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Optimization of a 20,000 Liter Bioreactor Through Computational Fluid Dynamics Analysis 

As of 2021, an estimated 8.4 million people across the world have type 1 diabetes. By 2040, this 

number is predicted to increase up to 13.5-17.4 million cases (Gregory et al., 2022). Type 1 diabetes is 

an autoimmune condition characterized by the pancreas being unable to produce insulin, which is 

impactful, as insulin is the hormone that allows glucose from food to be absorbed and used as energy by 

the body. Type 1 diabetes is a fatal disease because the body becomes unable to regulate its glucose 

levels. Without proper treatment, this causes life expectancies after disease diagnosis drop to just 3 

years (Distiller, 2014). Effective treatment for this disease began with the creation of artificial insulin in 

the early 1920s (Karamitsos, 2011).  With artificial insulin, type 1 diabetics became able to conduct self-

care and manually calculate, inject, and adjust insulin based on their specific diets. Despite this, artificial 

insulin still remains a costly expenditure. Despite its role as a necessity for type 1 diabetic wellbeing, 

prices of rapid-acting insulin have risen to $332 per vial in 2019, representing a more than 1000% 

increase from its cost of just $21 in 1999 (Rajkumar, 2020). 

1. Bioreactors  

In the field of pharmaceuticals, bioreactors are among the most commonly used technologies 

for product production. As referenced in Figure 1, bioreactors are often cylindrical vessels of varying size 

that act as controlled environments with optimal conditions for chemical or biological reactions. This 

technology has been applied to numerous fields, including wastewater treatment, food production, 

biotechnology, and pharmaceuticals. Bioreactors have revolutionized these fields because of their cost-

effectiveness, less manual labor requirements, and their ability to produce high yields (Buss et al., 2017). 

However, several parameters and measurements are still required in order to create an optimal 

environment for cells. For a proper model in a detailed study, numerous measurements and data points 
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ought to be taken and tested for system efficiency. This includes several independent factors, with a few 

including tank temperature, shear stress, oxygen flow, fluid flow for a homogenous mixture, etc. A few 

variables that can influence these factors include the dimensions and arrangements of the tank, 

dimensions, arrangement, speed, and arrangement of the propeller, etc.  Cells often require very 

specific ranges of temperature, pH levels, and other factors in order to stay alive and proliferate. 

Because of this, bioreactors often have to be fine-tuned so that these needs can be met for the cells. To 

collect enough of this data to build a comprehensive model for this purpose can be extremely time 

consuming and costly because of the energy that bioreactors expend in order to operate and the 

number of iterations that are required for complete optimization (Buss et al., 2017).  

 

Figure 1: Diagram of a stirred vessel bioreactor. The diagram includes depictions 
of components that are critical to enacting and maintaining the operation of the 
machine. This includes the medium, air circulation, and effluent disposal valves for 
proper care and nutrition for stirred cells. The rotating impeller system, thermal 
jacket, submerged aerator, and detection device are all implemented to ensure 
cells are distributed uniformly throughout the entire mixture, as well as to make 
sure the stirring conditions stay optimal concerning liquid temperature, oxygen 
flow, shear stress etc. (BaiLun Biotechnology Co., Ltd, n.d.) 
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2. Computational Fluid Dynamics (CFD) 

Current production methods of artificial insulin involve collecting insulin proteins from 

genetically modified strains of bacteria such as E.coli or yeast that are cultured in a bioreactor (Upreti 

and Lohani, 2016). This process is not specific to insulin, as an array of other pharmaceutical products 

are produced through bioreactors as well. In regard to the aforementioned downsides of this 

technology, computational fluid dynamics can address physical bioreactor model shortcomings. 

Computational fluid dynamics is the computer-based simulation of fluids that can be used to predict and 

analyze fluid flow without the need for physical testing. This process works by using software to break a 

fluid domain into small cells through meshing and applying fundamental equations of fluid mechanics to 

each cell to predict fluid movement. CFD can allow for the optimization of bioreactor models without 

the need of repeatedly tweaking parameters and expending 

time and resources to test the model again. This positive 

impact is further increased when applied to large scale 

bioreactors, which allow for increased production for 

decreased proportional costs (Farid, 2007; Farid, 2009; 

Thaore et al., 2020). Figure 2 from Farid (2009) shows these 

decreased upstream costs in respect to increasing 

bioreactor production scale.  Naturally, the price for 

materials would increase as scale increases, yet indirect capital-related and labor costs show an inverse 

relationship with increasing scale. Although the exorbitant prices of insulin are due to many factors, 

being able to increase the yield of the product while also decreasing its cost of production can be one 

Figure 2: Comparison of cost of good per gram to 
increasing scale in bioreactor processes 
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factor in decreasing its consumer price. This beneficial impact is not solely isolated to insulin but can be 

extrapolated to any pharmaceutical product produced through bioreactor technology. 
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Section II: Specific Aims 

This proposal’s objective is to adjust the parameters of a 20,000 liter stirred vessel bioreactor 

for optimized real-world use. Our long-term goal is to simulate and establish the ideal conditions for 

fluid mixture and cell proliferation in a 20,000 liter stirred vessel bioreactor, where the central objective 

of this proposal is to use CFD simulation through COMSOL software to analyze relevant factors relating 

to fluid flow and cell proliferation and establish changes in the bioreactor and its elements to streamline 

its operation.  The rationale is that optimizing bioreactors can be an intensive procedure. Computational 

fluid dynamics simulations employ fundamental mathematical equations relating to fluid motion. Using 

computational fluid dynamics can simulate the performance of a bioreactor, allowing for optimizations 

to be made without the need of physical testing. This is especially prevalent when applied to larger scale 

bioreactors where repeated physical testing and adjustments are not feasible or efficient.  The work we 

propose here is a comparatively efficient method where its results can be directly applied to the tangible 

bioreactor so that it can begin operation. 

Specific Aim 1: Establish dimensions of the vessel for CFD simulation  

Specific Aim 2: Simulate bioreactor process through the CFD COMSOL software  

Specific Aim 3: Analyze simulations and adjust parameters 

The expected outcome of this work will allow for an optimized end product of the 20,000 liter 

stirred vessel bioreactor specific to this project.  

Commented [EY2]: Explanation? 

Commented [A3]: (Lump 2 and 3 together and replace 2 
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Section III: Project Goals and Methodology 

Relevance/Significance 

Using virtual simulation analysis` of bioreactor streamlining allows for a hands-off approach that 

eliminates the need of having to conduct any physical testing when it comes to improving the vessel’s 

performance. This is especially relevant considering the scale of this project’s bioreactor vessel being 

20,000 liters in volume.  

Innovation 

Few studies have been published using solely computational fluid dynamics to simulate and 

optimize a bioreactor at this scale. Computational fluid dynamics have been commonly utilized for more 

common and smaller scale vessels, yet Chaudhry (2024) outlines how there are numerous barriers that 

prevent simple upscaling of these findings in larger ones. Even considering studies that have applied CFD 

to large scale vessels, nearly each bioreactor is different in its design and physical structure—even if 

they are of the same vessel type. This means that the analysis and optimizations that are made for one 

vessel does not automatically mean those findings can be applied to another with the same effect, even 

if they are sized similarly. 

Methodology 

Specific Aim #1:  

The main objective of this research is to simulate the use of the bioreactor so that adjustments 

and optimizations to its operation can be made. Methodology will begin with creating a 3D Computer-

Aided Design drawing of the stirred vessel bioreactor. Below in Figure 1 is a diagram for visualization of 

Commented [A5]: Determine the …. The objective is to….. 
Our approach (methodology) is…. Our rationale for this 
approach….. 
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what the bioreactor should look like in three dimensions. Figure 2 is a vertical cross section of the 

bioreactor 

                                        

                                    

that provides measurements of its dimensions. Using these figures, a CAD drawing was created adhering 

to the vessel’s dimensions. The finished CAD design of the dimensions will be used to be imported into 

the CFD software for model meshing. 

 Justification and Feasibility. Dimensions of the bioreactor need to be established for the CFD 

simulation in order for the model to be meshed and subsequently simulated. Using Computer Assisted 

Figure 1: 3D Diagram of 20,000 Liter Bioreactor 
(Boston Institute of Biotechnology, n.d.) 

Figure 2: 2D Overlay with Parameters of 20,000 
Liter Bioreactor (Boston Institute of Biotechnology, 
n.d.) 

Commented [A6]: Add source and prelim data for 
justification 
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Design for the purpose of CFD simulation is common practice where CAD programs are used to establish 

a simulation model  (Leppänen, 2022 & Lopez et al., 2024). 

 Summary of Preliminary Data. For this specific aim, 

preliminary data includes the completed CAD drawings of the 

bioreactor’s parameters, where all measurements are in 

inches. Every element of the vessel is symmetrical along the 

vertical dashed construction line down the center of the 

bioreactor. Figure 3 depicts the whole 2D layout of the 

bioreactor, with its total height, width, and lid height 

dimensions. Figure 4 shows the dimensions of the central shaft 

and upper propellers that are attached along it. The middle 

and lower propellers have dimensions identical to the ones 

shown in Figure 4. The dimensions of the bottom portion of 

the bioreactor can be seen in Figure 5, including lower 

propeller dimensions, bottom lid height, and distance from the 

base of the lid to the central shaft. 

Figure 3: 2D CAD Drawing of Bioreactor (in) 

Commented [A7]: The description of the preliminary data 
(acquired during the research process) should help justify 
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Expected Outcomes. The overall expected 

outcome of this aim is to allow for an accurate and 

importable design of the stirred vessel bioreactor to 

be used for CFD simulation. This knowledge will be 

used for creating simulations that will be as accurate 

to the real world bioreactor model during testing and 

optimization processes. 

Potential Pitfalls and Alternative Strategies. 

We expect for the import process to be seamless 

without issue from the Onshape to COMSOL 

bioreactor design import. When simulating, the 

results are expected to be as close to one-to-one to 

real-world operation as possible, yet there is 

potential for this to not be the case. In the 

simulation, this could be because of inaccurately set 

parameters or incorrectly designed model geometry. 

In the advent that this does occur, alternative strategies 

could include redesigning the model based on the vessel blueprints for any identified inaccuracies or 

tweaking suspect measurements or parameters to achieve what is expected of the vessel’s operation. 

Specific Aim #2:  

Please follow the section format described above for an individual-specific aim. 

Figure 4: Dimensions of Upper Propellers (in) 

Figure 5: Dimensions of Bottom Propellers and Base (in) 

Commented [EY8]: Try to think of any errors I’ll run into 
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Section IV: Resources/Equipment 

Materials List: 

 -Computation Fluid Dynamics Simulation software (COMSOL) 

 -CAD platform (OnShape) 

 -Statistical analysis and Design of Experiment software (JMP) 

 

Section V: Ethical Considerations 

Section VI: Timeline 

Section VII: Appendix 
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