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A B S T R A C T

In the present work, a vertical axis turbine with straight blades was analyzed through a numerical simulation in
three dimensions, the performance of the turbine was studied while synthetic jets were used as an active flow
control method. To carry out the simulations, the Unsteady Reynolds Averaged Navier-Stokes (URANS) equations
were solved on Star CCMþ, through the k-ω SST turbulence model. The dynamics of the turbine movement were
described using the Overset Mesh technique, capturing the transient characteristics of the flow field. Hydrody-
namic coefficients and vorticity fields were obtained to describe the flow behaviour, and the results were
compared with two-dimensional simulations of the same system. Turbine performance with tangential synthetic
jets located on the intrados and extrados of the airfoil shows an increase in the torque and power output of the
turbine. Moreover, using simple estimates, synthetic jets used less power than the increment in power generated
at the turbine shaft, showing that efficiency of the turbine increases with the use of synthetic jets. However, the
increment in the turbine performance is not as high as in previous two-dimensional studies reported in the
literature.
1. Introduction

Energy is essential for human beings and improves people’s quality of
life. However, the increasing demand for energy, the depletion of fossil
fuels, the environmental degradation derived from energy production
and climate change require a change in the energy sources, highlighting
the use of renewable energies to mitigate these problems. In this field,
hydrokinetic energy from rivers and oceans provides a near unexploited
alternative with great potential for producing electrical energy. Such
energy can be converted into electricity utilizing the so-called hydroki-
netic turbines, which mainly are wind turbines adapted to work in an
aquatic environment. Consequently, the design optimization of hydro-
kinetic (HK) turbines is essential for extracting energy from rivers and
tidal currents.

HK or water turbines can be classified into two types, depending on
how the axis of rotation is oriented concerning the flow direction. There
are horizontal axis turbines, in which the rotation axis and the flow di-
rection are parallel, also called Axial Flow Water Turbines (AFWT), and
vertical axis turbines, in which the rotation axis and the flow direction
are perpendiculars, called Cross-Flow Water Turbines (CFWT). CFWTs
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allow energy to be extracted independently of the flow direction, this is
an important characteristic of these turbines when are compared to
AFWTs. However, CFWTs are less efficient than AFWTs because the flow
in CFWTs becomes unsteady and is characterized by the shedding of
vortices in certain azimuthal positions of the turbine that interact
downstream with the blades [1].

To improve CFWT performance, flow control methods have been
implemented, allowing the modification of the flow field to reduce the
vortex detachment phenomenon. In recent years, flow control tech-
niques have generally focused on controlling boundary layer separation
or delay to improve aerodynamic performance. These methods can be
classified as passive or active. Passive methods do not require energy to
modify the flow and generally correspond to geometric modifications in
the airfoil, while active methods require an actuator that consumes
energy to modify the flow. Among the passive methods, slats, vortex
generators, or gurney flaps are frequently used, and in the active
methods, synthetic jets (SJ), plasma actuators, and moving surfaces are
the most representative. In particular, SJs modify the flow field by
producing changes in the amount of momentum of the boundary layer
without introducing a net mass flow to the system; this is achieved by
uly 2022
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sucking and expelling the surrounding fluid periodically through an
orifice located on the blade’s surface [2].

On the other hand, the design of turbines has traditionally been done
through experimentation and similarity laws, which are considered
expensive processes. Thus, the increase in the processing capacity of
computers has allowed the implementation of numerical methods, to
design and predict the performance of turbines, making this process
cheaper. Computational Fluid Dynamics (CFD) codes have allowed the
exploration of the optimal operating conditions for turbines (both for
wind or HK applications) by facilitating the integration of different blade
profiles [3], geometry modifications [4], different turbine sizes and
modification of the tip speed ratio (λ). Mohamed et al. [5] carried out 2D
numerical simulations on a Darrieus turbine with straight blades under
the sliding mesh approach, using the k-ω SST and Realizable k-ε turbu-
lence models. They studied 25 blade profiles by varying the tip speed
ratio between 2 and 9; and tested the performance of the best profile by
varying the pitch angle between (�10�, 10�). Results showed that the
LS(1)-0413 profile obtained the maximum performance, while the NACA
63-415 profile offers a wider operating range over the tip speed ratio;
moreover, they found that a pitch angle of 0� offered the best perfor-
mance in the LS(1)-0413 profile. Howell et al. [6] conducted a compar-
ative study of the performance of a small vertical axis wind turbine,
contrasting experimental wind tunnel data with 2D and 3D simulations.
The simulations were carried out under the sliding mesh approach using
the k-ε RNG turbulence model. Results showed that the performance
coefficient in the 3D simulations was in concordance with the experi-
mental measurements, while 2D simulations showed a significant in-
crease in turbine performance compared to 3D simulations. A similar
study was carried out by Siddiqui et al. [7], in which the influence of the
geometrical model of a vertical axis turbine on the numerical results was
studied. The implemented simulations compared 2D models with com-
plete 3D models, which included the shaft and the supports of the blades.
The simulations used the sliding mesh approach and the k-ε Realizable
turbulence model. Results showed that 2D simulations could over-
estimate turbine performance by about 32% compared to 3D simulations,
while including shaft and blade supports in 3D simulations can cause a
difference of 11 % in the performance calculated concerning the case
with only the blades.

CFD has allowed exploration of the optimal configuration of the jet
parameters to extract the best performance from the airfoils with SJs as
flow control devices. You and Moin [8] implemented Large-Eddy Simu-
lation (LES) on a NACA 0015 profile, studying the effectiveness of syn-
thetic jets as a control method on boundary layer separation. The
synthetic jets delayed the flow separation and increased the lift coeffi-
cient by approximately 70%. In addition, it was found that both the
suction phase and the blowing phase of the jet significantly modify the
boundary layer. Zhao et al. [9] carried out a study where the impact of
synthetic jets on the dynamic stall in a rotor was evaluated, modifying
parameters such as jet location, jet angle, and frequency of actuation,
among others. 2D simulations of the airfoil rotor were performed under
the Moving-Embedded grids methodology with the k-ω SST turbulence
model. According to the study results, synthetic jets achieved the best
control over the dynamic stall when they were located near the flow
separation point. If jets are located close to the flow separation point, the
best control is obtained for small jet angles, while if jets are in the
separated flow region, the best control is achieved for medium jet angles.
In addition, the control over the actuation frequency showed that the
oscillatory suction had the best effect on the control of dynamic stall. Zhu
et al. [10, 11] carried out 2D simulations with the sliding mesh approach
using the Realizable k-ε turbulence model of a vertical axis turbine when
using synthetic jets. In this study, the number of synthetic jets on the
profile was varied, and it was found that the aerodynamic performance of
the profile is sensitive to the number of jets and that the use of two jets on
the trailing edge of the profiles obtained the best performance. In addi-
tion, it was observed that power coefficient is reduced with the increment
in the momentum coefficient of the jet.
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Sasson et al. [12] performed a study based on the single streamtube
approach and comparison with experimental data to assess the efficiency
of turbines equipped with steady and pulsed synthetic jets versus the bare
turbine. As a result, both the power curve and annual energy production
are improved in the case of blowing jets. Moreover, the use of synthetic
jets helps to alleviate the concern of poor self-starting behaviour of
Vertical Axis Wind Turbines (VAWT). Menon et al. [13] employed careful
numerical analyses to evaluate the effect of jet operation parameters such
as actuator position, reduced frequency or blowing ratio on the 2D
aerodynamic performance of the airfoils NACA0018 and DU06-W-200.
These authors obtained an increase of 12% in the average axial force
over the complete rotation cycle for a blowing ratio of 1.5 and a reduced
frequency of 5. Nevertheless, some essential effects were absent in their
simulations, such as the effect of finite span blades, spoke drag and wind
shear, demanding a full 3D simulation. Yen et al. [14] studied the
NACA0020 airfoil model experimentally using synthetic jets at low tip
speed ratios (TSR). Their results indicated that such a strategy improves
the turbine performance at low TSRs and reduces noise production.
However, the study only considered one blade at different angles of
attack, which is different from the functional flow conditions of VAWTs.

On the other hand, Maldonado and Gupta [15] experimentally stud-
ied the performance of a 3-blades rotor with an S809 airfoil and 60
synthetic jet actuators. At an angular velocity of 500 rpm, the activation
of 20 SJs per blade decreases the energy requirement of the rotor by
10.6%, demonstrating that they are a feasible solution for improving the
power efficiency of rotors. Wu et al. [16] investigated the effect of syn-
thetic jets control numerically in the energy production of an elliptic
airfoil. The airfoil was immersed in a 2D laminar flow, and it experienced
an imposed pitching motion combined with a plunging motion. The ef-
fects of different parameters, such as inclination angle of the jet, the
position of the jet slot, and the phase angle between the jet and the
pitching motion on the energy production capability are analized. An
increase of up to 30% in energy harvesting can be achieved using syn-
thetic jets in the best configuration. Mohammadi and Maghrebi [17]
studied the effect of a jet blowing on the blade suction side of a Hori-
zontal Axis Wind Turbine (HAWT) on the boundary layer separation. 3D
Simulations were performed with the software ANSYS Fluent using as
turbulencemodel the k-ω SSTmodel. Different combinations of 2, 3 and 4
jets were investigated versus a single jet, resulting in a direct relation
between the number of activated SJs and torque increase. It was found
that SJs close to the blade tip were responsible for the highest increase in
turbine aerodynamic performance.

The main objective of this study is to present the results of simula-
tions on a straight-bladed Darrieus turbine using synthetic jets as a flow
control method. In contrast to other similar studies, in this one, three-
dimensional simulations are carried out, and the behaviour of the tur-
bine is studied in water, which allows for reaching higher Reynolds
numbers than in air. In addition, a control scheme for the synthetic jets
is included to improve their performance on the turbine. The simulation
cases are based on the study of Velasco et al. [18], in which
two-dimensional simulations were carried out, reproducing the most
relevant scenarios to determine the impact of the synthetic jets on the
turbine performance in the three-dimensional case compared to the
two-dimensional case. The simulations were implemented with the
Overset Mesh methodology to capture the dynamic effects of the
turbine.

2. Operational parameters of the model

2.1. Hydrodynamic coefficients of the turbine

The non-dimensional parameters that characterize the performance
of an HK turbine are:

� Torque coefficient ðCmÞ which is defined by Eq. (1) and is the
dimensionless form of the torque M produced by the turbine
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Cm ¼ M
1ρ∞U2 RSref

(1)
Figure 1. Reference frame of the blades.

Figure 2. Position of the synthetic jets on the Blades.
2 ∞

where, ρ∞ is the density of the fluid, U∞ is the free-stream velocity, R is
the radius of the turbine and Sref is the frontal area of the turbine (Sref ¼
2HR, where H is the span of the blades).

� Power coefficient (Cp) which is defined by Eq. (2) and is the dimen-
sionless form of the power P generated by the turbine.

Cp ¼ P
1
2ρ∞U

3
∞Sref

(2)

� Normal force coefficient ðCnÞ defined by Eq. (3) and correspond to the
component of the hydrodynamic force applied over the blade that is
perpendicular to the chord of the blade profile ðFnÞ. This force
component is related to the cyclical structural load applied to the
turbine shaft.

Cn ¼ Fn
1
2ρ∞U

2
∞Sref

(3)

� Tangential force coefficient ðCtÞ defined by Eq. (4) and correspond to
the component of the hydrodynamic force applied over the blades
that is parallel to the chord ðFtÞ. This component is responsible for
generating torque in the turbine; when this component is in the di-
rection of the rotation of the turbine, it produces energy; otherwise, it
consumes energy.

Ct ¼ Ft
1
2ρ∞U

2
∞Sref

(4)

� Tip speed ratio ðλÞ; defined by Eq. (5) and is the dimensionless form of
the angular velocity of the turbine

λ¼ωR
U∞

(5)

where, ω is the angular velocity.

� The angle of attack (α), defined as the angle between the blade chord
and the resultant fluid velocity vector, is given by Eq. (6) [19].

α¼ tan�1
�

sin θ

λþ cos θ

�
(6)

where, θ is the azimuth angle presented in Figure 1.

� Lift (CL) and drag (CD) coefficients, which can be obtained from
tangential and normal coefficients using the angle of attack as follows
in Eqs. (7) and (8).

CL ¼ � Ct sin α� Cn cos α (7)

CD ¼Ct cos α� Cn sin α (8)

2.2. Synthetic jet model

Synthetic jets are zero net mass flow devices, meaning they do not add
mass flow to the system. They achieve this with oscillating actuators,
which alternate between the suction and expulsion processes of the
surrounding fluid. The jets are mainly composed of the vibrator and the
3

cavity. The vibrator is the main component of the jet, that through vi-
bration produces the movement of the fluid from the energy entering the
actuator [20]. The vibrator can be a piezoelectric part [21], a piston [22]
or a resonant device such as a loudspeaker [23]. However, in this study,
the jet cavity is not designed, and instead, the SJs are modelled as a
time-dependent inlet/outlet velocity boundary condition, alternating
between suction and injection processes. The jet outlet corresponds to a 5
mm (less than 5% of the chord length) wide slot in the blade surface
located at 10% of the chord, which corresponds to the same dimensions
used in reference [18], on the intrados and on the extrados, as shown in
Figure 2. In this model, the neck and the cavity are not included in the
computational domain to reduce computational cost.

The time-dependent velocity boundary condition was implemented
as a simple sinusoidal function (see Equation 9), where fc corresponds to
the frequency of actuation of the jet, A is the amplitude, and t is time.

Vjet ¼A sinð2πfctÞ (9)

Also, the direction of the jet on the profile is specified in the Cartesian
system using its components by Eqs. (10) and (11)

Vjet x ¼A sinð2πfctÞ*cosðγþ βþωtþ θ0Þ (10)

Vjet y ¼A sinð2πfctÞ*sinðγþ βþωtþ θ0Þ (11)

where, β is the direction angle for suction/injection of the SJ concerning
the jet slot, γ is the angle of the tangent line at the center of the SJ slot and
θ0 is the initial azimuth angle of the location of the SJ slot. In Figure 3, the
definition of the angles γ and β is presented.



Figure 3. Synthetic jet definition.
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Additionally, the most critical operational parameters of the SJs are:
the blowing coefficient (Cb), the momentum coefficient (Cμ) and the
dimensionless actuation frequency (Fþ). These are given by Eqs. (12),
(13), and (14), respectively.

Cb ¼
1
T

R T
2
0 Vjet dt
U∞

(12)

Cμ ¼
1
T

R T
2
0 ρjetV

2
jetAjet dt

1
2ρ∞U

2
∞Sref

(13)

Fþ ¼ fcc
U∞

(14)

where, T is the actuation period of the SJ, Ajet is the area of the SJ slot, ρjet
is the density of the fluid at the SJ slot (if the fluid is incompressible, as in
the present study, ρjet ¼ ρ∞), and c is the chord length (see Figure 3).

3. Geometry and mesh

The turbine model analyzed in this work was studied experimentally
and computationally by Dai and Lam [24]. It corresponds to a Darrieus
straight bladed turbine with a NACA 0025 airfoil; the geometric pa-
rameters of the turbine are summarized in Table 1.

Figure 4 present the computational domain used in the simulations,
consisting of a rotational domain, where the turbine is located, and a
static domain (or background domain) that simulates the free-stream
condition. The information transfer between the two domains was car-
ried out using Overset mesh, also known as overlapping meshes or
chimaera methodology, consisting of independent meshes representing a
physical object that exists in the same space with an overlap between
them [25]. In Overset mesh, near the moving object, the solution is
calculated on its mesh; far from it, the solution is also calculated on the
background mesh; at the interface between both meshes, the solution is
interpolated [25]. The computational domain does not include the
blades' supports or the turbine’s shaft, as shown in Figure 5. Furthermore,
to maintain adequate computational time, only half of the blade span of
the blades was simulated, using a symmetry boundary condition. In the
rotational domain, each cylinder enclosing the blades has a diameter of
Table 1. Geometrical parameters of the turbine.

Parameter Value

Radius [R] 0.45 m

Reference area [Sref ] 0.63 m2

Chord length [c] 132.75 mm

Number of blades 3

Bladespan [H] 0.7 m

Solidity 0.89
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0.9R and a height of 1.1R. Figure 6 shows a Zoom view of the mesh near
the synthetic Jet outlet.

Two meshes were generated for the rotational domain to conduct a
convergence analysis, each with a different number and distribution of
elements. The most relevant metrics of each mesh are summarized in
Table 2. The coarse mesh was built based on reference [1]; for the fine
mesh, the density of elements near the walls of each blade was increased.

To guarantee a good overlap of the meshes, the size of the elements
must be approximately equal at the interface between the rotating and
background meshes. Therefore, two different meshes were generated for
the background domain (coarse and fine). It is worth mentioning that the
background mesh is entirely structured, as shown in Figure 4. The
number of elements of each case used in the convergence analysis is
reported in Table 3, and the combination of the rotating and background
meshes for convergence analysis is shown in Table 4. The convergence
analysis was performed only for the case without actuation, also called
the base case.

4. Computational set-up

The simulations were carried out in the commercial software STAR-
CCMþ 2019.1.1 V14.02.012. In the analysis, incompressible and
isothermal flow is considered, gravitational effects are neglected, and the
water is assumed as a Newtonian fluid. Therefore, the governing equa-
tions correspond to the averaged mass and momentum conservation
equations (Unsteady Reynolds Averaged Navier Stokes or URANS equa-
tions) coupled with the k-ω SST turbulence model, while the problem is
solved in a transient state, based on the references [1, 18, 24]. Figures 4
and 5 show the boundary conditions in the background and rotational
domains, respectively, and Table 5 shows the operational parameters of
the simulation. Synthetic jets were implemented at the synthetic jet
outlet using a User Defined Function (UDF) following Eqs. (10) and (11).
The operational parameters of the SJs were selected according to refer-
ence [18], including the amplitude of the SJ, which is A ¼ 1:5U∞.

Four different cases were studied in the simulations, first, the base
case without actuation of the synthetic jets (base case), second, actuation
of the synthetic jets on the airfoil extrados; third, actuation of the syn-
thetic jets on the airfoil intrados, fourth, combined actuation of the
synthetic jets on the intrados and extrados of the airfoil, using a proposed
control approach. For each of these cases, the flow field and results were
analyzed after the fifth revolution when the difference between two
consecutive cycles was negligible.

5. Results and discussion

5.1. Convergence analysis and base case validation

The convergence analysis and base case validation were performed by
comparing the total torque coefficient produced in the three cases shown
in Table 4 and its average value with the experimental study carried out
by Dai and Lam [24]. Figure 7 shows the evolution of the turbine torque
for the three cases used for convergence analysis. The average moment
coefficients were 0.139 for case 1, 0.154 for case 2, and 0.155 for case 3.
In contrast to the experimental study, the percentage error of each mesh
was 11.5%, 1.9%, and 1.2%, respectively. Although case 3 has better
results, case 2 had the best compromise between accuracy and compu-
tational cost since it took 25% less time than case 3. Thus, it was selected
to perform the simulations of the turbine with the synthetic jets.
Furthermore, during the simulations, the average wall Yþwas less than 1
for all the cases, which is acceptable.

5.2. Performance of the turbine with synthetic jets

5.2.1. Normal force coefficient (Cn)
Results of the normal force coefficient are presented in Figure 8.

When the jet is on the extrados of the blades, it is observed that from an



Figure 4. Computational domain and boundary conditions.

Figure 5. Boundary conditions in the rotational domain.
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azimuth angle of 240�, more positive values are obtained until the end of
the revolution, in contrast to the base case. When the jet is located on the
intrados of the blades, it is observed that Cn remains below the base case
curve between 60� and 240�; outside of this interval, Cn remains similar
to the base case. It should be noted that the effect of these changes on the
coefficient is reflected in a more significant fluctuating load on the tur-
bine shaft. Similar tendencies in the Cn curve have been observed before
in both experimental and computational studies [26, 27, 28, 29]. In
general, between 0� and 90�, the angle of attack increases so that the lift
increases. This lift is the force that contributes to the normal component,
as shown in Figure 18. At 90�, the free-stream velocity is perpendicular to
the blade chord so that a maximum is achieved in the normal force.
Between 90� and 180�, the angle of attack decreases, so the lift force
decreases. Downstream the axis of rotation, the evolution of Cn is
different due to the influence of the wake of the blades and the shaft. The
shed vorticity decreases the effective angle of attack so that the lift
generation is affected, and Cn is highly reduced. In theory, an
5

asymmetrical shape was expected for this curve, but the influence of the
wake of the blades and the dynamic stall phenomena explain this
asymmetry of the Cn curve. The effects of the jet energizing the boundary
layer and delaying its separation are represented in the modification of
the Cn evolution regarding the base case. For the intrados actuation, the
effect is expected in the upstream part of the turbine, in which the jet
delays the separation of the leading-edge vortex. On the other hand, for
the extrados, the effect is on the downstream part of the turbine since it
energizes the boundary layer, reducing the separation zone by moving
the separation point towards the trailing edge and increasing the effec-
tive angle of attack so that lift is increased as well.

5.2.2. Tangential force coefficient (Ct)
Figure 9 presents the results on coefficient of tangential force. It is

observed that when the jet is located on the extrados of the blades, the
effect of the jet appears close to 180� of azimuth angle until the end of the
revolution, obtaining more negative values of the coefficient in contrast



Figure 6. Mesh near the Synthetic Jet outlet. a) Symmetry plane view. b) Surface mesh view.

Table 2. Metrics of Rotational domain meshes.

Metric Coarse Fine

Average aspect ratio 253 225

Average skewness equiangle 0.29 0.28

Number of elements 3 519 796 4 635 978

Table 3. Metrics of static (background) domain meshes.

Metric Coarse Fine

Average aspect ratio 4.87 2.93

Number of elements 478 170 1 448 370

Table 4. Convergence analysis cases.

Case Rotating Background Total number of elements

1 Coarse Coarse 3 997 966

2 Fine Coarse 5 114 148

3 Fine Fine 6 084 348

Table 5. Computational parameters.

Parameter Value

Free-stream velocity [U∞] 1.62 m/s

Turbine Angular Velocity [ω] 60 rpm

Tip speed ratio [λ] 1.745

Blowing coefficient [Cb] 0.48

Momentum coefficient [Cμ] 6.25 � 10�3

Non-dimensional actuation frequency [Fþ] 4.1

Jet suction/injection angle [β] 0�

Iterations per time step 40

Time step without actuation of the jets 0.005 s

Time step with actuation of the jets 0.002 s

Fluid Water @ 20 �C

Time discretization order Second

Spatial discretizaci�on order Second

Type of coupling Segregated

Coupling scheme SIMPLE

N. Botero et al. Heliyon 8 (2022) e10017

6

to the base case, consequently, in this interval, there is an increase of the
power generated in the turbine shaft. When the jet is located on the
intrados, the coefficient curve shows more negative values than the base
case curve in an interval between 60� and 180�, in which greater power is
generated in the turbine than in the base case. However, between 180�

and 240�, Ct shows fewer negative values; thus, the power generation
decreases in this interval compared to the base case. Similar to the
normal force, the behaviour of the tangential force has been reported
previously in the [30, 31, 32]. The tangential force is highly influenced
by the lift that increases between 0� and 90� (reaching its maximum) due
to the increment of the angle of attack. As the blade rotates from 90� to
180�, the lift reduces and a leading-edge vortex is formed, affecting the
pressure distribution. In the downstream part of the turbine, there is also
a strong influence of the wake of the blades and the turbine’s shaft,
reducing the lift and the tangential force. The same aspects analyzed in
section 5.2.1 explain the differences between actuation and base cases.
This will be discussed later in sections 5 and 5.6.

5.2.3. Torque coefficient (Cm) on one blade
Since the torque is proportional to the tangential force because T ¼

Ft*r, the curves of the torque coefficient retain the same behaviour of the
tangential force coefficient described in section 5.2.2 but are inverted
(see Figure 10), thus, with the jets on the extrados, an increase in the
torque coefficient is observed from 180� until the end of the turn, and
with the jets on the intrados, an increase in the torque coefficient be-
tween 60� and 180� is observed, as suggested by the curves of the
tangential force coefficient.

5.2.4. Total torque coefficient (Cm)
Figure 11 shows the results of the total torque coefficient, in which it

is clear that the curves of the base case and the jets on the extrados do not
have a negative component. Besides, with the actuation on the extrados,
an average total torque coefficient of 0.167 is achieved, increasing the
average torque generated in the turbine by 8.4%. Meanwhile, with the
action of the jets on the intrados, an average total torque coefficient of
0.208 is achieved, increasing the average torque generated in the turbine
by 35.1%. Additionally, the average power generated in the turbine in
the base case was 359W, in the case of the jets on the extrados 389W and
with the jets on the intrados 485 W. It should be noted that a simple
estimation of the average power consumption of the jets shows that it is
approximately 11W; thus, it is shown that the generation of power due to
the jets is more significant than their power consumption, increasing the
net efficiency of the turbine. In the turbine, the generation of torque or
net power is more significant than zero because the net torque is the sum
of the contributions of each of the blades; thus, while some of the blades



Figure 7. Total torque coefficient during one revolution of the turbine for each convergence case.

Figure 8. Normal force coefficient for a blade during one revolution of the turbine.
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consume power, the others compensate for it, obtaining a net power
generation greater than zero, which is why the peaks are repeated three
times in each revolution when each blade is passing through the up-
stream zone.

5.3. Performance of a proposed control system

From the results of the torque coefficient on a blade, a control
system was designed for alternating actuations between the jets on the
intrados and the jets on the extrados during one revolution of the
turbine, shown in Figure 12. The proposed system works as follows:
between 0� and 60�, there is no actuation of the jets; between 60� and
180�, the jets are active on the intrados, and between 180� and 360�,
the jets are active on the extrados. Figure 13 shows the behaviour of
the torque coefficient when the control system is active; as it can be
seen; the control system combines the best characteristics of both
types of actuations to improve power generation between 60� and
180� with the use of the jets on the intrados, and improving power
7

generation between 180� and 360� with the use of the jets on the
extrados.

Figure 14 shows the coefficient of total torque of the control system in
contrast to the previous cases. The behaviour of the control system is
similar to the curve of the jets on the intrados, with the difference that it
reaches a maximum in the curve similar to the curve with jets on the
extrados. On the other hand, the average coefficient of total torque in the
control system is equal to 0.211, an increase of 37% concerning the base
case; in addition, the average power generated was 492 W.

5.4. Comparison with two-dimensional simulations

The comparison was made using the average torque coefficients
reported in reference [18]; this information is presented in Table 6. It is
clear that in 2D simulations, the hydrodynamic coefficient had a greater
magnitude; this is because, in the 2D simulations, the effect of the
vortices at the tip of the blades is neglected, which is in agreement with
the results found by Howell et al. [6]. On the other hand, it is found that



Figure 9. Tangential force coefficient for a blade during one revolution of the turbine.

Figure 10. Torque coefficient for a blade during one revolution of the turbine.
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the effect of the jets on the extrados of the profile is reduced in the 3D
case since the increase of the coefficient in the 2D simulations was
41.7%, while in the 3D simulations, it was only 8.4%. With the simu-
lations on the intrados, it is observed that there was a significant in-
crease in the coefficient in both cases, being 45.8% in the 2D
simulations and 35.1% in the 3D simulations. Moreover, it is observed
that, in both cases, the control system obtained the best performance,
with the most significant increase in the coefficient, but due to the
reduction in the effect of the jets on the extrados in the 3D case, the
increase in the coefficient in the case 3D was only 37% (just 1.4%
higher than the case with jets on the intrados), while in the 2D case it
was 81.5%.

5.5. Vorticity field and vortical structures visualization

Figure 15 shows the instantaneous vorticity field near the
turbine with an azimuth angle of 30� in planes at different positions
along the blade span of the blades, which correspond to half the blade
8

span (z ¼ 0 m), a quarter blade span (z ¼ 0.175 m) and the tip of the
blade (z ¼ 0.35 m). Furthermore, to analyze the effects of the synthetic
jets, three positions have been defined in the turbine blades, position
one (B1) is equivalent to an azimuth angle of 30�, position two (B2) to
an azimuth angle of 150�, and position three (B3) to an azimuth angle
of 270�.

In Figure 15-a, it can be seen that in the base case, when blade 1
moves to the position of blade 2, a large vortex is generated on the
intrados of the blade. Then, when blade 2 moves to the position of blade
3, it is observed that the large vortex detaches from the blade, corre-
sponds to the Omega vortex (see Figure 16-b), and is highlighted by the
red circle. Moreover, a large vortex is generated on blade 3 near the
trailing edge on the side of the extrados. In the controlled case, it can be
observed that on blade 2, the size and strength of the vortex decreased
due to the action of the jets in the intrados, which operate between the
position of blade 1 and blade 2. In addition, the Omega vortex moved
slightly downwards, avoiding the crossing with the blades during the
revolutions of the turbine, and on blade 3, the size of the vortex that was



Figure 11. Total torque coefficient during one revolution of the turbine.

Figure 12. Definition of the control system.
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located at the trailing edge was reduced to the action of the jets on the
extrados.

In Figure 15-b, with the plane over a quarter of the blade span, it can
be observed that the vorticity behaviour is very similar to that shown in
Figure 15-a over the central plane of the turbine. The main difference
between these two planes is the size and strength of the vortices around
the blades, which decreases.

In Figure 15-c on the tip of the blades, different behaviour of vorticity
is observed compared to Figure 16-a and 16-b, but there are no signifi-
cant differences between the base case and the control system since the
vortices formed in this plane are due to the interaction between the fluid
and the tip of the blades, which are the same in both cases, and the in-
fluences of the SJs are negligible.

Figure 16 shows the structure of the vortices between 0� and 60�

azimuth angle, and these vortices are defined using the Q-criterion with a
value of 30 s�2 (In Figure 16, it is essential to mention that the flow di-
rection goes from left to right). The main difference between the case
9

with the control system and the base case occurs in the area enclosed by
the red circle, where there is a reduction in the size of the highlighted
vortex, and there is a faster separation of the vortex and the blade. The
jets' action is to separate this vortex from the blade and reduce its
interaction with the tip vortex. This vortex, known as the Omega vortex,
was previously studied by Lain et al. [1] and is closely related to the
dynamic stall phenomenon in CFWT’s. Omega vortex is generated in the
intrados of the blades when they sweep 180� of azimuth angle, which can
be observed by looking at the progression of blades 1 and 2 in Figure 16;
thus, the reduction in its size is due to the effect of the jets on the intrados
of the blades that are activated between 60� and 180� of azimuth angle,
delaying the formation and separation of this vortex. On the other hand,
the vortex enclosed by the black circle, which is formed at the tip of the
blades, is responsible for decreasing the magnitude of the hydrodynamic
coefficients when moving from 2D simulations to 3D simulations.

From the analysis made previously, it is observed that the increase in
the torque coefficient due to the effect of the jets on the intrados, is that it



Figure 13. Torque coefficient on the control system.

Figure 14. Comparison of the total torque coefficient of all cases.

Table 6. Comparison of average torque coefficient of 2D and 3D simulations.
Data from ref [21].

Study case Two-dimensional Three-dimensional

Base case 0.168 0.154

SJ on Extrados 0.238 0.167

SJ on Intrados 0.245 0.208

Control System 0.305 0.211
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delays the formation of the omega vortex inside the blade between 60�

and 180� of the azimuthal angle while it promotes its separation from the
blade. In the same way, the increase in the torque coefficient due to the
effect of the jets on the extrados is owing to the delay in the formation of
the vortex at the blade trailing edge between the angles of 180� and 360�.

5.6. Dynamic stall analysis

The dynamic stall analysis was performed by visualizing the evolution
of the drag, lift, and torque coefficients concerning the angle of attack
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(see Figure 17). The first observation is that upstream, the dynamic stall
occurs near α ¼ 26� (θ ¼ 76�). The second observation is the differences
found between the simulated cases; for example, on the drag coefficient
plot, it is observed that between 35� > α> 5� (124� > θ> 176�), after the
dynamic stall occurs, the curves of the control system and the jets on the
intrados show a decrease in the value of the coefficient concerning the
base case. On the downstream section, between -20� > α> -35� (196� < θ
< 235�), the curves of the base case and the jets on the extrados present
the highest magnitudes in the coefficient and during the recovery of the
dynamic stall between -12� < α < 5� (326� < θ< 360�, 0� < θ < 14�) the
curves of the control system and the jets on the extrados show an increase
in the magnitude of the coefficient tending to more negative values.

Regarding the plot of the lift coefficient, it is observed that, after the
dynamic stall, between 35� > α > �35� (124� < θ < 235�), the curves of
the control system and the jets on the intrados remain above of the curves
of the base case and the jets on the extrados. Furthermore, during dy-
namic stall recovery, between�35� < α< 10� (235� < θ< 360�, 0� < θ<
29�), the curves of the control system and the jets on the extrados remain
below the base case curves and jets on the intrados.

Regarding the torque coefficient, it is observed, in the upstream
region, an increase in the value of the coefficient in the curves of the



Figure 15. Comparison of vorticity fields between base case (left) and control system (right). a) z ¼ 0 m, b) z ¼ 0.175 m and c) z ¼ 0.35 m.
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control system and the jets on the intrados, which occurs before the
dynamic stall and is maintained after the dynamic stall until the
downstream region begins. Over the downstream region, the base case
curves and the jets on the extrados remain above the curves of the
control system, and the jets on the intrados between 0� > α > �35�

(180� < θ < 235�).
Moreover, in Figure 18, the drag and lift coefficients are compared at

different azimuthal positions for the base case and the control system (the
size of the vectors is proportional to the magnitude). As can be seen in the
upstream region, at θ ¼ 45�, before the jets on the intrados are activated,
the magnitude of the drag and lift coefficients are approximately equal in
both cases. At θ ¼ 135�, with the jets on the intrados activated, the lift
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coefficient presents an increase in its magnitude while the drag coeffi-
cient decreases. In the downstream region, at θ ¼ 225�, during the
transition between the effect of the jets on the intrados to the jets on the
extrados, the lift and drag coefficients decrease in magnitude compared
to the base case. After the effect of the jets on the extrados has been
established, at θ ¼ 315�, the lift coefficient increases in magnitude
compared to the base case, and the drag coefficient remains approxi-
mately equal in both cases.

From the analysis of Figure 18, it can be concluded that the synthetic
jets increase the lift coefficient of the blades in the downstream and
upstream regions, generating a net increment in the power produced by
the turbine.



Figure 16. Comparison of vortical structures using Q-Criterion between base case (left) and control system (right). a) θ ¼ 0�, b) θ ¼ 30� and c) θ ¼ 60�.

Figure 17. A blade’s drag, lift, and torque coefficient during one turbine revolution. a) drag coefficient, b) lift coefficient, c) Torque coefficient
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Figure 18. Comparison of the drag and lift coefficients vectors between the base case and the control system at different azimuthal positions.
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6. Conclusions

Through a systematic convergence analysis and the validation of the
base case, it was determined that Case 2 (a combination of a fine grid in
the rotating domain with a coarse-size mesh in the background) achieves
the best results with an acceptable computational cost. Thus, the average
torque coefficient obtained has a percentage error of 1.9% compared to
the experimental results of Dai and Lam [24].

The simulation with the SJ on the extrados showed a more significant
torque generation from an azimuth angle of 180�–360� for one blade. At
the same time, simulation with the SJ on the intrados showed a more
significant generation of torque from an azimuth angle of 60�

–180�. In
addition, on the total torque coefficient, on the SJ on extrados, a greater
amplitude is obtained in the coefficient curve and an increase in the
average coefficient of 8.4% over the base case; while, on the SJ on
intrados, a lower amplitude of the curve is obtained and an increase in
the average of the coefficient of 35.1% over the base case. The control
system demonstrated the best performance and the most significant in-
crease in torque and power generated in the turbine. The increase in the
average torque due to the control system was 37% over the base case,
1.4% greater than the case of the jets on the intrados and 26.3% greater
than the case of the jets on the extrados.

In contrast to the 2D simulations of Velasco et al. [18], for any type of
action of the jets, there was a reduction in the magnitude of the hydro-
dynamic coefficients due to the vortex formation at the tip of the blades.
In the 3D case, the improvement in the total moment coefficient over the
base case for the jets in the extrados, intrados, and control system was
8.4%, 35.1%, and 37%, respectively. Meanwhile, in the 2D case, it was
41.7%, 45.8%, and 81.5%, respectively, for the same configurations of
the jets. Therefore, it is observed that the effect of the jets on the extrados
decreases its impact in the 3D case.

The jets on the intrados delay the formation and separation of a vortex
inside the blades that are generated between 0� and 180� of rotation of the
azimuth angle, which is reflected in the increase of the torque coefficient
on a blade between 60� and 180� for the configuration of the jets on the
intrados. The jets on the extrados delay the formation of a vortex on the
outer face of the blade, near the trailing edge, between 180� and 360�, an
effect that is reflected in the increase of the torque coefficient on a blade
between 180� and 360� for the configuration of the jets on the extrados.
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From the dynamic stall analysis, the jets on the intrados improve
turbine performance by increasing the lift coefficient in the upstream
region, while the jets on the extrados improve the turbine performance
by increasing the magnitude of lift coefficient in the downstream region.

Finally, the improvements presented in the turbine’s performance
due to the synthetic jets offer an advantageous alternative to improve the
efficiency of this type of turbine in the extraction of hydrokinetic energy
and promote their implementation in renewable energies.
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