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HYDRODYNAMIC ANALYSIS AND EVALUATION OF A NOVEL AIR-

STIRRED TANK REACTOR FOR MICROALGAE PRODUCTION 

 

    ABSTRACT 

 

Aerobic and anaerobic microorganisms are responsible for the production of high-quality 

goods and services in virtually every major industry on earth.  There are a variety of scales and 

methods by which these microorganisms are cultured, allowing for a vast diversity of cell culture 

systems.  There are several common themes that are shared between all types of cultivation 

systems; for example, each culturing method requires a vessel to contain liquid media, dissolved 

nutrients are also required in accordance with the biological requirements of the chosen organism, 

and some method of mixing is required to distribute nutrients evenly throughout the media.  The 

latter of these becomes challenging as the scale of the reactor system increases. It becomes difficult 

to adequately distribute dissolved gases to the entirety of the reactor due primarily to the 

characteristic hydrodynamics of the reactor type and the solubility of the particular gases in liquid 

media.  At low impeller velocities, for instance, eddy formation hinders adequate mixing by 

creating resistance to the desired flow pattern within the reactor.  As such, it has been noted by 

several groups that mass transfer is inherently low at slower mixture velocities. This study attempts 

to alleviate the maldistribution of nutrients and improve dissolved-gas mass transfer to the 

microorganisms by optimizing the hydrodynamics of a cylindrical bioreactor using a novel type 

of mixing impeller.  

With the specific aim of designing to improve the hydrodynamic characteristics of a closed-

system photobioreactor, the specific objectives of the study were: (1) To analyze the 

photobioreactor's gas mass transfer and hydrodynamic mixing when equipped with novel impellers 

through computational fluid dynamics; (2) To construct and test prototypes of the photobioreactor 

to conduct verification of the modeled flow patterns at 100rpm impeller velocity and 0.05m/s gas 
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flow rate; and (3) To model the cell growth of a specific algae species using the resulting 

hydrodynamic data. 

 

The results of the study showed that the air stirred tank reactor (ASTR), relative to the 

control bubble column reactor, exhibited: (1) significantly increased gas hold up, longer residence 

time and enhanced gas bubble distribution,  yet at lower average water velocity and without a 

corresponding appreciable increase in shear force; and (2) significantly increased growth rates of 

the H. pluvialis cultures, with the cultures in the single and double ASTR reactors showing growth 

increases of at least 83% and 183% (p < 0.05), respectively.  Also, the projected growth rates of 

the cultures in the double ASTR reactors significantly exceeded those in the single ASTR reactors 

by 54% (p < 0.05). 

 

 

   

 

Chapter 1: Introduction 

 

1.1. Significance of the Study and Objectives 

    Microorganisms are utilized in virtually every major industry to perform some biological 

process or produce a desired molecule.  Algae in particular are capable of generating a variety of 

products, including agricultural supplements and fertilizer, feedstock for both land animals and 

aquatic species, feedstock for biofuels, high-value nutraceuticals, pharmaceutical additives, food 

additive products, and many others (Scieszka et al 2018). Algae species have rich chemical 

compositions, including unique polymers, lipids, toxins, enzymes, pigments, and antioxidants, the 
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applications of which are varied and innumerable (Pina-Perez et al. 2017).  As such, there is an 

abundance of current research being conducted on algae products by the biomedical industry, 

chemical and environmental engineering industry, global food industry, and textile industry.   

The most prominent globally distributed algae products are thickening and gelling agents 

which are incorporated in a variety of foods, cosmetics, and pharmaceuticals. The primary three 

of which are the polysaccharides agar, alginate, and carrageenan (Scieszka et al 2018).  All of 

which are common in many types of Asian and American cuisine and health products, but are also 

used in producing biomedical hydrogels, industrial lubricants, and technologies that utilize 

immobilized biomolecules. (Burdick et al 2005).  

   Other species of algae are also cultivated as a feedstock or feed additive for aquaculture 

as they are considered to be low-cost to mass produce and have a diverse nutritional profile (Pina-

Perez et al. 2017).  They have become preferable due to the decline of finite resources for fish 

farming and their ability to replace the supplemental oils required for healthy aquaculture (Shah et 

al 2018).  For example, xanthins (xanthophyll carotenoids) are another family of valuable 

molecules produced by certain algae species. Astaxanthin and fucoxanthin are produced by brown 

and red algae, and are primarily used for increasing the antioxidant profile of and improving the 

color of meat products due to their bioaccumulation in animals (Li et al 2011).   Each of these 

molecules are also used as an antioxidant nutraceutical supplement reputed for its anti-aging and 

anti-inflammatory activity (Guerin et al. 2003). Additionally, because of their natural red-yellow 

pigmentation capabilities, they are also used very frequently in the cosmetic industry as they are 

generally recognized as safe for direct application to the skin (Davinelli et al 2018).   The majority 

of commercial fucoxanthin and astaxanthin is harvested from seaweed that is cultured in coastal 
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regions; however, research is moving toward producing astaxanthin and other compounds in 

bioreactors due to their high efficiency and purity (Li et al 2011, Park et al 2017, Tan et al 2018).   

Bioreactors are colloquially defined as any vessel that can be used for high-density cell 

culture.  They are utilized in virtually every commercial industry in the world and are crucial to 

producing a variety of specialty products or performing a reaction on a given substrate.  They can 

be constructed out of a variety of materials depending on their intended location and function.  

In addition to solely serving as a vessel to culture a large quantity of cells, bioreactors can 

also be utilized as a component of an industrial pipeline or process.  A major component of the 

wastewater treatment pipeline is an incubation of primary effluent with algal and bacterial biofilms 

(Tan et al 2018).  Due to their natural presence in waste streams, efficiency for degrading organic 

matter, and rapid growth rates, microorganisms are a crucial element in a variety of septic systems 

particularly in off-grid applications.   

Algae in particular have been increasing in relevance for waste stream processing due to 

their ability to be rapidly proliferate and remove excess ammonia, nitrogen, and phosphorus from 

wastewater with high efficiency (Li et al 2011, Aslan et al 2006).  Carbon dioxide (CO2) and other 

gases from industrial processes have also been demonstrated to be removed from waste streams 

by algae.  As algae need a constant supply of CO2 for biomass production, several groups have 

had success with sparging flue-exhaust gas directly into algal bioreactors (Park et al 2017, Huang 

et al 2016); however, several challenges with mass algal culture remain. Large-scale culture of 

algae cells requires meeting the environmental and nutritional conditions that satisfy the algae 

species of interest. There are several factors that are integral to the production of microorganisms, 

including light exposure, media composition, pH, media and temperature, humidity, and 
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availability of nutrients. Bioreactors are able to address these variables in different ways depending 

on the purpose of the culture and requirements of the organism.   

  

Large Scale Culture in A Raceway 

Algae needed en masse for animal feedstock, biofuel feedstock or waste treatment is 

cultured in large open pond raceways (Yang et al 2011, Park et al 2017, Huang et al 2015).  Open 

raceways are the largest-scale and lowest-cost form of bioreactors that are utilized industrially.  

 

 

Figure 1.  Image and schematic of an open raceway bioreactor. 

They are typically used for cell biomass cultivation rather than production of high-purity 

biomolecules, and have been deemed the convention for the most economical algae production as 

they utilize the maximum possible amount of sunlight and use minimal resources for regulating 

growth conditions (Li et al 2011).  They also are generally cost-effective, constructed from readily 

accessible materials, and simple to maintain.  However, they are significantly prone both to 

reduced and fluctuating productivity and severe contamination due to direct exposure to external 

environmental conditions and contaminants. Severe contamination often results in "algae crash" 

or complete decimation of the algae culture. 
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Axenic Culture Closed Reactors 

     Microorganism products that require high purity and density are often cultured in contained 

vessels to minimize exposure to the elements and to better regulate the cellular 

microenvironment.  These closed-system bioreactors have been demonstrated to provide higher-

density and higher-purity yields compared to an open pond or raceway due to their sterility and 

ability to be entirely controlled by the operator.  In the pharmaceutical industry, bioreactors are 

typically constructed of stainless steel on the thousands of liters scale.  They are designed to be 

completely sealed from the external environment to be precisely controlled and to ensure the purity 

of the culture and resulting product.  

The most traditional form of closed bioreactor for algae cultivation is the bubble column 

reactor.  It essentially is composed of a transparent cylinder with a degassing seal at the top of the 

reactor.  A gas mixture of air and a specified concentration of carbon dioxide is sparged into the 

bottom of the reactor to provide mixture and aeration to the cells.  

Figure 2.  Image and schematic of a bubble column bioreactor. 
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 Bubble column reactors have been well characterized by several groups and are credited 

for being easy to maintain, effective for axenic culture, and relatively low-shear (Zheng et al 2018).  

However, the growth rates in bubble column reactors can be lower than in other reactor types due 

to inadequate mixing and the solubility limitations of dissolved gasses in liquid media (Garcia-

Ochoa et al 2009).   

Recently, an innovative alternative to the bubble column reactor has been developed and 

named the air-accordion bioreactor.  The air accordion is a lower cost type of bioreactor than any 

of the previous listed as it can be rapidly mass-produced out of inexpensive material.  The air 

accordion is able to passively improve mixing in the reactor by introducing a zig-zag shape which 

significantly enhances mixing in part by creating a longer path length and residence time for gas 

bubbles to travel compared to traditional bubble columns (He et al. 2016). 

 

 

 

 

 

 

 

 

 

Figure 3.  Image and schematic of the Air-Accordion bioreactor. 

 In the pharmaceutical industry, mass quantities of genetically modified bacterial or yeast 

cells are cultured in bioreactors to produce recombinant molecules such as insulin, erythropoietin, 
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vaccines, and hormones (Kishore et al. 2009).  This is typically conducted in a reactor called the 

continuously stirred tank reactor (CSTR), which utilizes mechanical agitation to mix the bulk 

solution within the reactor to improve rates of reaction and cell growth.  Using mechanical energy 

to mix a solution generally promotes physical changes of a solution, improves reaction rates by 

increasing collisions between particles, and increases mass transfer of soluble particles (Schuler et 

al 2013).  

Figure 4.   Image and schematic of a continuously stirred tank reactor (CSTR).  

 

Problems begin to arise when agitating low-viscosity fluids, such as a liquid nutrient 

solution, as turbulence increases dramatically with agitation speed.  This also creates a highly 

variable environment within the reactor that permits the formation of dead zones, with Reynolds 

numbers close to zero in some areas and hundreds to thousands in others near the impeller blades 

(Nielsen et al 1994).  This type of reactor is not commonly used for algae production due to the 

high-shear forces resulting from the required agitation speeds for adequate mixture at large scales.  

High shear forces and rapid pressure changes due to such high impeller mixing velocities have 

been documented to damage or rupture cells of certain algae species (Leupold et al 
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2012).  Generally, this is not an issue with small bench scale reactors; however, when a reactor 

volume is scaled to thousands of liters, sensing of variables, distribution of nutrients and uniform 

exposure of the cells to light becomes vastly more difficult.  As such, the most common limiting 

factor in scale up of most industrial bioprocesses is mass transfer of dissolved oxygen and/or 

carbon dioxide (Garcia-Ochoa et al 2009).  Typically, this problem is alleviated by mixing at 

higher velocities; however, due to the rigidity of the algal cell wall, the exerted shear force resulting 

from contact with the impeller blades damages and stresses the cells.  

 We introduce here the concept of the Air Stirred Tank Reactor (ASTR) that combines the 

mixing ability of a traditional impeller with the effective gas distribution of a flat plate sparger. 

Various groups have determined that the sparging method and porosity of the sparger significantly 

affect the mixing time of a reactor at low inlet gas and impeller velocities (Wei et al 2014, 

Merchuck et al 2010, Guo et al 2017). The function of the porous impeller is to dissolve higher 

quantities of gas into the growth media at lower-revolution velocities than achieved by traditional 

impellers, while also replacing the need for an additional sparger. By providing micropores for 

oxygen release, either within or through an attachment, to the impeller blades, it eliminates the 

necessity for a conventional impeller to disrupt larger bubbles.  This will allow mixing at lower 

velocities and reduce shear force on the cells, creating a lower stress environment for growth to 

take place.  

 

 

 

 

 



17 
 

 

 

Figure 5.  The Air stirred tank reactor (ASTR). 

 Additionally, the lower required impeller velocities of the ASTR lower energy inputs of 

the reactor while maintaining the same inlet gas flow rate which will translate to cost savings at 

larger scales.  Increasing the efficiency of mixing, and thereby exposure of nutrients to algae, has 

a substantial beneficial effect on growth rates of individual species (Bach et al 2017, Brannock et 

al 2010, De Lamotte et al 2017).   With modern engineering analysis techniques, such as 

computational fluid dynamics (CFD) and mathematical modeling, there is vast potential for 

bioreactors to become far more productive and automated with low-cost open source monitoring 

programs and hardware.  
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Chapter 2:  Present Study 

2.1 SUMMARY 

The primary focus of this research was to increase levels of dissolved-gas delivery by 

creating novel porous bioreactor impellers. The hydrodynamics of the ASTR reactor was analyzed 

using the ANSYS fluent simulation software in order to determine the shear stress incurred at 

various points throughout the reactor, the gas holdup within the liquid media, and the residence 

time of gas bubbles within the reactor.  The simulated reactor was then constructed and 

experimentally tested for unique flow patterns and mixing time.  

     The data from ANSYS were then entered into a Python 3 mathematical model for 

Haematococcus pluvialis to approximate cellular growth rates.  Haematococcus pluvialis is a 

freshwater photoautotrophic algal species.  Photoautotrophic microorganisms require carbon 

dioxide to be dissolved into the liquid media as a carbon source for photosynthesis in order to 

produce biomass.  Additionally, at large scales, they require minor quantities of supplemental 

dissolved oxygen to prevent excess cell death during dark periods or nutrient stress.  As such, it is 

crucial that the distribution and mass transfer of gases and essential nutrients are optimized 

throughout the bioreactor to achieve maximal growth rates. Uniform mixing is also required to 

optimize light distribution to the algae cells. 

  A variety of groups have previously characterized nutrient consumption rates and 

maximum growth rates of specific algae species at given sets of conditions. (Park et al. 2015, 

Kumar et al 2016, Gao et al 2018).  These values can be used to approximate a concentration of 

algae cells at any given point in time using a coupled set of differential equations relating to media 

composition, gas flow rates, light intensity and attenuation rate, and algae nutrient 
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consumption.  General formulas for exponential cell growth (Monod, Malthusian, etc.) have been 

widely studied for many years and can be readily adopted to suit a desired species.   

 

With the specific aim of designing to improve the hydrodynamic characteristics of a closed-system 

photobioreactor, the specific objectives of the study were: (1) To analyze the photobioreactor's gas 

mass transfer and hydrodynamic mixing when equipped with novel impellers through 

computational fluid dynamics; (2) To construct and test prototypes of the photobioreactor to 

conduct general verification of the modeled flow patterns; and (3) To model the cell growth of a 

specific algae species using the resulting hydrodynamic data. 

 

2.2 METHODS 

2.0 Modeling Methodology 

A two-phase simulation approach was designed using ANSYS Fluent 17.2 and Python 

3.7.  All simulation and modeling experiments were conducted on a custom-built computer 

operating on Windows 10 with an Intel I7-6800K 3.5 GHz 6-core processor and 32 GB of 

memory.  Each simulation was set to run in parallel and to utilize 8 CPU processes to reduce 

calculation time.   

 

2.1 Reactor Geometry 

The tested reactor was constructed using the open source non-parametric 3D modeling 

software FreeCad.  Each model consisted of a 1.7 L of working volume continuously stirred flat-

bottomed tank reactor, four 5mm rectangular baffles, and a gas sparging plate or sparging 

impeller.   The reactor geometry was identical to that used by Karimi et al. (2013) listed in Table 

1. 
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Table 1.  Simulated reactor dimensions (Adapted from Karimi et al. (2013)). 

 Mesh quality was assessed by simulating and comparing shear forces on the impeller blade 

walls with four separate meshing domains (Figure 6A).  There was no significant difference 

between the resulting forces, as such, the fluid domain of the entire reactor volume was selected 

for simulation.  The final number of number of nodes and elements were 74451 and 376427 

respectively.    

Control reactors contained a 48-mm diameter flat-plate sparger for gas distribution as a 

representation of conventional bioreactors. The novel reactors utilized the designed Rushton 

turbine air impellers. Rushton turbines were chosen for this experiment as they have been observed 

to improve the gas holdup of a reactor by generating a radial flow mixing pattern (Moucha et al 

2003).  Each simulation contained three named specific regions in order to determine the boundary 

conditions to be used by the ANSYS solver:  the inlet surface of the sparger or the inlet surface of 

Reactor Part Dimension 

Internal Diameter of Reactor 100.05 mm 

External Diameter of Reactor 110.00 mm 

External Height 300.00 mm 

Bottom Impeller Clearance 50.00 mm 

Distance Between Impellers 100.0 mm 

Height of impeller shaft 250.00 mm 

Working Volume 1.77 L 

Baffle Width 10.00 mm 

Impeller Type Rushton Turbine 

Sparger Type Ring Sparger / Air Impeller 
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the air impeller blades; the stationary walls and floor of the bioreactor vessel; and the fluid surface 

which was treated as a degassing boundary illustrated in figure 6.  The surface areas for each inlet 

were 1809 and 1800 mm2 for the sparger and ASTR, respectively.   

 Figure 6A.  Meshing Domain Configurations.  
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Figure 6B.  Gas inlet (green) configurations for the ASTR impeller blades and Sparger inlet. 
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Each reactor component was 3D-printed with 1.75-mm polylactic acid (PLA) filament 

using a Creality Ender 3 Printer after having been sliced with the layer slicing software Cura.  A 

tolerance value of 0.25 mm was incorporated into each constructed piece of geometry.  Each 

printed impeller contain 216 1x1mm gas inlet pores.    

 

2.2 Simulation Setup 

All simulations were conducted using ANSYS Fluent 17.1.  The reactors were set to 

operate at standard temperature and pressure conditions (25°C, 1 atm, g = -9.81 m/s2). The water 

phase was set at standard conditions (density = 998 kg/m3, surface tension = 0.073 N/m).  The 

entire 360-degree dimensional internal structure of the reactor was simulated as the fluid domain 

for calculations.  The simulations were performed using a Eulerian-Eulerian multiphase model 

completed with a standard K-Epsilon dispersed turbulence model as is recommended for a wide 

range of applications (Park et al 2015).  A Eulerian-Eulerian pseudo-transient approach was 

chosen rather than a VOF model, as the Eulerian-Eulerian method is recommended for bubble 

column simulations where bubble size is intended to be less than 10mm (ANSYS Documentation). 

For the following experimental simulations, bubble sized was set to range from 1 – 10 mm. The 

specific conditions of each simulation is listed in appendix table 8.   

 

2.3 Residence Time Experiments 

    Each simulation was programmed to include particle-tracking information to determine 

residence time of air bubbles within the reactor. Each particle injection was set to match the inlet 

velocity of air for the respective simulation.  The injected air bubbles were set to have a range of 

diameters between 1 mm and 9 mm and entered the reactor domain in a direction normal to the 

inlet face.  
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Figure 7.  Diagram and dimensions of the ASTR. 

 

The two gas distribution systems, the ASTR and a conventional sparger, were simulated in 

a factorial design at two inlet velocities, 0.05 m/s and 0.1 m/s, with two impeller velocities, 100 

and 150 rpms. These realistic values were selected to grow algae without damaging the cells 

(Leupold et al 2012).   

The mixing time of the printed reactors was assessed by observing the migration of 

individual bubbles injected into the reactor using time-lapse videography compared to the particle-

tracking data collected from ANSYS.  The constructed reactor was set to operate at a 100 rpm 

impeller velocity with a gas inlet rate of 0.05 m/s in order to assess the lowest possible shear 

simulation case.   
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2.4 Bubble Distribution Pattern Experiments and Gas Holdup 

A visual air volume fraction profile was generated once each simulation reached one 

thousand iterations or convergence in the ANSYS simulation software.  The air volume fractions 

for the 3D-printed reactor was observed using time lapse videography by a Samsung S10E 

smartphone 12-megapixel camera (Figure 14). The resulting time lapse was sliced into individual 

single 2MB photos using the video processing software VLC.   The images were then reduced to 

30% opacity and layered to produce a single time superimposed image (Figure 14, Left).  The 

observed bubble distribution profile was generated using a MATLAB image processing script 

(Figure 14, Right).     The resulting image was compared to the air volume fraction and conditions 

of the corresponding 0.05m/s gas inlet and 100rpm impeller velocity ANSYS simulation. 

 

 

2.5 Mass Transfer (KLA) Calculation 

    The liquid oxygen mass transfer coefficient (KLA) can be measured in several ways depending 

on which variables are being examined.  A general equation for finding an instantaneous KLA 

value can be represented by the following (Karimi et al. 2013):   

  

                              (1)     

                     

Where α, β and ᴄ are impeller constants, Pg is mechanical agitation power of the 

impeller, VL is volume of the reactor and Vg is the superficial gas velocity.   

 

Another method of determining KLA can be used if a measured or known change in oxygen 

concentration occurs.   
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        (2) 

 

(3) 

 

 

Where Ci , C0 , and C represent saturation, initial, and current concentrations, respectively, of 

oxygen at a given timestep.  The variable ε represents a gas holdup value which can be calculated 

using the gas expansion method shown in Equation 3, or determined by a simulation program 

(ANSYS).  Where VF represents an aerated liquid volume and VL is the clear liquid volume.  The 

average gas holdup values for the python simulations were determined by ANSYS.   

 

 

2.6 Mass Transfer Simulations 

    Oxygen mass transfer was calculated using Equation 2 at each time step using the 

respective ANSYS gas holdup value dependent on oxygen concentration, impeller velocities, and 

superficial gas velocities entered into the Python algorithm.   

 

2.6 Shear Stress Determination 

   Shear stress averages at the wall of the impeller faces, impeller edges, and reactor walls 

were calculated in ANSYS.  The greatest value of shear near the impeller blade face for each 

simulation was used for analysis and for a conservative estimate of potential cell damage.  
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2.7 Cell Growth Model 

    The constructed Python model uses the modeled bioreactor parameters, initial nutrient and 

inoculation conditions, ANSYS gas holdup values and liquid velocities and the independent 

variable superficial gas velocity (Appendix table 7).  The exponential growth of the selected algae 

species is based on the Malthusian model that is modified with terms for nutrient multiplication 

which affect the specific growth rate of the algae.     

 

  (4) 

 

 

Where, F represents the inlet volumetric flow rate, v represents the reactor volume, X0  represents 

the initial inoculum concentration, X is the cell concentration at the corresponding timestep, 𝜇 is 

the specific growth rate at the corresponding time step, and D is the cell death coefficient.   

 

The instantaneous growth rate depending on nutrient availability can be represented by 

Equation 5.  The nitrogen term can be omitted if nutrients are assumed to be in abundance. 

     

            (5) 

 

Where 𝜇max  represents a known biologically limited, specific growth rate.  C, K, and I represent 

concentrations of CO2, Nitrogen, and available light at the corresponding time step with their 

corresponding half saturation constants KC, KN, KI. G(t) represents a function of the temperature 

effect on the instantaneous growth rate, where: 
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                        (6) 

 

M = 0.06 or 0.04 depending on if the measured temperature (T) of culture media is above or below 

the general optimal temperature (Topt) for a wide variety of cell types not limited to or specific to 

algae (James et al. 2010).   

Light intensity experienced by algae cells at the top of the bioreactor (I) at a given time 

step is approximated as a function of light attenuation rate and vertical distance of the light source 

to the media surface.   

 

(7) 

 

 

Where I0 represents the initial light concentration and z represents the vertical distance 

between the light source and the media in meters.  ᶓ, the light attenuation rate, is determined by 

Equation 8.  Light emitted was assumed to be at a constant intensity for a 24-hour period. 

 

                    (8)         

 

 

Where a represents a specific light attenuation coefficient (m2/g), X represents cell concentration 

(g/m-3) at the given time step, and b is the background turbidity (m-1).  The effect of light 

diffraction on the water surface is not considered in this model.   
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Change in carbon dioxide and oxygen concentrations at a given time step can be calculated 

using similar Equations (9 & 10).   

  

                 (9) 

 

              

(10) 

 

 

 

Where 𝜖 and F represent volumetric flow rates of the gas into the liquid media, V represents the 

liquid volume of the reactor, C0 and O0 are the initial concentrations of the respective gases at the 

inlet of the reactor, C and O are concentrations of carbon dioxide and oxygen at the provided 

timestep, kL𝛼 represents the gas mass transfer coefficient determined by Equation 2.  C* and O* 

represent saturation concentrations of each gas, 𝜇 represents the specific growth rate at the given 

time step, X is the cell concentration at the given time step, and lastly Y(O/x) and Y(C/x) represent 

the consumption and production of CO2 and O2, respectively. 

 

  (11) 

 

 

Changes in nitrogen consumption (Equation 11) are calculated nearly identically to 

equations 9 and 10; however, the mass gas mass transfer term is omitted.  Calculations of nitrogen 

concentration in the case of this experiment serve only as an approximation of when nitrogen may 

need to be added to the reactor to prevent limiting conditions.  The nitrogen term does not need to 
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be included into the final cell growth rate equation, as nitrogen will be provided in excess to 

achieve maximum growth rates.    

 

  Each of these Equations was integrated and solved at each time step using the Python 3 

package scipy’s integration function odeint.  The resulting values were added to each respective 

concentration in the previous timestep, resulting in cell growth curves over the provided time 

period.  The calculated timeframe for the python simulation was 24 days with a timestep of one 

day.  All of the preceding nomenclature and values pertaining to the python model are listed in 

table 2. 

 

2.8 Statistical Analysis 

 All statistical analyses were conducted by two-way ANOVA using SAS Studio University 

Edition with a significance value of 0.05.  Mean and standard deviation data resulted from each 

experimental ANSYS simulation.   
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Symbol Definition Unit Value Equation 

KLA / kLα Mass transfer coefficient s-1 Calculated (Python) 1 

α Rushton Impeller Constant [-] 0.28 1 

β Rushton Impeller Constant [-] 0.67 1 

ᴄ Rushton Impeller Constant [-] 0.58 1 

Pg Mechanical Agitation Power Watts 12 1 

VL  Reactor Volume Liters 1.7 1 

Vg Superficial Gas Velocity m/s 0.05 / 0.1 2 

t Timestep Days 0-24 2 

Ci  /  O* Saturation  Oxygen Concentration g/m3 Calculated 2,8 

C0 Initial Oxygen Concentration g/m3 256.0 2 

C Current Oxygen Concentration g/m3 Calculated 2 

ε Gas Holdup [-] Calculated (ANSYS) 3 

VF Aerated liquid volume Liters Calculated 3 

VL Clear liquid volume Liters Calculated 3 

F Gas Volumetric Flow Rate m3/d 1.08 4,9,10,11 

v Reactor Volume Liters 1.7 4,9,10,11 

X0 Initial Cell Concentration g/m3 0.5 4 

X Cell Concentration at timestep g/m3 Calculated  4,8,9,10,11 

D Cell Death Coefficient d-1 0.05 4 

𝜇 Specific Growth Rate d-1 Calculated 4,5,9,10,11 

𝜇max Max Specific Growth Rate d-1 1.2 5 

KC  / C* Saturation Concentration of CO2 g/m3 0.044 5,9 

KN Saturation Concentration of K g/m3 0.001 5 

KI Light Saturation Point 𝜇mol*m-2*s-1 1000 5 

g(t) Temperature Effect [-] Calculated 5,6 

m Constant for non-optimal Temp. [-] 0.006 / 0.004 6 

T Media Temperature oK 298 6 

Topt Optimal Media Temperature oK 298.15 6 

z Vertical distance of light source m 0.02 7 

ᶓ Light attenuation rate m-1 Calculated 7,8 

C CO2 Concentration at timestep g/m3 Calculated 9 

C0 Initial CO2 Concentration g/m3 64.0 9 

Y(C/x) CO2 Consumption Rate [-] 0.0496 9 

O Oxygen Concentration at timestep g/m3 Calculated 10 

O0 Initial Oxygen Concentration g/m3 256.0 10 

Y(O/x) Oxygen Production rate [-] 0.0496 10 

N Nitrogen Concentration at timestep g/m3 Calculated 11 

N0 Initial Nitrogen Concentration g/m3 0.0025 11 

Y(N/x) Nitrogen Consumption rate [-] 0.00625 11 

Table 2.  Nomenclature of modeled equations. 
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2.3 RESULTS 

Gas Hold Up 

The gas holdup, synonymously referred to as air volume fraction, in the novel Air Stirred 

Tank Reactor was significantly greater than in the control reactors in all cases (p<0.05) (Figure 

8).  This was correlated with and was supported by the longer residence time and wider 

distribution of gas bubbles within the ASTR as shown by the residence time distribution plots 

and gas holdup renderings (Supplemental Figures 7 and 8).   Standard deviations of each case are 

indicated by the lines atop each bar plot.  

 Figure 8.  Plot of gas holdup by reactor configuration and superficial gas velocity. 
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Residence Time 

     The average residence time of the ASTR in the double configuration was improved by 

700% (p < 0.05) compared with both those of the ASTR single configuration and of the control 

plate sparger.  The residence time for the single ASTR configuration was statistically 

indistinguishable from that for the control plate sparger; however, the distribution of gas bubbles 

in the former was improved relative to the latter (Supplemental Figures 

1,3,5,7,9,11,13,15,17,19,21).   

Figure 9.  Average residence time plot by reactor configuration. 
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Fluid Velocity 

The average water velocity (figure 10) was lower in each simulation of the ASTR 

compared to the control reactors (p < 0.05).  This points to the general advantage of the ASTR of 

implementing better gas hold up, longer residence time and better bubble distribution, yet at lower 

average velocity.  The velocities were also more uniformly distributed toward the walls of the 

reactors, shown in supplemental figures 2,4,6,8,10,12,14,16,18, and 20.   

Figure 10.  Average fluid velocity by reactor configuration. 
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Shear Force 

    The shear force (figure 11) measured at the internal wall of the reactor was not 

significantly different for any reactor configuration.  This again points to a significant advantage 

of the ASTR which generally improved gas hold up, increased residence time and enhanced bubble 

distribution without a statistically significant corresponding increase in shear force. 

 

Figure 11.  Average fluid shear at the reactor wall by reactor configuration. 
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Mass Transfer Coefficient (KLA) 

 The mass transfer coefficient (KLA) determined by the python model (Figure 12) was 

significantly greater in each simulation of the double air impeller configuration compared to the 

control sparger (p < 0.05).  This level of improved mass transfer (187% increase) at the lowest 

impeller velocity definitively exemplifies the superiority of the ASTR compared to conventional 

sparging bioreactor configurations. 

 

Figure 12.  Mass transfer coefficient by reactor configuration. 
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Algae Cell Growth Projections 

The compiled simulation data was fed into a Python model for approximating cell growth 

of the microalga Hematococcus pluvialis (figure 12).  The projected growth rates of the cultures 

in the single and double ASTR reactors both significantly exceeded those in the conventional 

sparger reactors (P < 0.05) by 83% in the single ASTR configuration and 183%, in the double 

impeller configuration.  Also, the projected growth rates of the cultures in the double ASTR 

reactors significantly exceeded those in the single ASTR reactors by 54% (p < 0.05). 

 

Figure 13.  Algae growth projections by gas inlet configuration. 
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 Visual Flow Pattern Comparisons 

 The result of the MATLAB image analysis demonstrated that the constructed reactor 

exhibited a bubble distribution representative of the simulated reactor configuration.  88% of the 

bubbles detected within the time lapse image existed within the red highlighted domain (Figure 14 

Right).  Additionally, 84% of the emitted bubbles were measured to be within the 1-10mm size 

range specified in the bubble simulation conditions entered into ANSYS.   

 

 

Figure 14. Left, Constructed reactor. Middle, ANSYS bubble probability distribution. 

Right, MATLAB calculated bubble profile. 
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2.4. CONCLUSIONS: 

The results of this study showed that the ASTR, relative to the control bubble column reactor, 

exhibited: 

(1) significantly increased gas hold up, longer residence time, gas mass transfer, and enhanced gas 

bubble distribution, yet at lower average water velocity and without a corresponding appreciable 

increase in shear force; and, 

(2) significantly increased growth rates of the H. pluvialis cultures, with the cultures in the single 

and double ASTR reactors showing growth increases in the lowest case 83% and 183% in the 

greatest instance (p < 0.05), respectively.  Also, the projected growth rates of the cultures in the 

double ASTR reactors significantly exceeded those in the single ASTR reactors by 54% (p < 0.05). 

 

2.5. DISCUSSION: 

Overall, due to its demonstrated higher gas holdup, residence time, increased bubble 

distribution, and greater mass transfer at low impeller velocities, the air stirred tank reactor appears 

to surpass conventional sparging reactors in mixing efficiency.  The increased mixing and mass 

transfer at low impeller velocities theoretically will improve algae cell culture while reducing 

potential stress to individual cells, however further testing is required.   

   Future work should involve culturing the modeled algae species within the constructed 

ASTR reactor to validate the growth model.  The results provided by the python model are intended 

only to demonstrate the mass transfer effect on the growth of a selected algae species (Figure 13). 

The model assumes that nitrogen, potassium, and phosphorous are saturated and do not contribute 

to lowing the specific growth rate of the algae cells (Equation 5).  This could potentially reduce 

the accuracy of the predicted growth and these factors should be re-integrated into future models.   
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It is also assumed that the algae cells are photosynthesizing and producing oxygen during the entire 

24 day illuminated growth period.  As a result, respiration is not seen to have an effect on reducing 

the growth rate or O2 generation rate.  Realistically, many species of algae are not accustomed to 

full 24-hour light exposure.  It would be poignant to vary the light schedule and include the 

diffraction of light into the media surface to improve the model.   

The bubble distribution and gas holdup of the ASTR should also be examined with more 

empirical methods such as dissolved oxygen measurement or tracer injection (Guo et al 2013, De 

Lamoette et al 2009).  Ideally, the size of gas bubbles entering the reactor should be as small as 

possible in order to maximize the surface area contact and therefore mass transfer of oxygen and 

carbon dioxide with algae cells.  The bubble size can be reduced in the 3D printed impellers if 

higher pressure is achieved in the impeller shaft. The inherent porosity of 3D printed objects allows 

water and air to pass through micro fissures within the object’s geometry, which has the potential 

for micrometer scale bubbles to be exuded from the printed surfaces if adequate pressure is applied 

at an inlet.  This however will increase the power requirements of the reactor by adding the 

requirement of a higher powered pump.    

With further validation of the flow characteristics and mass transfer of the ASTR, it has 

potential to act as a paradigm shift in algae bioreactor technology. The ability of air impellers to 

more widely distribute millimeter and micrometer scale bubbles to liquid media will facilitate 

many types of large scale aerobic cell culture. Simulation of and experimentation with a scaled up 

reactor is necessary in order to determine the efficiency and economic feasibility of a pilot scale 

air stirred tank reactor.    
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Appendix 

 

 

Supplemental Figure 1.  Air volume fraction Sparger 0.05m/s inlet gas velocity, 100RPMS 

impeller velocity. 
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Supplemental Figure 2. Water Velocity Sparger 0.05m/s inlet gas velocity, 100RPMS 

impeller velocity. 
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Supplemental Figure 3. Air volume fraction Sparger 0.05m/s inlet gas velocity, 150RPMS 

impeller velocity. 
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Supplemental Figure 4.  Water Velocity Sparger 0.05m/s inlet gas velocity, 150RPMS 

impeller velocity. 
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Supplemental Figure 5.  Air volume fraction Sparger 0.1m/s inlet gas velocity, 100RPMS 

impeller velocity. 
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Supplemental Figure 6.  Water Velocity Sparger 0.1m/s inlet gas velocity, 100RPMS impeller 

velocity. 

 

 



47 
 

 

Supplemental Figure 7.  Air volume fraction Sparger 0.1m/s inlet gas velocity, 150RPMS 

impeller velocity. 
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Supplemental Figure 8.  Water Velocity Sparger 0.1m/s inlet gas velocity, 150RPMS impeller 

velocity. 
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Supplemental Figure 9.  Air volume fraction Single ASTR 0.05m/s inlet gas velocity, 

100RPMS impeller velocity. 
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Supplemental Figure 10.  Water Velocity Single ASTR 0.05m/s inlet gas velocity, 100RPMS 

impeller velocity. 

 

 

 

 

 

 

 



51 
 

 

Supplemental Figure 11.  Air volume fraction Single ASTR 0.05m/s inlet gas velocity, 

150RPMS impeller velocity. 
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Supplemental Figure 12.  Water Velocity Single ASTR 0.05m/s inlet gas velocity, 150RPMS 

impeller velocity. 
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Supplemental Figure 13.  Air volume fraction Single ASTR 0.1m/s inlet gas velocity, 

100RPMS impeller velocity. 
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Supplemental Figure 14.  Water Velocity Single ASTR 0.1m/s inlet gas velocity, 100RPMS 

impeller velocity. 
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Supplemental Figure 15.  Air volume fraction Single ASTR 0.1m/s inlet gas velocity, 

150RPMS impeller velocity. 
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Supplemental Figure 16.  Water Velocity Single ASTR 0.1m/s inlet gas velocity, 150RPMS 

impeller velocity. 
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Supplemental Figure 17.  Air volume fraction Double ASTR 0.05m/s inlet gas velocity, 

100RPMS impeller velocity. 



58 
 

 

Supplemental Figure 18.  Water Velocity Double ASTR 0.05m/s inlet gas velocity, 100RPMS 

impeller velocity. 
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Supplemental Figure 19.  Air volume fraction Double ASTR 0.05m/s inlet gas velocity, 

150RPMS impeller velocity. 
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Supplemental Figure 20.  Water Velocity Double ASTR 0.05m/s inlet gas velocity, 150RPMS 

impeller velocity. 
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Supplemental Figure 21.  Air volume fraction Double ASTR 0.1m/s inlet gas velocity, 

100RPMS impeller velocity. 
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Supplemental Figure 22.  Water Velocity Double ASTR 0.1m/s inlet gas velocity, 100RPMS 

impeller velocity. 

 

 

 

 

 

 

 



63 
 

 

 

Supplemental Figure 23.  Air volume fraction Double ASTR 0.1m/s inlet gas velocity, 

150RPMS impeller velocity. 
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Supplemental Figure 24.  Water Velocity Double  ASTR 0.1m/s inlet gas velocity, 150RPMS 

impeller velocity. 
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List of Tables: 

 

Table 2:  Residence time of air bubbles in each combination of gas distribution type, impeller 

velocity, and inlet gas velocity.   

 RPMS Inlet Velocity (m/s) Residence time at convergence (s) 

Sparger 100.00 0.05 1.623 

Sparger 100.00 0.10 3.580 

Sparger 150.00 0.05 2.448 

Sparger 150.00 0.10 2.990 

Single ASTR 100.00 0.05 1.56 

Single ASTR 100.00 0.10 1.62 

Single ASTR 150.00 0.05 1.28 

Single ASTR 150.00 0.10 1.38 

Double ASTR 100.00 0.05 7.712 

Double ASTR 100.00 0.10 8.010 

Double ASTR 150.00 0.05 6.205 

Double ASTR 150.00 0.10 6.445 
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Table 3:  Air volume fraction of air bubbles in each combination of gas distribution type, impeller 

velocity, and inlet gas velocity.   

 RPMS Inlet Velocity (m/s) Mass Weighted Air VFR 

Sparger 100.00 0.05 0.0143 

Sparger 100.00 0.10 0.0181 

Sparger 150.00 0.05 0.0074 

Sparger 150.00 0.10 0.0144 

Single ASTR 100.00 0.05 0.0294 

Single ASTR 100.00 0.10 0.0457 

Single ASTR 150.00 0.05 0.0457 

Single ASTR 150.00 0.10 0.0679 

Double ASTR 100.00 0.05 0.0470 

Double ASTR 100.00 0.10 0.0791 

Double ASTR 150.00 0.05 0.0710 

Double ASTR 150.00 0.10 0.1029 
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Table 4:  Wall shear stress of water in each combination of gas distribution type, impeller velocity, 

and inlet gas velocity.   

 RPMS Inlet Velocity (m/s) Water Shear Wall (Pa) 

Sparger 100.00 0.05 0.0138 

Sparger 100.00 0.10 0.0127 

Sparger 150.00 0.05 0.0037 

Sparger 150.00 0.10 0.0181 

Single ASTR 100.00 0.05 0.0310 

Single ASTR 100.00 0.10 0.0328 

Single ASTR 150.00 0.05 0.0553 

Single ASTR 150.00 0.10 0.0564 

Double ASTR 100.00 0.05 0.0231 

Double ASTR 100.00 0.10 0.0288 

Double ASTR 150.00 0.05 0.0104 

Double ASTR 150.00 0.10 0.0343 
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Table 5:  Average water velocity in each combination of gas distribution type, impeller velocity, 

and inlet gas velocity.   

 RPMS Inlet Velocity (m/s) Fluid Velocity (m/s) 

Sparger 100.00 0.05 0.3573 

Sparger 100.00 0.10 0.3513 

Sparger 150.00 0.05 0.5078 

Sparger 150.00 0.10 0.5217 

Single ASTR 100.00 0.05 0.1789 

Single ASTR 100.00 0.10 0.1965 

Single ASTR 150.00 0.05 0.1972 

Single ASTR 150.00 0.10 0.2199 

Double ASTR 100.00 0.05 0.2298 

Double ASTR 100.00 0.10 0.2467 

Double ASTR 150.00 0.05 0.2691 

Double ASTR 150.00 0.10 0.2846 
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Table 6:  Average velocity of air bubbles in each combination of gas distribution type, impeller 

velocity, and inlet gas velocity.   

 

 RPMS Inlet Velocity (m/s) Air Velocity (m/s) 

Sparger 100.00 0.05 0.2354 

Sparger 100.00 0.10 0.2276 

Sparger 150.00 0.05 0.0890 

Sparger 150.00 0.10 0.1335 

Single ASTR 100.00 0.05 0.1492 

Single ASTR 100.00 0.10 0.1625 

Single ASTR 150.00 0.05 0.1751 

Single ASTR 150.00 0.10 0.1965 

Double ASTR 100.00 0.05 0.1787 

Double ASTR 100.00 0.10 0.2214 

Double ASTR 150.00 0.05 0.1889 

Double ASTR 150.00 0.10 0.2086 
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Table 7.  Python program input variables. 

Parameter Value Units Variable Reference 

Reactor Volume 0.0017 m^3 V Karimi et al 2013 

Inlet Gas Flow Rate (u * A) 0.045 m^3/hour (Or 0.75L min^-1) fr Calculated 

Reactor Radius (m) 0.05 Meters r Karimi et al 2013 

Reactor Area (m2) 0.00785375 Meters ^2 A Karimi et al 2013 

Superficial Gas Velocity 0.05 meters/sec vg Independent Variable 

Inoculum Concentration 0.5 g/m^3 C0 Independent Variable 

Selected Temperature (°K) 298 K T0 Independent Variable 

Light Intensity 65 micromols/m^2/s I0 Measured from LED 

Rushton Turbine 0.28 - a Karimi et al 2013 

Rushton Turbine 0.67 - b Karimi et al 2013 

Rushton Turbine 0.58 - c Karimi et al 2013 

Pitched 4 Blade 1.22 - d Karimi et al 2013 

Pitched 4 Blade 0.55 - e Karimi et al 2013 

Pitched 4 Blade 0.77 - f Karimi et al 2013 

Pitched 2 Blade 1.16 - g Karimi et al 2013 

Pitched 2 Blade 0.46 - h Karimi et al 2013 

Pitched 2 Blade 0.75 - I Karimi et al 2013 

Initial Nitrogen Concentration 0.0025 g/m^3 N0 Zarrouk et al 

Initial Phosphorous Concentration 0.0005 g/m^3 P0 Zarrouk et al 

Initial Potassium Concentration 0.001 g/m^3 K0 Zarrouk et al 

Oxygen Concentration 0.000245 g/m^3 O0 20% of air 

CO2 Concentration 0.00006125 g/m^3 CO20 Independent Variable 

Oxygen Saturation Concentration 0.004 g/m^3 Osat Calculated 

CO2 saturation Concentration 1.90E-03 g/m^3 CO2sat Calculated 

Maximum Growth Rate (h-1) 1.3 Days umax Hematococcus 

CO2 Consumption Rate 2.182 - Yc Hematococcus 

Oxygen Consumption Rate 1.587 - Yo Hematococcus 

Mechanical Agitation Power (W) 20.4 Watts Pg Calculated 

Timesteps (hours) 25 Days Time Independent Variable 

Phosphorous Consumption Rate 0.086 - Yp Hematococcus 

Nitrogen Consumption Rate 0.091 - Yn Hematococcus 

Oxygen Partial Percentage 50 - Opart Calculated 

CO2 Percentage (%) 50 - CO2part Calculated 

Potassium inhibition Concentration 0.0285 g/m^3 Pi Park et al 2015. 

Nitrogen Saturation 0.014 g/m^3 Kn Park et al 2015. 

Phosphorous Saturation 0.028 g/m^3 Kp Park et al 2015. 

KLA 0 216 Days Kla0 Calculated 

Death coefficient 0.05 Days D Park et al 2015. 

Temperature effect 0.9786 - Gt Calculated 

K CO2 0.044 g/m^3 KCO2 Park et al 2015. 

K N2 0.014 g/m^3 Kn Park et al 2015. 

K I 1000 micromols/m^2/s Park et al 2015. Park et al 2015. 
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Table 8.  ANSYS Simulation Parameters. 

Operating Conditions 

Gravity 9.81 m/s2  

Density 1.225 kg/m3  

Temperature 298 oK  

 

Models 

Multiphase: Eulerian Implicit 

Phases: Water (Primary Phase)  

 Air (Secondary Phase) 0.001m Diameter 

Phase Interactions: Drag  Grace Model 

 Surface Tension Constant 0.073 N/m 

Viscous: Standard K-Epsilon Dispersed multiphase 

Turbulence  

Discrete Phase: Iterations  50000 

Injections Air injected normal to inlet 

Injection Stochastic Tracking Discrete Random Walk Model 

Drag Law Spherical 

Velocity Magnitude 0.05 / 0.1 m/s  

Total Flow Rate 0.0006125 / 0.0001225 kg/s 

Min Diameter 0.001 

Mean Diameter 0.005 

Max Diameter 0.009 

Spread Parameter 3.5 

Number of Diameters 10 

Cell Zone Conditions 

Impeller Fluid Domain: Motion Framed  Rotational Velocity: 100 

/150rpms about y axis 

Reactor Body: No slip wall Stationary 

Boundary Conditions 

Degassing   

Inlet Water Turbulent intensity: 3% 

Hydraulic Diameter: 0.0254 

Air Velocity Magnitude: 0.05 / 

0.1m/s 

Volume Fraction: 1 

Solution Methods 

Scheme Coupled Pseudo-Transient 

Iterations 5000  

Gradient Green-Gauss Cell Based  

Momentum First Order Upwind  

Volume Fraction First Order Upwind  
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