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Abstract: - This work aims to enhance the hydrodynamic properties of microalgae production units which can 
solve the issue of the energy demand and the environmental problem of the world. The studied system is a 
raceway pond built in Monastir city in Tunisia. By using the commercial CFD software, ANSYS Fluent, a set 
of simulations was created to assess the hydrodynamic characteristics of the pond. The results were verified 
through the experimental measurements of the fluid velocity in both channels of the system. The standard k-ɛ 
turbulence model was used to model the turbulence created by the paddle wheel of the fluid flow. Two design 
parameters were studied in this paper. The impact of the configuration of the bend system's endpoint on the 
behavior of the pond was investigated by altering two radii. The numerical findings align well with the 
experimental observations. 
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1   Introduction  
In recent times, the interest in the algae industry has 
led to the development of various applications for 
the food and bioenergy markets, [1]. In fact, the 
most fundamental and cost-effective cultivation 
system for microalgae production is open raceway 
ponds. While microalgae productivity in open 
raceway ponds is lower compared to other 
cultivation systems like photobioreactors, this is 
often offset by their relatively low capital and 
operating costs, as well as the high economic value 
of their products, [2]. In commercial operations, 
raceways are the most successful technologies for 
cultivating the large-scale production of algae, [3]. 
Open algae cultivation systems come in a wide 
range of configurations in terms of size, 
construction materials, agitation systems, and 
overall design, [4]. A RWP is made up of a shallow 
pond divided into two or more channels, according 
to the proposed general design. The liquid stream is 
agitated by a mechanical rotor, which generates a 
turbulent flow inside the pond. The RWPs are the 

most commonly used open culture systems, owing 
to their relatively low construction costs, ease of 
maintenance, low energy requirements, and 
scalability, [5]. For high productivity and energy 
efficiency, it's critical and difficult to achieve a 
uniform distribution of nutrients, CO2, light, mixing, 
and algal cells in an ORP. In open raceway pond 
systems, paddle wheels are commonly used as the 
mixing mechanism to generate the required water 
flow velocity and ensure effective circulation 
throughout the pond channels. A Uniform flow 
mixing by a paddle wheel is therefore required to 
bring algae cells from the pond's bottom to the top 
surface and expose them to sunlight. The turbulent 
mixing generated by the paddle wheel also enhances 
nutrient transfer from the water to the algae cells by 
causing some damage to their cell membranes, [6]. 
The yield of microalgae production initially 
increases with increasing turbulence, most likely 
due to an improved supply of CO2 or a higher 
frequency of dark-light cycles. But, after reaching 
an optimum value, the yield rapidly degrades with 
increasing turbulence. However, this shear stress 
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characteristic has yet to be investigated in large-
scale open pond systems. Furthermore, the impact 
of the pond's geometry on hydrodynamic 
characteristics has yet to be thoroughly fully 
investigated, potentially leading to an incomplete 
understanding of the design result. Power 
consumption is another important design parameter 
because it influences the economics and 
productivity of algae biomass, [7]. Hydraulic power 
was used to generate liquid velocity in the channel, 
which accounts for the majority of the power 
consumption. The actual power for a given raceway 
will be determined by the length of the raceway's 
channel. A longer pond requires more energy to 
move the water along the channel, and the shape of 
the bends will also affect the amount of energy 
required to circulate the water flow. As a result, the 
evaluation of pond design power is critical. 
Although light is necessary for algal growth, too 
little or too much light will limit or inhibit the 
photosynthetic process, [8]. The performance of 
mixing was determined by the design of RWP in 
terms of circulation velocity (Vc), shear stress (τ), 
and the presence of a dead zone, [9]. In commercial 
RWP, a velocity of 0.15 m/s to 0.3 m/s is commonly 
required for algae cultivation, [10]. Algae cells are 
sensitive to hydrodynamic forces, [11], [12], and the 
cell damage caused by shear stress has been one of 
the major challenges to overcome when developing 
artificial algae cultivation systems, [13]. In RWP, 
high velocities and a high degree of mixing can 
harm the algae cells' growth. The areas where 
mixing velocities are not sufficient (that‘s when> 
0.1 m/s) are known as dead zones or stagnant zones. 
Dead zones reduce the physical volume of the pond, 
as well as the time spent there, and have an impact 
on cultivation productivity, [14]. Numerous studies 
have been carried out to investigate the design of 
open raceway ponds to reduce energy consumption 
and improve the growing efficiency of microalgae, 
[15]. A significant portion of the energy is lost at the 
sharp turns or hairpin bends in the ponds. Various 
bend configurations using computational fluid 
dynamics (CFD), [16]. When compared to the 
traditional constant-width/constant-depth bend 
configuration, these authors demonstrated that some 
of the new bend configurations not only minimize 
energy consumption but also improve raceway pond 
mixing by overcoming low speed and stagnant 
regions, [16]. Another CFD-based approach 
demonstrated that, in addition to being more energy-
efficient than the standard configuration, a raceway 
configuration with at least three semicircular 

deflector baffles and an "island" at the end of the 
central divider can completely prevent the 
development of dead zones, [17]. The majority of 
recent design studies on open raceway ponds rely on 
modeling and simulations, with only a small number 
utilizing actual experiments. Regardless of how the 
models and associated technologies progress, there 
will always be discrepancies when comparing the 
model results to experimental data, [18], [19]. This 
study compared the performance of two raceway 
ponds with different configurations based on three 
criteria: areal productivity, energy consumption, and 
the biochemical composition of biomass produced 
using Nanochloropsis oceanic as a model microalga. 
Simple bend designs are not optimal for biomass 
growth because they result in large areas of stagnant 
flow and high energy loss. A raceway system 
measuring 630 m in length, 4 m in width, and 0.3 m 
in depth was analyzed using theoretical CFD, 
powered by a conventional 8-blade paddlewheel and 
operating at a fluid velocity of 0.14 m/s, [20]. The 
percentage of dead zones around the bends was 
found to be as high as 14.2% of the total area, 
according to the authors. .Similar results were 
observed in a raceway measuring 5 m in width, 96 
m in length, and 0.3 m in depth, operating at a fluid 
velocity of 0.3 m/s, which accounted for 18% of the 
total area, [21]. The fluid depth increases around the 
side walls of the bend. This increase in depth is 
referred to as superelevation, [22]. It is caused by 
the fluid's desire to continue in a straight line and 
the wall's exertion of a force to prevent it from 
doing so. This causes a pressure difference across 
the channel section, resulting in the formation of 
flows transverse to the main flow, [23]. Secondary 
flows are transverse flows that, when combined with 
the main forward flow, create a helicoidal flow, 
[24]. Other research has proposed that there is a 
constant total head across the width of the channel 
and as a consequence of the increased depth there 
must be a reduction in the velocity head, [25]. 
Research from the CFD showed that the 180° end 
bends provide the vertical speed to be mixed up five 
times more than that of the straight sections, [26]. 
Furthermore, other experimental work has shown 
that end bends increase the dispersion coefficient, 
which is a measure of fluid mixing, by two-fold 
[27]. Other bend designs that combined flow 
deflectors and island configurations have been 
investigated, [28]. This option was the best of the 
ones that were simulated because it had the lowest 
total power requirement, a reduction of 18% over 
the standard configuration, and no dead zones in the 
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raceway. However, when compared to the design 
with three deflectors, this design reduces power by 
only 1.5%, but it necessitates a much more complex 
construction, which may result in higher capital 
costs. From these interiors studies, it is clear that the 
study of the algae open ponds is very crucial and 
require more investment. 

The present paper describes the hydrodynamic 
flow properties of algae open ponds and how they 
can be used to optimize algae pond designs. The 
hydrodynamic flow conditions are related to power 
consumption, dead zone occurrence, global shear 
stress characteristics, and variations in pond 
geometry and dimension, such as end bends by 
using the Computational Fluid Dynamics (CFD) 
modeling. This paper's approach emphasizes the 
need for more research into large-scale raceway 
design. 
 
 
2   CFD Method 
 

2.1   Mathematical Model 
This part describes the basic physical models 
provided by the CFD code. The present problem can 
be solved in a steady-state simulation. In fact, three-
dimensional steady simulations are performed by 
using the commercial CFD code ANSYS FLUENT 
17.0. This code is based on Navier-Stokes equations 
to predict the fluid flow inside the raceway pond. To 
calculate fluid behavior in the raceway pond, the 
equations governing the flow are the fundamental 
three-dimensional fluid mechanic equations for 
mass, momentum, and energy conservation. They 
can be written in the cartesian coordinates as 
follows  
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The considered turbulence model is the standard 
k-ε model. The turbulence kinetic energy k, and its 
rate of dissipation, ε are obtained from the following 
transport equations: 
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The turbulent (or eddy) viscosity t  is computed by 
combining k and ε as follows: 

2

t u
kC  


                           (5)                                                                                                                

 
Constants of the standard k-ɛ model are presented in 
Table 1. 
 

Table 1. Constants of the standard k-ε model 

1C 

 
2C 

 
C

 
k

 


 

1.44 1.92 0.09 1.0 1.3 
 

2.2   Reference System 
To minimize the energy losses at the raceway bends, 
which can improve the efficiency of open raceway 
pond algae cultivation systems, it is important to 
reduce the resistance of the fluid flow resistance at 
those bend locations, numerical modeling for a 
shallow turbulent flow in a rectangular channel was 
performed by using the commercial CFD code 
ANSYS Fluent 17.0. A paddlewheel drives the 
microalgae suspensions cultured in the RWPs to 
flow constantly through the circuit. Figure 1 
presents the raceway pond, the used paddle wheel, 
and the culture microalgae of this system. The 
length and width of the simulated RWP in this paper 
were set to 23.5 m and 3.8 m, respectively. A 
paddlewheel with three blades and a radius of 0.4 m 
was also installed at one of the RWP's straight 
channels.  

 

Fig. 1: Experimental system 
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2.3  Geometrical and Meshing Domains 
The coordinate system for a typical raceway bend is 
shown in Figure 2, where L is the length of the 
transition section, R is the channel width, and r is 
the radius of curvature. Besides, the width of the 
central divider is assumed to be 0.2m. Furthermore, 
d denotes the local depth, and d0 denotes the 
standard channel depth, the thickness of the central 
divider wall between two straight channels was set 
to 0.5 m. R = 5m and d0 = 0.3m were chosen for this 
study. The RWP design requires an accurate choice 
of end bend geometry by changing the radius of 
curvature R1 (table 3)and R2 (table 2)This process 
must allow for favorable hydrodynamic conditions, 
such as good mixing, the elimination of dead zones 
and short-circuits, and low shear stresses. Thus, the 
aim is to obtain minimal consuming power. 

 

Fig. 2: Raceway bend geometry as shown for a 
standard raceway pond 
 

Table 2. Variation of the head radius 
R1 2 2.5 3 3.5 
R2 1 1 1 1 

 
Table 3. Variation of the medium radius 

 
 
 
 
 

In this study, we, first, changed the head radius 
curvature in end bends and we fixed the medium 
radius. In the next phase, we take the inverse course 
and we study their hydrodynamic effects. An 
unstructured tetrahedral mesh was used for all 
simulations in which the radius of curvature was 
varied. For the meshing, an unstructured hexahedral 
mesh (Figure 3) with an aspect ratio that allowed for 
finer spacing in the vertical direction rather than in 
the horizontal direction, which was used for all 
computations in which the channel's end bends are 
constant. Tetrahedral meshes are typically made up 
of 1,000,000 elements, while hexahedral meshes are 
made up of 300,000 elements. It should be noted 
that the RWP system's 3-dimensional geometry is 

created in ANSYS Design Modeler 17.0 and 
meshed by structured mesh in ANSYS Meshing 
17.0. In the meshed RWP system, we have obtained 
353648 cells. 

 

Fig. 3: Meshing of the computational domain. 
 
2.4  Theoretical Approach  
The pressure difference between given points after 
and before the paddle wheel is used to describe the 
power, which represents the paddle wheel's energy 
consumption. The pressure was calculated and then 
the power was formulated:  

P = Q ∆p                (6)   
 
where Q is the fluid flow and ∆p is the pressure 
difference created by the paddle wheel. 
 

A dead zone is created when a large eddy flow 
occurs, resulting in a stagnant flow at the middle 
wall's end. Because calculating the dead volume is 
difficult, we propose using the following 
assumption. We used this value as the threshold for 
the existence of dead zones and then quantified the 
dead volume because the lowest fluid velocity 
required to avoid settling of algae cells in the pond 
is 0.1 m/s, [27]. 

% 𝐷𝑣
=Vv<0.1

Vpond

×100%                                        (7) 

where V(v<0.1)  is the volume of liquid with a velocity 
less than 0.1 m/s and 𝑉pond  is volume of liquid in 
the pond. 
The location of low velocity (we call the dead zone) 
can easily cause stacking and death of algae during 
microalgae cultivation. The proportion of the dead 
area should be reduced to avoid this microalgae 
cultivation phenomenon. 
 
 
3   Results and Discussion 
 
3.1  Power 
Figure 4 and Figure 5 show the changes in the 
consumed power by the rotor when varying the radii 
R1 and  R2. It can be seen from these results that the 
power consumption decreases with the increase in 
the bend radius R1. The power consumption in this 
case, reaches approximately 74% of the standard 
bend design. The power is reduced when changing 

R2 2 2.5 3 3.5 
R1 1 1 1 1 
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the medium radius 4.8% from the standard design. 
However, focusing solely on power consumption 
ignores other, less obvious financial savings. These 
are possible savings in capital costs, electrical 
engineering, and other economies of scale because 
the ponds, such as end bends, can take more 
superficies. As an example of the latter effect, 
authors claim that increasing the area of a raceway 
pond facility by a factor of ten ,reduces the cost of 
algae per kg (dry weight) by a rate of 75%. 

This may be an overly optimistic estimate. But, 
if the scaling is roughly linear, increasing the size of 
the raceway ponds by a factor of two implies a 
potential reduction in the algae's "per kg" cost of the 
order of 5%. Of course, constructing a more 
complex pond design will almost certainly increase 
the construction cost. We are hoping to get 
quantitative estimates for this additional cost from 
businesses that want to build ponds using the 
designs in this paper. 

 

 

Fig. 4: Channel hydraulic power consumption for 
the various head radius bend geometries 4.8                             
 

 

Fig. 5: Channel hydraulic power consumption for 
the various medium radius  

3.2  Dead Zone 
To study the effect of the presence of a paddle 
wheel on the formation of dead zones, the fraction 
of dead zone volume is calculated using equation 
(7). A large dead zone volume is generally expected 
in small-sized and medium-sized ponds because of 
the non-uniform pond velocity produced by the 
paddle wheel. However, the fraction of dead zone 
volume can be reduced by increasing the value of 
the head radius (Figure 6). This reduction is at its 
maximum for R1 =4 m. By increasing R1 the 
presence of large eddies decreases in favor of small 
eddies. A higher head radius in the channel will thus 
increase the dispersion of the cells and the dead 
zone volume subsequently dispersed as shown in 
different dispersions of dead zones in Figure 8 
(Appendix). However, the correlation between R1 

and volume eddies is linear.   
 

 
Fig. 6: Dead zone in the various R1 size of ponds 
 

 

  

Fig. 7: Dead zone in the various R2 sizes of ponds 
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To minimize the effect of dead zones on algae 
cell production, pond geometry must be optimized 
in accordance with paddle wheel rotational speed. 
Moreover, at a constant rotational speed of 13 rpm, 
an increase in R2 increases slightly in a very 
negligible way (Figure 9, Appendix). Consequently, 
a more prominent rising of medium radius in end 
bends is depicted along with an augmented volume 
of dead zones at the end of the center wall for all 
cases as shown in Figure 7. The flow is not directly 
circulated 180° by this modification, resulting in a 
more uniform velocity field in the channel compared 
to the previous pond design, since the improvement 
of the hydraulic properties. 
 
3.3  Static Pressure 
Figure 10 and Figure 11 in Appendix show the 
distribution of the static pressure in all proposed 
geometries. According to these results, it has been 
observed that the high-pressure zones appear after 
the paddle wheel and the low-pressure zones appear 
before it. This obvious change in the static pressure 
is due to the location of the momentum source 
which simulated the force provided by the variation 
in R1. The decrease in the static pressure with 
different R1 along the straights illustrates the effects 
of raising the head radius for better pressure 
distribution. However, from the results in Figure 10 
(Appendix), it is obvious that the static pressure has 
a similar distribution as the standard one. The 
advancing and the returning channels have different 
pressure distributions. Indeed, higher pressure 
values are noted on the indirect side of the pond and 
lower values are noted on the direct side. The 
maximum values p=319 Pa are obtained when we 
rise R2 = 3.5m. Thus, the increase in the medium 
radius increases slightly the pressure difference. 
 
3.4  Magnitude Velocity 
Figure 12 and Figure 13 in Appendix show the 
distribution of the velocity magnitude in all 
geometries. According to these results, it has been 
observed that in the standard case the acceleration 
zones appear at the end bend when the fluid changes 
its direction. Then, the water velocity decreases 
gradually to reach the minimum value at the system 
center. However, a uniform distribution of the 
velocity magnitude appears when changing the radii 
of the bent end. The best distribution is shown with 
R1 = 3.5 m. Figure 12 (Appendix) shows that the 
increase of bend radius R2 has no effect on the 
behavior of water velocity. Enhanced performance 
is indicated by the absence of localized acceleration 

which creates a dead zone. Therefore, the raceway 
bond with R1 = 3.5 m presents a good solution to 
decrease the dead zone and increase the 
performance of the system. 
 

3.5  Turbulent Kinetic Energy 
Figure 14 and Figure 15 in Appendix depict the 
distribution of the turbulent kinetic energy in all 
proposed geometries. From these results, it can be 
seen that the high turbulent kinetic energy is shown 
in the standard case. However, it has been observed 
that the turbulent kinetic energy presents the same 
distribution for other cases. This means that the 
proposed design of a pond with a circular bend 
presents an efficient solution to reduce the turbulent 
kinetic energy. The increase of the first radius 
R1decreases the turbulent kinetic energy. 
Meanwhile, the change of the second radius R2 does 
not a large effect on the turbulent kinetic energy 
distribution. In fact, in the cases of R2=2 m and 
R2=4 m ,it presents the low values.  In these cases, 
the maximum value is reached near the bend region. 
Otherwise, this turbulent region is great at the 
entrance of the paddle wheel zone, when the paddle 
wheel is located far from the bend zone. However, 
the peak value of the turbulent kinetic energy 
decreases in the other shapes. In these   cases, it can 
be seen that the fluid turbulence appears along both 
channels. This fact leads to enhancing of the 
performance of microalgae production.  
 
3.6  Comparison with Experimental Data 
The potential of algal biomass production in an ORP 
with two culture radii of 0.4m (Figure 16)  and 0.5m 
(Figure 17)  has been estimated. 
 

 

Fig. 16: Experimental system which R1=0.4m 
 

As is evident from Figure 18 the new design 
with achange of radius from 0.4 m to 0.5 m 

WSEAS TRANSACTIONS on HEAT and MASS TRANSFER 
DOI: 10.37394/232012.2024.19.13 Oussama Ghannem, Haythem Nasraoui, Zied Driss

E-ISSN: 2224-3461 119 Volume 19, 2024



 

 

improves the productivity of algae. These results 
confirm the validity of our numerical method. 

 
 

Fig. 17: Experimental system which R1=0.5m 
 

 

Fig. 18: Evolution of biomass with different radius 
 

3.7  Mass Transfer 
The geometry of the raceway pond plays a critical 
role in determining flow patterns, which directly 
influences the efficiency of microalgae cultivation. 
Optimizing the shape by adjusting the head and 
medium radii can enhance turbulence, which is 
essential for improving mass transfer rates. 
Increased turbulence facilitates better mixing of 
microalgae with nutrients and gases, promoting 
more effective absorption of CO₂  from the 
atmosphere. The implementation of internal 
structures, referred to as R2, can disrupt laminar 
flow and induce turbulence, thereby enhancing 
contact between the liquid and gas phases crucial for 
effective mass transfer. 

Furthermore, increasing R1 to create a wider 
pond can provide a greater surface area for CO2 
absorption. However, it is important to balance this 
width with the need for adequate mixing to prevent 

stagnation. The optimal design should achieve a 
balance between maximizing light capture and 
enhancing mass transfer, ensuring that microalgae 
remain in optimal growth conditions, as illustrated 
in Figure 18. 

 
 

4   Conclusions 
In this paper, a series of simulations were developed 
in order to validate the hydrodynamic characteristics 
of the pond. The results were validated by the 
experimental measurements of the fluid velocity in 
both channels of the system. The standard k-ε 
turbulence model was used to model the turbulence 
created by the paddle wheel of the fluid flow. The 
effect of the shape of the end of the bending system 
on the pond behavior was examined by changing 
two radii. These results will be used for the 
enhancements of the raceway pond design. 

To mitigate energy consumption, minimize dead 
zones, and reduce the intensity of shear stress in 
raceway ponds, we conducted a thorough evaluation 
of various bend geometries with different radii. This 
assessment aimed to identify optimal designs that 
enhance fluid dynamics within the ponds. By 
systematically analyzing how different geometrical 
configurations impact flow characteristics, we 
sought to improve the overall efficiency and 
performance of the raceway systems. The findings 
from this study will contribute significantly to the 
design strategies for raceway ponds, ultimately 
leading to more sustainable algae cultivation 
practices. 

Several of the newly designed bends, 
particularly the "head radius" and "medium radius 
box" configurations, not only reduce energy 
consumption but also enhance mixing within the 
raceway pond. By effectively eliminating low-speed 
and stagnant regions in the flow, these designs have 
the potential to significantly boost algae 
productivity in raceway systems. 

On the whole, this progressed vitality 
effectiveness of the modern raceway pond designs 
will allow the plan of bigger ponds with lesser 
relative investment to conceivably minimize the 
ultimate generation cost of algae growth. 

Future work could focus on the development 
and testing of more complex geometric 
configurations beyond the head and medium radius 
adjustments. Exploring non-linear shapes and 
innovative internal structures may lead to even 
greater improvements in flow dynamics and mass 
transfer rates. 
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Fig. 8: Effect of head radius R1 on dead zone distribution 
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Fig. 9: Effect of medium radius R2 on dead zones distribution 
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Fig. 10:  Static pressure distribution for different R1 
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Fig. 11: Static pressure distribution for different R2 
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Fig. 12: Distribution of the velocity field with variation in R1 
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Fig. 13: Distribution of the velocity field with variation in R2 
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Fig. 14: Turbulent kinetic energy distribution for different R1 
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Fig. 15: Turbulent kinetic energy distribution for different R2 
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