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Performance analysis of an idealized Darrieus-Savonius
combined vertical axis wind turbine
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Netherlands To investigate the effect of force distributions of each turbine component on the
Correspondence power performance of the Darrieus-Savonius combined vertical axis wind turbine
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1, 2629 HS, Delft, The Netherlands. distributions. The goal of idealization is to simplify the intricate interactions between

Email: J.Pan-1@tudelft.nl the Savonius and Darrieus components. The simulation actuator surfaces with uni-
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tribution of each turbine component. The numerical model was validated against
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momentum theory. The results demonstrated that the numerical and theoretical
results yield similar predictions in the low-thrust cases but show differences in the
high-thrust cases. The maximum power coefficient ¢, of an idealized hybrid VAWT
with given thrust coefficient cr,, is lower than that of a single actuator. This is a con-
sequence of the nonoptimal loading on the actuator. The results indicate that an ide-
alized hybrid VAWT does not show a significant power increase compared with an
optimal single Darrieus rotor. Therefore, the presence of a Savonius rotor inside a
Darrieus rotor leads to a lower power output in any circumstance. The hybrid config-
uration is primarily advantageous for the start-up performance of the combined

rotor, which is not explored in this study.
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1 | INTRODUCTION

Vertical axis wind turbines (VAWTSs) have grown in popularity due to their multiple benefits in urban applications. Savonius and Darrieus rotors
represent drag-type and lift-type VAWTSs, respectively. They are compatible with omnidirectional installation and low-cost maintenance. A Sav-
onius rotor is capable of self-starting at low wind speeds, 1% and the H-type Darrieus rotor can operate with the optimum tip speed ratio (TSR)
range of 2.5-4.5, achieving a high power coefficient.*”” In contrast to the single Darrieus rotors, the Darrieus-Savonius combined vertical axis
wind turbine (hybrid VAWT) was designed to possess high starting torque. A schematic of a two-dimensional (2D) hybrid VAWT is shown in
Figure 1. Despite its good start-up performance, the power coefficient remains a significant concern for the hybrid VAWT. The hybrid VAWT can
start up as efficiently as the single Savonius rotor but has a lower power coefficient than the single Darrieus rotor.2~1° The benefits of the hybrid
VAWT configuration have not been clarified yet.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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PAN ET AL.

FIGURE 1  Schematic of a hybrid VAWT with two semicircular Savonius blades and two Darrieus blades. VAWT, vertical axis wind turbine.

Researchers have been putting efforts into improving the performance of the hybrid VAWT. They mostly focused on optimizing the parame-
ters, including but not limited to the installation position of the Savonius blade, radius ratio RR—ES’, and attachment angle 7. Sun et al® investigated the
effect of Savonius blade's installation position and observed that the power coefficient of the hybrid VAWT was lower than the single Darrieus
rotorln accordance with the rationale of Sun et al.;® the poor power performance of the hybrid VAWT was due to the low pressure difference on
the Darrieus blade of the hybrid VAWT compared with that of the stand-alone Darrieus rotor at most angular positions. Pallotta et al’ conducted
a series of PIV experiments on a hybrid VAWT. Their measurements revealed a reduction of approximately 20% in the power coefficient com-
pared with a stand-alone Darrieus turbine. However, it is unknown whether the optimization of Darrieus blades and/or Savonius blades would
contribute to the power increase of the hybrid VAWT compared with a single Darrieus. To gain further insights into the hybrid VAWT, this paper
investigates the extent to which the power coefficient of the idealized hybrid VAWT can be increased by excluding geometrical and operational
effects (airfoil shape, rotor shape, installation position of each component and TSR of a real hybrid VAWT). This paper aims to determine the max-
imum power that can be extracted by the idealized hybrid VAWT and identify its optimal operating conditions.

The modeling of the hybrid VAWT plays an important role in predicting the turbine performance and developing stages such as design, con-
struction, and operation. In recent years, many studies have been conducted in developing numerical models for hybrid VAWT. Chegini et al'!
investigated the self-starting performance of a hybrid VAWT and techniques of power performance enhancement (deflectors). A 2D computa-
tional fluid dynamics (CFD) approach was used to simulate the hybrid VAWT. The complex flow around the turbine and transient blade forces

|12

were obtained by solving the unsteady Reynolds-averaged Navier-Stokes (URANS) equations. Pouransari et al** examined the performance of

three hybrid VAWTS using a numerical approach to solve the three-dimensional (3D) URANS equations. Their study revealed that a hybrid VAWT

with the Savonius above the Darrieus can generate more power than a conventional hybrid VAWT. Irawan et al*®

studied the improvements of
the hybrid VAWT using the CFD approach. The 2D URANS equations were solved to obtain the complex flow problems in Ansys Fluent. The
results showed that power coefficients can be achieved up to 50% higher by changing the turbine rotation mode compared with the conventional
hybrid VAWT.

The complexity of these numerical models increases with the need to acquire knowledge of blade-vortex interactions and blade forces. In
principle, most of these numerical models are based on the real geometry of the turbine blade. However, it is obvious that the blade rotation can
be interpreted as forces acting on the flow, and the turbine power is determined by the force distribution along the rotation path in Figure 1. The
flow models of the hybrid VAWT remain a challenge. The motivation of this paper is to extend the knowledge of wind energy conversion in a
hybrid VAWT flow model.

This study aims to explore the optimal power performance of a hybrid VAWT using flow models. Wind turbine flow models can be classified
into kinematic models and dynamic models according to the boundary conditions.>* The vortex model is popular in the group of kinematic models.
It solves the potential flow problem using the Neumann boundary condition on the impermeable surface. Besides, the time rate of circulation
change in a control volume is conserved as zero. Ferreira’® conducted 2D and 3D potential flow simulations to gain insights into the aerodynam-

ics of VAWT. Jin et al'® investigated 2D unsteady flows around polygons using a vortex method. Pan et al'” implemented the vortex particle
method to simulate transient blade forces and wake fields around the turbine. The kinematic models are quite complex due to the necessity of

solving the unsteadiness of flow.
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The dynamics models have been widely used due to their simplicity. They are based on momentum conservation. Mohammed et a
a review of various momentum models used in the aerodynamic modeling of Darrieus rotors. It discusses three streamtube models as follows: sin-
gle streamtube (SST), multiple streamtube (MST), and double multiple streamtube (DMST). The former two models have the same problem that a
constant velocity along the streamtube is assumed. DMST overcomes this problem by accounting for the velocity variation along the streamtube.
However, it has a convergence issue at high TSRs. Froude®? originally proposed an actuator disk model for horizontal axis wind turbines
(HAWTS). This simplified model is commonly employed for propellers or HAWTSs, representing a permeable surface with uniformly distributed
forces. The flow induced by this force distribution is characterized by shedding vorticity. In the case of VAWTSs, where the blade path follows a
circular trajectory, the information available is limited to the streamwise direction using the actuator disk model. Madsen 2° proposed an alterna-
tive actuator cylinder model for VAWTS, distributing forces along a cylindrical surface. Both actuator models are created based on the blade
forces acting on the fluid. However, the diffusivity is not included in these models.

In the current study, a 2D idealized hybrid VAWT, comprising a Darrieus part and a Savonius part, is investigated. To estimate the power per-
formance of the hybrid VAWT while excluding kinematic and structural effects, an idealized hybrid VAWT is implemented in OpenFOAM as
momentum sources. The Darrieus part is represented by a uniformly loaded actuator cylinder, while the Savonius part is represented by a uni-
formly loaded actuator disk. This approach allows us to examine the power gain or loss of the hybrid VAWT in an ideal simulation, considering
variations in the location and force distribution on the actuators. It is worth noting that the maximum power coefficient c,,, of 0.616 can be
achieved with uniform force distributions along the actuator cylinder.?! This value exceeds the maximum ¢, of the actuator disk. Our study pri-
marily relies on numerical simulations to investigate the effect of force distribution on power output of the idealized hybrid VAWT. Section 2
describes the theoretical and numerical models of the actuator disk and actuator cylinder. In Section 3, different force distributions of hybrid tur-
bines are investigated based on the extracted power and velocity fields. Finally, Section 4 summarizes our findings.

2 | METHODOLOGY

This section discusses the similarities and differences between theoretical and numerical actuator models. An idealized hybrid VAWT in the
numerical model is represented by two actuator surfaces: a circular surface for the Darrieus part and a thin rectangular surface for the Savonius
part. The blade forces act on the flow as distributed body forces along the actuator surfaces. First, the relation between vorticity and force is
derived. The theoretical models of the actuator disk and actuator cylinder are also presented.

Subsequently, the OpenFOAM model simulating the idealized hybrid VAWT with uniform loading is proposed.

21 | Simplification of vorticity evolution

Given the assumption of a 2D incompressible and inviscid flow around the idealized hybrid VAWT, the vorticity equation is expressed as

Equation (1) without vorticity turning, stretching, and diffusion. The term %‘f on the left-hand side denotes the material derivative of the vorticity

vector w. It is the rate of change of vorticity of the moving fluid particle. This equation indicates that vorticity can only be introduced by a change
of external body forces ? The force distribution of a 2D actuator with uniform loading is represented by Equation (2), where f, and f, denote
body forces in the x and y directions. In the case of actuator disk, f, is equal to zero.

%:VX? (1)
f=Iff, O 2)

Substitution of Equation (2) into Equation (1) leads to the following:

0
Dw 0
Dt |df, dfx (3)

ox dy

Hence, the shedding vorticity only appears when %7’;—6 is nonzero. As the actuator models characterize the flow as vortices by the change

of the force distribution, the vorticity fields of the theoretical actuator disk and actuator cylinder models will be investigated in Section 3.1. The
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force discontinuity is used to represent the hybrid VAWT model in this study. This assumption potentially ignores the effect of blade shape on
the performance of the hybrid VAWT.

2.2 | Theoretical actuator model

A brief introduction of the existing theoretical actuator models is presented, emphasizing the specific implementations used in this study. Exten-

I*? and actuator cylinder model.2° This

sive references are suggested for more detailed information about the overview of the actuator disk mode
work investigates the case of an idealized turbine with uniform force distribution, where the viscosity is neglected. The heat transfer is also not
included in this study. So, the flow problem is simplified as a 2D steady inviscid incompressible flow with constant internal energy.

The actuator disk model is illustrated in Figure 2A. In this model, the flow problem is assumed to be solved along the axial axis. The relation
between the velocity at the disk Ug and the freestream upwind velocity U,, is expressed through an induction factor a, shown in Equation (4). The

induction factor a is obtained by equating expressions of streamtube dynamics, representing the change in wind speed normalized by U,.

Up=Ux(1-a) 4)

The thrust and power coefficients are calculated as cr =4a(1—a) and ¢, :4a(1—a)2 according to the momentum theory. The relation of
power coefficient c, and thrust coefficient ct is theoretically expressed as ¢, =cr (0.5 +0.5\/W). The maximum power that can be extracted
by a wind turbine is known as the Betz limit and corresponds to c,,,. = 16/27,cr,,, =8/9 and a=1/3.2?

The actuator cylinder model is a 2D dynamic model extending the application of the actuator disk model, except that the actuator cylinder
model is used in two directions rather than only one axial direction. A schematic of the actuator cylinder for VAWT is shown in Figure 2B, where
the body forces in the normal direction are denoted as Q,,.

Given the same thrust coefficient, the distribution of the volumetric force along the actuator is implemented differently for the two models.
For the actuator disk, the volumetric force is evenly added to each cell of the actuator in the x direction according to the given thrust. In the case
of the actuator cylinder, the force components in the normal direction Q, are evenly distributed along the actuator. It is calculated from
Qn :%, where E,,A and E‘Xi are the unit vectors in the normal and x-axis directions, respectively. The denominator Zn: (?m -E‘X‘) is the sum

2 (€nex) i=0
of the normal vectors' projection on the x-axis, and n is the number of cells that fall into the actuator region. The current work focuses on a 2D
idealized hybrid VAWT, which can be represented by placing an actuator disk inside an actuator cylinder. The schematic of the idealized hybrid
VAWT is depicted in Figure 2C. It is worth noting that the cr,,,cr,., and cr, ., represent thrust coefficients of the AD, AC, and idealized
hybrid VAWT, which are nondimensionalized by their respective radii (Rap, Rac, Riybria = Rac). The thrust coefficient of the idealized hybrid VAWT

corresponds to the outer radius, given by cr, ., = C1,c +C1,p 'EAT?'
Given the uniform force distribution along different actuator surfaces, the vorticity shedding depends on the gradient of body forces

according to the vorticity equation in Section 2.1. So, the idealized hybrid VAWT in Figure 2C can be superimposed to one single actuator as
shown in Figure 3. The force distribution becomes nonuniform with the superimposed force Tp in the center and the original force Txc.
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wake
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wake
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wake
Actuator
disk »
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YYYYVYYYVYYYVYYYY
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" Actuator
cylinder

Control volume Control volume Control volume

(A) Actuator disk (B) Actuator cylinder  (C) Idealized hybrid VAWT

FIGURE 2 (A-C) Schematic of actuator models for the idealized turbine.
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2.3 | Numerical actuator model
23.1 | Set-up

The force distribution is prescribed as uniform along the disk or cylinder with a thickness of 3.38% of the cylinder's dimension. This ensures that
the actuator cylinder is aligned with the cylindrical mesh shown in Figure 4B. In this work, the 2D flow fields of the actuator disk, actuator cylin-
der, and idealized hybrid VAWT are simulated in OpenFOAM 4.1.2 The steady laminar solver simpleFoam is employed with a Reynolds number
of 9.67e5. The computational domain and mesh are shown in Figure 4. The domain size is 50R,¢ in the x-direction and 30Rxc in the y-direction.
The numerical power output for cell i can be obtained from F,) V;-uj, where Ff is volume force with a unit of N/m?3, V; is the volume of cell i, and
U; is the local velocity at cells where forces are exerted.

Mesh independence for the single AC (cr,. =0.93) and hybrid VAWT with upwind AD (ct,. =0.89,cr,, =0.09) is shown in Table 1. The
power coefficient is obtained from simulations with different cell numbers. Three configurations for actuator thickness are studied for the single
AC with cr,. =0.85. The thickness of 3.38%Dac, 5.07%Dac, and 6.76%Dac is applied to the AC with body force exerted into three, four, and six

A —
) | »
<« >
— L Ry ypria=Rac I
—y Tyot Tap - v U
o AcT{ap < y > Usake
R >
e : i AD >
— <« -
] >
N e
>
>
Control volume
FIGURE 3 Schematic of actuator disk model with nonuniform force distribution.
1 q -

(A) Actuator disk (B) Actuator cylinder

FIGURE 4 (A, B) Computational domain and mesh in OpenFOAM simulations.

TABLE 1  Mesh independence for power coefficient of AC and idealized hybrid VAWT with upwind AD.

Cell number 7.6e4 8.1e4 8.8¢e4 1.0e5 1.8e5
AC 0.59544 (+0.48%) 0.59581 (+0.54%) 0.59614 (+0.60%) 0.59545 (+0.48%) 0.59559 (+0.51%)
Hybrid VAWT 0.57740 0.57670 0.57694 0.57603 0.57563

Abbreviations: AC, actuator cylinder; AD, actuator disk; VAWT, vertical axis wind turbine.
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layers of cells, respectively. The purpose of this analysis is to determine the mesh configuration and actuator thickness required for accurate
results while considering the computational cost. The power coefficient ¢, obtained from the three configurations of thickness is predicted as
0.58530, 0.63049, and 0.65858, with discrepancies of —0.73%, +6.93%, and +11.70% compared with the theoretical results. So, the thickness of
3.38%Dac with three layers for AC yields a better prediction than the other two thickness configurations. The five mesh configurations predict
discrepancies of +0.48%, +0.54%, +0.60%, +0.48%, and +0.51% compared with c,,,,.It is observed that a cell number of 8.8e4 is chosen to bal-
ance computational cost and accuracy for both the single actuator and hybrid actuator cases. Compared with the refined mesh cases, the numeri-
cal discrepancies are found to be 0.092% for the single actuator simulation and 0.23% for the hybrid actuator simulation. These errors indicate

the deviation of the results obtained with the chosen cell number from the more refined solutions.

2.3.2 | Differences between theoretical and numerical methods

In OpenFOAM, the Navier-Stokes (NS) equation®* for incompressible flow considering the force field of the actuator is shown in Equation (5),
where the diffusion term is included. However, the theoretical methods ignore this term.
o . F

%+(U-V)u:f¥+nv2u+; (5)

There are additional differences that need to be accounted for when comparing the theoretical actuator models to the numerical simulations:

e Thickness of the actuator surface: In theoretical actuator models, the actuator surface is assumed to have zero thickness. However, in numeri-
cal simulations using OpenFOAM, the actuator surface is represented by a finite thickness. This means that the body force applied to the flow
should be distributed over the cell volumes in the computational domain rather than being concentrated on an infinitesimally thin surface.

e Force distribution at the tip: The theoretical actuator models may assume a discontinuity in the force distribution at the tip of the actuator sur-
face. However, in numerical simulations, due to the finite thickness of the actuator surface, the point where the force discontinuity occurs may

not align exactly with the theoretical location. The numerical method may introduce some deviations in the force distribution near the actuator

tip.

3 | RESULTS AND DISCUSSIONS
3.1 | Comparison of stand-alone actuator models

The vorticity equation shown in Section 2.1 demonstrates that the shedding vorticity is characterized by force changes. To validate our numerical
model, the actuator cylinder is categorized into three types of surface: circular surface, upwind-half circular surface, and downwind-half circular
surface. The uniform force distributions of different actuators are depicted in Figure 5. The thrust coefficient c; =0.93 is applied for the four
actuators. The total thrust of the rotor T needs to be calculated and distributed along the actuator to implement the actuator disk and actuator
cylinder model in OpenFOAM.

2 2 2 2
1 1 1 1
@ @ o [«
30 30 30 X 0
-1 -1 -1 -1
-2 -2 -2 -2
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
X/R X/R X/R X/R

(A) AD (B) AC (C) Upwind AC (D) Downwind AC

FIGURE 5 (A-D) Force distribution of different actuators (red arrows represent vectors of body force).
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The corresponding vorticity fields are shown in Figure 6. The vorticity originates from the top and bottom ends of an actuator, where the

force discontinuity occurs. The expanded vorticity shedding is observed in four actuators. The similar vorticity distributions among the actuators
indicate comparable flow mechanisms, emphasizing the role of force distribution changes in introducing vorticity described in Section 2.1. The
power coefficients obtained from AD, AC, upwind AC, and downwind AC are 0.59115, 0.59614, 0.59566, and 0.59598, respectively. The visuali-
zations of the four configurations provide valuable insights into flow patterns and contribute to optimizing the design and performance of the ide-
alized hybrid VAWT.

The nondimensional flow velocity at the center of an actuator (x=0) is depicted in Figure 7. The streamwise velocity shows a gradual

decrease instead of a sudden drop at y/R=+1.

5 5 300
. . 150
S o _ S 0 == o I
-150 3
- - ~300
0 10 20 0 10 20
X/R Xx/R
(A) AD (B) AC
5 5 300
150 —
<o - < o p— o =
-150 3
- =] -300
0 10 20 0 10 20
x/R X/R
(C) Upwind AC (D) Downwind AC

FIGURE 6 (A-D) Vorticity fields of different actuators.

1.00 oee L]
AD , See 0 . AD . AD
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upwind AC 0.75 «  downwind AC upwind AC
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0.50
1 - & 1 >
0.25
S o < 0.00 , < o f
-0.25
-0.50 /\
-2 'll -0.75 .‘:.‘.‘. s \
-1.00 i :
0.5 1.0 0.5 0.6 0.7 0.8 -1 0
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(A) Streamwise flow (B) Zoom-in of streamwise (C) Crosswise flow

FIGURE 7 (A-C) Nondimensional flow velocity at x=0.
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The sampled flow velocity variations at the center of the four actuators have a similar trend in each direction (streamwise and crosswise
directions) with negligible differences. The magnitude of minimum Uy—o for the AD case is around 5.97% higher than the other three AC cases.
And the magnitude of minimum and maximum U, o for the AD case exhibits around 9.90% of differences compared with those for the other
three AC cases. These negligible differences are attributed to the effect of volume force exerted into a finite thickness of cells in Figure 4. The
above quantitative and qualitative comparisons demonstrate that the proposed numerical models can predict identical vorticity systems with the
same thrust coefficient for the uniformly loaded actuator.

The nondimensional streamwise velocity and pressure distribution along the x-axis are depicted in Figure 8. It is observed that the pressure
decreases at x/R=0 for AD, x/R==+1 for AC, x/R=—1 for upwind AC, and x/R=1 for downwind AC. The streamwise velocity gradually
decreases along the x-axis for the four actuators. The pressure reductions for the four actuators have the same amplitudes. The modeling of pres-
sure drop occurs at the position where the body forces are exerted, yielding an effective numerical method.

The numerical model is further verified against the theoretical model in a range of thrust coefficients (0.171 to 1.026). A series of thrust coef-
ficients are chosen to capture the trend of the power coefficient variation. Comparison between theoretical and numerical results of the variation
of power coefficient ¢, for an actuator cylinder with different thrust coefficients cr is shown in Figure 9. It is observed that the numerical and the-
oretical results yield similar trends with cr = 0.0-0.5. Between ¢y =0.5 and 0.89, the numerical ¢, is lower than the theoretical prediction. For
cr >0.89, OpenFOAM tends to overestimate the c,. The maximum power coefficient ¢,  is about 0.598% higher than the theoretical ¢, . This
difference is negligible, and it is expected due to the wake expansion (Figure 6) and the gradual velocity decrease at y/R = +1 (Figure 7) predicted

by the numerical model. The validity of this assumption has also been demonstrated by De Tavernier.2> The vorticity fields, velocity, and pressure

2.0
« AD
1.51 AC
8 « upwind AC
EX 1.0 « downwind AC
=)
05 “'-
0.0 w w w
-10 -5 0 5 10
X/R

(A) Streamwise flow velocity

0.075+ . AD
3 0.050- AC
<% « upwind AC
n . .
9 0.0251 — downwind AC
<0.000 /,ﬁ
-10 -5 0 5 10
X/R

(B) Pressure

FIGURE 8 (A, B) Nondimensional streamwise velocity and pressure distribution at y =0.
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0.2

0.01 ] | | ‘ ‘ ]
0.0 0.2 0.4 0.6 0.8 1.0

cr

FIGURE 9 Variation of power coefficient for AC with different cr in theoretical and numerical solution. AC, actuator cylinder.
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variations of the four actuators are identical with equivalent body force distributions. This equivalence demonstrates the validity of the proposed

numerical model.

3.2 | Effect of force distribution on power performance of hybrid VAWT
3.2.1 | Varied position of idealized Savonius, representing AD

To estimate the power of an idealized hybrid VAWT, the inner Savonius is represented by a uniformly loaded actuator disk, while the Darrieus
rotor is idealized as a uniformly loaded actuator cylinder. The vorticity shedding depends on the force variation of the actuator. So, force distribu-
tion is the most relevant factor that affects the power performance of hybrid VAWT. Researchers have been putting efforts into implementing
active pitch control to control blade forces so that a better power production is achieved from VAWTSs. Bouzaher et al? proposed a dynamic con-
trol device (a couple of flapping wings) for VAWT blades to get the optimum power harvesting. The control scheme reduces the negative effects
of blade-vortex interaction on power production. They attempted to resolve the correlation between force distribution and power performance
for the hybrid VAWT. Their study revealed that the total power of the hybrid VAWT varies with different rotor configurations. It indicates that
the interaction between each component of hybrid VAWT is the main cause of power change. So, the position of the inner Savonius is varied to
explore the optimal force distribution of the hybrid VAWT.

In this section, the impact of the inner AD's position in an idealized hybrid VAWT is investigated. By varying the position of the inner AD, we
aim to understand its influence on the overall performance of the idealized hybrid VAWT. Given the assumption of two actuators mounted on the
same rotational axis, the radius ratio of the outer and inner actuators is set as five.

It is known that the power output of the realistic hybrid VAWT is affected by the presence of inner Savonius. The power reduction of a
Darrieus blade occurs mainly at the upwind and downwind region.?” To understand the power generation mechanism of the hybrid VAWT, the
upwind and downwind of the hybrid VAWT could be the most related region.

The inner AD acting as a turbine- or a propeller-mode is placed upwind, center, or downwind of the cylinder generating six kinds of force dis-
tributions. The force distributions for an idealized hybrid VAWT are depicted in Figures 10 and 11 with the same AC forces and different AD
forces. The force directions of the inner AD are the same with the direction of x-axis in the turbine-mode case and opposite to the direction of
x-axis in the propeller-mode case.

As the maximum power coefficient of the actuator disk theory is achieved when cr = 0.89, the thrust coefficient for the outer actuator of the
idealized hybrid VAWT is fixed as 0.89. The thrust coefficient for the inner actuator varies to investigate its impact on the overall power perfor-
mance. Power coefficient of the aforementioned idealized hybrid VAWTs with varied cr,, and cr,. =0.89 is depicted in Figure 12. The x-axis is
the thrust coefficient of the idealized hybrid VAWT cr, , .., and the y-axis is the power coefficient of the idealized hybrid VAWT ¢, . .. /cp,,.. nor-
malized by the optimal theoretical power coefficient of the single AC ¢, . The results indicate that the power coefficient of idealized hybrid
VAWT barely exceeds c,,,,,, except when the low-thrust AD operates in a propeller mode. The idealized hybrid VAWT with a center turbine-mode
AD has a higher power coefficient compared with idealized hybrid VAWT with upwind and downwind turbine-mode ADs. The maximum power
extracted from idealized hybrid VAWT with upwind AD and given cr,. =0.89 is around 0.435% higher compared with ¢, . The negligible differ-
ence can be attributed to the modeling difference between the theoretical and numerical methods (Section 2.3.2). The hybrid VAWT cannot show
a significant power increase compared with an optimal single Darrieus.

2 2 2
1 11 1
< o o
s 0 N S 0
-1 —17 -1
-2 ; ; ; -2 ; ; ; -2 ; : :
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
Xx/R x/R x/R

(A) Upwind AD (B) Center AD  (C) Downwind AD

FIGURE 10 (A-C) Force distribution for an idealized hybrid VAWT with a turbine-mode AD (force of AD is opposite to the inflow direction,
¢, > 0). AD, actuator disk; VAWT, vertical axis wind turbine.
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2 2 2
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X/R x/R x/R

(A) Upwind AD (B) Center AD  (C) Downwind AD

FIGURE 11 (A-C) Force distribution for an idealized hybrid VAWT with a propeller-mode AD (force of AD is directed to the inflow direction,
cr,, < 0). AD, actuator disk; VAWT, vertical axis wind turbine.
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FIGURE 12  Power coefficient of an idealized hybrid VAWT ¢, .. /cp,... with varied cr,,, cT,. =0.89. VAWT, vertical axis wind turbine.
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FIGURE 13  Power coefficient of an idealized hybrid VAWT ¢y, .. /¢p,.,. with downwind AD for different combinations of cr,, and cr,.. AD,
actuator disk; VAWT, vertical axis wind turbine.

The contour of the power coefficient for different combinations of cr,, and cr,. is illustrated in Figure 13. The power coefficient between the
idealized hybrid VAWT and single AC with the optimal thrust coefficient cr,,,, is compared. It is observed that cp, , ., /cp,,, €xceeds one at the right

bottom of the figure where the inner disk operates as a propeller and the outer cylinder operates at near-optimal conditions. So, the power
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coefficient of the idealized hybrid VAWT exceeds c,,,, when the inner AD operates in a propeller mode. The blue point is the power coefficient
of the optimal single AC, showing the overestimation of our numerical model. This contour suggests that the propeller mode of the AD force con-
tributes to the power compensation in the idealized hybrid VAWT configuration.

To determine the reason behind the power increase for the idealized hybrid VAWT with AD in a propeller mode, the power coefficient of the
idealized hybrid VAWT with turbine-mode/propeller-mode downwind AD and their velocity field are studied. The difference between the non-
dimensional axial velocity of an idealized hybrid VAWT with a downwind AD and the single AC AU, in the flow field is depicted in Figure 14. This
is to explore the effect of force distribution on flow fields of the idealized hybrid VAWT. In the case of an idealized hybrid VAWT with a turbine-
mode AD shown in Figure 14B, the high-energy conversion on the upwind side of the rotor leads to a deficit in kinetic energy, reducing the
energy extraction on the downwind side. However, when the AD operates in a propeller mode, as shown in Figure 14A, it helps to mitigate
the rotor blockage caused by this kinetic energy deficit and to generate a slighter wake expansion downstream.

As claimed in Sections 2.1 and 2.2, the vorticity-development depends on the force distribution of the actuator. The total force of the outer
cylinder and inner disk (Figure 2c) is consistent with the force of a single disk (Figure 3). This indicates that adjusting the force distribution of AC

would be the alternative to moving the inner AD. Similar studies have been conducted by Huang et al,?

where the force distribution was changed
by pitch control of blades. In Section 3.2.2, we will further study the effect of force distribution on the power output of the idealized
hybrid VAWT.

To further comprehend the operational conditions of the idealized hybrid VAWT, its power performance with specific cr,. and cr,, is com-
pared with the corresponding theoretical AC with the same cr,.. The power performance of the hybrid VAWT with center AD is taken as an
example to compare with the single AC with the same cr,. (Figure 12). The results of the power coefficient for the idealized hybrid VAWT are
shown in Figure 15. The legend ¢y, ... /Cpuc reoerca TEPTESENES the ratio of the power coefficient of the idealized hybrid VAWT with specific cr,. over
that of the single theoretical AC with the same cr,.. The results on the top-right of the figure are not presented due to the numerical instabilities
of the high-thrust cases. Besides, the flow reversal behind actuators leads to significant unsteadiness in the predicted power. When a turbine-
mode AD (cr,, > 0) is employed, the value of cr,. should be lower to maintain or even increase c, of the idealized hybrid VAWT compared with c,
of the AC with the same cr,.. On the other hand, when a propeller-mode AD (ct,, < 0) is employed, the AC is expected to operate with a high cr
to maintain the same amount of ¢,, thus compensating for the power consumption of propeller-mode AD. This analysis highlights the importance
of selecting the appropriate operating mode and adjusting the thrust coefficients for the actuators in the idealized hybrid VAWT to optimize its
power performance.

The optimal operational points for the idealized hybrid VAWT are analyzed based on predefined force conditions. When a specific cr,. is
given, there is an optimal operational point for the inner disk to obtain the maximum c, of the idealized hybrid VAWT. These optimal points,
obtained from both numerical and theoretical solutions, are plotted in Figure 15. The results show that the optimal configurations of the idealized
hybrid VAWT with a known cr,. occur when cr,. +c7,, is equal to 0.89. The theoretical results agree well with the numerical results.

To give further information for the design of the idealized hybrid VAWT, the operational conditions are compared under different given
forces. The relation between ¢, ., /Cp,.,, @and cr,, for an idealized hybrid VAWT with the center AD is shown in Figure 16. For given high-thrust
cases cr,. 20.85, the power coefficient of the idealized hybrid VAWT decreases with the increasing cr,,. While for low-thrust cases where
cr,. £0.76, the idealized hybrid VAWT exhibits a slight power increase when cr,, reaches a certain value. So, given a low cr,. <0.76 for the ideal-
ized hybrid VAWT, we should increase the thrust coefficient of the inner AD to get the maximum power. But given a high cr,. 20.85, the power
performance of the idealized hybrid VAWT will only be worse with the presence of the inner AD.

The relation between cp, ... /Cp,,, @and cr,. for an idealized hybrid VAWT with the center AD is shown in Figure 17. The case of cr,, =0.00

represents the power coefficient of the single AC. It can be observed that the maximum power coefficient of the idealized hybrid VAWT

2 21
e — 0.15
- 010
0.05 3
< o] e % 0 s 0.00 <
T
-0.10
— Y E——— -0.15
-2 0 2 4 6 8 10 -2 0 2 4 6 8 10
X/R x/R
(A) cr,, < 0 (propeller mode) (B) ct,p > 0 (turbine mode)

FIGURE 14 (A, B) Difference of nondimensional axial velocity field between an idealized hybrid VAWT with downwind AD and the single
AC, cr,. =0.93,cr,, =+0.1.
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FIGURE 16 ¢;,,.,/Cp,, Versus cr,, for an idealized hybrid VAWT with center AD. AD, actuator disk; VAWT, vertical axis wind turbine.
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decreases with the increasing cr,,. To achieve the power of the hybrid VAWT as ¢y, ..., /Cp.., = 0.7, the thrust of AC is supposed to increase with

the decreasing given cr,,. In other words, given a low cr,, requires higher cr,. to gain the same amount of power as the given high cr,,.

3.2.2 | Adjusted force distribution on idealized Darrieus, representing AC

As analyzed in Section 3.2.1, the hybrid VAWT with a propeller-mode AD has a comparable power coefficient with a single Darrieus. It indicates
that the propeller-mode AD effectively counteracts the nonoptimal force distribution of hybrid VAWT. Taking an example of an idealized hybrid
VAWT with outer AC (representing the nonuniformly loaded Darrieus) and a center AD (representing the uniformly loaded Savonius),

the effect of the adjusted force distribution on the performance of the idealized hybrid VAWT is investigated. The angle y is proposed, refer-
ring to the range of adjusted force distribution for the outer AC. It is the angle between the x-axis and the starting point of the adjusted region on
AC, as shown in Figure 18. In this study, the thrust coefficient of the inner AD is set as 0.1, and the outer AC has a nonuniform force distribution.
The adjusted force distribution on the outer AC is nonuniform because of the superimposition of the force for propeller-mode AD and the force
for AC operating at the optimal condition, shown in Figure 11A.

The power coefficients of a hybrid VAWT with and without adjusted force distribution on the outer AC are depicted in Figure 19. y =0° rep-
resents a hybrid VAWT with uniformly loaded AC and AD, shown in Figure 10B. And nonzero y represents a hybrid VAWT with adjusted force
distribution on the outer AC, shown in Figure 18. The power coefficient of the hybrid VAWT is normalized by the numerical maximum power
coefficient of the single AC cp,,,. It is observed that the power coefficient increases and then decreases with the increase of angle y. The optimal

1.01 =t
, 0.9 —e— ¢r,,=0.00
& cr,, = 0.09
To08 —e— €1, =0.19
& —— 1, =028
0.7 —— ¢r,=0.38

—— (T, = 0.47

04 05 06 07 08 09 10 1.1
CTac

FIGURE 17  c¢p, ../ Cps., VS Cr,c fOr an idealized hybrid VAWT with center AD. AD, actuator disk; VAWT, vertical axis wind turbine.
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FIGURE 18 A hybrid VAWT with adjusted force distribution. VAWT, vertical axis wind turbine.
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FIGURE 19  Power coefficient ¢, /c,, . of a hybrid VAWT with and without adjusted force distribution (cr,, =0.1, ¢4, = —0.1). VAWT,
vertical axis wind turbine.

y is around 20°, in which case the power coefficient is 3.5% higher than the hybrid VAWT with uniformly loaded AC and AD. This indicates that
power compensation occurs by adjusting force distribution in the outer AC. Among the studied cases of adjusted hybrid VAWT with varying v,
angles ranging from 8.25° to 34° provide the optimal force distribution of the hybrid VAWT with no power losses. The adjusted force distribution
in the upwind half of the AC leads to an optimal power output for the hybrid VAWT.

4 | CONCLUSIONS AND OUTLOOK

The flow mechanism of hybrid VAWT is complex due to the interaction between Darrieus and Savonius. It is known that the power output of the
hybrid VAWT is reduced with the existence of the inner Savonius rotor. Many factors, such as airfoil efficiency and TSR, dominate the power out-
put. Our understanding of power reduction is further improved by the research on the idealized turbine. To investigate the power performance of

the idealized hybrid VAWT, the actuator disk and cylinder models are implemented in OpenFOAM. The following outcomes are concluded.

e The numerical actuator model is validated against the theoretical actuator model. The extracted maximum power from the numerical actuator
cylinder model has a discrepancy of around 0.598% compared with cp,,,..

e The maximum power output of the idealized hybrid VAWT with a given cr,, is lower than that of a single actuator due to the nonoptimal
force distribution on the hybrid case. This indicates that a significant power increase of a hybrid VAWT cannot be realized by varying
geometrical and operational parameters. The hybrid configuration is only beneficial to the start-up performance instead of the power
performance.

o Given one of the force distributions for the two actuators in an idealized hybrid VAWT, we can determine the optimal force distributions for
the idealized hybrid VAWT. Given a low cr,. <0.76 for the idealized hybrid VAWT, we should increase the thrust coefficient of the inner AD
to get the maximum power. While given a series of cr,, for the idealized hybrid VAWT, it requires a higher ct,. for low cr,, case to gain the
same amount of power as the high cr,, case.

e The power loss in the idealized hybrid VAWT can be compensated by changing the force distributions of the inner AD, representing the ideal-
ized Savonius.

The propeller-mode actuator balances off the power loss caused by the existence of the AD.

o Another form of power compensation is to adjust the force distribution of the outer AC. The power output of hybrid VAWT will be increased
by adjusting the upwind force distribution of AC to compensate for power losses caused by the inner AD. Among the studied cases, the hybrid
VAWT has an optimal force distribution when adjusting the force distribution at y = 8.25-34°.

These findings contribute to a better understanding of the power performance of the hybrid VAWTs and suggest potential strategies for
compensating for their power losses through control of force distribution.

It is important to acknowledge that the hybrid VAWT is unlikely to surpass the power output of a single Darrieus rotor by changing opera-
tional and geometrical conditions. Instead of striving for maximum power generation in this context, our attention should pivot toward more prag-
matic approaches: enhancing the start-up performance of the hybrid VAWT while mitigating power losses and tuning the wind condition around
the turbine (e.g., using wind deflectors).

The inherent design of the hybrid configuration introduces complexities that may restrict achieving power levels comparable with a single

Darrieus design. The Savonius rotor, while aiding self-starting, can potentially lead to flow disturbances that impact overall power generation
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efficiency. A study on blade-vortex interaction for a realistic hybrid VAWT is required to correlate the blade torque and vortex behavior. Further-
more, a concerted effort should be directed toward minimizing power losses associated with the interaction between the Darrieus and Savonius
rotors. This also requires a deep understanding of blade-vortex interaction in the hybrid VAWT. Fine-tuning the design parameters and investigat-
ing control strategies can lead to a reduction in flow disruptions and wake interactions, ultimately translating into improved overall efficiency com-
pared with a conventional hybrid VAWT.

While achieving higher power output remains a desirable goal, the hybrid VAWT's distinctive strengths lie in its capacity for self-starting and
consistent performance across diverse wind conditions. Redirecting our focus toward optimizing these attributes can significantly enhance the
practicality and relevance of hybrid VAWTSs in the renewable energy landscape. By embracing this approach, we can pave the way for more effec-

tive utilization of wind energy resources and drive sustainable advancements in wind turbine technology.

NOMENCLATURE
ABBREVIATIONS

AC Actuator cylinder

AD Actuator disk

HAWT  Horizontal axis wind turbine
TSR Tip speed ratio

VAWT  Vertical axis wind turbine

GREEK SYMBOL
Attachment angle
Tip speed ratio
Rotational speed
Vorticity

Flow density

T & D > =N

Phase angle

v Flow viscosity

ROMAN SYMBOL

a INDUCTION FACTOR
P
7 0.5p03 A

cr Thrust coefficient, —,—

0.5pU%A
F Blade force

P Turbine power output

¢, Power coefficient

p Pressure

Q,, Volume force in normal direction
Rp Darrieus rotor radius

Rs Savonius rotor radius

Rac Radius of actuator cylinder
Rap Radius of actuator disk
Rhybria Radius of hybrid VAWT
T Thrust

u Local velocity

U Inflow velocity

V Cell volume

x Horizontal axis

y Vertical axis
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