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Abstract: The design and optimization of photobioreactor(s) (PBR) benefit from the development of
robust and quantitatively accurate computational fluid dynamics (CFD) models, which incorporate
the complex interplay of fundamental phenomena. In the present work, we propose a comprehensive
computational model for tubular photobioreactors equipped with glass sponges. The simulation
model requires a minimum of at least three submodels for hydrodynamics, light supply, and biomass
kinetics, respectively. First, by modeling the hydrodynamics, the light–dark cycles can be detected
and the mixing characteristics of the flow (besides the mass transport) can be analyzed. Second,
the radiative transport model is deployed to predict the local light intensities according to the
wavelength of the light and scattering characteristics of the culture. The third submodel implements
the biomass growth kinetic by coupling the local light intensities to hydrodynamic information of the
CO2 concentration, which allows to predict the algal growth. In combination, the novel mesoscopic
simulation model is applied to a tubular PBR with transparent walls and an internal sponge structure.
We showcase the coupled simulation results and validate specific submodel outcomes by comparing
the experiments. The overall flow velocity, light distribution, and light intensities for individual algae
trajectories are extracted and discussed. Conclusively, such insights into complex hydrodynamics
and homogeneous illumination are very promising for CFD-based optimization of PBR.

Keywords: computational fluid dynamics; radiative transport; lattice Boltzmann method; photobioreactors;
numerical simulation

1. Introduction

Through the establishment of photobioreactor(s) (PBR) with optimized light charac-
teristics, microalgae are renewable and cost-effective alternatives for industrial feedstock.
Based on the following reasoning, the optimization of light characteristics is crucial. Along
the light path, the algae become more limited in growth by the insufficient light supply
due to the algal absorption and scattering behavior. In contrast, algae close to the reactor
surface are subjected to light saturation or even photoinhibition. These effects increase
the relative proportion of respiration and heat dissipation, respectively. The consequen-
tial loss of energy reduces biomass growth and is not favorable for industrial processes.
Common approaches to overcome the (steep) light gradients are internal illuminations [1],
the straightforward reduction of the light path using more reactor units, the enlargement
of the reactor surface, or the installation of light-diluting structures in the reactor [2]. All
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named approaches aim for the enhancement of the surface-to-volume ratio [3]. The in-
creased ratio causes lower light intensities on the reactor surface and shorter light paths on
average, which in turn yields a more homogeneous light supply in the algal culture.

From an engineering perspective, the demand for a high surface-to-volume ratio
can be covered by closed PBR due to the hardly-limited light setups. When designing
such PBR with the help of computer simulations, the increased complexity in the light
pattern cannot be met by the popular Lambert–Beer-based simulation models. Instead,
new powerful simulation tools are needed [4] that are able to consider absorption and
scattering in the prediction of general light transport in volume and thus help to speed up
the design of novel, more efficient, and low-cost PBR. In addition to the improved light
pattern in the reactor, higher mixing rates cause the algae to experience more uniform
conditions throughout the reactor geometry. The frequent transfer between light zones can
be regarded as a homogenization of light conditions and subsequently of the intracellular
metabolic reactions. Such optimized flows along the light gradient can be initiated by,
e.g., wall turbulence promoters. In computational fluid dynamics (CFD) simulations,
turbulence promoters implemented as profiles at the inner tube wall establish better mixing
behaviors at lower flow velocities, yielding a significantly reduced energy demand [5].
Further, adopting the principle of static mixers, the cultivation efficiency in flat-plate PBR
has increased by optimizing the flow pattern using CFD simulations [6]. Lastly, novel
reactor designs, such as the Taylor vortex PBR, also show that complex flow patterns
lead to promising mixing behaviors [7]. The named simulations share the usage of algae
trajectories to evaluate the mixing behaviors as the main characteristics.

Simulation tools for the light supply and the algae trajectories in PBR are advanced
and already validate many algorithms, including the discrete ordinate method (DOM) [8],
the Monte Carlo (MC) algorithm [9,10], and finite volume method (FVM) [11] for light
supply, and various Euler–Lagrange models for the trajectories [5,12,13]. Nevertheless,
the combination of models for coupling the light supply with the algae trajectories (eventu-
ally taking additional mass transfer into account) remains a numerical challenge. This often
leads to simplified and inaccurate light predictions, considering algebraic light models
based on Lambert–Beer and others [6,14,15].

The inaccuracy of complete PBR simulations limits the progress in the reactor de-
sign and process development. However, this progress is highly desirable from various
perspectives and is essential for covering the increasing demand of bio-based resources.
Consistent numerical frameworks that model (at least) the light supply, hydrodynamics,
and biomass growth kinetics, may play important roles in the development of accurate and
reliable predictions, see Figure 1. Further, the numerical approach renounces complicated
coupling and time-consuming data interpolation. Numerical tools might also speed up the
prototyping of novel and complex reactor designs and analyze the interplay of the flow
field, light supply, and mass transfer to determine the reactor performances.

Light supply Flow field

Algae kinetics Gaseous phase

Performance

mesoscopic

Figure 1. Interconnect model of the flow field, light supply, and mass transfer.
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In previous works by Mink et al. [16–18], the light transport simulation based on the
lattice Boltzmann method (LBM) was extended, validated, and applied to efficiently predict
light distribution in PBR. As an alternative approximation technique in CFD, an LBM
simulation has a particular strength in multiphysics applications [19–34], and is a suitable
framework for the development of a computational model for algae trajectories (Lagrange–
Lagrange) and mass transfer (Euler–Lagrange). In addition, LBM brings forth almost perfect
parallelizability, which allows highly scalable simulations on high-performance computing
machinery. Under the premise of the prolific features of LBM, the above-motivated full-
scale PBR simulations with fairly accurate models become feasible. As a completion of
the previous developments [16–18], this work proposes a joint, comprehensive, three-
dimensional simulation model for light supply, flow pattern, and mass transfer using a
numerical framework based on LBM. The model is implemented in the open-source C++
framework OpenLB [35,36] and applied to digitally twin a tubular PBR equipped with
transparent sponges. We evaluated the overall computational results, as well as specific
quantities of individual model components, and compared the latter them to experimental
measurements of light intensities within the PBR. Altogether, we find good agreement with
the reference experiments.

In summary, the objectives of this paper are as follows.

• We propose a coupled, comprehensive, spatially three-dimensional simulation model
for light supply, flow pattern, and mass transfer based on LBM.

• We implemented the model in the open-source parallel C++ framework OpenLB.
• We showcase the coupled simulation results for PBR with internal glass sponges.
• We assessed the individual model results quantitatively via comparison to experi-

ments.
• We discuss the simulation results with respect to other simulation approaches [4].

The rest of the paper is organized as follows. Section 2 summarizes the methodol-
ogy for the model components. The computational setup and results are presented in
Sections 3 and 4. Finally, a conclusion is drawn in Section 5.

2. Materials & Methods
2.1. Description of the Glass Sponge PBR

One way to improve the light pattern in microalgal cultures is the installation of
transparent polyurethane sponges in a PBR. Jacobi et al. [2] applied these open-pored
sponges to a flat panel PBR, where the manufacturing was based on the polymer replica
technique. Two major effects allow the sponges to improve the reactor performance
compared to liquid cultures without built-in structures:

(i) The so-called light dilution is achieved by increasing the illumination area by the
surface area of the sponges in addition to the surface area of the PBR itself. The
sponges conduct light to deeper positions (Figure 2) in the PBR and also decrease the
light path in the microalgal culture.

(ii) Algae grow within the pores of the sponges and become illuminated from all directions
due to the multiple and complex reflections in the glass sponges. The illumination
from all directions toward the center of each pore focuses the light, as shown in
Figure 3. This focus effect counteracts the attenuation of light due to the scattering
and absorption of algae along the light path.

Both effects cause more homogeneous or less extreme light intensities compared to
liquid cultures in an analogous geometry without sponges since the attenuation of light
shows less decay within the shorter path.

In this work, we applied the glass sponges to a tubular PBR. The dimensions of the
simulated geometry were 0.05 m in diameter and 0.05 m in length, while the initial flow
rate was 0.01 m/s. Due to computational limitations, the characteristics of the sponges
were scaled up by a factor of 10 compared to the above-mentioned study with 8 pores per
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inch, the porosity of 0.9, and the specific surface area of 568 m2/m3. The absorption of light
in the glass remained below 0.1/m.

Figure 2. Photograph (left) of a transparent sponge with light transmission and the scheme (right)
of the resulting focus effect due to the illumination of the volume in the pores from all directions.
Reprinted/adapted with permission from Ref. [2]. Copyright 2012 Jacobi A, et al.

Figure 3. Photograph (A) and high-resolution image (B) of a transparent sponge show deep and
homogeneous light transmissions in the glass structure. Reprinted/adapted with permission from
Ref. [2]. Copyright 2012 Jacobi A, et al.

2.2. Mesoscopic Modeling and the Lattice Boltzmann Method

A crucial difference between the LBM compared to traditional numerical schemes,
such as FVM, is the modeling and simulation scale. Unlike traditional schemes that solve
discretized macroscopic equations, the LBM arises from kinetic theory and the Boltzmann
equation, where collision rules are defined on a mesoscopic level [37,38]. The mesoscopic
scale is a stochastic abstraction of the particle-based microscopic level. The law of large
numbers ensures asymptotically that the mesoscopic collision rule solves macroscopic
(target) equations. LBM is well-known for intuitive modeling, intrinsically paralleliz-
able algorithms, the ability to address complex boundary conditions, and multiphysics
models [39,40].

2.3. Light Distribution Model

The light transport in a spatially homogeneous medium is governed by the radiative
transport equation (RTE)

1
c

∂tL + s ·∇L = −(µa + µs)L + µs

∫
Ω

p̃
(
s′, s

)
L
(
t, x, s′

)
dΩ′ (1)

which models the loss or radiance L due to absorption µa and the redistribution of radiance
by scattering µs. Equation (1) describes the change of mesoscopic intensity of light L in
time along a path element s. To model algae suspensions, we used case-specific absorption
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and scattering coefficients and a scattering integral with the phase function p̃ [41,42]. Inside
a small control volume at position x, the local light intensity Φ is obtained by

Φ(t, x) =
∫

L(t, x, s)dΩ. (2)

Note that the RTE (1) is formulated with respect to a certain wavelength λ, which is
dropped for the sake of simplicity. In previous works, Mink et al. [16,17] established the
radiative transport LBM (RTLBM) as a numerical tool to solve the general RTE. Here, we
employ the RTLBM to approximate (1) and, thus, to recover the local light intensity (2).

Spectral light regimes are typically approximated by the Box model, where the RTE
is solved for several wavelengths and the computed intensities are averaged [43,44]. This
extension might be of interest when improving the light utilization efficiency since not all
absorbed light in the visible spectrum contributes equally to the conversion to biomass.
Inhomogeneous suspensions are modeled by spacial varying optical parameters µa and µs.
The parameter values rise with locally increased biomass concentrations and vice versa.
In addition, light sources of arbitrary shapes and numbers can be added by introducing
corresponding source terms in the Box model.

The optical characterization of algae suspension with respect to scattering and absorp-
tion properties is a non-trivial experimental task. Measurements depend on the wavelength
and growth conditions, e.g., see Table 1. Moreover, the scattering must be analyzed within
thin suspensions to avoid multiple scattering events that would blur the analysis of one
single scattering event [45–47]. Bubbles in the suspension are not considered here, since
the influence on the light supply is negligible as shown in previous experimental and
numerical works [47,48].

Table 1. Experimentally obtained absorption and scattering cross-sections of C. reinhardtii under
optimal growth conditions. Data and notation are summarized from [49].

λ in nm µ̂a in m2/kg µ̂s in m2/kg

470 400 800
600 140 1700
680 380 1300

Fresnel’s and Snell’s law for modeling the reflection and transmission on surfaces
induces the following boundary condition. The radiance that hits a boundary surface
with an angle θ is reflected and attenuates according to Fresnel’s equation. If the incident
angle is greater than the critical angle θc, then the intensity is reflected (with reflectance
RF = 1) and there is no transmission, otherwise, the incident radiation is multiplied by
Fresnel’s equation

RF(θ) =
1
2

(
nrel cos θr − cos θ

nrel cos θr + cos θ

)2
+

1
2

(
nrel cos θ − cos θr

nrel cos θ + cos θr

)2
, for 0 ≤ θ ≤ θc, (3)

which results in an attenuation factor due to reflection and transmission. The parameter nrel
accounts for the reflection properties of the surface and θr is the refraction angle according
to Snell’s law [18].

In the framework of RTLBM, this boundary condition translates into a partial bounce-
back scheme [18]. Based on the reflection properties of the reactor surface manifested in
nrel , a physical description of a partial bounce-back coefficient is determined, which models
the partial reflection due to Fresnel’s Equation (3).
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2.4. Fluid Flow Regime and Lagrangian Particles

The fluid flow is governed by the incompressible Navier–Stokes equations (NSE){
∂tu + (u ·∇)u = −∇p

ρ + ν∇2u,

∇ · u = 0,
(4)

with fluid velocity u, density ρ, pressure p, and kinematic viscosity ν. Equation (4) is ap-
proximated with LBM [32] and implemented in the parallel, open-source C++ framework,
OpenLB [35,36]. To account for the turbulence, a large-eddy simulation model replaces the
viscosity ν in (4) with a local effective viscosity that additionally models the non-resolved
scales [19] through a Smagorinsky–Lilly approach. Due to a mesh-sized filter width, the tur-
bulence in the flow regime is either modeled or resolved, depending on the scale yielding a
consistent numerical scheme. Additionally, the LBM’s intrinsic parallelizability ensures a
completely local and, thus, efficient computation of the additional LES parameters.

Individual algae trajectories are computed according to a Euler–Lagrange approach.
Single algae are modeled as Lagrangian point particles of mass mP and tracked according
to Newton’s second law of motion

mP∂tuP = FP (5)

for a general force FP. Due to the small characteristic size of microalgae (2 µm to 10 µm),
the Stokes drag force

FP =
πr2

p

2
ρPCP(uF − uP) (6)

offers a suitable description, where CD is the drag coefficient, rP denotes the particle radius
and ρP is the particle density. LBM-specific implementation details are given in [50].

The present Euler–Lagrange approach using (5) and (6) assumes that algae do not
affect the fluid flow, which is valid for commonly used biomass concentrations in tubular
PBR. In summary, despite its simplicity, the model allows us to study the time evolution of a
representative population of algae in the fluid flow and to draw conclusions about trapped
algae in vortices, the quality of mixing, and the induced shear stress [13], respectively.

2.5. Mass Transport

The Euler–Euler approach models the mass transport of a species or concentration c in
a flow field uF via the advection–diffusion equation

∂tc = D∇2c−∇ · uFc + R, (7)

where D is the diffusivity and the advection velocity uF couples to the fluid flow modeled
by the NSE. Here, c is the CO2 concentration. The sink term R in (7) accounts for the
consumption due to the photosynthetic conversion, which is specified below as a linear
function of the photo-conversion rate. The term R relates the local light intensities to the
available gas concentration.

Within the present model, Equation (7) is approximated with LBM. The top-down
construction of LBM for partial differential equations akin to (7) and rigorous convergence
proofs are established in [24,30]. Note that the LBM framework used here for a coupled
equation system, such as (4) and (7), has been presented and validated previously for
particle flow by Trunk et al. [20].

2.6. Algae Growth Model and Coupling

The PBR simulation model connects the local light intensities to the gas transport,
by means of CO2 consumption according to the (local) rate of photosynthesis. Here,
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a Monod model that assumes a light-limited biomass growth was implemented. Based on
that, the rate of photosynthesis is computed by

P = Pmax
L

LK + L
(8)

for a maximal photosynthesis rate Pmax and a constant LK. Further, we expect a linear
connection of specific biomass growth and photosynthesis rate (8). More complex biomass
growth models, accounting for multiple substrate factors and temperatures, are discussed
for example in [51–53]. However, the trade-off between many empirical parameters and
comprehensive modeling has to be managed carefully.

On the mesoscopic scale, the local light information is available and the photosynthesis
rate is computed easily. This information is coupled to the CO2 transport by the sink term
R, as mentioned earlier, and represents gas consumption. All computational operations are
strictly local and retain the perfect parallelizability of LBM.

3. Results
3.1. Geometry and Computational Parameters

The simulated tubular PBR has a diameter of 0.05 m and length of 1 m, where the
sponge structure is placed at 0.5 m from the inlet. When simulating tubular geometries,
the hydrodynamics develop after the inlet and are required to settle to avoid numerical
errors. To this end, the tube is extended artificially to allow the development of the
flow pattern.

The spatial discretization of both fine and coarse structures through a regular grid
comes with a trade-off of maximal possible grid nodes or lattice cells and the staircase
approximation of the fine structure. Due to memory and computation time limitations,
the pore sizes of 0.002 m to 0.004 m from the original experiments [2] cannot be resolved.
However, the present work considers a pore size of 0.02 m, which is resolved by a grid
size of 5× 10−4 m, yielding an overall number of 1.5× 107 lattice cells. Compared to the
original pore sizes of approximately 0.003 m in [2] the present pore size increased by about
a factor of 10.

Concerning the hydrodynamics, the flow enters as a Poiseuille profile with a mean
velocity of 0.01 m/s and a viscosity of 1× 10−5 kg/(m s). The pressure boundary at the
end of the channel ensures a physically sound outflow boundary condition, whereas all
other walls are modeled as no-slip walls by the LBM bounce-back scheme. Figure 4 shows
the geometry of the PBR with the sponge structure and the simulated flow field, light
supply, and mass transfer.

3.2. Simulation Sequence

First, the RTLBM light simulation is carried out to approximate (1). The photo-
translucent sponge (with the tubing) acts as a radiative source of constant light intensity.
Afterward, the fluid field is simulated by approximating the coupled system (4) and (7) for a
Poiseuille inflow profile and no-slip walls with vanishing fluid velocity. Since the entire ge-
ometry is provided as an STL file, the interpolated bounce-back model of Bouzidi et al. [54]
is deployed. The interpolated boundary method offers robustness in terms of stability for
the staircase approximation of the sponge structure. Finally, after the full flow pattern is
developed, the algae cells are added and tracked according to the Euler–Lagrange approach
described in Section 2.4.
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Figure 4. Coupled simulation result of flow hydrodynamics, gas transport, and light distribution in a
complex PBR with internal sponge structure.

3.3. Validation of Light Simulation

For validation purposes, we measured the light intensities in a diluted microalgal
suspension. The low biomass concentration minimizes the number of scattering and absorp-
tion events and maximizes the spatial resolution compared to the sensor’s size. The planar
mini quantum sensor (Walz, LS-C, diffuser diameter 0.003 m) quantifies the photosynthetic
active radiation (PAR), which is emitted by a warm white LED (Nichia, NS6L183BT). The
LED is located in a glass tube to allow light propagation into the suspension. This radial
setup causes light gradients along the radius even without algae. The algal absorption and
scattering induce additional attenuation. To clearly differentiate these effects, the glass
tube is partially covered, which prevents undesired reflection on the glass surface. For all
measurements, the planar sensor is oriented towards the center of the long axis of the glass
tube. The measuring configuration allows shifts in a longitudinal direction, variations of
the radius up to 0.05 m, and an angular displacement of 10° around the entire glass tube,
as indicated in Figure 5. The measurements and the corresponding three-dimensional
simulations are performed for a biomass concentration of 9× 10−5 g/m3.

The comparison of the data sets along the radius at 0° is exemplarily shown in Figure 6.
The agreement of the simulation results with the measured data is especially convincing
above 1% of the incident light intensity being <3 µmol/(m2 s). The light intensities in this
order of magnitude are too low to sufficiently contribute to the algal growth or maintain the
requirements of the cells. Consequently, the low intensities should not appear in a PBR and
do not substantially impact consecutive growth models. The light model is validated and
suitable for more complex geometries using the same optical principles and characteristics
of the cells.

3.4. Light Simulation of Complex Geometry

Light simulation results of the tubular PBR with and without embedded sponges are
depicted as a contour plot in Figure 7. To evaluate the general effect of the sponges in
the tubular PBR, two ideal scenarios are compared. In an ideal theoretical setup, a certain
light intensity radiates from the PBR wall and the sponges completely into the culture.
The incident light intensity is considered independent of the intensity inside the sponge
structure to achieve maximum homogenized conditions. Hence, the two possible scenarios
are as follows.

(i) The sponges and the tubular surface emit light at equal intensities.
(ii) The same amount of photons per time as in (i) is emitted by the PBR surface only.
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Figure 5. Experimental measurement configuration of the glass tube.
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Figure 6. Comparison of simulated light intensity with experimental measurements.

Figure 7 (ii) compares where the light supply in the classic tube reactor is illuminated
by its walls only (sections at the left and right ends of the tube) as well as (i) comprises
the novel reactor with the internal sponge structure that dilutes the illumination into the
suspension (the midsection of the tube). Without the sponges, the steep radial gradient
shadows most of the suspension resulting in a heterogeneous light distribution with dark
zones in the center of the tube. Close to the walls, the reactor volume is partly subjected
to photo-saturation, which induces light limitation in deeper zones. Increasing the light
intensity might reduce these dark zones. However, the higher incident light intensity
might expose the suspension close to the light source to photo-inhibition, possibly yielding
inefficient light use or even damage to the algal cells. Hence, the approach of increasing the
light intensities translates the deficit to other reactor regions and barely solves the issue
of heterogeneous light supply. In contrast to the latter, spreading the light sources over a
larger surface and into deeper zones of the reactor via using the sponges homogenizes the
light supply clearly, according to the simulations.
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Figure 7. Contour lines on the light distribution. Yellow parts are light sources and the algae
suspension is colored blue.

The implementation of a sponge structure inside the PBR is a promising strategy to
homogenize the light distribution. The increase of the illuminating surface goes along
with a reduction of the incident light intensity inversely proportional to the increase of
the illumination surface. This so-called light dilution reduces both dark zones and zones
of light saturation or even photoinhibition. A more homogeneous light supply enables
higher biomass productivity. This effect is even more substantial in a real setup, since
light gradients become steeper when illumination from the sun occurs from one side of the
PBR only.

3.5. Fluid Flow Regime and Gaseous Transport

The sponge structure attains a complex flow pattern through the channel that enhances
the radial mixing. While the fluid passes the sponge, the local constrictions lead to high
velocities and a complex flow pattern develops for inlet velocities as slow as 0.01 m/s, see
Figure 8.

Figure 8. Local velocities for an inflow of 0.01 m/s. White regions are the sponge structure.

When the flow field is fully developed, the Lagrangian tracer particles are seeded
randomly at the inlet and are tracked through the PBR. Figure 9 depicts the radial position of
such algae cells in the reactor cross-section. The color gradient indicates the time evolution
in the flow field from the beginning (dark) to the end (light). Along the trajectory, the
algae are subjected to radial movements that indicate a non-laminar flow pattern and
approve the mixing characteristics of the particular reactor design with built-in sponges.
The information on the spatial positions is further analyzed by the locally subjected light
intensities, which are depicted for the same tracer particles in Figure 10. Analyzing the
algae light history along the z-direction, the sponge structure increases the general light
supply clearly. Before and after the sponge structure, the subjected light decreases and
remains at a constant level. The latter shows the laminar character of the flow field and
how algae cells are not mixed and accordingly subjected to entirely different light regimes.
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Figure 9. The cross-section of the tubular reactor shows the time evolution of two algae trajectories in
the xy-plane. The trajectory starts are indicated by dark blue and the ends by light green, respectively.
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Figure 10. Experienced light intensity plotted over the traveled z-distance. The increase of subjected
light intensity at the z-position 0.5 m is due to the sponge structure. Before and after the sponge
structure, the subjected light is constant.

3.6. Biomass Growth

Figure 10 accounts for the light that the algae is exposed to in the flow field. Con-
ducting a survey that considers the light history over time might indicate the presence
of light–dark cycles and the precise frequency. However, the present data only indicate
the tendency to light–dark cycles given the alternating light exposure history in Figure 10.
The modeling of the trajectory (and its coupling to the light model) allows studying the
light history of individual algae cells. The simulation data suggest that without the sponge
structure, tubular reactors of a diameter of 0.05 m have poor radial mixing properties for
fluid velocities of 0.01 m/s and lower. Further, in contrast to an empty tubular geometry,
including the sponge structure increases both the mixing and the light exposure. Conclu-
sively, the novel geometry used here will definitely lead to increased algal growth and,
thus, optimize the biomass growth of the overall PBR.

4. Discussion

Concerning the effective biomass growth, we defer further examination of the light
optimization by adding the sponge structure to future studies. However, additional factors
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for the simulation outcome are likely. Varying the tube length of the PBR without the
sponge structure, for example, should yield different results and might have a positive
impact on the mixing if combined with higher fluid velocities. For example, Gupta [55]
studied ellipsoidal particle paths for fully resolved pipe flows in tubular PBR at Reynolds
numbers of about 3400 and obtained enhanced mixing and light intensities. Nevertheless,
algae can be damaged at too-high Reynolds numbers, which in turn reduces the overall
productivity of PBR [55]. From this point of view, it is again very promising to include
sponge structures instead, which uphold high mixing and light intensities but allow lower
flow velocities and shorter reactor geometries.

As existing models of complete PBR are highly differing in the assembly of the multi-
physics simulation modules [4], a direct comparison of results is hardly possible. However,
the present model recovers isolated key results from reference experiments. In particular,
we compared the simulated light intensities in the model with experimental measurements
of an actual tubular PBR setup, which led to good agreement above 1% of the incident light
intensity. Nonetheless, the proposed model could be improved by including more physics,
such as interphase mass transfer through a bubbly flow.

At last, the novelty of this study also induces its limitations. For the first time, we
propose a complete framework for the three-dimensional kinetic simulation of photobiore-
actors based on LBM. We describe the model and provide qualitative and quantitative
evaluations of the results. An actual practical implementation of the digital PBR twin to
optimize, for example, a full-scale PBR geometry was not considered here. More elaborate
research is required to validate the model for the application in complete PBR arrangements.
Future studies should include the extensive practical usage of the here proposed model
and its verification for geometry optimization purposes.

5. Conclusions

In the present work, we propose a comprehensive three-dimensional model for the
numerical simulation of coupled light supply, flow pattern, and mass transfer. The model
makes use of LBM and requires at least three submodels for hydrodynamics, light supply,
and biomass kinetics, respectively. Subsequently to its methodological development,
the novel mesoscopic simulation model is successfully applied to a tubular PBR equipped
with an internal sponge structure. In particular, by modeling the hydrodynamics, the light–
dark cycles are detected and the mixing characteristics of the flow (besides the mass
transport) are analyzed. The radiative transport model is deployed to predict the local
light intensities according to the wavelength of the light and scattering characteristics of
the culture. The third submodel implements the biomass growth kinetic, by coupling the
local light intensities to the hydrodynamic information of the CO2 concentration, to predict
the algal growth. We found good agreement in the experimental measurements and
documented various simulation results for the individual submodels and the coupled
PBR processes.

Future studies and model improvements are discussed above and suggested in [56].
CFD-based methods are very promising for the optimization of the complex hydrodynamics
and homogeneous illumination in the design processes of PBR. Conclusively, the design, as
well as the optimization of such reactors, benefit directly from the robust (and quantitatively
accurate) computational model presented here, which incorporates the complex interplay
of the governing transport dynamics in PBR.
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