, as described in Section 2.4, Section 2.5, Section 2.6, Section 2.7, Section 2.8, Section 2.9 and Section 2.10. In the CFD simulations, the behavior of the instantaneous   k L   demonstrated a steep initial decrease, followed by a rise leading to a quasi-steady state, as shown in Figure 5.



Regarding the values themselves, the simulations overestimated the   k L   for all agitation rates, with errors reaching upwards to 156% relative to the expected value (calculated through the experimental correlation with the temperature of the simulation).



Despite the large deviations, the relation of the   k L   to the agitation rate remained similar (Figure 6a). Because of this, when using the simulation results to fit new constants for Equation (7), the Reynolds exponent only presented relative difference of −3.45% compared to the exponent previously adjusted for the experimental results (which equaled 0.551). However, looking at Figure 6a, we can see that the correlated values under 30 rpm and over 80 rpm are overestimated while the ones between 30 and 80 rpm are underestimated, suggesting that the Sherwood correlation is not able to completely capture the system’s variability the same way it did for the experimental data. It is probably because of this that, although only two simulations for different volumes were taken into account, the geometrical term’s exponent was significantly altered, changing from 1.18 to 0.947.



Regardless, the similarities between the two correlations mean that the error can be greatly reduced by simply changing the linear constant, k, to correct the overpredictions, minimizing the difference between the experimental   k L   and the one obtained from the correlation. To do this, the experimental conditions (agitation rate, volume, and temperature) for each trial were applied to the correlation obtained by the simulations, seen in Figure 6a, and compared directly to the experimental results in a minimization search, such as before. Figure 6b shows the newly adjusted correlation, with the changes to the linear term represented as a separate constant. As demonstrated in the figure, most values present only slight deviations, with maximum and mean errors of 9.25% and 3.86%, respectively. Table 3 presents a summary of the coefficients derived for the three correlations.



To validate the Schmidt exponent of 1/3, we tested the variation of the Sherwood number by halving the Schmidt, in a separate simulation, for the operational conditions of 100 mL and 30 rpm. The results of that simulation agreed with approximation, demonstrating deviations inferior to 1.00% relative to the predicted value, and confirming that the correlation can be used for different temperatures, thus enabling the prediction of the mass transfer coefficient for temperatures around 37 °C.



Previously, we showed that it was possible to predict a   k L   in the Vertical-Wheel MINI™ 0.1 using an experimental correlation and to derive roughly the same correlation in silico, albeit with a linear deviation. Although the experimental result is more practical at first, the second conclusion can also be important, because it shows that adjusting the same correlation for different cases can be achieved in a virtual environment with relatively low computational costs, requiring less experimental work and possibly lowering research costs. With this in mind, the ability to directly derive the right   k L   values from the simulations would be of great benefit in order to completely avoid the experimental work.



Having realized that the near-surface velocities were being overestimated, we tried using a different BC for the surface patch, with which the experimental results were able to be directly obtained from the simulations, but still required empirical data to work properly. Concretely, using a partial slip BC, instead of the full slip BC, the experimentally observed value for the 100 mL/20 rpm case was able to be reproduced by tuning the value of the slip coefficient to the value of 12.5%, by trial and error. The slip coefficient acts as a limiter for the surface velocity in relation to that of the adjacent cells and is often used in cases where the flow near the surface deviates from the no-slip condition.



Even though this approach requires an empirical value to tune the slip coefficient, we discovered that the same value can be used to predict the results for neighbor agitation rates with a maximum error of 23.2%, and a mean absolute error of 16.4%, as demonstrated in Figure 7. Unfortunately, the applicability of the same slip coefficient is put into question when considering agitation rates quite different than the one it was adjusted for, or different volumes and/or temperatures, making the empirical-based tuning of this coefficient a practical necessity for the time being. Nonetheless, it is a relative inexpensive way to obtain more accurate predictions for the near-surface flow in cases that apply the rigid-lid approximation and to understand the impact of the near-surface flow in the aeration of the bioreactor and other systems alike.




3.3. Mesh Refinement Study


As mentioned before, the quality of the mesh can be of utmost importance in CFD cases. Thus, a mesh refinement study was performed to clarify the influence of this parameter on the simulation results. As Figure 8a demonstrates, we can conclude that for the cases with the most expected turbulence (slip, 100 mL, 95.5 rpm and slip, 60 mL, 30 rpm), more than 80.0% of the turbulent kinetic energy was being resolved by the mesh, and from Figure 8b, we can see that the   y +   (a dimensionless distance from the wall to the first mesh node, based on local cell fluid velocity) on the wheel, bioreactor walls and the surface was nearly always under 5.00, with values under 1.00 on most of these surfaces. Moreover, in the case of the interface, the   y +   values all tended to zero. All of these results indicate a fine level of refinement.



However, further refining the mesh resulted in a decrease of the calculated   k L  . More specifically, when refined to a much deeper level and throughout all of the control volumes, we found the slip coefficient required to output the same   k L   to be lower than for the coarser mesh, decreasing from 12.5% to 5.00% and suggesting that the condition tends to the theoretical slip BC for DNS cases. The differences between the coarse and refined cases are presented in Figure 9 (Figure 9a,b show a comparison between the velocity and turbulent viscosity fields, while Figure 9c shows a comparison for the   k L   values). The SGS eddy viscosity profiles show the amount of turbulence that is being modeled by the WALE model. In the case of the coarse mesh, a greater portion of the turbulence is being calculated through the SGS model when compared to the refined mesh, where most of the turbulence is being resolved directly through the Navier–Stokes equations.



Furthermore, when compared to the results of the other simulations, we found the near-surface velocities of the refined mesh to match the ones obtained for the coarse mesh with the partial slip BC, contrasting the overpredicted velocities obtained from the initial simulations, which can be seen in Figure 10.




3.4. Mass Transfer Mechanisms


The aeration mechanism in the bioreactor was studied by examining the oxygen transport during the simulations. In these simulations, surface renewal was confirmed to be the dominant mechanism through visual and numerical observations. In particular, it was possible to observe high-velocity fluid streams coming from the bulk, hitting the interface, and causing the erosion of the concentration boundary layer (CBL), where most of the mass transfer resistance is located (Figure 11a). When this happens, diffusion near the surface is accelerated, leading to higher   k L   values, as shown in Figure 11b.




3.5. Characterization of the Flow


As was previously explored, understanding the flow inside the bioreactor can provide important insights regarding its consequences on the mass transfer through the air–liquid interface. However, mass transfer is constantly occurring throughout the whole working volume, as well as between the medium and the stem cells. Consequently, analyzing how the fluid circulates inside the bioreactor can be of great benefit to bioengineers for understanding, among other things, if the medium is completely homogeneous and whether the suspension of the aggregates is efficient.



Figure 12 presents the instantaneous field of the velocity magnitude obtained using three different agitation rates; a comparison with previous studies [2,20], performed with a RANS   k − ϵ   model, shows consistent results. The magnitude of the velocity profiles is the same, on average, but the flow and turbulent structures are captured in a much more accurate way. This enables a superior understanding of the mixing patterns and the aggregate particle movement inside the bioreactor, as well as the magnitude of the instantaneous hydrodynamic stress to which the cells are exposed, even for the coarser mesh.



Looking at Figure 13, the flow can be visually characterized as transitional, with both turbulent and laminar behaviors being spotted. Near the impeller, the flow tends to have higher velocities and eddies of smaller lengths. In contrast, the upper part of the bioreactor presents a free flow zone with lower velocities, but with an increased probability for bigger turbulence structures to form.



On another note, both axial and radial flow can be spotted. This means that the impeller’s design allows for the passage of fluid in every direction, which, in turn, leads to better homogeneity of gases and suspension of the aggregates. The mechanisms of aggregate suspension become clearer when analyzing the velocity components individually. The U-shaped bottom offers support for sweeping particles to the zones where the upward-directed currents are stronger, effectively reducing the number of stagnant aggregates, as can be observed in Figure 14. Additionally, the longitudinal component (shown in the rightmost profile) demonstrates a lemniscate radial pattern that helps to complete the mixing in a multi-directional way, improving homogenization.



In terms of homogeneity of oxygen concentrations in the bioreactor, the oxygen fields are mostly homogeneous soon after starting the agitation, as it is shown in Figure 15a. A comparison between   k L   values regressed from local cell points and the average bioreactor concentration (Figure 15b,c) shows discrepancies of less than 4.00 × 10−6 m/s after an initial delay required for the oxygen to reach those cell points. This means that the average concentration of the bioreactor is roughly equal to the concentration in the majority of the bioreactor, supporting the conclusion that the bioreactor is able to provide efficient mixing and a homogeneous culture environment.




3.6. Hydrodynamic Analysis


The Kolmogorov length scale is an important parameter usually analyzed to estimate the impact of agitation on animal cell cultures. It was observed that an increase in the agitation rate not only shows a decrease in the Kolmogorov length scale but also an increase in the homogeneity of the size distribution (Figure 16a,c). The size distributions rapidly achieve a steady state for timespans under 10 s, and, for the agitation rates typically used for cell culture, the majority of the predicted sizes varied between 200 and 400  μ m.



As for the EDR profiles, Figure 16b,d demonstrate low values across the majority of the control volume, with the exception of the zones near the impeller, where the shear stress is naturally higher. Furthermore, for low to moderate agitation rates, the EDR distributions are uniform and close to the operating range identified for human pluripotent stem cells [20]. However, when agitation rates of 80 rpm and above are used, the EDR values are likely too high to be compatible with stem cell culture due to their exponential increase with agitation rate.



Regarding the instantaneous shear stress profiles, the results demonstrate values relatively larger than the ones anticipated by the averaged results, suggesting that instantaneous stresses can be higher than previously thought. The results of this analysis are presented in Figure 16e.





4. Discussion


4.1. Experimental Work


In this work, the oxygen mass transfer in Vertical-Wheel™ bioreactors was studied in detail for the first time. The oxygen mass transfer coefficient,   k L  , was determined using an optic fiber system, and the results of the luminescence measurements showed that a single   k L   was insufficient to completely correlate the entire aeration behavior since it was not observed to be constant. Nevertheless, the differences between the observed and predicted oxygen concentration profiles are practically negligible. As a first approach, the   k L   was obtained through empirical data and used to fit an empirical correlation, modified to account for changes in the volume. The results show that the correlation is satisfactorily adequate to predict the aeration of the bioreactor, capturing the system’s variability, including the changes in volume. When compared to the calculated values, the experimental   k L   presented only small and random deviations.



The values observed for the aeration of the PBS MINI™ revealed a range of   k L  a between 1.58 and 3.71 h−1 for 60 rpm and working volumes between 100 and 60 mL. This is reasonably lower compared with other modern bioreactors [47,48,49], making the use of sparging likely necessary for scale-up procedures or high oxygen demanding cultures. The reasons for this lie in the fact that the specific area of the bioreactor is relatively low and the air–water interface is less prone to deformation, contrary to spinner flasks or rocked-bed bioreactors. This was supported by this study, in which decreasing the working volume was the predominant factor for increasing the oxygen mass transfer.




4.2. Simulation and Numerical Predictions of the Aeration


In a second part of the study, a CFD model was established for the PBS MINI™ 0.1, in order to simulate its operation under different experimental conditions and to characterize the oxygen mass transfer in it. The simulations performed show that the   k L   (Figure 5) demonstrates a steep decrease for the initial times, followed by an increase and stabilization to a quasi-steady state. This behavior is a response to the formation and disruption of the CBL. The CBL physically represents the thickness of the layer in which most of the mass transfer resistance is located, and as the Schmidt number takes values of 300 and upwards, it is reasonable to assume that the size of the CBL is much smaller than that of the viscous boundary layer; therefore, the aeration process is mostly limited by diffusion between the gas and the liquid phases, and since the air-side mass transfer resistance is negligible, the thickness of the liquid-side CBL is the leading factor when comes to regulating the   k L   for this system.



At the beginning of the aeration process, the elevated concentration gradient between the surface and the bulk leads to a rapid development of the concentration boundary layer and, as time goes on, the diffusion mechanism becomes less efficient, leading to a slower decrease in the   k L  . This would continue to happen until the   k L   reached the value of zero, as in the case of a stagnant fluid; however, in the case of this bioreactor, the forced convection generated by the impeller leads to the formation of eddies and wakes that travel to the surface, carrying low concentrations, and causing effective mixing near the surface, momentarily reducing size of the CBL. This phenomenon is generally referred to as surface renewal and is responsible for controlling the rate of mass transfer by enhancing the diffusion process in the interface.



After the stabilization, the values obtained were substantially higher than the ones predicted by the experimental results, which can suggest that the refinement level was not high enough to accurately simulate the mass transfer in the bioreactor. A proof of this was presented in the mesh refinement study, where the   k L   started to tend to the experimental result as the refinement level increased. On another note, as the refinement level near the surface increased, the initial   k L   tended to infinity because the surface gradient was now being calculated with a smaller span length.



The simulation results were also used to adjust the constants of the Sherwood correlation. Even though there were differences in the values, the results demonstrated a similar dependency relative to the agitation rate, which allowed us to add a linear term to correct the virtual correlation. This way, predictions can be made under a reasonable margin of error using the CFD-derived correlation. The   k L   values obtained from the simulations presented deviations from the expected trend, suggesting unaccounted variability that was not observed in the experiments, but an explanation for this could be the fact that there is a distinct behavior for the transition from a mostly laminar regime to a more turbulent one, which is not easily correlated for a wide range of Reynolds and is even harder to account for with the rigid-lid approximation, where the complex interactions between the interface and the forced convection are not accurately portrayed. Further work with more refined meshes and multiphase models could help to answer this question.



Despite this, the   k L   could be predicted by simulating the surface with a partial slip BC and an adequate slip coefficient. We are convinced that this was possible because the near-surface velocities were being overestimated for the slippery rigid-lid approximation. When using the partial slip condition, the imposed traction forced new eddies to be formed near the surface, imposing a more accurate near-surface velocity profile, which was seen in the refined mesh case, where the turbulence structures can ascend from the bottom of the bioreactor up to the surface. This BC can be useful for predicting the aeration in cases where some variables are difficult to account for, such as impurities in the medium, provided that there is experimental data to tune the coefficient. The usage of this BC with the same slip coefficient should be done with care though, as its applicability is put into question even for moderate variations of the operating conditions.



Addressing the temperature study, temperature differences in the experimental tests were low, making it difficult to properly adjust the Schmidt exponent. Therefore, the standard 1/3 value was taken as an initial guess, but the analysis performed on the Schmidt number demonstrated that this approximation is valid for virtual simulations, which agrees with the experimental data in the literature for most systems that undergo aeration.




4.3. Flow and Hydrodynamics


When researched, the characterization of the bioreactor flow displayed transitional properties with both laminar and turbulent characteristics in the flow. Furthermore, it was found that the flow is essentially separated into two zones, the top half of the bioreactor, where flow is free to develop and is influenced by the wakes left by the impeller, and the bottom region, where it is dominated by the forced convection generated by the impeller. Similar to most wall-bounded rotating flows, it is predictable in nature and does not present large eddies; the velocity profiles created by the rotation of the impeller force the direction of the flow and leave little space for the development of turbulence structures other than in the center of the impeller and the trails behind it. It is in the upper part of the bioreactor that most of the larger eddies develop and that most of the interaction between turbulence structures occurs. This is quite beneficial for stem cell environments since these larger eddies ensure efficient mixing in lower velocity zones while maintaining shear stresses low. Another benefit of this bioreactor type is the capacity to maintain cell aggregates in suspension, as the combination between the Vertical-Wheel™ and the U-shaped bottom leads to an efficient sweeping of the lower end, converting part of the horizontal kinetic energy into vertical kinetic energy and complementing the ascendant flow generated by the impeller itself. In addition to the radial mixing, by analyzing the longitudinal component of the velocity, it is possible to observe that axial mixing creates a lemniscate pattern, which helps to ensure a faster and better homogenization.



In terms of shear stress, it is important that it remains low, as it can affect cell quality and viability, reducing the process yield. Despite this, shear stress can also limit the aggregate size, which must not be excessively high so as to prevent gas and nutrient diffusion limitations to the core. By approximating the aggregate size to the Kolmogorov length scale, the results suggest that distributions may become reasonably uniform from 30 rpm onward, and as the agitation velocity increases, the size distributions become progressively more uniform. In terms of size, the peaks of the distributions start at 300  μ m for 30 rpm and reach 200 and 150  μ m for 60 and 95.5 rpm, respectively. In contrast, the increase in the EDR, which is linked to the shear stresses suffered by the aggregates, increases exponentially with agitation rate, displaying considerably high values for agitation rates higher than 60 rpm. Thus, the optimal agitation rate range for 100 mL cultures converges approximately to the same values found in the literature (40 to 80 rpm), as significant distributions for EDR values higher than 0.5 × 10−3 m2/s3 are observed when agitation rates higher than 80 rpm are considered.



Because of the differences in geometry, it is unclear whether or not this bioreactor presents a better hydrodynamic environment for cell culture relative to others, such as spinner flasks. Nonetheless, it was observed that the PBS MINI™ is able to operate at lower agitation rates for cell culture, leading to lower shear stress levels while maintaining a high level of cell suspension due to its design [15,16,43].



As a final note, in order to further decrease the EDR inside the bioreactor, we suggest a fine-tuning of the impeller design, for instance, by smoothing the sharper edges of the impeller.





5. Conclusions


The results here obtained allow a better understanding of the mixing and mass transfer mechanisms in the Vertical-Wheel™ bioreactors, a recently introduced bioreactor configuration, which is being widely adopted in the cell therapy manufacturing field. We can conclude that this bioreactor is, in fact, able to promote efficient mixing and provide homogeneous oxygen concentrations inside the whole vessel. Additionally, a mass transfer correlation is provided to predict the oxygen   k L   under different operational conditions with this geometry. The work presented not only provides important information for bioprocess design, but also new insights for air-water mass transfer modeling in systems with low interface deformation, and a computational model of the bioreactor that can be used for investigations and optimization, ideally reducing the number of laboratory experiments required.
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Figure 1. (a) Picture of the bioreactor in its base unit. (b) Virtual representation of the bioreactor. 
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Figure 2. Representation of the experiment set-up (equipment not drawn to scale). 
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Figure 3. Oxygen–water diffusion coefficients and linear fitting computed from various sources [27,29,30,31,32,33,34,35,36]. 
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Figure 4. Experimental   k L   values and experimental correlation predictions against agitation rate. Lines refer to average experimental conditions, while crosses refer to the conditions measured for each respective trial. 
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Figure 5. Instantaneous   k L   over time for the 100 mL and 20 to 95.5 rpm with slip boundary condition cases. 
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Figure 6. (a) Simulation–based   k L   and simulation-based correlation against agitation rate. (b) Comparison between the experimental–based results and the corrected simulation–based correlation, against agitation rate. 
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Figure 7.   k L   values calculated from the experimental–based correlation versus   k L   values obtained from simulations with a slip coefficient of 12.5%, against agitation rate. 
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Figure 8. (a) y+ surface values and (b) resolved kinetic energy ratio profiles. 
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Figure 9. Instantaneous velocity magnitude and SGS eddy viscosity fields, and mesh grid in the central xy-plane for the 100 mL/30 rpm case with (a) a slip coefficient of 12.5% and with the coarser mesh, and (b) a slip coefficient of 5% and with the finer mesh. (c) Comparison between the instantaneous   k L   of both cases. 
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Figure 10. Comparison of the instantaneous surface velocity magnitude field for the slip with coarse mesh (right), partial slip 12.5% with coarse mesh (left), and partial slip 5.00% with fine mesh cases (middle). 
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Figure 11. (a) Instantaneous velocity magnitude (top frame) and near-surface oxygen concentration fields (bottom frame; amplification) in the central xy-plane over 7.50 s of operation. The red frame highlights the amplification performed for the oxygen concentration field. (b) Instantaneous   k L   over time of the refined mesh 100 mL/30 rpm case with a slip coefficient of 5.00%. 
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Figure 12. Instantaneous field of velocity magnitude in the central xy-plane for agitations rates between 40 and 95.5 rpm at 60 s. 
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Figure 13. 3D and 2D stream tracers of the instantaneous velocity magnitude field for an agitation rate of 30 rpm across different planes. 
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Figure 14. Instantaneous velocity magnitude and directional component fields in the central xy-plane at 7.0 s. 
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Figure 15. (a) Oxygen concentration fields in the central xy-plane for the 100 mL/60 rpm case over 60 s of operation (with a time interval of 10 s). (b) Local concentration plots and regressions for all 100 mL cases. (c) Average bulk concentration plots and regressions for all 100 mL cases. 
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Figure 16. (a) Kolmogorov length scale distributions. (b) EDR distributions. (c) Kolmogorov length scale, (d) EDR, and (e) shear stress fields for the 100 mL/30 rpm refined mesh case at 7.5 s. 
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Table 1. Contact area and specific area for different working volumes.






Table 1. Contact area and specific area for different working volumes.





	Volume (mL)
	Area (cm2)
	Specific Area (m−1)





	60.0
	15.6
	26.1



	85.0
	16.1
	18.9



	100
	16.4
	16.4



	105
	16.5
	15.7
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Table 2. Simulation boundary conditions.
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	Field
	Air–Water Surface
	Solid Walls
	Wheel





	CO2
	fixedValue
	zeroGradient
	zeroGradient



	U
	slip/partialSlip
	noSlip
	movingWallVelocity



	P
	zeroGradient
	zeroGradient
	zeroGradient



	  ν  t
	calculated
	calculated
	calculated



	k
	calculated
	calculated
	calculated
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Table 3. Constants for the fitted Sherwood correlations.
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	Constants
	Experimental
	Simulation
	Adjusted Simulation





	k
	1.68
	3.85
	1.82



	  α  
	0.551
	0.532
	0.532



	  β  
	0.333
	0.333
	0.333



	  γ  
	1.18
	0.947
	0.947
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