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Abstract

This study investigates the implementation of the vortex particle method (VPM) with

the goal of efficiently and accurately estimating the power performances and flow

characteristics for a Savonius rotor. The accuracy and efficiency of simulation

methods are critical for the reliable design of Savonius rotors. Among various

approaches, VPM is chosen because it can be flexibly incorporated with self-

correction techniques, and the distribution of bound vortex particles can effectively

represent complex geometries. In this work, a double-trailing-edge-wake-modeling

vortex particle method (DTVPM) is presented to extend the working range of VPM

for dealing with large rotating amplitudes and high tip speed ratios (TSRs). DTVPM

addresses asymmetrical torque predictions for a Savonius rotor without gap width.

However, DTVPM performs poorly at high TSRs due to the absence of viscous

effects near the surface. To capture complex wake structures, such as reverse flow

structures, the viscous correction for tip vortices is suggested. The current research

focuses on the implementation and validation of DTVPM for predicting torque coef-

ficients and wake patterns, as well as comparisons to OpenFOAM results. Two-

dimensional and incompressible flow is estimated at λ = 0.2–1.2. For the studied

cases, a maximum power coefficient is obtained at λ≈0:8, consistent with published

experimental data. In addition, the process of trailing-edge vortices generation and

detachment is captured by DTVPM. The comparison results between OpenFOAM

and DTVPM show that DTVPM allows to efficiently simulate a Savonius rotor with-

out any empirical parameters. DTVPM will help to improve existing engineering

models for wind energy fields.

K E YWORD S

double-trailing-edge-wake-modeling, flow characteristics, power performances, Savonius
rotor, vortex particle method

1 | INTRODUCTION

The Savonius rotor is one of the simplest wind turbines, consisting of at least two curved blades. Each blade has two sharp edges. Many geometri-

cal parameters affect the operation of Savonius rotor, such as number of blades, gap width, number of stages, and blade shape. Early experimental
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studies show that the recommended configuration is two stages of two twisted blades with a gap width of 0.1–0.15 from the point view of per-

formance.1,2 Because of cascade impact, the rotor performance decreases as the blade number increases from 2 to 3, as the adjacent blade affects

the operation of the subsequent blade. The gap width affects the effective pressure on the advancing blade resulting in rotor performance varia-

tions. Multi-stage rotors and twisted blades are developed to reduce torque fluctuations so that the Savonius rotor can self-start at most angular

positions without significant loss of power performance. With the prior knowledge of geometrical parameters, an optimal Savonius rotor is

expected to be manufactured. The research issue is on a single-stage two-bladed semicircular Savonius rotor without gap width.

Apart from geometrical parameters, Savonius rotors are worth studying mainly due to their flexible operating conditions. They play an impor-

tant role in the vertical axis wind turbine (VAWT) design field. The main advantage is that Savonius rotors can easily start up with high starting tor-

que and low wind speeds of 2 to 3 m/s.3,4 But in practice, a Savonius rotor can only achieve the maximum power coefficient (cpÞ to a value lower

than 0.25.5–8 Darrieus rotors have high operational efficiency, but have difficulty in self-starting. Several researchers9,10 have proposed a com-

bined Darrieus–Savonius rotor to improve the turbine efficiency and obtain high starting torque. Prior knowledge of Savonius is necessary for the

optimal design of a combined rotor. Unlike the Darrieus and horizontal axis wind turbines (HAWTs) which rely on round edged blades to ensure

flow attachment, Savonius rotors involve more complex flow physics as a result of their consistent flow separation from two sharp edges. Over

the last few decades, investigations about the two-dimensional (2D) unsteady inviscid incompressible flow behind an airfoil have caught wide

attention in the engineering field.11

Accurately predicting the power performances, blade loads, and flow characteristics is significantly important for the efficient design of wind

turbines. Several types of methodology have been used to study the physics of wind turbine blades. Theoretical work on the airfoil could date

back to the 20th century. Lighthill12 derived a thin airfoil theory for the distribution of the velocity field, rendering a valid approximation as a func-

tion of distance along the chord. Theodorsen13 developed a potential flow solution for the unsteady flat plate with small pitch and plunge oscilla-

tions. Wagner14 modeled the lift variation of an airfoil with a step change in angle of attack. Tollmien15 and Lanchester16 provided useful insights

into how lift and drag develop on finite span wings by a lifting line theory. Although these classical theories have been proved valid and valuable

for insights into unsteady aerodynamics, their feasibility is limited by assumptions of small amplitudes, fixed wake, etc. Advances in computational

fluid dynamics (CFD) and experimental techniques have facilitated the detailed study and analysis of unsteady wake structures.

Experiments and high-fidelity computational methods have been used to address Savonius' unsteady flow problem. Korprasertsak17 designed

a wind booster for a Savonius rotor using XFLOW CFD software with Wall-Adapting Local-Eddy (WALE) turbulence model. This booster configu-

ration improves the power efficiency and has a good agreement with experimental results. Kacprzak18 examined the performance of conventional

and modified Savonius rotors employing ANSYS CFX with shear stress transport (SST) k-ω turbulence model. Shigetomi19 measured the flow field

around multiple Savonius rotors using particle image velocimetry (PIV). Other high-fidelity methods, such as large eddy simulation (LES) and

detached eddy simulation (DES), are expected to give more accurate predictions, especially on flow characteristics with massive flow separation.

Gao20 and Lee21 studied the turbine performance and wake structures of a drag-type vertical axis hydrokinetic turbine using LES accompanied by

a prototype experiment for validation. Although their simulations help to address step-by-step changes in the blade shape and operating tip speed

ratio during optimization design process, it is reported in the literature that one simulation of 1.8 m long, 0.3 m wide and 0.54 m deep computa-

tional domain needs around 1800 h with 768 cores on the supercomputer. Dobrev22 analyzed the performance and wake evolution of a Savonius

rotor by means of unsteady Reynolds averaged Navier Stokes (URANS) and DES, revealing that the capability of DES gives more comparable rotor

power and flow structures with experiments. Han23 assessed improved delayed detached eddy simulation (IDDES) method in the supersonic flat

plate boundary layer by comparing with two other hybrid RANS/LES methods. They recognized a limitation of IDDES that it underpredicted the

mean skin friction in supersonic boundary layer flows. Elkhoury24 studied effects of wind speed, aspect ratio, inflow angle on the performance of

an orthopter-type VAWT using delayed detached eddy simulation (DDES). It is perceived that DDES can properly predict power coefficient of tur-

bine along with the related 3D vortical flow structures. Antar25 utilized 2D RANS and 3D DDES in the parametric optimization process for a Sav-

onius rotor with guided plate configuration. Their results show that DDES can perfectly replicate the power performance curve and RANS can be

seen as an alternative to avoid costly parametric processes. These numerical and experimental tools could give accurate predictions for unsteady

flows. However, these CFD applications require extremely fine grids and large computational domains to get accurate solutions, and experimental

techniques consume many resources in terms of equipment and construction. Both are inefficient concerning time and resources.

Therefore, the challenge is to develop a cost-effective method to simulate 2D unsteady inviscid incompressible flow behind an airfoil. As an

alternative, the vortex-based methods are chosen to balance penalties and benefits between cost and fidelity.

Efforts have been put to predict complex flow separation of rotating blades using vortex methods. Ramesh26 employed an inviscid theoretical

method to non-periodic motions with a maximum pitching angle of 45� of a flat plate. But this model requires an empirical parameter, leading-

edge suction parameter. Wang27 proposed a low-order variable-strength vortex model (also called impulse matching model) by enforcing the

Kutta condition at the leading and trailing edges. In their research, the vortex model could predict well for angles of attack up to 90�, but remains

inadequate for aerodynamic control and estimation due to viscous and curvature effects referred by their later work.28 Hemati28 found a way to

relax the Kutta conditions and determine the vortex strengths according to high-fidelity simulations. Ogawa29 modeled the Savonius rotor by dis-

crete vortex method. It is reported that the numerical results does not show a quantitative agreement with experiments, but yields a qualitative

explanation to the wake pattern. Li and Calisal30 proposed a discrete vortex method with free wake (DVM-UBC) to simulate the unsteady flow of

2 PAN ET AL.
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vertical axis tidal current turbines. It is presented that their method gives more accurate power performance than traditional DVM. But this method is

highly dependent on the experimental data to calculate turbine's performance, such as force, torque and power coefficient. To reduce the dependency,

they further developed DVM-UBC for quantitative predictions and utilized it to estimate turbine's characteristics.31 Other computational effort32 is to

couple particle strength exchange (PSE) with immersed boundary vortex-in-cell (IB-VIC) methods. It includes the no-slip boundary conditions near blade

surfaces to capture wake evolution and turbulent features of hydrokinetic turbines. However, the boundary layer flow is still not fully resolved.

It is worthwhile noted that aerodynamic investigations of single-stage two-bladed semicircular Savonius rotor without gap width using vortex

particle method (VPM) have not been widely reported in literature. Despite the fact that unsteady flows have been reproduced behind a variety

of structures, such as bridge sections, square sections, circular cylinder and triangular sections33–35 by inserting vortex particles in predefined loca-

tions, it lacks of investigations focusing on flows around moving S-shaped bodies based on the vortex particle interactions and their contributions

to rotor performances. Besides, there is no explicit implementation related to Savonius rotors in existing studies. When applying VPM to a Sav-

onius rotor without gap width, mechanics of tip vortex shedding and bound vortex distribution need to be determined. If the whole rotor is con-

sidered as one body resembling the flat plate, the leading edge and trailing edge are then modeled using VPM. In this work, a double-trailing-

edge-wake-modeling vortex particle method (DTVPM) is presented to adapt VPM for Savonius rotors without gap width. Because VPM cannot

predict viscous flow due to the assumption of incompressible potential flow, the viscous effect is considered by a self-correction procedure for

tip vortices in DTVPM. As a result, the implementation of DTVPM with viscous correction improves the accuracy of predictions, as will be dis-

cussed in the following sections.

This study focuses on elucidating DTVPM implementation and validate it against OpenFOAM. The modeling information is elaborated in

Section 2. The proposed method is then applied to a Savonius rotor without gap width and compared with OpenFOAM and published experimen-

tal results in Section 3. The effects of tip speed ratio λ (TSR) and phase angle θ on power performances and flow characteristics are also investi-

gated. Conclusions are discussed in Section 4.

2 | NUMERICAL PROCEDURE

2.1 | Principle of VPM

Schematic of the Savonius rotor is depicted in Figure 1. It includes two semicircular blades and a rotational axis located at the origin. The VPM is

employed to simulate the incompressible flow around the 2D Savonius. It is based on the Navier-Stokes (NS) equation, describing fluid dynamics

in the velocity u
!

and vorticity ω
! formulation at time t. For the incompressible inviscid flow, the continuity equation is given by Equation (1). The

NS equation in terms of vorticity is written as Equation (2) assuming viscosity υ¼0. According to the relation of circulation Γ and vorticity ω
!
, the

circulation can be defined as flux of voriticity through a specific surface, given by Equation (3). In the current 2D case, Γ is the vortex circulation

in Z direction. With the distribution of circulations, the vorticity field can be obtained.

r� u!¼0 ð1Þ

∂ω
!

∂t
þðu!�rÞω!¼ υr2ω

!¼0 ð2Þ

Γ¼ ð ð

S

ω
!�dS! ð3Þ

F IGURE 1 Schematic of a Savonius rotor

PAN ET AL. 3
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A brief introduction to VPM is also given in this section, emphasizing the specific details for the Savonius rotor. Interested readers may refer

to Low Speed Aerodynamics36 for extensive information. The distribution of vortex particles and the nomenclature of the Savonius rotor are

depicted in Figure 2. A vortex element consists of end points ðxa, yaÞðxb, ybÞ, bound vortex point ðxv , yvÞ at one-quarter chord from ðxa, yaÞ, and
control point ðxc, ycÞ at three-quarter chord from ðxa, yaÞ. Unit vectors n

!
, τ! are in the directions normal and tangential to the surface of the vortex

element. β is the angle between element's normal and inflow directions. Δl is the vortex element's length. Γm,Γn represent bound vortex circula-

tions of Blade 1 and Blade 2, respectively. Γwake is the latest shed vortex circulation.

To predict vortex characteristics, various vortex core models are compared in Section 3.2. Taking example of Vatistas model with order of

2,37 the vortex-induced velocities in tangential and normal directions u, v by vortex point (xv , yv ) are obtained in Equations (4) and (5), where rc is

the vortex core radius.

u¼ Γ
2π

yc�yvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððxc�xvÞ2þðyc�yvÞ2Þ

2þ r4c

q ð4Þ

v¼ Γ
2π

�ðxc�xvÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððxc�xvÞ2þðyc�yvÞ2Þ

2þ r4c

q ð5Þ

The Neumann boundary condition should be satisfied at each control point as the fluid cannot go through a surface. By substituting the nor-

mal vortex-induced velocity at control point 1 into the Neumann boundary condition, Equation (6) is obtained with unknown circulations

(Γm1 -ΓmN , Γn1 -ΓnN , Γwake2, Γwake1).

am1m1Γm1 þ…þam1mNΓmN þam1n1Γn1 þ…þam1nNΓnNþ
am1wake2Γwake2þam1wake1Γwake1þðU!þU

!
wakeþU

!
rotÞ � n!¼0

ð6Þ

In Equation (6), am1 j (j¼m1-mN, n1-nN, wake1, wake2) is the influence coefficient of the normal velocity component induced by vortex ele-

ment Γj , N is the number of vortex elements for one blade, U
!

is the inflow velocity, U
!
wake is vortex-induced velocity by shed vortices (except the

latest shed vortex), U
!
rot is rotational velocity. The last three terms are moved to the right hand side during implementation of VPM, given by

RHSm1 ¼�ðU!þU
!

wakeþU
!

rotÞ � n!. Besides Neumann boundary condition, Kelvin condition also serves for the VPM because the time rate of circula-

tion change in a closed curve should be conserved as zero, see Equation (7). In this equation, Γb,t,Γb,t�Δt represent the sum of bound vortex circu-

lations at current time t and previous time t�Δt.

Γb,tþΓwake ¼Γb,t�Δt ð7Þ

Assuming the bound and shed vortex elements' locations are known, the circulations' distribution is numerically solved and henceforth

applied to aerodynamic computations. Meanwhile, a time stepping procedure is implemented in VPM, ensuring Kelvin condition and the Neumann

boundary condition are satisfied at each time step.

(A) (B)

F IGURE 2 Schematic of bound and shed vortex particles [Colour figure can be viewed at wileyonlinelibrary.com]

4 PAN ET AL.
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However, the locations of leading and trailing edges of the rotating Savonius are ambiguous in VPM, since the two semicircular blades alter-

nate during rotation. A self-correction technique is proposed by enabling two trailing edges at rotor tips in Section 2.2.

2.2 | DTVPM for Savonius

Each semicircular blade is discretized into N elements along the camber, representing the 2D Savonius in VPM. As shown in Figure 1, the two

blades connect at the rotor center, resulting in two types of profile in Figure 3. In Figure 3A, the two blade tips are considered as a leading edge

(LE) and a trailing edge (TE) in VPM. Control point and vortex point are distributed at the three-quarter and one-quarter of each vortex element,

resulting in a fact that the positions of bound vortices at θ¼0� will shift downwards at θ¼180�. According to the expression of normal vortex-

induced velocity in Equation (5), any change of vortex points distribution will affect the influence coefficient at the control point. This asymmetri-

cal rotation will cause inequivalent influence coeffecient and henceforth unbalanced force variations. Therefore, a symmetrical distribution is

applied to avoid asymmetrical issues in Figure 3B, where two TEs are considered in the implementation of VPM, namely DTVPM. The influence

coefficient from shed vortices will stay equivalent in the first and second 180� rotations. The results of two rotor profiles will be discussed in

Section 3.

2.3 | Viscous correction for tip vortices

In this section, differences between viscous and inviscid flow physics from DTVPM are presented for a high-TSR case. The latest shed vortex is

assumed to be located at a certain distance d from the blade tip, shown in Figure 3B. The distance is calculated by inflow velocity decomposed in

the tangential direction of the closest vortex element U,τ and time step size Δt in Equation (8), where constant f is chosen between 0.1 and 0.3.

(A)

(B)

F IGURE 3 Two types of rotor profile [Colour figure can be viewed at wileyonlinelibrary.com]

PAN ET AL. 5
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d¼ fU,τΔt ð8Þ

The latest shedding vortices play a key role in simulating flow features and predicting aerodynamic forces of the Savonius rotor. For low TSR,

the vortex displacement x
!

is commonly determined by local velocity36 without considerations of viscosity, see Equation (9). While for high TSR,

the effect of viscosity cannot be neglected especially near the blade surface. So, Equation (10) is applied to the near-wake region to correct tip

vortex locations.

dx
!

dt
¼ u

!ðx, t,ΓÞ ð9Þ

dx
!

dt
¼ u

!ðx!, t,ΓÞþ u
!ðλÞ ð10Þ

In current work, the latest 5 �λ (round to the closest integer) shed vortices (also called tip vortices) are relocated in different TSRs. Taking an

example of λ¼1:2, the vortex trajectory without viscous correction is shown in Figure 4A, where the latest few particles follow the path of blade

tips rotation. However, the flow pattern is quite different with viscous correction as shown in Figure 4B. The modified vortex trajectory could

capture the typical flow structure, resulting in reasonable predictions of blade forces. Further comparisons can be found in Section 3.3.

2.4 | Aerodynamic calculations

According to the unsteady Bernoulli's equation, the pressure difference Δp of the surface is obtained from Equation (11).

Δpj ¼ ρððU∞þuvortex, vvortexÞ τj! Γj

Δlj
þ u

!
rot τj
! Γj

Δlj
þ ∂

∂t

Xj

k¼1

ΓkÞ ð11Þ

The normal force Fn on the surface is obtained by integrating the pressure difference (per unit length) over the surface in Equation (12),

including circulatory, kinematics, and added-mass effects.

Fn ¼ ð

c

0

Δpjdc ð12Þ

In addition to the normal force, there is a leading-edge suction force acting on the surface, given by Blasius formula.36 For a flat plate, the suc-

tion force (tangential force) pointing from leading edge to trailing edge is given by ρπcU2
∞A

2
0, where A0 is Fourier coefficient, c is the chord length.

In Figure 3B, the Savonius rotor is discretized into several vortex elements. If we consider each element as a flat plate, the suction force per unit

length Fs,j can be given by Equation (13). The torque Q on the Savonius rotor is calculated by forces and the force arm dj in the form of

Equation (14). The torque coefficient cq is evaluated by dividing the torque with 1
2ρU

2
∞ DR in Equation (15), where D and R are rotor diameter and

radius, respectively. The power coefficient cp is given by Equation (16), where λ¼ ΩR
U∞
. Ω represents rotational speed.

(A) Without viscous correc�on (B) With viscous correc�on

F IGURE 4 Tip vortex trajectory for λ¼1:2

6 PAN ET AL.
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Fs,j ¼ ρπΔljU2
∞ðsinβjÞ2 ð13Þ

Q¼
X2N
j¼1

ðFn,j � n!jdjþFs,j � τ!jdjÞ � e!rot ð14Þ

cq ¼ Q
1
2ρU

2
∞DR

ð15Þ

cp ¼ cq �λ ð16Þ

2.5 | Implementation of DTVPM

The Savonius rotor's geometry and its motion kinematics are used as input in the implementation of DTVPM. Besides those two types of parame-

ters, empirical data, like polar of lift-type turbines, are not required. This is a big advantage compared with other types of vortex methods, such as

actuator line model, and lifting line model etc. The overall numerical procedure of DTVPM is depicted in Figure 5. As mentioned in Section 2.2,

vortex-induced velocity is affected by the location of trailing edges. DTVPM is implemented to ensure equivalent influence coefficient and peri-

odic force predictions. Once the distribution of vortices is determined, a linear system of equations can be built in Equation (17), representing the

Neumann boundary condition (first 2N rows) and Kelvin theorem (last two rows). The wake shape is updated by a time stepping method.36 In the

implementation of DTVPM, viscous effects are corrected near blade tips.

am1m1 … am1mN am1n1 … am1nN am1TE2 am1TE1

..

. . .
. ..

. ..
. . .

. ..
. ..

. ..
.

amNm1 … amNmN amNn1 … amNnN amNTE2 amNTE1

an1m1 … an1mN an1n1 … an1nN an1TE2 an1TE1

..

. . .
. ..

. ..
. . .

. ..
. ..

. ..
.

anNm1 … anNmN anNn1 … anNnN anNTE2 anNTE1
1 … 1 0 … 0 0 1

0 … 0 1 … 1 1 0

0
BBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCA

Γm1

..

.

ΓmN

Γn1

..

.

ΓnN

ΓTE2

ΓTE1

0
BBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCA

¼

RHSm1

..

.

RHSmN

RHSn1

..

.

RHSnN
Γb1ðt�ΔtÞ
Γb2ðt�ΔtÞ

0
BBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCA

ð17Þ

F IGURE 5 Flow chart of DTVPM
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2.6 | OpenFOAM and experimental details

In this work, the OpenFOAM simulation is conducted to validate the proposed DTVPM. In OpenFOAM, the simulated Savonius rotor has the

same geometry as in DTVPM, but with thickness of 0:001D. Tip speed ratios of 0.2–1.2 are employed with inflow velocity of 7 m/s. Although the

Savonius rotor operates in a confined flow, its power performance and forces are insensitive to blockage effects when separated flow is pres-

ented.38,39 As reported in literature,39 turbines operating with blockage ratio of 10%–60% (larger than 6.67% in current work) at λ¼1:4 have a

similar power performance and forces. The computational domain with blockage ratio of 6.67% is shown in Figure 6. The rotating axis is located

at a distance of 15R from the inlet boundary. The whole domain is divided into the rotational and the stationary subdomains. The transfer of field

variables across the domains is achieved through an arbitrary mesh interface (AMI). This study is based on URANS approach, in which SST k�ω

turbulence model is employed to simulate the incompressible, viscous transient flow. A second-order upwind scheme is used for the spatial dis-

cretization of the momentum equations in the simulations. The first row's cell height of the outer boundary layer is 0.051 mm, calculated based

on yþ ¼1:0. The angle interval (angle step size) for λ¼0:2–1.2 is chosen as 0.24�.

The experiments were conducted in the Vought Systems Division 4.9 m � 6.1 m Low Speed Wind Tunnel1 to evaluate aerodynamic perfor-

mance of a Savonius rotor. The presented results are power and torque coefficients as a function of tip speed ratio. Different parameters were

studied in this experiment, including number of blades (2 and 3), gap width (0–0.1 m), and rotor height (1 and 1.5 m). The diameter of each blade

is 0.5 m. All configurations were tested at inflow velocities of 7 and 14 m/s, respectively. A schematic of the Savonius rotor, instrumentation, load

and control system is shown in Figure 7.

3 | RESULTS AND DISCUSSIONS

3.1 | Validation against OpenFOAM and experiments

The power coefficients cp versus λ from OpenFOAM, experiment, DTVPM with and without viscous corrections are depicted in Figure 8. The var-

iation trend of cp increases from λ¼0:2 to λ¼0:8 and decreases from λ¼0:8 to λ¼1:2 in the three simulation methods, which is comparable

with experimental results1 for all TSRs. The maximum power output occurs at λ≈0:8. However, DTVPM without viscous correction underesti-

mates cp when λ>0:8. Despite discrepancies of DTVPM without viscous correction, power coefficients from DTVPM with viscous correction,

OpenFOAM and experiment are in a reasonable agreement. To validate the implementation of DTVPM, detailed results of DTVPM are compared

with OpenFOAM simulations in the following sections.

In order to quantify the validation results of power coefficient, deviations of simulations for power coefficients at different TSRs are pres-

ented in Table 1. Δcp is the difference between numerical and experimental results. It is observed that OpenFOAM and DTVPM with viscous cor-

rection predict more stable results for varied tip speed ratio with a standard deviation of 0.02. With the premise of stable prediction, OpenFOAM
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F IGURE 6 Schematic of the Savonius rotor/instrumentation load system1
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D=1.2m

R=0.5m30R

50R

Stationary subdomain

Rotational subdomain

Inlet Outlet

(A) Computa�onal domain

(B) Rota�onal subdomain (C) Structured grid around the rotor

F IGURE 7 Computational domain and mesh for OpenFOAM simulation [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 8 Power coefficient for different TSRs [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Deviations of simulations for power coefficients at different TSRs

Δcp λ¼0:2 λ¼0:4 λ¼0:6 λ¼0:8 λ¼1:0 λ¼1:2 Standard deviation σ

OpenFOAM 0.08 0.04 0.02 0.03 0.04 0.04 0.02

DTVPMnonvisc 0.07 0.03 0.03 0.06 �0.10 �0.27 0.12

DTVPMvisc 0.08 0.01 0.00 0.04 0.01 0.01 0.02

PAN ET AL. 9
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and DTVPM with viscous correction are prior to DTVPM without viscous correction. Among the two implementations of DTVPM, the viscous

correction tends to predict more accurate cp with Δcp=0.01 for λ=1.0, 1.2.

3.2 | Sensitivity analysis and convergence study

For a rotating Savonius, a proper vortex core model has a significant effect on vortex interactions. Among all available vortex core models, a com-

mon approach for the vortex induced velocity V
!

is using a desingularized algebraic profile with a constant vortex core size or a diffusive core

growth with time. Hald40 has proved that adjacent vortices distancing is a key parameter for the convergence of the vortex method. Hence, the

vortex core radius needs to be compared and selected for the implementation of DTVPM. Kaufmann,41 Vatistas,37 and Lamb Oseen42,43 models

commonly overcome the singular nature of potential vortex. Kaufmann41 model reduces the maximum induced velocity in the form of

Equation (18). Vatistas37 proposed a family of disingularized vortex core model with n¼1, 2, 3:::, expressed as Equation (19). Lamb Oseen

model42,43 is developed to approximate the viscous core structure by taking the diffusion effect into account, expressed as Equation (20). rc0 is

initial core radius at the origin of vortex. By differentiating Equation (20) concerning radial distance r
!

and setting the derivative as zero, the vis-

cous vortex core radius rc is then obtained to grow with time as Equation (21), where the Oseen parameter σ¼1:25643.44

V
!¼ 1

2π
r
!

r
!2þ r2c

� e
!
ZΓ ð18Þ

V
!¼ 1

2π
r
!

ð r!2nþ r2nc Þ
1=n

� e
!

ZΓ ðn¼1, 2, 3…Þ ð19Þ

V
!¼ 1

2π r
! 1�e

� r
!2

4υtþr2
c0

 !
� e

!
ZΓ ð20Þ

rcðtÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4συtþ r2c0

q
ð21Þ

Figure 9 shows the induced velocity distributions on the basis of various vortex models. As Kaufmann model tends to underestimate induced

velocities, Vatistas with n¼2 and Lamb Oseen models have a similar trend except the vortex origin. As shown in the detail of Figure 9, Lamb

Oseen model shows a smoother variation from the vortex origin to a finite radial distance than Vatistas model. The two models are further investi-

gated and evaluated based on the downstream velocity, particle map, and torque coefficient. Vatistas model with rc ¼0:012, 0:022, 0:032 m and

Lamb Oseen model with rc0 ¼0, 0:005, 0:01, 0:015 m are employed. Figure 10 shows comparisons of downstream velocity for Vatistas and Lamb

Oseen models at λ¼0:8. As shown in Figure 10A,C, two vortex core models predict a similar velocity distribution in the near-wake region

x=R¼2. ΔðU=U∞Þ is the difference between DTVPM and OpenFOAM. Vatistas model with rc ¼0:012 m has a maximum ΔðU=U∞Þ of 0.43 (0.65

while rc ¼0:022 m) with a standard deviation of 0.08 (0.15 while rc ¼0:022 m) at x=R¼2. In the far-wake region x=R¼18 of Figure 10B,D,

Vatistas model with rc ¼0:012 m differs from OpenFOAM in a maximum ΔðU=U∞Þ of 0.12 (0.26 while rc ¼0:022 m) with a standard deviation of

F IGURE 9 Vortex-induced velocity distribution of various vortex models [Colour figure can be viewed at wileyonlinelibrary.com]

10 PAN ET AL.
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0.03 (0.06 while rc ¼0:022 m). The maximum ΔðU=U∞Þ predicted by Lamb Oseen model differs from OpenFOAM by at least 0.37 with a standard

deviation of 0.09 at x=R¼2, and at least 0.22 with a standard deviation of 0.05 at x=R¼18. To obtain a better prediction of downstream velocity

fields, Vatistas model with rc ¼0:012 m is suggested when λ¼0:8.

Figures 11 and 12 present the effect of vortex core model on the particle map and torque coefficient cq, respectively. It is observed that the

vortex blobs are located at similar positions in the Lamb Oseen and Vatistas models. Additionally, both models estimate the periodic variation of

the torque acting on the rotor with the largest cq ≈1:0. Table 2 lists power coefficients from different vortex core models and OpenFOAM. Vortex

core radius of 0.024 m predicts a more comparable cp with OpenFOAM. Although cq from Vatistas model slightly fluctuates near θ¼30�, the

Vatistas model with n¼2 and rc ¼0:024 m is suggested for λ¼0:8 considering the wake profile and power performance predicted by the two

vortex core models.

The power performances are further investigated in three different inflow conditions using DTVPM with viscous correction. Lamb Oseen42,43

model is employed due to its viscous term. The inflow conditions are characterized by three Reynolds numbers: Re≈ 2.86e5, 5.85e5 and 1.14e6.

(A) (B)

(C) (D)

F IGURE 10 Sample downstream velocity curve for two vortex core models, λ¼0:8 [Colour figure can be viewed at wileyonlinelibrary.com]

PAN ET AL. 11
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Figure 13 shows power coefficient cp as a function of tip speed ratio (TSR) for Savonius rotor with various Reynolds numbers. It is observed that

increasing Reynolds number appears to slightly increase cp for majority TSRs. The dependence of Reynolds number has also been reported in pre-

vious studies,1,4 and it is resulted from a delay of flow separation on the convex side of the rotor for a high Reynolds number.

The convergence study is performed based on the angle interval Δθ¼4:76�–1.28�. Their particle maps are shown in Figure 14. It is observed

that the particle maps are converging to a specific distribution profile as Δθ decreases. To further study the convergence of DTVPM, the velocity

variations at downstream are compared with OpenFOAM results in Figure 15. Four rotations are taken into account for each velocity curve. As

observed in Figure 15, DTVPM predicts similar variation trends with OpenFOAM. In the near-wake region x=R¼2, the nondimensional velocity

at y=R≈1:5 is much higher than that at y=R≈ �1:5. The asymmetry velocity variation is well captured by OpenFOAM and the four cases of

DTVPM. This asymmetry could be consequence of staggered distributed vortex blobs in the x direction. DTVPM with Δθ¼3:60� differs from

OpenFOAM in a maximum ΔðU=UÞ of 0.43 (same with Δθ¼1:28�) and average ΔðU=UÞ of �0.01 (0.004 while Δθ¼1:28�) with a standard devia-

tion of 0.08 (0.09 while Δθ¼1:28�) along the section of x=R¼2. For x=R¼18, the maximum and average ΔðU=UÞ predicted by DTVPM with

Δθ¼3:60� are 0.12 and 0.02 (0.19 and 0.01 while Δθ¼1:28�), respectively. The standard deviation of ΔðU=UÞ is 0.03 (0.05 while Δθ¼1:28�).

Even though decreasing Δθ from 3.60� to 1.28� may allow DTVPM to predict a bit more consistent results with OpenFOAM, the simulation will

be more computationally expensive with smaller Δθ. As mentioned above, because DTVPM with Δθ¼3:60� provides acceptable accuracy and

computational efficiency, it is selected in the following cases.

F IGURE 12 Effect of vortex core model on the torque coefficient cq, λ¼0:8, Lamb Oseen: rc0, Vatistas: rc [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 2 Power coefficients from different vortex core models and OpenFOAM

Lamb Oseen Vatistas OpenFOAM

rc [m] 0.01 0.015 0.024 0.012 0.022 0.024 -

cp 0.318 0.328 0.274 0.321 0.281 0.270 0.260

F IGURE 11 Effect of vortex core model on the particle map, λ¼0:8

12 PAN ET AL.

 10991824, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

e.2788 by T
u D

elft, W
iley O

nline L
ibrary on [17/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


3.3 | Effect of viscous correction for tip vortices

This section is to verify the viscous corrections for tip vortices stated in Section 3.3. Figures 16 and 17 depict the inputs and effects of

the vortex system corresponding to the optimized DTVPM with viscous correction and original DTVPM without correction for λ¼1:2.

Figure 16 presents the vortex particle map at four phase angles. In these maps, the latest 10 vortex particles are displayed, showing notable

differences between DTVPM with and without viscous effects near blade tips. In the viscous cases, the vortex particles shedding from trailing

edges tend to recirculate back to the rotating directions. The viscous effects on the velocity field are shown in Figure 17. It compares the velocity

fields from OpenFOAM, and DTVPM with and without viscous corrections at phase angle of 30�. The reverse flow mentioned above is also

observed in velocity fields from OpenFOAM, shown in Figure 17A, which is expected in practical since there are significant viscous effects

near the rotor. As shown in Figure 17B, the reverse flow near the bottom blade tip is well captured by the corrected method. But in Figure 17C,

this phenomenon is not observed due to lack of roll up vortex particles. So the viscous correction for tip vortices is required for Savonius rotor

with high TSRs.

3.4 | Effect of TSR

A comparison of the torque variation from OpenFOAM, VPM, and DTVPM with and without viscous effects near blade tips is shown in

Figure 18. Table 3 lists standard deviation and maximum value of Δcq over one revolution. As discussed in Section 2.2, the biggest difference

between VPM and DTVPM is the distributions of TEs. Figure 18 shows that DTVPM with and without viscous corrections yield more symmetrical

F IGURE 13 Power coefficient of Savonius rotor with different Reynolds numbers [Colour figure can be viewed at wileyonlinelibrary.com]

(A) (B)

(C) (D)

F IGURE 14 Particle maps after the fifth rotation, λ¼0:8

PAN ET AL. 13
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torque predictions than VPM. During the second 180� rotation, VPM tends to overestimate/underestimate the torque on the rotor in a maximum

difference of 0.65 with a standard deviation of 0.24, which are higher than the two implementations of DTVPM. Hence, for the simulation of

rotating Savonius, it is essential to apply double-trailing-edge-wake-modeling to VPM.

Through comparison between DTVPM with and without viscous corrections in Figure 18 and Table 3, the proposed viscous corrections for

tip vortices will insignificantly affect the accuracy of torque calculations at λ<1:0. However, DTVPM without viscous correction at λ¼1:2 is dif-

ferent from OpenFOAM with a maximum difference of 0.83, which is greatly reduced to 0.44 when including viscous correction. The average

standard deviations for the three implementations of VPM are 0.24, 0.16 and 0.20. Figure 18A depicts a phase shift of about 25� for torque coef-

ficients of DTVPM without/with viscous corrections, resulting in an increase of standard deviation from 0.20 to 0.32/0.37.

3.5 | Effect of phase angle

DTVPM can also be utilized to learn flow characteristics behind Savonius rotor in an efficient way. In this section, the influence of the rotor phase

angle is investigated by comparing OpenFOAM and DTVPM with viscous correction. Figure 19 depicts flow features over one revolution at λ¼
0:8 with three downstream locations represented by dashed lines, x=R¼�2, 2, 18, 26. The observations include:

• Vortex blobs have a staggered and periodic distribution that agrees with Kármán vortex street phenomenon, also appears in literature.26

• The near-wake region at 0 ≤ x=R≤2 is well predicted by DTVPM for vortex positions and velocity magnitude.

• The shedding vortices at far-wake region (x=R≥2) are found to be deflected with a larger amplitude in the y direction. It could be due to the

neglect of viscous effects at downstream, which can be improved by employing particle strength exchange.

The vorticity fields at near-wake region are depicted in Figure 20. At θ¼160�, the trailing-edge vorties (TEVs) start to appear at the two blade

tips. As the rotor keeps rotating, the sizes of TEVs gradually grow and are large enough to be shed from the blade tips at θ¼240�. Due to the

symmetrical feature of rotation, when it rotates at around θ¼320�, a new process of TEV generation and detachment start to alternate in the

flow field. Through comparison of vorticity field from OpenFOAM and DTVPM, the near-wake flow characteristics are considered to be in a good

agreement. The concentrated TEV blobs near the rotor are located at roughly the same positions. In addition, TEV generation near the driving

blade (left blade in Figure 20A) tip causes reverse flow, which contributes to torque generation from θ¼80� to θ¼160�. TEV detaches from the

driving blade (top blade in Figure 20C) tip, restricting torque generation from θ¼160� to θ¼240�.

To provide a more detailed analysis of the inflow and wake features, velocity curve variations at four downstream positions and five phase

angles are presented in Figures 21–24. Figure 21 presents velocity curve variations in front of Savonius rotor. For given phase angles, the wake

(A) (B)

F IGURE 15 Sample downstream velocity curve for different angle intervals, λ¼0:8 [Colour figure can be viewed at wileyonlinelibrary.com]

14 PAN ET AL.
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width is well captured by DTVPM. In Figure 22, DTVPM and OpenFOAM can clearly capture the wake asymmetry. Figures 23 and 24 show that

the wake profile at further downstream is dominated by instabilities of DTVPM, showing larger differences from OpenFOAM on the velocity cur-

ves. As shown in Figures 23D and 19D, DTVPM predicted a maximum ΔðU=U∞Þ of 0.31 with a standard deviation of 0.08 at x=R=18, θ=320�

(A) (B)

(C) (D)

F IGURE 16 Latest 10 vortex particle trajectory from DTVPM with and without viscous corrections at λ¼1:2 [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 17 Velocity field from DTVPM with and without viscous corrections at θ¼30�, λ¼1:2 [Colour figure can be viewed at
wileyonlinelibrary.com]

PAN ET AL. 15
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(A) λ =0.2 (B) λ =0.4

(C) λ =0.6 (D) λ =0.8

(E) λ =1.0 (F) λ =1.2

F IGURE 18 Torque coefficient over one revolution at different TSRs [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Deviations of three implementations of VPM for torque coefficient over one revolution

Δcq Method λ¼ 0:2 λ¼0:4 λ¼0:6 λ¼0:8 λ¼1:0 λ¼1:2 Average

Standard deviationσ VPM 0.20 0.22 0.27 0.26 0.25 0.23 0.24

DTVPMnonvisc 0.32 0.14 0.09 0.10 0.10 0.21 0.16

DTVPMvisc 0.37 0.17 0.14 0.11 0.17 0.24 0.20

Maximum VPM 0.53 0.63 0.76 0.68 0.74 0.57 0.65

DTVPMnonvisc 0.47 0.28 0.20 0.26 0.33 0.83 0.39

DTVPMvisc 0.57 0.38 0.31 0.25 0.34 0.44 0.38

16 PAN ET AL.
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from OpenFOAM, which corresponds to the vortex migration at x=9 m. Other quantifiable examples are U=U∞ at x=R=26, θ=80� predicted by

DTVPM being no more than 0.25 higher than that predicted by OpenFOAM, and U=U∞ at x=R=26, θ=360� predicted by DTVPM being at most

0.52 higher than that predicted by OpenFOAM. Overall, discrepancies of the velocity magnitudes behind the rotor for OpenFOAM and DTVPM

can be attributed to the limitations of DTVPM modeling in which the turbulence viscosity is absent.

(A)

(B)

(C)

(D)

(E)

F IGURE 19 Comparison of flow features between OpenFOAM (left) and DTVPM with viscous correction (right) over one revolution, λ¼0:8,
coordinate axis: x [m], y [m] [Colour figure can be viewed at wileyonlinelibrary.com]

PAN ET AL. 17
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(A) (B) (C) (D) (E)

F IGURE 21 Velocity curve variations at x=R=-2 over one revolution, λ¼0:8 [Colour figure can be viewed at wileyonlinelibrary.com]

(A) (B)

(C) (D)

F IGURE 20 Vorticity fields at near-wake region from OpenFOAM (left) and DTVPM with viscous correction (right), λ¼0:8, coordinate axis: x
[m], y [m] [Colour figure can be viewed at wileyonlinelibrary.com]

18 PAN ET AL.
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3.6 | Computational efficiency

In this paper, one OpenFOAM simulation is executed on 20 cores per case. The computational domain size is 15 m � 25 m, discretized to 1.8e5

cells. The computer cluster operating system is Linux-based. The CPU processor used in this case is Intel(R) Xeon(R) E5-2640v4 with a frequency

of 2.4 GHz. The DTVPM is computed as an order of OðN2
v Þ in serial processor, where Nv is the number of wake particles. Figure 25 compares

(A) (B) (C) (D) (E)

F IGURE 23 Velocity curve variations at x=R=18 over one revolution, λ¼0:8 [Colour figure can be viewed at wileyonlinelibrary.com]

(A) (B) (C) (D) (E)

F IGURE 22 Velocity curve variations at x=R=2 over one revolution, λ¼0:8 [Colour figure can be viewed at wileyonlinelibrary.com]

PAN ET AL. 19
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DTVPM and OpenFOAM based on computational efficiency. The x axis represents simulation time for the first 5 revolutions. T is the rotation

period of Savonius rotor. And y axis represents computational efficiency of numerical methods, which is characterized by the ratio of wall-clock

time and simulation time. It is observed that the serial DTVPM simulation is about 1e4 times faster than the parallel OpenFOAM simulation. On

the other hand, as indicated in Table 3, the maximum Δcq predicted by DTVPM with viscous correction is 0.38 on average. Hence, under the pre-

mise of ensuring reasonable accuracy, DTVPM with viscous correction is a good alternative to study unsteady Savonius rotor.

4 | CONCLUSIONS

Vortex-based methods have been limited by small angle assumptions. To break the constraint, a VPM with double wake for a single-stage

two-bladed semicircular Savonius rotor with no gap width is proposed at the beginning of the work. But it predicts asymmetrical forces on

F IGURE 25 Computational efficiency of DTVPM and OpenFOAM [Colour figure can be viewed at wileyonlinelibrary.com]

(A) (B) (C) (D) (E)

F IGURE 24 Velocity curve variations at x=R=26 over one revolution, λ¼0:8 [Colour figure can be viewed at wileyonlinelibrary.com]
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the Savonius rotor. To avoid asymmetrical rotation, a double-trailing-edge-wake-modeling is applied to VPM, namely DTVPM. It is suitable

for full period rotations, and independent from empirical parameters and post-corrected procedures. The location of trailing edge is

illustrated to be essential to force calculation. DTVPM is effective to avoid asymmetrical force variations. Meanwhile, the computational

accuracy is compared based on the selection of vortex core models. Results show that Vatistas and Lamb Oseen models predict a similar

velocity distribution at x=R¼2. Vatistas model with rc ¼0:012 m has a maximum ΔðU=U∞Þ of 0.43 with a standard deviation of 0.08 at x=R¼2.

In the far-wake region x=R¼18, Vatistas model with rc ¼0:012 m differs from OpenFOAM in a maximum ΔðU=U∞Þ of 0.12 with a standard devia-

tion of 0.03. A remarkable finding is that the downstream velocity variation and power performance are dependent more on the choice of vortex

core radius.

In general, the bound and latest wake vortex circulations are calculated at each time step. The wake vortex particles are convected with the

local velocity. However, the assumption of inviscid flow cannot represent the practical local velocity. So, the viscous correction for tip vortices is

implemented to simulate viscous effects near blade tips. And Δcp is improved from �0.10 to 0.01 and from �0.27 to 0.01 at λ¼1:0, 1:2 after vis-

cous correcting, respectively.

The proposed DTVPM with viscous correction is shown to be a cost-effective method by comparison with high-fidelity computational results

for a number of Savonius motions. The serial DTVPM simulation with maximum Δcq of 0.38 on average is around 1e4 times faster than the paral-

lel OpenFOAM simulation. Power coefficient cp of Savonius rotor is dependent on Reynolds number Re. The observed dependence can be attrib-

uted to the flow separation delay for high Re on the convex side of the rotor. Results of cp from different methods show that OpenFOAM and

DTVPM with viscous correction predict more stable results for varied tip speed ratio with standard deviation of 0.02. Through observations of

flow characteristics for different phase angles at λ¼0:8, DTVPM is able to capture flow structures at 0≤ x=R≤2 but predicts a larger deflection of

vortex position in y direction at x=R≥2. It can be improved by considering viscous effects at downstream.
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