
Citation: Li, G.; Wu, G.; Tan, L.; Fan,

H. A Review: Design and

Optimization Approaches of the

Darrieus Water Turbine. Sustainability

2023, 15, 11308. https://doi.org/

10.3390/su151411308

Academic Editor: Yefei Bai

Received: 2 June 2023

Revised: 13 July 2023

Accepted: 14 July 2023

Published: 20 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Review

A Review: Design and Optimization Approaches of the
Darrieus Water Turbine
Guanghao Li 1, Guoying Wu 2, Lei Tan 1 and Honggang Fan 1,*

1 State Key Laboratory of Hydroscience and Engineering, Department of Energy and Power Engineering,
Tsinghua University, Beijing 100084, China; lgh21@mails.tsinghua.edu.cn (G.L.);
tanlei@mail.tsinghua.edu.cn (L.T.)

2 China Water Resources Pearl River Planning, Surveying and Designing Co., Ltd., Guangzhou 510610, China;
wgy1@prpsdc.com

* Correspondence: fanhg@tsinghua.edu.cn

Abstract: As the use of Darrieus turbines in water is becoming increasingly popular in the field of
renewable energy, it is essential to explore and evaluate existing research efforts. The situation of
the Darrieus water turbine in water still requires further discussion. This paper aims to provide a
comprehensive review of optimization methods for Darrieus water turbines, addressing the chal-
lenges associated with their efficiency, start-up, and stability. This work summarizes and evaluates
the findings of previous studies, focusing on the features of experimental and numerical methods.
Influence of geometric parameters, including height-diameter ratio, solidity, torsional angle, and
airfoil are also talked into. The existing research adopts solidity values ranging from 0.1 to 0.4, but
the design experience is not as extensive as that of the Darrieus wind turbine. Further discussions
are still needed on the optimal power coefficient and tip speed ratio of the Darrieus water turbine.
The research with a power coefficient ranging from about zero to above the Betz limit needs further
summarization. Various optimization strategies, such as multi-turbine arrangement, coupling with
Savonius turbines, and blade pitching, are also discussed. By offering insights into the current state of
optimization works for Darrieus water turbines, this review aims to facilitate future research, bridge
existing gaps in the field, further enrich the utilization of ocean currents, and improve the structure
of renewable energy.

Keywords: water current energy; turbine optimization; vertical axis turbine; numerical calculation;
Darrieus turbine

1. Background and Characteristics of Darrieus Turbine

The Darrieus turbine was proposed by Darrieus in 1931 as a vertical-axis lift-type
turbine. It was a cross-flow turbine and had the highest theoretical efficiency among the
vertical-axis turbines [1].

With its large torque ripple, it was not fully developed in the 1930s. In the 1970s,
engineers in Canada and the United States began to study the vertical axis lift-type wind
turbine as a source of power generation, and wind turbine research gradually emerged, but
in the 1990s, wind turbine research stagnated. The wind turbine industry has enjoyed a
renaissance since 2000 [2], with turbines being considered for offshore wind power [3,4]
and underwater power generation [5]. The Darrieus wind turbine was developed earlier,
and the research and applications were relatively more mature than those of the Darrieus
water turbine [6,7].

The Darrieus turbine has great potential for the utilization of water flow [8]. Ocean
data indicate that the flow speed in most areas of the oceans is low and enough for the
Darrieus turbine to operate [9,10]. The application of the Darrieus turbine in the ocean for
tidal current utilization gained more interest [11,12]. Seabed scour induced by Darrieus
turbine was researched for utilization in rivers or seas [13,14]. Low-head water utilization

Sustainability 2023, 15, 11308. https://doi.org/10.3390/su151411308 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su151411308
https://doi.org/10.3390/su151411308
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-5415-787X
https://orcid.org/0000-0003-2599-9482
https://doi.org/10.3390/su151411308
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su151411308?type=check_update&version=1


Sustainability 2023, 15, 11308 2 of 28

with Darrieus turbines became a trend [15,16]. Darrieus turbines could also be installed
in underwater mooring platforms to utilize discharged water from industries, outflow of
boats [17], and water in farms [18]. The cavitation of Darrieus turbines was considered due
to its fluctuation at a high running speed [19,20].

According to the installation mode of the turbine [21], the turbines can be divided into
vertical axis type and horizontal axis type as in Figure 1. Most vertical-axis turbines have
the design consideration that the horizontal flow in any direction can be utilized [22,23],
while the horizontal axis can utilize the flow energy in only one horizontal direction by
tracking and changing the direction [24]. The Darrieus turbine can also be installed with a
horizontal axis [25,26] to utilize shallow water, and the turbines cannot be fully immersed
to generate power but can still utilize water in two directions [27], which needs multiphase
modeling [28].
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The main branches of Darrieus turbines include H-type, oval (or Φ-type), Y-type,
and diamond (variable angle) according to the blade shape parallel to the shaft surface.
Delta blades contain symmetric helical structures [29]. The squirrel-cage type replaces the
supporting structure of the intermediate shaft with the upper and lower cover plates. The
original Gorlov type [30] was the twisted squirrel-cage type. The oval Darrieus turbine
can reduce the influence of centrifugal load on the structure; the Y and diamond shape can
control the power output to change the angle.

In recent years, some progress has been made in the optimization of Darrieus water
turbines [31]. Idénergie Inc. has designed a co-located direct-drive generator turbine
device, claiming a daily power generation of 12 kWh at a water depth of 0.6 m and flow
speeds ranging from 1 m/s to 3 m/s. The Ocean Renewable Power Company attached
four Gorlov turbines to a generator, claiming a power generation of 25 kW [32]. However,
the company’s profitability is moderate, and the industry scale is limited, indicating the
need for further optimization and design in this field. By summarizing the purposes,
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parameters, and methods of optimization, this paper presents the recommended methods
and parameters of optimization. Future design and optimization of the Darrieus turbine
can refer to the results for primary designs.

2. Parameters of Evaluation in Optimization
2.1. Power Coefficient and Tip Speed Ratio

The power coefficient was often defined as the ratio of the turbine power to the incom-
ing flow power of the frontal area, usually represented by CP. As shown in Equation (1) [33],
the turbine power is torque T multiplied by angular velocity ω, and v0 in the denominator
represents the incoming flow velocity. A is the turbine frontal area. This area is the product
of the turbine diameter and the turbine height of the Darrieus turbines. According to
this parameter, the ability of the turbine to extract energy from the flowing ocean current
can be reflected in the final power of the turbine. The torque can also reflect the output
of the turbine, so the torque coefficient Cm was used in some work for evaluation. The
speed meets Equation (3) for the Darriues turbine, and a special quantity can be proposed
separately as the ratio of vt and v0. In some studies, Ct was used for description, which
was exactly the same quantity as Cm; the symbol was different because the English word
torque or moment was used to express torque.

CP =
Tω

1
2 ρv03 A

(1)

A = DH (2)

vt =
1
2

Dω (3)

Cm =
T

1
4 ρv02 AD

(4)

Tip speed ratio (TSR) is the ratio of tip speed to incoming flow speed, commonly
expressed by TSR or λ, as defined in Equation (5). The diameter of the cross-flow turbine is
fixed, and the blade tip speed is as shown in Equation (3), which can finally be written in
the form of Equation (6). The parameter TSR can reflect the angular velocity of the turbine
under the same flow condition.

TSR =
vt

v0
(5)

TSR =
Dω

2v0
(6)

The CP-TSR curve drawn from the power coefficient and blade tip speed ratio shows
the variation of turbine output with angular speed under the same flow condition. It was
an important basis for determining speed conditions and working characteristics [34] and
was thus one of the evaluation criteria for optimization and research. As shown in Figure 2
below, many works have obtained relevant data and drawn the characteristic curve through
experiments or numerical methods [35–37]. With the increase of speed from zero, the power
coefficient first increases and then decreases; a peak exists. The peak power coefficient
varies in different studies, but generally for hydraulic turbines, the blade tip-specific speed
corresponding to the highest efficiency point was less than 2.5.
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Figure 2. (a–c) Examples of experimental and numerical results of Cp-TSR curves [35–37].

2.2. Instantaneous Power Coefficient or Torque

The instantaneous power coefficient/torque of the Darrieus changes periodically with
the blade angular position, and the rotational speed of the actual turbine fluctuates with
the changing power. The blade can provide a large torque before stalling at a small range
of attack angle. After stalling, the blade torque drops rapidly. The minimum turbine torque
has a great influence on start-up [38]. The lower ratio of maximum to minimum torque
means more stability of the turbine, and the ideal torque and power were expected to be
smooth during operation. The instantaneous power coefficient and torque were usually
used to evaluate the turbine, as shown in Figure 3 [39,40]. Curves of a single blade were
used to optimize some characteristics, and curves of turbines can show the fluctuations of
an actual turbine. The cycles of torque and power can be better shown in curves with polar
coordinates. The curves can be compared to improve optimization by relating power and
torque with the optimization parameter.
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3. Research Methods
3.1. Numerical Methods

Due to the constantly changing blade attack angle during turbine operation, simply
using blade lift and drag characteristics cannot accurately evaluate the performance of the
turbine [41]. Modeling the turbine is necessary and accurate modeling of the dynamic stall
is important [42,43]. There are many numerical methods to evaluate the performance of
vertical axis lift turbines, including blade element theory, computational fluid dynamics,
and vortex methods [44].

Several aerodynamic prediction models were established for Darrieus wind turbines in
the 1970s and early 1980s and blade element momentum (BEM) methods were developed
to evaluate turbine designs. The preliminary assumption of single-stream tube model
was improved by the induced velocities corresponding to different phase angles in the
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multi-stream tube model, while the subsequent development of the double-actuator disk
theory distinguishes between the upstream and downstream induced velocities [45]. With
the database of lift and drag characteristics of airfoils, the performance of the turbine can
be calculated with a relatively small computation. Many empirical models considering the
dynamic stall of the turbine were proposed to correct the blade element momentum theory,
and the corrected models maintained good consistency with experiments.

Santiago et al. [46] developed a BEM model for high-solidity vertical-axis tidal turbines.
The dual-flow multitube model used a graphical approach to determine the axial inductance
instead of the iterative method used in the traditional BEMT model. To solve the dynamic
stall and flow expansion, the model also included the aspect ratio. The model was accurate
for predicting the performance of high-solidity vertical-axis tidal turbines. It reproduced
the phase and amplitude of the power curve, with an error of only 2.5% in the peak power
coefficient. The blade element theory needs relatively few calculations, but the principle
was different from that of CFD. However, the specific situation between the blade and the
flow field cannot be obtained.

With the development of computer technology, CFD was a good alternative com-
puting method. The foundations of all CFD algorithms include Navier–Stokes solutions,
grid generation techniques, and numerical schemes for physical modeling of turbulence.
The differences between Unsteady Reynolds averaged Navier–Stokes equations (URANS)
and Reynolds averaged Navier–Stokes equations (RANS) are the unsteady quantity in
the momentum equation and the time step. Steady RANS usually cannot simulate the
dynamic stall during operation, and unsteady RANS was very commonly used in simulat-
ing Darrieus turbines [47–49]. In the RANS method, only the average flow rate is solved,
and the Reynolds stress tensor is used to introduce the effect of turbulence. In calculating
isotropic turbulence, the Reynolds tensor reduction rate is a scalar quantity that acts as
an additional turbulent viscosity. In this case, the turbulent viscosity is related to one or
two turbulent parameters, so the semi-empirical transport equation must be solved. The
most popular models were the Spalart–Allmaras equation and two k-ω equations. Some
numerical investigations were conducted at a high running speed with cavitation by using
RANS methods [50–52].

The performance of the k-ω model is better than that of the k-ε model near the
wall. The k-ω model is extremely effective for flows that exhibit strong adverse pressure
gradients and flow reversals, which are typically encountered in vertical axis turbines. The
problem with the k-ω model is its extreme sensitivity to the value of ω at the non-rotating
boundary of the shear flow [53]. In this sense, the k-ω model near the mixed wall and
the k-ε mixing model outside the wall established by Menter have advantages. The SST
model performs satisfactorily in a decelerating boundary layer and is, therefore, effective
in predicting separation.

One of the main contributions of SST is that the model can increase confidence in the
computational results, especially for low Reynolds number flows. It is the model with the
best near-wall handling capability. It can flexibly switch from the wall function method
to the low Reynolds number scheme according to the grid spacing, which can usually
improve the performance of the grid compared with other RANS models [54]. The SST
model is superior to the other two-equation models in terms of numerical stability because
it does not use the viscous damping function but uses the Dirichlet boundary condition
directly. These factors make SST an ideal choice for numerical simulation modeling.

The computational complexity of CFD leads to significant computational costs, and
many computational methods were developed [55]. Coupling the BEM calculation in the
blade area with the RANS in another area can also raise the efficiency in evaluating the
distribution of multiple turbines. Ikoma et al. [56] established a database of blade lift and
drag characteristics based on experimentally validated CFD results, and the BEM method
was used to efficiently design turbines. Good results can be obtained with LES and DES
methods, but they require much more calculation than RANS does. RANS and hybrid
RANS-LES were suitable for the turbulent flow dynamics on a small scale [57]. LES was
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used to solve the turbulence itself in large and complex flows, and the vortex could be used
to illustrate interactions between fluid and blades [58]. LES can also predict dynamic stall
more precisely than URANS and, therefore, can better calculate the power coefficient [59].
The accurate evaluation of vortex structures caused by blade tips and support structures
by LES can improve the ability to predict turbine performance [60,61]. The detached eddy
simulation (DES) includes the RANS approach for the boundary layer region and the
LES approach for the outer region. Guillaud et al. [40] performed LES on a vertical-axis
hydraulic turbine. The study considered both actual Archard turbines and ideal turbines
with infinite blades. According to experimental results from PIV, LES was considered
suitable in H-Darrieus turbine simulation [62].

The rotational velocity was given as a fixed value in most studies, and the fluctuations
of rotational velocity during starting [63] and operating [64] were considered. A parametric
study was conducted for each vertical hybrid technique to evaluate the effect of blade
angle position on its performance and the ability of the blades to start at low speeds over a
defined range of TSR [65].

DVM-UBC was a discrete vortex method with a free-wake structure proposed by
Li and Calisal [36] for simulating underwater structures with unsteady flow. DVM-UBC
was a fully three-dimensional approach. In their work, each blade was represented by
a set of swirl filaments and accurately describes the curvature of the vane. A set of free
vortex filaments was used with uniform flow to represent unsteady flow. DVM-UBC was a
time-dependent method, which was why no wake vortex was emitted from the blade tip at
each time step. DVM-UBC approximated the flow and predicted lift with the relationship
between free vortex strength and induced velocity along with viscous effects to predict
drag. In contrast to previous discrete vortex methods, DVM-UBC introduced viscous effects
into its equations by modeling the wake vortices from emergence to disappearance. Good
agreement was obtained between the experimental results and the numerical results from
DVM-UBC.

3.2. Experimental Methods

The power coefficient to TSR curves was always used to compare with numerical
results [23]. For flow field measurements, the PIV method was usually used to compare
with the calculation results [66,67]. Rolland et al. [68] measured the velocity field by
illuminating the seeded particles and storing the camera images to calculate the particle
displacement between two successive images by using a cross-correlation algorithm. The
experimental cross section size was 1450 mm × 1450 mm, and the incoming flow velocity
was 1 or 1.5 m/s. The turbine was tested at different current speeds. The current speed
was adjusted by controlling the performance of the pump. During the test, a load can be
added bit by bit to the turbine through an electrical circuit equipped with a variable resistor.
When the turbine was running at a steady state, a torque detector (triggered every 10◦ by
the axial encoder) was used to record torque and speed values so that instantaneous torque
can correspond to the flow field.

Gorle et al. [69] dragged the turbine with the drag system to measure the power
and flow field at different angles, with the experimental setup shown in Figure 4. The
experiment provided the relative velocity by the drag system, and the image acquisition
section had a fixed distance from the starting section. The phase of the turbine was
controlled by the initial phase at the starting section and the rotational speed.
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Figure 4. Schematic of the experimental setup and data acquisition procedure [69].

Saini et al. [70] studied the mixed working characteristics of Savonius and Darrieus
turbines. The flow rate in the passage was controlled between 0.15 m/s and 3 m/s. The
flow rate was used to control the height of the water to keep the turbine immersed. The
rotational speed of the turbine was measured by a digital tachometer, and the power of the
turbine was evaluated at different rotational speeds by the controlled load on the turbine.

Bianchini et al. [71] conducted experiments to verify the two-dimensional numerical
results. In the experimental design, the bracket movement was driven by permanent-
magnet servomotor and synchronous belt, which can provide high-precision traction speed
and was independently verified by a high-resolution linear encoder. The turbine was
mounted in the trailer box via a dedicated support frame constructed from NACA0020
support rods and mounted to the sliding frame by linear bearings. The turbine shaft was
loaded by a servomotor and gearbox to precisely control the average turbine TSR.

The flow speed was usually provided through pumping, water tanks with movable
baffles provide controllable water height [72]. Towing provides relative velocity when the
flow area is too big for pumping [73,74].

4. Geometric Parameters
4.1. Height-Diameter Ratio

The main geometric parameters: turbine height, chord length, radius, and diameter
were shown in Figure 5. Many optimization works were related to these geometric parame-
ters.

The height–diameter ratio, or aspect ratio, is the ratio of the turbine height to the
turbine diameter. The ideal turbine model has infinite shaft length and finite diameter, no
gradient is present in the axial direction, and the turbine problem can be transformed into
a two-dimensional problem. Complex three-dimensional flows at the ends of the blades
reduce the performance of the turbine. Peng et al. [75] studied experimentally and found
the power coefficient decreased with the height–diameter ratio. The suggested height–
diameter ratio was equal to or above one for the vertical-axis wind turbines. Sengupta
et al. [76] tested wind turbines with different height–diameter ratios experimentally and
found the optimum height–diameter to be 1.0. But, the diameter was changed at the same
chord length and height, and the decreased solidity contributed to the decrease in the
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power coefficient. Sengupta et al. [77] compared two-dimensional and three-dimensional
results and suggested a height–diameter ratio of 1.0.
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The increase of height–diameter ratio reduces the influence of three-dimensional
flows and makes the results closer to those of two-dimensional turbines in numerical
simulations. Li and Calisal [36], based on DVM-UBC calculation methods, performed
numerical calculations for the three-dimensional effect with the height–diameter ratio as
the variable. Correction methods based on the arm effect were proposed, which were in
good agreement with the experimental results.

The results of height–diameter ratio showed that the three-dimensional effect was
greatly significant when the height of the turbine is less than two times its radius and
can be ignored when the height of the turbine is more than seven times its radius [78].
Two-dimensional calculations with correction for arm effects were more economical [71];
however, for special purposes, such as the calculation of vertical flow fluctuations, three-
dimensional model calculations were still required.

4.2. Solidity

The solidity parameter is usually defined as the ratio of the total chord length to the
turbine diameter [79,80]. The total chord length is calculated as the chord length multiplied
by the blade number, the ratio can be the total chord length relative to the diameter, radius,
or circular perimeter.

Patel et al. [81] conducted a numerical and experimental study on the effect of the
chord length, turbine diameter, and hydrofoils on power coefficient at different TSRs.
Results showed the maximal power coefficient appeared at a certain solidity.

Wenlong et al. [82] simulated a Darrieus turbine on the mooring platform. The effects
of structural parameters, including chord length and diameter, on turbine performance
were investigated. The average Cm curve became lower and flatter as the blade chord
length decreased. Blades with shorter chords have less interaction with the fluid, but long
chords can strengthen blocking and reduce the power coefficient. Figure 6 shows the TSR
curves with different chord lengths. The trends of the curves indicated that a turbine with
a lower diameter will reach a maximum power at a lower TSR. As the turbine diameter
increased, the solidity decreased, and the power coefficient reached its top at a higher TSR.
In cases where the TSR is higher than 1.5, the turbine with a higher diameter generates a
higher torque, leading to a higher power coefficient according to Equation (1).
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The blade number has a great effect on the instantaneous torque. Under the same
solidity, a single blade in a turbine with fewer blades provides a higher torque and rotates
at a higher speed, and the torque fluctuations of the turbine are greater. A higher blade
number at the same solidity can improve stability, but the structure needs to be reliable [83].
In the experiments of Patel et al. [81], turbines with three blades and four blades showed
the same trend of power coefficient, first increasing and then decreasing with the solidity.
The maximum power coefficient appeared at a solidity of 0.398 for the four-blade turbine,
and the three-blade turbine had an optimized solidity of 0.382. The power coefficient after
its peak drops quickly at a lower solidity, which may be caused by a low moment of inertia.
An optimal solidity for a turbine can be expected, Table 1 shows that a solidity of 0.1 to 0.4
can provide the highest power coefficient.

Table 1. Research of range of solidity.

Authors Year Methods Turbine Design Range Optimized
Solidity Highest Cp

T. Wenlong et al.
[82] 2013 numerical

NACA0012,
NACA0014,
NACA0015,
3 blades

c = 0.15 m, D = 1.6 m,
D = 2 m (0.28125, 0.225);
D = 2 m, c = 0.11 m,
0.13 m, 0.15 m (0.165,
0.195, 0.225)

0.225 (D = 2 m,
c = 0.15 m) 0.1

N. Guillaud
et al. [40] 2020 numerical NACA0018,

3 blades
solidity: 0.11, 0.16, 0.34,
0.55, 1.03 0.16 0.35

V. Patel et al.
[81] 2017 experimental

NACA0015,
NACA0018,
NACA4415,
3 blades

solidity: 0.258, 0.298,
0.382, 0.434 (3 blades);
0.344, 0.398, 0.509
(4 blades)

0.382 (3 blades),
0.398 (4 blades)

0.16 (3 blades),
0.13 (4 blades)

B. K. Kirke [22] 2011 experimental NACA0020,
3 blades

solidity: 0.3, 0.4, 0.5, 0.6,
0.84 0.3 0.4

S. Pongduang
et al. [84] 2015 experimental

NACA0020,
3 blades, torsion
120◦, 135◦, 150◦

solidity: 0.134, 0.111 0.134 0.28

S. Brusca et al.
[85] 2015 experimental NACA0012,

5 blades solidity: 0.2, 0.3, 0.4, 0.5 0.3 0.42

R Permatasari
et al. [86] 2021 experimental NACA0018, 40 mm

chord length 2, 3, 4 blades about 0.21
(2 blades) 0.01

M Shiono et al.
[87] 2000 experimental NACA0018,

3 blades solidity: 0.108 to 0.537 0.179 0.23

MJ Khan et al.
[88] 2006 numerical NACA0018,

3 blades solidity: 0.15 to 0.45 around 0.30 0.43
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The scale of the turbine is expected to be chosen according to the predicted power
in the acceptable range. The power is usually predicted proportionate to cubic velocity
and square length in wind turbine designs. The height–diameter ratio and the solidity can
ensure geometrical similarity, and the TSR can maintain motion similarity. Some studies
use the Strouhal number (Sr), and the Sr for Darrieus turbines can be simplified into the
TSR. In a study [89], turbines with geometrical similarity and motion similarity showed the
same power coefficient.

If the viscosity of water is considered by the Reynolds number, then the scale decreases
with the increase of velocity, and the higher power can only be reached under a smaller
scale and a higher velocity. Gravity also has a great influence on the similarity of Darrieus
water turbines [90], and the effect is more significant in water turbines that are able to
utilize pressure energy.

4.3. Torsion

The torques of straight-bladed Darrieus turbine change greatly with the angle. The
torques at some angles are low, making the turbine hard to start up. After startup, the
rotation speed fluctuation was also a major problem for Darrieus turbines. The blades can be
spirally arranged in the circumferential direction or arranged in multiple staggered stages,
so that there is always a part of the blade can provide high torque [91]. The helical turbine
can start up easier and work with less fluctuation [92]. The Gorlov helical turbine [93] was
developed by Professor Alexander M. Gorlov of Northeastern University in 1995. Gorlov
and Mitsuhiro Shiono were the first to implement and work on prototypes. Golov tested
his prototype at the Cape Cod Canal in Massachusetts, USA, between June and August
1996. Gorlov studied the performance of a triple-helical bladed turbine with a diameter
of 24 inches (0.6096 m) and a height of 34 inches (0.8636 m). To stabilize the output, he
introduced the NACA0020 hydrofoil with a chord of 7 inches (0.1778 m). The efficiency
was 35%. The turbine reaches 100 rpm at 5 f/s (1.524 m/s).

The torsion angle, as shown in Figure 7, was defined as the angle that a torsional blade
covers. The blade was made along a helical line. Tilt straight blades were used to cover a
range, but the attack angle was fixed and not good as the torsional blades [94–96]. Torsion
for egg-shaped turbines was also developed as Troposkein turbines [97], the straight-blade
turbine showed better in power output, but the Troposkein could take greater loads.
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Pongduang et al. [84] studied the influence of different helical angles on the Darrieus
turbine experimentally and numerically. The numerical results were basically consistent
with the experimental results, and the turbine power values were compared. Three models
with helical angles of 120◦, 135◦, and 150◦ were tested and simulated. Helical angles mainly
affected the power output of the turbine, the output in the results decreased as the helical
angle increased.
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Marsh et al. [98] studied the effect of blade helicity. In addition to the helical anglethe
angle of the blade layer relative to the original layer was also considered, which was called
the inclination angle. The torque and power fluctuations decreased with the helical angle,
and the starting ability increased. Turbines with different helical angles were compared, as
shown in Figure 8b. The helical angle will lead to the loss of incoming flow energy in the
wingspan flow and reduce energy utilization, and a larger helical angle will increase the
loss. As the helical angle increased, the blades still primarily utilize the flow perpendicular
to the blades, resulting in a reduction in the effective chord length of the blades. Therefore,
the straight-blade turbine produces higher power output than the torsion turbine.
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In the comparisons of blade inclination angle, Figure 8a shows that the inclination
angle actually had no significant effect on the performance of the turbine. It was believed
that the alignment of the blade with the incoming flow is not critical if the blade is approxi-
mately perpendicular to the leading edge of the blade. As in Table 2, the torsional angle
was always expected to be around 120◦. In the reports with improved power coefficient
through optimizing torsion, torsion was often optimized together with another geometric
parameter. The increase in power coefficient may be the contribution of other geometric
elements, and torsion itself seems to only provide a diversion in the span direction to
reduce the power coefficient. Torsion improves turbine performance by reducing torque
fluctuations and improving starting ability. Additional adjustments to the torsion structure
can be a promising trend, and the wake structure with complex 3D effects deserves further
discussion.

Table 2. Research of turbine torsion.

Authors Year Methods Turbine
Design Range Optimized

Torsional Angle Highest Cp

P. Marsh et al.
[98] 2015 numerical NACA634021,

NACA0020
torsional angle: 0◦,
15◦, 30◦, 60◦, 120◦ 0◦ 0.25

M. H. Khan
et al. [99] 2020 numerical optimized

airfoil, 3 blades

torsional angle: 0◦,
20◦, 40◦, 60◦, 80◦,
100◦, 120◦

80◦ 0.21

S. Pongduang
et al. [84] 2015 experimental NACA0020,

3 blades
torsional angle: 120◦,
135◦, 150◦ 135◦ 0.28

M Shiono et al.
[100] 2002 experimental direct blade

3 blades
inclination angle:
43.7 ◦, 50◦, 60◦, 90◦ 90◦ 0.33
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4.4. Airfoil

The Darrieus turbine has to change directions and velocities, and the lift–drag char-
acteristics of airfoils were not sufficient in the optimization of the blades. The dynamic
stall of Darrieus turbine blades and interactions between flows of different blades need
to be considered in the optimization of airfoils [101,102]. Symmetric hydrofoils such as
NACA0018 were usually used for Darrieus water turbines, and NACA0015 was considered
the best in turbine channels [103,104].

Mohamed et al. [105] studied the asymmetric and symmetric airfoils for vertical axis
wind turbines numerically. Series including NACA 00XX, NACA63XX, S series, A series,
and FX series were compared. It was found that turbines with symmetric airfoils have
a wider range of TSR. The maximum power coefficient was reached by S-1045 and was
relatively 26.83% higher than that of NACA0018. With the development of manufacturing,
symmetric shows great potential in improving power output.

Yang and Shu et al. [67] optimized the airfoil by combining the traditional genetic
algorithm with the layered fair competition model and parameterized the airfoil with the
Bezier curve. Airfoils before and after optimization were studied numerically, and flow field
results by PIV photography were compared with calculation. The max thickness was moved
closer to the front, and the thickness decreased in the optimized airfoil. The lift coefficient
of the optimized airfoil was greatly increased, and the drag coefficient remained low. The
optimized turbine blades possessed superior hydrodynamic performance. The power
coefficient was improved to 41.2%, and the fluctuation of torque and power output could
be maintained at a low level. PIV visualization experiments helped compare the results of
optimization. The concave curvature made the flow more stable, and the optimized blade
recovered faster from the stall.

Khanjanpour and Javadi et al. [99] optimized the torsion angle, camber, position,
maximum camber, and chord/radius ratio by using the Taguchi method. The Taguchi
method was used to conduct a minimum number of experiments with a wide range of
variables. The results of the Taguchi method gave a combination of factors in Figure 9
to bring maximum output. The optimized turbine had a power coefficient of 0.202 at a
camber position of 0.2 and a maximum camber of 0.05, while the basic model had a power
coefficient of 0.159. The chord/radius was reduced to 0.2 from 0.3. The results showed
that the torsion angle was the most important of the four test factors and has the most
significant effect on the turbine; the chord length/radius ratio has the least effect. The
optimized reference airfoil was a symmetrical airfoil, and the optimized result was an
asymmetric arc airfoil. The lift characteristics of the airfoil itself have been significantly
improved, which can suppress dynamic stalls.
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Figure 9. Basic hydrofoil terminology [99].

Priegue and Stoesser [106] studied blade roughness to verify the assumption that
blade roughness might delay flow separation to reduce the divergent velocity vortex.
Rough blades in critical conditions were believed to potentially delay or weaken dynamic
stall. Research results indicated that at low Reynolds numbers, rough blades, and smooth
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blades showed proximate torque. At high Reynolds, rough blades did not actually weaken
dynamic stall but instead reduced the energy output of the rotor. The decrease became
more evident at higher inflow velocities or higher rotational speeds corresponding to lower
blade numbers.

Balduzzi et al. [107] attached Gurney Flap to the end of a two-stage Darrieus turbine
and compared the performances with the smooth-blade turbine. The Gurney Flap was 2%
chord length and had an inclination of 45◦. The maximum instantaneous power coefficient
of the turbine with Gurney Flap was greatly decreased. The lift was lowered at the upwind
circle, and the lateral force on the central axis was reduced by about 50%.

It was generally believed that the key parameters in blade profile are chord, symmetry,
thickness-chord ratio, and camber. As in Table 3, the optimizations were based on different
parameters, and a common concept of methods to optimize the airfoil has not been reached.
The optimizations aim to improve the average power coefficient, start-up, and stability.

Table 3. Research of airfoil.

Authors Year Methods Turbine
Design Range Optimized Value Highest Cp

M. H. Khan
et al. [99] 2020 numerical 3 blades,

twisted

Camber position: 0.70,
0.45, 0.20; Maximum
camber: 0.025, 0.050,
0.075; Chord/radius:
0.1, 0.2, 0.3

Camber position:
0.20; Maximum
camber: 0.050;
Chord/radius:
0.2

0.202

V. Patel et al.
[81] 2017 experimental 3 blades

NACA0015,
NACA0018,
NACA4415

NACA0018 0.16

B. Yang et al.
[67] 2012 numerical and

experimental
2 blades,
twisted NACA0012- based optimized airfoil 0.412

Mohamed
et al. [103] 2022 numerical with Savonius,

ducted

NACA-0012,
NACA-0015,
NACA-0018,
NACA-0021,
NACA-0024

NACA-0015 0.114

5. Methods to Improve Performance
5.1. Coupling with Savonius Turbines

The efficiency of the Darrieus turbine can reach the maximum limit of vertical-axis
turbine, but has problems at start-up; the efficiency of the Savonius turbine was lower than
of the Darrieus turbine, but the torque at start-up was great enough [108]. The Savonius
turbine can be combined with the Darrieus turbine to provide start-up torque at a low
speed, and the combined turbine can generate a larger lift force after starting [109,110]. The
combined optimization was derived from a wind turbine. The Savonius turbine was usually
placed inside the Darrieus turbine, which covered a smaller frontal area. Jahangir Alam
and Iqbal [111] placed a double-stage Savonius turbine outside the four-blade Darrieus
turbine and gained better self-starting behavior and lower efficiency compared with a
single Darrieus turbine. As in Table 4, many efforts have been made to research the effects
the ratio of diameters of the turbines and the relative angle in coupling.



Sustainability 2023, 15, 11308 14 of 28

Table 4. Reports of coupled turbines.

Authors Year Methods Turbine Design Range Optimized
Value

Highest Cp of
the Coupled

Turbine

G. Saini et al.
[112] 2018 numerical

NACA0015,
2 blades Darrieus
and Savonius

radius ratio: 0.2, 0.25,
0.333; angle: 0◦, 30◦,
60◦, 90◦

0.2, 60◦ 0.34

G. Saini et al.
[70] 2020 numerical

S1046, 3 blades
Darrieus, 2 blades
Savonius

radius ratio:0.2 0.8;
angles: 60◦, 90◦, 120◦ 0.6, 90◦ 0.1276

S. Ed-Din
Fertahi et al.
[113]

2018 numerical and
experimental

NACA0015,
4 blades Darrieus,
2 stage Savonius

identical direction,
synchronous coupling;
opposite direction,
asynchronous
coupling; identical
direction,
asynchronous coupling

identical
direction,
synchronous
coupling

0.4

Kaprawi Sahim
et al. [114] 2014 experimental NACA0015,

2 blades radius ratio: 0.4, 0.633 0.4 0.211

K Sahim et al.
[115] 2013 experimental NACA0015,

3 blades
radius ratio: 0.36, 0.79,
angle: 0◦, 60◦ 0.36, 60◦ 0.15

Kyozuka et al.
[116] 2009 experimental NACA0018,

2 blades angle: 0◦ to 135◦ 45◦ 0.17

Saini et al. [112] studied a two-blade Darrieus turbine combined with a two-blade
Savonius turbine, and the numerical results were in good agreement with the experiments.
The combined turbines at the 1 m/s incoming flow had a lower torque fluctuation. In
the follow-up study [117], a three-blade Darrieus turbine was coupled with a two-blade
Savonius turbine, and the parameters of the combination were considered, including radius
ratio, relative angle, and relative height. The optimized parameters and the results were
shown in Figure 10. The relative angle is the relative angular position of the two blades and
the radius ratio represents the relative size. The relative height is the ratio of the heights
of the Savonius turbine and the Darrieus turbine. The self-starting and efficiency were
studied and showed that the maximum average torque coefficient of the mixed turbine was
0.1276 at a radius ratio of 0.6 and a relative angle of 90◦. The mixed turbine had a reduced
negative torque coefficient frequency. The maximum power coefficient of the mixed turbine
was 37.97% higher than the power coefficient of a single turbine. The maximum average
torque coefficient was increased by 35.88%.
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Ed-Dn Fertahi et al. [113] focused on the performance of the combined turbine. A four-
blade Darrieus turbine was coupled with a double-stage Savonius turbine. Synchronously
and asynchronously coupling were compared, and the rotational directions were consid-
ered. As shown in Figure 11, asynchronous coupling (same rotational direction) provided
the best performance. In asynchronous coupling, the Savonius turbine in the low-speed
range can provide a significant starting torque. After the startup, the performances of
the Savonius and Darrieus turbines in asynchronous coupling were closer to the opti-
mum speed compared to synchronous coupling. The numerical results showed that the
optimized range of TSR has to be considered in coupling.

1 
 

 

Figure 11. (a) Cp curves of coupled turbine. (b) Cp curves of Savonius turbine [113].

Coupling with other turbines could also improve the starting ability [118], but the
highest power coefficient of the coupled turbine needs further improvement. The goal of
coupling was to drive the Darrieus turbine in start-up, and the Darrieus turbine can provide
higher efficiency at a higher rotation speed after starting. The two-stage Savonius was more
stable and easier to start, which makes it more suitable for asynchronous coupling with
Darrieus turbine. Synchronous coupling should make up the low torque of the Darrieus
turbine at some angle, so that a single-stage Savonius turbine at a certain relative angle
was better.

5.2. Blade Pitching

The pitch angle of fixed-pitch Darrieus turbines is important, as it affects the attack
angle and the contribution of radical and axial forces to the torque [119,120]. The attaching
angles of blades can be optimized to improve the torque output [56]. The Darrieus turbine
can delay stall and maintain a good attack angle by tilting the blades periodically, and the
process is called pitching [121]. In the process of pitching, the optimal pitch angle should be
a function of blade azimuth position and TSR [122]. The pitch was usually divided into two
categories. In active pitch or forced pitch, the blades are forced to pitch in a predetermined
way [123]. In passive pitch or self-acting pitch, the blades are free to pitch and stabilize
the torque under the interaction between hydrodynamic and inertial forces [124]. The
instantaneous pitch angle can be controlled in active pitching while in passive pitching the
pitch angle changes with the flow. Active pitching is able to optimize every actual position
while passive pitching can only control the range of pitch angle, so active pitching shows
more potential in performance. Pitching can also reduce cavitation, which can improve the
life of the turbine [52].
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Benzerdjeb et al. [125] conducted experiments on blade pitch angles and found a
67% CP increase at a blade pitch angle of 1.75◦. The passive pitching angle showed great
influence on the torque arm.

Chen et al. [126] studied the active pitch in a sinusoidal form numerically. The changes
in power coefficient, torque coefficient, and fluctuation coefficient were analyzed. The
benefit of pitch control was obtained mainly in the upstream half cycle of the blade path,
which delayed the stall. As a result of the high local TSR in the downstream half cycle, a
high pitch amplitude results in a resistive torque that cancels out the gains made in the
upstream half cycle. The optimum amplitude of the sinusoidal pitch change of a turbine
was 5◦–10◦ under test conditions. In a variable-pitch turbine, both radial and axial forces
contribute to the torque. Later, Chen et al. [127] studied a simple modification of the
sinusoidal pitch variation to eliminate the downstream pitch to reduce the drag torque
due to excessive pitch in the downstream half cycle of the blade flight path. The new pitch
function improved the stability and the power output. The torque and rotational speed of
the optimized pitch turbine were about 70% of those of the sinusoidal pitch turbine. At
high TSRs, the power coefficient of sine-pitch turbines was reduced to the same level as
fixed-pitch turbines, while the optimized pitch turbine retained a high-power coefficient.

Paillard et al. [128] studied the sinusoidal form of active pitch to optimize power
generation and reduce radial forces. The TSR of the variable pitch was five, and the main
optimization purpose was to improve the performance. Sinusoidal functions with different
parameters were tested. The second harmonic function improved the power coefficient
by 52%. The incident angle of the upstream part was reduced, and the attack angle of
the downstream part was increased. The optimized turbine showed better starting ability
and stability.

Melani et al. [129] proposed a double-cam active pitching system, which can provide a
more flexible pitch law. A primary pitch law was given according to the lift–drag curve of
the blade. The law was later optimized using Actuator Line Method. CFD simulations were
set to confirm the results of the optimizations. The optimum power coefficient was 0.54,
with an increase of 37% compared with the baseline model. The double-cam active pitching
system was promising for active pitching for its ability to the realization of optimized
pitch law.

Zhang et al. [130] studied the Darrieus passive pitch numerically and experimentally.
The research obtained the ideal swing angle range and found the relationship between
the pitch angle range and the turbine power coefficient. The start-up of the passive pitch
turbine was improved, and the pitch angle range affected the power output and structural
characteristics. The optimization of pitch angle reduced the interaction between blades and
vortex and improved the power output.

Flexible blades [131] can passively change their shape and attack angle with the
incoming to perform appropriate passive pitch and recover through elasticity. Zeiner-
Gundersen et al. [89,132] studied the flexible blade through numerical and experimental
investigations on the flexible-blade turbine and found that the performance stability was
improved. The flexible blades reduced the maximum torque and stabilized the power
output, having higher power coefficients at lower TSRs than fixed-blade turbines.

Hoerner et al. [133] also studied highly flexible blade foils and found that the highly
flexible blades were simpler in structure and had a longer lifetime. Fluid-structure interac-
tion research on flexible blades was conducted by Brusca et al. [85] and showed that the
flexibility decreased the fluctuation of the radial and circumferential forces, and the lift
force was increased.

The gain in blade pitching was greater for turbines with higher solidity and operating
at lower TSRs [124]. Table 5 shows that sinusoidal functions and optimized sinusoidal
functions can greatly improve the power coefficient, reduce fluctuation, and help start-
up. Passive pitching requires fewer mechanical parts and has no requirement for a fixed
direction of inlet flow. At a relatively certain flow direction, the parameterized model of the
active pitch control strategy and its further optimization can be a future research direction.
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At inlet flow from multiple directions, the impact of passive pitch control damping on
instantaneous pitch angle and turbine performance deserves further research.

Table 5. Research of blade pitching.

Authors Year Methods Turbine Design Range Optimized
Value Highest Cp

B. Chen et al.
[126] 2018 numerical NACA0018, 3 blades active, max: 2.5◦,

5◦, 10◦, 12◦, 15◦ 10◦ 0.36

B. Chen et al.
[127] 2019 numerical NACA0018, 3 blades

active, min: −4◦,
−2◦, 0◦, 2◦, 4◦, 2◦,
4◦; max: 14◦, 12◦,
10◦, 8◦, 6◦, 8◦, 6◦

min: 0◦,
max: 10◦ 0.45

X.-w. Zhang
et al. [130] 2012 numerical and

experimental NACA0018, 3 blades
passive, min:
−10◦; max: 0◦, 5◦,
10◦

min: −10◦,
max: 0◦ 0.32

D. H. Zeiner-
Gundersen
[132]

2014 numerical and
experimental

flexible blade,
5 blades

flexible blades,
solid blades flexible blades 0.37

S. Hoerner et al.
[133] 2019 numerical and

experimental

NACA0018- based
flexible blade,
3 blades

thickness: 0.3
mm, 0.5 mm, 0.7
mm

0.3 mm 0.2

S Yagmur et al.
[62] 2021 experimental NACA0015, 4 blades active, +5◦~0◦;

+10◦~−5◦ range +10◦ −5◦ 0.08

T Ikoma et al.
[134] 2010 experimental NACA0018, 3 blades active, ±10◦, ±5◦,

±2◦, 0◦ ±10◦ about 0.3

B Paillard et al.
[135] 2013 numerical NACA0012, 2 blades active; sinusoidal;

−2◦~10◦ 5◦ 51%
improvement

5.3. Multi-Turbine Arrangement

In application, the turbines will be placed in multiple arrangements. The geometric
structure and distances of the arrangement can affect the interaction among turbines [136].

Clary et al. [35] conducted a numerical simulation on the horizontal arrangement of
the Darrieus turbines in a river, in which the spacing in the same row and the spacing
between rows were adjusted. The simulation results show that the performance of the
turbine improved by 24% when the spacing of the horizontal rows was 1.2D. The three-
dimensional numerical model can also simulate the wake flow between 4D and 6D. A
similar calculation was performed using a two-dimensional model. As in Figure 12, they
analyzed flow fields of different arrangements in the two-dimensional or three-dimensional
model. However, the author believes that the two-dimensional model has a large error in
the calculation of the output. Therefore, the three-dimensional model should be used in the
array calculation.

Ma et al. [137] used axial momentum theory and numerical simulation to simulate the
Darrieus turbine and further proposed a theoretical equation that can predict the wake ve-
locity of vertical-axis turbine. Based on the axial momentum theory, the equation originally
used for the horizontal axis turbine was extended, and the velocity distribution at different
distances of the Darrieus turbine wake was deduced and predicted. A comparison of the
theoretical results with the experimental results shows that the velocity error was within
1.13%. As in Figure 13, the theory considered the turbine asymmetric, and the distance of
arrangement along the inflow direction can be inspired by the trend of wake recovery.
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Li and Calal [138] studied a double-turbine system. Numerical results showed that
the relative efficiency of the double-turbine system was 25% higher than that of the single
turbine, while the efficiency was 35% lower than twice that of the single turbine. The power
output of the system was less than twice the power of an independent turbine.

Crooks and J.M. et al. [139] discussed the power generation structure of a series-
connected motor structure based on experimental and numerical methods. The upper and
lower rotors drive permanent magnets and coils, respectively, generating power by rotating
in opposite directions and forming a dual rotor system in conjunction with another set of
rotors. The results indicated that the dual rotor system created a high-speed region between
the rotors, resulting in an improved power coefficient compared to a single rotor system and
reduced instantaneous power fluctuations. Additionally, the structure of reverse rotation
and dual-rotor structure may also enhance the startup ability.

Zanforlin [140] performed a computational fluid dynamics (CFD) analysis of three
closely adjacent vertical-axis tidal turbines for a linear layout and a triangular layout.
Turbine blockage was effective in accelerating flow inside the passageway between adjacent
turbines. Changes in incoming flow direction became more favorable to the blade. The wake
contraction increased the torques of the upstream blades. Blockage caused performance
improvement in triangular layouts. In the side-by-side layout, the flow direction changing
resulted in wake contraction, and the efficiency significantly increased. The in-line layout
is suitable for many flow directions with extra power improvement. After testing in Energy
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yield, the linear layout provided about two times relative gain compared with that from the
triangular layout. The linear layout performs better, and the triangular has better stability
of arrangement.

In Table 6, the distance in linear arrangements was the optimization object. The
rotational direction between turbines in multi-turbine arrangement has a great influence
on the efficiency. Helical turbines could also be arranged in multiple structures [141]. The
interactions between turbines were mainly caused by blockage and asymmetric flows.

Table 6. Research of multi turbine arrangement.

Authors Year Methods Turbine Design Range Optimized
Arrangement Highest Cp

Y. Li et al. [11] 2011 numerical and
experimental

double turbine
system

phase difference:
45◦ to 180◦,
distance: 1.5D to
5D direction: same,
reversed

45◦, 3D, same
direction

about 90%
improvement

S. Zanforlin
et al. [37] 2016 numerical NACA0018,

3 blades
arrangement: side
by side, triangular side by side 0.45

V. Clary et al.
[35] 2020 numerical NACA0018,

3 blades

distance: 1.5D to
15D; arrangement:
lateral spacing,
axial spacing

Lateral, 1.5D 0.3276

Yagmur et al.
[62] 2021

numerical (LES)
and experimental
(PIV)

NACA 4418 linear arrangement
distance: 6D to 11D 11

78% of the
upstream
turbine

Hiraki et al.
[142] 2012 numerical and

experimental

NACA0018,
3 blades, 2 stages,
double turbine

same rotational
direction, type 1
(same direction
with inlet at the
outer place); type
2(different
direction with inlet
at the outer place)

type1 highest Cp

5.4. Additional Devices

Tidal energy has great potential, yet the speed is low, and starting the turbines can
be difficult [143]. Additional devices were considered a way to improve the starting
and the efficiency. Inlet nozzles [144,145] and ducted tunnels [146,147] can provide local
acceleration and pressure energy, and the efficiency can be higher than the Betz limit
because of the pressure energy. Devices at the rotor of the generator revolution, including
starting assist mechanism, were considered to improve starting and efficiency [148–150].
Table 7 shows some researches improving the efficiency with additional devices.
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Table 7. Research of additional devices.

Authors Year Methods Turbine
Design Range Optimized

Value Highest Cp

H Kikugawa
et al. [151] 2021 numerical 5 blades, l/R0.5,

NACA0018
angle of inflow guide
70◦ to 80◦ 75◦ 0.115

Kazuhiko
Nakashima
et al. [152]

2016 numerical and
experimental

5 blades, inlet
nozzle

circular nozzle and
straight nozzle straight nozzle about 0.8

Zhen Liu et al.
[153] 2019 numerical and

experimental

NACA0018,
3 blades; guide
vane diffuser

Blade number: 4 to 8,
chord length of guide
blade: 1.0 to 2.0 turbine
chord length, gap 0.17
to 1 turbine chord
length, guide blade
angle −30◦ to 30◦

4 blades, guide
blade chord 2
times turbine
chord, gap 0.25
chord length,
guide blade
angle 0◦

0.38

K Hirowatari
et al. [154] 2012 numerical and

experimental
NAVA0018,
4 blades inlet nozzle inlet nozzle about 0.36

XJ Sun et al.
[155] 2011 numerical NACA0018,

3 blades single turbine, 6 boards 6 boards 0.16

Santiago et al. [156] conducted numerical studies to decrease outlet vortex with ad-
ditional tiny blades at the edges of the original blades. The effective blade length was
increased and provided higher power. But, the winglets have large complexity in manufac-
ture and may be not profitable.

Liu et al. [153] carried out comparisons numerically and experimentally on turbines
working in bare configuration or ducted with two-foiled channel devices. NACA11414
and EPPLER420 were used as the channel shape. Different angles of the channel foils were
used, and the torque in the whole circle was greatly improved.

Malipeddi and Chatterjee [157] optimized the shape of the duct. The torque fluctuation
was great and the power coefficient was increased from 0.40 to 0.63. The thinnest place of
the duct was suggested to place the turbine, and the straight external shaped duct showed
better performance than the convex external shaped duct.

A guide vane optimization analysis was conducted in the work of A. M. Roa et al. [158].
The augmented turbine showed a higher power coefficient at the ideal TSR, and the
fluctuations of power output decreased. The chord length of the guide vane was suggested
to be the same as that of the turbine blade, and the gap between the guide vane and the
turbine was suggested to be a quarter of the chord length. The pitch angle of the guide
vane was suggested as zero. The structure also utilized local acceleration, but the circular
symmetry kept the advantage of vertical-axis turbines.

An accelerator device was studied by Fernandez-Jimenez et al. [159] numerically and
experimentally. The inlet width was decreased from 0.65 m to 0.39 m, and the blockage
was found to greatly improve the power coefficient. The maximum power coefficient at
non-restricted conditions was 0.29, and the power coefficient reached 1.91 at confined flow
conditions. The CP-TSR curve of the open-field tests showed similar trends at different
heights, while the CP and TSR of confined tests increase with the height. The utilization of
pressure energy may contribute to the difference.

6. Conclusions

For a Darrieus water turbine, the ability to start up to an optimal speed is crucial for
its application, especially under low flow speed conditions. Darrieus turbines in water also
require higher operational stability to achieve a longer operating lifespan. The applicable
TSR and its corresponding Cp for Darrieus water turbines need further summarization.
Existing research methods, geometric configurations, and performance optimizations for
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Darrieus water turbines have achieved certain results, with a focus on starting capability,
operational stability, and power output. In the following discussion, the key points of
existing research will be summarized.

(1) Research methods of the Darrieus turbine were summarized. BEM can predict
dynamic stall with experimental correction and can effectively evaluate design parameters.
The RANS simulation can predict dynamic stall relatively precisely. The k-ω SST model can
simulate the vortexes during dynamic stall at low TSR better than the k-ω and k-ε models
due to its high adverse pressure gradients and smooth surface separations. LES and DES
methods can obtain better results in simulating dynamic stall and vortex structures, but
they need much more computation than RANS. A fixed rotation speed of the turbine was
given in many simulations. Recently, simulations regarding variations in instantaneous
rotation speeds have become a trend. With appropriate research methods, research on
geometric parameters and optimization methods of the Darrieus turbines can be improved.

(2) The geometric parameters were summarized to guide the design of the Darrieus
water turbine. The scale should be chosen according to the flow speed and expected
power and TSR. The three-dimensional effect was significant at a height-diameter ratio
below 1.0 and can be ignored at a height–diameter ratio over 3.5. The height–diameter
ratio was suggested to be over 1.0. The increase of solidity reduces the TSR of maximal
power, and an ideal solidity of 0.1 to 0.4 exists for the turbine to reach the highest power
coefficient. Symmetric airfoils such as NACA0018 and NACA0015 were frequently used for
their ability to provide lift force at different attack angles, and the NACA0015 has the best
performance in ducted sections. Asymmetric airfoils with optimized camber can improve
the lift force and moving the maximum thickness closer to the front can improve the lift–
drag ratio. A design method for Darrieus turbines based on empirical results of TSR and
Cp to get geometric parameters is expected to be proposed. Considering the high density
and incompressibility of water as the medium, further discussions of similarity parameters
for the Darrieus water turbines can be a future research direction. The torsional turbine can
significantly enhance startup ability and stability, but it leads to a significant reduction in
power. Further research prospects lie in the following directions: additional adjustments
to the geometry of the torsion, and further discussion into the complex three-dimensional
wake structures of torsional turbines.

(3) Many methods were adopted to further improve the efficiency, stability and starting
ability of the Darrieus turbine. Co-directional coupling of the Savonius and Darrieus turbine
to match their rotation speed is considered to improve their working condition. The double-
stage Savonius turbine worked more stable and was suitable for asynchronous coupling,
and the single-stage Savonius turbine can better make up the low peak of the Darrieus
turbine torque. The sinusoidal pitching greatly improves the power coefficient, reduces
fluctuation, and helps start-up. A given pitching law can be realized with the double-
cam active pitching system, and the optimizations of the pitching law are a new trend.
Flexible blades reduce the instantaneous force and more reliable materials are expected. The
asymmetry of turbine wake shows potential in improving the efficiency of the downstream
turbine, and the three-dimension structure of helical turbines deserves further research.
The linear arrangement shows better power output, while the triangular arrangement has
more stability of arrangement, and the rotational direction should be well arranged.
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