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Abstract: This research is an in-depth analysis of the movement of yeast-like particles in 

a Rotating Wall Vessel (RWV) using a series of computational fluid dynamic (CFD) 

simulations.  The purpose of the RWV is to counteract the effects of gravity by reducing 

the internal and external effects that it has on particles in cultures, in this case spherically 

modeled simulated yeast cells.  The internal effects can be characterized as the distortion 

of the internal structure due to density differences, whereas the external effect results 

from the deformations of the particle shape resulting from collisions with the RWV walls 

or other particles.  The RWV counteracts both effects by continuously rotating the fluid 

regime containing the cellular particles, allowing for a constant state of particle 

suspension.  Using CFD simulations, an RWV with yeast cells in the fluid regime was 

modeled to track the acceleration and movement of these particles at various locations 

within the unit.  Our analyses found that depending on their location in the vessel, the 

particles experienced different accelerations. The particle acceleration was the smallest 

towards the center of the fluid regime where the particles were furthest away from the 

walls.  Specifically, the particles experienced between 0 m/s2 and .2 m/s2, meaning that 

the RWV can successfully counteract 98-100% of the acceleration due to the gravity of 

Earth. This work creates a repeatable framework for the analysis of how cells move in a 

RWV to help understand the gravitational forces that the cells experience that may trigger 

certain biological responses.   
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CHAPTER I 
 

 

INTRODUCTION 

Rotating Wall Vessels (RWV) have gained much popularity in the scientific community 

for the many benefits they offer for growing cell aggregates. They allow for the cells to retain 

their specialized features by reducing the mechanical culture conditions induced on the particles, 

which also gives them a higher survival rate during the growing period (T. G. Hammond and J. 

M. Hammond, 2001). There are variety of these vessels that provide slightly different conditions  

 

 

 

 

 

for growing, each with their own benefits. The NASA designed rotating wall vessel (Fig. 1) 

provides solid body rotation that allows them to grow in a state of simulated microgravity, though 

particle suspension (Wolf DA, Schwartz RP, 1991). While grown in this state, the cells are 

suspended in a culture medium and do not deviate too far from each other, allowing them to form 

bridges without them getting ripped apart due to the fluid shear. (Schwarz RP, Goodwin TJ, Wolf 

DA, 1992).  The cells can “feel” the difference in shear when induced to microgravity and they 

alter the structure of their spindle microtubules  

Figure 1: Nasa Designed Rotating Wall Vessel 
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 (Wei, Diao, Qi, Khokhlov, Feng, Xing, & Li, 2013). The cells are able to grow evenly in all 

directions without the directional bias that is induced by the force of gravity. While it is important 

to understand that the cells react well in this type of environment because of the reduced fluid 

shear, it is just as important to understand exactly how these vessels achieve this on a deeper 

level. The way this vessel rotates about its central axis creates what is known as Coriolis and 

centrifugal forces, which act as the main driving factors of the system. Both forces are present 

when run in Earth’s gravity but mostly when run in Earth’s gravity but mostly eliminated in the 

actual microgravity of space (Wolf DA and Schwartz RP, 1991). This means that the force of 

gravity must be present for this system to work. After all, the whole point of this system is to 

counteract the acceleration that the particles experience due to gravity, so it would make sense 

that it would not work the same when there is no gravity to counteract. These two forces coupled 

with the buoyancy of the particles within the culture medium reduce the acceleration of the 

particles due to the Earth’s gravity. These two forces account for a large portion of the flows and 

conditions that occur within this type of vessel. 

 A wide range of cellular systems are cultured in RWVs, this ranges from larger 

multicellular systems to smaller single cell systems. Saccharomyces cerevisiae, or budding yeast, 

is a single cell system that can be cultured in RWVs for the purpose of observing how 

microgravity affects its aging process. Since mammalian cells and yeast cells share many 

similarities on how they age, key findings that may improve the way yeast cells function in 

microgravity may be able to be directly applied to that of humans while conducting operations in 

space (Fukuda, Ana Paula, et al., 2021). Being able to quantify the exact downward acceleration 

of the yeast particles as they rotate in the RWV would provide a more comprehensive 

understanding exactly how much Earth’s gravity the RWV can counteract. Yeast particles are 

typically too small to observe with the naked eye, as they typically range in size from around 8 to 

14 μm when grown at a temperature of 30°C (Zakhartsev, Maksim, and Matthias Reuss., 2018). 
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The microscopic nature of these cells makes it nearly impossible to directly evaluate how the 

fluid flow regime affects them. There are different ways that have proven useful to calculate 

physics values in this type of fluid regime, some of which include computational fluid dynamics 

(CFD) and particle image velocimetry (PIV). CFD is an extremely useful tool for analyzing fluid 

regimes because it requires no real world set up and can be conducted completely virtually. PIV 

on the other hand, requires more experimental setup and the use of highly expensive materials, 

such as lasers and the materials needed to replicate the fluid regime being tested, but is still a very 

useful way of conducting fluid regime analyses. This paper will use computational fluid dynamics 

(CFD) to analyze the way yeast particles move through this type of fluid regime and determine 

what quantity of the acceleration due to Earth’s gravity the RWV can successfully counteract. 

The ultimate goal of this study is 2-fold. The first being to provide supplemental information and 

a system validation to researchers who plan to conduct experiments that involve culturing yeast 

particles in RWVs for the sake of advancing the adaptability of humans in space. The second 

being to serve as a framework to allow future researchers to model different types of particles at 

different rotation speeds in a Rotating Wall Vessel. 
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CHAPTER II 
 

 

REVIEW OF LITERATURE 

2.1 Types of Cell Culture Vessels  

There have been many different types of cell culture vessels that have been designed with 

the intention of allowing cells to grow in low shear environments. Some of which included an 

inlet and outlet which would allow for a constant steam of fresh culture medium to move through 

the system and others had the ability to have the inner and outer walls move independently of one 

another. These systems proved to be unideal due to certain types of flows that were discovered to 

increase the amount of fluid shear on the cell cultures. One of the main types of flows that was 

found to be present in these systems is Taylor-Couette flow, which is considered turbulent, and is 

optimized in vessels with counter rotating cylinders (Jalalabadi, Kim & Jin Sung, 2017). While 

not optimized, Taylor-Couette flow is also present in vessels with cylinders that are rotating the 

same direction with an inlet and outlet flow. Taylor Vortices are a biproduct of this type of 

turbulent flow and tend to be stronger towards the spin filter but have a higher population density 

towards the outer wall (Jalalabadi, Kim & Jin Sung, 2017). A CFD simulation was performed by 

(Figueredo-Cardero, A., Martínez, E., Chico, E., Castilho, L.R. and Medronho, R.A., 2014) which 

confirmed the existence of Taylor vortices and showed that the inlet flow comes in evenly 

distributed along the front of the vessel and the outlet flow is evenly distributed along the spin 

filter. Particle image velocimetry (PIV) was utilized to provide fluid dynamic data for a rotating 

cell culture system with inlet and exit flow.  Using this imagery method, they were able to find 
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evidence of Taylor vortices and were able to confirm that there is turbulence in these 

types of systems (Figueredo-Cardero, A., Chico, E., Castilho, L. and de Andrade Medronho, R., 

2012). The vessels that produce these types of flows do not provide the most ideal conditions for 

cell culture growth. The turbulence due to the strong Taylor Vortices causes a higher shear on the 

cells, typically leading to a higher percentage of damaged cells. This type of flow is only present 

in vessels with turbulent conditions, mainly caused by the presence of an inflow and outflow. 

While this is a very prominent type of flow that exists in many types of rotating vessels, there are 

vessels where these turbulent conditions are nearly eliminated by the removal of the inlet and 

outlet flow.    

In vessels with solid body rotation, or SBR, the fluid medium is allowed to rotate along 

with the inner and outer wall at the same rate. For this to happen, the vessel cannot have an inlet 

or exit flow, must have the inner and outer cylinders rotating at the same speed, and must be 

completely filled with the culture medium and any gas present in the system must be eliminated 

(Schwarz RP, Goodwin TJ, Wolf DA., 1991).  Running a vessel under these conditions eliminates 

the main mechanisms that cause turbulence in the system, meaning that rotating culture vessels 

with SBR can be considered to have laminar flow. This provides much better conditions for the 

cells to grow under due to the reduced shear stress, and increased mass transfer rates (M.N. 

Cinbiz, R.S. Tığlı, I.G. Beşkardeş, M. Gümüşderelioğlu , Ü. Çolak, 2010). The conditions that 

vessels with SBR creates (reduced shear and turbulence) is comparable to the conditions 

presented in actual microgravity (Schwarz RP, Goodwin TJ, Wolf DA.). Growing cells in the 

actual microgravity of space is not always the most convenient option since most scientists do not 

have direct access to a rocket ship suited for space travel. This limits the type of experiments that 

can be conducted under the conditions provided by microgravity. Therefore, the NASA designed 

Rotating Wall Vessel with SBR has become the best when needing to grow cells in a 

microgravity environment. 
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2.2 Multicellular Applications  

   The NASA designed RWVs are used for many applications because of the benefits they 

offer regarding growing three dimensional cultures in a fully optimized low shear environment. 

They have opened an entirely new way to study the way different organisms react under certain 

growing conditions that are offered by the Rotating Wall Vessel. A study was conducted that 

tested the effectiveness of growing fetal liver samples from mice in one of these rotating wall 

vessels and compared the results to that of older methods of growing including the Hanging Drop 

and the Spinner Flask Method (Ishikawa, Momotaro, 2011). They cultured each of the samples 

for 10 days. The cell aggregates grown in the Hanging Drop Method did not have a smooth round 

shape and only had a few blood vessel-like structures that could be seen in the tissue. The Spinner 

Flask Method produced cell aggregates that only had a few bile duct-like structures and the tissue 

aggregates were mostly unviable. Neither of these two methods produced anatomically correct 

tissue structures, they were missing both bile duct-like structures and blood vessel-like structures. 

The cell aggregates that were grown in the Rotating Wall Vessel had 3D tissue aggregates with 

both bile duct-like structures and blood vessel-like structures, confirming that the Rotating Wall 

Vessel is the most effective method to grow hepatic tissue. Another study used this type of 

Rotating Wall Vessel to grow functional cardiac constructs to rehabilitate the functions of 

distressed rat heart (Nakazato, Taro, 2022). They seeded human-induced stem cell-derived 

cardiomyocytes (3D-hiPSC-CT) on fiber sheets and cultured them using a Rotating Wall Vessel 

and cultured a control group whose growing conditions were static. They transplanted the tissues 

into a myocardial infarction nude rat model and the performance of the two were evaluated. They 

determined that the 3D-hiPSC-CTs that were grown in the Rotating Wall Vessel had a 6% higher 

cell viability than that of the control group. The Rotating Wall Vessel group also had vastly 

improved contractile and electrical properties. When implanted in the nude rat model, the tissues 

from the Rotating Wall Vessel increased the overall cardiovascular performance of the heart. This 
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study provides insight on how this system can aid in the process of increasing the functional 

recovery of bio-organisms with a diseased heart. Another study used the Rotating Wall Vessel to 

engineer 3-D elastic cartilage in vitro to grow transplantable auricular cartilage (Takebe, T., et al., 

2012).  Samples were taken from microtia patients and were separated into cartilage and 

perichondrium layers. Cartilage progenitor cells (CPCs) were extracted from these samples and 

were seeded in pC-Hap/ChS scaffolding to prep them for culturing. The current methods of 

cranial reconstruction put a significant burden on the donors at the site of grafting and have an 

invariable absorption of the graft itself. The standard 2-D methods of grafting do not allow for 

much control of the size and shape due to the directional growth limitation caused by gravity. It 

was determined that culturing these CPCs in the Rotating Wall Vessel yielded much greater 

results than that of the standard 2-D method. The 3-D culture from the Rotating Wall Vessel had 

a much fuller shape and had proteoglycan and elastic fibers, which are exclusive extracellular 

matrices of elastic cartilage. This is evidence that this method of cellular cultivation is very 

effective in the reconstruction of complicated elastic cartilage structures. The Rotating Wall 

Vessel has been proven to accelerate and improve the process of differentiating pluripotent stem-

cells into retinal organoids (DiStefano, Tyler J., et al, 2020). It has been shown that the stem cells 

grown in a Rotating Wall Vessel at day 25 are at a similar stage (if not further along) of organoid 

differentiation as stems cells grown in static conditions at day 32. This shows a significant 

improvement of the time it takes for the stem cells to mature into retinal organoids by using the 

Rotating Wall Vessel. The vast acceleration of this process could prove very useful in future 

study. Across many avenues of research, this Rotating Wall Vessel has become a very popular 

method of cell growth and maturation. This can be credited to its ability to create 3-D cultures 

due to its simulated microgravity environment. 
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2.3 Importance of Yeast in the RWV 

Evolutionary mechanisms developed by all biology to combat the external pressure of 

gravity, such as mechanosensing, are altered in real and simulated microgravity conditions. 

Mechanosensing initially alters the cells extracellular matrix and cytoskeleton networks which 

signals for gene regulation for further adaptation (Po, Agnese, et al., 2019), (Grimm, Daniela, et 

al.,2014). The current models suggest that the decrease of gravitational pressure reduces the 

energy required by the cell to push back against gravity. This reduction of gravity allows for low 

energy shapes such as spheres which attributes to many of the advantages of growing cells in a 

Rotating Wall Vessel. While the phenotype is observed, the mechanism of cytoskeleton 

remodeling is not understood in microgravity. To determine how the cytoskeleton is adapting to 

microgravity conditions, the noise of the system must be reduced. Using a model system that does 

not form spheroids is necessary to reduce such noise. Saccharomyces cerevisiae, Baker’s yeast 

undergoes minimal morphological changes and does not form 3D cultures inside the Rotating 

Wall Vessel, yet their cytoskeleton is altered similar to spheroid forming cells. Furthermore, yeast 

are commonly used to study the basic mechanisms of mammalian cells are they contain human 

homologs, many of which are studied in areas regarding human health (Kachroo, Aashiq H., et 

al., 2022), (Laurent, Jon M., et al., 2020). Therefore, their basic adaptive principles can be studied 

in simulated microgravity and applied to more complex multicellular systems. 

2.4 Research Gap 

There are multiple types of bioreactor vessels that are used to grow cell aggregates. The 

purpose behind using these systems is to reduce the shear stress experienced by the cells as they 

grow. This is done to replicate how cells would grow in microgravity under similar conditions 

where they would experience little shear stress. Most of these bioreactor vessels include some 

sort of inlet and outlet to keep a constant stream of fluid medium moving in and out of the vessel. 
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Due to this added flow, these types of vessels have been shown to have traces of Taylor-Couette 

vortices which is a type of turbulence. Any added turbulence to these systems will inevitably 

increase the amount of fluid shear that is experienced by the particles, thus allowing for a higher 

chance that some of the particles will be damaged. The NASA designed rotating wall vessel (Fig. 

1) is a closed system that does not include any inflow or outflow, which in turn, eliminates the 

presence of these turbulent Taylor-Couette Vortices. This causes the vessel to have a laminar 

solid body rotation, which allows the particles to be suspended in the medium relative to the wall 

rotation, eliminating any unnecessary turbulent forces. As the vessel rotates, the buoyancy of the 

particles, as well as the centrifugal and Coriolis forces induced by the rotational motion allow the 

particles to achieve this suspended state. The suspension of the particles is key to the success of 

this device and is what allows them to experience “simulated microgravity”. Most of the research 

in this area focuses on the vessels with inflow and outflow, very few CFD simulations have been 

modeled after this type of rotating wall vessel with solid body rotation (SBR). The few that have 

focused on the shear stress on chitosan scaffolds (M.N. Cinbiz, R.S. Tığlı, I.G. Beşkardeş, M. 

Gümüşderelioğlu, Ü., 2010) or the paths of particles around the vessel at different rotational 

speeds (Liu, T.Q., Li, X.Q., Sun, X.Y., Ma, X.H., Cui, Z.F., 2004). Neither of which talk about 

the acceleration that the particles experience while suspended in the vessel, which is the primary 

focus of this study.
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CHAPTER III 
 

 

METHODOLOGY 

3.1 CFD Model 

A CFD model of a rotating wall vessel with solid body rotation model was created using 

the program STAR-CCM+. A 0.1-inch plane with interfaces on both sides was modeled in the 

geometry builder (Fig. 2). The interface allows the cells to pass through one side and back in 

 

 

 

 

 

 

 

 

(like in PAC-MAN) resulting in a periodic boundary condition. This was done to avoid any 

unnecessary collisions with the plane section wall that would have otherwise been there if the 

interface was not implemented. The model uses laminar flow since the vessel being modeled is a 

closed system with solid body rotation, which eliminates all significant mechanisms that cause 

turbulence. A Lagrangian Multiphase model is used in order to calculate and track the particle  

 

Figure 2: Geometry Scene of 0.1 in plane section 
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values within the fluid system. This model typically uses 4 phase interactions which are fluid-

fluid, fluid-particle, particle-fluid, and particle-particle (A. Diggs, S. Balachandar, 2016). This 

means that all Lagrangian multiphase models must have at minimum these four phase 

interactions. The program already accounts for all the phases involving the fluid, so only two-

phase interactions were set up. The first is simply the interactions between the particle (Particle-

Particle). The second is the interactions between the outside walls and the particles (This is not 

part of the 4 key components, but it is still a necessary part for this set up). A parcel injector was 

used as the method of which the particle gets placed into the system. A table was made with the 

desired location that each particle would be placed in the system (using cylindrical coordinates). 

Four different variations of this simulation were made, and all ran in parallel. Each of the four has 

a row of eight particles that were situated at varying radial distances from the center (Figs 3-6). 

Simulations were made using the following radial distance from the center: 30 millimeters, 35 

millimeters, 39 millimeters, and 43 millimeters; for the sake of this paper, we will assign them the 

names Sim 1, Sim 2, Sim 3, and Sim 4, respectively for ease of reference.  

 

 

 

 

 

 

Figure 3: Sim 1 – Particle Orientation at radial distance r = 30 mm 
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Figure 4: Sim 2 – Particle Orientation at radial distance r = 35 mm 

Figure 5: Sim 3 – Particle Orientation at radial distance r = 39 mm 



 

13 
 

 

 

This is so that the particles can be evaluated at any point in the vessel without having to run the 

simulation for a full rotation and so the data could be processed more effectively. The particles 

are placed after 0.001 seconds of run time. This is done because the model iterates every 0.001 

seconds (0.00l second iteration time is used to achieve a higher level of accuracy), this allows the 

particles to be injected after the first-time step (the earliest time that the program allows particles 

to be injected). The particles were injected into a fully developed flow field that was determined 

in a previous simulation (Fig. 7). The initial conditions of the developed flow field were loaded 

using a table file. This was done to eliminate any unnecessary computational time that it 

would take to allow the fluid medium to reach a fully developed state. Each particle is 

assigned an Index number so every single one can be evaluated separately. The particles 

being used mimic the properties of Yeast Cells, which have a diameter of 1.2µm, and 

density of 1112.6 kg/m^3 (Which is greater than that of water (999.7 kg/m3)). Yeast cells  

Figure 6: Sim 4 – Particle Orientation at radial distance r = 45 mm 
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do not have a perfectly cylindrical shape, but for the purpose of this simulation sphereical 

particles were used. Spherical particles are the closest thing to the shape of actual yeast 

particles that the program allows to be used in particle injectors. A particle track file was 

used to keep a history of the particle values. This is a feature of the Lagrangian 

Multiphase model within STAR-CCM+ that tracks the particle values that are 

predetermined in the track file menu. Once the simulation is done iterating, it outputs a 

track file which can then be reuploaded into the program and used for data processing. A 

particle track is recorded when a particle crosses from one cell within the mesh to another 

(so the smaller the mesh, the more particle outputs would be recorded). The scalars that 

were tracked include time, particle count, and particle index. The vectors that were 

tracked include, parcel centroid, particle drag force, particle velocity. Particle 

acceleration was calculated from the particle track file data. The formula can be 

represented as: 

𝑎𝑐𝑎𝑙𝑐 =  
𝑑𝑉

𝑑𝑡
  

Figure 7: Fully Developed fluid domain without particles 
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It can be expanded as 

𝑎𝑐𝑎𝑙𝑐 =
𝑉𝑓 − 𝑉𝑖

𝑡𝑓 − 𝑡𝑖
 

where, 

𝑎𝑐𝑎𝑙𝑐 = 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝑉𝑓 = 𝐹𝑖𝑛𝑎𝑙 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 

𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦  

𝑡𝑓 = 𝐹𝑖𝑛𝑎𝑙 𝑇𝑖𝑚𝑒 

𝑡𝑖 = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑡𝑖𝑚𝑒. 

The mesh is very important to any CFD simulation, it is the means by which the fluid domain is 

calculated. The mesh must be the right size for the purpose of the simulation, and the user must 

select an economical mesh that provides the required degree of solution accuracy (Kang, C.-W., 

Wang, Y., et al,  2013). The meshers used include, Surface Remesher, Polyhedral Mesher, Prism 

Layer Mesher with a 1 mm base size and a 50% target surface size (relative to base) (Figs. 8-12). 

Also, each of the simulations have a refined area in accordance with the radial position of the 

particles. The refinement zones were meshed with a target absolute size of .06 meters. This was 

done to allow the particle to cross more mesh boundaries in order to get more data without 

increasing the computational demand too much. 
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Figure 8: Sim 1 – Mesh Scene for r = 30 mm 

Figure 9: Sim 2 – Mesh Scene for r = 35 mm 
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Figure 11: Sim 4 – Mesh Scene for r = 43 mm 

Figure 10: Sim 3 – Mesh Scene for r = 39 mm 
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The prism layers included 3 total prism layers with a total thickness of .7 mm (Fig. 12). With the 

given mesh settings, there are 1,440,860, 1,609,502, 1,772,625, 1,938,290 total cells in the mesh 

for Sim 1, Sim 2, Sim 3, & Sim 4, respectively. Since the particles are 12 µm in size, the 

mesh must be small enough to provide enough data points to ensure their values are 

accurate but also large enough to prevent a heavy computational time. The current 

settings were found to provide a nice balance of both accurate data points and reasonable 

computational time. The simulation is set to rotate at 30 rpm. 10- 60 rpms have been 

shown to provide the lowest amount of shear and make for optimal growing conditions 

(T. G. Hammond and J. M. Hammond).   This means it will take 2 seconds of physical 

time to complete one full rotation. The time step was set to iterate every 0.001 seconds 

for solution accuracy. The time of 0.001 was found to be a good iteration time that will 

optimize that solution accuracy without making the computational demand too high. The 

extremely small particles that are being modeled give this simulation an extraordinarily 

high computational time. To combat this, the OSU HPCC PETE supercomputer was 

utilized because of its extremely fast computation rate. This would in turn reduce the 

amount of time it would take the simulation to run. This was a computer on 1 nodes, 

Figure 12: Mesh Scene – Prism Layers 
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which is the equivalent of 32 processing cores. The set up takes 5 days of computation 

time to achieve 1.6 seconds of solution time. This amount of time  will be sufficient 

because the particles are placed evenly around the vessel, so that any particle can be 

analyzed at any given point during the rotation and simulating multiple rotations would 

just be redundant. Simulations are extremely powerful tools to help calculate phenomena 

within fluid systems, but when modeling something that has never been done before the 

only way to be 100% sure that it is set up correctly is to take some real-world 

measurements. Particle Image Velocimetry (PIV) is the only way to conduct a real-world 

experiment to achieve the results that this study is after. For these reasons, PIV will be 

used to conduct an experiment that will validate the set-up of the CFD Simulation.
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CHAPTER IV 
 

 

RESULTS & DISCUSSION 

Particle track file data was read and processed to produce the following results. The 

following criteria will be presented and analyzed for each of the four simulations: Particle 

Deviation, Particle Acceleration vs Time, Particle Acceleration vs. Angular Position, and 

Standard Deviation of Acceleration Values across radial positions. 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 13: Sim 1 – Particle Radial Position Deviation r = 30 mm 
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Figure 14: Sim 2 – Particle Position Deviation r = 35 mm 

Figure 15: Sim 3 – Particle Position Deviation r = 39 mm 
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As shown in Figs. 14-16 the particles, when kept in constant rotation, do not have any 

significant deviations from their original radial positions. However, looking at Fig. 13, it can be 

observed that the particles deviate towards the inside of the vessel. This is likely from the higher 

fluid velocity close to the inner wall. Based on the figure, the particles moved from their original 

radial position of .03 meters to an ended radial position of .027 meters. This was over the course 

of 1.6 seconds, so it is probable that the particles will deviate further inwards as more time 

progressed. 

Particle Acceleration was calculated by taking the derivative of the j component of the 

Particle Velocity with respect to time. The Particle Velocity [j] was taken from the particle track 

file data. Figures 17-20 show the Calculated Particle Acceleration vs. Time for each of the four 

simulations. Each of which is shown over the time interval 0 to 1.6 seconds and each color is 

representative of a different particle in that given radial position. 

Figure 16: Sim 4 – Particle Position Deviation r = 43 mm 
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Figure 17: Sim 1 – Calculated Particle Acceleration vs. Time r = 30 mm 

Figure 18: Sim 2 – Calculated Particle Acceleration vs. Time r = 35 mm 
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Figure 19: Sim 3 – Calculated Particle Acceleration vs. Time r = 39 mm 

Figure 20: Sim 4 – Calculated Particle Acceleration vs. Time r = 43 mm 
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As you can see from Fig 17, the particle acceleration [j] predominately fluctuates between .1 and 

-1 m/s^2 for radial position .03 meters. Once the time reaches around the .7 second mark, the 

acceleration values slowly become more erratic and deviate more, reaching acceleration values 

that fluctuate between .2 and -2 m/s^2. Referring back to Fig. 13, we can conclude that the spike 

in particle acceleration in this radial position is due to the particle’s deviation towards the inner 

wall. This is an indication that the particles experience more turbulence as they approach the 

inner wall of the vessel. The data on Figure 18 for the radial position of .035 meters is extremely 

consistent and stays perfectly between an acceleration range of .05 to -.05 m/s^2. These particles 

are situated more towards the middle and have very little deviation in acceleration. This is likely 

due to the lower fluid velocity in the region (Fig. 7), which in turn leads to less turbulence 

induced on the particles. For the radial position of .039 meters, the acceleration values mainly 

stay between the range of .06 and -.06 m/s^2. The fluid velocity is slightly higher in this region 

than that of the region that correlates to the particles at the radial position of .035 m. This is the 

reason for the slight increase of min and max acceleration and why there is slightly more 

deviation in the values. Looking at Figure 20, for the .043-meter radial position, we can see that 

the particle acceleration ranges from .12 to -.12 m/s^2. The data for this position is much more 

erratic and the values deviate much more than the previous cases.  Again, this is directly 

correlative of the local fluid velocity. Looking at Figure 7 again, the fluid velocity in this area is 

the highest, making this region have the highest particle acceleration and the highest amount of 

turbulence. This data gives a very thorough understanding of how the radial position of the 

particles within the rotating vessel affects their acceleration. On top of this, it is also important to 

understand how the angular position of the particles affects their acceleration. 



 

26 
 

 

 

 

 

 

 

 

 

 

 

Figure 21: Sim 1 – Calculated Particle Acceleration vs. Angular Position r = 30 mm 

Figure 22: Sim 2 – Calculated Particle Acceleration vs. Angular Position r = 35 mm 
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Figures 21- 24 show the acceleration of the particles for each of the four cases as they pass 

through the different angular positions of the vessel. Angular position is represented in radians 

Figure 23: Sim 3 – Calculated Particle Acceleration vs. Angular Position r = 39 mm 

Figure 24: Sim 4 – Calculated Particle Acceleration vs. Angular Position r = 43 mm 
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and shows the range from 0 to 6.2 (0 to 360 degrees). This allows for the acceleration of the 

particles to be observed at any point during the rotation of the device. The results in Figures 21 - 

24 align very closely with the data represented by Figures 17 – 20. The minimum and 

maximum acceleration for each radial position remains largely the same in both data sets. 

However, the Acceleration vs. Time graphs, while able to show data for each individual 

particle, are not able to distinguish exactly where the particles are within the given radial 

position. Figures 21 – 24 can give more insight of of how the angular position affects the 

affects the particles acceleration values. In any case, the acceleration is the lowest at 0, 

3.14, and 6.28 rads, where 0 and 6.28 rads are the same position. These are the only 

points where the particles are able to experience an acceleration of true zero, while every 

other angular position in the vessel can only get extremely close. 

A static version of the .035 radial position simulation was run to test the continuity and 

validity of the other simulations. The goal was to compare the vertical particle displacement from 

the simulation data against the calculated particle displacement over a certain time period. Static 

conditions were used so that an acceleration of 0 m/s2 in the y direction can be assumed for the 

calculated values. The displacement of the particle can be calculated from the formula written as 

𝑠 = 𝑣𝑡 

 

Where, 

s = Particle Displacement 

t = Time 
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and the formula for particle velocity is written as 

𝑉 =  
𝐷2(𝜌𝑦𝑎 +  𝜌𝑦𝑔 − 𝜌𝑓𝑔)

18 𝜇
 

Where a = a = 0 m/s2, 

𝑉 =  
𝐷2(𝑔( 𝜌𝑦 − 𝜌𝑓)

18 𝜇
 

where, 

D = Particle Diameter 

g = Gravitational Constant of Earth 

ρy = Density of Yeast Particles 

ρf = Density of Culture Fluid 

μ = Culture Fluid Viscosity 

 

 

 

Table 1: Static Sim -Particle Displacement vs Calculated Particle Displacement [μm] 
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Table 1 shows the Vertical Particle Displacement that was derived using the particle track files 

that were output from the static situation. The displacement values from each of the eight particle 

indices are shown. These values are pulled after the simulated had run for 2 seconds of physical 

time. The calculated particle Displacement was determined by using the displacement and 

velocity formulas as listed above. 2 seconds was used as the time value to mimic the physical 

time used by the displacement values given by the simulation. On average, the Particle 

Displacement values fall within 3.87% of the calculated values. 

 

 

Looking at figure 25, it can be observed that the velocity magnitude of the particles stays 

relatively constant for every radial distance (rd) away from the center. This is largely due to the 

reasoning that the particles are moving at the same rate as the local fluid velocity. Figure 8 shows 

the velocity of a particle (Vn) from each radial distance compared to that of the velocity of the 

fluid medium (Vn’) at the same region. Once again referencing figure 8, V1=0.055 m/s while 

V1’=0.056. The other corresponding V and V’ values are extremely close in value as well, 

thislines up with the results that were found in (Wereley ST, Akonur A, Lueptow, 2002) and as 

stated in (M.N. Cinbiz, R.S. Tığlı, et al, 2010), meaning that it is an incompressible flow.  The 

Figure 25: Comparing Particle Velocity to Fluid Regime Velocity 

(Magnitude) 

 

 



 

31 
 

velocity is the highest near the inner and outer walls as can be seen in both Fig. 7 & 8. The reason 

behind this is that the walls are the driving mechanism that transfers the velocity to the fluid and 

the particles, so the near wall velocity of the fluid moves at almost the same speed at the walls, 

while the velocity of the fluid decreases as the distance from the wall increases. Once this 

simulation is run for the full two seconds, it is hypothesized that both the particle and the fluid 

velocities will remain extremely close to one another. This is because it has been shown to have 

incompressible flow. 

 The results across all the data sets point to the same conclusion that the particle 

experience the must turbulence resulting in the highest acceleration values when they are closest 

to the outer and inner walls. Figure 26 shows the standard deviation of the Calculated acceleration 

values across all four radial positions. This is a good representation of the turbulence experienced 

by the particles in the various positions in relation to one another. It supports the conclusion that 

the walls generate the most turbulence and that the areas in the center of these two walls offer the  

 

 

 

    

    

    

    

   

    

              

  
  

 
  
 
  
  
  
 
 
 
  
  
 
  
  
  
  
 
 

 
  
  
  
  
 
 

                   

                                               

              

Figure 26: Standard Deviation of Calculated Acceleration vs Radial Position 
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most ideal growing conditions. From this data, finding the relationship between particle path 

position, fluid velocity, and particle acceleration was able to successfully provide not only 

absolute minimum and maximum particle acceleration [j] values for the unit as a whole, but also 

was able to determine what areas of the vessel offer the most ideal conditions. This, however, was 

only done for the single rotation speed; further studies can be done to mimic this process for any 

given rotational speed.
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CHAPTER V 
 

 

CONCLUSION 

In this study, we have presented and discussed the finding of four CFD simulations, 

whose purpose was to measure the acceleration values of yeast particles in a Rotating wall vessel 

to see what percentage of Earth’s gravity is imparted on the particles. From the results, it can be 

concluded that the vessel can eliminate from 98.5% to 100% of the acceleration experienced due 

to gravity, depending on what part of the vessel the particles are in. They experience the lowest 

acceleration towards the center of the vessel and the most towards the inner and outer wall, where 

there is more fluid shear. This work provides a deeper insight into the physics at work inside 

Rotating Wall Vessels that can be applied to future work with RWVs. 

5.1 Future Work 

5.11 PIV (Particle Image Velocimetry) 

Particle image velocimetry is a frequent practice that is often used to validate CFD 

results. This method consists of reflective beads that flow in the given system that is being 

modeled, then a laser is shone at them and reflected for the high-speed camera to capture as 

images. The images can then be processed, where the multiple frames can be analyzed. The 

displacement of the particles over a certain time period determines the particles’ velocity, then the 

change in velocity of the particle over another period of time can be used to determine 

acceleration. These values can then be compared to that of the results of this study. The actual 

vessel cannot be used for this process because the front portion is solid, therefore a laser cannot 
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be shone through. A custom vessel will need to be constructed that has a translucent 

endcap. This vessel would mimic the actual RWV in every aspect except that it should have a 

customized endcap. Future research can be conducted using two approaches, one where the laser 

points towards the front of the vessel (the translucent endcap), the other with the laser pointed at 

the side. Quantities such as velocity and acceleration can be calculated based off the displacement 

of the beads as observed by the images captured by the high-speed camera. These calculated 

values could serve as a validation experiment for data that is obtained and shared using the CFD 

simulations of this research. 

5.12 Framework To Test Different Experimental Set-Ups 

This research can also serve as a groundwork template for further research where simple 

changes can be made to test different types of cells with differing densities and sizes. The 

simulation can be changed to run at different speeds to find a correlation between the rotation 

speed and the percentage of gravity experienced by the particles. Also, different parameters such 

as particle concentration and particle density could also be implemented to see if that has any 

effect on the amount of acceleration they experience.
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