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Abstract  

Simulations of photobioreactors with microalgae - specific cultures is a field that connects  
microbiology with the multiphase fluid dynamics . In microalgae cultivation, it is necessary 
to account for various phenomena, e.g., multiphase hydrodynamics with water, CO 2 
bubbles and microalgae, multiphase species mass transfer, radiation transport, light 
attenuation, growth and culmination of microalgae and their effect on fluid properties.  
Computational model presented in this doctoral dissertation thesis links  the  multiphase 
hydrodynamic model and the species mass transfer model. In the thesis, there is an 
overview of applicable computational models some given types of photobioreactors. The 
developed multiphase hydrodynamic model and the species mass transfer m odel then 
draw from this overview. Nex t , the accuracy of these models w as compared with 
laboratory experiments. As a result, t he developed computational model of the 
photobioreactor can be further extended with other sub - models, i.e., the irradiation 
model  and the biomass growth model.  

 

Keywords 

photobioreactor, multiphase flow , PIV, bubbly flow, mass transfer , fluid dynamics  

 

Abstrakt  

wőčđŃőƒïŊĳ̇ĦőŹőĆıőŭđîŀŹőŭƐ̇ű̇ŀžŃŹžŭîŉı̇űŪđćıĦıćŀƖćĭ̇ŉıŀŭőůîű̇Ľđ̇őĆőŭđŉ˗̇ŀŹđŭƖ̇ŪŭőŪőĽžĽđ 
ŉıŀŭőĆıőŃőħıı̇ű̇ƒĳćđĦïƜőƒőž̇ŉđćĭîŊıŀőž̇ŹđŀžŹıŊ˖̇Půı̇ŀžŃŹıƒîćı̇Ľđ̇ŊžŹŊĒ̇ƜőĭŃđčŊıŹ̇ůîčž̇ĽđƒƐ˗̇
Ľîŀő̇ŊîŪů˖̇ƒĳćđĦïƜőƒĒ ŪŭőžčĔŊĳ̇ƜîĭŭŊžĽĳćĳ̇ƒőčž˗̇bubliny CO 2 a ŉıŀŭőůîűƕ˗̇ƒĳćđĦïƜőƒƖ̇
ŪůđŊőű̇ŃïŹđŀ˗̇ŪůđŊőű̇đŊđŭħıđ̇ƜïůđŊĳŉ˗̇ıŊŹđŊƜıŹu ŪőĭŃćőƒïŊĳ̇űƒĔŹŃî̇ĉı̇ŭƐűŹ̇î ŉŊőƞđŊĳ̇
ŉıŀŭőůîű̇ î̇ ĽđĽıćĭ̇ ƒŃıƒ̇ Ŋî̇ ƒŃîűŹŊőűŹı̇ ŹđŀžŹıŊƕ̇àƖŪőĉŹőƒƖ̇ ŉőčđŃ̇ ŪŭđƜđŊŹőƒïŊ̇ ƒ ŹĒĭŃđ̇
čőŀŹőŭűŀĒ̇čıƜđŭŹîĉŊĳ̇Ūŭïćı̇ŪŭïƒĔ̇ŪŭőŪőĽžĽđ̇ƒĳćđĦïƜőƒƖ̇ĭƕčŭőčƕŊîŉıćŀƖ̇ŉőčđŃ̇ű modelem 
ŪůđŊőűž̇ĭŉőŹƕ̇ĽđčŊőŹŃıƒƖćĭ̇űŃőƞđŀ˖̇V Ūŭïćı̇Ľđ̇žƒđčđŊ̇ƜïŀŃîčŊĳ̇ŪůđĭŃđč̇ƒƖŪőĉŹőƒƖćĭ̇
modđŃƐ̇îŪŃıŀőƒîŹđŃŊƖćĭ̇Ūŭő̇ŭƐƜŊĒ ŹƕŪƕ̇ĦőŹőĆıőŭđîŀŹőŭƐ˖̇ê tohoto p ůđĭŃđčž̇Ūîŀ̇ĆƕŃő̇
ƒƕŹƒőůđŊő̇ĦıŊïŃŊĳ̇ŊîűŹîƒđŊĳ̇ƒĳćđĦïƜőƒĒĭő̇ĭƕčŭőčƕŊîŉıćŀĒĭő̇ŉőčđŃž̇î̇ŉőčđŃž̇ŪůđŊőűž̇
ĭŉőŹƕ̇ĽđčŊőŹŃıƒƖ̇űŃőƞđŀ˖̇¸ůđűŊőűŹ̇ƒƖŪőĉŹőƒƖćĭ̇űžĆ-ŉőčđŃƐ̇Ūîŀ̇ĆƕŃî̇őƒĔůđŊî̇Ūőŉőćĳ̇
ŃîĆőŭîŹőŭŊĳćĭ̇đƔŪđŭıŉđŊŹƐ˖̇Vđ̇ ƒƖűŃđčŀž̇ Źîŀ̇ ŉƐƞđ̇ ĆƖŹ̇ ƒƕƒıŊžŹƖ̇ ƒƖŪőĉŹőƒƖ̇ ŉőčđŃ̇
ĦőŹőĆıőŭđîŀŹőŭî̇čïŃđ̇ŭőƜųĳůđŊ̇ő̇čîŃųĳ̇ƒƖŪőĉŹőƒĒ̇űžĆ-ŉőčđŃƕ˗̇î̇Źő̇ő̇ŉőčđŃ̇ƜïůđŊĳ̇î̇ŉőčđŃ̇
ŭƐűŹž̇ŉıŀŭőůîű˖ 
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fotobioreaktor, ƒĳćđĦïƜőƒĒ̇ ŪŭőžčĔŊĳ, PIV, ĆžĆŃıŊŀőƒƖ̇ Źőŀ˗̇ŪůđűŹžŪ hmoty , dynamika 
tekutin  
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1 Introduction  

Microalgae are naturally ecologically diverse. Due to  the ir  ability to adapt to different life 
conditions, they can be found growing in many biotopes , e.g., damp places or aquatic 
environments . The algae lack various structures that characterize land plants, such as 
leaves or roots, and other organs that are found in other vascular plants. However, their 
uniqueness comes from the presence of chlorophyll and having photosynthetic ability in 
a single algal cell. Therefore, algal cultivation allows for rather easy operation for biomass 
generation and effective genetic and metabolic research in a much shorter time period 
than conventional plants  (Pelczar et al., 1993). Microalgae , as biological CO 2 and O2 
exchangers , can offer some biotechnological potential , as well. Examples of areas where 
the  microalgal technology can bring some novelty may be in areas of pharmaceuticals, 
cosmetics, agriculture, food, or environment . Their added value may be found , for 
instance,  in produc tion of  high value  bioproducts or in  reduction of CO2 emissions , see 
Table 1.1 for some examples . However, utilization of such biotechnology must be based on 
a strong biotechnological basis and intended biomass utili zation must also be taken into 
account when considering a technical solution.  

Table 1.1 Types of selected microalgae and their commercial relevance  

Microalgae Application  Reference 

Thalassiosira  weissflogii  Production of EPA and 
fucoxanthin  Marella and Tiwari  (2020) 

Chlorella vulgaris  Wastewater biotreatment  Sabeti et al.  (2019) 

 Production of SFA  »îŉĳŭđƜ-qŒŪđƜ̇đŹ̇îŃ˖ (2019) 

Scenedesmus obliquus Protein  extraction  Patnaik et al.  (2019) 

 Biodiesel production  Han et al.  (2016) 

Fistulifera solaris  PUFA and EPA production  Tanaka et al. (2017) 

Phaeodactylum 
tricornutum  

PUFA and EPA production  Rodolfi et al.  (2017) 

Chlorella protothecoides  Biodiesel product ion  Darpito et al.  (2015) 

Tetraselmis suecica Biodiesel production  Heo et al.  (2015) 

EPA: eicosapentaenoic acid ; PUFA: polyunsaturated fatty acid ; SFA: saturated fatty acid  



Introduction  

2 

There are two major technical solutions for the cultivation of microorganisms , open and 
closed cultivation systems . Photobioreactors, i.e., closed technical systems for microalgal 
cultivation , give a clear advantage over open systems, such as ponds, when it comes to 
intensive production of high value  bioproducts. Closed photobioreactors allow for 
cultivation under controlled conditions so that the medium does not get contaminated or 
lost , e.g., due to evaporation. However, cultivation process es in such photobioreactors 
have different operational requirements as living  conditions of microalgae are often far 
from their natural habitat  in closed vessels . The main differences may be higher cell 
densities in the medium resulting in issues with irradiation density and  with light  patterns,  
or  different variations of pH and temperature . Moreover , due to induced flow velocities, 
the microalgae cells may experience constant shear stress at , or even above , potential 
death - levels (Pulz, 2001; Singh and Sharma, 2012). 

Therefo re, the design of any technical solution s needs to be evaluated for the cost -
effective application and economic feasibility. Next, adequate control strategies and 
harvesting techniques have to be implemented to optimize the overall process yield . 
Nevertheless , to reach a state  where  optimum growth is  maintained , all aspects of 
microalgae cultivation must be in balance, i.e. hydrodynamics, mass transfer, irradiation, 
and cell growth ˭ ćıĒŊ̇UđŭŊïŊčđƜ̇đŹ̇îŃ˖˗̇ʼʺʻʽ˙̇Vîő̇đŹ̇îŃ˖˗̇ʼʺʻ˂Ćˮ. 

1.1 Objectives  of the Dissertation Thesis 

The aim of this thesis is to provide mathematical models of a microalgae cultivation vessel. 
The methodology is based on multiphase flow analyses of the photobioreactor model that 
ıŊŹđħŭîŹđű̇Źĭđ̇ŭđîćŹőŭ˾ű̇ĭƕčŭőčƕŊîŉıćű̇with principles of mass transfer.  

The beginning of this doctoral thesis  (Chapter 2) is dedicated to the literature review that 
introduces numerical modelling of multiphase flows and its application in the field of 
photobioreactors. Individual aspects of numerical modelling of photobioreactors are then 
discussed in a greater detail. Chapter 3 then introduces two types of photobioreactors 
that were used in this work. Next, in Chapter 4 and 5 are presented individual 
computational models for hydrodynamics and mass transfer, respectively. These chapters 
also present preliminary work that was done to develop an d set- up these models . 
Furthermore , the models are complemented with laboratory experiments so that the 
results could be validated, as well. At last, results of each model are discussed in respective 
summar ies. 

In addition to the hydrodynamic and mass tran sfer models, there is a brief demonstration 
of an additional irradiation model in Chapter 6. Lastly, final conclusions are discussed and 
some future work is propos ed. 

 

 

 



 

 

2 Literature Review 

Computational Fluid Dynamics (CFD) is a powerful method  for simulat ion of  
hydrodynamics, heat transfer and mass transfer  in many engineering applications, 
including the field of photobioreactors  (Bitog et al., 2011; Pires et al., 2017). Mathematical 
modelling of a ny phenomena can bring its understanding and  to  help overcome possible 
limitations . By utilizing the  CFD, it is possible  to predict even complex inherent 
phenomena (Bitog et al., 2014). However, c omprehensive modelling of photobioreactors 
can be still very challenging in comparison to conventional reactor s as there are strong 
interactions between fluid dynamics, nutrient concentration, light distribution, algae 
growth rate and a biomass distribution. Moreover, the coupling between physical, 
chemical and biolog ical phenomenon  is of a multi - time and multi - scale nature (Gao, 2016). 
Anothe r complication in numerical analyses of multiphase flows is the lack of validated 
mesoscale models for the momentum interaction and momentum transfer between 
phases, or mass transfer between phases (Buffo and Marchisio, 2014) . Furthermore, t he 
application of CFD to describe biological processes is  also less- explored (Pires et al., 2017). 

Nevertheless, r egarding other design methods, CFD modelling of photobioreactors  gives 
several advantages, e.g. low cost ,  reduced workload  or  shorter design period s (Pires et 
al., 2017). For these reasons, the application of CFD modelling techniques in the field of 
photobioreactors is favourable anyway.  

2.1 Numerical Modelling of Multiphase Flows 

A large number of flows encountered in nature and industry  are mixture s of phases. 
Advances in computational fluid mechanics have provided the basis for further insight 
into the dynamics of multiphase flows. As a result , the applicability of CFD  methods  to 
such flows has become common practice in engineering.  Among the available multipha se 
simulation approaches for hydrodynamic studies, the Eulerian E˵ulerian  (E- E) and the 
Eulerian L˵agrangian  (E- L) multiphase models have been popularly used.  In any up- to -
date CFD package, e.g. the ANSYS Fluent (ANSYS Inc., 2020a), there should be three 
different Eulerian - Eulerian multiphase models available: the volume of fluid  model, the 
mixture model, and the full Eulerian model . 
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The Eulerian E˵ulerian multiphase model averages the Navier S˵tokes equations over the 
control volume and solves the continuity, mass, and momentum equations for  a 
combination of  fluid phases or fluid and solid phases. It considers all phases in the Eulerian 
representation, creating the need for mass and momentum balances for each phase. This 
approach uses only one pressure field for all phases and the interaction between phases 
is modelled through the interaction terms, e.g., the drag force, lift force, wall lubrication 
force, or turbulent dispersion force.  However, t heir applicability and accuracy in the 
correct predict ion of  gas- liquid flow features is different for any considered case . Thus, 
making this multiphase approa ch rather complex. For instance , flow in bubble columns is 
driven by the rising bubbles so the main interfacial forces are buoyancy, drag, lift, and 
virtual mass. In case of a flow agitated by the stirrer, buoyancy and drag forces seem to 
dominate  (Buffo and Marchisio, 2014) . 

In contrast to the Eulerian - Eulerian approach, the  Eulerian - Lagrangian  approach  treats 
the secondary phases as single particles where particle trajectories are calculated as a 
result of forces acting on them. However, the primary phase is also treated as  a 
continuum. The flow field is then calculated from balance equations  of momentu m, mass, 
and energy exchange between phases.  The Eulerian - Lagrangian formulation may offer a 
detailed view on the bubbly flow inside a bubble column - type photobioreactor, including 
bubble trajectory and related interactions (Joshi, 2001). However, its  limitation comes 
from the formulation that the bubbles are spherical and the number of bubbles that can 
be tracked puts high demands on the computational requirements (Bitog et al., 2011). 

2.2 Review of Numerical Modelling in Photobioreactors  

As already stated, the c omprehensive modelling approach  of a photobioreactor  should 
incl ude following sub - models  (Gao et al., 2018b): 

Á Hydrodynamic model  
Á Mass transfer model  
Á Irradiation model  
Á Biomass growth model  
Á Coupling met hod 

As a result,  it is a complex task  to study the characteristics of a culturing system s in 
photobioreactor s with all sub - models combined. Therefore , the majority of studies  puts  
focus only on a specific component of the photobioreactor  model  (Pires et al., 2017). 
Moreover, very little research has been focused on full - scale photobioreactors  for mass 
cultivation. This is mainly due to the difficulties in maintaining internal environmental 
conditions of the full - scale photobiore actors , producing a similar light intensity and 
spectrum as sunlight, and evaluating the mixing efficiency according to the different 
photobioreactor  designs (Seo et al., 2012). Table 2.1 lists some of the recent  CFD studies in 
the field of photobioreactors . 
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Table 2.1 List of recent CFD publications  

Author CFD Code Framework Photobioreactor  

Patil et al.  (2021) ANSYS Fluent E- E Bubble column  

¸őƜƜőĆőŊ̇îŊč̇¸đŭŭĒ (2020) OpenFOAM E- L Stir red tank  

Guler et al . (2020) ANSYS CFX E- E Airlift  

Ali et al.  (2019) COMSOL E- E Flat- panel 

Jin et al. (2019) COMSOL E- E Membrane  

qŒŪđƜ- Rosales et al. (2019) ANSYS Fluent E- E Bubble column  

Sabeti et al. (2019) ANSYS Fluent E- L Stirred tank  

Gao et al. (2018a) ANSYS Fluent E- E Airlift  

McHardy et al.  (2018) ANSYS CFX E- E Bubble column  

Amini et al.  (2018) ANSYS Fluent E- E Open raceway pond  

Papacek et al. (2018) ANSYS Fluent SP Taylor - Couette  

Farhadian et al.  (2018) ANSYS Fluent E- E Airlift  

Zhao et al. (2018) ANSYS Fluent E- E Flat- panel 

He et al.  (2017) ANSYS Fluent E- L Tubular  

Zeng et al. (2016) ANSYS CFX SP Open raceway pond  

Chen et al.  (2016) ANSYS CFX E- E Airlift  

Zhang et al.  (2015) COMSOL E- E Flat- panel 

Soman and Shastri (2015) ANSYS Fluent E- E Airlift/Flat - panel 

Huang et al.  (2015a) ANSYS CFX E- E Flat- panel 

Huang et al.  (2015b) ANSYS CFX SP Open raceway pond  

Gao et al. (2015b) ANSYS Fluent E- E Taylor - Couette  

Park and Li (2015) ANSYS Fluent SP Open raceway pond  

McClure et al.  (2014) ANSYS CFX E- E Bubble column  

Zhang et al.  (2013) ANSYS Fluent SP Tubular  

E- E: Eulerian- Eulerian multiphase framework ; E- L: Eulerian - Lagrangian multiphase 
framework; SP: Single- phase framework  
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In the recent publications related to CFD and photobioreactors, t he ANSYS Fluent and 
ANSYS CFX are the most common CFD codes . Next, the f ull Eulerian - Eulerian approach  
is used the mo st often  among those publications . Moreover, the two - fluid Eulerian CFD 
framework is the only one actually usable for high gas - flow rates at the industrial scale 
(Cappello et al., 2021). 

The number of terms to be modelled in the momentum equations in multiphase f lows is 
always large, and this makes the modelling of turbulence in multiphase simulations 
extremely complex. Similarly  to  single- phase flows, there are the  k-ʑ, k-ʖ, and the 
Reynolds Stress Model  (RSM) closure models extended to multiphase flow application. 
Such extensions are meant to capture the underlaying physics when the single - phase 
models fail. These extensions, however, provide another challenge in balancing the 
accuracy and time. Based on the literature review, the practice most often ap plied in flows 
with low gas volume fraction is to use the two - equation turbulence model, e.g., the k-ʑ 
model, for the continuous phase and an interaction term to couple the fluctuations in all 
phases. 

Another simplification applied to  the gas- liquid flows  in photobioreactors  is to assume 
that the secondary phase is dispersed in the forms of droplets or bubbles. Naturally, these 
bubbles can have various shapes and sizes, so they are usually  simplified to spheres of a 
single diameter. Nevertheless, the use of  a constant bubble size is often very gross 
simplifi cation that, on the other hand,  allows to easily model bubble flows.  The available 
multiphase numerical modelling approach that is able to handle multiple bubble sizes can 
be based on the calculation of p opulation balance equations. This approach, however, 
introduces a large set of additional equations and, therefore, significantly increase s 
computational requirements. Favourably, the bubble shape can be approximated by the 
proper choice of a drag model.  The drag model and its drag coefficient  are the most 
important interaction term s between phases in numerical modelling of gas - liquid flows  
(ANSYS Inc., 2020a). The term links  momentum exchange between phases and is usually 
empirically based.  The most recommended drag models for flows where bubbles can have 
various shapes are the Grace (Grace et al., 1976), Tomiyama  (Tomiyama, 1998), and Ishii -
Zuber  (Ishii and Zuber, 1979) drag model . The simplest drag model formulation, the 
Schiller N˵aumann drag correlation, is not considered to be the best option for drag force 
in aerated systems (Soman and Shastri, 2015). Also, the best applicability to bubble swarm 
flows may offer the Ishi - Zuber drag model but, generally, t here is a lack of understanding 
of bubble swarm flows (Ngo and Lim, 2020) . 

Other m eso- scale (interaction) models  may be difficult to include,  and authors are not 
united in the importance of what interaction forces are necessary . For instance, Cappello 
et al. (2021) in their large scale- up work considered only drag forces and concluded that 
other forces did not lead to any clear improvement.  Guler et al.  (2020), on the other hand, 
included all possible interactions, i.e., drag, lift, virtual mass, wall lubrication, turbulent 
dispersion, and turbulence t ransfer.  The overview of numerical models found in the 
literature review is presented in Table 2.2. 
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2.3 Gas-Liquid Hydrodynamics 

In the photobioreactor technology, the gaseous phase serves primarily as a nutrient for 
cells. In addition to that , it can also affect mixing of the medium (Bitog et al., 2014). 
Therefore, bubbles can have an impact on a variety of chemical and biochemical reactions 
that take place in the vessel (Almani  et al., 2021). Often, the strategy is to study bubbly flow 
at the level of a single bubble and apply the findings and setup to subsequent, more 
complex, flow studies (Ziegenhein and Lucas, 2017). 

The bubbly flow is defined by means of the following dimensionless numbers: the AŚŹƒŚű 
number (Ὁέ, the Reynolds number ( ὙὩ), and the Morton number ( ὓέ). Their definitions 
are in Eqs. (1) to  (3), respectively  (Ziegenhein and Lucas, 2017). 

Ὁέ
Ў”ὫὨ

„
 (1) 

ὙὩ
”ό Ὠ

‘
 (2) 

ὓέ
Ὣ‘Ў”

”„
 (3) 

where Ў” is the density difference of the primary and the secondary phase, Ὣ is the 
gravitational acceleration, Ὠ  is the bubble diameter, „ is the surface tension, ” is the 
density of the primary phase, ό  is the slip velocity between phas es, and ‘ is the 
dynamic viscosity of the primary phase.  

Depending on the medium and the flow regime, bubbles can have various forms of shapes . 
This is expressed in the Grace diagram  in Figure 2.1 where the bubble shape descri ption 
is based on the aforementioned dimensionless numbers. However, a problem can arise 
when defining the bubble size in terms of a single diameter. Hence, there are different 
approaches to define  the equivalent bubble diameter in the literature . Dijkhuizen  et al. 
(2010) based the bubble equivalent diameter on the horizontal and vertical diameter, Ὠ 
and Ὠ respectively, that were found in an experiment. Calculated equivalent bubble 
diameter  was defined by Eq. (4). 

Ὠ ὨὨ Ⱦ (4) 

Ziegenhein and Lucas  (2017), on the other hand, took the major and minor axis of the 
projected bubble area. The equivalent bubble diameter was then defined as the spherical 
equivalent of the rotational volume.  In the work of  Thobie et al.  (2017), the equivalent 
diameter corresponds to the diameter of a spherical bubble ha ving the same projected 
area as the measured bubble.  However, this approach may result in an overestimation of 
the real equivalent diameter  in case of large bubbles which are flattened in the column 
gap.  
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Figure 2.1 Grace diagram  (Grace et al., 1976; Ziegenhein and Lucas, 2017) 

2.4 Gas-Liquid Mass Transfer  

Understanding the gas- liquid mass- transfer process  in (photo) bioreactors is a key to  
improved reactor designs  and reactor operation  as they are important to maximize 
efficiency and minimize costs.  Because of the low solubility of most gases, the gas l˵iquid 
mass transfer  often  becomes the rate - limiting step for the o verall reaction  (Linek et al., 
1996). Typically, a bioreactor for  gas treatment is operating under mass transfer or 
kinetically limited conditions . Understanding the rate - limiting steps in such system, 
therefore, gives opportunities to optimize the design and operations of the system for a 
specific application . The overall volumetric mass - transfer rate (Ὑ) from the gas phase to 
the aqueous phase (where microorganisms are suspended or growing as a biofilm) follows 
the description  in Eq. (5) (Kraakman et al., 2011). 

Ὑ Ὧὥὅ Ὄϳ ὅ  (5) 

where Ὧὥ is the volumetric  mass- transfer coefficient,  Ὄ is the Henry coefficient, and ὅ 
and ὅ are the pollutant concentrations in the liquid and gas eous phase, respectively.  
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The overall mass - transfer coefficient is a combination of a series of partial mass - transfer 
coefficients  as shown in  Figure 2.2. Normally, the overall mass- transfer rate is controlled 
by the liquid film resistances around bubbles. However, t he liquid - side volumetric mass -
transfer is difficult to estimate as it is affec ted by many factors, e.g., gas hold- up, bubble 
size, slip velocity and turbulent energy dissipation rate. Moreover, t hese factors are also 
depend ed on reactor operating conditions, geometry, and physical properties of the gas 
and liquid phases  (Gao, 2016). 

 

Figure 2.2 Mass transfer pathway (Kadic and Heindel, 2014)  

 

Nevertheless , the overall mass- transfer coefficient is often reduced to a mass transfer 
rate coefficient for the gas phase ( Ὧ), the  mass transfer rate coefficient for the liquid 
phase (Ὧ), and the  mass transfer rate coefficient for the biofilm ( Ὧ). Furthermore, since 
the Ὧ coefficient is the most dominant , other coefficients are often  neglected.  The Ὧ 
coefficient is u sually modulated by the specific gas l˵iquid interfacial area ὥ, giving  the 
volumetric mass- transfer coefficient Ὧὥ. 

There are different models available to predict the mass - transfer coefficient  (Chisti, 1989): 

Á Two- film theory  
Á Penetration model  
Á Surface renewal model  
Á Eddy cell model  

Models used the most often in works related to (photo)bioreactors  are the Penetration 
model (Higbie, 1935) and the Eddy cell model (Lamont and  Scott, 1970). The Penetration 
model  in  Eq. (6) assumes unsteady  mass transfer only when a liquid element is in contact 
with bubbles and at equilibrium at the gas - liquid interface. The model is also 
characterised by the fact that each liquid element is in contact with  the gaseous phase for 
the same time.  
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Ὧ &
τὈό

“Ὠ
 (6) 

In contrast to that, t he Eddy cell model  in  Eq. (7) predicts the mass transfer based on the 
interfacial surface renewal by small scale eddies . 

 Ὧ +  (7) 

In addition to the  models presented in  Chisti  (1989), Gao et al. (2015a) introduced an 
adaptive model  in  Eq. (8) where  the Ὧ coefficient is modelled according to the computed 
time and turbulent dissipation. This is presented in  Figure 2.3 and Figure 2.4. However, 
this adaptive  model was validated only for a semi - batch gas- liquid Taylor - Couette 
bioreactor.  The reason is that the penetration model usually underpredicts the mass 
transfer for highly turbulent flows, while the eddy cell model tends to underpredict mass 
transfer for weakly turbulent flows. In addition to that, the inter facial contact time in the 
surface renewal model is strongly dependent on operational conditions and reactor 
geometry rendering it difficult to use as a scale - up guide  (Kadic and Heindel, 2014). 

 

In many cases, the Ὧ and ὥ are difficult to obtain separate ly in  experiment s. However, Ὧὥ 
can be obtained from macroscopic measurements (Kadic and Heindel, 2014) . Also, there 
are different semi - empirical correlations for gas hold - up in bioreactors available (Luo and 
Al- Dahhan, 2010). 

 

 

Figure 2.3 Comparison of predicted average volumetric mass transfer rate by different mass 
transfer models with experimental data under different rotational speeds  (Gao et al., 2015a) 

Ὧ ÍÁØ&
τὈό

“Ὠ
ȟ+
τὈ

“

‐

’
 (8) 
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Figure 2.4 Comparison of predicted average volumetric mass transfer rate by different mass 
transfer models with experimental data under different inlet gas flow rates  (Gao et al., 2015a) 

2.5 Irradiation  

For photoautotrophic microorganisms like microalgae, light is also required as a 
fundamental nutrient ˭ ćıĒŊ̇UđŭŊïŊčđƜ̇đŹ̇îŃ., 2013). As the l ight availability and light 
intensity are important factors in controlling cell growth , the low efficiencies may result 
from different light conditions due to the change of optical densities of the algae 
suspension during the cultivation process . This is schematically shown in  Figure 2.5. 
Whereas d iluted cultures with low biomass concentrations (less than 0.1 g  l- 1) are only 
useful for basic research , the cultures in real applications are much more concentrated . 
Hence, mutual shading exists and the light intensity decreases exponentially from the 
illuminated surface to the core of the reactor.  

 

 

Figure 2.5 Schema of light conditions in a plate photobioreactor illuminated from one side at 
čıĦĦđŭđŊŹ̇ćđŃŃ̇čđŊűıŹıđű˗̇ƓıŹĭ̇̽max ŉîƔıŉžŉ̇ħŭőƓŹĭ̇ŭîŹđ˗̇̽lim  ŃıħĭŹ̇ŃıŉıŹđč̇ħŭőƓŹĭ̇ŭîŹđ˗̪̇̽ʺ̇Ŋő̇

cell growth  (Jacob et al., 2012) 
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Moreover, the light availability and the light intensity can be impacted by optical 
properties of reactor walls (e.g., r eflectance, refractive index), cell size and pigmentation, 
and the presence of gas bubbles. Thus, the photosynthesis rate can be expressed as a 
function of the irradiance to which the cells are exposed . The photosynthesis rate 
function of the irradiance is  in  Figure 2.6 where the three irradiance thresholds, t he 
compensation irradiance ( )Ã), the saturation irradiance ( )Ó) and the inhibition 
irradiance  ()É), can be culture  specific  ˭ ćıĒŊ̇UđŭŊïŊčđƜ̇đŹ̇îŃ˖˗̇ʼʺʻʽˮ. 

 

 

Figure 2.6 Relationship  between photosynthesis rate and irradiance in microalgae - thin 
cultures under continuous light  ˭ ćıĒŊ̇UđŭŊïŊčđƜ̇đŹ̇îŃ˖˗ 2013) 

 

Numerical simulations of light distribution tend to be computationally intensive. In 
general, there are two common light modelling approaches: the Beer - Lambert Law  model 
used in , e.g., Zhang et al.  (2015), Ali et al.  (2019), or ¸őƜƜőĆőŊ̇îŊč̇¸đŭŭĒ (2020), and the 
General Radiative Transport Equation  model used in , e.g., Soman and Shastri  (2015), or 
McHardy et al.  (2018). The Beer- Lambert law  model  is simple, one - dimensional irradiation 
model. The model basically relates the attenuation of light to the properties of the material 
through which the light is travelling.  On the other hand, t he General Radiative Transport 
Equation  model offers more accurate, three - dimensional  solution. The equation can be 
solved with the Monte Carlo  method or a finite volume method , as well. The Monte Carlo  
method may be favourable for larger photobioreactors but, at the same time, it s coupling 
to a fluid solver  is difficult . Therefore, the finite volume method is commonly used, e. g. in 
Kong and Vigil  (2014). 

2.6 Biomass Growth 

Since the application of CFD analyses to describe biological processes is considered as a 
less- explored  field, t he simulation of microalgal growth may be the last step to fully 
numerically characterize the photobio reactor s (Pires et al., 2017). Authors in many 



Literature Review  

14 

publications with CFD simulations of photobioreactors  have usually focused on 
hydrodynamic factors, such as velocity  field and turbulence characteristics. This way, the 
biomass productivity wa s estimated indirect ly. To directly and quantitatively estimate 
biomass productivity, a microalgal growth model using culture conditions , such as light 
intensity, CO 2 concentration, and water temperature , should be adopted in the CFD 
simulation (Seo et al., 2014). The complexity of such models is therefore obvious . So, it can 
be expected that the coupling  with other computational models , e.g. hydrodynamics , for 
reactor design and scale - up will be difficult . 

The mechanistic growth models can be divided into  two categories: physiological models 
and PSU- based model  (Bernardi et al., 2014). The physiological model is extremely 
complex as it describes the dynamic behaviour of photosynthetic cells and approximates 
Źĭđ̇îćŹžîŃ̇ŉđćĭîŊıűŉű̇ıŊƒőŃƒđč̇ıŊ̇Źĭđ̇ćđŃŃ˾ű̇ħŭőƓŹĭ. In contrast, photosynthetic unit (PSU) 
models provide simple systems of differential equations making them easier to couple to 
a full comprehensive model. The PSU- based model is a state - based model that assumes a 
hypothetical light - harvesting unit of photosyn thesis that, in green plants, comprises 
about 300 light - absorbing molecules with a molecule of chlorophyll acting as the reaction 
centre.  There are usually three or four states with different transition expressions and 
theories between them  (Gao, 2016). 

For instance, the PSU- based Eilers and Peeters model  (Eilers and Peeters, 1993) assumes 
unit s in three possible states  where dark and light reactions are modelled.  Figure 2.7 
shows how a PSU can travel between the states when it experiences exposure to light. 
The unit in the resting state  ὼ can only go to the active state  ὼ. Next, t he active - state 
unit can either return to the resting state  ὼ and pass down the energy to start the dark 
phase of photosynthesis or be inhibited by capturing another number of photo ns and go 
to the inhibited state  ὼ. The PSUs in the inhibited state  ὼ can eventually recover and go 
back to the resting state  ὼ. 

 

 

Figure 2.7 Scheme of Eilers - Peeters transition model. ὼ, ὼ, and ὼ represent the fractions of 
PSUs in resting, active and inhibited states, respectively (Gao, 2016) 

 

 



 

 

3 Photobioreactor s 

There are different types of photobioreactors meeting different requirements of any 
targeted application  or operation site . Open- air cultivation systems may offer lower 
investment and operational costs over the closed photobioreactor technologies  when 
placed in the high solar exposure areas , see Figure 3.1. However, d espite the cost  of closed 
cultivation systems , they have major advantages over the open techni cal systems, e.g. 
more balanced control over light, temperature , and nutrients  ˭¿žŀîĉőƒï̇đŹ̇îŃ˖˗̇ʼʺʼʻˮ. 
Nevertheless, any cultivation system technology  should  satisfy following  (Singh and 
Sharma, 2012): 

Á The reactor should be universal in cultivation of various microalgal species.  
Á The reactor design must p rovide uniform illumination of the culture surface.  
Á The reactor design must prevent or minimize fouling of the reactor  since 

microalgae cells are highly adhesive to wall s, particularly of its light transmitting 
surfaces. 

Á Targeting high mass transfer rates must not be at the expense of culture damage 
or growth suppression.  

Á The reactor should have minimum non - illuminated part s. 

 

 

Figure 3.1 Open pond at Hamburg - Reitbrook , Germany  (ABiRe, 2022) 
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Following text presents two photobioreactor types , the flat - panel photobioreactor and 
the tubular photobioreactor. These vessels were used for work in this dissertation thesis 
and were placed at the Institute  of Process Engineering at Faculty of Mechanical 
Engineering at Brno University of Technology. The reader is recommended to see, e.g., 
Posten (2009), Singh and Sharma (2012), or ćıĒŊ̇UđŭŊïŊčđƜ̇đŹ̇îŃ˖ (2013) for details about 
other cultivation technologies.  

3.1 Flat-Panel Photobioreactor  

The hydrodynamic model assessment was performed on the  lab- scale cuvette  of the 
photobio reactor  shown in Figure 3.2. This cuvette was of a stirred flat - panel type  with 
dimensions in Figure 3.3. The water free surface reache d the height of 166  mm. 

 

 

Figure 3.2 Photobioreactor FMT 150  (PSI, 2021) 

 

Its interior was equipped with a  U- shaped stainless- steel aerator  tube , Teflon - coated  stir 
bar, and two  ́12 mm probes , a pH probe  and a temperature  probe . The U- shaped aerator 
tube deliver ed air near the cuvette bottom  Źĭŭőžħĭ̇Ħőžŭ̇´ 0.7 mm holes.  The stir bar was 
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of a magnetic type  and was placed at the front glass panel inside the vessel . There was no 
shaft  that would introduce some ĦđîŹžŭđű̇Źő̇Źĭđ̇ćžƒđŹŹđ˾ű̇glass panels so it could  be easily 
exchanged  or  remove d. Possible rotational speeds for the motor were between 120 and 
600 revolutions per minut e (rpm ) yielding the Reynolds number in the range of 5,000 and 
25,000, respectively.  In addition to the temperature  probe, the temperature c ould  be 
controlled by a ¸đŃŹıđŭ̇ćđŃŃ̇ıŊ̇Źĭđ̇ćžƒđŹŹđ˾ű̇Ćîűđ and the back wall could be lit with a LED 
array, see Figure 3.4 for the detail.  

 

Figure 3.3 Orthographic view of the cuvette with in its frame and with dimensions  (in mm). 
The figure does not show glass panels. The rectangle marks its  inner volume instead  where 

the its height is limited to the water  free surface . 
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Figure 3.4 Cuvette illuminated from the back with a white LED array (PSI, 2021) 

 

The aeration gas flow through the cuvette was controlled  by a flow controller and could  
reach up to 3 00  ml  min - 1 where the aeration gas was air enriched by 3  % CO2. As shown in 
Figure 3.5, the flow of both phases inside this  type of photobioreactor was affected by the 
stirrer and/or air sparging. The figure shows three flow snapshots in the cuvette, without 
agitation, with the minimal agitational speed (120 rpm), and with the maximal agitational 
speed (600 rpm). The stirrer - induced agitation form ed the most intensive flow patterns 
that were able to break bubbles. Under non - agitated conditions, i.e., in a bubble rising 
regime, the bubbles c ould  be as large as 5 mm in diameter and mostly of ellipsoid shape. 
This shape was also dominant under the low agitation speeds. At higher r evolutions per 
minut e, bubbles were broken down by the stirrer and appear ed to be of a spherical shape.  

In addition to the aeration, the cuvette c ould  be irradiated with a LED array , as well. To 
study the cyanobacterial growth with dynamically induced state transitions, four blue 
LEDs interlaced with four orange LEDs  arranged together in to  twelve rows  could  be used. 
To study photoinhibition, o n the other hand, a panel of white LEDs c ould  be used. Some 
additional information about the photobioreactor can be found in  Nedbal et al.  (2008) or  
PSI (2021). 
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c)

 
 

b)
 

 
a)

 

Figure 3.5 Snapshots of bubble sizes and shapes  during operation  
a) no agitation, b) 120 rpm , c) 600 rpm  


















































































































