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Abstract: Microalgae can be raw materials for the production of clean energy and have great potential
for development. The design of the microalgal photobioreactor (PBR) affects the mixing of the algal
suspension and the utilization efficiency of the light energy, thereby affecting the high-efficiency
cultivation of the microalgae. In this study, a spiral rib structure was introduced into a tubular
microalgal PBR to improve the mixing performance and the light utilization efficiency. The number
of spiral ribs, the inclination angle, and the velocity of the algal suspension were optimized for
single-sided and double-sided parallel light illuminations with the same total incident light intensity.
Next, the optimization results under the two illumination modes were compared. The results showed
that the double-sided illumination did not increase the average light/dark (L/D) cycle frequency of
the microalgae particles, but it reduced the efficiency of the L/D cycle enhancement. This outcome
was analyzed from the point of view of the relative position between the L/D boundary and the
vortex in the flow field. Finally, a method to increase the average L/D cycle frequency was proposed
and validated. In this method, the relative position between the L/D boundary and the vortex was
adjusted so that the L/D boundary passed through the central region of the vortex. This method can
also be applied to the design of other types of PBRs to increase the average L/D cycle frequency.

Keywords: tubular microalgal photobioreactor; orthogonal test; light/dark cycle frequency; light/dark
boundary; vortex

1. Introduction

Energy and environmental issues are a serious concern in the contemporary world.
The consumption of conventional fossil fuels has brought not only air pollution, but also an impending
energy crisis. Microalgae are coming into view because of their vast potential for substituting for
traditional fossil fuels. Many species of algae accumulate carbohydrates during their growth from
which ethanol can be produced by the microorganisms’ anaerobic fermentation [1]. Ethanol mixed
with gasoline, named biogasoline, is used as an automotive fuel. As oil microorganisms, certain algae
have an advantage in their ability for oil production over oil crops such as the coconut and the Jatropha
curcas, reaching 700 gallon per hectare while 285 gallon for the coconut and 201 for the Jatropha
curcas [2]. Recently, an efficient way to generate methane from whole algae biomass was published
with conversion efficiency of 84% [3,4]. In the environmental industry, microalgae can play a vital
role; they can absorb carbon dioxide from waste gas as inorganic carbon and inorganic substances
from contaminated water as nutrients [5], which would relieve green-house gas emission and water
pollution to some degree.
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However, the productivity of microalgae is limited under natural conditions and cannot meet
the demand for high-efficiency production. Therefore, increasing the productivity of microalgae has
become an urgent problem that must be solved. There are two ways to increase the productivity of
microalgae. The first is by changing the microalgae itself, such as mutagenesis [6-9], and screening out
high-quality microalgae, and the second is by providing suitable growth conditions for the microalgae,
such as designing a suitable photobioreactor (PBR) for microalgae culture. PBRs are available in
both enclosed and open configurations. Open PBRs include raceway ponds and circular ponds,
where raceway ponds are commonly used open PBRs. The advantage of raceway pond PBRs is that
they can culture a large amount of algae at one time and have a simpler structure than other types of
reactors. However, the open structure of raceway ponds can lead to contamination of the microalgae by
microorganisms in the environment. In addition, the large contact surface between the algal suspension
and the air causes significant evaporation of water from the medium and requires regular water
replenishment. Enclosed PBRs can generally be divided into column PBRs, flat-plate PBRs, and tubular
PBRs [10]. Tubular PBRs have a high specific surface area, the ability to cultivate continuously, flexibility
in system control, and high photosynthesis efficiency [11]. Moreover, the photosynthetic efficiency of
tubular PBRs fluctuates little during the day compared to that of flat-plate PBRs. Therefore, enclosed
tubular PBRs are the most commercially promising type of PBRs other than raceway pond PBRs [11,12].
In a tubular PBR, the microalgae are first pumped from the aeration tank to the tube and receive light
in the tube for photosynthesis; then, oxygen generated by photosynthesis is discharged at the aeration
tank, and the algal suspension is pumped into the tube for the next cycle.

Light is an important condition for algae growth. Research [13,14] has shown that for
photoautotrophic algae cells, the highest productivity cannot be achieved under continuous and
strong illumination. In contrast, the light utilization efficiency of algae cells can be enhanced under
cyclic light/dark (L/D) conditions [13,14]. In addition, many studies have found that in microalgae
cultures, with all other conditions being constant, the concentration of microalgae is positively correlated
with the average L/D cycle frequency of the microalgae, which means that the higher the average L/D
cycle frequency is, the higher the concentration is [15-19]. Therefore, the average L/D cycle frequency
can be used to evaluate the photosynthetic efficiency of microalgae in the reactors. How to increase the
average L/D cycle frequency has become the focus of the design of tubular PBRs.

When designing a tubular microalgal PBR, the average L/D cycle frequency of the microalgae can
be increased by adding a static mixer or by changing the structure of the tube. Perner-Nochta et al. [20]
increased the L/D cycle frequency of microalgae particles by inserting a helical static mixer into a
tubular PBR. The results showed that the L/D cycle frequency of the particles obtained in the tube with
the helical mixer was 3-25 Hz, which was a significant increase compared to that obtained in a tube
without mixers (0.2-3 Hz). Gémez-Pérez et al. [21] simulated the effect of wall turbulence promoters
in a tubular PBR and found that the mixing behavior of the PBR was enhanced after the addition of
wall turbulence promoters. Qin et al. [22] modified the tube structure and found that the addition of
discrete inclined ribs on the tube wall increased the L/D cycle frequency of the algae cells. The highest
L/D cycle frequency was obtained when two pairs of ribs with a rib length ratio of 5 were used.

Although the use of a static mixer and the modification of the tube structure can increase the
average L/D cycle frequency in a tubular PBR, they also result in an increase in the energy loss along
the flow path, thereby increasing the energy consumption of the reactor. Zhang et al. [23] investigated
a helical static mixer to improve the mixing performance in a tubular PBR. Numerical simulation
results showed that a vortex centered on the tube axis formed, intensifying the L/D cycle of the algae
cells. Outdoor cultivation experiments showed that the biomass productivity (Chlorella sp.) in the
tubular PBR with the helical static mixer was 37% higher than that in a PBR without the helical static
mixer. However, the calculation of the fluid pressure drop showed that the energy consumption of
the PBR with the helical mixer was 0.3 ] kg™! m~!, which was 2106% higher than that of a plain PBR
(0.0136 ] kg™! m™!). Thus, it is suggested to pay attention to the increase in energy consumption while
increasing the average L/D cycle frequency using a built-in static mixer or by modifying the tube
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structure. To comprehensively consider the effects of mixer addition or the reactor structure on the
average L/D cycle frequency and the energy consumption, Qin et al. [22] proposed the concept of the
efficiency of the L/D cycle enhancement and used this parameter to evaluate the economic performance
of mixers or rib structures in enhancing the L/D cycles [24,25].

A static mixer is an independent structure inserted in a plain PBR. The addition of a static mixer
increases the complexity of the overall reactor structure and causes difficulties in reactor cleaning.
In addition, the complicated mixer structure greatly increases the friction head loss, which increases
energy consumption. Therefore, this study attempted to improve the mixing performance of a tubular
PBR by modification of the tube structure. Spiral ribs were added to the tube wall. The effect of
the spiral ribs on the photosynthetic efficiency of the microalgae was evaluated using the average
L/D cycle frequency. The relative increase between the average L/D cycle frequency and the energy
consumption was evaluated based on the efficiency of the L/D cycle enhancement. The effects of
various factors on the L/D cycle performance of the microalgae particles in the reactor were studied
using the orthogonal method, and the optimal structural parameters and operating parameters were
obtained. The optimization effects under single-sided and double-sided light illuminations were
compared. The underlying causes affecting the L/D cycle performance and a method to improve the
L/D cycle performance were analyzed based on the idea of the synergy between the flow and light
fields. This study aims to promote the growth of microalgae by optimizing the structure of a PBR and
to provide theoretical guidance for the design and manufacturing of microalgal PBRs.

2. Methodology

2.1. Mathematical Models

To optimize the structural and operating parameters of a tubular PBR, it is necessary to simulate
the flow in the tube, which involves simulations of the velocity field, pressure field, and particle
trajectories. The related fluid dynamic models include a turbulence model and a particle tracking
model. In addition, it is necessary to simulate the light field inside the tube, which involves a light
model. The PBR is assumed to operate under stable conditions, the changes in the physical properties
of the fluid are neglected, and the flow in the reactor is defined to be incompressible. In the actual
production process, the algal suspension is mixed with microbubbles. However, because the bubbles
are small, the volume ratio of the bubbles to the algal suspension is small, and thus the influence of the
bubbles on the flow of the algal suspension is negligible. Therefore, the flow of the algal suspension
can be simplified as a single-phase flow in the simulation.

2.1.1. Turbulence Model

The shear stress transport (SST) k-w turbulence model is a two-equation model that can fit both
low Reynolds number flows and high Reynolds number flows. In this turbulence model, the turbulent
shear force caused by the turbulent fluctuation of the fluid near the wall is taken into consideration,
describing the properties of the turbulence more accurately [26]. In this study, 0.4, 0.5 and 0.6 m/s are
selected as the inlet velocity. The temperature of the algae suspension is set to 25 °C. The density and
kinematic viscosity of the algae suspension are similar to those of water [27] and are set to 997.13 kg m~3
and 0.9055 x 107® m? s7!, respectively. The diameter of the PBR is taken as 50 mm in this work,
as shown in Section 2.3.1. Then, the corresponding Reynolds numbers are 22,087, 27,609 and 33,131.
The governing equations are as follows:

Continuity equation:

aui
o 0 1)
Momentum equation:
duuj I J . du

p &’x]- = _3_xi + (9_361[”(8_39 _P”i”]‘)] )




Processes 2019, 7, 619 40f 24

Transport equation:
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where Gy is the kinetic energy generated by the average flow velocity gradient and is given by

Gk = min(— pu w2, 10pfkw); Gw = a%Gi; Yk = ppkwand Y, = ppw? are the k and w dissipations,

j 8x
respectively, caused by the turbulent flow; Dy, = 2(1~Fy)p; le - gf g;’ where F is a blending function
and is defined by [28]
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In Equation (5), D is a constituent part of D, and is expressed by

D} = max[Zpiég—;g’—z, 10—10] (6)

Other constants for the model are as follows [28]: 01 = 1.176,0,1 = 2.0, 0x2 = 1.0,04 2 = 1.168,
a1 =031, B;1 = 0.075, Bin = 0.0828, a%, = 1, aeo = 0.52, a9 = 3, B = 0.09, ;i = 0.072.

A higher flow rate will subject the algae cells to a greater shear stress. However, if the flow rate
is too small, the cells will easily deposit. Research has shown that flow at a speed of approximately
0.5 m s~! is beneficial to the growth of microalgae and the mixture of the algae suspension [20,29].
Therefore, to meet the requirement of mass transfer and limit the flow shear force, the inlet velocity u;,
is set as 0.5 m s7!. The results for the inlet velocities of 0.4 m s™! and 0.6 m s™! are also obtained to
study the effect of the flow rate on the L/D cycle performance of the algae cells. The outlet boundary is
a pressure outlet, and the outlet pressure is 1 atm. The convergent reference parameters are k, u, v and
w in the flow field. For all parameters, the convergence criteria is set to 1 x 107°.

2.1.2. Particle Tracking Model

The trajectory of a discrete phase can be calculated by the Euler-Lagrange method [15,30,31] based
on the velocity field and pressure field in the reactor. The force equilibrium equations are

d”p - §(Pp -p) =
G FD( —up)+ oo —+F (7)
18u CpRe
Fp=—% ®)
del% 24

where  is the fluid velocity, Zt)p is the velocity of a tracked particle, u is the fluid dynamic viscosity,
p is the fluid density, and py, is the density of the tracked particles. dj, is the particle diameter, and Re is

d — -
ezppluP ul F(

the particle Reynolds number, which is defined as R R p) is the specific drag force

on the particles, and £lep=p) represents the gravity acting on unit mass particles. F is a combination of

additional forces 1nclud1ng Saffman’s lift force, the virtual mass force and others. The trajectory of each
particle can be obtained by stepwise integrating

dx = updt )
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over discrete time steps.

Pruvost et al. [30] demonstrated the validity of the Discrete Random Walk (DRW) model as a
particle tracking model to simulate algae cells’ trajectories in microalgal PBRs by PIV experiments.
When the DRW model is applied to the simulation of the algae trajectory, some assumptions need to
be made. In this paper, Chlorella was selected as the research object. Chlorella cells are assumed to be
inert spheres with a diameter of 10 microns [32,33], and their density is assumed to be 1050 kg m~3.
The gravity is taken into account [34]. The drag force and gravity are much larger than the Saffman’s

lift force and virtual mass force [23], so the additional forces (represented by F in Equation (7)) can be
ignored. Chlorella’s average diameter is smaller than the Kolmogorov scale, so the influence of the
algae cells on the flow field is ignored [24]. In addition, the inner wall of the tube is assumed to be a
reflective surface.

2.1.3. Light Transfer Model

The Cornet model is used to calculate the light profile in the tubular PBR in this study. This model
is proposed on the basis of the Schuster [35] hypothesis, assuming that the light field remains isotropic
and that the light scattering and absorption can be calculated separately by the light absorption ratio
and scattering ratio. The variation of the illumination intensity along a given direction can be calculated

by the formula [36]

I 40(1
oo 7 o F— (10)
0 (1+ap)ex2—(1-ay) e x

Ea
_ 11
“ E. +E. (1)

ar = (Ea+Es)-a1-X:pg (12)

where E, is the absorption coefficient of the microalgae suspension [m? g~!], E; is the scattering
coefficient [m? g_ll, X is the concentration of the microalgae [g L7!], and pd is the light distance [m)].
At present, the concentration of microalgae cultured in the photobioreactor is generally
1.1 g L71~2.68 g L7! [23,30,37]. In this paper, the concentration is selected as X = 1.3 g L™! [15].
According to the experiment, E, = 0.0014 m? g~! and Eg = 0.9022 m? g~! for Chlorella vulgaris [38].

2.2. Evaluation Parameters

2.2.1. The Average L/D Cycle Frequency

The dichotomy method is often used to calculate the L/D cycle frequency. In PBRs, the light
intensity decreases with the increase in the light path due to the absorption and scattering of the algae
suspension. A light zone is defined as an area where the light intensity is stronger than the critical
light intensity, and a dark zone is defined as an area where the light intensity is lower than the critical
light intensity [20]. At the location of the separation line of the light and dark zones, the light intensity
is equal to the critical light intensity. This line is called the L/D boundary. The critical light intensity
here refers to the light saturation point of the microalgae [37,39,40]. According to previous studies,
the critical light intensity I. of Chlorella is 96.84 pmol m~2 571 [31,41]. The motions of the microalgae
particles between the light and dark zones form L/D cycles. A complete duration of the L/D cycle
is [22,23,25]

te =1t +1g (13)

where ¢ and t4 are the durations for which a particle stays in the light and dark zones [s].
The mean duration of the L/D cycle of a single particle is

n
tem
m=1

Taw = —, (14)
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where 1 is the number of L/D cycles a single particle has experienced.

It is necessary to calculate a large number of particles and to maintain enough particle tracking
time to eliminate the randomness of the results. In this work, 1200 particles are selected and the
maximum tracking time is taken as 120 s. The validations are discussed in Appendices A and B,
respectively. The average L/D cycle of the particle group is

1\
Th, = lim|—) T} 1
av Ngr;o(Npi_Zl av] (15)
where N, is the total number of calculated particles. Then, the average L/D cycle frequency is

1

- — (16)
TS,

fav

2.2.2. The Efficiency of the L/D Cycle Enhancement

Qin et al. [24] introduced the efficiency concept of engineering thermodynamics (i.e., the ratio
of a desired output to the required input) into the study of tubular reactors, defined the efficiency
of the L/D cycle enhancement, and used it as an economic index to evaluate the enhancement of the
L/D cycles and the increase in pumping costs simultaneously caused by a mixer or novel structure.
The efficiency of the L/D cycle enhancement is a ratio of the dimensionless increment of the L/D cycle
frequency to the dimensionless increment of the pumping cost per unit time, namely,

_ Afav/fav,O

AD By (17)

where f,y 0 and @ are the L/D cycle frequency and pumping cost per unit time of a PBR without a
mixer or novel structure (i.e., smooth PBR), respectively. For the PBRs with spiral ribs in this work,
Afav = fav — fav,0 and A® = ® — @y are the increments of the L/D cycle frequency and the pumping
cost per unit time, respectively, of a PBR with spiral ribs relative to those of a smooth PBR. The pumping
cost per unit time in the tube, ®, can be expressed by the total pressure drop [21], namely,

D = GAP (18)

(P = M'mS (19)

where AP = Pj, — Poyt is the difference between the inlet and outlet pressures of the PBR [Pa], S is the
cross-sectional area of the tube [m?], u;, is the average inlet velocity [m s71], and ¢ is the volumetric
flow rate [m3 s71].

2.3. Structure and Mesh Generation of PBRs with Spiral Ribs

2.3.1. Structure of PBRs with Spiral Ribs

Figure 1a shows the geometry of a tubular PBR with concave spiral ribs on the wall, where L is
the length of the PBR [m], ¢ is the height of the spiral ribs [mm)], ¢, is the top width of the ribs [mm],
t, is the bottom width of the ribs [mm], « is the inclined angle of the ribs [°], and D is the diameter of
the PBR [mm]. Three PBRs with 1, 2 and 3 ribs and an inclined angle « = 38.15° are shown in Figure 1b,
where N is the number of spiral ribs.
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Figure 1. (a) Geometry of PBRs and spiral ribs; (b) tubular PBRs with 1, 2 and 3 ribs and an inclined
angle a = 38.15.

The diameter of tubular PBRs for large-scale outdoor cultivation is generally 50 mm [21,42,43].
Therefore, the diameter of the PBR with spiral ribs is taken as 50 mm in this work. In addition,
the cross-sectional shape of the spiral ribs remains unchanged during the following calculation (t = 6
mm, t, =3 mm, f, = 6 mm).

As shown in Figure 1a, an additional auxiliary entrance segment with spiral ribs, Ly, is added to
the tube for the full development of the flow and the uniformity of particle tracking (see Appendix C for
a detailed discussion of the particle tracking uniformity). The length of L is 2 m. If backflow is found at
the outlet of the PBR during the simulation, an additional 0.5 m extension section is added (not shown
in Figure 1a). This addition means that the total length of the simulated model is 3 m or 3.5 m, although
the length of the PBR for evaluating the L/D cycle performance and energy consumption (i.e., the L
segment) is 1 m.

2.3.2. Model Meshing

The meshing of a tubular PBR with D = 50 mm, a = 38.15°, and N = 4 is shown in Figure 2.
Since particle tracking has a high requirement for wall meshing and the enhanced wall function was
used in the numerical calculation, the meshes were locally refined at the wall surface. The height of the
first mesh layer was used to verify whether the meshing satisfied the turbulence model calculation
requirements. The SST k-w turbulence model requires the value of y* to be approximately 1 [44],
where y* is the Reynolds number in a large eddy simulation (LES) using the wall distance y as the
length dimension.
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Figure 2. Meshing of the tubular PBR (D = 50 mm, a = 38.15°, N = 4).

After repeated calculations, it is determined that at 0.5 m s7}, the height of the first layer of the
boundary layer is 0.05 mm, and the boundary layer mesh contains 15 layers. The independence of the
mesh was verified by examination of the pressure difference between the inlet and outlet. The result
of the coarse mesh with 1.63 million cells is 1.42% different from that of the medium mesh with
4.92 million cells, and the result of the medium mesh is 2.68% different from that of fine mesh with
9.18 million cells. Thus, the medium mesh can meet the mesh independence requirements. The change
in y* for the medium mesh was obtained and is shown in Figure 3. The results show that in the vicinity
of the model wall surface, the value of y* is near 1 (the red line in Figure 3 shows y* = 1) except for
the inlet section, indicating that the mesh height of the first layer of the boundary layer is reasonable.
The same meshing method was used in the other simulations in this study.

Axial position(m)

Figure 3. Wall y* for the medium mesh.

3. Results and discussion

3.1. Light Field and L/D Boundary

When the single-sided light is incident to the PBR along the +x-axis (Figure 4), the light path
P4 = x+ 4/r> — 2, where (x, y) are the coordinates of a point in the tube, and r is the reactor radius
(m). It is assumed that the incident light intensity Iy = 800 umol m~2 s~! [45]. The light field on
the cross section of the reactor can be obtained according to the light model shown in Section 2.3
(Figure 4b). The white line in the figure represents the L/D boundary, which is the position where
I. =96.84 umol m~2 s~ 1.
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Figure 4. Schematic diagram of illumination. (a) Single-sided illumination; (b) light field on the PBR

cross section under single-sided illumination; (c) double-sided illumination; (d) light field on the PBR
cross section under double-sided illumination.

When the double-sided light is incident (Figure 4c), the light intensity at a certain point on the
cross section cannot be calculated using the light path of only one side. However, because the light
intensity is a scalar, the light intensity at a point equals the algebraic sum of the light intensities at
this point when the individual light on each side is incident separately. Since the cross-sectional area
of the spiral ribs does not exceed 2.8% of the total cross-sectional area, the influence of the spiral rib
interface on the light field can be ignored. The total light intensity of the double-sided illumination is
assumed to be the same as that of the single-sided illumination. Hence, the intensity of the incident
light on each side is Iy = 400 pmol m2s7 1. The light field on the cross section of the reactor can be
obtained according to the light model presented in Section 2.3 (Figure 4d). The white line represents
the L/D boundary. Compared with the L/D boundary under the single-sided illumination conditions
(Figure 4b), the L/D boundary under the double-sided illumination conditions moves toward the tube
wall, and the curvature of the L/D boundary decreases, but the length of the L/D boundary increases.

3.2. Optimization of a PBR with Spiral Ribs under Single-Sided Illumination

The structural parameters of the spiral ribs and the flow rate of the algal suspension are the main
factors affecting the L/D cycle performance of the algae cells. The main structural parameters of the
spiral ribs include the number of spiral ribs (N), the inclination angle of the spiral ribs (« (°)), and the
pitch of the spiral ribs (P (mm)). However, P and a are not independent of each other because of the
linear geometric relationship between them. For example, a reactor with P = 200 mm has a spiral rib
inclination angle & = 38.15°; a reactor with @ = 60° has a spiral rib pitch P = 90.69 mm. Therefore, in
this study, N, a, and u;, were selected as influencing factors to obtain the best structural and operating
parameters for the optimization of the spiral rib PBR.

The orthogonal design method was adopted to reduce the computational load and save calculation
time. The factor-level table is shown in Table 1. In this study, five levels of 1, 2, 3, 4, and 5 are set for N
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(i.e., factor A), four levels of 15°, 30°, 45°, and 60° are set for « (i.e., factor B), and three levels of 0.4, 0.5,
1 are set for u;y, (i.e., factor C). Compared to the full test, which requires a total of 5 x 4 x 3
= 60 tests, the orthogonal design only requires 25 tests. The combination of factors is shown in Table 2,
where the subscript represents the level of factor A, B or C. For instance, A1B4C, represents that N is
inlevel 1,  is in level 4, and u;, is in level 2,i.e., N =1, « = 60° and uj, = 0.5 m s~1. The simulation
analysis was carried out on the 25 test groups in Table 2. The average L/D cycle frequency (fay) and the

and 0.6 m s~

efficiency of the L/D cycle enhancement (1) for each group were obtained. The data were evaluated
using data analysis software, and the results are shown in Table 3.

Table 1. Factor-level table for the orthogonal optimization of the tubular PBR.

Factor
Level A B C
1 1 15° 04ms?
2 2 30° 0.5ms™!
3 3 45° 0.6ms!
4 4 60°
5 5

Table 2. Orthogonal table for optimization of the tubular PBR.

No. Combination
2 AyB3Cs
3 A>B1Cy
5 A,B3Cq
6 AsB1Cy
7 A3zB4Cq
8 AyB1Cq
10 A1B1C3
11 A1B3Cy
12 AsByCy
13 AsB4Cs
14 AyB4Cq
15 A3B1Cy
16 AyB1Cy
17 AyB1C3
18 A3B3Cq
19 A>B,Cq

20 A3B1Cy
21 AsB3Cy
22 A;B4Cy
23 AsB1Cq
24 A1B,Cq
25 A3B,C3

When performing the analysis of variance (ANOVA) on f,y and 7, the validity of the experimental
data was first determined using the significance test. When the significance level is less than 0.05,
the difference between the data sets can be considered statistically significant; i.e., the factor has a
significant effect on the dependent variable. According to Table 3, the significance levels of N, &, and u;y,
for both performance indicators (f,y and 1) are all less than 0.05, which indicates that the effects of the
three factors on the two performance indicators are significant.
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Table 3. Significance tests for the tubular PBR with spiral ribs.

Factor Performance Indicator F Significance Level
N fav/Hz 150.045 0.007
n 419.662 0.002
o fav/Hz 9794.530 0.000
n 94.544 0.010
" fav/Hz 118.467 0.008
n n 39.700 0.025

F refers to the F-test, which is the overall significance test. When the significance level is less than
0.05, the influence of the factor on the performance indicator can be directly evaluated by the value of
F. The larger F is, the more pronounced the influence is. The F values for f,, are shown in Table 3. It is
obvious that F(a) >> F(N) = (uj,), it means that a has much greater influence on f,, compared to N
and uj,. Similarly, the influences of the three factors on 1 follow the order F(N) > F(a) > F(ujn).

To visualize the relationships between the three factors and the two performance indicators,
the average value of f 5y and 1) at each test level was calculated and plotted in Figures 5 and 6, respectively.

20F
1.5p
5 10} -\-_\/" —
0.5F
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N a(”) Ui (ms™)

Figure 5. Relationships between the average L/D cycle frequency and three factors (single-sided
illumination).
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Figure 6. Relationships between the efficiency of the L/D cycle enhancement and three factors
(single-sided illumination).

Figure 5 shows that as N increases, fay first decreases and then increases. The mean of fay is
the lowest with 4 spiral ribs. Increasing « can significantly increase fay. In addition, f,y reaches its
maximum when u;, is 0.5 m s~. The trends of the three plots show that @ has the greatest influence on
fav, which is consistent with the results determined based on the significance levels and the F values.
Among the three plots, the optimal levels of the three factors (i.e., N =1, a = 60°, and u;, = 0.5 m s
correspond to the maximum values of f,y. The combination of the optimal levels is group 1 in Table 2.
With this combination, fay is 2.28 Hz, which is the highest of all 25 tests.
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Figure 6 shows the relationships between 1 and the three factors. When using 1 as a performance
indicator, the optimal N is 1, the optimal « is 30°, and the optimal u;, is 0.4 m s™!. An analysis of
the trends of the three plots shows that N has the greatest influence on 7, while u;;, has the smallest
influence on 7. This outcome is consistent with the results determined based on the significance levels
and the F values. The optimal combination of parameters corresponds to group 24 in Table 2. With this
combination, 7 is 2.01, which is the highest of all 25 tests.

The concentration of microalgae is directly related to f,y. Studies have shown that the higher
fav is (below 100 Hz), the better the growth of microalgae is [16]. Of the two optimal combinations
shown above, group 1 has f,y of 2.28 Hz and 7 of 1.22, whereas group 24 has f,y of 0.75 Hz and 7 of
2.01. fay of group 1 is much higher than that of group 24. Moreover, 1 of group 1 is greater than 1,
which indicates that the increase in the energy consumption of group 1 is less than the increase in
fav. This outcome is desirable from an economic point of view because the benefit obtained is greater
than the cost. Therefore, the optimal parameter combination for the spiral rib tubular PBR under
single-sided illumination is the combination in group 1, which has the following parameters: N =1,
a=60°, and uj, =0.5m s,

3.3. Optimization of the PBR with Spiral Ribs under Double-Sided Illumination

The orthogonal experiment was carried out on the tubular PBR under double-sided illumination.
The influencing factors and their levels are the same as those used in the single-sided case, and the
orthogonal table is the same as Table 2. The test results are shown in Table 4. Based on the significance levels
and the F values, all three factors have significant effects on the L/D cycle performance under double-sided
illumination. For fay, the influences of the three factors follow the order F(a) >> F(N) = F(uy,). For 7,
the influences of the three factors follows the order F(a) > F(u;,) > F(N).

Table 4. Significance test of the tubular PBR with spiral ribs (double-sided illumination).

Factor Performance Indicator F Significance Level
N fav/Hz 91.887 0.011
n 134.706 0.007
N fav/Hz 2016.28 0.000
n 648.707 0.002
" fav/Hz 80.369 0.012
n n 154.203 0.006

The relationships between the three factors and the two performance indicators (f,y and n) are
shown in Figures 7 and 8, respectively.

20F
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Figure 7. Relationships between the average L/D cycle frequency and three factors (double-sided
illumination).



Processes 2019, 7, 619 13 of 24

05}
0.0} '
_._____._—-——' -——.________-
] /
1.Op
1.5}
1 2 3 4 5 15 30 45 60 0.4 0.5 0.6
N a(®) Uin (111-5'1)

Figure 8. Relationships between the efficiency of the L/D cycle enhancement and three factors
(double-sided illumination).

Figure 7 shows that as N increases, fay first decreases and then increases. The mean of f,y is
the lowest with 4 spiral ribs. Increasing « can significantly increase f,y. In addition, f,y reaches the
maximum when uj, is 0.6 m/s. The trends of the three plots show that compared to N and uj,, « has
much greater influence on f,y. This outcome is consistent with the results determined based on the
significance levels and the F values.

Based on the trends of the three plots, the optimal combination of the three factors is N =1,
a =60°, and uj, = 0.6 m s~'. However, this combination is not included in the 25 combinations in
Table 2. Therefore, it is necessary to remodel and recalculate the results. f,y of this combination is
calculated to be 2.36 Hz, which is higher than those of the 25 test groups. 7 of this combination is 0.60.

The relationships between 1 and the three factors (Figure 8) show that when 1 is used as the
performance indicator, the optimal N is 5, the optimal « is 45°, and the optimum u;, is 0.5 m s7L,
This combination is group 21 in Table 2, and the corresponding 7 is 0.142. However, further verification
shows that 17 of group 21 is not the highest of the 25 test groups. The efficiency of group 11 is the highest
(0.53) of all 25 test groups but is still less than that of the combination of N =1, @ = 60°, and uj, = 0.6 m
571 (0.60). This outcome may occur because of the interactions between various factors, indicating that
in the case of double-sided illumination, the effects of the three influencing factors are non-independent
and need to be more comprehensively understood. This indication should be studied further in the
future. In summary, in the case of double-sided illumination, the optimal parameter combination is N
=1,a=60° and u;, =0.6 ms L.

It is worth noting that the efficiencies of the L/D cycle enhancement are negative in all cases except
for three rib inclination angles (Figure 8). Based on the formula for 1 (Equation (17)), there are two
possible reasons for these negative values: one is fay < fay,0, and the other is ® < ®y. A comparison of
fav between the spiral rib PBRs and the plain PBR shows that the first reason (fay < fay,) causes the
negative efficiency. Under double-sided illumination, f,y of the spiral rib PBR is less than that of a
plain PBR under the same conditions. This result shows that the higher pumping cost does not lead to
an increase in f,y. Therefore, the negative efficiency of the L/D cycle enhancement is not desirable for
optimizing the L/D cycle performance of the algae.

3.4. Comparison between Single-Sided and Double-Sided Illuminations and Analysis of Causes

The light field (Figure 4) shows that the L/D boundary under single-sided illumination is
located only on one side of the flow field (Figure 4b), while the L/D boundary under double-sided
illumination is longer and has a circular form (Figure 4d). Intuitively, a long L/D boundary can
increase the probability and the number of particles participating in the L/D cycles. As a result,
fav of particles under double-sided illumination should be greater than that under single-sided
illumination. However, the results of the orthogonal test show that the average L/D cycle frequencies
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under single-sided illumination with Iy = 800 pmol m2 s

double-sided illumination with Iy = 400 umol m™2 s~!
ribs, the use of double-sided illumination does not increase f,,. In addition, under double-sided
illumination, the efficiencies of the L/D cycle enhancement in the 25 tests are all less than 1 and are
sometimes less than 0, which means that the increase in the pumping cost per unit time caused by
the spiral ribs is greater than the increase in the L/D cycle frequency caused by the ribs. In other
words, a higher pumping cost does not result in an increase in the L/D cycle frequency. The reason
why double-sided illumination does not increase f,, of microalgae particles can be discussed from the
following three perspectives: the number of particles participating in the L/D cycles, the probability
distribution of the L/D cycle frequency of the particles, and the relative position between the vortex
and the L/D boundary in the reactor.

are generally higher than those under
. Therefore, for a tubular PBR with spiral

A comparison of the orthogonal test results under single-sided and double-sided illumination
conditions shows that the differences in f,y are large in tests 2, 5, 7, 13, 14, and 22. The corresponding
average L/D cycle frequencies and the numbers of particles participating in the L/D cycles are shown
in Table 5. In these six tests (including single-sided illumination and double-sided illumination),
between 60% and 69.5% of the 1200 particles released are involved in the L/D cycles. The other particles
do not participate in the L/D cycles; they are either always in the light zone or always in the dark zone but
do not cross the L/D boundary during the time they are being tracked. The results show that f,y of the
particles under double-sided illumination is 15.1-24.0% lower than that under single-sided illumination.
The total number of particles participating in the L/D cycles under double-sided illumination is reduced
by 15.1-33.2% compared with that under single-sided illumination. Therefore, one of the reasons for
the low average L/D cycle frequency under double-sided illumination is that fewer particles participate
in the L/D cycle.

Table 5. Average L/D cycle frequencies and numbers of particles participating in the L/D cycles for
typical combinations under different illumination modes.

Average L/D Cycle Frequency/Hz Number of Particles Participating in the L/D Cycles

Test No. Single-Sided Double-Sided Single-Sided Double-Sided
2 1.411 1.169 801 602
5 1.1073 0.894 834 682
7 1.664 1.401 830 698
13 1.949 1.496 730 488
14 1.379 1.171 720 610
22 2251 1.711 831 679

The probability density is plotted against f,, under different illumination conditions for tests
2,5,7,13, 14, and 22 (Figure 9). In each of these tests, the average L/D cycle frequencies of some
particles increase significantly under double-sided illumination compared with that under single-sided
illumination. For example, in tests 2, 5, 7, 13, and 22, the average L/D cycle frequencies of some particles
can reach 6-7 Hz under double-sided illumination. However, such particles only account for a small
proportion of the probability density.

Taking test 22 as an example, fay of the particles under single-sided illumination ranges from
0 to 4 Hz. The range of the average L/D cycle frequencies is greater under double-sided illumination,
which is 0-6.5 Hz. However, the probability density of the frequencies in the range of 4-6.5 Hz is
very low. Under single-sided illumination, 47% of the 1200 released particles experience L/D cycles
with frequencies of 24 Hz. Under double-sided illumination, this percentage is only 25%. This result
shows that under double-sided illumination, the percentage of particles participating in high-frequency
L/D cycles decreases. This outcome is another reason that f,y of the particles under double-sided
illumination is generally low.
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Figure 9. Probability densities of the L/D cycle frequency for tests 2, 5, 7, 13, 14, and 22.

The discussion presented above shows that f,, of the particles is closely related to two factors: the
number of particles participating in the L/D cycles and the probability distribution of the L/D cycle
frequency of the particles. The relative position between the vortex and the L/D boundary in the reactor
is the root cause of these two factors. f,y is analyzed in the following section from the perspectives of
the flow field and the L/D boundary.

The pressure distributions, streamlines, and L/D boundaries on the cross section in the center of
the L segment (i.e., the cross section at z = 2.5 m) under different illumination modes for tests 2, 5, 7, 13,
14, and 22 are shown in Figures 10 and 11. The flow field can be roughly divided into three concentric
regions: the inner region (0 < rg < 0.008 m), the middle region (0.008 < ry < 0.016 m), and the outer
region (0.016 < ry < 0.025 m). The boundaries between the three regions are shown in red. The white
dotted line in Figure 10 is the L/D boundary in the case of single-sided illumination, and the blue
dotted line in Figure 11 is the L/D boundary in the case of double-sided illumination. The centers of
the large vortices in these six tests are generally located in the inner region. In the case of single-sided
illumination, the L/D boundaries pass through both the middle region and the outer region; in the case
of double-sided illumination, the L/D boundaries are in the outer region and are annular.
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Figure 10. Pressure distributions and L/D boundaries (single-sided illumination) on the z = 2.5 m cross
section of the PBR in tests 2, 5, 7, 13, 14, and 22.
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Figure 11. Pressure distributions and L/D boundaries (double-sided illumination) on the z =2.5m
cross section of the PBR in tests 2, 5,7, 13, 14, and 22.

The radial position of the particle affects its L/D cycle performance. The changes in radial position
of the particles initially in the inner, middle and outer regions at the inlet section of the L segment
(i-e., the cross section at z = 2 m) in the six tests was studied. The results show that the movements
of particles initially in the inner region are radially concentrated in the inner and middle regions,
the movements of particles initially in the middle region spread across the inner, middle and outer
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regions, and the movements of particles initially in the outer region are radially concentrated in
the outer and middle regions. Figure 12 shows the changes in the radial positions of the particles
in test 2 and test 5. The L/D cycle performances of the particles in three different initial regions in
the six tests were statistically studied in combination with the L/D boundary. Under single-sided
illumination, 11.2-16.3% of the 1200 released particles initially in the inner region participated in the
L/D cycles, 28.3-31.1% of the particles initially in the middle region participated in the L/D cycles,
and 20.7-28.1% of the particles initially in the outer region participated in the L/D cycles. Similarly,
under double-sided illumination, the three percentages are 7.0-10.9%, 18.1-24.6%, and 15.6%—-26.5%,
respectively. When single-sided illumination is switched to double-sided illumination, the numbers
of particles undergoing L/D cycles are all significantly reduced regardless of their initial positions.
These results show that splitting single-sided illumination into two illuminations on both sides cannot
increase the number of particles undergoing the L/D cycles when using the reactor structure employed
in this study:.

0.02

Radial position(m)
Radial position(m)
Radial position(m)

Axial position(m)
2
(N=4, ¢=45 °, 11,=0.6 m+s™)

Radial position(m)
Radial position(m)
Radial position(m)

Axial position(m) Axial position(m) Axial position(m)
3
(N=2, =45 °, u;=0.4 m-s™)

Figure 12. Changes in the radial positions of particles in the three initial regions in test 2 and test 5.

fav of the particles in the six tests was statistically studied based on the initial positions of the
particles. The statistical results are shown in Table 6. Under double-sided illumination, the average
L/D cycle frequencies of the particles are all lower regardless of their initial positions. Combined with
the influence of the L/D boundary on the number of particles participating in the L/D cycles, the results
show that the reason for the decrease in f,y is that the change in the position of the L/D boundary
not only reduces the number of particles undergoing the L/D cycles but also decreases the L/D cycle
frequencies of the particles in the different regions.
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Table 6. Average L/D cycle frequencies of particles in three regions under single-sided and double-sided
illuminations for tests 2, 5, 7, 13, 14, and 22 (arrows represent the relative changes in frequency; T is
increased, | is decreased).

Test No. Illumination Mode Inner Region Middle Region Outer Region

5 Single-sided 0.90 Hz . 1.38 Hz ! 2.05Hz 1
Double-sided 0.61 Hz 111 Hz 213 Hz

5 Single-sided 0.63 Hz . 1.06 Hz ! 1.48 Hz !
Double-sided 0.40 Hz 0.76 Hz 1.39 Hz

7 Single-sided 141 Hz L 1.64 Hz ! 1.94 Hz L
Double-sided 1.12Hz 1.27 Hz 1.85 Hz

13 Single-sided 1.46 Hz . 1.90 Hz ! 247 Hz !
Double-sided 0.96 Hz 1.30 Hz 233 Hz

14 Single-sided 0.98 Hz . 141 Hz ! 1.68 Hz !
Double-sided 0.80 Hz 1.07 Hz 1.66 Hz

” Single-sided 1.82 Hz L 222 Hz ! 2.62Hz L
Double-sided 1.16 Hz 1.63 Hz 225Hz

3.5. Development and Validation of a Method for Increasing the Average L/D Cycle Frequency

The flow field determines the radial position of the particles, and the light field determines the
position of the L/D boundary. The phenomenon in which particles participate in the L/D cycles is
a result of the synergy between the flow field and the light field. Therefore, two methods could be
considered to increase the number of particles participating in the L/D cycles and the percentage of
particles participating in the high-frequency L/D cycles, thereby increasing f .y of the particles: changing
the flow field (the vorticity field) by changing the structure of the reactor so that more particles can
pass through the L/D boundary and changing the position of the L/D boundary based on the radial
position of the particles in the flow field. The second method is validated below.

It was shown in Section 3.4 that the movements of particles initially in the inner region are radially
concentrated in the inner and middle regions, and the movements of particles initially in the outer
region are radially concentrated in the middle and outer regions. The L/D boundaries discussed above
under different illumination modes do not pass through the inner regions, as shown in Figures 10 and 11.
Therefore, it is assumed that the L/D boundary can pass through the three regions simultaneously by
adjusting the light intensity and the incident direction, as shown in Figure 13, where the white line is
the L/D boundary.

Figure 13. Schematic diagram of the L/D boundary.

fav under the conditions shown in Figure 13 was calculated for the 25 test groups in the orthogonal
test. The result is compared with that obtained under single-sided illumination conditions (Figure 14).
Adjusting the position and curvature of the L/D boundary according to the flow field increases f,y of
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the particles. This increase occurs because the change in the L/D boundary increases the number of
particles undergoing the L/D cycles, and the change in the L/D boundary can simultaneously increase
the percentage of particles involved in the high-frequency L/D cycles. Taking group 6, which has
the largest frequency increase, as an example, the number of particles participating in the L/D cycles
under the conditions shown in Figure 13 is 59.1% higher than that under the single-sided illumination
conditions. The probability density function (Figure 15) shows that the L/D cycle frequencies of most
of the particles is near 1 Hz under the conditions shown in Figure 13. The percentage of particles
participating in the high-frequency L/D cycles under these conditions is significantly higher than that
under single-sided illumination. The increase in f,y of the optimal combination under single-sided
illumination (group 1 in Table 2) is the smallest (only 26.3%). These results show that in the case of
single-sided illumination, the synergy between the flow field and the light field of group 1 is good.

G Single-sided illumination conditions
|:| Conditions in Fig.13

[\ W
T

fa—

Average L/D cycle frequency(Hz)

7
a
?
7

22 24 26

Test group

Figure 14. Average L/D cycle frequency for each orthogonal test group under single-sided illumination
conditions and under the conditions shown in Figure 13.
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Figure 15. Probability densities of the L/D cycle frequency for group 6 under (a) single-sided illumination
conditions; and (b) conditions shown in Figure 13.
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4. Conclusions

In this study, the orthogonal design method was used to optimize the structural and operating
parameters of a tubular PBR with spiral ribs. The average L/D cycle frequency (fav) and the efficiency
of the L/D cycle enhancement (1) were selected as performance indicators. The results show that
switching the single-sided parallel light illumination with a light intensity of Iy = 800 pmol m~2
s! to double-sided illumination with half of the light intensity on each side does not increase fay-
Double-sided illumination also reduces 1, which indicates that a higher energy input does not result in
corresponding benefits. The orthogonal test shows that under single-sided illumination, the spiral
rib inclination angle (a) has much greater influence on f,, compared to the number of spiral ribs (V)
and the inlet velocity of the algal suspension (u;,). Moreover, N has the greatest influence on 7,
has the next greatest influence, and u;, has the smallest influence. Under single-sided illumination,
the optimal parameter combinationis N =1, & = 60°, and uj, = 0.5 m s~L. With this combination, fav of
the spiral rib PBR reaches 2.28 Hz, which is 4.3 times higher than that of a plain PBR under the same
conditions, and 7 is 1.22. The synergy between the flow field and the light field affects the number
of particles participating in the L/D cycles and the probability density distribution of the L/D cycle
frequency of these particles, thereby affecting f.y and 7. To promote the synergy between the flow field
and the light field, we can adjust the relative position between the L/D boundary and the vortex in the
flow field by changing the vorticity field or by changing the light field so the L/D boundary passes
through the center of the vortex. In this case, fay is remarkably improved compared with the case
where the L/D boundary line passes through the edge region of the vortex.
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Appendix A.

If the number of tracked particles is not enough, the final result is significantly affected by
randomness and lacks reliability. Therefore, the number of tracked particles needs to be determined.

The number of tracked particles was validated on a reactor with a number of ribs N =2, 4, 6, and 8
and an inclination angle a = 38.15°. The validation result is shown in Figure A1. When the number of
particles is less than 400, the average L/D cycle frequency increases significantly with the number of
particles; when the number of particles is greater than 400, the average L/D cycle frequency does not
change significantly with the number of particles. In this study, the number of released particles is
chosen to be 1200 to eliminate the random effects caused by too few particles on the results.
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Figure A1l. Average L/D cycle frequency of particles as a function of the particle number for PBRs with
different numbers of ribs.

Appendix B.

After the particles are released, it takes a certain amount of time for the particles to completely
pass through the entire photobioreactor (PBR). If the particle tracking time is too short, the particles do
not complete their movement across the reactor, and the result is unreliable; if the particle tracking time
is too long, computing resources are wasted. Therefore, it is necessary to determine the appropriate
particle tracking time.

The particle tracking time was validated on a reactor with a number of ribs N = 2, 4, 6, and 8 and
an inclination angle & = 38.15°. The validation result is shown in Figure A2. When the tracking time is
less than 30 s, the average L/D cycle frequency of the microalgal particles changes significantly with
time; when the tracking time is more than 30 s, the average L/D cycle frequency does not change much
with time. The particle tracking time is set to 120 s in this study to ensure the complete movement of
particles in the tubular PBR.
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Figure A2. Average L/D cycle frequency of particles as a function of particle tracking time for PBRs
with different numbers of ribs.
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Appendix C.

In actual culture under well-mixed conditions, the algal cells are evenly distributed in the liquid
medium, and the algal liquid can be considered approximately uniform. In the case of particle tracking,
each particle represents a single algal cell. Therefore, the particles should also be approximately
evenly distributed in the simulated space under well-mixed conditions. The group release method was
adopted in this study to save computing resources. In this method, the particles are simultaneously
released from a circular domain on a cross section. When the particle group is released, it is necessary
to add an auxiliary segment before the L segment (i.e., to release the particles before the entrance
to the L segment). This auxiliary segment ensures that the particles can be approximately evenly
distributed on the cross section at the entrance of the L segment. The length that is needed for the
auxiliary segment is investigated below.

First, the particles were released on a circular domain of a cross section. Then, the distributions of the
particles on different cross sections along the axial direction were observed to determine whether the
particles were evenly distributed on the cross section. Figure A3 shows the movement of the particles.
Figure A3a shows that after moving 0.5 m, the particles are mainly concentrated in the center of the cross
section rather than being evenly distributed over the entire cross section. It was found that after moving
1.5 m, the particles are no longer concentrated in the center of the cross section and can be considered as
being approximately evenly distributed (Figure A3b). Figure A3c shows the change in the radial positions
of the particles. Based on Figure A3c, a certain movement time and axial distance are required for the
particles to be evenly distributed over different radial positions. According to the cross-sectional particle
distributions, a movement distance of 1.5 m can ensure that the particles are evenly distributed on each
cross section. Therefore, the particles are released at z = 0.5 m, as shown in Figure 1a.
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Figure A3. Schematic diagram of particle movement. (a) Cross-sectional distribution of particles after
0.5 m movement; (b) Cross-sectional distribution of particles after 1.5 m movement; (c) Radial positions
of particles along the axial direction.
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