
processes

Article

Mathematical Modeling of Hydrodynamics in
Bioreactor by Means of CFD-Based
Compartment Model

Agnieszka Krychowska 1, Marian Kordas 1, Maciej Konopacki 1 , Bartłomiej Grygorcewicz 2 ,
Daniel Musik 1,3, Krzysztof Wójcik 1,3, Magdalena Jędrzejczak-Silicka 4 and
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Abstract: This study presents the procedure of deriving a compartmental model (CM) based on an
analysis obtained from the computational fluid dynamics (CFD) model of a bioreactor. The CM is
composed of two parts, a structural (that takes into account the architecture of the mathematical
model), and a parametric part (which contains the extrinsic parameters of the model). The CM is
composed of the branches containing the set of perfectly mixed continuous stirred-tank reactors
(CSTRs) in a configuration that matches the bioreactor’s flow patterns. Therefore, this work’s main
objective was to develop a mathematical model that incorporated the flow field obtained by CFD
technique. The proposed mathematical model was validated by means of the experimental data in
the form of the residence time distribution (RTD) measurements.
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1. Introduction

The bioreactor is defined as facilities that enable the efficient operation of microbiological processes
by controlling culture parameters and managing its optimal conditions, simultaneously limiting the
possibilities of its contamination [1,2]. They can also be defined as an engineered device designed for
optimal growth through a biocatalyst and microorganisms’ metabolic activity. The bioreactors mainly
present optimal conditions for the microorganisms’ cultivation. These conditions could be modified
to trigger microorganisms’ metabolic activity under given conditions [3,4]. Bioprocessing’s biggest
problem is understanding and modeling the biological particle’s hydrodynamics [5,6]. The analysis of
hydrodynamics in bioreactors may be carried out by means of the “systemic modelling” proposed by
Levenspiel [7]. According to Levenspiel (2002), the use of the plug-flow reactor (PFR) with an axial
dispersion model or the use of the continuous stirred-tank reactors (CSTRs) in a series model can be
used for the bioreactor liquid hydrodynamics modeling [8]. The initial structure of the mathematical
model is derived from the tracer experiments’ interpretation [8].
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Danckwerts introduced the concept of residence time distribution (RTD) to identify situations in
non-ideal mixing systems [9]. Due to that, the input of a non-reactive tracer into a mixing system might
provide descriptive information on the hydrodynamics and transfer processes [10]. The pulse–response
curve analysis might provide information about the mixing process [11]. The non-ideal mixing zones
inside the flow (e.g., dead zones, by-passing paths) may be identified by analyzing the shape of
experimental curves [12]. Additionally, this technique allowed to establish the flow patterns in the
mixing systems and can be considered as a quantitative method for defining the behavior of mixing
devices [13].

Necessary information concerning the mixing process can be obtained by the utilization of the
Navier–Stokes equations [14]. The development of computational fluid dynamics (CFD) provides
qualitative and quantitative information concerning the hydrodynamics and mixing performance
in various types of mixing systems [15]. It should be noted that this technique may be applied to
obtain the detailed hydrodynamic on meso- and macro-mixing levels [14]. This approach is based on
the mixer or reactor description by a CFD-based structural and functional network of compartments.
The obtained flow fields may be used to define a compartmental model (CM), and the exchange
flows between the selected arbitrarily compartments [16]. The CM may be successfully applied for
the prediction of hydrodynamics in the analyzed systems [17,18]. The hybrid approach based on the
combination of CFD and CM techniques is also discussed in the literature [19,20]. Hristov et al. (2004)
reported that the CFD-based compartmental model could be used to describe the performance of novel
impeller geometry in a triple impeller bioreactor [21].

The current study’s main aim was to develop a CFD simulation-based method for defining a
mathematical model describing the commercial bioreactor (BioFlo® 415). Briefly, a methodology
to develop the CM based on the CFD provided hydrodynamic information. The application of the
obtained flow fields from numerical simulations allowed to compose the models’ architecture with
the branches contacting the system of perfectly mixed CSTRs. Based on the CFD and compartmental
modeling approach, the hydrodynamic of the tested mixing system may be described using the system
of differential equations characterizing the mass transfer balances for the proposed mathematical
model compartmental structure. Moreover, the RTD experiment was performed to compare the tested
bioreactor’s obtained curve to the CM. In this case, the RTD-based response curves may be used as the
qualitative comparison with the proposed model predictions.

2. Materials and Methods

2.1. Experimental Set-Up

The experiments were carried out with the use of the laboratory-scale stirred dual-Rushton
bioreactor BioFlo® 415 system (Eppendorf, Enfield, CT, USA). A schematic, design and the main
geometrical parameters of the BioFlo® 415 apparatus are presented in Figure 1.

The experimental measurements of the mixing process for the BioFlo® 415 were performed using
a cylindrical glass vessel mounted in the metal housing with a height of the liquid to vessel diameter
ratio equal to 2.31 (HL = 345 mm; D = 149.5 mm; volume V = 7.0 dm3). Tap water at a temperature
ranging from 20 ◦C and 25 ◦C was used as a working liquid. Volumetric flow rates of the working
liquid varied from 10 to 60 dm3·h−1. Measurements were performed for the various impeller speeds
(100–600 RPM). Moreover, the untested bioreactor’s mixing behavior with no impeller used was also
analyzed (0 RPM).
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Figure 1. Sketch of the BioFlo 415 bioreactor: 1—tube for the temperature sensor; 2—sampling tube; 
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Figure 1. Sketch of the BioFlo 415 bioreactor: 1—tube for the temperature sensor; 2—sampling tube;
3—batching tube; 4—sparger; 5—shaft; 6—impeller.

2.2. Tracer Experiments

The mixing process occurring in the BioFlo® 415 was evaluated by the utilization of the
stimulus–response technique to generate RTD measurements. As the tracer, a saturated NaCl
solution (25%, w/v) was used. In the current study, the RTD was analyzed by instantaneously injecting
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a tracer (a pulse input) into the flow system by inlet and measuring the conductivity at the outlet as a
function of time. The BioFlow®415 connected with the tracer batching system is presented in Figure 2.
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Figure 2. The view of the bioreactor BioFlo®415 (a) with the batching system of the tracer (b).
The batching system of the tracer consisted of 1—the batcher; 2—the water supply hose to the mixing
system; 3—the cut-off valve for the water supply hose to the mixing system; 4—the dosage valve for
the tracer; 5—the power drive of the bioreactor; 6—the connector pipe for the water supply to the
mixing system; and 7—the liquid level indicator in the mixing system.

For each measurement, 100 mL tracer was infused into the liquid surface near the bioreactor wall.
The Dirac delta function (δ-Dirac function, Equation (1)) describes the applied impulse:

δ(t− τ0)

{
= 0 for t , τ0

, 0 for t = τ0
where

+∞∫
−∞

δ(t− τ0) dt = 1 (1)

Two conductivity probes measured the temporal changes in the NaCl concentrations. Samples were
collected in 1 s intervals until the disappearance of the tracer in the tested volume. The standard
patterns of liquid–tracer conductivity measurements are presented in Figure 3.Processes 2020, 8, x FOR PEER REVIEW 5 of 13 
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2.3. CFD Simulations

The flow patterns represent fluid flowing in a stirred vessel and may be generated by using the
CFD technique. The numerical simulations using CFD codes present qualitative and quantitative
information about the performance and hydrodynamics of the agitated systems’ mixing. The usage
of numerical methods permitted to build out spatially and temporally representative differential
equations based on distributed models of the parameter for the tested bioreactor systems. The CFD’s
capability to simulate the flow distribution numerically in a mixer can contribute significantly to the
comprehension of the mixing processes. The simulation also enables time-saving, is more cost-effective,
and improves design optimization [22]. In the current study, the CFD method was used to analyze the
BioFlo®415 bioreactor systems’ mixing process and to evaluate the velocity profiles and flow patterns.
A CM might develop the influence of mixing on a stirred-tank bioreactor prediction performance with
the incorporated CFD-simulated flow fields [16].

The ANSYS Workbench 14.5, a commercial CFD-based package, was used for numerical
computations. The BioFlo®415 bioreactors’ geometry was created with the use of the AutoCAD
software to evaluate the liquid flows in the tested system. The same computational model of geometries,
consisting of 1.9 million tetrahedral volume elements, for the tested BioFlo®415 bioreactor was created.
The CFD mesh was generated in ANSYS Meshing software based on imported design Modeler
geometries. The ANSYS CFX software was used to obtain numerical computations of the flow
patterns. The control volume formulation was used for solving the mass and momentum equations.
The Reynolds-averaged Navier–Stokes (RANS) equations with the k-ω turbulence-closure model
were solved by the three-dimensional finite volume CFD-code. The two-equations k-ω based model
proposed by Wilcox (1988) allows computing complex laminar and turbulent flows in static mixers [23].
This study model also contains modifications for low-Reynolds number effects, compressibility,
and shear flow spreading. The simulation of bioreactor agitators was performed by means of the
multiple reference frame (MRF) approach. This is a steady-state approach (which simplifies the solution),
where the volume inside the bioreactor can be approximately described by two zones—stationary and
rotational (around the impeller). Inside the rotating zone, the fluid flows around the impeller with
the corresponding velocity instead of the impeller’s physical motion. The variables calculated for the
rotating zone are then translated to the adjacent zone through the interface, allowing them to calculate
the boundary’s fluxes. It is a commonly used approach for simulations of the turbomachinery, e.g.,
turbines or mixers [24].

The typical computational velocity profiles for the tested bioreactor are presented in Figure 4.
This figure compares the computed flow field for the selected operational conditions (10 and 60 dm3

·h−1;
N = 100 and 600 RPM). To facilitate the analysis of the three-dimensional hydrodynamics, the velocity
was shown on two-dimensional planes. When the residuals for the equations of continuity and
momentum were below 10−7, simulations were assumed to converge.

The liquid flow patterns created by two Rushton turbines are independent of each other when the
impeller clearance is greater than the impeller diameter [25]. In the current study, the ratios of the
impeller spacing and the impeller diameter were equal to 3.15. Therefore, four stable ring vortices
were formed because the turbine gave its characteristic upper and lower ring vortices. This flow type
may be characterized as a parallel flow pattern. Each impeller generates a radial jet outward and
divides into near-wall streams. Additionally, the turbulent regions characterized by high shear forces
and rapid mixing were generated near the rotating impellers. It should be noted that the knowledge of
the regions with the strong mixing effect inside the tested bioreactor may be essential for mathematical
modeling using compartmental modeling.
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3. Result and Discussion

The bioreactor mixing process might be characterized by the compartment model (CM). This model
allowed to predict the effect of mixing in the bioreactor and to capture the essential features of
macro-mixing in the tested stirred-tank reactor. The CM is composed of two parts, one structural
(that takes into account the architecture of the mathematical model), and a parametric part (contains the
extrinsic parameters of the model) [26]. Generally, the CM is based on the bioreactor’s division
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into several compartments, and the generated compartments used to estimate the mixing process in
bioreactors are selected arbitrarily [16]. Therefore, the CFD was highlighted as an emerging alternative
for the explanation of the mixing problems. The CFD techniques numerically simulate the flow in a
mixing system and provide a better description of hydrodynamics in the analyzed mixer [22]. The CFD
simulation-based results might be valuable for predicting the mixing in bioreactors with relatively
good accuracy [27]. Moreover, the CFD simulations may be used to develop the structure of the CM.
This approach is called the CFD-based compartment model (CFD-CM) [5].

The present study attempted to develop the CFD-CM, in which the CFD results of the velocity
field in the tested bioreactor (BioFlo®415) provides the input for the mathematical modeling in the form
of CM. This modeling characterizes the bioreactor as a spatially localized functional compartments
network. The connectivity, number, and volume of compartments were determined by using a detailed
analysis of the CFD results. This concept is illustrated in Figure 5, where five subdomains of the typical
CFD results were mapped into a compartmental model. The proposed approach splits the entire
bioreactor into a connected, well mixed compartment, as shown in Figure 5. The connections between
the individual compartments were proposed based on the obtained velocity vectors, velocity contours,
and flow direction-based numerical simulations [16]. In the presented approach, the compartments
should be understood as a mass of well mixed, homogenous liquid that behaves uniformly.

The proposed compartment model is visualized by a diagram wherein the rectangles present
compartments, and the arrows symbolize the liquid exchange. This approach might be efficiently used
to model the mixing process in reactors to incorporate micro-mixing effects [28]. Correa (1993) showed
that this idea might be applied to describe turbulence in chemical reactions [29]. Fan et al. (1970)
demonstrated that compartmental modeling was used to describe powder mixing [30]. It should be
noted that this method can be applied to any mixing process only if there is information characterizing
the number of compartments needed. The number of compartments might be obtained experimentally
with the use of the RTD measurements [13]. Furthermore, the mixing process’s prediction with the use
of the CFD technique can provide detailed hydrodynamics modeling [31].

According to the obtained results, it was evident that the real mixing pattern of the proposed CM
can be described as the system of perfectly mixed CSTRs. The final structure of the CM may be defined
employing the differential equations (Equation (2)):

V1ρ
dC1(t)

dt =
.
qC0 +

.
qγC2 −

.
q(1 + γ)C1

V2ρ
dC2(t)

dt =
.
q(α+ γ)C1 +

.
qγC3 −

.
q(α+ 2γ)C2

V3ρ
dC3(t)

dt =
.
q(α+ γ)C2 +

.
qγC4 −

.
q(α+ 2γ)C3

V4ρ
dC4(t)

dt =
.
q(α+ γ)C3 +

.
qβC1 +

.
qγC5 −

.
q(α+ β+ 2γ)C4

V5ρ
dC5(t)

dt =
.
q(1− α− β)C1 +

.
q(α+ β+ γ)C4 −

.
q(1 + γ)C5

(2)

where: ci—tracer concentration, kgNaCl·(kgsolvent)-1;
•
q—mass flow rate, kg·s−1; t—time, s;

Vi—compartment volume, m3; α, β, γ—parameters of the mathematical model. For the calculation of
the system of the differential equation (Equation (2)), the compartment volumes (V1–V5), and the
flow rates (

•
q) must be known. It should be noted that the compartmental structure is based on the

CFD-generated simulations of the hydrodynamic. Therefore, the compartment volumes may be
estimated, considering the overall flow pattern [32].

The proposed mathematical model of the mixing process in the BioFlo®415, consisting of Equation
(2), was solved using the Matlab/Simulink software. Figure 6 shows an overview of the block model
built in the Simulink based on the CM and the set of differential equations presented above.
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.
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.
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.
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.
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.
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The model of differential equations was integrated numerically by using the Runge–Kutta
method. The quantification of the fit goodness was carried out by the sum of the squares of deviation
minimalization, ε, among the quantified and the expected RTD curves. The objective function
minimized here is given by the following equation (Equation (3)):

ε =
1
N

∑
i

[
c(ti)

∣∣∣
experimnet − c(ti)

∣∣∣
model

]2
(3)

Figure 7 shows the typical comparison of the CM-based RTD curves versus the investigational data.
The curves demonstrate good agreement for all of the tested hydrodynamic conditions. This suggests
that the current study’s analyses enable obtaining a good quality prediction for the RTD of the tested
bioreactor and representative information about the BioFlo®15mixing properties (Figure 4).Processes 2020, 8, x FOR PEER REVIEW 10 of 13 
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The proposed approach may be applied to describe the hydrodynamics in a biological
reactor. The proposed compartmental model provides data convergent with RTD measurements.
The compartmental structure is based on hydrodynamic data generated by CFD models to incorporate
the overall flow patterns and velocity distribution. The CFD procedure based on numerical processes
that predict the central transport processes can be used to calculate the number of complicated hydraulic
occurrences [33]. Moreover, CFD-generated data allow us to obtain explanations characterized by
a high level of physical realism. Results established in CFD simulations might be valuable for the
mathematical modeling processes. It should be noted that the CFD approach gives numbers of
information at a very high computational demand, and it remains an elaborate approach regardless of
the improvement in computing performance [34].

In contrast to CFD, the CMs are easy to use and are time efficient. These models are suitable
for the description of the non-ideal mixing behavior in bioreactors [35,36]. A standard procedure
of characterization of the non-ideal mixing within the bioprocessing apparatus based on using a
multi-zonal interpretation that divides the volume into a system of unified mixing zones [37]. The CM
enables to consider a bioreactor as a combination of perfectly mixed CSTRs organized in different
structures and especially includes dead zones, recirculation, by-pass, and cross-flow phenomena [38].
It should be noted that this combination of CSTRs should mimic the RTD data [39]. The proper choice
of a structure of a model describing the bioreactor’s non-ideal flow is still difficult. The flow pattern of
the model must possess the most important characteristic of that in the tested bioreactor. Therefore,
the CFD turbulence analysis may be successfully applied for the development of CM structure [40].
This approach allowed the CFD model’s coupling precision and the CM’s simplicity and computing
speed. Moreover, this type of mathematical modeling may be a powerful tool in predicting the complex
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hydrodynamics and biological reactions interaction in stirred-tank bioreactors [34]. The CFD-based
CM is also able to obtain the crucial parameters of macromixing in bioreactors [41].

4. Conclusions

The development of experimental and computational approaches facilitates the use of the CFD
method as a prognostic tool for mixing behavior in a laboratory-scale bioreactor (BioFlo®415 system).
The current study’s main aim was to present a method that used a CFD model as a base for the
development of a compartmental model to describe the hydrodynamics in the tested bioreactor.
In conclusion, the current study revealed that the CFD technique allowed selecting a number of
compartments, volumes of compartments, and their connections. The proposed mathematical model
of bioreactor showed sufficient agreement with the experimental database (RTD measurements).
The present study also proved that the proposed procedure could be used to model the mixing behavior
of different impeller systems in stirred tanks applied for bioprocessing. Furthermore, it was shown
that the proposed CM could be used to predict the hydrodynamic behavior of the tested bioreactor,
which facilitates the further inclusion of a bio-kinetic model. It is essential to obtain a mathematical
model’s quite simple structure that allows implementing the metabolic models’ reaction terms.
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Abbreviations

c tracer concentration, kgNaCl·(kgsolvent)−1

N rotational speed, RPM
•
q mass flow rate, kg·s−1

t time, s
V compartment volume, m3

•

V volumetric flow rate, dm3
·h−1

α, β, γ parameters of mathematical model (see Equation (2))
δ Dirac delta function
ε sum of squares of deviation between measured and predicted values
τ0 time-lag, s
CFD computational fluid dynamics
CM compartmental model
CSTR continuous stirred-tank reactor
RTD residence time distribution
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4. Konopacki, M.; Grygorcewicz, B.; Dołęgowska, B.; Kordas, M.; Rakoczy, R. PhageScore: A simple method for

comparative evaluation of bacteriophages lytic activity. Biochem. Eng. J. 2020, 161, 107652. [CrossRef]
5. Dlafosse, A.; Delvigne, F.; Collignon, M.-L.; Crine, M.; Thonart, P.; Toye, D. Development of a compartment

model based on CFD simulations for description of mixing in bioreactors. Biotechnol. Agron. Soc. Environ.
2010, 14 (Suppl. S2), 517–522.

6. Verma, R.; Mehan, L.; Kumar, R.; Kumar, A.; Srivastava, A. Computational fluid dynamic analysis of
hydrodynamic shear stress generated by different impeller combinations in stirred bioreactor. Biochem. Eng. J.
2019, 151, 107312. [CrossRef]

7. Levenspiel, O. Modeling in Chemical Engineering; Elsevier: Amsterdam, The Netherland, 2002; Volume 57.
8. Le Moullec, Y.; Gentric, C.; Potier, O.; Leclerc, J.P. Comparison of systemic, compartmental and CFD modelling

approaches: Application to the simulation of a biological reactor of wastewater treatment. Chem. Eng. Sci.
2010, 65, 343–350. [CrossRef]

9. Rodrigues, A.E. Residence Time Distribution (RTD) revisited. Chem. Eng. Sci. 2020, 230, 116188. [CrossRef]
10. Rakoczy, R.; Kordas, M.; Story, G.; Konopacki, M. The characterization of the residence time distribution in a

magnetic mixer by means of the information entropy. Chem. Eng. Sci. 2014, 105, 191–197. [CrossRef]
11. Levenspiel, O. Tracer Technology: Modeling the Flow of Fluids; Springer-Verlag: New York, NY, USA, 2013;

Volume 51, ISBN 9781441980731.
12. Jafari, M.; Soltan Mohammadzadeh, J.S. Mixing time, homogenization energy and residence time distribution

in a gas-induced contactor. Chem. Eng. Res. Des. 2005, 83, 452–459. [CrossRef]
13. Rakoczy, R.; Kordas, M.; Gradzik, P.; Konopacki, M.; Story, G. Experimental study and mathematical

modeling of the residence time distribution in magnetic mixer. Polish J. Chem. Technol. 2013, 15, 53–60.
[CrossRef]

14. Rigopoulos, S.; Jones, A. A hybrid CFD-reaction engineering framework for multiphase reactor modelling:
Basic concept and application to bubble column reactors. Chem. Eng. Sci. 2003, 58, 3077–3089. [CrossRef]

15. Konopacki, M.; Kordas, M.; Fijałkowski, K.; Rakoczy, R. Computational fluid dynamics and experimental
studies of a new mixing element in a static mixer as a heat exchanger. Chem. Process Eng. Inz. Chem. i Proces.
2015, 36, 59–72. [CrossRef]

16. Guha, D.; Dudukovic, M.P.; Ramachandran, P.A.; Mehta, S.; Alvare, J. CFD-based compartmental modeling
of single phase stirred-tank reactors. AIChE J. 2006, 52, 1836–1846. [CrossRef]

17. Vrábel, P.; Van der Lans, R.G.J.M.; Van der Schot, F.N.; Luyben, K.C.A.M.; Xu, B.; Enfors, S.O. CMA:
Integration of fluid dynamics and microbial kinetics in modelling of large-scale fermentations. Chem. Eng. J.
2001, 84, 463–474. [CrossRef]

18. Fazli-Abukheyli, R.; Darvishi, P. Combination of axial dispersion and velocity profile in parallel tanks-in-series
compartment model for prediction of residence time distribution in a wide range of non-ideal laminar flow
regimes. Chem. Eng. Sci. 2019, 195, 531–540. [CrossRef]

19. Weber, B.; von Campenhausen, M.; Maßmann, T.; Bednarz, A.; Jupke, A. CFD based compartment-model for
a multiphase loop-reactor. Chem. Eng. Sci. X 2019, 2, 100010. [CrossRef]

20. Yang, S.; Kiang, S.; Farzan, P.; Ierapetritou, M. Optimization of Reaction Selectivity Using CFD-Based
Compartmental Modeling and Surrogate-Based Optimization. Processes 2018, 7, 9. [CrossRef]

21. Hristov, H.V.; Mann, R.; Lossev, V.; Vlaev, S.D. A simplified CFD for three-dimensional analysis of fluid
mixing, mass transfer and bioreaction in a fermenter equipped with triple novel geometry impellers.
Food Bioprod. Process. 2004, 82, 21–34. [CrossRef]

22. Lisboa, P.F.; Fernandes, J.; Simões, P.C.; Mota, J.P.B.; Saatdjian, E. Computational-fluid-dynamics study of a
Kenics static mixer as a heat exchanger for supercritical carbon dioxide. J. Supercrit. Fluids 2010, 55, 107–115.
[CrossRef]

23. Wilcox, D.C. Reassessment of the scale-determining equation for advanced turbulence models. AIAA J. 1988,
26, 1299–1310. [CrossRef]

http://dx.doi.org/10.1016/j.jbiotec.2020.09.022
http://www.ncbi.nlm.nih.gov/pubmed/32991936
http://dx.doi.org/10.1016/j.bej.2020.107652
http://dx.doi.org/10.1016/j.bej.2019.107312
http://dx.doi.org/10.1016/j.ces.2009.06.035
http://dx.doi.org/10.1016/j.ces.2020.116188
http://dx.doi.org/10.1016/j.ces.2013.10.014
http://dx.doi.org/10.1205/cherd.04207
http://dx.doi.org/10.2478/pjct-2013-0024
http://dx.doi.org/10.1016/S0009-2509(03)00179-9
http://dx.doi.org/10.1515/cpe-2015-0005
http://dx.doi.org/10.1002/aic.10772
http://dx.doi.org/10.1016/S1385-8947(00)00271-0
http://dx.doi.org/10.1016/j.ces.2018.09.052
http://dx.doi.org/10.1016/j.cesx.2019.100010
http://dx.doi.org/10.3390/pr7010009
http://dx.doi.org/10.1205/096030804322985281
http://dx.doi.org/10.1016/j.supflu.2010.08.005
http://dx.doi.org/10.2514/3.10041


Processes 2020, 8, 1301 12 of 12

24. Franzke, R.; Sebben, S.; Bark, T.; Willeson, E.; Broniewicz, A. Evaluation of the Multiple Reference Frame
Approach for the Modelling of an Axial Cooling Fan. Energies 2019, 12, 2934. [CrossRef]

25. Rutherford, K.; Mahmoudi, S.M.S.; Lee, K.; Yianneskis, M. The Influence of Rushton Impeller Blade and Disk
Thickness on the Mixing Characteristics of Stirred Vessels. Chem. Eng. Res. Des. 1996, 74, 369–378.

26. Claudel, S.; Fonteix, C.; Leclerc, J.P.; Lintz, H.G. Application of the possibility theory to the compartment
modelling of flow pattern in industrial processes. Chem. Eng. Sci. 2003, 58, 4005–4016. [CrossRef]

27. Bujalski, J.M.; Jaworski, Z.; Bujalski, W.; Nienow, A.W. The influence of the addition position of a tracer
on CFD simulated mixing times in a vessel agitated by a Rushton turbine. Chem. Eng. Res. Des. 2002, 80,
824–831. [CrossRef]

28. Portillo, P.M.; Muzzio, F.J.; Ierapetritou, M.G. Hybrid DEM-compartment modeling approach for granular
mixing. AIChE J. 2007, 53, 119–128. [CrossRef]

29. Correa, S.M. Turbulence-chemistry interactions in the intermediate regime of premixed combustion.
Combust. Flame 1993, 93, 41–60. [CrossRef]

30. Fan, L.T.; Chen, S.J.; Watson, C.A. Solids Mixing. Ind. Eng. Chem. 1970, 62, 53–69. [CrossRef]
31. Alvarado, A.; Vedantam, S.; Goethals, P.; Nopens, I. A compartmental model to describe hydraulics in a

full-scale waste stabilization pond. Water Res. 2012, 46, 521–530. [CrossRef]
32. Kougoulos, E.; Jones, A.G.; Wood-Kaczmar, M. CFD modelling of mixing and heat transfer in batch cooling

crystallizers aiding the development of a hybrid predictive compartmental model. Chem. Eng. Res. Des.
2005, 83, 30–39. [CrossRef]

33. Norton, T.; Tiwari, B.; Sun, D.W. Computational Fluid Dynamics in the Design and Analysis of Thermal
Processes: A Review of Recent Advances. Crit. Rev. Food Sci. Nutr. 2013, 53, 251–275. [CrossRef]

34. Delafosse, A.; Collignon, M.L.; Calvo, S.; Delvigne, F.; Crine, M.; Thonart, P.; Toye, D. CFD-based compartment
model for description of mixing in bioreactors. Chem. Eng. Sci. 2014, 106, 76–85. [CrossRef]

35. Olivet, D.; Valls, J.; Gordillo, M.À.; Freixó, À.; Sánchez, A. Application of residence time distribution
technique to the study of the hydrodynamic behaviour of a full-scale wastewater treatment plant plug-flow
bioreactor. J. Chem. Technol. Biotechnol. 2005, 80, 425–432. [CrossRef]

36. Panda, P.T. Bioreactors: Analysis and Design, 1st ed.; TMH: New York, NY, USA, 2011.
37. Bezzo, F.; Macchietto, S.; Pantelides, C.C. General hybrid multizonal/CFD approach for bioreactor modeling.

AIChE J. 2003, 49, 2133–2148. [CrossRef]
38. Levenspiel, O. Chemical reaction engineering. Ind. Eng. Chem. Res. 1999, 38, 4140–4143. [CrossRef]
39. Scott Fogler, H. Elements of chemical reaction engineering. Chem. Eng. Sci. 1987, 42, 2493. [CrossRef]
40. Alexopoulos, A.H.; Maggioris, D.; Kiparissides, C. CFD analysis of turbulence non-homogeneity in mixing

vessels a two-compartment model. Chem. Eng. Sci. 2002, 57, 1735–1752. [CrossRef]
41. Rahimi, M.; Mann, R. Macro-mixing, partial segregation and 3-D selectivity fields inside a semi-batch stirred

reactor. Chem. Eng. Sci. 2001, 56, 763–769. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/en12152934
http://dx.doi.org/10.1016/S0009-2509(03)00269-0
http://dx.doi.org/10.1205/026387602321143354
http://dx.doi.org/10.1002/aic.11054
http://dx.doi.org/10.1016/0010-2180(93)90083-F
http://dx.doi.org/10.1021/ie50727a009
http://dx.doi.org/10.1016/j.watres.2011.11.038
http://dx.doi.org/10.1205/cherd.04080
http://dx.doi.org/10.1080/10408398.2010.518256
http://dx.doi.org/10.1016/j.ces.2013.11.033
http://dx.doi.org/10.1002/jctb.1201
http://dx.doi.org/10.1002/aic.690490821
http://dx.doi.org/10.1021/ie990488g
http://dx.doi.org/10.1016/0009-2509(87)80130-6
http://dx.doi.org/10.1016/S0009-2509(02)00053-2
http://dx.doi.org/10.1016/S0009-2509(00)00287-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Set-Up 
	Tracer Experiments 
	CFD Simulations 

	Result and Discussion 
	Conclusions 
	References

