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ARTICLE INFO ABSTRACT

Keywords: Bubbles can be strong modulators of the light field they interact with. An example of such a configuration is
Microalgae a photobioreactor hosting a microalgae culture where bubbles and cells contributions entangle. To investigate
Light this question, this work computed bubble distribution in a photobioreactor setup using OpenFOAM. Then, Ray
i‘;‘:::eiion Tracing coupled with the Monte Carlo Method was used to calculate the light over 3240 configurations (cell
Scattel; ing concentrations, strains, pigment profiles, void fraction, etc.). From a physical perspective, this investigation
Monte Carlo showed that the presence of bubbles lengthens the ray path within the culture medium and increases the
Raytracing apparent absorption. In addition, a sizable amount of the incident light can be reflected and scattered away

(about 10% for a 2.15% void fraction). From a numerical perspective, using a dimensionless approach and
physics-based formulation, the whole knowledge of the database was condensed into an exponential decay
(Beer-Lambert like) model. The methodology was first used on a bubble-free setup (360 profiles), where
it delivered accurate local and global predictions of the light and the reflected light fraction. Then, it was
expanded to the whole database. All in all, it allowed to compute the local light field, total distributed energy,
and reflected light fraction with accuracies (MARE) of 9.50, 2.25, and 6.35%, respectively. It also allowed
to distinguish between bubbles and microalgae contributions. Owing to its simplicity and computational
efficiency, the model can be used to precisely account for detailed light distribution in large-scale models,

opening the way to improving the computation of country-scale microalgae cultivation performances.

1. Introduction

Since the middle of the last century, humanity has started to put
tremendous stress on its ecosystem. Despite technological progress,
pressure on fossil fuels, water, arable lands, and biodiversity is peaking,
inducing deleterious environmental consequences [1]. In addition, the
modern lifestyle (lack of physical activity and excessive consumption of
transformed food products) causes adverse health effects, lumped under
the term metabolic syndrome [2]. Facing this dire situation, mankind
regards microalgae as part of the solution. Indeed microalgae photoau-
totrophic cultivation produces quality food/feed [3,4] and high-value
bio-sourced molecules [5,6]. Besides, it comes with environmental
benefits such as carbon dioxide cycling, water pollutions remediation
(nitrogen, phosphorous) [7,8], and possible valorization as biofuel of
extraction processes leftovers [9]. Finally, it can be led on non-arable
lands avoiding competition with current food-producing cultures.

Photoautotrophic microalgae cultures are led in specific vessels
called photobioreactors. The specificity of this type of biochemical
reactor is to inherently host three phases: liquid - the culture medium
-, solid - the microalgal cells -, and gas - often air (possibly enriched
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in carbon dioxide). The later is crucial as is supplies inorganic carbon,
removes photogenic oxygen, and ensures mixing -. On top of this com-
plexity comes light, as a photobioreactor has to ensure adequate contact
between the cell and the actinic illumination. Due to this complexity,
the question of photobioreactor optimal design is still very open today.
On one side of the spectrum lie open ponds, which are inexpensive and
easily scalable but challenging to operate owing to their high hydraulic
retention time and contamination-prone nature [10]. On the other side,
lie closed vessels, which are often expensive owing to their complex
design and wealthy instrumentation [11]. In addition to these two
well-known categories, the systems can also be distinguished by their
orientation, i.e., horizontal, such as raceway ponds [10] and tubular
photobioreactor [12], or vertical, ranging from bubble columns [13] to
building facade-integrated flat panel photobioreactors [14].

For both types of systems, scholars and engineers are constantly
working to improve the design and operation. In this matter, Compu-
tational Fluid Dynamics (CFD) is often used. Indeed, this mathematical
method allows from testing ideas in an inexpensive manner to in-
depth fine-tuning of a promising design. Raceway ponds are the systems
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Nomenclature
Latin symbols Property Unit
Bo Bond number -
C Microalgae concentration kg/m?
D Sparging orifice diameter m
d Bubble diameter m
Fr Froude number -
g Gravity acceleration m/s?
g Henyey-Greenstein phase function parameter — Asymmetry coefficient -
I Light intensity pmolPhoton/m? /s
J Spectral radiance W/m?/nm/sr
L Distance m
m Relative refraction index -
n Refraction index -
p Phase shift parameter -
R Reflectivity -
s Direction vector -
u Velocity m/s
w z component of the velocity vector m/s
X Position m
z Running depth m
Greek symbols Property Unit
a Void fraction -
p Fitting parameter -
r Surface tension N/m
y Fitting parameter -
4 Fitting parameter -
0 Angle rad
A Wavelength nm
13 Size parameter -
P Reflected fraction of incident light -
0 Density kg/m3
o Cross section m?/kg
(] Phase function -
¢ Fitting parameter -
Q Angle (for integration) rad
® Fitting parameter -
Subscript Description
A Absorption
b Bubble
D Depth
e Event
H Height
i Incident or intersection (in the flow chart diagram)
1 Liquid
r Refraction
S Scattering
w Width
0 Incident (for light intensity)

that benefited the most from fluid-only CFD investigation (e.g., to
reduce medium circulation power consumption [15]). However, studies
focusing only on fluid flow are rare. Indeed, the fluid flow is often
coupled with a light field to dissect microalgae/interaction in terms of
light/dark cycle. For example, tubular photobioreactors have been cou-
pled numerically with a static mixer to induce a controlled light/dark
cycle. The first studies approximated light by the cell radial position
and delivered a one-mixer system as proof of concept [16]. Nowadays,
this approach has been refined by exploring the effect of the number of
units and accounting for realistic light fields [17,18]. Raceway ponds
have also been explored, and the importance of the paddlewheel was

underlined, as the microalgae do not move between fluid layers when
circulating [19].

Still, while horizontal production systems have drawn some atten-
tion to the matter, vertical systems have garnered the most interest.
Indeed, their vertical nature offers an additional means to fine-tune
the light/dark cycle: bubble circulation. The gas phase offers another
lever to direct microalgae/light interaction. For example, in the sim-
plest design possible, the bubble column, increasing the superficial gas
velocity increases the light/dark cycle frequency [13]. Then comes a
refinement of the bubble column: the airlift concept (featuring a riser
and a downcomer section), where manipulating the gas void fraction
allows it to act on the light and dark phase durations (the longer
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the cycle time, the worse the performances) [20]. Still, as those long
light/dark alternations seemed to hinder productivity, authors came up
with the idea of a baffle airlift photobioreactor [21,22], where small
lateral deflectors create local recirculations incidentally speeding up
the light/dark alternations. In addition, to take advantage of bubble-
induced circulation, this concept offers many geometrical parameters
(baffle position, geometry, inclination, frequency, etc.) to act on in
order to stir the process towards the desired output [23]. Finally,
bubbles allow for even more exotic designs, such as Taylor vortex [24]
or annular [25] photobioreactors.

In the case of numerical modeling, accurately computing the light
field is key in order to properly capture the phenomena of interest
(from the photoinhibition zone in the periphery of the reactor to the
aphotic zone at its core or the light/dark cycles perceived by the cells).
In this respect, several techniques have been used. The most conve-
nient method might be using Beer-Lambert models [26,27], sometimes
refined to account for cylindrical geometries [28,29], or simply un-
corrected by the geometry [25]. This approach incidentally neglects
scattering, which lowers the quality of the predictions. To alleviate the
problem, Cornet has proposed to apply Schuster’s model 1D two-flux
model (feature strong assumption, such as 50% backscatter, and not
accounting for oblique rays) to apprehend this problem better [30,31]
and expanded it to cylindrical and spherical geometries [32]. This
model became quite popular, especially when dealing with 1D planar
systems such as microalgae biofacade flat panel module [33], raceway
ponds [34], or spectrophotometer cuvette [35]. Then come methods for
solving the Radiative Transport Equation (RTE) with higher accuracy.
Among them, one can note the Discrete Ordinates Method [13,36], or
the Ray Tracing method, classically coupled with Monte Carlo sampling
(a.k.a. MCMRT) [37]. In any case, these models require incremen-
tal knowledge of the biomass radiative characteristics, incremental
computational power, and applied mathematics skills, with a notable
exception for MCMRT.

Taking a step back, while authors used quite complex models featur-
ing bubbly flow, microalgae motion, and light field, very few actually
evaluated the questions of bubble effects on a light field. Some authors
clearly stated that they neglected void fraction in solving the Radiative
Transport Equation [13], but most did not even mention it. This lack
of consideration can be a problem, given the pivotal role of light in the
photosynthesis process. Furthermore, no author evoked the question
of the light reflected and/or scattered away from the photobioreactor,
which alters the overall energy balance. This state of fact can be
explained by the lack of an easy-to-use tool to apprehend the questions
at hand. This work aims to remediate this problem.

When investigating this question, several elements have to be taken
into account. First of all, small bubbles (hundreds of microns to a few
millimeters diameters) are best suited for photobioreactor in terms of
mixing and gas transfer [38]. Second, depending on the flow regime,
such bubbles can either be drawn towards the wall (wall peaking),
towards the core of the flow (coring), or dispersed somewhat homo-
geneously (saddle profile) [39], which underlines the need to compute
a physics-accurate bubble position distribution before computing the
spatial variation of the light field. Third, the presence of bubbles (or any
body with a refraction index different from the medium) induces addi-
tional scattering that modifies the local light field (see the pioneering
work of van Hulst [40] for detailed and pedagogical explanations).

Only two studies explicitly address the phenomenon of interest in
the context of microalgae cultivation. First is the work of Berberoglu
[41], who investigated dihydrogen production by cyanobacterium An-
abaena variabilis. As dihydrogen production is driven by photosynthesis,
light field and microbubbles (25 to 150 pm in this case) cannot be
separated at the process level. The authors assumed an ideal incident
light profile and divided the visible spectrum into different bands
(owning to the cyanobacterium radiative properties, modeled using the
Henyey-Greenstein scattering phase function) before employing Mie
theory to derive the light field within the reactor. Yet, they did not
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account for a potential spatial variability of the distribution of the
bubbles within the culture volume. Second, comes the contribution
of McHardy et al. [42] who spatially resolved the bubble distribution
within a bubble column photobioreactor (Euler-Euler simulation, with
quite large bubbles were assumed - 7 mm diameter -). Throughout
their investigations, the authors showed that heterogeneous bubble
concentration effectively retroacted the local light field. Still, in order
to garner a holistic view, the scope of the literature survey has to be
widened from photobioreactor-focused investigations to a more general
setup that is near wall bubbles in a radiative field. For example,
conclusions on the importance of bubbles on the local light field have
also been underlined in the case of photocatalytic wastewater treatment
in a bubble column [43]. Moving away from liquid containing setups,
the case of bubbles trapped in manufactured glazing, which can be
deemed similar, has been investigated by Pilon et al. [44,45]. The
authors showed that in the case of infrared radiation, Mie, Far-field, and
Near-field approaches yielded similar results as the matrix absorption
was relatively high, underlining the importance of the relative radiative
properties values (between the bubble and the medium). Finally, in
an even more exotic setup, Dombrovskii investigated the radiative
behavior of a failing nuclear core (surface temperature of 2000 to 3000
K) releasing heat by radiation into boiling water. Being one of the few
to correctly apply van Hulst’s guidelines, the author demonstrated that
a fraction of the emitted power is actually sent back to the nuclear
core because of the bubbles [46]. In the case of microalgae culture,
this could translate into part of the incident of light being cast away
from the culture by the bubbles. Furthermore, Dombrovskii underlined
that geometrical optics could safely be used in this case (near-infrared
illumination and bubble diameter above 8 pm) as opposed to anomalous
diffraction.

Having acknowledged the need for investigation, this work aims
to create new knowledge of the effect of bubbles on the local light
field in the specific context of microalgae cultivation. To do so, bub-
ble distribution will be derived in a physics-accurate manner using
CFD. Then, MCMRT will be used to derive the local light field and
reflected (and scattered) light over a wide range of operating conditions
(microalgae concentration, microalgae pigmentation, bubble size, and
void fraction). In order to increase the generality of the results, a
dimensionless approach (within relevant ranges) will be undertaken to
provide an easy-to-use model for scholars and engineers to apply to
their use cases.

2. System

The system considered here is a fluid volume belonging to a large
photobioreactor. This fluid zone has a cubic shape. The fluid domain
hosts a dispersed bubble phase and microalgae suspended within a
culture medium. The culture is considered as a continuum, with ra-
diative properties varying as a function of the cell concentration. As
parts of an infinite domain, the described region is surrounded by
paired cyclic boundary conditions. The gravity is oriented downward,
leading to an upward bubble motion. From a radiative perspective (Fig.
1 - Right), collimated light is assumed from one lateral face of the
cubic domain. Internally, light rays can be absorbed or scattered by
microalgae, as well as reflected or diffracted by the bubbles. When
crossing the illuminated face again, the rays are considered lost.

3. Liquid and gas phase models

While the previous section introduced the system, the following
one covers the physical assumptions, their validity ranges, and the
numerical details of the calculation realization. The chosen approach
belongs to the Euler-Lagrange family. The rationale behind the choice
of an Euler-Lagrange model is quite simple. Among the different meth-
ods able to predict gas-liquid flows, interface-resolving methods (e.g.,
Volume of fluid [47]) would not allow to simulate a domain large
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Fig. 1. Considered setups. Left - Fluid flow setup. Right - Radiative setup (rays are cast from the left side boundary towards the inner domain). L, =L ;, = Ly,
= 100d. Boundaries paired together to create the cyclic setup: Top & Bottom, Left & Right, Front & Back.

enough, and Euler-Euler methods do not describe bubble positions
per se [42]. Euler-Lagrange approaches are the only ones capable of
simulating a large domain and precisely locating the bubbles within it,
at the price of losing the precise shape of the interfaces.

3.1. Liquid phase model

The system is considered to host two phases: the growth medium,
including the microalgae, considered together as a continuum, and the
bubbles, considered as a dispersed gaseous phase. Euleriean approach
is used for the continuum, while the dispersed phase is described as
Lagrangian particles. Equations and numerical specificities have been
published previously [29]; only the main features will be presented
here. The liquid flow is modeled using classical incompressible Navier
Stokes equations, considering the growth medium as a Newtonian fluid.
While valid for low-concentration cultures (below a volume fraction
of 0.70% for freshwater Chlorella sp.) [48], this assumption could be
discussed for high-density ones. Fortunately, as it will be shown later,
such values are not encountered here. Furthermore, bubbles contribute
to the evolution of the continuous phase momentum (based on the
reciprocal forces exerted by one another). Given the cyclic setup (Fig. 1
- Left), no sizable momentum sink exists. This may lead to non-physical
behavior, such as very high liquid rising velocity (driven by the bubbles
despite them keeping a reasonable sliding velocity). To avoid such
an artifact, an artificial momentum sink (driving velocity downward
at 0.2 m/s) was added. Finally, turbulence was not encountered as
the maximum bubble Reynolds number was low (about 214). While
it may seem surprising as Bubble Induced Turbulence (BIT) models
exist, one has to remember that those models are intended to account
for the complex bubble swarm wakes intertwining (referred to as
pseudo-turbulence) in Euler-Euler simulations [49].

Liquid properties are taken as those of 20 °C water (density:
998 kg/m?, viscosity: 1.0 1073 Pa.s, air-water surface tension: 72
mN/m).

3.2. Gas phase model

Bubbles are described using a Lagrangian approach. The tracers are
suggested to several forces: buoyancy, virtual mass, drag coefficient,
pressure gradient, and lift. The description retained for the study
assumes bubbles to be spherical, which restricts the upper range of
bubble diameter to ensure an adequate description. Bubble sphericity
can be assessed by the balance between the buoyancy force and the
surface tension. It materializes into the Bond number (Eq. (1)):

_ 2
Bo= 01084 ?’)gd D

where g, is the gas density (taken as 1.2 kg/m?), ¢ is the continuum
density, g is the gravity, and I is the surface tension.

Assuming a maximum Bond number of 1 leads to a maximum
bubble diameter of 2.71 mm. This value is to be compared to the one
of classical bubbles generated by industrial spargers made of sintered
steel (rod shape). For this calculation, several assumptions have to be
drawn. First, the data based on the manufacturer’s datasheet (avail-
able on the Internet) is considered exact. In this case, the following
characteristics can be considered: 15 to 45% porosity, pore diameter
from 1 to 60 pm, length 40 inches, and diameter 2 inches. In order
to be conservative, only the largest pores are considered to generate
bubbles (i.e., 60 um), and the porosity is taken in the middle of the
range (30%). Then, taking the case of a 2-meter high, 1-meter long,
10-centimeter deep photobioreactor aerated at 0.1 vvm (vessel volume
per minute), equipped with one spargers (unit length of about 1 meter),
it is possible to derive the air velocity at the orifice level. Based on
the fluids properties, the orifice diameter, and the air velocity, bubble
diameter can be derived thanks to Shyu et al. work (Eq. (2)) [50]. The
obtained value is 1.383 mm, which leads to a Bond number of 0.26. In
addition to the value itself, its sensitivity is to be assessed, especially
given the assumptions that were drawn. The most sensible part is the
evaluation of the air velocity at the orifice level. Yet, to get a +5%
deviation on the bubble diameter, one must increase the aeration from
0.1 to 277 vvm. Obtaining such a minor deviation for such an increase
in the input flow rate shows the robustness of this estimation.

3[(x + 1.31BoFr)D3
Bo

where Fr is the Froude number, D is the orifice diameter. One should

note that, fortunately, this correlation was validated for orifice diame-

ters down to 60 pm.

The previous assumption also allows to evaluate the system void
fraction. Based on a 0.155 m/s sliding velocity (see Supplementary
Material), the void fraction can estimated at around 2.15%, which
is too high to safely assume that bubbles will not collide. There-
fore, O’'Rourke’s collision model was opted for (neglecting coalescence,
though).

d= (2)

3.3. Numerical implementation

The CFD model was implemented into a homemade solver under
OpenFOAM [51]. The code uses a PISO strategy (Pressure-Implicit with
Splitting of Operators) to solve momentum and mass continuity equa-
tions. Initially, the system still has the bubble positions set randomly.
The simulation is run so that the average sliding velocity enters a quasi-
steady state (around 15 s) and is prolonged afterward (60 s) before
extracting bubbles’ locations. Bubble distribution was checked to be
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relatively homogenous (i.e., no artifact detected). Furthermore, the lack
of apparent spatial correlation was also checked to ensure that the
domain was large enough from a fluid dynamics point of view. All
these elements are illustrated for the most dire case (assuming twice
the anticipated void fraction) in the Supplementary Materials.

4. Light field model

Ray Tracing method coupled with Monte Carlo sampling was used
to solve the Radiative Transport Equation (Eq. (3)) and compute the
light field within the domain. In order to ease implementation, geomet-
rical optics laws were used to describe rays’ paths through the scene.
Still, one should note that this assumption is relatively weak. Indeed,
the lower limit of the validity of the geometrical optics assumption
is given by two dimensionless numbers (¢ and p, Egs. (4) and (5)),
whose values should be greater than 1. More precisely, Dombrovskii
advises them to be higher than 10 [46]. In this case, considering the
largest wavelength of interest (800 nm), a refraction index of 1.33 for
water and 1.0 for the air, the values of & and p are 10862 and 7169,
respectively. Consequently, an approach based on geometrical optics
can safely be developed. Furthermore, given the contrast of timescale
between the three phenomena at stake (radiation - microseconds -,
fluid flow - seconds -, and cell growth - hours to days -), a steady
state approach can be used. Hence, for a given simulation, the cells
are assumed not to evolve over the time required for the fluid flow to
enter a pseudo-steady state, while the latter is assumed to be constant
for the time required for the light field to propagate within the reactor.

., C
SV = =04 ,CT (R D05 ,CT,(E D+ ”ij / J,G.5)®,G,5HdQ; (3)
4r
2rd
=22 4
¢ 7 @
p=2&m—1]>1 5)

4.1. Ray tracing algorithm

Fig. 2 presents the Ray Tracing algorithm within a flowchart di-
agram. First, a starting position is randomly drawn (uniform distri-
bution) on the lit external boundary of the domain. The rays are
assumed to be collimated and normal to the boundary. Then, the
distance to the next surface is determined. This surface can either a
bubble or the domain bounding box. In addition, the distance to the
next optical event (absorption or scattering) is drawn (an exponential
distribution with the sum of the absorption and scattering coefficient
as a parameter).

The two distances are then compared. If the distance to the event
is the shortest, then the ray’s position is updated to the event position,
and the event nature is determined (uniform distribution, with the ratio
of the absorption coefficient over the sum of the two as a parameter).
If the ray is absorbed, its position is recorded, and the process starts
anew. If the ray is scattered, a new direction is drawn from Henyey-
Greenstein distribution [52] (with an anisotropy factor of 0.974, for
Chlorella vulgaris [35]). Then, the process loops forward at the distance
evaluation step.

If the distance comparison identifies that the next interaction is
with a surface, two possible fates are discriminated. First, hitting the
bounding box means that the ray escaped the computational domain.
Consequently, the position at which it crossed the domain boundary is
recorded, the simulation of this ray is terminated, and the process starts
anew. Second, the ray interacts with a bubble. The angle of incidence
(6;) and the possible angle of refraction (6,, Snell’s law, refraction in-
dices available in Table 1) are computed. Then, reflectivity is calculated
assuming non-polarized light at a dielectric interface (Eq. (6)) [53].
Based on the obtained value, the nature of the interaction is drawn from
a uniform distribution. Consequently, the ray’s position is updated, and
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Fig. 2. Ray Tracing algorithm flowchart.

the new direction (reflection or refraction) is affected before the process
loops forward at the distance evaluation step.

1 | tan26, —6,) sin%@, -6, ©
interface — 2 tan2(9, +6,) sin2(0,~ +9r)

It should be noted that the simulations were led in a 3D scene. Still,
given the fact that the setup is a 1D slab, it was possible to derive local
absorption (at a given depth) by summing all the absorption events at
the same depth within the slab. Going one step further, as incident
rays are collimated, it is possible to reconstruct the local light field
by subtracting the cumulated absorption (from the incident boundary)
from the incident illumination. Finally, reflected and scattered away
light can also be recorded in a straightforward manner.

R

4.2. Numerical implementation

A homemade code was developed based on the Star-Engine. Due
to skill restriction, the code is CPU-bound, featuring C multithread-
ing, though. As with any algorithm, it was mandatory to verify that
results were unaffected by the numerical parameters. Therefore, the
convergences of domain spatial subsampling (to avoid lateral boundary
effects), the number of rays, and the number of scenes were led before
producing simulations (taken as 50 bubble diameters, 150 millions
rays, and one scene, respectively, see Supplementary Materials).

5. Tested conditions

While numerical tools are relevant, the explored conditions are even
more important. In order to increase the generality of the findings and
avoid discussing separately parameters that ultimately have the same
contribution, a dimension analysis of the problem is to be conducted.

From a radiative perspective (the one of interest here), five physical
quantities govern the system: the microalgae culture concentration (C,
in kg/m?), the cell absorption cross section (c,, in m?/kg), the cell
scattering cross section (o, in m?/kg), several characteristic lengths
(which are taken as multiples of the bubble mean diameter d, in m),
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Table 1
Properties defining the radiative scene and screened design space.
Parameter Value/Range Unit Comment
d 1.383 mm
n,, 1.00028276 - [55]
Detire 1.339 - [561
Dyigzing 1.5082 - Considered PMMA [57]
g 0.974 - [35]
= J [0, 100] 1 1000 points are distributed evenly (resolution 1/10 d)
m=a [0, 0.043] - 9 points are distributed evenly
7y =Co,d [0.05, 1] - 10 points are distributed evenly per decade (15 in total)
= 2 [0.1, 50] & O - 10 points are distributed evenly per decade (24 in total)

the running depth (z, in m), the void fraction within the photobiore-
actor (a, no dimension), as well as the incident illumination (I, in
pmolPhoton/m?/s), and the illumination at the running depth (I(2), in
pmolPhoton/m?/s). Therefore, according to Buckingham’s = theorem,
the system is governed by five dimensionless parameters.

The most obvious ones are the distance and light intensity ratios (r;
and r,), the void fraction (already dimensionless, ;). Then come the
absorption optical thickness (r,) and the scattering optical thickness
(r5). Yet, one could also use the ratio of the cross sections as a second
dimensionless number (71';). Indeed, its use further simplifies the system
as its value is governed solely by biology, hence not a function of the
primary operating conditions, that is, the cell concentration, nor bubble
diameter. Consequently, the governing equation can be written as Eq.
(8) or in a more application-oriented way as Eq. (9). This last manner
of writing this equation highlights that the fraction of light impinging
at the running depth is a function of the system absorption optical
thickness, the scattering-to-absorption ratio, the bubble diameter, and
the void fraction.

z 1(z) Os

b =E, Ty = I—O, my=a, m3;=0,Cd, n5=0g5Cd, ﬂg=a @
o4 I

f(E,—A,ﬁ,a,CaAd):O (8)

d og 1

1

my =1 g2 % 4, Cod) ©
1 d og

One could also have added the media refraction indices and their
ratio to the list. Yet, as the setup is a photobioreactor, the gas-liquid
system is thought to be restrained to an air-water system. Still, what
is not fixed is the strain hosted within the bioreactor. In this system,
changing the strain will change the scattering-to-absorption ratio (x{)
and its wavelength dependency. For example, Chlorella vulgaris (tiny
coccoid eukaryote) exhibits a scattering-to-absorption ratio between
6 and 50 [35,54], while it is below unity for Anabaena variabilis
(filament-shape prokaryote) and varying from 0.1 to 0.5 [41].

In terms of values, ideally, ; should extend from 1 to infinite. Still,
it was not possible from a hardware perspective (Dell Precision, Intel(R)
Core(TM) i9-9880H CPU at 2.30 GHz, 64 Go RAM). Therefore, the
domain was extended up to 100, i.e., 100 times the bubble diameter.
73 (ie., the void fraction) for taken as ranging from O to twice the
value evaluated in the previous section (4.30%, i.e., 2 x 2.15%). z, was
investigated from 0.05 (very dilute culture) to unity (very concentrated
culture). The lower bound was chosen to ensure the coherence of the
radiative scene. Indeed, under the most conservative assumption in
terms of ray penetration (no bubble, no scattering from microalgae),
this value ensures that less than 1% escapes the scene. This argument
is also a strong reason to favor z, over zs. Finally, 77 was preferred
over rs, as it is a biology-only number (characterizing the cell state,
wavelength-wise), and the investigated ratio ranged from 0.1 to 50
(covering both Chlorella vulgaris and Anabaena variabilis). All these
elements can be found in a summarized manner in Table 1. All in all,
they amount to 3,240 runs constituting the database used in this work,
requiring about two weeks to compute.

6. Results
6.1. Base case & general trend

Fig. 3 - Left - presents, in a logarithmic scale, the output of the Ray
Tracing procedure without bubbles. It consists of the light absorption
field within the domain for a selected combination of the dimensionless
numbers governing the system. As one can see, the absorption profiles
are influenced by the dimensionless parameters in a non-trivial manner.
Nevertheless, it can be seen that relatively far from the illuminated
boundary, the absorption profile becomes exponential (i.e., linear in
logarithmic scale). Also, the level of noise increases as the rays progress
into the scene. This is a drawback of the MCMRT computational tech-
nique. Nevertheless, it is of minor importance here as the portions of
the domain at stake are simply dark. From the local absorption field
(Fig. 3 - Left), it is possible to recompute the local illumination field
(Fig. 3 - Right, view field magnified from 0 to 25 bubble diameters
to enhance the contrast). These profiles exhibit a similar shape as the
ones encountered in literature [30]. They also differ from one another
in the anticipated manner, which is a token of the reliability of the
obtained results. For example, optical thickness (z,, line pattern) is the
first modulator of the spatial decrease of the light field (higher optical
thickness leads to sharper decrease). Then, the relative amount of
scattering (n:;, line color) is the second modulator. Very little difference
can be observed for scattering-to-absorption ratio varying between 0.1
and 1. Then, as the relative amount of scattering increases, the profiles
become steeper. It is explained by the lengthening of the effective ray
path to reach a given depth, hence a higher chance of absorption on its
way.

6.2. Illumination profile auto-similarity

Going one step further, it is possible to harness more of the di-
mensionless number power by leaving the r, versus =, plots at bay.
Indeed, while convenient to analyze the results at first, that induces a
loss of generality (i.e., not following the guidance of Eq. (9)) by not
accounting for the first order modulation that is the optical thickness
(z4). Taking the latter into consideration, plotting r, versus z,z, allows
to draw far more auto-similar profiles (Fig. 4 - Left). As one can see,
this type of plot substantially reduces the dispersion originating from
optical thickness. Indeed, it can be deemed that the optical thickness
is, in this plot, a minor modulator compared to the scattering-to-
absorption ratio (xg). Therefore, it is all the more natural to attempt
the same procedure to reduce 7. influence on the results. This time,
an addition appears as an obvious scaling as scattering increases the
effective ray path length. Consequently, an expression with the shape
(1 + yn:gﬁ ) was identified over the dataset (null void fraction). To
do so, a Particle Swarm Optimizer coupled with a Genetic Algorithm
was used (metric: Root Mean Squared Distance - RMSD - between the
illumination profiles; for technical details, the reader is kindly referred
to [58]). The first run of the optimizer yielded 0.02479 and 0.9848 for y
and p, respectively (plot available in Supplementary Materials). § being
close to unity and conveying no meaning per se, a second procedure
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Fig. 4. Light field within the domain without bubbles. Scaled dimensionless abscissae.

was led, assuming g = 1. It yielded a value of 0.02350 for y while
simplifying the expression and reducing the number of parameters. Fig.
4 - Right - presents the results for the selected profiles. As one can
see, they almost collapsed on the same line, which appears to follow
a downward exponential trend.

An in-depth discussion of the potential meaning of the value of the
y coefficient seems in vain. Nevertheless, it is important to underline
that from a conceptual point of view, the term yz; is the contribution
of scattering the ray path lengthening. This lengthening pattern and
the associated coefficient are not universal but case-dependent. Here,
the underlying dependencies can be on the geometry and the scattering
phase function (expression and coefficient). A different geometry, for
example, a concentrating setup, such as a tube, would yield a different
value for y, even though the cells hosted by the culture would be the
same. A different strain (i.e., a different scattering phase function -
expression and coefficient -) would also yield another y value for the
same setup. One can even expect that for the same phase function
(Henyey-Greenstein), a lower asymmetry coefficient (g) value would
lead to a higher y value. Despite all these words of caution, it can

be observed that even for the maximal value of zz; (i.e., 50), the
scattering can only double the effective ray path length. This is a
token of the robustness of the proposed expression. This robustness
can be further evaluated by performing a sensitivity analysis. Indeed,
if the y coefficient is varied by + 10%, the metric (RMSD) varies by
+7.23/4+8.95%, a good compromise between sensitivity and stability.
From a biological perspective, it can be explained by the fact that
the scattering phase function (with g = 0.974) is massively forward-
oriented. Furthermore, in addition to mathematical robustness, the
generality of the proposed expression is reinforced by the fact that
a one-dimensional semi-infinite slab is a typical configuration and
faithfully represents flat panel photobioreactors. At the same time, the
choice of Chlorella vulgaris (g value in the Henyey-Greenstein phase
function) echoes the fact that this strain is probably the most studied
microalgae from a biotechnological point of view.

The final point of discussion of the bubble-free configuration is the
overall trend of the auto-similar profile. Conceptually, if one accepts
that the scaled dimensionless abscissa represents a proxy of the effec-
tive ray path length, then the trend should be a downward exponential.
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Fig. 5. Light field within the domain without bubbles for all the simulations
and I(z)/1, = exp(—z;7y(1 + yirg)) curve. Scaled dimensionless abscissa (with y
= 0.02350).

Indeed, it is equivalent to assume that the complexity of the scattering
terms of the Radiative Transport Equation (Eq. (3), two last terms) is
lumped into the (yzrlzr47r;) contribution. Therefore, it is possible to go
one step further and guess that the resulting profile should have unity
as the decay rate. All in all, it would yield a very simple expression:
1(2)/ 1 = exp(—m, 7r4(1+yzcg)). Fig. 5 presents how this simple expression
compares with all the simulations (360 in total, with z, varying from
0.05 to 11, zz:; from 0.1 to 50). As one can see, the suggested expression
represents the upper bound of the simulated case. Nevertheless, the
exponential trend with a unity decay appears to be adequate. Paying
close attention, the reader can notice that the discrepancies originated
from the initial value of the light field (abscissa of 0) (Fig. 5 - Inset).
Indeed, by taking unity as the pre-exponential factor, one assumes
that all the incident light penetrates the domain. While true when
the relative scattering amount is low (i.e., blue and red light), it
is obviously wrong when scattering is dominating (i.e., green light).
This observation calls for a discussion on light sent back through the
incident boundary (see next Section). Nevertheless, owing to its level
of simplicity, the exponential profile with the unity decay model (or
Beer-Lambert adequately corrected to account for scattering) provides
a very satisfactory guess of the light profile.

6.3. Reflected light

The previous section underlined that a non-negligible quantity of
incident illumination could be reflected and scattered away from the
scene, especially in the case of a high scattering-to-absorption ratio.
This state of fact bears two adverse consequences for the phycologist.
First, not accounting for it would lead to a somewhat erroneous es-
timation of the local light field within the photobioreactor. Second,
its omission could have a sizable impact on photosynthetic efficiency
evaluation (a.k.a. PhotoConversion Efficiency - PCE). Indeed, overes-
timating the radiative energy actually supplied to the culture would
lead to undervaluing the cell performance. This is especially true in the
green part of the spectrum (about 1/3 of the Photosynthetically Active
Radiation).

While complex to measure experimentally, accessing the amount of
reflected light is relatively easy numerically. Fig. 6 - Left - presents
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the percentage of reflected light as a function of the two key dimen-
sionless parameters r,, the optical thickness, and n;, the scattering-to-
absorption ratio. When the three axes are scaled logarithmically, the
dependence reveals itself. The optical thickness has no influence at all
on the amount of the reflected light, while the scattering-to-absorption
ratio controls it entirely. Even clearer is the linear dependence (in
logarithmic scale) between the reflected fraction and the scattering-
to-absorption ratio. An Ordinary Least Square regression on the whole
dataset provides an almost perfectly linear dependency to the reflected
light fraction (p) with the scattering-to-absorption ratio (Eqs. (10) and

1.

In(p) = 1.049 1072 In(ﬂ:;) —6.489  R?=10.9996, p = 0.0000 (10)

p=1520 1073 /0% a1an

Here again, given that the exponent is close to unity, it is possible
to reduce the number of parameters and provide a simpler equation.
With this approach, the reflected and scattered away light fraction can
be written as:

p=18881073 x/ 12)

With light reflection and scattering modeled, the next step is to
reevaluate the capability of the exponential decay model to describe
the light profiles. Out of fairness, the y value was optimized again to
minimize RMSD. This time, the obtained value is 0.02046, which is
close to the previous one and does not alter the previous discussion
associated with it. Fig. 6 - Right - displays the projection of the
dataset and the unity exponential decay. As one can see, the match is
quite good. Moving from mere observation to quantification, the Mean
Absolute Relative Error (MARE), which measures the average local
relative deviation on the profile, is 5.10%, on the 360 profiles. Taking
the relative difference in overall absorbed energy as a less stringent, still
relevant, criterion, the deviation is established at 2.17%. One should
note that these indicators were computed on 95% of total energy (i.e.,
until 7,7, reaches 3) to prevent a long tailing effect from biasing the
metrics. All in all, this procedure yields a very simple Beer-Lambert-
like expression accounting in an explainable manner for light reflection
and scattering outside of the domain and effective ray path length
(Eq. (13)).

I(z o o
IO _ (11— 9%y exp-o,C 21+ 7 2 a3)
0 oA OA
—— ——
Reflection Effective ray
away path length

with ¢ = 1.888 1073 and y = 0.02046.

6.4. Effects of bubbles

6.4.1. General trend

Once the bubble-free phenomena have been examined and dis-
cussed, it is time to deal with the effect of bubbles on the light field
and its modeling. In order to get a grasp of the spatial distributions, Fig.
7 - Left - presents the illumination profiles in the actual spatial space.
As one can see, bubbles addition induces two effects. First, it shifts the
profiles downward. This effect is all the more pronounced as optical
thickness is low. Second, and less evident to notice, is the increase of
the reflected light. Both can be explained by the additional scattering
induced by the presence of the bubbles, as already noticed by others
authors [41,46]. In the same processing approach as previously, the
profiles were scaled against the contribution of optical thickness and
scattering-to-absorption ratio (Fig. 7 - Right). For the sake of simplicity
and to avoid uninteresting lengthening of this article, the scaling was
performed with the y parameter obtained without bubble and without
accounting for the light reflected (and scattered) away (optimization
procedure to be led afterwards). As one can see, this scaling it still
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Fig. 6. Left - Reflected and scattered light response surface, without bubble (logarithmic scale on all axis). Surface color is equivalent to z axis. Right - Light
field corrected by reflection loss within the domain without bubbles. Scaled dimensionless abscissa, 360 profiles.
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dimensionless abscissae (with y = 0.02350).

relevant and underlines that the light profile auto-similarity is not
voided by the presence of bubbles.

The next step is, therefore, to investigate the effect of the void
fraction and its induced scattering on the light reflected and scattered
away from the scene. Fig. 8 presents two three-dimensional views of the
reflected and scattered fraction of the incident light versus the optical
thickness and the scattering-to-absorption ratio. From an intuitive point
of view, these response surfaces are the sums of two planes, one
inclined with 75; (like in the bubble-free case) and one inclined with
74. This intuition is supported by the manner in which the Radiative
Transport Equation is written in order to account for the presence of
bubbles (Eq. (14)), assuming bubbles do not absorb radiation. Indeed,
the bubble contribution is additive. Furthermore, it is important to
note that the introduction of the void fraction will lower the effective

participation of the culture to the light distribution (1—a term) [41,46].
5.VJ,(R5) =—(1 - a)o, ,CJ3(X,5) — (1 —a)og ,CJ,(X,5)

05.,C N N
yp /4” J,(X,5)@,(5;,5)d2; (14)

+(1-a)

3a - 3a 0S,4b
T oSl

/ G5B, (5 DA,
4

6.4.2. Reflected and scattered away light

Consequently, in order to untangle the two scattering contributions,
the focus was set on a specific case: z; = 0, ie., microalgae not scat-
tering, allowing to isolate bubble-only contribution (Fig. 9 - Left). As
one can see, the fraction of light reflected and scattered away evolved
in an almost bilinear manner. It can be considered as the combination
of two independent trends, one function of the void fraction, the other
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(b) 4.30 % void fraction

Fig. 8. Reflected and scattered light response surfaces for median and high void fractions. Surface color is equivalent to z axis.

& %53,

(a) w5 =0
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Fig. 9. Left - Reflected and scattered light response surface as a function of void fraction and optical thickness. Microalgae scattering was nullified, ie., z{ = 0.
Right - Reconstructed reflected light fraction (colored surface) based on the sum of the bubbles and cells scattering (gray surfaces) for the median void fraction.

To be compared with Fig. 8 - Left. Surface color is equivalent to z axis.

of the optical thickness. Still, modulations have to be brought to this
statement. First, the dependency on the void fraction marks hints of the
potential appearance of higher-order terms for high void fractions. This
observation aligns with Dombrovskii’s comment that linear dependency
is only valid for low void fractions without proposing a correction for
higher fractions though [46]. In addition, the keen observer will notice
that the shape of the response surface tends to get rough for high
optical thickness. It can be explained by the fact that at high optical
thickness, the number of bubbles encountered by the rays diminishes
until not enough are interacted with to offer a stable estimate. With
these two observations in mind, a mathematical description of the
bubbles’ contribution to reflected and scattered light was intended.

A multilinear regression was led in logarithmic space to minimize
the RMSD in the 7, X a space. After some rationalization and trans-
formation back into the linear space, the fraction of light reflected and
scattered by the bubbles can be modeled as Eq. (15). The quality of the
agreement is particularly good (see Supplementary Materials), with a
MARE of 6.35% (culled below 0.1% of reflected light to avoid a long
tailing effect). Therefore, the overall effect of the void fraction and the
cell scattering-to-absorption ratio can be reconstructed. Fig. 9 - Right
- presents the reconstructed response surface (colored surface) and the
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two underlying components (gray surfaces) for a void fraction of 2.15%
(median case). It is possible to assess the efficacy of the process by
comparing the results with Fig. 8 - Left.
pp = 2365 1072 (L )43 15)
74

6.4.3. Profile auto-similarity

Once reflection and scattering out of the domain have been ac-
counted for, the next step was to describe the lengthening of the
ray path originating from bubble-induced scattering. On this point,
three comments have to be drawn. First of all, the effect of bubble-
induced scattering is additive (Eq. (14)), and the formulation should
reflect this state of fact. Second, the presence of bubbles reduces the
effective absorption of the medium (z, dimensionless number) but not
the microalgae strain properties (zrg unchanged). Third, in the same
manner as for reflection, the optical thickness (r,) interplays with
bubble effects on ray paths effective length. Indeed, the higher the
optical thickness, the lower the amount of interaction with the bubbles.
The modulation of the interaction can be assumed to be reasonably
described by a decaying exponential function of the optical thickness.
All these considerations lead to the formulation suggested in Eq. (16).
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3,240 profiles.

With the equation suggested, the next step is to evaluate the capability
of the correlation to describe the light profiles. The w value was
optimized to minimize RMSD. The obtained value for w is 5.830. Fig.
10 presents the projection of the whole dataset (3,240 profiles) and the
model. As one can see, the match is quite good. The MARE is 9.50%
(Iocal deviation), and the relative difference in overall absorbed energy
is 2.25%. Given the span of the dataset in terms of optical thickness
(proxy of concentration), scattering-to-absorption ratio (proxy of cell
strain and pigment profile), and void fraction, the simplicity of the
proposed correlation performs remarkably well.

I(z) os O 43
—— == ¢(=) L")
I, oy o,Cd
—_ —
Reflection Reflection
by the cells by the bubbles
[}
x exp(-04C2) (1-a) 1+ 7= +aea exp(-o,Cd)) (16)
OA
Bubble effect Bubble ray path
on absorption Cell ray path lengthening
lengthening

with ¢ = 1.888 1073, ¢ = 2.365 1072, y = 0.02046, and » = 5.830.
7. Applicability & perspectives

The present work offers an easy-to-use approach to computing the
light profile within a photobioreactor. It only requires one to know
the absorption coefficient and its scattering counterpart for a given
wavelength. With them, it is also possible to access the amount of
light reflected and scattered towards the surroundings and adjust the
energy balance accordingly. In addition, volume averaging of the light
to evaluate the global production rate would be more accurate (owing
to the saturating effect in the irradiance-photosynthesis curve). Further-
more, using a correlation is undoubtedly easier to handle and faster
to compute than any other methods (Discrete Ordinate Method, Pn
approximation, Ray Tracing, etc.) or other surrogate modeling methods
(such as machine learning or AI algorithms, whose deployability is
sometimes hindered by the restricted availability of the model param-
eter and/or training data). It is possible to envision broadcasting the
detailed knowledge it bears to a larger scale, such as a photobioreactor
field or the country scale, to ascertain photosynthetic energy balance.
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For example, let us consider a baffled airlift photobioreactor with a
depth of 5 cm and a recirculation frequency around 1 Hz. Assuming a
sinusoidal motion, one can determine the position of a microalgae cell
within the photobioreactor over time. Adding to this, the light field,
computed with the proposed correlation, one can obtain the light cycle
experienced by the cell. Fig. 11 illustrates this for a culture of Chlorella
vulgaris at different concentrations and for two bands of the visible
spectrum (blue and green). From the left graph, one can see that the
light penetration is modulated by both concentration and color, with
green light escaping the photobioreactor for the lowest concentration,
while blue light is almost entirely absorbed. Consequently, the experi-
enced light cycle, on the right graph, has a decreasing duty cycle whose
amplitude is substantially modulated by the light color.

In terms of perspectives, this work calls for further research effort.
For example, the fluid dynamics aspect could be enhanced by simulat-
ing a setup featuring actual glazing (wall boundary condition instead of
cyclic) and all the associated complexity (e.g., wall lift force) [39,59].
Then, bubble diameter could be drawn out of a distribution instead
of set at a fixed value. In terms of illumination calculation, diffuse
and oblique incident radiation should also be explored to complement
the current setup. Exploring all these refinements would make the
simulations closer to an actual setup and allow to weigh the relative
importance of the difference between the phenomena. Therefore, it
would be possible to rank them in terms of contributions and relevance.

8. Conclusion

This work computed using Ray Tracing coupled with Monte Carlo
Method, the light field within a photobioreactor featuring physics-
accurately distributed bubbles for 3240 configurations (cell concentra-
tions, strains, pigment profiles, void fraction, etc.). From a physical
perspective, this investigation showed that the presence of bubbles
lengthens the ray path within the culture medium and increases the
apparent absorption. In addition, a sizable amount of the incident
light can be reflected and scattered away (about 10% for a 2.15%
void fraction). From a numerical perspective, using a dimensionless
approach, the whole knowledge of the database was condensed into
an exponential decay (Beer-Lambert-like) model. It allows to compute
local light field with an accuracy of 9.50%, and distributed energy with
a 2.25% accuracy. While this work is only a first step calling for more
detailed investigations (wall effect, bubble size distribution, etc.), its
simplicity and computational efficiency allow to be used to precisely
account for detailed light distribution in large-scale models, improving
the computation of country-scale microalgae cultivation performances.
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