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Abstract

Turbulent mixing in pilot-scale cultivation systems is hypothesized to influence the
productivity of photoautotrophic cultures. We studied turbulent mixing by applying particle
image velocimetry (PIV) and acoustic doppler velocimetry (ADV) to pilot scale flat-panel
photobioreactors and open raceway ponds. Mixing energy inputs were varied from 0.03 to 1.97
W-m. The experimental results were used to quantify turbulence and to validate computational
fluid dynamics (CFD) models, from which Lagrangian representations of the fluid motion in
these reactors was derived. The results of this investigation demonstrate that differences in
mixing energy input do not significantly impact the structure of turbulence in the reactors, nor
the frequency of photoautotrophic microorganisms' motions within the reactors. The
experimental and computational results of our research demonstrate that well-mixed conditions
exist in pilot flat-panel photobioreactors and open raceway ponds, even at relatively low mixing

energy inputs.

Keywords:
Mixing energy, dark/light cycles, open raceway pond, flat-panel photobioreactor, fluid

mechanics
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1. Introduction

Photoautotroph-based biofuels are considered one of the most promising renewable fuels to
meet the global energy requirements for transportation systems (Y. Chisti, 2007). Long-term
research and development has resulted in demonstrations of microalgae areal oil productivities
that are higher than crop-based biofuels, about 10 times that of palm oil and about 131 times that
of soybean (Brune, Lundquist, & Benemann, 2009; Y. Chisti, 2007; Lardon, Helias, Sialve,
Steyer, & Bernard, 2009; Rodolfi et al., 2009). Cyanobacteria is reported to have ~4 times the
areal productivity of microalgae on an equivalent energy basis (Robertson et al., 2011).
Downstream of this cultivation process, cyanobacterial biomass and bioproducts can be supplied
to biorefineries producing feed, biomaterials, biosynthetic chemicals, and biofuels (Wijftels,
Kruse, & Hellingwerf, 2013). As such, cyanobacteria-based biofuel systems may be a significant
contributor to more sustainable energy and material production systems.

Turbulent cultivation environments have been demonstrated to induce physiological
responses in photoautotrophic microorganisms in open raceway ponds and photobioreactors
(Fadlallah et al., 2016; Havens, James, East, & Smith, 2003; Kumar, Dasgupta, Nayak, Lindblad,
& Das, 2011; Michels, van der Goot, Norsker, & Wijffels, 2010; Mirén et al., 2003; Moisander,
Hench, Kononen, & Paerl, 2002; Nguyen & Hoang, 2016; Xiao, Li, Li, Zhang, & Guo, 2016).
For example, recent efforts studied the effects of turbulence dissipation rates ranging from 0 to
8E m’.s” simulated at laboratory scale conditions (1-liter cultures) (Xiao et al., 2016). This
work concluded that despite no alteration of photosynthesis activity (as measured by chlorophyll
a), there is a systematic increase in the growth rates of the strain Microcystis flos-aquae as a
function of the turbulent dissipation rate, and a decrease in the growth rate of the strain

Anabaena flos-aquae at high turbulence. These authors identified that a maximum phosphorous
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uptake rate in these cyanobacteria strains occurs at turbulence dissipation rates of 2.26E 2 m?.s>,
suggesting that turbulence plays an important role in the biological adaptation of cyanobacteria
by influencing nutrient uptake (Xiao et al., 2016). In other recent research, the effects of shear
environments were studied for the cyanobacteria and microalgae strains Synechocystis sp. and
Chlamydomonas reinhardtii, in 150 ml cultures (Fadlallah et al., 2016). In this study, the growth
rate of Synechocystis sp. was independent of shear stress (0 to 0.18 N.m?) and Chlamydomonas
reinhardtii growth rate increased linearly with shear stress. It is an open question as to whether
these research results under laboratory scale environments (<1L cultures) are representative of
industrial-scale (>1000L) cultivation conditions.

Detrimental impacts of turbulent mixing have also been demonstrated, with inhibition
attributed to cell disruption from shear stress (Chalmers, 2015; Han & Yuan, 2004; Kunnen,
Malas, Semeins, Bakker, & Peters, 2017; Richardson, Lannigan, & Macara, 2015; Sieck et al.,
2014; Sieck et al., 2013; Wang, Lii, Mao, & Long, 2014; Yi et al., 2010). For example,
hybridoma cells suffer apoptosis at mixing energy inputs of 1.87E* W.m™ (AlJRubeai, Singh,
Goldman, & Emery, 1995; Chalmers, 2015). Other studies observed 51% lower recombinant
protein production, 42% higher glucose uptake, and 50% lower lactate production in cells
exposed to mixing energy inputs of 6.4E* W.m™ (Chalmers, 2015; Keane, Ryan, & Gray, 2003).
In general, these inhibitory effects are reported at mixing energy inputs above 1E® W.m™ and
Kolmogorov microscales less than or equal to 2.4 micrometers for mammalian cells (Chalmers,
2015). In photobioreactors, small bubbles are reported to cause cell damage (Barbosa & Wijftfels,
2004; Mir6n et al., 2003), colliding with photoautotrophic cells and contributing to a high shear
environment. The growth of the microalgae strain Phaeodactylum tricornutum, for instance, was

inhibited at air rates of 0.567 m’air.min™.mreactor , and carboxymethyl cellulose (CMC, a
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viscosity increaser) supplied into the medium had the effect of mitigating shear-induced damage
in parallel experiments (Mirén et al., 2003). Other sparged photobioreactors cultivating
Dunaliella tertiolecta and D. salina reported increases in the culture decay rates as a function of
gas velocity, observing the highest death rates at 8.91 and 13.37 m’sir.min™'.m>cactor (Barbosa &
Wijffels, 2004). There is no research reported in the literature concerning the biological system
response due to shear stress on cyanobacteria cells, particularly on the biofuels-relevant strains of
Synechocystis sp. PCC6803. Moreover, most of the previous research was conducted at mixing
energy inputs that are 30, 100, or thousands order of times higher than is considered cost-
effective for industrial cultivation systems (Jones, Louw, & Harrison, 2017; Sanchez Mir6n,
Garcia Camacho, Contreras Gomez, Grima, & Chisti, 2000).

Industrial photobioreactors are used for large-scale cultivation of photoautotrophic
microorganisms, the most common types being the open raceway ponds and flat panel
photobioreactors (Microalgal Biotechnology: Potential and Production, 2013). Open raceway
ponds are constructed in a configuration with channels, using paddlewheel mixers that promote a
low shear environment (Oswald, 1988). Flat-panel photobioreactors are vertically translucent flat
plates, illuminated on both sides and stirred by aeration (Little, 1953). Unlike outdoor raceways
and outdoor photobioreactors, laboratory-scale experiments are rigorously controlled to create
ideal conditions for growth including ideal mixing rates, optimum light intensities, and optimized
media, which may lead to overestimation of photoautotrophic biomass and biofuels productivity
at industrial scale (Rawat, Kumar, Mutanda, & Bux, 2013). The light regime experienced by
photoautotrophic microorganisms under outdoor conditions is hypothesized to be one factor in
this difference in the performance of industrial systems. For instance, the light saturation of

Synechocystis sp. PCC6803 is at about 200 pmol photons.s !.m? (Kim, Vannela, Zhou, Harto, &
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Rittmann, 2010; Kim, Vannela, Zhou, & Rittmann, 2011), whereas photoautotrophic
microorganisms will face incident radiations of about 2000 umol photons.s™'.m ™ at noon in
locations such as Colorado (Quinn, Turner, & Bradley, 2012). Previous studies have estimated
that the total photoconversion efficiency of algae varies from between 2.6% (at high light) to
6.3% (at reduced light) (Weyer, Bush, Darzins, & Willson, 2010). These estimations assumed
that 46% of the spectrum is in the photosynthetic active radiation (PAR) range of 400 to 700 nm,
losses due to photon transmissions efficiency of 95%, photon utilization efficiency ranging from
10% to 30%, biomass accumulation efficiency of 50%, and biomass energy content of 21.9
kJ-g . Low photoconversion efficiency in photoautotrophic microorganisms exposed to real-
world light regimes is attributed to increased dark and photorespiration biomass losses (Drewry,
Choi, An, & Gharagozloo, 2015; Edmundson & Huesemann, 2015; Gharagozloo et al., 2014).
Some previous studies have investigated the effects of mixing rates on photoautotrophic
biomass productivities in industrial scale systems (Jones et al., 2017; Quinn et al., 2012;
Sompech, Chisti, & Srinophakun, 2012). Some of these efforts have identified optimum volumes
of air flow rates per unit volume (VVM) of photobioreactors that might be industrially relevant
for microalgae, generally between 0.2 to 1.2 m’sir.min'.m > eactor (Quinn et al., 2012). Many
others have considered mixing energy inputs that are far outside the energy consumption that can
be considered economic, or industrially relevant, ranging from 8 to 633 W.m™ (Jones et al.,
2017; Sanchez Miron et al., 2000). For raceway ponds, for instance, energy inputs from 1 to 2
W.m? are utilized in the algae cultivation demonstrations performed to date (Sompech et al.,
2012). Additionally, previous research states that mixing in industrial photobioreactors induces
flashing or dark/light cycles (Janssen, Tramper, Mur, & Wijffels, 2003; Vejrazka, Janssen,

Streefland, & Wijffels, 2011, 2012). For instance, by experimentally growing Chlamydomonas
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reinhardtii under incident radiations fluctuating between 5 Hz and 100 Hz, growth rates were
found to be linearly dependent on the light frequency. These previous efforts suggest that mixing
in photobioreactors controls the light regimes experienced by single cells, impacting the bulk
photosynthesis and biomass productivity of photoautotrophic microorganisms. However, other
studies demonstrated no improvements in algal productivity at light fluctuations from 0.038 Hz
to 1 Hz, modeled using a control timer to open and close a mini venetian blind device
(Grobbelaar, 1991). The frequencies in these latter experiments (<< 1 Hz), are more consistent
with the frequencies encountered in the circulation velocities for fermenters with a height to
diameter ratio less than 3 (< 60 seconds) and for airlift reactors with split-cylinders heights of
6.02 m. (6.5 seconds) (M. Y. Chisti, 1989), perhaps suggesting that light fluctuations are a
negligible component of the productivity benefits associated with highly mixed reactors.
Modelers and engineers have attempted to predict the fluid mechanics of raceway ponds,
and photobioreactors via Computational Fluid Dynamics (CFD) approaches (Ali, Cheema, Yoon,
Do, & Park, 2015; Labatut, Ebeling, Bhaskaran, & Timmons, 2015; Pires, Alvim-Ferraz, &
Martins, 2017), but modeling of these systems is complex and a series of simplifications are
generally required. For example, the conclusions from CFD models applied to investigate
velocity and heat transfer are weakened because all studies to date use average velocities as
boundary conditions (Sompech et al., 2012; Zhang, Qi, He, Yu, & Ruan, 2017), missing the
dynamics of the flow downstream of the paddlewheel. Similarly, turbulence intensity and the
impact of the difference in mixing energy inputs in open raceway ponds are not fully understood.
Turbulence intensities used in previous CFD applications for open raceway ponds have been
documented at 3.84% (Labatut et al., 2015), and at the default values recommended by

commercial CFD codes (Drewry et al., 2015; Pires et al., 2017; Zhang et al., 2017), ranging from
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5-10%. For the case of open channel flow, for instance, experimental turbulence intensities are
reported at 2.8% (Nezu & Rodi, 1986). Other previous research studied particle tracking with
neutrally buoyant particles in photobioreactors (Fernandes et al., 2017), but ignore the statistical
and temporal nature of turbulence modeling. Previous efforts have demonstrated well-mixed
conditions in open raceway ponds, but have considered paddlewheel speeds ranging from 15
RPM to 28 RPM (Al et al., 2015) equivalent to mixing energy inputs estimated at 4.5 W.m™ to
30 W.m™ or two to 15 times higher than used for industrial cultivation (McGowen et al., 2017;
Sompech et al., 2012). None of the reviewed studies have analyzed algae/cyanobacteria cell
motion using modern experimental fluid mechanics tools, and CFD tools at industrially relevant
mixing energy inputs.

Two modern methods for experimental fluid mechanics are particle image velocimetry
(PTIV) and Acoustic Doppler Velocimetry (ADV). PIV correlates the velocity of the fluid from
the distance traveled in a short period of time by neutrally buoyant particles, captured by laser
technology and high-resolution cameras (D. Adhikari & E. Longmire, 2012; Foeth, Van Doorne,
Van Terwisga, & Wieneke, 2006; Jeon & Sung, 2011; Khalitov & Longmire, 2002; Kiger & Pan,
2000). Biological applications include; for instance, aquatic predator-prey interactions (D.
Adhikari & E. K. Longmire, 2012), hydrodynamics of fish in aquatic environments (Gemmell,
Adhikari, & Longmire, 2014), and fluid transport by plankton aggregations (Wilhelmus &
Dabiri, 2014). ADV correlates the velocity of the fluid from the speed of sound of an acoustic
pulse (Kraus, Lohrmann, & Cabrera, 1994; Lohrmann, Cabrera, & Kraus, 1994). This technique
has been widely used to understand turbulence in natural and engineered civil works including
open channels (Blanckaert & Lemmin, 2006; Doroudian, Hurther, & Lemmin, 2007; Garcia,

Cantero, Nifio, & Garcia, 2007; Hurther & Lemmin, 2001; Nikora & Goring, 1998; Parsheh,
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Sotiropoulos, & Porté-Agel, 2010; Rusello & Cowen, 2011). A previous study utilized ADV to
describe the velocity field of raceway ponds (Chiaramonti et al., 2013), but did not consider the
timescales and turbulence conditions of these reactors. In general, there is a poor understanding
of the turbulence of flat-panel photobioreactors and open raceway ponds, and the impact of
turbulent mixing on the light and dark oscillations experienced by photoautotrophic
microorganisms is not conclusive.

Based on this understanding of the literature we seek to understand the role of turbulent
mixing on the fluid mechanics experienced by photoautotrophic microorganisms during
cultivation. Therefore, we conducted (i) pilot-scale fluid mechanics experimentation in open
raceway ponds and flat-panel photobioreactors at industrially relevant mixing energy inputs, and
(i1) applied computational fluid dynamics modeling and validation. By studying turbulence as a
function of mixing energy input in open raceway ponds and flat-panel photobioreactors, we aim
to understand the role turbulence plays in the motion of photoautotrophic microorganisms in
pilot-scale systems.

2. Materials and Methods

To evaluate the implications of turbulent mixing on the fluid mechanics experienced by
photoautotrophic microorganisms in pilot scale open raceway ponds and flat-panel
photobioreactors, we must understand the connections between fluid mechanics and
photoautotrophic microorganisms motion under different mixing energy inputs. The workflow,
illustrated in Figure 1, integrates parallel but complementary experimental and computational
fluid mechanics efforts. By incorporating laboratory experiments at industrially relevant mixing
conditions, we can generate comparison and validation between laboratory and industrial scale

modeling and experimentation.
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2.1 Flat-Panel Photobioreactors Configuration
To validate the CFD models, we performed experimental work under various mixing
energy inputs to the flat-panel photobioreactor. As illustrated in Figure 2, fluid mechanics
experimentation was carried out in one replicate of 1L flat-panel photobioreactors made in
acrylic with the surface to volume ratio of 112 m*>-m™ 3. The experiments were at water depths of
20 cm. The systems were mixed by sparged air at the bottom of the flat-panel photobioreactors at
industrially relevant mixing inputs of 0.7, 0.35, and 0.17 m® of air per minute per cubic meter of
the reactor, commonly referred as VVM (Quinn et al., 2012). The equivalent mixing energy
inputs used in the flat-panel photobioreactors experiments were 1.94, 0.97, and 0.47 W.m™.
2.2 Open Raceway Pond Configuration
As illustrated in Figure 3, the open raceway pond fluid mechanics experimentation was
carried out in one replicate 700L fiber-reinforced plastic raceway at water depths of 20 cm. The
system included a paddlewheel provided with a 90V DC Gearmotor with a rated torque of 33 in.-
Ib, controlled by an IronHorse DC drive to mix the cultures. The mixing energy inputs used in
the open raceway pond experiments were 2.1 W.m> and 0.7 W.m?. We conducted additional
experiments at 0.10 W.m?, an order of magnitude lower than reported in the literature for
industrial systems (Sompech et al., 2012).
2.3 Experimental and Computational Fluid Mechanics Methods
To understand the physics of the open raceway ponds and flat-panel photobioreactors we
applied a variety of fluid mechanics tools including Particle Image Velocimetry (PIV), Acoustic

Doppler Velocimetry (ADV), and CFD.
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2.1 Flat-panel photobioreactors fluid characterization by PIV

The velocity field of flat-panel photobioreactors was measured in 2-dimensions (x-
velocity and y-velocity components) using PIV. We used mixing energy inputs at 0.47 W.m>,
0.97 W.m>, and 1.94 W.m? in the study of the flat photobioreactor. The study utilized 20 mm
PMMA Rhodamine-B particles, Nd:YLF Single Cavity Diode Pumped Solid State High
Repetition Rate, laser with 0.2 mm thick measurement plane, double frame CMOS camera,
DaVis software for processing 999 samples at 500 hz, and 32x32 double pass followed by a
12x12 single pass interrogation window. Turbulence characterization is described in detail in the
next section.

2.3.2 Open raceway pond fluid characterization by ADV

The velocity field in the open raceway pond was measured in 3-dimensions (x-velocity,
y-velocity, and z-velocity components) using ADV. We measure fluid velocities at three
different cross sections (CS): (i) downstream of the paddlewheel, (ii) at the first turn, and (iii) at
the straight channel. At each cross-section, we collected data in a 5X5 matrix with a Vectrino
plus firmware + NORTEK. We collected 60,000 ADV samples at 50 Hz at each point. We
repeated the experiment at mixing energy inputs of 2.1 W.m>, 0.7 W.m>, and 0.1 W.m>. We
describe turbulence by Reynolds decomposition, which includes the steady mean velocity (U)
and the fluctuating component (u'(t)) from the experimental data (Eq. 1) (Pope & Pope, 2000).
The mean fluctuating components in 3-dimensions was used to compute turbulence kinetic
energy (k) (Eq. 2) (Pope & Pope, 2000). Lastly, turbulence intensities, defined as the ratio of the
velocity fluctuations (u') to the mean velocity (U) were computed from the experimental data
(Eq. 3) (Russo & Basse, 2016; Schlichting & Gersten, 2016).

u(t) =U+u'(t) Eq. 1

11
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k =1/2x (u’xz + u’y2+u’z2 Eq.2

I

M
<€

Eq.3

20 Characterizing cell motion by CFD

To understand the frequency of photoautotrophic microorganism’s motion in flat-panel

photobioreactors and open raceway ponds, we obtained particle tracks from the CFD models in a
Lagrangian representation of the flow. We computed the length and time scales from
Kolmogorov microscales (Pope & Pope, 2000; Tennekes & Lumley, 1972; Versteeg &
Malalasekera, 2007). The smallest length scales of motion (1) are computed by dimensional
analysis as a function of the largest length scale (1) and the Reynolds number (Re) (Eq. 4), and,
the smallest time scales (7) are a function of the largest time scale (T') and the Reynolds number
(Eq. 5). The viscous sub-layer in contact with a smooth wall is computed from a linear
relationship between the mean velocity (U), wall shear stress (t,,), viscosity (u), and the distance

from the wall (y) (Eq. 6) (Pope & Pope, 2000; Versteeg & Malalasekera, 2007).

l

N=rsn Eq. 4
T

T:Re_l/z Eq5
U

The characteristic length of the flat-panel photobioreactor and open raceway pond are 0.20
m. and 0.46 m., respectively. The Reynolds number of the flat-panel photobioreactors for mixing
energy inputs 0of 0.03 W.m>, 0.47 W.m?, and 0.97 W.m? are 2.9E? 3.6E? and 4.1E>,
respectively. For the case of the open raceway pond, the Reynolds number at 0.1 W.m™, 0.7
W.m>, and 2.1 W.m? are 3.5E*, 6.8E*, and 9.3E*, respectively. The wall distance at 0.1 W.m,

0.7 W.m?>, and 2.1 W.m> are 0.0009 m, 0.0005 m , and 0.0002 m, respectively. We designed the
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meshes of the flat-panel photobioreactor and open raceway pond at length scales of 0.0008 m.
and 0.002 m., respectively, in Trelis 16.3. We developed CFD models in ANSYS Fluent 16.1 for
the flat-panel photobioreactor and open raceway pond. The inlet velocity measured from PIV and
ADV (Sections 2.3.1 and 2.3.2), and the turbulence intensities, were used as boundary conditions
for the flat-panel photobioreactor and open raceway pond. The finite volume method was
selected to guarantee conservation of mass, and Direct Numerical Simulation (DNS) was applied
(Moin & Mabhesh, 1998; Versteeg & Malalasekera, 2007). The time steps used for flat-panel
photobioreactors CFD simulations were 0.02 seconds for mixing energy inputs of 0.03 W.m™,
0.47 W.m>, and 0.97 W.m>. We performed CFD simulations for the case of the open raceway
pond, at 0.1 W.m>, 0.7 W.m>, and 2.1 W.m™ at time steps of 0.2, 0.1, and 0.05 seconds,
respectively. We validated the CFD results against experimental velocity in x-velocity data. This
validation was accomplished by comparing the experimental and CFD results as illustrated for
the open raceway pond in the Supplementary Material (Figure AS). In figure AS, we represent
the height (y) of the reactor normalized to half the water column (H/2) as a function of the
normalized velocity, defined as the final velocity normalized to the velocity at half the water
column.

To understand the influence of turbulent mixing on the motion of photoautotrophic
microorganisms, we computed artificial particle tracks in the flat-panel photobioreactor and open
raceway pond by integrating the CFD velocity field (Pope & Pope, 2000). Using particle tracks
to model the paths of the cyanobacteria cells in the raceway or photobioreactor assumes that the
cells are neutrally buoyant and that inertial forces dominate over gravity and buoyancy forces.
From the particle tracks (x(n), x(n — 1)), we computed the frequency of motion of these

particles in the depth or y-axis of the reactors with respect to the moving average of each particle
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position. The moving average (y(n)) is computed as the mean value by considering an equal
number of data points at each side of the central value, known as the sample window (SW) (Eq.
7) (Schafer & Oppenheim, 1989). The sample window for the flat-panel photobioreactor and
open raceway pond are 100 and 1000 points. Lastly, the natural frequency (f) is computed as the
number of oscillations (n) cyanobacteria cells pass by the top of the chamber, divided by the
time length (Ly). The time length of the flat-panel photobioreactors and the open raceway pond
are 60 seconds and 15 seconds.. The moving average and frequency were computed from five

samples for the flat-panel photobioreactor and open raceway pond.

y(M) = —* (x(n) + x(n — D+...+x(n — (SW — 1))) Eq7

f=— Eq 8
To understand the spectrum and dissipation of eddies as a function of mixing energy inputs
in the open raceway ponds, we computed the spectral energy and turbulent dissipation rate (Pope
& Pope, 2000; Versteeg & Malalasekera, 2007). The calculation of the spectral energy (¢€) can
vary in the wavelength as denoted in equations 11 to 13, being a function of viscosity (v)
(Equation 9), turbulence kinetic energy (k), a ~1.5, wavenumber (w) (Equation 10),
characteristic length (1), and the mean velocity (u) (Pope & Pope, 2000; Versteeg &
Malalasekera, 2007). The turbulent dissipation rate is a function of ¢, ~0.09, k, and | (Pope &
Pope, 2000). Spectral energy and turbulent dissipation rate were computed in the open raceway

pond at mixing energy inputs 0.1 W.m>, 0.7 W.m>, and 2.1 W.m>.

v=u/p Eq9
w=2*1m/n Eq 10
§ = vt gl Forn < 0.001 Eq 11
S=a*xw™>3%k¥® Forl =n=0.001 Eq 12
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3. Results and Discussion

We synthesize the results of this research into three aspects. First, we present the flat-panel
photobioreactor experimental fluid mechanics results and discuss the motion in these systems.
Second, we present the open raceway pond experimental fluid mechanics results and focus the
discussion on novel contributions to the field by understanding the turbulence intensities with
differences in mixing energy input. Third, we evaluate the impact of differences in mixing
energy inputs in the motion of photoautotrophic microorganisms by applying the validated CFD
models to both flat-panel photobioreactors and open raceway ponds.

3.1 Flat-panel photobioreactor flow characterization

The velocity field of the flat-panel photobioreactor at low and high mixing energy inputs are
illustrated in Figure 4. The mean velocity computed from PIV at mixing energy inputs of 0.47
W.m>,0.97 W.m? and 1.94 W.m? are 0.015 m.s™, 0.018 m.s™!, and 0.020 m.s!, respectively.
For mixing energy inputs of of 0.47 W.m?>, 0.97 W.m™ and 1.94 W.m? the turbulence intensities
are 1.4%, 1.2%, and 1.0%, respectively.Turbulent dissipation for these mixing energy inputs are
1.3E° m?.s?, 1.7E° m%.s>, and 1.5E”° m?.s™.

These turbulence dissipation rates we obtained are from about four order of magnitudes
smaller than those used by Xiao et al. (2016), in their measurements of maximized phosphorous
uptake rates and growth decay in different cyanobacteria strains. These results demonstrate the
significant differences in the fluid environments maintained under industrially relevant mixing
energy inputs relative to laboratory conditions, impacting the biological responses of

photoautotrophic microorganisms.
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The buoyancy of air bubbles supplied by the air sparger drives the flow circulation in the
pilot flat-panel photobioreactors. Buoyancy of an air bubble is a function of bubble size, and the
orifice size primarily dictates the bubble sizes on the air sparger. This physics can be analytically
described by Stokes Equation (Eq. 15). For small bubbles shaped as spheres due to surface
tension, the bubble velocity is a function of gravity (g), bubble diameter (d), dynamic viscosity

of liquid (p), density of liquid (pygeer ), and the density of air bubble (04, zuppie) (Stokes, 1880;

Talaia, 2007). Because bubble buoyancy and therefore bubble velocity is relatively constant at
all sparge rates, the velocity of the entrained fluid above the air sparger is relatively constant.
The flow circulation in the flat-panel photobioreactors, as a result, is relatively constant over the

span of industrially relevant mixing energy inputs studied in our research.

Pwater—P gir Bubble)

Velocity = % * g * d? ( "

Eq. 15

This model explains how the experimentally measured mean velocity of the photobioreactors
is relative constant, even under a 4x increase in mixing energy.

3.2 Pilot-scale open raceway pond flow characterization

By applying experimental ADV, we seek to understand turbulence as a function of

industrially relevant mixing energy inputs in pilot open raceway ponds. The experimental
velocity components (X, y, z) downstream of the raceway paddle wheel are illustrated for the 2.1
W.m™ mixing energy input in Figure 5. The Supplementary Material (Figure A2) illustrates the
instantaneous velocity measured at each point in the cross-section. We computed the velocity
magnitude, turbulence dissipation rates, and turbulence intensities from these experimental data.
Turbulence intensities, downstream from the raceway paddlewheel, are illustrated in Figure 6.

We used these experimental velocities and turbulence intensities as boundary conditions

of the CFD models. We computed the velocity field of the fluid domain in the open raceway
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pond by CFD models at mixing energy inputs 0.1 W.m>, 0.7 W.m>, and 2.1 W.m" (Figure 7 and
Figure A3). Figure 7 illustrates the velocity field of the CFD model at mixing energy inputs of
0.1 W.m>. We validated the CFD models against experimental data measured at the 2nd and 3rd
cross-section of the open raceway pond, located in the first turn and the straight channel as
illustrated in the Supplementary Material (Figure Al and AS5).

These results demonstrate that previous studies applying CFD to open raceway ponds
have overestimated boundary condition and mean turbulence intensities. At mixing energy inputs
of 0.1 W.m>, 0.7 W.m?, and 2.1 W.m" the velocity magnitudes computed from the experimental
ADV data downstream of the raceway paddlewheel are 0.08 m.s™, 0.15 m.s™!, and 0.21 m.s".
Turbulence dissipation rates at these industrially relevant mixing energy inputs are 6.1E* m?/s,
2.8E7 m?/s?, and 1.1E* m?*/s>. For example, turbulence dissipation rates at mixing energy
inputs of 0.1 W.m™ and 0.7 W.m™ were found to be three and two order of magnitudes smaller
than used by Xiao et al. (2016).

Turbulence intensities computed from our experimental work in a pilot open raceway
pond at 0.1 W.m?, 0.7 W.m?, and 2.1 W.m? are 1.02%, 1.05%, and 1.25%, respectively (Figure
9.6). We observed low-quality data in the upper left point at a mixing energy input of 0.1 W.m?,
with a low signal-to-noise ratio (below ten with no significant implication for the average value
calculation). The turbulence intensities used by Labatut et al. (2015) are about three to four times
higher than what our research has measured at industrially relevant mixing energy inputs.. The
turbulence intensities used by Drewry et al. (2015), Pires et al. (2017), and Zhang et al. (2017)
are four to ten times higher than was found in our experimental work. Overestimated turbulence
intensities, as a result, can impact the flow dynamics and turbulence in these open raceway

ponds, leading to erroneous CFD results. By validating our CFD model with ADV data under
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different mixing energy inputs, we have found that the results of the CFD models were sensitive
to these boundary conditions, including velocity profiles and turbulence intensities. The
Supplementary Material (Figure AS5) illustrates the validation of the open raceway pond CFD
model.

3.3 Differences in mixing energy have no significant impact on the frequency of cells motion

Finally, we observed that varying mixing energy inputs had no significant effect on the
frequency of fluid motion in the flat-panel photobioreactors and open raceway ponds. By
conducting experimental and computational fluid mechanics, we have demonstrated that the
frequencies of light/dark cycling experienced by photoautotrophic microorganisms cultures in
flat-panel photobioreactors and open raceway are not influenced at industrially relevant mixing
energy inputs. We have demonstrated this by computing the frequency of this light/dark cycling
(Figure 8) from randomly selected particles traveling in the flat-panel photobioreactor and open
raceway pond (Figure A4).

In the flat-panel photobioreactor, the frequency of motion of the photoautotrophic
microorganisms is driven by the buoyancy of air bubbles, in which frequencies of this motion at
mixing energy inputs of 0.47 W.m>, 0.97 W.m™> and 1.94 W.m™ are 0.036 Hz, 0.032 Hz, and
0.038 Hz, respectively. By performing a one-way analysis of variance (ANOVA), we conclude
that differences in mixing energy inputs have no significant impact on the frequencies of fluid
motion (and therefore organism light exposure), as illustrated in Figure 8. The frequencies of
flashing lights used by Janssen, Tramper, Mur, & Wijffels (2003) and Vejrazka, Janssen,
Streefland, & Wijffels (2011, 2012) are from about 13 to 300 times higher than observed in our
experimental work at industrially relevant mixing energy inputs. Our frequencies of motion are

consistent with the frequencies studied by Grobbelaar (1991) and the frequencies estimated for
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fermenters by M. Y. Chisti (1989). Our results demonstrate that the buoyancy of air bubbles
drives flow circulation in flat-panel photobioreactors, maintaining a relatively constant
circulation in the reactor regardless of variation in mixing energy input.

In the pilot open raceway pond, the frequency of motion of the photoautotrophic
microorganisms is not significantly impacted by changes in industrially relevant mixing energy
inputs. Frequencies of motion at mixing energy inputs of 0.1 W.m>, 0.7 W.m>, and 2.1 W.m"
are 0.272 Hz, 0.364 Hz, and 0.358 Hz. By performing a one-way ANOVA of these frequencies,
we found no significant impact due to differences in mixing energy input (Figure 8). Similar to
the results for the photobioreactors, the frequencies of flashing lights used by Janssen, Tramper,
Mur, & Wijffels (2003) and Vejrazka, Janssen, Streefland, & Wijffels (2011, 2012) are from
about 1 to 40 order of magnitudes higher than observed in our experimental work at industrially
relevant mixing energy inputs. Our frequencies of motion are consistent with the frequencies
estimated for airlift reactors by M. Y. Chisti (1989). Since the light/dark cycling frequencies
experienced by the photoautotrophic cells are not significantly impacted by mixing energy input,
our research suggests that well-mixed conditions exist at the mixing energy levels used in
industrial open raceway ponds, and that increased mixing rates do not improve cultivation
productivity by changing the light regime of the culture.

The spectral energy computed for mixing energy inputs in a pilot open raceway pond at
0.1 W.m3, 0.7 W.m>, and 2.1 W.m™ (Figure 9) follows the vortex stretching process described
in the turbulence literature including Pope & Pope (2000) and Versteeg & Malalasekera (2007).
In this process, the largest eddies extract energy from the mean velocity, eddies are stretched as
one end moves faster than the other end, and angular momentum is conserved as eddies are

dissipated. Therefore, as eddies dissipate, the rotation of eddies increase and cross-section radius
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of eddies decrease. Dissipation of energy occurs faster at higher mixing energy inputs, 0.7 W.m?
and 2.1 W.m? as illustrated in figure 9, where turbulence kinetic energy and turbulent dissipation
rate are higher. The characteristic length (L) is theoretically constant regardless of mixing energy
input, as it is theoretically a function of the open channel height (H) and width (W) of the open
raceway pond (Eq. 16). The convective time scales, however, are reduced with increased mixing
energy because increases in the input velocity magnitude (U) increases the frequency of largest
eddies in the system (Eq. 17). Although input velocity magnitudes at high mixing energy inputs
(2.1 W.m?) are about three times higher than at low mixing energy inputs (0.1 W.m™), kinetic
energy is dissipated about 18 times faster at mixing energy inputs of 2.1 W.m™ as illustrated in
the experimental turbulence dissipation rates in section 3.2 and in the Supplementary Material
(Figure A6). This analysis suggests that despite the increase of largest eddy frequency (Figure 9)
at high mixing energy inputs, turbulence dissipation decreases the frequency of cell motion in

open raceway ponds (Figure 8).

4xH+W
= 2eHtW Eg: 16
Convective Time Scales = % Eq. 17

These results demonstrate that differences in mixing energy input have no significant impact
on the overall light/dark cycling frequecies experienced by photoautotrophic cells in pilot flat-
panel photobioreactors and open raceway ponds. These results provide evidence to disprove the
hypothesis that light regime experienced by photoautotrophic organisms influences their
productivity, over the range of industrially relevant mixing energies and mechanisms considered
here. Alternative hypotheses, describing the effects of mixing energy input on the thermal,

chemical, and biological response of these organisms is not addressed in this research.
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4. Conclusions

A combination of experimental and computational fluid mechanics measurements has been
used to quantify the mixing conditions in pilot flat-panel photobioreactors and open raceway
ponds. Our experimental and computational work has demonstrated that differences in mixing
energy do not have a significant impact on the frequency of microorganisms’ motion within the
cultviation systems, and therefore do not influence the light/dark dynamics of the light regime
experienced during cultivation. These measurements provide new boundary condition
measurements as inputs for photobioreactor and raceway pond CFD practitioners, and
demonstrate CFD results validated using a variety of experimental techniques.
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Supplementary Material: Pilot-scale open raceway ponds
and flat-panel photobioreactors maintain well-mixed

conditions under a wide range of mixing energy inputs

Carlos Quiroz-Arita', Myra L. Blaylock?, Patricia E. Gharagozloo®, David Bark', Lakshmi
Prasad Dasi*, Thomas H. Bradley'

"Mechanical Engineering, Colorado State University, Fort Collins, CO 80524, USA
2Sandia National Laboratories, Livermore, CA 94551, USA

3 Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

“Department of Biomedical Engineering, The Ohio State University, Columbus, OH 43210, USA

1. Experimental and Computational Fluid Dynamics of Open Raceway Pond

To understand the frequency of photoautotrophic microorganism’s motion in flat-panel
photobioreactors and open raceway ponds, we obtained particle tracks from the CFD models in a
Lagrangian representation of the flow. The finite volume method was selected to guarantee the
conservation of mass, and Direct Numerical Simulation (DNS) was applied to obtain precise
details of turbulence (Moin & Mahesh, 1998; Versteeg & Malalasekera, 2007), influencing the
motion of photoautotrophic microorganisms. We computed the velocity field of the fluid domain
in the open raceway pond by CFD models at mixing energy inputs 0.1 W.m>, 0.7 W.m>, and 2.1
W.m? (Figure 7 and Figure A3). Figure 7 illustrates the velocity field of the CFD model at

mixing energy inputs of 0.1 W.m>. We validated the CFD models against experimental data
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measured at the second and third cross-section of the open raceway pond, located in the first turn
and the straight channel as illustrated in the Supplementary material (Figure A1 and AS). By
integrating experimental and computational fluid mechanics, we have represented the physics in
pilot scale environments, demonstrating the fluid dynamics in flat-panel photobioreactors and
open raceway ponds do not influence the overall light experienced by photoautotrophic
microorganisms cultures. We have demonstrated this by computing the frequency of this motion
(Figure 8) from randomly selected particles traveling in the flat-panel photobioreactor and open

raceway pond (Figure A4).

31 CS
2nd CS

Figure A1l. Open raceway pond Coordinates. The x-velocity follows the flow direction
downstream the paddlewheel. The y-velocity points toward the vertical wall of the raceway
pond. The z-velocity point towards the bottom of the raceway pond. The first cross-section (CS)
is located downstream of the paddlewheel. The second CS is located on the first turn of the

channel. The third CS is located in the straight channel behind the paddlewheel.
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Figure A3. DNS based CFD model of open raceway pond at mixing energy inputs of 0.1 W.m™

(left figure), 0.7 W.m™ (middle figure) and 1.94 W.m™ (right figure).
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Figure A4. Photoautotrophic microorganism cell motion open raceway pond at flat-panel

photobioreactor (left figure) and open raceway pond (right figure).
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