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Abstract. The computer models based on the Blade Element Momentum (BEM) theory are able to
predict the aerodynamic performance of wind turbines with good accuracy and efficiency; however,
these methods may present some convergence difficulties. This work presents the development of a
methodology adopting arithmetic mean in situations of flow instability to ensure the convergence of
BEM models applied to Vertical Axis Wind Turbines (VAWT) simulations. This methodology was used
in the creation of a program written in Fortran, called FASTEEVSIM. Tests were conducted in a Darrieus
wind turbine using NACAO0018 and DUO6W200 airfoils as blade profiles. A comparison of the results
using the FASTEEVSIM with experimental data from well-known literature sources has been done in
order to validate the method. When comparing the power coefficients obtained for two types of blade
profiles, one symmetrical (NACAO018) and another asymmetrical (DUO6W200), the final validation
results showed a mean square deviation of 3.62% and 6.09%, respectively. The results showed that the
developed methodology can assist the convergence effectively and that the FASTEEVSIM program is
able to predict the performance of VAWT, providing data close to experimental values in a simple and
fast way.

Keywords: Vertical Axis Wind Turbine. Aerodynamic Profile Simulations. Power Coefficient Curve.
Convergence Methodology. BEM Models.

1 Introduction wind turbines that use the winds to obtain rotary mo-
tion. The modern wind turbines can be classified into
two basic types determined by which way the turbine
spins: the horizontal axis wind turbines (HAWT) and
the vertical axis wind turbines (VAWT). The VAWT can
be classified into drag force type (Savonius turbine) and
lift force type (Darrieus turbine). The HAWT are cha-
racterized by having high technological development
and are currently installed even on the surface of the
oceans. On the other hand, the VAWT, due to excessive
vibration problems, had their development stopped in
the mid-80. At that time, the HAWT market had a boost
due to its greater efficiency at a high power range (ap-

Factors such as the increasing demand for electricity,
the concerns about CO, emissions in the atmosphere
and the possible shortage of fossil fuels have led scien-
tists to think about the use of renewable energy sources.
Among these, the wind power has shown to be a pro-
mising market and has motivated the research and de-
velopment of wind turbines (BONOW; PETRY), 2018)).
According to the Global Wind Energy Council (2020),
the capacity for wind energy globally was over 837 GW
in 2021, an increase of 12% compared to 2020.
Currently, the most efficient way to capture kinetic
energy and transform it into electrical energy is to use
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proximately 500 kW at that time). However, it was ne-
ver shown that HAWT are aerodynamically more effi-
cient than VAWT. Furthermore, according to R.Howell
et al.| (2010), the VAWT have some advantages such as:

* The VAWT do not need a yaw system since their
vertical rotors can face the wind from any direc-
tion, which results in less energy loss;

* Due to its blade with a constant profile shape along
the length, the manufacturing cost of VAWT is
lower when compared to the cost of a complex
three-dimensional shape of the HAWT blades;

* The VAWT are quieter due to its lower tip speed
ratio;

* While operating, the VAWT absorbs better the stall
on the blades when subjected to stronger winds,
providing an operational safety advantage during
wind gusts.

The turbines capture the kinetic energy from the
wind using rotors connected to blades with aerody-
namic profiles (or airfoils) that transform this energy
into rotational mechanical energy of a shaft. An elec-
tric generator can be adapted to transform the rotati-
onal energy into electric power (BRINCK; JEREME-
JEFF, 2013). As a means to obtain efficient turbines
and to find its best characteristics, several tests have
to be taken. The existing computational models are
able to accurately predict the VAWT efficiency. These
methods allow numerical prediction of wind turbine
performance, which can reduce the number of experi-
mental tests required. Besides, computational studies
are more economical than costly experiments (ZHANG
et al., [2020).

The vertical axis wind turbine (VAWT) has a simple
operation. However, a complete mathematical descrip-
tion of its behaviour is quite complex, requiring a num-
ber of simplifications. A good wind turbine model must
have the ability to describe physical reality in a simple
way, but with good predictive capacities (R. HOWELL
et al.,[2010).

This work presents the development of a computa-
tional program, called FASTEEVSIM, written in FOR-
TRAN, for the performance analyses of Darrieus type
wind turbines with straight blades. The program is ba-
sed on the Double Multiple Streamtube model and uses
the XFOIL, version 6.96 (DRELA,[1989), to obtain the
profiles aerodynamic characteristics as the lift and drag
coefficient.

The main objective of the work was to develop a
methodology applied to a computer program that could
converge in any situation, whether with flow instabili-
ties or not. Thus, being able to contribute to the dimen-
sioning of vertical axis wind turbines quickly and sim-
ply. The FASTEEVSIM program was validated using
wind tunnel data from Claensens (CLAESSENS| 2006)).
The results showed that the program can be used to pre-
dict the VAWT performance with good accuracy. It is
also presented a comparative analysis between two air-
foils used on VAWT as blade profiles: the NACA0018
(symmetric) and the DUO6W200 (asymmetricﬂ

The work is divided into four more sections. In
section 2 a bibliographical review is presented, where
some works that obtained problems of convergence in
the results related to the performance of vertical axis
wind turbines (VAWT) are mentioned. In section 3,
the methodology developed in the study is presented,
the equations used to calculate the performance of the
turbines and the flowchart of the iterative procedure of
the FASTEEVSIM program are presented. In section 4
the results obtained are detailed considering the simu-
lations using FASTEEVSIM and the comparison with
the experimental data obtained through the wind tun-
nel. Section 5 addresses the conclusion of the study
in which the FASTEEVSIM program is able to predict
power coefficient curves close to the curves constructed
with experimental data.

2 Bibliographic review

Several works point out the problems in the conver-
gence of results related to the performance of vertical
axis wind turbines (VAWT). Mathematical models ba-
sed on Blade Element Momentum (BEM) are able to ef-
ficiently predict VAWT performance. Streamtube mo-
dels are based on the BEM theory and have evolved
with time (PONTA; SEMINARA; OTERO, [2007).

The first of them is the single streamtube model pro-
posed by Templin in 1974 (TEMPLIM| |1974). This
model uses an actuator disk [13] to represent the ro-
tor’s interference, where the turbine rotor acts like a disc
actuator and slows the fluid flow in the axis direction,
spreading it over a larger transversal area and, conse-
quently, reducing the flow velocity. The entire span of
the rotor is covered for only one streambtube. It predicts
a uniform flow for the entire cross section and doesn’t
consider the changes in the flow between the upwind

I'The airfoil coordinates are available in: <http:/airfoiltools.com/
>, Access: 20 mar. 2015.
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and downwind halves of the rotor. Therefore, a unique
speed reduction factor (also called an interference fac-
tor) of flow is admitted for the entire turbine, regardless
of the position of the blades. This model has little preci-
sion in evaluating the performance of VAWTs, resulting
from the considerations made, offering values above the
real values for high blade tip speed ratios (TSR).

In 1975, Strickland| (1975) proposed the Multiple
Streamtube model, an improved version of the Single
Streamtube model. Instead of a single tube, it uses an
array of adjacent streamtubes to cover the rotor’s span.
This model is more accurate due to its capacity to con-
sider the flow variations on the rotor’s cross-section.
Despite its improvements, this model doesn’t take into
account the differences between the turbine’s upwind
and downwind halves and, like the Single Streamtube
model proposed by Templin (TEMPLIM]| |1974), it also
presents performance values well above the real values
when the TSRs are high (or at high loads). Besides, for
these high loads, several authors reported convergence
failures and erratic solutions related to the method’s
iterative procedure for obtaining local interference fac-
tors in each Streamtube (PARASCHIVOIU,|1983; KLI-
MAS; SHELDAHL,,[1978; [ HEALEY||[1981; HEALEY,
1983 |GUPTA; LEISHMAN] 2005).

Paraschivoiu| (1983) introduced a more complex and
sophisticated approach called the Double Multiple Stre-
amtubes model. It uses two actuator disks in tandem.
Despite the better ability to predict the performance of
the rotor, the method still suffers from the same con-
vergence difficulties previously identified in high loads,
especially when the turbine blades are simulated with
asymmetric profiles (BRINCK; JEREMEJEFF, 2013).

According to |Mclntosh, Babinsky e Bertényi
(2009), the main cause of the failure can be identified as
several inflection points very close to each other, with
very different roots (or interference factors) between
the model iterations. In such situations, it is usually
the case that one of the solutions corresponds to a flow
without separation of the boundary layer in the blades
while the others are for various conditions of separation
or stalling, implying in significant differences in the ob-
tained force coefficients. The solution with the least in-
terference factor represents a severe stall, the interme-
diate solution in a partial stall, which is probably more
unstable, and higher solutions represent an attached
flow. In the iterative scheme, the solutions identified
under these conditions depend on the value chosen to
start the iteration, and, depending on the hysteresis as-
sociated with the established stalling level, they should

probably oscillate between one solution and another for
the same azimuthal angle of the turbine blade. The exis-
tence of multiple solutions is probably the cause of the
previously observed erratic solutions that occur in the
BEM models. With due merit, the divergence was cir-
cumvented by Mclntosh, Babinsky e Bertényi| (2009)
through the use of a graphical solution, where the ite-
rative scheme was replaced by a root locator algorithm.
It is based on the flow stall state (with or without flow
separation) of the last solution obtained and, therefore,
does not cause oscillations in the convergence. Despite
the success of the method in modeling turbines with
high TSR, the solution still presents a certain level of
complexity and leaves doubts regarding the choice of
the last obtained solution, because of the presence or
not of a minor blade stall, however small, already cau-
ses considerable flow interference.

Other problems have been observed in more recent
days in the application of the Double Multiple Stream-
tube model, original by |Paraschivoiu, Fraunie e Beguier
(1985)). As reported by [Brinck e Jeremejeft] (2013)),
whenever the turbine blades with asymmetric profiles
pass to the region of the half downstream of the rotor,
the method begins to estimate values for the interfe-
rence factor very low or, as in the report, increasingly
high induction factors are estimated, reaching values
greater than 1 and, consequently, resulting in the diver-
gence of the solution. In an attempt to find the cause of
the problem, several proposed solutions were investiga-
ted in [Brinck e Jeremejeff] (2013), among them: how
to interpolate the drag and lift coefficient values from
the tabulated data for different Reynolds numbers; the
number of Streamtubes that describe the rotor; a relaxa-
tion scheme to obtain the induction factor by the itera-
tive procedure; and the maintenance of constant values
for the lift coefficient. Only in the latter attempt, con-
vergence was obtained, however, the option was discar-
ded as it did not offer physical consistency. Because
of the difficulty encountered in simulating the turbine
with asymmetric profiles, the authors considered only
the results obtained for half upstream of the rotor.

The graphic solution proposed by Mclntosh, Ba-
binsky e Bertényi| (2009) has been used to obtain con-
vergence until today, as seen in |Saber, Afify e Elgamal
(2018)).This method is a root-finding algorithm, which
locates crossing points occurring between the momen-
tum and blade-element models. The streamwise force
coefficient is calculated for interference factors in the
range —1 to 1 at a resolution of 0.01 for both the blade-
element and momentum models. The momentum mo-
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del calculation is performed once at the start of the cal-
culation. Next, the blade-element calculation is perfor-
med for each stream-tube. A numerical search is then
made, for each stream-tube, locating crossing points oc-
curring between the blade-element model and the mo-
mentum model trust coefficients. Once the location pre-
ceding a crossing point is identified, a double interpola-
tion is performed with both force coefficients.

In order to reduce the convergence problems pre-
sented in the Double Multiple Streamtube mathema-
tical model, this work presents a simplified methodo-
logy, such as arithmetic mean, used in software that was
developed to perform the simulations without loss in
the quality of the results, aiming to guarantee the con-
vergence in symmetrical and asymmetrical blade profi-
les. The main difference between the method proposed
here, concerning the previous literature (MCINTOSH;
BABINSKY; BERTENYI, [2009), is that we assumed
the average between the two possible roots verified in
situations of flow instability as a solution; that is, our
answer is within the possible solutions found at the be-
ginning of the stall condition.

Table [T] shows the summary with the main mathe-
matical models used to obtain the performance of verti-
cal axis wind turbines, presenting their methodologies,
contributions, and limitations.

3 Methodology
3.1 Double Multiple Streamtube model

From the scheme presented by |Paraschivoiu, Fraunie e
Beguier|(1985)), the Double Multiple Streamtube model
can be described by the following Eq. 1| for the interfe-
rence factor u:

- Nc /\0 2
(1-wu _47rRsm(90y( (FC) * 1
Ao 9
2u (FC’> cos(0) + u*)

Where )\ is the initial tip speed ratio. The factor of
compensation (F'C) is expressed by F'C' = 2u—1 to the
rotor’s second half (180° < # < 360°), and F'C = 1to
the rotor’s first half (0° < 6 < 180°). N is the number
of blades. C) is the force coefficient in the airflow’s
direction. R and c are respectively the turbine’s radius
and the blade profile’s chord.

The average torque (7'orque) and the power (P) can
be calculated using the Eq. 2]and 3]

NRAG
T = F 2
orque =  Fi— " ©)
P =w x Torque 3)

The dimensionless coefficient for power (C'p) can
now be calculated:

P
Cp=+——m 4
" %PAVL‘?;L f @

The power coefficient (Cp) is the measure to eva-
luate the turbine’s performance. This coefficient allows
you to chose the preferred design (BRINCK; JEREME-
JEFF, 2013).

According to MclIntosh, Babinsky e Bertényi
(2009), the solution of the transcendental equation,
Eq[T} by iterative procedures, can lead to divergence
in situations of instability, such as those observed in
the stall beginning, where the left side of Eq[I] co-
ming from the momentum theory about actuating discs
in each Streamtube (or Double Multiple Streamtube) is
matched to the right side from the blade element the-
ory. Therefore, multiple interference factors, u, are part
of the roots of Eq[I] and fluctuate continuously at le-
ast between two well-established values during the ite-
rative procedure. The procedure adopted here, unlike
Mclntosh, Babinsky e Bertényi| (2009) (who chose the
first root found as the basis for building the solution
to the divergence), was to identify when this oscilla-
tion between two roots occurs and to propose a simple
mean between them. The oscillation between two inter-
ference values in stall situations is quite common and
was based on observations of several experimental re-
sults in the literature, such as those presented by |Claes-
sens| (2006). Fig. E] illustrates one of the experimental
results of|Claessens|(2000) that presents a range of pos-
sible values for the lift coefficient when the stall begins.
The wind tunnel data were obtained for Re = 300,000
and two different profiles, one of them is the symme-
tric profile NACAO018 and the other is the asymmetric
profile DU-06-W-200. Therefore, the nature of the so-
lution adopted here only proposes an intermediate va-
lue for the interference factor within a field of possible
solutions at the beginning of stall situations. The regi-
ons indicated in Fig. [T] are the regions where the flow
instabilities caused by the stall occur; that is, it is the
beginning of the flow detachment over the blade (stall),
where an adverse pressure gradient upstream is genera-
ted. The experimental results in this region are multi-
ple; they show significant instability, varying between
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Table 1: Resume of the mathematical models used to obtain the performance of VAWT’s

Authors Year Model Proposed odology Main Contribution Main Limi
It uses an actuator disk representing an . . The entire rotor span is covered by just one airflow tube;
. . . First model applied to measure .
TEMPLIM. R 1974 Single interference of the rotor, delaying the flow the performance of vertical axis Does not consider flux changes between rotor halves;
T Streamtube of air in the direction of the shaft and this way © pe manc © x It presents low precision in the evaluation of the performance of VAWT’s;
wind turbines. . . . .
reduces the speed of the flow. A single turbine speed reduction factor is allowed.
- . The model does not account for the differences between the upwind
Multiple Tt uses a series of adjacent tubes to [thas greater precision due to its and downwind halves;
STRICKLAND, J.H. | 1975 P . J ability to consider flow variations N B .
Streamtube cover the entire length of the rotor. N . Shows performance results above actual values when TSR’s are high.
in the rotor cross section. . . .
At high loads, convergence failures and wrong solutions are reported.
PARASCHIVOIU, L Double Multiple . It has greater ability to predict the | At high loads, the method cannot achieve convergence, especially when
FRAUNIE, P. 1985 It uses two actuator disks together. . . . . ) .
BEGUIER, C Streamtube performance of the wind turbine. | the turbine blades are simulated with asymmetric profiles.

Font: Author, 2022.

situations without a stall, intermediate, and completely
stalled. Therefore, the solution adopted here for the in-
terference factor, which leads to intermediate stall va-
lues, is within the possible experimental solutions, thus
ensuring a physical nature also observed in the flow in
blade profiles.

Stall beginning
regions

cl. ,"".‘ -

DU 06-W-200
""" NACA 0018

Stall beginning
regions

o ()

Figure 1: Wind tunnel measured data for NACA 0018 and DU 06-
W-20 for Re=300,000 (CLAESSENS] [2006).

3.2 Program flowchart

Fig. [2] shows the program’s iterative procedure flow-
chart.

First, the variables, parameters and initial values in
which the simulation is going to be performed are de-
fined. On this step, the number of streamtubes and the
step (A) are also set. The interference factor is defi-
ned equal to one as an initial guess. Then the azimuthal
angle () in which the simulation begins is set.

Following, the local and relative velocities, angle of
attack and Reynolds number (based in relative velocity)
are calculated for the new blade location. Using the
angle of attack and Reynolds number, run XFOIL to
obtain the lift (C1,) and drag (Cp) coefficients, that will
be used to calculate the normal (C',) and tangential (C)
coefficients in order to find C),.

Define initial data

—i Increase azimuthal angle 8 ‘
¥

‘Update data for the new blade position 6

Run XFOIL
Save Ct and Co

Methodology to
ensure the
convergence Calculate and save the
(Fig. 4) interference factor (u)
(Eq.1)

U - Uprevious < 0,0001

N 6> 360° YES.

Calculate Cp
(Eq. 4)

Save Results

Figure 2: FASTEEVSIM's iterative procedure Flowchart.

Thereafter, the interference factor (u) is calculated
and compared with its previous value. If the difference
between the current and the prior interference is less
than an admitted error (0.0001), the value of w is accep-
ted for the streamtube. If this difference is greater than
the admitted error, then it goes to the methodology that
ensure convergence.

In the development phase of this methodology,
many tests were carried out. In most of these tests, the
FASTEEVSIM was able to simulate without problems.
However, for some simulation conditions, the program
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presented convergence difficulties. In order to find a
solution for such problems, the failed data was obser-
ved. Fig. [3 shows a graph of the interference factor
versus blade position angle from a non convergence oc-
currence.

Interference Factor

Region where the
methodology was

applicd *

oL [##¢ higher value
“| pee mean value
oo lower value

Figure 3: Graph of the interference factor.

As we can see, there is a region where more than
one result is found for u. The program converged into
two results, the higher and lower values shown in Fig.
Bl The fact that two solutions may be found is due to
the interference factor’s second order equation. The-
refore, the admitted error is never going to be reached
since one interaction results in a lower value of u and
the following in a higher value, causing a function dis-
continuity along 6.

In order to ensure that a solution will be found in
every simulation, whenever the the program converge
to two u values, the average between these values is
chosen. In the Fig. 3] the values of interference factors
chosen by the methodology to ensure the convergence
is represented by the mean values line.

The Fig. |4 shows the flowchart of the methodology
to ensure convergence. Note that the average is cal-
culated only when the double solution problem occurs.
Otherwise, the program iterates until convergence, with
the error value decreasing until it reaches the admitted
value.

Once the minimum error admitted is achieved, the
interference factor is accepted and the tangential force
(F}) is calculated and saved. Then the process of itera-
tion is repeated for every chosen 6 until the blade com-
pletes a 360° turn. Finally, the torque (T'orque) (Eq.
and the power (P) (Eq. [3)) can be found and the power
coefficient (C'p) is calculated (Eq. E[)

In order to validate the FASTEEVSIM program, a
comparison with its simulated values and experimen-
tal data from reliable literature sources (CLAESSENS|
2006) was done. The results are shown in the next sec-
tion. These were obtained for a 3-blade turbine, 2 m in

0

| Error = u - Uprevious ‘

Error = Errofprevious

YES

Iy

u= (U + Uprevious)/2

®

Figure 4: Flowchart of the methodology to ensure convergence.

diameter, 3 m in height, and a wind speed of 10 m/s. In
addition, to verify the extent of applicability of FASTE-
EVSIM, other simulations were performed with wind
speeds of 5.0, 7.5, and 12.5 m/s in the same turbine.

4 Results and discussion

The power coefficient (C'p) computed using FASTE-
EVSIM and measured experimentally is shown in Fig.
Bl Cp of FASTEEVSIM is found by the program using
the iterative procedure shown in Fig. [2] The experimen-
tal Cp was measured in wind tunnel tests by (Claessens
(2006).

As can be seen, both FASTEEVSIM and experi-
mental C'p curves show close values at lower tip speed
ratios, but FASTEEVSIM predicts higher maximum
Cp value which is 0.44 at a tip speed ratio of around
4. The program presents an overprediction of Cp va-
lues at higher tip speed ratios.

As it is also verified in the current literature (PA-
RASCHIVOIU; FRAUNIE; BEGUIER| [1985), this
difference is explained due to limitations of the
"BEM"models to obtain interference higher values. The
higher the blade tip velocity, the greater spreading of the
fluid flow upon reaching the turbine. As a consequence,
the greater blockage, with high interference values (u).
Among the "BEM"s based models, the Double Multiple
Streamtube is the most complete and capable of estima-
ting the interference values with the best accuracy for
this \’s range. However, the model still presents limi-
tations, which causes the difference between the values
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NACA 0018

0.3 T T T T

04r

01

<+ Numerical (Present Code)
eee Exp. (Claessens, 2006)
1 1

1 2 3 4 3 ]

Figure 5: Power coefficient results from FASTEEVSIM and Claes-
sens (CLAESSENS| 2006) for a VAWT using NACA0018 as blade
profile.

presented in Fig. [5to occur.

DU 06-W-200

0.3 T T T T

01

<<+ Numerical (Present Code)
@ee Exp. (Claessens, 2006)
1 1

1 2 3 4 3 ]

Figure 6: Power coefficient results from FASTEEVSIM and Claes-
sens (CLAESSENS]| [2006) for a VAWT using DUO6W200 as blade
profile.

The opposite occurs on the comparison of FASTE-
EVSIM with experimental C'p curve for a VAWT using
DU06W200 as blade profile (see Fig. [6). FASTEEV-
SIM and experimental C'p curves show close values at
higher tip speed ratios, but FASTEEVSIM underesti-
mates the C'p value at lower tip speed ratios.

This phenomenon is observed with lower tip speed
ratios (A < 3.5), when blades are subjected to higher

angle of attack (above 10°), and more wide recirculation
regions of airfoil’s exit can occur. Such a recirculation
region causes great instability in the blade’s lift coef-
ficient, as it is also seen in the experimental results of
Claessens (CLAESSENS], 2006). Consequently, these
instabilities also present difficulties in the non-linear
response of the BEM-based models, where the inter-
ference values oscillate between ups and downs. The
methodology proposed here circumvents this numerical
oscillation through the proposition of an average inter-
ference value, which can also overestimate or underes-
timate such interference values when its compared with
experimental results. In the case of the DU0O6W200 pro-
file, there was an overestimation of the interference va-
lues due to a greater application of the methodology,
around 20% higher than the NACAOQ018 profile.

In order to compare VAWT using NACA0018 and
DUO06W?200 as blade profiles, both were tested for dif-
ferent wind velocities (Vj,, ). The Figures|[7)and [8|show
Cp values obtained using FASTEEVSIM program for
NACAO0018 and DU0O6W200 blades.

As can be seen, for both profiles, the C'p increase as
the value of the wind speed increases. The percentage
increase from Vi, = 5 m/sto Vi,y = 7.5 m/s and
from Vj,; = 7.5 m/s to Vj,,y = 10 m/s are higher
than from V;,,y = 10 m/s to Viy = 125 m/s.
Thus, it appears that the Cp for Vj,,y = 10 m/s and
Ving = 12.5m/s are close.

NACAOQO018
0.5 T T T
e Vinf Sm's
bk Vinf 7 5mis
v Vinf 10m/s
=28 Vinf 12.5m's | |

0375

5 ot

01231

Figure 7: Power coefficient for a VAWT using NACAO0018 blade
profile with different wind velocities.
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DU06W200

T T

sae Vinf Sm/s

ik Vinf 7 Sm/s

st Vinf 10m/s
. [E=2 Vinf 12.5m’s | |

0125

Figure 8: Power coefficient for a VAWT using DUO6W200 blade
profile with different wind velocities.

Figures [9] to [I2] show Cp values obtained for
NACAO0018 and DUO6W200 blades. Each of them
shows the C'p values for a different wind velocity in-
dividually.

Vinf=5m/'s

aaa NACADOLS
eea DUDGW 200

5 o .

0.123F b

Figure 9: Power coefficient for a VAWT using DUO6W200 and
NACA blade profile with 5 m/s wind velocity.

In Fig. [0it can be seen that the predicted C'p maxi-
mum at Vi, p = 5 m/s the NACAO0018 is equal to 0.38,

while the DUO6W200 profile has a Cp maximum equal
to 0.31, thus the NACA 0018 profile has a maximum
power coefficient 21.24% higher than the DU0O6W200.

Vinf=7,5m/s
0.3 T T T

0375 b

01251 b

as NACAQOIS
ooe DUOSW200

1 1 1
[‘i.j 2873 423 5.623

A

Figure 10: Power coefficient for a VAWT using DU0O6W200 and
NACA blade profile with 7.5 m/s wind velocity.

For Ving = 7.5 m/s Fig[10] the DU0O6W200 blade
profile overcomes the NACAOQ018 at lower tip speed ra-
tios. Furthermore, the DUO6W200 blade profile has a
Cp maximum equal to 0.45 and the NACAO0018 blade
profile has a C’p maximum equal to 0.43, thus the power
coefficient of the DUO6W200 blade profile is 4.03%
higher to NACAO0018.

The Fig shows the results for V;,,; = 10 m/s.
The Cp maximum for both blade profiles (NACA0018
and DU06W200) are equal to the value of 0.48. For
this wind speed, the DUO6W200 slightly outperforms
the NACAO0O18 at lower peak speed rates. At higher tip
speed ratios, the NACA(QO18 shows better results regar-
ding the power coefficient.

At Vi = 12.5 m/s (Fig. the same pheno-
mena are presented as at V;,,; = 10 m/s. In this case
the maximum power coefficient is also equal to 0.48
for both blade profiles. For both V;,,; = 10 m/s and
Viny = 12.5 m/s, the difference between the maxi-
mum power coefficient is less than 0.6% for both blade
profiles.

The FASTEEVSIM predicted different power coef-
ficient curves for different wind velocities. These re-
sults are in agreement with [Li et al.| (2016). For the
tested wind velocity values, the DUO6W200 presents
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Figure 11: Power coefficient for a VAWT using DU0O6W200 and
NACA blade profile with 10 m/s wind velocity.
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Figure 12: Power coefficient for a VAWT using DU0O6W200 and
NACA blade profile with 12.5 m/s wind velocity.

higher C'p values than the NACAOQOO018 at lower tip
speed ratios and the NACAOQO18 profile overcomes the
DUO06W200 at higher tip speed ratios which is in agre-
ement with |Claessens|(2006)

5 Conclusion

In this paper, it was presented the development of a
methodology to guarantee the convergence of the Dou-
ble Multiple Streamtube model, which is based on the
blade element moment theory (BEM) applied to the
analysis of VAWT. The method was implemented in
a program called FASTEEVSIM. The methodology to
guarantee the convergence of the simulations proposes
to circumvent the numerical oscillations or instabilities
caused by regions of the beginning of stall in the blades.
This methodology uses an average value of interference
and therefore, it selects an average flow as a solution
among the possible flows that occur at the beginning of
the stall. An investigation of performance of Darrieus
type straight blade VAWT was done using NACA0018
and DUO6W200 as a blade profiles.

After the FASTEEVSIM’s validation, it was conclu-
ded that the program is capable to predict power coef-
ficient curves close to experimental data. To extend the
use of the methodology beyond validation, both blade
profiles were tested, one symmetrical (NACAO0018) and
the other asymmetric (DUO6W?200), as well as in low
and in high TSR, as in different wind conditions. As
seen in the results achieved, the method proposed here
did not present problems of convergence or erratic so-
lutions in all cases.

When comparing the power coefficients with expe-
rimental data, the validation results showed a root mean
square deviation of 3.62% for symmetrical profile and
6.09% for asymmetrical one. The developed methodo-
logy to ensure convergence showed to be useful and ef-
fectively assisted the program, making sure a solution
was found for every simulation.

We proved that the program managed to reach re-
liable results through comparative analysis with expe-
rimental data, besides accelerating the simulation pro-
cess. However, in the current state of development,
the program can still receive improvements. For future
work, we listed the following suggestions:

* Conduct simulations for a wider variety of airfoil
profiles to verify the possibility of improving the
accuracy and reliability of FASTEEVSIM results;

* To compare the results obtained from CFD since
CFD simulations allow predicting the performance
of the complete TEEV in three dimensions. It is
also possible to quantify the interference from the
upstream side on the downstream side of the tur-
bine, as well as to capture the blade tip effects and
to introduce them into our model;
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* Carry out tests in a wind tunnel to obtain more re-
liable results, as there are still little experimental
data on airfoil profiles used in TEEVs available in
the literature.

References

BONOW, A. A.; PETRY, A. P. Andlise comparativa
entre resultados experimental e numérico de torque
estético de micro aerogerador. In: VII CBENS —
GRAMADO, 2018.

BRINCK, D.; JEREMEIJEFF, N. The development
of a vertical axis tidal current turbine. Dissertacao
(Mestrado) — KTH School of Industrial Engineering
and Manegement, 2013.

CLAESSENS, M. C. The design and testing of airfoils
for application in small vertical axis wind turbines.
Dissertacdo (Mestrado) — Master of Science Thesis,
2006.

DRELA, M. Xfoil: An analysis and design system for
low reynolds number airfoils. p. 1-12, 1989. Disponivel
em: [<https://doi.org/10.1007/978-3-642-84010-4_1>|

GUPTA, S.; LEISHMAN, J. G. Comparison of
Momentum and Vortex Methods for the Aerodynamic
Analysis of Wind Turbines. 43rd Aerospace Sciences
Meeting and Exhibit, AIAA, Reno, NV, 2005.

HEALEY, J. V. Tandem-Disk Theory—With Particular
Reference to Vertical Axis Wind Turbines. J. Energy,
v. 54, p. 251-254, 1981.

. Optimizing a Tandem Disk Model. J. Energy,
v. 74, p. 382-384, 1983.

KLIMAS, P. C.; SHELDAHL, R. E. Four Aerodynamic
Prediction Schemes for Vertical Axis Wind Turbines:
A Compendium. Sandia National Laboratories,
Technical Report No. SAND78 0014, 1978.

LL Q.; MAEDA, T.; MASAYUKI, Y.; OGASAWARA,
T.; KENTO, S.; KOGAKI, T. Study on power
performance for straight-bladed vertical axis wind
turbine by field and wind tunnel test. Renewable
Energy, v. 90, p. 291-300, 2016. Disponivel em:
<https://doi.org/10.1016/j.renene.2016.01.002>,

MCINTOSH, S. C.; BABINSKY, H.; BERTéNYI, T.
Convergence Failure and Stall Hysteresis in Actuator-
Disk Momentum Models Applied to Vertical Axis

Journal of Mechatronics Engineering, v. 5, n. 1, p. 2 - 11, Sept. 2022

Wind Turbines. Journal of Solar Energy Engineering,
v. 131, n. 3, 07 2009. ISSN 0199-6231. 034502.
Disponivel em: <https://doi.org/10.1115/1.3142826>.

PARASCHIVOIU, I. Predicted and experimental
aerodynamic forces on the Darrieus rotor. J. Energy,
v. 7, n. 6, p. 610-615, 1983. Disponivel em:
<https://doi.org/10.2514/3.62706>,

PARASCHIVOIU, I.; FRAUNIE, P; BEGUIER,
C. Streamtube expansion effects on the darrieus
wind turbine. Journal of Propulsion and
Power, v. 1, p. 150-155, 1985. Disponivel em:
<https://doi.org/10.2514/3.22773>,

PONTA, E.; SEMINARA, J.; OTERO, A. On the
aerodynamics of variable-geometry oval-trajectory
darrieus wind turbines. Renewable energy, Elsevier,
v. 32, n. 1, p. 35-56, 2007. Disponivel em:
<https://doi.org/10.1016/j.renene.2005.12.007>.

R.HOWELL; QIN, N.; EDWARDS, J.; DURRANI,
N. Wind tunnel and numerical study of a

small vertical axis wind turbine. Renewable
energy, v. 35, p. 412-422, 2010. Disponivel em:
<https://doi.org/10.1016/].renene.2009.07.025>.

SABER, E.; AFIFY, R.; ELGAMAL, H. Performance
of SB-VAWT using a modified double multiple
streamtube model. Alexandria Engineering Journal,
v. 57, n. 4, p. 3099-3110, 2018. Disponivel em:
<https://doi.org/10.1016/j.aej.2018.07.009>.

STRICKLAND, J. H. The darrieus turbine: a
performance prediction model using multiple
streamtubes. Sandia Labs., Albuquerque, N.
Mex.(USA), 1975.

TEMPLIM, R. Aerodynamic performance theory
for the nrc vertical-axis wind turbine. National
Aeronautical Establishment, Ottawa, Ontario
(Canada), 1974.

ZHANG, T.; WANG, Z.; HUANG, W.; INGHAM,
D.; MA, L.; POURKASHANIAN, M. A numerical
study on choosing the best configuration of the
blade for vertical axis wind turbines. Journal of
Wind Engineering and Industrial Aerodynamics,

v. 201, p. 104-162, 2020. Disponivel em:
<https://doi.org/10.1016/j.jweia.2020.104162>|

11


https://doi.org/10.1007/978-3-642-84010-4_1
https://doi.org/10.1016/j.renene.2016.01.002
https://doi.org/10.1115/1.3142826
https://doi.org/10.2514/3.62706
https://doi.org/10.2514/3.22773
https://doi.org/10.1016/j.renene.2005.12.007
https://doi.org/10.1016/j.renene.2009.07.025
https://doi.org/10.1016/j.aej.2018.07.009
https://doi.org/10.1016/j.jweia.2020.104162

	Introduction
	Bibliographic review
	Methodology
	Double Multiple Streamtube model
	Program flowchart

	Results and discussion
	Conclusion

