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a b s t r a c t

The f-shape Darrieus wind turbines have great potential in application due to their omni-directionality
and structural advantages. However, to achieve a higher aerodynamic performance, the design of such
turbine needs attentive optimization to fit the surrounding wind variation. In this paper, a performance
optimization of the shape of f-shape Darrieus wind turbine with a given range of inlet wind speed is
carried out. By involving a heuristic search algorithm, Covariance Matrix Adaptation Evolutionary
Strategy (CMAES), into Double Multiple Streamtube model (DMST), three geometrical variables of the
rotor: the equatorial radius (R), the ratio of radius over half-height (b) and the blade number (B) are
modified according to the fitness function that was specially built to satisfy the inlet wind range re-
quirements. Moreover, to validate the optimization output, a 3D CFD simulation is conducted as a
comparison. The result shows that this program can present an entirely optimized model under the given
range of inlet wind speed, with a 12.5% improved Cp at the optimal velocity compared with the baseline.
Verification from CFD method shows a satisfactory agreement for the optimized model compared with
the DMST output, indicating that this algorithm could provide a reliable reference for the shape selection
of f-shape Darrieus turbines under a certain inlet wind condition.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

As a promising candidate for wind harvest, vertical axis wind
turbines (VAWTs) have raised increasing interest due to its ad-
vantages like simple structure, low noise and omni-directionality
[1]. Among various types of VAWTs, the most commonly used
type is the Darrieus turbine [2]. Based on the longitudinal section
shape of the rotor, Darrieus turbine can be classified into H-shape
and f-shape. Out of these, the f-shape turbine can be built with a
simpler foundation since it does not need a tower. In addition, the
blades of f-rotor are subject to less bending moment than H-rotor
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because it does not have large centripetal acceleration during
rotation. As a result, the f type Darrieus turbine is less fatigable and
its lifespan is elongated [3].

Nevertheless, similar to other types of VAWTs, the f-shape
Darrieus turbine suffers from low power coefficient. Addressed to
this problem, researches have been carried out around the world to
improve the performance of VAWTs, both numerically and exper-
imentally. Sandia Laboratory [4,5] conducted their investigations
on f type Darrieus turbine by field test and enhanced the power
output by changing chord length and the blade-number of the
rotor. Singh et al. [6] investigated the influence of the solidity on an
H-rotor, concluding that a higher solidity can generally raise the
rotor’s performance. Li et al. [7] experimentally investigated the
effects of pitch angle on the power coefficient, where they found
the different optimal pitches for VAWTs with different number of
blades. Wang et al. [8] looked into the different thickness and
camber configurations for various types of airfoils. Based on their
research, modifications on both symmetric and asymmetric NACA
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profiles were suggested to improve the power coefficient. Similar
investigations regarding airfoil selection had also been made by
Ref. [9]; [10,11] etc.

In recent years, Artificial Intelligence (AI) algorithms have
accelerated the process to obtain VAWT with considerably higher
aerodynamic performance. Carrigan et al. (2012) [12] used the
Differential Evolution (DE) algorithm to demonstrate a totally
automatic optimization on the cross-section in two cases of
straight-bladed VAWTs, where one of the resultant rotors achieved
a power coefficient of 2.4% higher than baseline at TSR¼ 1. Ma et al.
[13] conducted a Multi-Island Genetic Algorithm (MIGA) based
optimization on NACA0018 airfoil of a three-blade H-VAWT. The
novel profile outperformed at moderate TSRs (less than 1.5) with a
maximum growth of 26.82%. Bedon et al. [14e17] optimized the
chord length and the thickness of the cross-section of an f type
VAWT, where Blade ElementMomentum (BEM) theory and Genetic
Algorithm (GA) were used. Their resultant design showed uni-
formly enhancements in low TSR range. Chan and Antar [18,19]
independently implemented numerical investigations of para-
metric sizing optimization on Savonius turbine. Impressively, a
maximum improvement of 42.5% at TSR ¼ 0.59 was observed from
the research of Antar [19].

However, there is a limitation of researches conducting opti-
mization on the geometrical characteristics of f type rotor, such as:
the outline curve and the blade-number. Previous researchers often
kept these factors unchanged and focused their investigations on
the enhancement of lift and drag coefficients of the profiles. In fact,
the influence of the outline shape and the blade-number is not
negligible on the rotor performance [20].

On the other hand, most of the above-mentioned literatures
carried out the optimization process under a simplex inlet wind
speed (which generally is the optimal wind speed from the pro-
totype), and the optimal range for the optimized turbine was un-
known before the performance of output would be further tested
under different conditions. In another words, there is no guarantee
that the design from the optimization process could also be an
advanced selection under a pre-desired range of inlet velocities.
Such requirement is necessary especially when the region where
turbine was placed has a long-term fluctuation of wind speeds.

In order to solve the problem mentioned above, the current
work looked into a shape optimization for an f-shape Darrieus
turbine, with the object to improve the rotor’s power coefficient
under a desired range of inlet wind speed.

The Covariance Matrix Adaptation Evolutionary Strategy
(CMAES) was invented by Ref. [21]. Among various evolutionary
strategies (such as DE, GA etc.), this algorithm shows its great su-
periority in finding globally optimal solutions and it has been
widely validated by former researches under different background
scenarios. Rahnamayan et al. [22] compared the convergence speed
and the robustness between DE and CMAES algorithms on N-queen
problem and concluded the latter one showed a better computa-
tional efficiency. Hasenj€ager et al. [23] presented an aerodynamic
optimization on the shape design of a gas turbine and confirmed
the feasibility of CMAES on high-dimensional variables. Athanasiou
et al. [24] applied it on the dynamic identification of structural
systems under the earthquake and stated that the CMAES algo-
rithm could particularly find exact solutions for a complex sample
space than normal evolutionary strategies. Despite these applica-
tions in various engineering fields, the use of CMAES in shape
optimization of VAWTs was scarce.

Blade Element Momentum theory (BEM) and Computational
Fluid Dynamic method (CFD) are two main tools for the aero-
dynamic analysis of Darrieus turbines. The advantage of BEM based
algorithms is their low computational cost, while CFD method has
its priority in providing more accurate results. Rossetti et al. [25]
investigated the aerodynamic characteristics of a Darrieus turbine
using both BEM and 3D CFD methods. He concluded that the CFD
analyses could reflect more adequate dynamic effects for low
Reynolds number, where conventional BEM method showed
remarkable limits. For a large-scaled f-shape Darrieus turbine
(Sandia 17m), Delafin et al. [26] adopted the 3D CFD models to
implement the analysis and compared it with the results based on
BEM algorithm, where the latter method has considerably large
computational speed despite the less flow field information. Bedon
et al. [14e17] conducted aerodynamic analysis on various types of
Darrieus wind turbine using both twomethods, suggesting that the
CFD method can be a suitable validation for the BEM results. From
previous researches, it is believed that the mutual verification of
BEM and CFD can make the computation process high-efficient and
the results more reliable.

As the main work of this paper, we involved the CMAES algo-
rithm into the Double Multiple Streamtube (DMST) [20] model
based on BEM theory. By constructing this framework, we con-
ducted the shape optimization of an f-shape Darrieus turbine for a
better outline&blade-number configuration, hoping to achieve
higher power coefficients with a given inlet wind range. The
contribution of the current work contains following contents: 1. For
an f-shape Darrieus wind turbine, a holistic shape optimization,
including the outline curve as well as the blade-number, was
investigated to achieve a better rotor performance compared with
the baseline; 2. At every inlet wind speed within a given range, the
power coefficient of the optimized model is improved; 3. On the
resultant design from BEM simulation, a 3D CFD simulation was
conducted as a supplemented verification.

Thewhole structure of the current paper is organized as follows.
In Section II, the way of turbine modeling, the DMST theory and the
CMAES algorithm are presented. In Section III, the optimization
results and other outcomes are analyzed and discussed. Validation
for the improved model using 3D CFD method is present in Section
IV. Finally, essential conclusions from the present work are sum-
marized in Section V.

2. Model and method for optimization

2.1. Modeling of f-shape Darrieus turbine

In this part, the prototype of f-shape Darrieus turbine is
modeled and constructed by choosing suitable shape analogue.
Parabolic and straight-circular-straight (SCS) curves were formerly
adopted as analogies to describe the ideal Troposkien shape of the
f-shape Darrieus turbines [4,27,28]. Among these, the parabolic
approximation was concluded by Refs. [20] as the most satisfied
shape because of the best geometric similarity and the simplicity of
modeling (Fig. 1).

Hence, in this paper, the relationship between local radius r and
altitude z is described by a quadratic function. Let R denote the
equatorial radius and b denote the ratio of radius over half-height.
The function can be written as:

r¼ � b2

R
z2 þ R (1)

Then, the local inclination angle d can be expressed by the de-
rivative of r at the corresponding local height z:

d¼ arctan
�
2bz
H

�
(2)

Other parameters of the baseline turbine are identical to that of
the Sandia 5m [4]. The configurations of Sandia 5m are shown in
Table 1, followed by an illustration of the NACA0015 airfoil in Fig. 2:



Fig. 1. (a) The isometric view of baseline two-blade model from Sandia 5m [27], neglecting the shaft and struts; (b) the approximations of f-shape turbine blade by using Sandia
shape [27] and parabolic shape.

Table 1
The configurations of the quadratic approximated model of f-
shape Darrieus turbine from the prototype of Sandia 5m [5].

Prototype Sandia 5m

Airfoil NACA0015
Chord length (mm) 152.40

Angular speed (rad/s) 17.07
Equatorial Radius (m) 2.50

Half-height (m) 2.55
Radius/Half-Height 0.98
Swept area (m2) 17.01

Fig. 2. The cross-section of the blade: NACA0015
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2.2. Extension of the airfoil characteristics

A description of the pre-processing of the raw aerodynamic
coefficients (Cd and Cl) for the airfoil is stated in this part. The raw
airfoil characteristics [30] were in scattered form and the range of
the angle of attack (AoA) was limited from 0� to 180� since they
were initially tested for aircraft usage.

To fit the AoA range for VAWT use, the symmetrical extensions
are conducted. As shown in Fig. 3 we extended the lift coefficient
(Cl) by doing central symmetry at the point (0, 0), while we
extended the drag coefficient (Cd) by doing axial symmetry about
the axis of AoA ¼ 0.

On the other hand, to make the data continuous (for DMST use),
the curve-fit process is carried out. For AoA ranges from �40� to
40�, the linear interpolation is conducted. This is because the force
coefficients are remarkably fluctuating within this range and the
airfoil [29] with a chord length of 152.4 mm.



Fig. 3. The extension of the aerodynamic characteristics of NACA0015 airfoil: (a) lift coefficient: Cl (b) drag coefficient.Cd
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original data has already been densely recorded (every 1�). For AoA
ranges from�180� to�40� and 40� to 180�, where limited raw data
was provided, high-order polynomial interpolation was further
conducted to make the curve become smooth.

2.3. DMST model

Based on the BEM theory, the DMST model [20] is adopted for
the aerodynamic simulation of f-shape Darrieus turbine during the
optimization process. Here, only the key content of the DMST
model is introduced in this section.

Fig. 4 illustrates the plan view of the DMST model. The whole
rotor cycle is cut into parallel strips, which are called the
“streamtubes”. Each streamtube is divided into three parts in tan-
dem: The upwind-tube is in windward area while the downwind-
tube is in the opposite side. In addition, the equilibrium zone is
assumed as a connection placed in the middle of the streamtube.

At each elevation i, the inlet wind velocity Vi first entered into
the upwind-tube and was reduced [20]:

V ¼uVi (3)
Fig. 4. The top view of the rotor in DMST model.
The induced factor u is derived through iteration using Formula
(4), where fup denotes the upwind function [20]:

u¼1� fupu
p

(4)

After obtaining the converged induced factor, by the double
integral along the longitudinal and azimuthal directions, we can
calculate the average power coefficient Cp1 for the upwind part
[20]:

Cp1 ¼
Ru
V∞

CQup
¼ Ru
V∞

BcH
2pS

ðp2
�p
2

ðH

�H

CT

�
W
Vi

�2� r=R
cosd

�
dzdq (5)

For the downwind part, the approach to get the average power
coefficient Cp2 can be analogically inferred. The final coefficient Cp
is the sum of Cp1 and Cp2.
2.4. Consider desired range of inlet wind speed

The restriction of inlet wind range is important for VAWT
design, as inlet wind range is always determined by the wind
condition of the regionwhere the VAWTs are installed. In this part,
with a desired range of inlet wind speed, we attempt to fit our
design by establishing a specific objective function for the optimi-
zation process. Note this is one of the innovation points of this
work.

Generally, in order to ensure the optimization model is
advanced to the baseline within a certain velocity range ½v1; v2�
(vopt2½v1; v2�), the following constrains should be satisfied:

cvi2½v1; v2�;
CpðR;B; vi; bÞ

CpðR0;B0; vi; b0Þ
> lvi (6)

where v1 and v2 denote the left bound and right bound of the
desired optimal range, respectively. v1 < vopt < v2; CpðR;B; vi; bÞ is the
power coefficient that calculated from DMST module at the inlet
velocity vi; R0, B0 and b0 denote the settings of baseline; lvi � 1
denotes the desired percentage of the improvement at the inlet
velocity. vi

Generally, the usage of CMAES algorithm is to find a numerical
minimum for a non-convex target. In this paper, as we want to
maximum Cp under the optimal velocity, the fitness was expressed
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as its reciprocal:

f ¼1
�
Cp

’�R;B; vopt ; b� (7)

, where f denotes the output of the target function (i.e. the fitness in
algorithm) and vopt denotes the optimal velocity of the baseline
turbine.

As for Cp ’, we intentionally proposed the following expression
(8) to realize the specified wind range control during the numerical
algorithm as below:

Cp’
�
R;B; vopt ;b

�¼j Cp
�
R;B; vopt ; b

�
(8)

The reduction factor 0 � j � 1 is a punishment item for the
unsatisfied samples. Hence the fitness of such instance would be
larger during evolutionary process as long as its power coefficient is
not fully optimized within the whole range. The expression of j is
put as follows:

j¼
Yv2
vi¼v1

min
�
1;

CpðR;B; vi; bÞ
lvi CpðR0;B0; vi;b0Þ

�
(9)

In Formula (9), the denominator is the amplification of the dif-
ference of the unexpected cases. This expression has twomeanings:

(i) It eliminates instances that do not meet the requirements in
a given wind speed range, and the large the difference is, the
greater the penalty will be added to its fitness, leading to an
earlier elimination of such instances. This allows the algo-
rithm to find the eligible design faster.

(ii) By setting different parameters lvi � 1, it allows the user to
have a focus in the design interval. For instance, although the
user wants the optimized rotor to be suitable for inlet wind
speeds from 5 m/s to 10 m/s, it is more desirable to ensure
this optimization from 8 m/s to 10 m/s. In such case, lvi for vi
from 8 m/s to 10 m/s should be tuned relatively larger than
others.

It should be noticed that, for a givenwind speed vi, if the desired
percentage lvi is set to be an excessively large value, it will not be
practically feasible. In another word, such design of turbine may
not even exist under the DMST analysis. In that case, the results
cannot be promised. However, the above expression still allows the
algorithm return the output that is as close to the requirements as
possible.

In addition, from previous papers [13,15,16,12,31], the number of
intersection points by TSR-Cp curves of baseline and optimized
turbine was no more than 2. This may indicate the optimization of
the entire wind speed interval can be ensured only by using the
boundary value of the wind speed range as constrains. Thus,
Formula (9) becomes:

j¼ min
�
1;

CpðR;B; v1; bÞ
lv1CpðR0;B0; v1; b0Þ

�
*min

�
1;

CpðR;B; v2; bÞ
lv2CpðR0;B0; v2;b0Þ

�

(10)

Combining Formula(7), (8) and (10), we can obtain final objec-
tive function, which is the key step to control the VAWT design that
fits the desired range of inlet wind speed during the optimization
process.
Fig. 5. Flow chart of CMAES algorithm, consisting three basic processes: sampling,
selecting and adapting.
2.5. Process of CMAES

The Covariance Matrix Adaptation Evolutionary Strategy
(CMAES) [32] is used to accelerate the design process in this work.
This optimization algorithm can be divided into three steps: Sam-
pling, Selecting and Adapting. The explanatory flowchart is shown
in Fig. 5 as below:

Every full circle begins with sampling, where we hope to choose
the searching points that contain sufficient information to repre-
sent the generation they belong to. The distribution of sampling
obeys Formula (11):

xðgþ1Þ
k � N

�
mðgÞ; sðgÞ

2
CðgÞ

�
; k¼1;2…l (11)

where g denotes the gth generation and l denotes the total number
of samples for the generation; N ðmðgÞ;CðgÞÞ represents a multi-
variate normal distribution.

2 Selecting

Each sample generated in the 1st step has its own fitness value.
As we want to obtain the minimum solution, we rank them in
ascending order and the first half are eligible to participate in
updating new generations:

f ðx1:lÞ� f ðx2:lÞ�… � f ðxl:lÞ (12)

3 Adapting

The mean value m, covariance matrix C and step-size s are
sequentially adapted through this step. Fig. 6 shows how the up-
date proceeds.

First, the adapting of m is the vector addition of the differences
between each preeminent individual (red dots in Fig. 5 (b)) and the
original average (black rhombus in Fig. 5 (a)). Basically, this process
is a “multi-recombination”, which is similar to the “crossover”
process in other derivative-free algorithms:

mðgþ1Þ ¼mðgÞ þ cm
Xm
i¼1

wiy
ðgþ1Þ
i:l sðgÞ (13)

, where yðgþ1Þ
i:l ¼ ðxðgþ1Þ

i:l �mðgÞÞ
sðgÞ , whose numerator is the step of the ith

sample and s is the step-size; cm denotes the learning rate for
updating m.

Instead of finding the gradient of the target function itself,
CMAES transfers the parameters-objective mappings into a normal
distribution and uses the stochastic sampling to estimate the cor-
responding natural gradient in order to search the best solution by



Fig. 6. The schematic process of adaptation in CMAES (taking 2-dimension problem as an example for illustration): (a) original multi-normal-distribution; (b) finding new center
and covariance matrix, where red dots possess better fitness than blue ones; (c) adapted multi-normal-distribution.
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natural gradient descent. This ideology is successively employed
when updating the covariance matrix C using the steps of best m
samples.

Cðgþ1Þ
rank�m

¼ð1� cmÞCðgÞ þ cm
Xm
i¼1

wi

�
yðgþ1Þ
i:l

��
yðgþ1Þ
i:l

�T
(14)

where cm denotes the learning rate that retains a part of prior in-
formation for updating the next. C

The step-size adaptingmakes the algorithm converge faster, and
such technology is also known as the “cumulative step size adap-
tation” (CSA) (Hensan et al., 2006).

lnsðgþ1Þ ¼ lnsðgÞ þ cs

�
pðgþ1Þ
s

EN ð0; IÞ�1
�

(15)

where cs denotes the learning rate for step-size control, cs< 1;
EN ð0; IÞ denotes the Euclidean norm of N ð0; IÞ distribution; re-
cords the evolution path for step-size control.

2.6. Handle integerpðgÞs variable: the blade-number

In this study, among three variables which describe the shape of
f-shape turbine, the blade-number is an integer variable. However,
the CMAES classically serves for variables that continuously change.
To handle this, a useful trick proposed by Ref. [22] is adopted in this
work.

We leave the blade-number change continuously in the real
number domain in the Sampling and Adapting parts of CMAES.
However, when evaluating the objective function in the Selecting
part of CMAES, we truncate the value by the following expression:

B¼ INTðBrealÞ (16)

where denotes the integer value of blade-number conveyed to
the fitness calculation and Bis the floating-point value of blade-
number that continuously changes in other parts of the optimiza-
tion process.

2.7. Overall framework and settings for the optimization program

The overaBrealll framework involves the CMAES algorithm into
DMST model, constructing an automatic program for the optimi-
zation of an f-shape turbine to fit a given range of inlet wind speed.

As a summary of the methodology, the entire process of the
program is illustrated in Fig. 7 as below, where the framework calls
DMST module and CMAES module in iterate. All this work was
based on a self-compiled script written on Python 3.6 platform and
realized on a 4 cores computer with two Intel(R) Xeon(R) CPUs (E5-
2673 v4), taking less than 1 s to evaluate a single instance.

It should be noticed that, setting adequate initial conditions as
well as the feasible boundaries for the parameters are significantly
important for CMAES. Most of the crucial settings are listed in
Table 2, where the initial means and were tuned by randomly
restarting from different settings in order to avoid dropping into
local minimal results. Since the chord length for the current case is
unchanged, the total size of the turbine should be correspondingly
contained within a reasonable space. Moreover, the right bound of
inlet velocity should not be too large because of thes0 limitation of
using BEM during high dynamic stalls.

3. Results

As results, two sub-parts are included in this section. In the first
part, the verification of the current program using the prototype,
Sandia 5m, is presented. In the second part, the optimization results
compared with the baseline are discussed.

3.1. Baseline verification

A validation is firstly conducted to test feasibility of the aero-
features of NACA0015 airfoil after the pre-processing, since the
outputs based on DMST model are highly dependent on the aero-
dynamic characteristics of the airfoil.

Fig. 8 illustrated the windward and leeward normal force co-
efficients for Sandia 5m, which were calculated from the current
code (solid line) and the reference (dotted line) [20]. The estimated
curves match well with the referred lines for both windward and
leeward parts extracted from Refs. [20]. Only small bias exists when
it approaches the maximum normal force, corresponding to a high
local Reynolds number and a relatively low AoA. The possible
reasonsmay be the differences between SCS (adopted by reference)
and parabolic (adopted by current paper) approximations in the
height level and the different sources and interpolation treatments
regarding to the discrete values of Cl and Cd .

In Fig. 9, a full range of TSR comparison (from 1 to 9) of the
power coefficient for the baseline between the current prediction
and the site data carried out by Sandia Laboratory is plotted [5]. As a
supplementation, the result of CARDAA code is also added (Para-
schivoiu, 1981). It should be noticed that, although the site mea-
surement and the code data have been released for nearly 40 years,
the reliability have been abundantly validated by previous re-
searchers [33e37].

Fig. 9 shows that the present prediction and experimental re-
sults are in good agreement for TSR from 3.5 to 8.0 and the current
results almost overlappedwith that of the CARDAA codewithin TSR
from 4 to 7.5. The largest Cp from site data is 0.332 when TSR equals
to 5.53, where the velocity is equal to 7.68 m/s. However, the cur-
rent code slightly underestimates the performance when it comes
to low TSRswhile overestimation appears when TSR becomes large.
In another words, the performance curve computed based on the
BEM theory is subtly right-shifted, reaching a maximum of 0.337 at



Fig. 7. Overall structure of the f-shape turbine shape optimization program based on DMST and CMAES modules.

Table 2
Variants space, initial conditions and other settings of the whole optimization
program.

Variants space R 0 < R < 5

B 0 < B < 5

b 0 < b < 2

Desired inlet range v1 5
v2 10

Initial means R0 2.5
B0 2.5
b0 1

Hyper-parameters s0 1.7
l 10

lv1 ;lv2 1
Learning rates 32

Fig. 9. Power coefficient versus the tip speed ratio for the non-optimized model
compared with references from CARDAA [38] code and site data [5].
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an inlet wind speed of 7.24 m/s. One reason accounting for this
phenomenon may be the site experiment was conducted in a high
altitude [27], where the general inlet wind velocities along eleva-
tionwere larger than the wind profile we assumed in BEM. Another
main cause might be that the current model does not take the ef-
fects of struts into consideration, which will scale the inlet veloc-
ities and shift the performance curve to a higher wind speed as a
result.

3.2. Optimization results

The shape optimization is conducted under the target wind inlet
of 7.68 m/s, which is the optimal wind speed of baseline. Other
Fig. 8. Variations of normal force coefficient for two-blade Sandia 5m with azimuth
angle, TSR ¼ 3.0. Comparisons on the normal force coefficients of the windward and
leeward sides between the current study and reference [20].
settings of the algorithm are in accordance with Table 2, where the
desired wind speed range is set to be 5 m/s to 10 m/s. Fig. 10 il-
lustrates the changes of the means of the shape parameters
through first 20 generations (i.e. 200 times of evaluations for the
population size equals to 10). It should be noticed that in Fig. 10 the
blade-number is round down to integer however during iterations
this value was changing continuously (see Formula 16).

Fig. 11 shows the relationship between Standard Deviations (SD)
and Numbers of Iteration (NI) for the parameters of radius,
Fig. 10. Variations of the average of three variables during the first 20 generations
iterated by CMAES algorithm (population size ¼ 10, inlet wind velocity ¼ 7.68 m/s).



Fig. 11. Variations of the SD (¼ standard deviation) of three variables during the whole
40 generations iterated by CMAES algorithm (population size ¼ 10, inlet wind
velocity ¼ 7.68 m/s).
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diameter-height ratio and blade-number. SD reflects the degree of
geometrical difference of the turbine models in the sample space of
each generation, while NI is plotted to describe the development of
the evolution process. It could be found from Fig. 11 that all the
trends of the radius (red), diameter-height ratio (blue) and blade
number (black) are decreasing and gradually approaching to zero.
This represents that the optimization process is converged.

Different plane-view of the comparison between the final
evolved shape (blue) and the virginal shape (red) are shown in
Fig.12. As plotted in Fig.12 (a) and 12 (b), the optimizedmodel from
the DMST-CMAES process has a shorter radius, equaling to 2.12 m
Fig. 12. Comparison of the optimized (blue) and non-optimized (red) VAWT shapes:
(a) Front view; (b) Right-side view; (c) Top view; (d) Isometric view.
and a smaller diameter-height ratio of 0.76 (scilicet a larger height
of 5.62 m). As plotted in Fig. 12 (c), the blade-number has been
changed from two to three. Fig. 12(d) compares the isometric views
between the optimized and non-optimized model, where the
swept area of the new rotor is 15.89 m2, which is 93.39% of that of
the non-optimized rotor.

Since the turbine radius is changed after the shape optimization,
to illustrate the improvements of power efficiency more clearly
related to the given inlet ranges, we will plot Cp � v∞ instead of
standard Cp � TSR graph in the next contents. As a result shown in
Fig. 13, the shape from the current code has an optimized Cp of
0.374 under the inlet wind velocity of 7.68 m/s. Meanwhile, this
model successfully improved the rotor’s performance within the
entire expected wind range (i.e. from v1 ¼ 5.0 m/s to v2 ¼ 10.0 m/s).
The best inlet wind speed for the optimized model was left-shifted
to 7.11 m/s, reaching a peak Cp of 0.384. The largest percentage of
Cp improvement occurred at the inlet wind speed of 6.52 m/s, with
an enhancement of 15.49%. Though the evolved optimal wind
speed is no longer the most suitable speed for the original model,
the newmodel still raised the power coefficient of the prototype by
12.5% under its best inlet wind velocity at 7.68 m/s, which is a
noticeable enhancement.

Fig. 14 also compares the Cp curves between the base model and
the optimized mode, however, without adding desired interval of
wind speed as constrain during the optimization process. The po-
wer coefficient of such design exceeds 0.4 at the optimum wind
speed (7.68m/s), and the percentage of improvement is higher than
30% when wind speed approaches 10 m/s. Nevertheless, for the
interval of 5 m/s to 6 m/s, its performance is inferior to the original
model, and the Cp value is even less than half of that of the pro-
totype at 5 m/s. Therefore, without considering wind speed con-
strains, though the increase at optimal speed could be globally
larger, the optimized scope cannot be controlled.

In addition, Fig.15 shows the comparison of optimized Cp curves
with different inlet wind ranges as limitations (Table 3). First, it can
be referred that all Cp curves successfully surpass the baseline
model within its given wind range. Also, these Cp curves in Fig. 15
present a converging trend while the given wind range become
smaller, until approaching the no-restriction Cp curve. In addition,
as the restriction of inlet wind range become stricter (wider), the Cp
values at the target wind speed (7.68 m/s) are decreasing, indi-
cating that a larger optimal range will lead to a sacrifice of the
improvement at the target wind speed.
Fig. 13. Comparisons of Cp between optimized (with inlet wind constrains) and non-
optimized [5] models with inlet wind velocity range varying from 5.0 m/s to 10.0 m/s.



Fig. 14. Comparisons of Cp between optimized (without inlet wind constrains) and
non-optimized [5] models with inlet wind velocity range varying from 5.0 m/s to
10.0 m/s.

Fig. 15. Comparisons of the baseline Cp curve and optimized Cp curves under different
inlet wind constrains
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4. 3D CFD validation

Since the streamtube model can only reflect the time-averaged
features of the flow field during rotations (Ferreira 2009), a three-
dimensional CFD validation for the optimized rotor is here con-
ducted as a supplement. The geometry of the model is shown in
Fig. 12, with a maximum diameter in its equatorial plane equaling
to 4.24 m and a total height of 5.62 m. Its airfoil has a chord length
of 152.4 mm and the type of the profile is NACA0015. The working
condition is under the inlet wind speed of 7.68 m/s with rotor
rotating at 17.07 rad/s.
4.1. Layout and boundary conditions

The layout of the optimized three-blade f-type wind turbine
Table 3
Different constrains of given inlet wind range in Fig. 15

Current Constrain Constrain 2

v1 (m/s) 5 5.5
v2 (m/s) 10 9.5
with the CFD simulation is shown in Fig. 15. The computational
domainwas divided into a rotation zone and static zone by creating
interfaces. As shown in Fig. 16(a) and (b), the length, width and
height of the whole domain were 17D, 10D and 4D in total. The
rotation domain has a spindle-shaped outline, which is designed to
reduce the computational cost. A quadratic curve similar to the
contour of the blade was used to create such rotation region, and
the equatorial diameter of the rotation domain is 1.5 times of that of
the turbine. Based on the published studies [39e41], this size of the
rotation domain was considered large enough for VAWT analysis.

As for the boundary conditions, according to the suggestions
from former researches [13,39,42], the left bound (5D from the
center of turbine) and the top bound (2D above the turbine center)
were set as the velocity inlet, from which the wind was uniformly
imported towards the positive-x direction. The pressure outlet
was12D downstream from the center of turbine to make the wake
fully developed. The front and back sides (both 5D from the turbine
center) in Fig. 16 (a) were set as the symmetric planes and the
bottom bound (2D beneath the turbine center) in Fig. 16 (b) was set
as a no-slip wall.

4.2. Numerical settings

Numerical settings for the 3D CFD validation of the optimized f-
turbine are stated as follows. The finite volume method (FVM) was
used to conduct the three-dimensional simulation of unsteady
incompressible flow. The implicit unsteady segregated flow
method was adopted to solve the continuity and momentum
equations, and the SST k-u turbulence model was chosen to resolve
the NeS equations for its advantages in dealing flow around
boundary layers.

The first-order central difference scheme was selected as the
temporal discretization. We adopted SIMPLE scheme to couple the
RANS model and the pressure-velocity equation. The sliding mesh
technique was used to perform the motion of rotation. The incre-
ment of azimuth angle was 2� hence time-step was 1/180 of the
period, which has been proved to be small enough for VAWT
simulation [43]. The number of maximum inner iterations was 15
and the simulation terminated when the maximum physical time
was larger than eight periods. The simulation was based on the
platform of “Star CCMþ 13.04” software and it took about 216 h per
instance for a 44 cores Serve with two Intel(R) Xeon(R) CPUs (E5-
2673 v4) to complete the computation.

4.3. Mesh settings and grid independence analysis

The mesh topology and the grid independence test for the CFD
simulation of the optimized f-turbine are discussed in this part.
Before all, several dimensionless parameters to evaluate the results
are first presented as follows:

CQ ¼ Q

rSReqV∞
2
.
2

(17)

Xeq ¼uReq
�
V∞ (18)
Constrain 3 Constrain 4 Constrain 5

6 7 No constrain
9 8 No constrain



Fig. 16. The layout of the computational domain (D is the diameter of turbine): (a) top view; (b) front view; the dashed line covering the turbine (blue solid line) was the rotational
zone, which was designed as a shape of spindle apparatus to minimize the cell needed.

Fig. 17. Mesh topology for the CFD simulation of the optimized f-shape VAWT: (a) whole mesh topology; (b) boundary layer grids around blade; (c) refined part in equatorial
section plane.
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Table 4
Different mesh settings around the blade.

Mesh Type Minimum Grid Size Total Cell Number Difference of Cell Number Difference of Cp

Coarse Mesh 0.001 m 26.44 million - 30.57% - 5.54%
Medium Mesh 0.00075 m 34.15 million - 10.33% - 0.63%
Fine Mesh 0.0005 m 38.08 million 0% 0%

Fig. 18. The comparison between three mesh schemes in terms of rotor torque co-
efficients in the last two periods.

Fig. 19. The wake structures on the equatorial section (R ¼ 2.12m) for the optimized f-sh
q ¼ 234.67�.
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Cp ¼ QXeq

rSReqV∞
2
.
2
¼CQXeq (19)

where CQ is the torque coefficient; Xeq is the tip speed ratio of the
equatorial plane; Cp is the power coefficient of the rotor; Q denotes
the instantaneous rotor torque; r denotes the ambient air density,
set to be 1.18 kg/m3 at one standard atmosphere, 25 �C; S denotes
the swept area of the turbine, which equals to 15.89 m2 for the
optimized model; Req is the equatorial rotor radius, which equals to
2.12 m; V∞ denotes the inlet wind velocity, which equals to 7.68 m/
s; u denotes the angular speed of the rotor, which equals to
17.07 rad/s; Q and CQ denote the mean rotor torque and the mean
torque coefficient of the last two periods after the calculation be-
comes steady.

Fig. 17 shows the entire mesh topology and the boundary layer
grids around the leading edge of the blade. The trimmed mesher
was used for the cell generation for both stationary and rotational
ape turbine by adopting SST. k-u turbulence model (v ¼ 7.68 m/s): (a) q ¼ 24.40�; (b)



Fig. 20. Comparison of the instantaneous rotor torque coefficients between the base model and the optimized model using 3D CFD method.

Fig. 21. Comparisons of power coefficients from the non-optimized model [5] and
optimized model (from DMST code and CFD method) under the inlet wind velocity of
7.68 m/s.
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domain while for the blade surfaces in the rotational zone, the
prismatic layer mesher was additionally adopted. The number of
mesh achieved 34.15million in total, with theminimum grid size of
blades equal to 7.5e-4 m. This quantity is considerably large
because the equatorial diameter of the rotor is over 4240 mmwhile
the airfoil chord length is only 152.4 mm, giving a tiny chord-
diameter ratio of 0.036. As a result, the size of the prismatic
boundary cell should be small enough to meet the requirement of
yþ z 1, and this leads to a comparatively larger growth rate from
the boundary-layer to rectangular cells in Fig. 17 (b). To be specific,
the total thickness of the 20 prismatic boundary layers is 0.001 m
and the growth rate of the boundary layer is set to be 1.2 in this
study.

There is a trade-off between the accuracy and the computational
time by using different mesh sizes. In this study, the mesh depen-
dence test was conducted by changing the minimum grid size
around the blades. The properties of using three types of meshes,
named as “Coarse Mesh”, “Medium Mesh”, and “Fine Mesh”, are
presented in Table 4. It can be found that the difference of the
power coefficients from medium mesh and fine mesh was tiny
enough while the total number of the refined grids was 10.33%
larger. On the other hand, the coarse mesh was lack of adequate
accuracy. With the definition of the torque coefficient CQ defined in
Formula (17), a time-history of the last two periods of CQ under
different mesh schemes is shown in Fig. 18, where a distinguished
difference of CQ values can be found between the coarse mesh and
the other two meshes. Therefore, we choose the “Medium Mesh”
scheme for the simulation.

4.4. Comparisons

Though wake properties cannot be described by DMST algo-
rithm, it is available in CFD simulation. As shown in Fig. 19, the
vortex structures of the optimized turbine at different rotor posi-
tions can be depicted by SST k-u turbulence model. The wake de-
tached in clockwise direction from the leading edge, forming a
negative vortex street (blue, Fig. 19 (a)) on the upper side while
anticlockwise vortex appears on the other (red, Fig. 19 (b)) with
positive values. Similar observations have also been found in other
CFD analysis of VAWTs [43].

After eight-period calculation, the residual error was lower than
0.0001 and the output had become steady (see Fig. 18, the differ-
ence between the adjacent periods was less than 1%). Fig. 20
compares the azimuthal variation of the instantaneous rotor tor-
que coefficients for the base model and the optimized model. It can
be found that despite a slight decrease of the peak values, the
negative parts of CQ were totally eliminated during the optimiza-
tion, which contributes to the entire increase of the rotor efficiency.
Similar observation was also found by previous researchers [44].

The mean rotor torque coefficient of within a period was further
plugged into Formula (19) to calculate the power coefficient, giving
a Cp value of 0.371 under the inlet wind velocity of 7.68 m/s. As
shown in Fig. 21, compared with the DMST output of 0.374, this
result shows a good consistency. Hence, at this point, it validates
the former prediction for the optimized model. The power coeffi-
cient for the non-optimized model was also plotted to show the
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improvements and an 11.7% enhancement was found between the
power coefficients of the optimizedmodel from CFD output and the
non-optimized model from the experimental test.

Regarding the computational cost, the time cost to obtain the
optimized model by using DMST-CAMES framework takes less than
1 h, with more than 150 evaluations completed during the process.
While it takesmore than 200 h to conduct the validation for a single
instance by using 3D CFD method. Because of the considerable
computational cost, there is a limitation of lacking other validations
for different inlet wind speeds.

5. Conclusions

Through the current work, a rapid shape optimization of an f-
shape Darrieus wind turbine was conducted on the basis of the
BEM theory and CMAES algorithm to achieve an entire improve-
ment under a given range of inlet wind speed. The base model is
two-blade Sandia 5m, with a maximum power coefficient of 0.332
under the inlet wind speed of 7.68 m/s. After 40-generation evo-
lution, the efficiency of the turbine was 12.5% higher with the
radius reduced from 2.50 m to 2.12 m, the height increased from
5.10 m to 5.62 m and the blade-number changed to 3 in the end.

Essential conclusions can be made as follows:

1. Coupling DMST model and CMAES algorithm can successfully
find an improved shape for a given f-shape VAWT prototype
under a desired inlet wind velocity.

2. By setting appropriate objective function for the optimization
algorithm, the program can guarantee that the improvements
occur everywhere in a given range of inlet wind speed.

3. Through 3D CFD validation based on SST k-u turbulence model,
it is proved that this work can not only largely speed up the
process of optimization process, but also can provide a reliable
accuracy.

The method from current study may be applied in the pre-
liminary shape design of f-shape Darrieus turbine. In the future,
following works could be implemented as amelioration:

1. Try different extending methods, including different interpola-
tion schemes, of the raw dataset regarding the lift and drag
coefficients.

2. Revise the BEM based code by choosing appropriate stall models
to acquire a more accurate prediction.

3. Try different analogy model of the Troposkien shape and
conduct the shape optimization by changing parameters of their
shape functions.

4. Parameterize other influences from the model to improve the
performance of Darrieus wind turbine, such as the profile of the
cross-section, the shape of the shaft and struts, etc.

5. For both base model and optimized model, explore their aero-
dynamic features, including wake structures, under other inlet
speeds using 3D CFD method, and make comparison with the
DMST outputs.
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