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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.
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, the developed computational model of the
photobioreactor can be further extended with other sub -models, i.e., the irradiation
model and the biomass growth model.
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1 Introduction

Microalgae are naturally ecologically diverse.

conditions, they can be found growing in many biotopes
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
a single algal cell. Therefore, algal cultivation allows

Due to their ability to adapt to different life

, €.g., damp places or aquatic

and having photosynthetic ability in
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, and O
exchangers, can offer some biotechnological potential
the microalgal technology can bring some novelty
cosmetics, agriculture, food, or environment

, as well. Examples of areas where
may be in areas of pharmaceuticals,
. Their added value may be found , for

instance, in produc tion of high value bioproducts or in reduction of CO; emissions, see

Table 11for some examples . However, utilization of such biotechnology must be based on

a strong biotechnological basis and intended biomass utili

account when considering a technical solution.

zation must also be taken into

Table 11Types of selected microalgae and their commercial relevance

Microalgae

Application

Reference

Thalassiosira weissflogii

Chlorella vulgaris

Scenedesmusobliquus

Fistulifera solaris

Phaeodactylum
tricornutum

Chlorella protothecoides

Tetraselmis suecica

Production of EPAand
fucoxanthin

Wastewater biotreatment
Production of SFA

Protein extraction
Biodiesel production
PUFA and EPAproduction
PUFA and EPA production
Biodiesel product ion

Biodiesel production

Marella and Tiwari (2020)
Sabeti et al. (2019)

» T nijigdAd d W (20Z9) i
Patnaik et al. (2019)

Han et al. (2016)

Tanaka et al. (2017)

Rodolfi et al. (2017)

Darpito et al. (2015)

Heo et al. (2015)

EPA: eicosapentaenoic acid ; PUFA polyunsaturated fatty acid

; SFA:saturated fatty acid



Introduction

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)

Therefore, 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,

andcellgrowth = ¢1 ER°- Uudaninegdw dzZ2° T N.-" """ """ V] §"

1.1 Objectives of the Dissertation Thesis

The aim of this thesis is to provide mathematical models ofa  microalgae cultivation vessel.
The methodology is based on multiphase flow analyses of the photobioreactor model that

I DZdh Ul Zdd Z7 d° udi éwthdpiincigies bf néss téadsferd 1 n 1 ¢ G-

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 simulation 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 etal., 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 < Eulerian (E-E) and the
Eulerian« Lagrangian (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



Literature Review

The Eulerian « Eulerian multiphase model averages the Navier - Stokes 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 ¢ omprehensive modelling approach of a photobioreactor should
incl ude following sub -models (Gao et al., 2018b}

A Hydrodynamic model
A Mass transfer model
A Irradiation model

A Biomass growth model
A Coupling method

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 2.1lists some of the recent CFD studies in
the field of photobioreactors
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Table 2.1List of recent CFD publications

Author

CFD Code

Framework Photobioreactor

Patil et al. (2021)

ANSYS Fluent

o 6wwe €6 N 1 (P0R0) . ¢ OpenFOAM

Guler et al . (2020)
Ali et al. (2019)

Jin et al. (2019)

g EU-Rusales et al. (2019)

Sabeti et al. (2019)
Gao et al. (2018a)
McHardy et al. (2018)
Amini et al. (2018)
Papacek et al. (2018
Farhadian et al. (2018)
Zhao et al. (2018)

He et al. (2017)

Zeng et al. (2016)
Chen et al. (2016)
Zhang et al. (2015)
Soman and Shastri (2015)
Huang et al. (2015a)
Huang et al. (2015b)
Gao et al. (2015b)
Park and Li (2015)
McClure et al. (2014)

Zhang et al. (2013)

ANSYS CFX

COMSOL

COMSOL

ANSYS Fluent

ANSYS Fluent

ANSYS Fluent

ANSYS CFX

ANSYS Fluent

ANSYS Fluent

ANSYS Fluent

ANSYS Fluent

ANSYS Fluent

ANSYS CFX

ANSYS CFX

COMSOL

ANSYS Fluent

ANSYS CFX

ANSYS CFX

ANSYS Fluent

ANSYS Fluent

ANSYS CFX

ANSYS Fluent

E-E

E-L

E-E

E-E

E-E

E-E

E-L

E-E

E-E

E-E

SP

E-E

E-E

E-L

SP

E-E

E-E

E-E

E-E

SP

E-E

SP

E-E

SP

Bubble column
Stirred tank

Airlift

Flat- panel
Membrane

Bubble column
Stirred tank

Airlift

Bubble column
Open raceway pond
Taylor - Couette
Airlift

Flat- panel

Tubular

Open raceway pond
Airlift

Flat- panel
Airlift/Flat - panel
Flat- panel

Open raceway pond
Taylor - Couette
Open raceway pond
Bubble column

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
ANSYSCFX are the most common CFD codes . Next, the full 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-z k-5, 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-2
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 - Naumann 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 ASZfSi
number (‘O ¢, the Reynolds number ('Y Q) and the Morton number ( 0 €). Their definitions
are in Eqgs. () to (3), respectively (Ziegenhein and Lucas, 2017).

., Yy Q
O¢ )
"6 Q
V& ——— (3)
where ¥ is the density difference of the primary and the secondary phase, "Qis the
gravitational acceleration, 'Q is the bubble diameter, , is the surface tension, " is the

density of the primary phase, 6 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 2.1where the bubble shape description
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, Q
and Q respectively, that were found in an experiment. Calculated equivalent bubble
diameter was defined by Eq. (4).

Q QqQq ” @)

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.



Gas- Liquid Mass Transfer

105 TTTTTTT T TTTTm T TTTTTm T T TTT
N E=°‘99(054) E = 0.28 (0.59) LOG M
; Q
bt E= 082[058]
10* | - 024(055
:r—o—q
| 2mm
& B E:OC.7535(0.85)
m 103 E 1';:\
— E
()] [ E=0.972(0.95)
Q B —
E | 1mm
= 2
c 10° E
(V)] -
=] C
o R
=]
o
Spheri
1 E
3
B 5 :
L 1Al 6: 17||L8|,A
-1 Ll 1 Liiuu LA rnuu 1
10

10% 10" 1 10 10> 10°
Edtvos number, Eo
Figure 2.1Grace diagram (Grace et al., 1976; Ziegenhein and Lucas, 2017)

2.4 Gas-Liquid Mass Transfer

Understanding the gas-liqguid 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 -« liquid
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 (Y) from the gas phase to
the aqueous phase (where microorganisms are suspended or growing as a biofilm)  follows
the description in Eqg. (5) (Kraakman et al., 2011)

Y QOH6j0O 6 )

where Qa®is the volumetric mass-transfer coefficient, "Ois the Henry coefficient, and 6
and ¢ 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)

Biochemical
reaction

Gas-liquid interface |

e
,/ AN
/ s - N \
/ / \ A
I / \ \
| | \ Il //
VL ees ] Bulk liquid /
\ . bubble / /
\ N P /
\ - / —
N g Liquid film
~N e

| CellHiquid interface

Intemal cell
resistance

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 ( Q), the mass transfer rate coefficient for the liquid
phase (Q), and the mass transfer rate coefficient for the biofilm ( Q). Furthermore, since
the Q coefficient is the most dominant , other coefficients are often neglected. The Q
coefficient is u sually modulated by the specific gas -~ liquid interfacial area @& giving the
volumetric mass-transfer coefficient Q@

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

A Two-film theory

A Penetration model

A Surface renewal model
A 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 Eqg. (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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9 & 100
“ 'Q (6)
In contrast to that, t he Eddy cell model in Eg. (7) predicts the mass transfer based on the
interfacial surface renewal by small scale eddies

Q + — = ©)

In addition to the models presented in Chisti (1989) Gao et al. (2015a) introduced an
adaptive model in Eq. (8) where the "Q 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).

. o 106 . 1O -
Q I A& Th"' T (8)

In many cases, the 'Q and ware difficult to obtain separate ly in experiment s. However, Q&
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).

(a) o030 (b) 0.030
® Experiment ® Experiment
Gigad T Penetration model, F=1.2 — — Penetration model, F=1.2
: - - - Eddy cell model, K=0.35 00257 . . . Eddy cell model, K=0.35
Lamln'ar boundary layer model Laminar boundary layer model
0.0204 —— Adaptive model 0.0204 —— Adaptive model
0.059vvm 0.235vvm
€ 0.0154 9 (0154
= 5
x <
0.010 0.010 -
»
0.005 0.005
(e ol
0.000 T T T T T T 0.000 T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Rotational speed (rpm) Rotational speed (rpm)

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)
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(a) 0.030 (b) 0.030
® Experiment ® Experiment
o5 = Penetration model, F=1.2 — — Penetration model, F=1.2
; - - - Eddy cell model, K=0.35 00259 ... Eddy cell model, K=0.35
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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 lrradiation

For photoautotrophic microorganisms like microalgae, light is also required as a
fundamental nutrient =~ ¢ 1 EN° Ud U N.j 20E3)1AH' thd Hght Tavdilability 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 diluted cultures with low biomass concentrations (less than 0.1 g |') 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.

low cell densities  medium cell densities  high cell densities

1
1 ]
1 1
1 i
I 1
i 1
i i
pmax “max: l""mam:1
1 1
1 i
1 i
1 1
| i 1
| |
sufficient light regions with dark volume elements
in whole volume light limitation without growth

Figure 2.5 Schema of light conditions in a plate photobioreactor illuminated from one side at

C1 HAAUGANZ ¢ dNNdIYG mZind h-U6G@EMT WiITZdNrn1 Zdé¢ ha6GZT -

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 ( ) )A the saturation irradiance ( ) )Oand the inhibition
irradiance () )Fcan be culture specific = ¢1 ER° UduanNi NEdW dZ2° T N. -~

0.12 4

0.104

0.08 -

0.06

0.04 4

0.02 1

G.m T T T T T L) T L]
? 50 100 150 200 250 300 350 400

Photosynthesk trate, mmolO2/ls

Irradiance, pE/m2-s

Figure 2.6 Relationship between photosynthesis rate and irradiance in microalgae  -thin
cultures under continuous light

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 , 6 WW6 C6 N 1 (AAR0), antliihe E

General Radiative Transport Equation model used in, e.g., Soman and Shastri (2015) or
McHardy et al. (2018). The Beer-Lambertlaw 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

13

= ¢IENRD Udune@M®dWw dz 7 N.



Literature Review

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 , 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

ZYd 1¢Z22z1 N ndévVinidnd 1 N féditfastphotogynthigtic driit @EUI N _ G-

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 @ can only go to the active state @ . Next, t he active - state
unit can either return to the resting state @ 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 @ . The PSUs in the inhibited state « can eventually recover and go
back to the resting state .

Photons Photons

Figure 2.7 Scheme of Eilers - Peeters transition model. &, @, and ® represent the fractions of
PSUs in resting, active and inhibited states, respectively  (Gao, 2016)
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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.qg.
more balanced control over light, temperature , and nutrients ~ ¢ ZF T 668 f1  dZ°
Nevertheless, any cultivation system technology  should satisfy following (Singh and
Sharma, 2012}

A The reactor should be universal in cultivation of various microalgal species.

A The reactor design must p rovide uniform illumination of the culture surface.

A 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.

A Targeting high mass transfer rates must not be at the expense of culture damage

or growth suppression.
A The reactor should have minimum non -illuminated part s.

Figure 3.10pen 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 ¢ 1 EN° Ud 0 N (ZDE3Mfdtidethi’s aldo .
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.

HA2enA

1LED RADIATION

| usE PROTECTIVE GLASSES
CLASS 1M LED PRODUCT

Figure 3.2 Photobioreactor FMT 150 (PSI, 2021)

Its interior was equipped with a U-shaped stainless- steel aerator tube, Teflon - coated stir
bar,andtwo = 12mm probes, apH probe and atemperature probe . The U-shaped aerator
tube deliver ed air near the cuvette bottom Z 7T U & Z h T "0 hibles. 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 someHd1 Zz U d (i  Z 6 glads daneiskofitccalid de edsily
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 ¢ ould be
controlledbya , d NZ1 dd°” ¢ d NN 1 NDand thelback wafl dodldbé it With @ LED d
array, see Figure 3.4 for the detail.

102

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-*where the aeration gas was air enriched by 3 % CO,. 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 ¢ ould be as large as 5mm 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 ¢  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 into twelve rows could be used.
To study photoinhibition, o n the other hand, a panel of white LEDs ¢ ould be used. Some
additional information about the photobioreactor can be found in Nedbal et al. (2008) or
PSI(2021)

18



Flat- Panel Photobioreactor

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

For preliminary analyses of the mass transfer phenomena in photobioreactor s, the vertical
bubble - column cultivation system was used, see Figure 3.6. In this cultivation system,
there were three main parts:

A two gas storage tanks,
A a buffer tank,
A three vertical tubes.

Zay

Flue gas

@ I analysator
o=

Buffer
tank

N i

Flue gas Oxygen \ﬁ % @_

Tube 1
Tube 2
Tube 3

tank tank

Biomass
extraction

O

Figure 3.6 Schematic of the vertical buble -column cultivation system

The reactor vessel itself was made from three vertical tubes with a rectangular cross -
section of dimensions 44x20 mm and rounded corners with 10  mm radius , see Figure 3.7
(left). The tubes were filled with 4.34 litres of water. In total, 105 litres of the aeration gas
Gdud H®dE Z6° Zi d 0di ¢ Edkswith coNpbsitioh praserited in (| Zdble B.h d
The cultivation medium iD° Z7 d° 0 d1 ¢\#aé deratéd witlt tieccdnstant  total airflow
rate of 2 | min-* at 165mbar from the bottom of the tubes through the perforated inlet
membrane. The airflow rate yielded the superficial velocity of 0.013 m s! placing the
bubbly flow into the homogeneous regime (Joshi, 2001)with bubbles uniformly sized and
dispers ed, see Figure 3.7 (right) .
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Table 3.1Aeration gas composition

Species Amount
SO, 50 mg my®
CoO 50 mg my®
NO 200 mg my3
O 9 %ol
CO2 1C %o
N> 81 %oval.

3

AR

Figure 3.7 Aeration gas dispersed in the tubular photobioreactor ;
tubular photobioreactor (left), mid- height (top right) and inlet section (bottom right)
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4 Hydrodynamic Model

This chapter presents the hydrodynamic model  used in the lab - scale cuvette. It describes
the experimental methods used for flow measurements in the laboratory, the numerical
model for computer simu lations, and results of both scientific methods. However,
preceding to any experiments and simulations, physical phenomena of the interest  must
be understood with regards to the time scale, spatial scale, and other specifics so that the
numerical model is well-posed (Moukalled et al., 2016). This includes, e.g., mean bubble
size, bubble behaviour due to sparging, or mixing time constants . For this reason, a
number of laboratory observations and test simulations were done prior to planning the
experiments and develop ing the numerical model.

Time constant for flow development was found with a single -phase CFD simulations of
agitated water where the liquid velocity was monitored in selected points , seeFigure 4.1a.
Time constant for homogenisation, on the other hand, was found with an arbitrary trace
pulse put into specific place in the domain and measuring the time required to achieve a
specific degree of homogeneity , see Figure 4.1b.

a) b)

Figure 4.1a) Position of m onitoring poins, b) Example of t racer position



Hydrodynamic Model

This way, the secondary phase did not model a real mixture of liquids. The pulse was used

for tracing purposes only, i.e., to measure time of convective homogenization.  This
procedure was repeated several times with different placements and with different

agitation speeds. It led to a conclusion that it takes up to 10 seconds to develop flow
patterns and to reach the hom ogeneous mixture , see Figure 4.2 and Figure 4.3. Similar
results were observed with the cuvette in the laboratory. These findings were then

considered for planning experiments and numerical simulations.
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Figure 4.2 Flow development at 360 rpm
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Figure 4.3 Flow homogenization at 360 rpm

The spatial scale for the numerical model was drawn from the Courant, Friedrichs, and
Lewy (CFL) condition (Courant et al., 1928), and general recommendations found in the
ANSYS Inc. (2020b). Details about time step size and mesh resolution are presented in
following text. Inlet b oundary condition and its effect on the formation of bubbles  were
studied in Rebej et al. (2021)
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Experimental Work

At first, the experimental method is presented with its setup and results. Next, the
hydrodynamic multiphase numerical model is introduced with its results presented
comparably to the experiments. The model is followed by an additional shear stres s
analysis. At last, a critical summary is given at the end of the chapter.

4.1 Experimental Work

There are various methods available for fluid flow measurement and validation of
numerical simulations . The Particle Image Velocimetry (PIV) may be the most common
method for measuring and visualizing fluid flow . In general, it is an optical method that
uses tracer particles that follow the fluid flow . These particles are illuminated with a laser
and tracked with a camera. As a result, this method can produce two - or three -
dimensional velocity vector fields of the se particles in motion . See Figure 4.4 for an
experimental arrangement of a planar PIV measurement. The application of the PIV
method to study other multiphase flows can be found, e.g., in  Wu and Merchuk (2003), Liu
et al. (2005), Dijkhuizen et al. (2010), or Murgan et al. (2017)

Laser light sheet

[Mluminated
particles

Flow with
tracer particles

-3

Imaging optics

/
n n direction

Image plane
1+ AL

* First light pulse at 7,
e Second light pulse at 7 +A¢

Figure 4.4 A typical setup for PIV recording of two velocity components . lllustration shows
the flow field on a laser plane in a wind tun nel (Raffel et al., 2018)
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In contrast to PIV, other available methods measure the fluid velocity at a specific point .
These methods may include the Acoustic Doppler Velocimetry (ADV) or the Laser Doppler
Anemometry (LDA). Compared to the ADV, LDA or other in - situ method with sensors, the
PIV may be more suitable method to measure fluid dynamics since it does not bring any
probe that could directly interfere with the flow patterns. Moreover, when applied to
multiphase or bub bly flows, results from PIV measurements can include bubble rising
velocity and induced flow structure, the bubble diameter variation, the interfacial area,

and the bubble shape factor (Liu et al., 2005; Murgan et al., 2017).

4.1.1 Experimental Setup

The PIV system by Dantec Dynamics at the Technical University of Liberec was used for
velocity measurements . The system consisted of a NewWave Gemini pulsed laser with
10ns pulse length and frequency of 532 Hz. The images were captured by 5.5 Mpx Dantec
Neo camera with a 50 mm focal length lens and 500 frames per second  shutter speed .

The experi mental setup with the cuvette is in Figure 4.5. The velocity field was measured
in a vertical plane through the centre of the cuvette. However, i n case of two - phase flow
measurement without agitation, the cuvette was equipped only with the U -shaped aerator
tube. In case of other measurements, the cuvette was fully equipped and in order to
eliminate shadows from the suspended probes, the laser beam  had to be split to form two
coplanar laser planes. This setup then resulted in an inability to measure the region
between the probes. Therefore, the data from this part were not used for the flow
validation.

The water was seeded with 20 * n~ U8 Nhi ni1 ¢d” U7 0Z1 ¢ Nd Ginedafer.Z d ¢~

Reflection of light from the walls and accessories was eliminated using optical filters
suitable for the wavelength emitted by the particles. Post  -processing of the data was
performed in the Dynamic Studio software. This included cross  -correlati on algorithms
for the computation of velocity vector maps. Additionally, bubble rising velocities were
calculated by tracking bubbles in digital images taken by the high  -speed camera.

Depending on the operational regime, fluid f  low inside the cuvette was a combination of
forced agitation with the stirrer and /or flow induction from bubbles. Therefore, to
measure the fluid flow, following step - by- step analysis was performed:

A Two-phase flow measurement with flow induced by bubbles only
o Figure 4.6

A Single-phase flow measurement with flow induced by  stirrer only
o Figure 4.7 and Figure 4.8

A Two-phase flow measurement with flow induced by  stirrer and bubbles
o Figure 4.9 and Figure 4.10
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Noroe )

Figure 4.5 Experimental PIV setup « cuvette filled with water is aerated , agitated, and lit with
laser planes.
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4.1.2 Results

Two - phase flow measurement with flow induced by bubbles only

Velocity, m/s

0.15
I 0.14
0.12

- 0.1
0.09
0.08
0.06
0.05
0.03
0.02
0.00

Figure 4.6 Velocity contour from PIV with 200 ml min-!aeration rate and no agitation

In addition to PIV measurement of the liquid phase , measurements on the secondary
phase were done by track ing bubbles with a high - speed camera, as well. Air flow rate of
200 ml min-! was found to yield the 0.22 m s bubble rising velocity. Considering the
velocity field in  Figure 4.6, the water in main streams is accelerated closely to this bubble
velocity. Table 4.1 gives respective dimensional numbers for this type of the flow.
Comparing it with the Grace diagram in  Figure 2.1 the diagram predicts bubbles of
wobbly - ellipsoidal shape . This is also in accordance with the Figure 3.5a.

Table 4.1Dimensional numbers for two - phase flow without agitation

0O¢ YQ 0 ¢
17 766 2,7e-11
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Single-phase flow measurement with flow induced by stirrer only
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Figure 4.7 Velocity contour from PIV with no aeration at
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Figure 4.8 Velocity contour from PIV with no aeration at
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480 rpm
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Two - phase flow measurement with flow induced by stirrer and bubbles
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Figure 4.9 Velocity contour from PIV with 200  ml min-taeration rate at 360 rpm
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Figure 4.10Velocity contour from PIV with 200  ml min-taeration rate at 480 rpm
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4.2 Numerical Simulations

The computational domain used in numerical analysis resembles inner volume of the
cuvette , as illustrated in Figure 3.3. Its 3D geometry is created in the ANSYS SpaceCl aim
and is divided into two main zones, stator and rotor. Numerical model is based on the
literature research presented in Chapter 22T P& 1 2 Z1 6 U _ (i infadluced atith 1
beginning of the chapter . Final setup is described in following text.

4.2.1 Numerical Model Setup

The CFD model was based on the two -fluid approach within  Eulerian Eulerian (E-E)
framework with constitutive closures for interphase forces and | iquid turbulence . The
two - fluid environment was made from the liquid water and the gaseous air. Since the
photobioreactor was generally operated at 20 , 7the corresponding values of material
properties used in numerical simulations were the default values in the ANSYS Fluent, i.e.,
998.2 kg m-2 in density and 1003 mPas in viscosity for the liquid water, and 1.225 kgm-3
in density and 0.01® mPas in viscosity for the injected gaseous air . The air-water surface
tension is 0.072 N m-L

All phases combined in the E - E framework form ed interpenetrating continua where the
amount of each phase was determined by the volume fraction. The framework use d a
single pressure field that was shared among all phases. Momentum equations were
calculated for the continuous and every dispersed phase separately, i.e., each phase had
its own velocity field. Moreover, the turbulence was modelled in all simulations. Since the

k-z family of turbulence models was used the most often in simulations of
photobioreactors ( Table 2.2), its latest modification known as the Realizable k -z
Turbulence Model together with the Enhanced Wall Treatment was also considered in
this work. Regarding t he multiphase character of the flow and low gas volume fraction (ca.

0.6 %), the dispersed formulation of the turbulence model was employed, i.e., only the
turbulence for the continuous phase was modelled. Turbulence modelling on the
dispersed -phase side was possible with turbulence interaction terms. However, this
possibility was often not considered ( see Table 2.2) as it might not be en an important
phenomena and it could even cause adifficult y in converge nce (ANSYS Inc., 2020b).

Regarding the phase interaction models, only the drag force modelling was included. The
Grace drag model was selected as it is recommended for bubbles that can have different
sizes and shapes (ANSYS Inc., 2020a) The applicability of suitable drag model swas studied
in Rebej et al. (2020). Other interaction mode s, e.g., lift force or virtual mass force, were
not considered in simulations . The effect of such models was not found to bring any
improvements in results. Moreover, the convergence and numerical stability was
negatively affected. Also, as shown in the Table 2.2, necessity to implement these models
is questioned among authors.
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Nevertheless, the numerical model use d the Phase Coupled SIMPLE algorithm to couple
the phasic momentum equations, the continuity equation, and the phasic volume fraction
equations. The spatial discretization for pressure fiel d was employed with the Body Force
Weighted scheme and the First Order Upwind scheme for the volume fraction equation.
Other variables used the Second Order Upwind scheme. All numerical analyses were
solved in the transient solver. Convergence was considered on the basis of residuals, levels
below 10-3 were required. The time -step size varied between different sets of analyses.
For simulations with only water agitation, the timestep size of 0.001 s was used. Other
multiphase cases used the timestep size of 104s.

In terms of operating conditions, the effect of the gravitational acceleration was included
in the model. Moreover, to capture the buoyancy of the gaseous phase, the operating
density was set to the density of air with the operating pressure of 101,325 Pa at the water
free surface, i.e., top of the domain. This surface was treated as the degassing boundary
condition, i.e., free -slip wall for the primary phase and the mass -sink for the sec ondary
phase. The interface corresponding to the stationary and rotational zone was treated as
the interior boundary. All other walls in the domain ha  d the no - slip boundary condition.
The treatment of the gas inlet condition ~ was modelled with the mass -source term in the
dedicated cell zones representing the inlet orifices. The cell zones were of the spherical
shape with the same diameter as the real -world inlet orifices, i.e., 0.7 mm. The air flow -
rate through the photobioreactor  was 200 ml min-%

In total, there were three types of computational mesh es analysed, different in the level
of refinement. Their details are presented in Table 4.2. The relative cumulative frequen cy
of y+ for the worst - case scenario (480 rpm), is in presented the Figure 4.11

Table 4.2 Computational mesh types

Mesh Boundary layers Max. d f meaide tiZe Number of cells
Coarse 5 layers at stirrer 3.3 mm Approx. 200 k
Medium 5 layers at all walls 1.8 mm Approx. 450k

15 layers on the stirrer

Fine 10 layers on other walls

1.3 mm Approx. 1.1M

Numerical analyses follow ed the same step - by- step analysis as in the experimental flow
measurement, see Chapter 4.1 The analyses of the single -phase flow induced by the
rotating stirrer were carried out in two stages. In the first stage, there were 20,000 time -
steps calculated yielding the end flow -time 20 s. The second stage continued with the
same time-step size, but the data time -averaging was included for further post -
processing. There were additional 10,000 time -steps calculated yielding the end flow -
time 30 s. The duratio n of the first stage allowed the flow inside the cuvette to develop,
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Figure 4.11The relative cumulative frequency of y+ at 480 rpm

i.e., monitored velocities reached the stabilised value . Therefore, the d ata time - averaging
was not affected by the initial state and inherent flow instabilities. This is presented in
Figure 4.14and Figure 4.15in the following sub -chapter 4.2.2

The two -phase flow analyses where the flow was induced by the sti rrer and bubbles
proceed ed from the first stage of the respective single -phase analyses at the flow -time
20 s. At this point, flow patterns in water had already been formed and stabilised, so that
the aeration of the cuvette could begin.  Again, for these m ulti - phase analyses, additional
10,000 time -steps but with the time - step size of 104 s were calculated. In contrast to that,
the two - phase flow analysis with the fluid flow induced by bubbles  only started with the
quiescent water , i.e., flow -time of 0 s. There were 5 s of flow -time calculated.

4.2.2 Results

Similarly to the experiments, numerical results were analysed in the vertical plane centred

in the cuvette and analyses follow ed the same procedure as presented in the Chapter 4.1
At first, f ollowing text presents the results by means of velocity contours and plots  for the
two - phase flow simulations with flow induced by bubbles only, next it is the single- phase
flow wi th agitation only, and at last, it is the two - phase flow wit h agitation and aeration.
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Two - phase flow simulations with flow induced by bubbles only

Velocity, m/s
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Figure 4.12Velocity contours from CFD with 200
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Figure 4.13Secondary phase volume fraction contorus from CFD with 200 ml min

rate and no agitation
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Single-phase flow simulations with flow induced by stirrer only

Figure 4.14and Figure 4.15show velocities in various monitoring points . See Figure 4.1a for

their position inside the domain
reached its stabilised state . The two stages for simulations of the single
disti nguished with colours. The green colour marks the data time

Velocity, m/s

Figure 4.14Velocity profile from monitoring points

Velocity, m/s

Figure 4.15Velocity profile from monitoring points
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Figure 4.16 Velocity contours from CFD with no aeration at 360 rpm
a) coarse mesh, b) medium mesh, c) fine mesh
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Figure 4.17Velocity contours from CFD with no aeration at 480 rpm
a) coarse mesh, b) medium mesh, c) fine mesh
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Additionally, accuracy of the num erical model wa s evaluated by the comparison of
perpendicular velocity components along axes centred to the main vortex induced by the
rotating stir bar. The illustration of vortex axes is in  Figure 4.18 Coordinates x v and yv
mark the distance of the vortex centre from beginning of the coordinate system in x- and
y-direction, respectively. Figure 4.19 and Figure 4.22 show mean x- and y-velocities on
local vertical and horizontal axes for both rotational speeds and for four different data,
i.e., data from the PIV experiment and CFD data using three different mesh resolutions.

Figure 4.18Vortex positon
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Vertical coordinates

Horizontal coordinates

360
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Figure 4.19Horizontal and vertical velocity profiles in the main vortex with no aeration
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