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Abstract: Turbulent flow mixing is essential in optimizing microalgal cultivation in raceway ponds.
Microalgal cells are however highly sensitive to hydrodynamic stresses produced by turbulent
mixing because of their small size. The mechanical properties (wall deformation and von Misses
stress) of the microalgal cell wall structure under the influence of turbulent mixing are yet to
be explored. High turbulence magnitudes damage microalgal cell walls by adversely affecting
their mechanical properties which consequently destroy the microalgal cells and reduce the biofuel
production. Therefore, such a study is required to improve the biofuel productivity of microalgal
cells before their cell wall damage in raceway pond. This study developed a novel fluid–structure
interaction (FSI)-based numerical model to investigate the effects of turbulent mixing on the cell wall
damage of microalgal cells in raceway ponds. The study investigated microalgal cell wall damage at
four different locations in a raceway pond in consideration of the effects of pond’s hydrodynamic
and geometric properties. An experiment was conducted with a laboratory-scale raceway pond to
compare and validate the numerical results by using time-dependent water velocities. Microalgal cell
wall shear stress, cell wall deformation, and von Misses stress in the raceway pond were investigated
by considering the effects of aspect ratios, water depths, and paddle wheel rotational speeds.
Results showed that the proposed numerical model can be used as a prerequisite method for the
selection of appropriate turbulent mixing. Microalgal cell wall damage is high in shallow and narrow
raceway ponds with high paddle rotational speeds.

Keywords: raceway pond; turbulent mixing; microalgal cell wall damage; FSI; wall deformation

1. Introduction

Turbulent flow mixing prevents the sedimentation of microalgal cells in raceway ponds, facilitates
removal of the oxygen, and increases the interaction of microalgal cells with sunlight and carbon
dioxide. Turbulence also reduces the boundary layer around microalgal cells, and this reduction
increases the diffusion rate of nutrients to the cell surface [1–4]. Turbulent mixing can be increased
by increasing the paddle wheel speeds. However, microalgal cells are highly sensitive to fluid
stresses because of their small size, and high turbulence magnitudes can damage their cell walls [5–8].
Numerous studies have investigated the impact of turbulence on algal growth to establish optimal
relationship in order to improve biomass production. An increase in the water depth increases the water
volume of the raceway pond which in return reduces the water circulation velocity. This reduction in
the water velocity results in an ineffective turbulent mixing that consequently reduces the interaction
of microalgal cells with sunlight, carbon dioxide, and nutrients [9]. Turbulent mixing can be increased
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in the deep raceway pond (large water depth) by increasing the paddle wheel speed (water velocity),
but this increases the power consumption [10]. Algal productivity increases about 2.5% when the
water depth of the raceway pond decreases to half, attributed to the effective turbulent mixing [9,11].
The sunrise and the sunset hours are more critical in terms of the algal productivity because the
level of oxygen increases in the raceway pond during these time periods. Turbulent mixing is
particularly important during sunrise and sunset hours, since the algal productivity of turbulent
water is approximately twice that in non-turbulent water because of the removal of oxygen from the
raceway pond [9,12,13]. Numerous studies have reported controversial data. Several have reported
that an increase in water turbulence (Reynolds number = 7370–221,160) negatively affects algal
productivity, whereas others have indicated that no change in productivity occurs. Previous studies
by Weissman et al. [10], Drapcho [14], and Grobbelaar [15] have reported that algal productivity
increases up to a certain turbulence range, and further increasing the turbulence exerts a negligible
effect on microalgal growth [10,14,15]. Therefore, it can be inferred that the reduced productivity
reported in the aforementioned studies could be result of microalgal cell wall damage because of the
use of turbulence of high magnitude [10,14,15]. Therefore, as a prerequisite, the effects of selected
turbulence on the cell wall of microalgal cells must be evaluated to ensure that microalgal cells are not
damaged in the process. Only then can an acceptable relationship be established between turbulence
and algal productivity.

Investigation of the effects of turbulence on microalgal cell damage has recently become a topic
of interest for numerous researchers. Thomas and Gibson [16] used fluid mechanical properties
(dissipation rate, microeddy length, and shear stress) to observe the effects of turbulence on different
microalgal species. The paddle wheel must generate microeddies with a length larger than the
cell size to avoid damaging the microalgal cell [16–18]. Increasing the agitation rates also increases
the hydrodynamic stresses that affects the algal cell damage [17,19,20]. Hadiyanto et al. [21] used a
commercial computational fluid dynamics (CFD) code to model hydrodynamic mixing in a raceway
pond. Microalgal cells were not included in the CFD model, and the cell damage was investigated
by estimating the fluid properties (microeddy length and shear stress) [21]. Previous studies are
limited because microalgal cell damage was examined by computing and comparing the turbulence
flow parameters, but the microalgal cell wall was not investigated. A cell wall is a structural layer,
surrounding microalgal cells, that provides the components of the cell (cytoplasm, nucleus, etc.) with
structural support and protection from the external environment. The cell wall is a mechanical structure
because it has a considerable tensile strength (elastic modulus = 8.5 MPa) [22]. Large hydrodynamic
stresses damage the cell wall, leaving the cell components exposed to the external environment.
This damage of the cell wall destroys the microalgal cell and reduces the algal productivity.
Therefore, the mechanical properties (wall deformation and von Misses stress) of the cell wall must
be estimated to investigate the effects of turbulence on microalgal cell damage [23]. The authors
previously used CFD particle tracing to investigate the turbulent mixing of microalgal cells in a raceway
pond [24]. However, the study focused on the evaluation of mixing phenomena and disregarded
the effects of turbulence on microalgal cell wall damage. Turbulence varies in different sections of
raceway ponds, and microalgal cells near the paddle wheel experience larger flow stresses than those
experienced by cells in the downstream channel. Turbulence mixing depends on paddle wheel speed
and geometrical features (channel depth and width), so microalgal cell wall damage is also affected
by these parameters [25]. Therefore, a study involving the modeling of the mechanical structure
(cell wall) of microalgal cells in raceway pond in consideration of the effects of water turbulence
must be conducted to estimate microalgal cell damage effectively and achieve improved microalgal
productivity [11].

The aim of this study is to develop a novel fluid–structure interaction (FSI)-based numerical model
to investigate the influence of water turbulence on microalgal cell wall damage in raceway ponds.
The present study predicted the effect of water turbulence on the cell wall structure of a unicellular
and spherical algal species (Chlorella). Cell wall damage was investigated by estimating the mechanical
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properties of the microalgal cell wall. The arbitrary Lagrangian–Eulerian (ALE) method was used
to model the effects of water turbulence on the cell wall of microalgal cells [26,27]. Microalgal cell
wall damage was estimated at four important locations in a raceway pond (Figure 1a). The effects
of the pond’s hydrodynamic and geometric properties on microalgal cell wall damage were also
considered. The CFD model was validated by using the experimental results of water velocity obtained
from a laboratory-scale raceway pond. Various pond aspect ratios, water depths, and paddle wheel
rotational speeds were investigated to examine their effects on cell wall shear stress, wall deformation,
and von Misses stress at different locations in the raceway pond. This study helps in optimizing the
power requirement of the paddle wheel to induce the required turbulent mixing without affecting the
microalgal cell wall.

2. Materials and Methods

2.1. Geometries of the Raceway Pond and Microalgal Cells

The geometrical model of a commercial 3D raceway pond was constructed in the
COMSOL-Multiphysics (5.3, COMSOL Inc., Burlington, MA, USA). The pond had a length (L) of 23 m
and a channel width (W) of 2.25 m (Figure 1a). A 2D paddle wheel with six blades (0.55 m× 0.04 m)
and a diameter of 0.6 m was used to circulate water in the 3D raceway pond. The boundary-connected
coupling method was employed to introduce the pulsatile flow of the 2D paddle wheel in the
3D raceway pond [24,28–30]. The Reynolds number (Reh) based on the hydraulic diameter (Dh)
determined the turbulent flow in the raceway pond as follows:

Reh = (ρl DhUl)/µl (1)

Dh = 4WH/(2H + W) (2)

where W and H are the width and height of the pond, respectively; ρl is the water/liquid density
(1000 kg/m3); µl is the water viscosity (0.001 Pa·s); and Ul represents the average water velocity (m/s).

Figure 1. Cont.
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Figure 1. (a) Computational models of the open raceway pond and microalgal cells used in the
simulations and (b) experimental setup with a laboratory-scale raceway pond.

Turbulence magnitude is high near the paddle wheel and low in the downstream bend of a raceway
pond [24]. The microalgal cells (Chlorella) near the paddle wheel experience larger fluid stress and thus
present more cell wall deformation than those in the downstream bend. Therefore, this study thoroughly
investigated the effects of turbulence on the cell wall structure by considering four important locations (A,
B, C, and D) of microalgal cells in the raceway pond (Figure 1a). In real situations, millions of microalgal
cells are present in a commercial raceway pond for the mass production of biomass. From the CFD
modeling point of view, there is a substantial difference in the dimensions or size of the raceway pond
(meters) and the microalgal cells (micrometers) which requires an immense computational meshing
and time. Moreover, considering the multiphysics (fluid domain = water flow and cell cytoplasm, solid
domain = cell wall) involved in this problem make it more complex. A three-dimensional CFD modeling
of fluid–structure interaction (FSI) to investigate the effects of turbulent water flow on millions of the
microalgal cells is highly complex and tedious, keeping in view the multidimensional and multiphysics
problems. Therefore, a total of 100 spherical microalgal cells (Chlorella) were numerically modeled in the
raceway pond with distinct cell wall and cytoplasm domains in it. For effective visualization of microalgal
cell position and arrangement, only 25 cells are shown in Figure 1a. The diameter of the cytoplasm of
Chlorella cell is 6.93 µm, and the cell wall thickness is 0.285 µm. This study requires various properties of
Chlorella cell (cell size, density, viscosity, elastic modulus) to model the effects of water turbulence on the
microalgal cell wall. These properties could not be measured because the present study did not cultivate
the microalgae (Chlorella cells). Therefore, the needed Chlorella cell properties were obtained from past
experimental studies by Munns et al. [22], Williams and Laurens [31], Wijaya et al. [32], and Jia et al. [33].
The physical, fluid, and structural properties of the spherical microalgal cells (Chlorella) are presented in
Table 1 [22,31–33]. From a fluid dynamics point of view, four edges (leading, trailing, top, and bottom) of
the microalgal cells were defined with respect to flow direction for improved understanding of microalgal
cell damage in the raceway pond (Figure 1a). Microalgal cell wall damage was investigated when the
microalgal cells reached different locations of the raceway pond (A, B, C, and D). The microalgal cells must
follow the water flow to effectively interact with nutrients and CO2 before reaching the pond’s outlet.
The Stokes number (St) is a widely used non-dimensional number to predict the existence of relative
velocity between a fluid and a particle [24,34]. The governing equation of St can be expressed as follows:

St =
(
τpUl

)
/Dh (3)
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τp =
(

ρpd2
p

)
/18µl (4)

where τp is the relaxation time of microalgal cell (s), ρp is the microalgal cell density (kg/m3), and dp

represents the microalgal cell diameter (m). Microalgal cells (Chlorella) with the condition (St << 1)
followed the water flow and successfully reached the outlet of the raceway pond [24]. Aspect ratio is a
key parameter in open-channel flow systems because it significantly affects the flow characteristics of
raceway ponds [35]. Therefore, this study used the non-dimensional aspect ratio (AR) to investigate
the effects of pond geometry on microalgal cell wall damage in open raceway ponds:

AR = Pond width (m)/Water or pond depth (m) = W/d (5)

This study utilized three different values of AR (5, 10, and 15) with different water depths and
paddle wheel rotational speeds to examine their effects on microalgal cell velocity, wall deformation,
and von Misses stress at different positions in the raceway pond.

Table 1. Properties of microalgal cells used in the study.

Microalgal
Cell

Diameter
(µm)

Thickness
(µm)

Density
(kg/m3)

Viscosity
(Pa·s)

Elastic
Modulus (MPa)

Cytoplasm 6.93 − 864 0.0052 −
Cell wall − 0.285 1060 − 8.5

2.2. Numerical Modeling

2.2.1. Fluid Flow

The study used the ALE method to combine the fluid flow (water and cytoplasm) formulated
using an Eulerian description and a spatial frame with solid mechanics (cell wall) formulated
using a Lagrangian description and a material (reference) frame. Fluid flow was described by
Reynolds-averaged Navier–Stokes (RANS) equations, which provide a solution for the velocity
field (Uf) of the water and cytoplasm of the microalgal cell. For simplification and reduction of
computational time, the intercellular fluid in the microalgal cell was neglected, and the cytoplasm was
modeled as a Newtonian viscous fluid [36]. The RANS equations for Newtonian and incompressible
fluid flow are as follows:

ρf
∂Uf
∂t + ρf(Uf·∇Uf)+ ρf(uf

′ ⊗∇uf
′) + (2ρfω×Uf)

= ∇·
[
−pI + µf

(
∇Uf + (∇Uf)

T
)]
− ρf(ω× (ω× r)) + ff

(6)

ρf(∇·Uf) = 0 (7)

where ρf is the fluid density (kg/m3),Uf is the time-averaged fluid velocity (m/s), ω is the angular
velocity of the paddle wheel (rad/s), p is the fluid pressure (Pa), I is the identity matrix, uf

′ is the
fluctuating component of velocity (m/s), r is the position vector, ⊗ is the outer vector product, and
ff is the body force on the fluid (N/m3). The fluid properties of the cytoplasm used in this study are
presented in Table 1 [31].

The k–ε turbulence model was used to describe the turbulent flow in the raceway pond. The k–ε

turbulence model is based on two equations (turbulent kinetic energy (k) and dissipation rate of
turbulence energy (ε)). It is well suited for flows with high Reynolds number due to its stable
computations and good convergence rate. The governing equations of turbulent kinetic energy k and
dissipation rate of turbulence energy ε for the k–ε turbulence model are as follows:

ρf
∂k
∂t

+ ρfUf·∇k = ∇·
((

µf +
µT
σk

)
∇k
)
+ Pk − ρfε (8)
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ρf
∂ε

∂t
+ ρfUf·∇ε = ∇·

((
µf +

µT
σε

)
∇ε
)
+ Cε1

ε

k
Pk − Cε2ρf

ε2

k
(9)

Pk = µT

(
∇Uf :

(
∇Uf + (∇Uf)

T
)
− 2

3
(∇·Uf)

2
)
− 2

3
ρfk∇·Uf (10)

where σk and σε are the turbulent Prandtl number for kinetic energy and the dissipation rate,
respectively; Pk is the production term; and Cε1 and Cε2 are the first and second experimental model
constants for the dissipation rate, respectively. The following values to the constants were assigned:
σk = 1.0, σε = 1.3, Cε1 = 1.44, Cε2 = 1.92, and Cµ = 0.09. Turbulent or eddy viscosity (µT) defined by the
k–ε turbulence model is as follows:

µT = ρfCµ
k2

ε
(11)

where µT is the turbulent viscosity (Pa-s), ε is the turbulent dissipation rate (m2/s3), k represents the
turbulent kinetic energy (m2/s2), and Cµ is the model constant. The rotational speed (ω) of the paddle
wheel in Equation (6) was modeled using a time-dependent first-order ordinary differential equation
as follows:

dN
dt

= ω(t) (12)

where N is the number of revolutions per minute (rpm) and ω (rad/s) is the angular velocity of the
paddle wheel. The paddle wheel rotational speeds were varied from 15 rpm to 30 rpm.

2.2.2. Microalgal Cell Wall Structure

A high turbulence magnitude produces large hydrodynamic stresses on microalgal cells, and these
stresses damage the cells’ mechanical structure (cell wall) [17,37]. Therefore, the cell wall of a
spherical microalgal cell (Chlorella) was modeled as an elastic structure filled with cytoplasm [33,38].
The governing equation to compute the solid displacement for the microalgal cell wall is as follows:

ρs
∂2Us

∂t2 = ∇·σ + ρsfs (13)

where Us is solid displacement (m), σ is the Cauchy stress tensor in a solid (N/m2), ρs is the solid
density (kg/m3), and fs is the body force components acting on the solid (N/m3). σ can be evaluated
from the constitutive equation of a Newtonian fluid. Energy is stored in the microalgal cell wall when
structural deformation is experienced. This energy is measured in the form of strain energy density
function W as follows:

S =
∂W
∂ ∈ (14)

where S and ∈ are the second Piola–Kirchhoff stress and the Green–Lagrange strain tensor components,
respectively. The total force exerted by the fluid on the microalgal cell wall is the negative of the
reaction force on the fluid and is represented by the following equation:

fs = n·
{
−pI +

(
µf

(
∇Uf + (∇Uf)

T
))
− 2

3
µf(∇·Uf)I

}
(15)

where Uf is the fluid velocity vector (m/s), p is the fluid pressure (Pa), I is the identity matrix, fs is
the body force on the solid (N/m3), and n is the outward normal to the boundary. RANS equations
are solved in the spatial (deformed) frame, whereas structural equations are defined in the material
(undeformed) frame. Therefore, transformation of the force is necessary. This transformation is
performed by using the following equation:

ff = fs
dv
dV

(16)
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where ff is the force on the fluid (N/m3), fs is the body force acting on the microalgal cell wall (N/m3),
and dv and dV are the mesh element scale factors for the spatial and material (reference) frames,
respectively. The structural properties of the microalgal cell wall used in this study are presented in
Table 1 [22,32,33].

3. Numerical Simulation and Mesh Generation

The commercial code COMSOL-Multiphysics (V. 5.3) was used to investigate the effects of fluid
turbulence on microalgal cell wall damage in the raceway pond. The ALE method was applied to
model the effects of water turbulence on the microalgal cell wall structure using the FSI interface of
COMSOL. A boundary-connected coupling method was adopted to import the pulsatile flow effects of
the 2D paddle wheel into the 3D raceway pond to reduce computation time and memory [24,28–30].
The paddle wheel was modeled with the rotating machinery interface of COMSOL. The computed
flow properties of the 2D paddle wheel were provided as inlet flow conditions for the 3D raceway
pond. The turbulence flow of the paddle wheel and raceway pond was simulated with the k–ε

turbulence model. A total of 100 spherical microalgal cells were introduced to the raceway pond near
the paddle wheel with distinct cell wall and cytoplasm domains. The fluid and structural properties
of the microalgal cells were computed when they reached particular locations in the raceway pond
(A, B, C, and D). An implicit transient solver was used to simulate the rotating machinery and FSI
interfaces of COMSOL with the k–ε turbulence model for 200 s at a time step of 0.001 s. The 2D paddle
wheel was discretized with a free triangular mesh, whereas the 3D raceway pond and microalgal cells
were discretized with a free tetrahedral mesh. Moreover, a boundary layer mesh with dense element
distribution was used along the FSI boundaries of microalgal cells to compute the flow fields in these
regions accurately. A grid independency test was performed to determine the accuracy of the present
ALE methodology. Water velocity was measured in the middle (Y-axis) of the downstream bend of
the raceway pond (Figure 2a). The wall deformation of the microalgal cell (cell 3) was estimated in
location A in the raceway pond and is shown in Figure 2b. The results were computed in a raceway
pond with AR = 10, water depth = 0.2 m, and paddle wheel rotational speed = 20 rpm. Three different
mesh sizes, namely, fine, extra-fine, and extremely-fine, were adopted in this study and varied with a
factor of five. Detailed information on the mesh elements used in this study is provided in Table 2.
A minimal difference was observed between the results of water velocity magnitude and cell wall
deformation (Figure 2). Therefore, all simulations in this study were performed using the extra-fine
mesh element size.

Figure 2. Cont.



Energies 2018, 11, 388 8 of 19

Figure 2. Grid independency test using (a) water velocity (m/s) and (b) cell wall deformation (nm).

Table 2. Mesh elements of the paddle wheel, raceway pond, and microalgal cells.

Geometries Elements Fine Extra-Fine Extremely-Fine

Paddle wheel
Domain 4334 21,670 108,350

Boundary 561 2805 14,025

Raceway pond and
microalgal cells

Domain 111,429 557,145 2,785,725
Boundary 33,360 166,800 834,000

Edge 6480 32,400 162,000

4. Results and Discussion

4.1. Experimental Comparison

An experiment was also conducted in another laboratory-scale raceway pond to compare and
validate the proposed numerical ALE methodology based on water velocity (Figure 3). Chlorella was
not cultivated in the experimental raceway pond since it was beyond the scope of the present study.
The experiment was performed in a laboratory-scale raceway pond with a length (L) of 0.5 m, width
(W) of 0.2 m, and height (H) of 0.15 m (Figure 1b). Water depth (d) was maintained at 0.05 m during the
experiment. A paddle wheel (diameter = 0.1 m) with six blades (0.1 m× 0.025 m) was used to generate
pulsatile flow in the raceway pond. An AC induction motor (60 Hz) with a maximum rotational speed of
240 and a gear ratio of 7.5:1 was used to rotate the paddle wheel. Water velocity (m/s) was measured
with a flow rate sensor (FLO-BTA, Vernier, Beaverton, OR, USA). The flow rate sensor was connected to a
computer using the LabQuest stream (Vernier) interface, and time-dependent flow velocity was recorded.

Water velocity (m/s) was estimated experimentally and numerically in the middle (Y-axis) of
the downstream bend of raceway pond at a paddle wheel rotational speed of 35 rpm (Figure 3a).
The velocity near the central wall was significantly lower than that at the side wall of the raceway
pond. This phenomenon implied the formation of a dead zone that decreased microalgal production
because of the accumulation of microalgal cells in these regions [21]. The numerical results matched the
experimentally calculated water velocity, thereby verifying the proposed ALE methodology. Water velocity
(m/s) was also computed under various time intervals in the middle (Y-axis) of the downstream bend
to further compare the results of the present numerical methodology with the experimental results
(Figure 3b). A sudden increase in water velocity was observed at the start of the experiment because
of the flow instability caused by the paddle wheel movement. However, the water flow in the pond
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became stable with the passage of time and resulted in a uniform water velocity. A reasonable agreement
was observed between the experimental and numerical results, thereby confirming that the proposed
numerical ALE methodology can be adopted to simulate turbulence effects on microalgal cell wall damage
in raceway ponds.

Figure 3. Comparison of experimental and CFD results on velocity magnitude (m/s).

4.2. Effects of Microalgal Cell Locations

Turbulent flow mixing was high near the paddle wheel and significantly decreased as the water
flowed from the upstream to the downstream bend of the raceway pond. Therefore, the mechanical
properties of the cell wall were estimated at different locations (A, B, C, and D) in the raceway pond
to investigate turbulence effects on microalgal cell wall damage. The effect of different locations of
microalgal cells on cell wall shear stress (Pa), cell wall deformation (nm), and von Mises stress (Pa) is
presented in Figure 4. The results were computed in a raceway pond with AR = 10, water depth = 0.2 m,
and paddle wheel rotational speed = 20 rpm. The properties were computed on the FSI interface (bottom,
leading, and top edges) of microalgal cell 3. The wall shear stress on the surface of the microalgal cell
was computed to investigate nutrient diffusivity. Cell wall shear stress was high at the leading edge and
low at the remaining edges of the microalgal cell (Figure 4a). Wall shear stress increased significantly
at locations A and C because of highly turbulent mixing. This finding implies that nutrient diffusivity
increases at locations A and C because of the reduced boundary layers around the cell surface caused by
high shear stress.
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Figure 4. Effect of different locations of microalgal cells in the raceway pond on (a) cell wall shear
stress (Pa); (b) wall deformation (nm); and (c) von Mises stress (Pa).

The microalgal cell wall showed more deformation in the leading edge region than in the regions
of the bottom and top edges (Figure 4b). The interaction of microalgal cells with one another helped
reduce the effect of flow stresses on the cell walls, as evidenced by the low deformation at the top and
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bottom edges. The maximum deformation in cell wall was recorded at location A because of the highly
turbulent flow in this pond region. Cell wall deformation was low when the microalgal cells were in the
downstream and upstream bends (locations B and D). Von Mises stress showed an inverse relationship
with cell wall deformation (Figure 4c). The minimum von Mises stress was observed at the leading edge
of the microalgal cells, and the maximum was observed at the top and bottom edges because large fluid
forces induce high stresses on the cell wall. The maximum von Mises stress at location A showed that
the microalgal cell exhibited high resistance to cell wall deformation, whereas the minimum von Mises
stress at the remaining locations (B, C, and D) indicated low resistance to wall deformation. These results
suggest that the leading edge of microalgal cells is considerably fragile, especially when the microalgal
cells are near the paddle wheel (location A), which may affect algal productivity [17,37]. Contour plots of
the cell wall deformation (nm) of five microalgal cells were created at various locations in the raceway
pond to visualize microalgal cells damage effectively (Figure 5). The wall deformation of microalgal cells
present in the middle (i.e., 2, 3, and 4) was low because of sufficient interaction with adjacent microalgal
cells (i.e., 1 and 5). However, the microalgal cells at the corners (i.e., 1 and 5) experienced large wall
deformation because of minimal contact with the adjacent cells. Turbulent mixing was increased in the
return channel (location C) of the raceway pond due to the large secondary flows in the downstream
bend [24]. Therefore, cell wall deformation was at the maximum when the microalgal cell moved in
location C of the raceway pond (Figure 5c). The deformation of the microalgal cell walls was at the
minimum in the upstream bend (location D) because of the reduced turbulent mixing (Figure 5d).

Figure 5. Cont.
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Figure 5. Contour plots of microalgal cell wall deformation (nm) for a raceway pond with AR = 10 at a
water depth of 0.2 m and rotational speed of 20 (rpm). (a) location A; (b) location B; (c) location C and
(d) location D.

Contour plots (YZ plane) of the cell wall deformation (nm) of microalgal cell 3 were also created at
various locations in the raceway pond (Figure 6). The shape of the microalgal cell wall was significantly
deformed from its original position at location A because of the increased turbulent mixing (Figure 6a).
This deformation in the structural shape of the cell wall can destroy the microalgal cell by damaging
its inner structure (nucleus, chloroplast, etc.). Similarly, the microalgal cell at location C experienced
this deformation in its wall structure shape (Figure 6b). These findings imply that locations A and C
are critical to microalgal productivity because microalgal cell damage is likely to occur in these pond
areas [16,18]. Therefore, this study used microalgal cell 3 at location C to further examine (following
sections) the effects of the pond’s geometrical and hydrodynamic properties on the microalgal cell
damage. All the results in the following sections were plotted on the XZ plane.
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Figure 6. Contour plots (YZ plane) of wall deformation (nm) of microalgal cells in a raceway pond with
AR = 10 at a water depth of 0.2 m and rotational speed of 20 (rpm). (a) locations A and B; (b) locations
C and D.

4.3. Effects of Aspect Ratio

The effect of different ARs on the radial wall deformation (nm) and von Mises stress (Pa) of
the microalgal cell in a raceway pond with a water depth of 0.2 m and paddle wheel rotational
speed of 20 is shown in Figure 7. The cell wall deformation (nm) of the microalgal cell decreased
with the increase in AR because of the reduction in turbulent mixing (Figure 7a). The paddle wheel
rotational speed was kept constant, which increased AR, reduced the water velocity in the raceway
pond, and consequently decreased the turbulent mixing. Therefore, raceway ponds with high AR
experience small secondary flows, which decrease the cell wall deformation due to the small applied
fluid stresses [24,39]. A maximum decrease of about 8.5% in cell wall deformation was recorded with
the increase in AR from 5 to 10, whereas a 10% decrease in cell wall deformation was found when
AR was increased from 10 to 15. The effect of different ARs on the radial von Mises stress (Pa) of the
microalgal cells in the raceway pond is shown in Figure 7b. This study used the radial von Mises
stress to determine whether the cell wall of the microalgal cells will sustain the applied turbulence
flow forces. The von Mises stress was significantly reduced with the increase in the AR of the raceway
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pond. An increase in AR from 5 to 10 resulted in a maximum decrease of about 11% in von Mises stress,
whereas an 9% decrease was found with the increase in AR from 10 to 15. These results suggest that
turbulent mixing is effective in raceway ponds with small ARs; it increases sunlight distribution and
nutrient diffusion to the microalgal cell surface. However, narrow raceway ponds (small ARs) result in
large cell wall deformations, which indicate the possibility of substantial damage on microalgal cells,
and thus reduce cell productivity [15,17,19,20].

Figure 7. Effect of ARs on radial (a) cell wall deformation (nm) and (b) von Mises stress (Pa).

4.4. Effects of Water Depths

Microalgal cell wall damage is affected significantly by water depth because of its direct influence
on turbulent mixing in a raceway pond. Therefore, the effects of water depth on the wall deformation
(nm) and von Mises stress (Pa) of the microalgal cell in a raceway pond with a AR = 10 and paddle
wheel rotational speed = 20 (rpm) were estimated and are presented in Figure 8. Water depth showed
an inverse relationship with cell wall deformation of the microalgal cell (Figure 8a). A decrease in
water depth resulted in a significant increase in cell wall deformation because of the increase in the
turbulent mixing in the raceway pond. Cell wall deformation decreased by about 16% with the increase
in water depth from 0.1 m to 0.2 m. The pond depth of 0.3 m recorded a decrease of 29% in the cell wall
deformation of the microalgal cell. Raceway ponds with small water depths allow sunlight to penetrate
to the pond’s bottom and facilitate uniform mixing of microalgal cells for effective light utilization [2–4].
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The effect of water depth on the von Mises stress (Pa) of the microalgal cells is shown in Figure 8b.
Water depth exerted a significant effect on the magnitudes of the von Mises stress. Increasing the
water depth also resulted in a decrease in von Mises stress because of small hydrodynamic fluid forces.
Von Mises stress showed a maximum decrease of about 31% when the water depth was increased from
0.1 m to 0.2 m. However, a decrease of 39% in von Mises stress was recorded for the 0.3 m water depth.
These findings imply that microalgal cells present in shallow raceway ponds are prone to damage
because of large cell wall deformations, which destroy the microalgal culture and consequently reduce
biomass productivity [16–18].

Figure 8. Effect of water depths on (a) cell wall deformation (nm) and (b) von Mises stress (Pa).

4.5. Effects of Paddle Wheel Rotational Speeds

Turbulent mixing directly depends on paddle wheel rotational speeds, and turbulence mixing
can be increased by increasing the speeds of the paddle wheel. The effects of paddle wheel rotational
speeds on the radial wall deformation (nm) and von Mises stress (Pa) of the microalgal cells in
a raceway pond with a AR = 10 and water depth = 0.2 m were measured (Figure 9). Cell wall
deformation was directly related to paddle wheel rotational speed. An increase in paddle wheel
rotational speed increased the turbulent mixing, which consequently increased cell wall deformation
by applying increased hydrodynamic stresses (Figure 9a). A maximum increase of approximately
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15% in wall deformation was recorded when the paddle wheel rotational speed was increased
from 15 rpm to 20 rpm. Meanwhile, increasing the paddle wheel speed from 25 rpm to 30 rpm
resulted in a maximum increase in cell deformation by about 13%. High paddle wheel rotational
speeds may reduce the boundary layer around the microalgal cells to improve nutrient diffusivity.
However, the microalgal cell wall was largely deformed because of the large fluid forces produced at
high paddle wheel rotational speeds (Figure 9a). The effect of paddle wheel rotational speeds on the
radial von Mises stress (Pa) of the microalgal cells was also evaluated and is presented in Figure 9b.
The von Mises stress increased significantly with an increase in the paddle wheel speeds because of the
large hydrodynamic stresses on the microalgal cells. An increase of approximately 12% in von Mises
stress was recorded with each increase in the paddle wheel rotational speed (i.e., 15 rpm to 20 rpm
and 25 rpm to 30 rpm). These results suggest that high paddle wheel rotational speeds certainly
damage the mechanical structure of microalgal cells. Therefore, high paddle wheel rotational speeds
are unsuitable for microalgal cultivation in raceway ponds because of the large deformation of the
microalgal cell wall and high power requirement [16,17].

Figure 9. Effect of paddle wheel rotational speeds (rpm) on radial (a) microalgal cell deformation (nm)
and (b) von Mises stress (Pa).
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5. Conclusions

This study developed a FSI-based numerical model to investigate the effects of water turbulence
on microalgal cell wall damage in open raceway ponds. The ALE numerical methodology was adopted
to model the effects of water turbulence on the microalgal cell wall. Microalgal cell wall damage
was investigated at four different locations in the raceway pond in consideration of the effects of
pond’s hydrodynamic and geometric properties. The numerical results were compared and validated
using the experimental time-dependent water velocity. Various aspect ratios, water depths, and paddle
wheel rotational speeds were considered to examine their effects on microalgal cell wall shear stress,
cell wall deformation, and von Misses stress at different locations in the raceway pond.

The nutrient diffusivity rate to microalgal cells increased at locations A and C because of high
cell wall shear stresses, which consequently reduced the boundary layer around the cell surface.
The portion of microalgal cells having first contact with the water flow deformed more compared
with the others. The particle–particle interaction of microalgal cells helped reduce the effect of flow
stresses on their cell wall structure. Cell wall shear stress showed a direct relationship with cell wall
deformation, whereas von Mises stress is inversely related to cell wall deformation. Locations A and
C are critical in terms of microalgal cell wall damage, which suggests that algal productivity may
be significantly affected in these pond regions. An increasing AR decreased the microalgal cell wall
deformation and the von Mises stresses. Wide raceway pond channels are thus suitable for algal
cultivation because of reduced cell wall damage. The cell wall deformation and von Mises stresses
also decreased with an increase in water depth. Microalgal cell wall damage was high in the raceway
ponds with small water depths. Increasing the paddle wheel speeds also significantly increased the
cell wall deformation and von Mises stresses. High paddle wheel rotational speeds reduced algal
productivity because of an increase in microalgal cell wall damage. Therefore, appropriate selection
of hydrodynamic and geometric properties must be made to achieve effective turbulent mixing with
reduced microalgal cell wall damage for optimizing algal productivity.
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