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Turbulent wake flows behind helical- and straight-bladed vertical axis wind turbines
(VAWTs) rotating at low tip speed ratios (TSRs) are studied numerically. The turbulent
flows are simulated using the large-eddy simulation (LES) model, and the rotating turbine
blades are modeled using the actuator line method. The helical VAWT has identical key pa-
rameters as the straight VAWT except for the 135◦ helical twist of the blades over the 0.3 m
vertical span. A set of LES runs are performed for two TSRs, 0.6 and 0.4, and the results
are reported and analyzed. At these low TSRs, the wake behind the straight-bladed VAWT
exhibits two-dimensional dominant flow motions (in the horizontal plane perpendicular to
the straight blades) in the near-wake region that cause considerable spanwise expansion of
the wake as it extends downstream. In contrast, the helical-bladed VAWT generates highly
three-dimensional (3D) wake flow structures and upward/downward mean flow motions
within the wake that cause the wake to expand mainly in the vertical direction. Turbulence
statistical analyses also show that the 3D wake flow features induced by the helical
blades accelerate the wake transition to turbulence and enhance the small-scale turbulent
dissipation (as shown by the subgrid-scale turbulent dissipation in the LES), which leads to
a more rapid decay of the wake turbulence intensity than that in the straight-bladed VAWT
case at the same TSR. Compared with the straight-bladed VAWT, the helical-bladed VAWT
also exhibits much smaller temporal variations for the torque and power coefficients during
the rotation cycle, which can be beneficial for wind power generation.

DOI: 10.1103/PhysRevFluids.9.074603

I. INTRODUCTION

As a clean and renewable energy resource, in recent years wind energy has achieved continuous
growth in market share globally [1,2]. Wind energy is harvested mainly by using wind turbines,
which can be categorized into two main types based on the orientation of the turbine rotor
axis: the horizontal axis wind turbines (HAWTs) and the vertical axis wind turbines (VAWTs)
[3,4]. Large size HAWTs (i.e., exceeding 100 m in hub height and rotor diameter) have gained
success and popularity in commercial wind farms because of their generally high rated power
and energy-conversion efficiencies [4,5]. On the other hand, VAWTs have also attracted increasing
interest in recent years due to the easier maintenance and operation (e.g., ground-mounted electrical
components, no complex yaw-control required, insensitive to wind direction, etc.) [6], potentially
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faster wake recovery [7], and relatively small footprint for application. These features make VAWT
a feasible choice for wind energy harvest in urban environments where land areas are usually
limited.

In recent years, noticeable research efforts have been devoted to studying the aerodynamics and
wake flow characteristics of VAWTs [8–30]. Various important aspects of the design that affect
the VAWT performance and wake flow characteristics have been studied, e.g., the number of blades
[14,21,23], the rotor diameter-to-height aspect ratio [16,28], the blade dynamic stall [9,12,19,24,25],
the blade pitch control [30], the VAWT tip speed ratio (TSR) [10,11,13,20,21,23], etc. Note that
most of these studies have considered VAWTs that operate at moderate TSRs (i.e., about 1.0–4.0).
For potential installations and operations in urban environments, VAWTs with even lower TSRs
(i.e., lower than 1.0) may be desired due to the low noise level [24,31–34] and reduced harm in case
of an accidental blade strike [35]. Parker and Leftwich [36] and Araya et al. [23] have shown that
the VAWT wake flow characteristics exhibit considerable variations as the TSR changes, suggesting
that the knowledge obtained by studying VAWTs of higher TSRs may not be directly applicable to
characterize those with lower TSRs.

Moreover, various types of VAWT designs differ mainly by the blade geometries. Examples
include the Savonius turbines, the Darrieus turbines with curved blades, the straight-bladed Dar-
rieus turbines, and the helical-bladed Darrieus turbines [21,33]. Among them, the straight-bladed
Darrieus-type VAWTs have been studied and utilized more than other types [8,15,17,18,22–
24,26,27,29], likely due to the simpleness of its design for easy manufacturing. A number of
laboratory [8,15,17,22] and field [7,18,37] experiments as well as numerical simulations [24,38–42]
of straight-bladed VAWTs have helped advance our knowledge on both the fundamental character-
istics of the turbine wakes and the dynamic interactions of the VAWTs with atmospheric boundary
layer turbulence if deployed in the field. The helical-bladed VAWTs, which can be regarded as
the twisted version of the straight-bladed VAWTs, have not been studied extensively but have
gained increasing attention [29,43–47]. For example, Cheng et al. [45] performed two-dimensional
(2D) large-eddy simulation (LES) and three-dimensional (3D) unsteady Reynolds-averaged Navier–
Stokes (URANS) modeling of a four-blade helical VAWT at TSRs ranging from 0.9 to 2.3 and
focused on quantifying the power coefficient. By comparing the results of 2D LES and 3D URANS,
they found the power coefficient obtained from 3D URANS to be about 33.3% lower than that
obtained from 2D LES, and thus they concluded that effort should be devoted to eliminating 3D
aerodynamic effects in order to improve the performance of helical-bladed VAWTs. However,
a 2D LES is inherently unable to capture any 3D effect that should be expected from the 3D
geometry of the helical-bladed VAWT. 2D turbulence is also known to exhibit some fundamental
differences from 3D turbulence [48–51], making the choice of using 2D LES to study flow past 3D
helical-bladed VAWT uncertain. Another URANS-based study was performed by Divakaran et al.
[46], who modeled three-blade helical VAWTs with various helix angles rotating at TSRs ranging
from 2.3 to 3.9.

Recently, Wei et al. [29] performed field experiments using the 3D particle-tracking velocimetry
to measure the wind velocity and vorticity fields around a full-scale three-blade helical VAWT (with
a vertical rotor height of 3.2 m and a rotor diameter of 1.8 m) rotating at TSRs 1.19 and 1.40, as
well as another full-scale five-blade straight VAWT (with a vertical rotor height of 3.7 m and a rotor
diameter of 2.2 m) rotating at TSRs 0.96 and 1.20. They obtained the time-averaged velocities and
vorticities on various orthogonal 2D planes across the turbine rotor center and at several downstream
cross sections, the combination of which provided the 3D time-averaged flow structures in the near-
wake region of the two VAWTs. By matching the key parameters of the three-blade helical VAWT
in Wei et al. [29], Gharaati et al. [47] used LES with the actuator line turbine model to simulate the
long-range wake development (up to about 25 rotor diameters downstream) of the helical-bladed
VAWT in a boundary layer turbulence with consistent wind speed and TSR (1.19) as reported in
Wei et al. [29], and compared the wake characteristics to that of a straight-bladed VAWT with
identical parameters except for the blade geometry. Gharaati et al. [47] also considered an additional
helical-bladed VAWT with the blade twist direction reversed, based on which they confirmed that
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the effects induced by the helical blades also got reversed. Both Wei et al. [29] and Gharaati et al.
[47] observed a net mean vertical flow motion along the center line of the wake behind the helical-
bladed VAWT, which affects the wake development and the turbulence statistics when compared
with the wake behind the straight-bladed VAWT. Note that the full-scale helical-bladed VAWT
considered in Wei et al. [29] and Gharaati et al. [47] was designed for commercial wind power
production. Despite the new findings obtained from the above experimental and numerical studies,
our knowledge is still limited regarding the performance and wake flow characteristics of smaller
size helical VAWTs with lower operational TSRs that are suitable for potential applications in urban
environments.

In this study, we perform numerical simulations to investigate the effects of helical and straight
blades on the VAWT wake flow characteristics at TSRs below 1.0. We use the same LES model as
the one used by Gharaati et al. [47]. LES is able to resolve a wide range of turbulent flow motions
directly and has been widely used as a research tool for studying wind turbine and wind farm flows
[52–56]. In our study, two laboratory-scale VAWTs with identical key parameters but different blade
geometries (one with straight blades and the other with helical blades) are considered. Each VAWT
has a rotor diameter of 0.3 m and a rotor vertical height of 0.3 m, and consists of five blades with
a cross-sectional profile of the NACA0018 airfoil and a chord length of 0.043 m. Both the straight-
and helical-bladed VAWTs rotate counterclockwise under wind forcing. For the helical-bladed
VAWT, each blade has a total twist angle of 135◦ counterclockwise from top to bottom. Within
the LES model, the VAWT blades are modeled using the actuator line method (ALM), which
has been successfully used in prior LES studies of HAWTs and VAWTs [24,38–42,55–61]. To
isolate the effect of blade geometry from other potential factors that may affect the VAWT wake
characteristics, in the present LES study a turbulent inflow condition with uniform mean velocity
is used. Similar uniform mean inflow conditions have been used in prior studies of VAWTs in both
laboratory experiments [8,15,17,20,22,23,27] and numerical simulations [24,38,40]. Particularly, in
this study the inflow condition consists of a uniform mean velocity and a homogeneous isotropic
turbulence (HIT) velocity fluctuation field. The HIT component is constructed using the data
extracted from the Johns Hopkins Turbulence Database (JHTDB) [62] and is implemented into
the LES using the method proposed in Martínez-Tossas et al. [63]. The mean wind speed in the
simulation is set to be 13 m/s, for which the corresponding TSR of the turbine rotation is set to
be 0.6 based on the wind-tunnel tests of the two VAWTs. In addition, a lower TSR of 0.4 is also
considered for comparison purposes. The simulation data obtained from the LES runs are analyzed,
and comparison between the wake flow statistics of the helical- and straight-bladed VAWTs are
made to help elucidate the potential benefits of utilizing the helical-bladed VAWT design for urban
environment applications.

The remainder of this paper is organized as follows. The LES model for simulating VAWT
wake flow is briefly described in Sec. II, with more details given in the Appendixes. Section III
summarizes the setup of the simulation cases. In Sec. IV the VAWT wake flows are characterized
by direct observation and statistical analysis, and the effects of the VAWT blade geometry are
elucidated by comparing the wakes behind straight- and helical-bladed VAWTs. Finally, conclusions
are given in Sec. V.

II. LARGE-EDDY SIMULATION MODEL FOR WIND-VAWT INTERACTION

In the present study, the large-eddy simulation model LESGO developed by the Johns Hop-
kins University Turbulence Research Group is adopted as the main turbulence flow solver [64].
LESGO has been successfully used to model wind turbine wake flows in several LES-based
studies [52,53,58,59,63,65,66]. LESGO is formulated based on 3D Cartesian coordinates xi(i =
1, 2, 3) = (x, y, z), where x, y, and z are for the streamwise, spanwise, and vertical directions,
respectively. The corresponding velocity components in x, y, and z directions are denoted as
ui(i = 1, 2, 3) = (u, v,w), respectively.
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The turbulent flow around the VAWT is simulated by solving the filtered Navier-Stokes equations
in rotational form [67–69],

∂ ũi

∂xi
= 0, (1)

∂ ũi

∂t
+ ũ j

(
∂ ũi

∂x j
− ∂ ũ j

∂xi

)
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∂2ũi
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ρ
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Here the tilde denotes filtering at the LES grid scale �; ũi is the resolved flow velocity; ρ is the
density of air; ν is the kinematic viscosity of air; τ sgs

i j = (ũiu j − ũiũ j ) is the unresolved subgrid-scale
(SGS) stress tensor, and τ d

i j = τ
sgs
i j − δi jτ

sgs
kk /3 is the deviatoric (trace-free) part of τ

sgs
i j , where δi j

is the Kronecker delta; p̃∗ = p̃/ρ + ũk ũk/2 + τ
sgs
kk /3 is the pseudopressure, where p̃ is the resolved

dynamic pressure; and fε,i is the distributed body force for modeling the turbine-induced aerody-
namic forces on the air flow. In the current LES model, fε,i is modeled using ALM [57]. More
details of the implementation of ALM in the current LES model are given in Appendix A.

In the present study, τ d
i j is parameterized using the Lilly-Smagorinsky eddy-viscosity-type

model [70,71], τ d
i j = −2νsgsS̃i j = −2(cs�)|̃S|̃Si j , where S̃i j = 0.5(∂ ũ j/∂xi + ∂ ũi/∂x j ) is the re-

solved strain-rate tensor, |̃S| =
√

2S̃i j S̃i j is the strain-rate magnitude, and νsgs = (cs�)|̃S| is the
modeled SGS eddy viscosity. The Smagorinsky model coefficient cs is determined dynamically
during the simulation using the Lagrangian-averaged scale-dependent dynamic (LASD) model [72].
The LASD model has been successfully applied in several prior LES studies of wind turbine wake
flows [47,52–54,65,66,73–75].

In LESGO model, a Fourier-series-based pseudospectral method based on collocated grids is
used for the spatial discretizations in the x and y directions, and a second-order central-difference
method based on staggered grids is used for the spatial discretization in the z direction. The 3/2
rule is used to eliminate the aliasing error associated with the pseudospectral discretization of the
nonlinear convective terms [76]. The periodic boundary condition is used in the spanwise direction,
and the stress-free condition is applied at the top and bottom boundaries in the vertical direction.
In the streamwise direction, the inflow–outflow conditions are used in order to model the turbine
wake flow. More details of the inflow–outflow conditions implemented in the current pseudospectral
solver are given in Appendix B.

The simulation is advanced in time using a fractional-step method. First, the velocity field
is advanced in time by integrating Eq. (2) using the second-order Adams-Bashforth scheme to
obtain a predicted velocity field. Then a pressure Poisson equation is constructed based on the
divergence-free constraint Eq. (1) for the new time step and is solved to obtain the pseudopressure
field. Lastly, the predicted velocity field is projected to the divergence-free space using the gradient
of the pseudopressure to obtain the velocity field for the new time step. The above fractional steps
are repeated at every time step in LES to advance the flow field in time. More details of the numerical
schemes used in the LESGO model can be found in Albertson [77] and Albertson and Parlange [69].

III. SETUP OF SIMULATION CASES

In this study, one helical-bladed VAWT and one straight-bladed VAWT are considered, as shown
in the photos in Fig. 1. Both VAWTs have identical key parameters as shown in Table I. In particular,
the turbine rotor diameter is D = 2R = 0.3 m; the turbine rotor height (i.e., the vertical distance
between the top and bottom edges of each turbine blade) is H = 0.3 m; each VAWT is composed
of Nb = 5 blades with a cross-sectional profile of a NACA0018 airfoil (with a chord length of
c = 4.3 cm and a thickness of tb = 0.77 cm); the turbine solidity is σ = Nbc/πD ≈ 0.23; and both
the helical- and straight-bladed VAWTs rotate counterclockwise. For the helical-bladed VAWT, each
blade is twisted counterclockwise from top to bottom with a constant rate of 4.5◦ per 1 cm vertical
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FIG. 1. Photos of VAWTs: (left panel) helical-bladed (H); (right panel) straight-bladed (S).

height, corresponding to a total twist angle of γ = 135◦ between the top and bottom ends of each
blade.

All the simulation cases reported in this study use identical inflow condition, which consists
of a uniform mean inflow velocity of U0 = 13.0 m/s and a homogeneous isotropic turbulence
velocity fluctuation field with a turbulence intensity of It = 0.02. More details on the construction
and implementation of the inflow condition are explained in Appendix B. Note that in Gharaati
et al. [47] a turbulent boundary layer inflow condition was considered to study the performance
of utility-scale VAWTs in open fields. In urban areas, small-size wind turbines often operate in
complicated flow environments [78,79]. Investigating the effects of more realistic inflow conditions
in urban environments requires considering specific turbine installation conditions case by case
[80,81], which goes beyond the scope of the current study. Here we use the idealized uniform mean
inflow condition similar to those considered in previous studies [24,38,40] and focus on studying
the effects of VAWT blade geometry on the wake flow characteristics.

The corresponding turbine rotor Reynolds number is ReD = U0D/ν ≈ 2.57 × 105, where the
kinematic viscosity of air at 20 ◦C is ν = 1.52 × 10−5 m2/s. At this wind speed, the wind tunnel test
showed that the helical-bladed VAWT spins freely at a TSR of λ = R/U0 ≈ 0.6, where  is the
angular speed, and the straight-bladed VAWT spins freely at λ ≈ 0.7. In order to isolate the effect of
the blade geometry from other effects, we choose to prescribe an identical TSR of λ = 0.6 for both
VAWTs so that their simulation results may be compared directly. The simulation cases with λ = 0.6
are the primary cases of our analysis. In addition, a lower TSR of λ = 0.4 is also chosen arbitrarily
and considered for comparison purposes, at which the two VAWTs are expected to exhibit lower
efficiency for energy production [23,45,82]. The corresponding blade chord Reynolds numbers for
λ = 0.6 and 0.4 are Rec = λU0c/ν ≈ 2.21 × 104 and 1.47 × 104, respectively. At these relatively

TABLE I. Key parameters of VAWTs.

Number of blades (Nb) 5
Rotor radius (R) 0.15 m
Rotor diameter (D) 0.3 m
Rotor vertical height (H ) 0.3 m
Blade cross section shape NACA 0018 airfoil
Blade chord length (c) 4.3 cm
Blade thickness (tb) 0.77 cm
Turbine solidity (σ = Nbc/πD) 0.23
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TABLE II. Key parameters of the simulation cases.

Case VAWT type U0 (m/s) λ  (rad/s) ReD = U0D/ν Rec = λU0c/ν

S6 Straight 13.0 0.6 52.0 2.57 × 105 2.21 × 104

S4 Straight 13.0 0.4 34.7 2.57 × 105 1.47 × 104

H6 Helical 13.0 0.6 52.0 2.57 × 105 2.21 × 104

H4 Helical 13.0 0.4 34.7 2.57 × 105 1.47 × 104

low Reynolds numbers, the static lift and drag coefficients of the NACA0018 airfoil for ALM are
adopted from Kumar et al. [83]. For the convenience of the discussion, each simulation case is
named based on the blade shape and the TSR, e.g., “H6” for the helical-bladed VAWT rotating
at λ = 0.6 and “S4” for the straight-bladed VAWT rotating at λ = 0.4. The key parameters of the
simulation cases are summarized in Table II.

In all the reported simulation cases, the dimensions of the computational domain are
(Lx, Ly, Lz ) = (4.5, 2.0, 2.0) m = (30R, 13.33R, 13.33R). A fringe zone of length L f r = Lx/16 is
used for implementing the inflow–outflow condition, for which the technical details are given in
Appendix B. The center of VAWT is located at (x0, y0, z0) = (0.5, 1, 1) m. The simulation domain
is discretized using Nx × Ny × Nz = 864 × 384 × 281 grid points, yielding a grid resolution of
(�x,�y,�z) ≈ (0.0052, 0.0052, 0.0071) m. As shown in Appendix C, two additional test cases
with identical physical parameters as case H4 are considered, one with a lower grid resolution
(referred to as case H4-LR) and the other with a higher grid resolution (referred to as case H4-HR).
The comparison of the time-averaged flow field obtained from these three simulations with different
grid resolutions confirms that the spatial discretization using Nx × Ny × Nz = 864 × 384 × 281 grid
points is sufficient for catching the flow physics. As explained in Appendix A, in the ALM the
aerodynamic force induced by each VAWT blade element is smoothly distributed to the neighboring
computational grid points using a Gaussian kernel function [57–60]. For the simulation cases listed
in Table II, the width of the Gaussian kernel used in the ALM is ε = 0.02 m. This kernel size yields
ε/�x ≈ 3.8 > 2, which ensures good numerical stability when applying the distributed turbine
force to the LES model [57,58,84], and ε/c ≈ 0.47, which is close to the optimal kernel width
criterion [ε/c ∼ O(0.4)] proposed by Martínez-Tossas et al. [85] based on potential flow theory
analysis of flow past airfoil.

DNS data of 4.152 s duration extracted from JHTDB are used to generate the inflow condition
based on the method described in Appendix B. Each simulation case uses a fixed time step of �t =
2.0 × 10−5 s and has a total duration of 432 500 time steps, corresponding to 8.65 s. Simulation
data after 17 300 time steps (i.e., after one flow through time of Lx/U0 ≈ 0.346 s) are used for the
statistical analyses.

IV. RESULTS

In this section, the turbulent wake flows behind straight- and helical-bladed VAWTs are charac-
terized and compared based on the LES results. Here one important effect of the blade geometry is
illustrated in Fig. 2. As illustrated in Fig. 2(a) based on a uniform inflow (without turbulent fluctua-
tion) and an analytical calculation using Eqs. (A1) and (A2), the force vector induced by one blade
element exhibits considerable variation during one rotation cycle. The blade element induces more
drag at rotation phases near θ = 0◦ and θ = 180◦ (see Fig. 24 for the definition of θ ). As shown in
Fig. 2(b) obtained from LES based on the turbulent inflow, each blade of the straight-bladed VAWT
is located at one specific θ at an instant time of the rotation, resulting in similar aerodynamic forces
at different vertical locations along the same blade but different force magnitudes and directions
for different blades. In contrast, each twisted blade of the helical VAWT covers a wide range of θ

(135◦). As shown in Fig. 2(c), the corresponding aerodynamic force of each helical blade varies
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FIG. 2. (a) Illustration of the force vectors Fn at different azimuth angle θ . The reference vector shown on
the top-right corner of (a) has a magnitude of ρU 2

0 c�H/2. Panels (b) and (c) show the near-wake instantaneous
flow structures for cases S6 and H6, respectively, visualized using the isosurfaces of ũ = 10 m/s (in blue), and
the instantaneous locations of the VAWT blades visualized using the isosurface of Gb = 0.005 and colored
based on the local magnitude of the distributed streamwise force fε,1. See Eq. (A14) in Appendix A for the
definition of Gb.

continuously. In the following subsections, the effects of the blade geometry on the VAWT wake
flow characteristics and wind power generation are investigated based on the LES data.

A. Instantaneous flow field

To illustrate the effects of the helical-shaped VAWT blades on the wake flow characteristics, first
the instantaneous velocity fields obtained from the various LES cases are compared. Figure 3 shows
the 3D visualizations of the wake flows behind the straight-bladed (case S6) and helical-bladed (case
H6) VAWTs at λ = 0.6. The 3D wake structures are visualized using the isosurfaces of ũ = 10 m/s,

FIG. 3. Illustration of three-dimensional turbulent wake flows behind (a) straight-bladed (case S6) and
(b) helical-bladed (case H6) VAWTs. The wake flow structures are visualized using the isosurfaces of ũ =
10 m/s (in blue). The turbine blades are visualized using the isosurfaces of Gb = 0.005 (in black). See Eq. (A14)
in Appendix A for the definition of Gb.
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FIG. 4. Instantaneous streamwsie velocity ũ in flows past VAWTs rotating at λ = 0.6: (a), (c) straight-
bladed VAWT (case S6); (b), (d) helical-bladed VAWT (case H6). The top-row panels (a), (b) show the (x, y)
plane across the rotor center height (at z = z0), and the bottom-row panels (c), (d) show the (x, z) plane across
the rotor axis (at y = y0). In (a) and (b), the instantaneous locations of VAWT blades are denoted by the isolines
(solid lines) of Gb = 0.005. See Eq. (A14) in Appendix A for the definition of Gb. In (c) and (d), the VAWT
rotor regions projected onto the (x, z) plane are enclosed by the dashed lines. In (d), the inclination angle of
φ = 57.5◦ estimated based on Eq. (3) is denoted by the dash-dot lines.

corresponding to a velocity deficit of �ũ = U0 − ũ = 3 m/s. The corresponding 2D planar views of
the velocity fields in cases S6 and H6 are shown in Figs. 4–6.

In the straight-bladed VAWT case S6 [Fig. 3(a)], the azimuth angle of rotation θ is synchronized
for different sections of each straight blade. As a result, the wake flow structures (i.e., low-speed
streaks) appear in the form of quasi-2D vertical sheets inside the rotor cylindrical region and in
the near wake (at x − x0 � 4R), where the blade-induced velocity fluctuations are primarily in
the x and y directions. The quasi-2D (x, y)-plane flow motions in the near-wake region behind
the straight-bladed VAWT can also been seen clearly from the planar views of the three velocity
components (̃u, ṽ, w̃) as shown in Figs. 4–6. At x − x0 � 4R, the contours of ũ and ṽ show
considerable fluctuations with organized vertical patterns on the (x, z) plane [see Figs. 4(a) and
4(c) and Figs. 5(a) and 5(c)], while the magnitude of w̃ appears to be small in the near wake
except in the two shear layers at z − z0 = ±R [see Figs. 6(a) and 6(c)]. Further downstream in
the far wake (x − x0 > 4R), the quasi-2D wake flow structures break up into smaller 3D structures
and the wake flow transitions to turbulence, which can be seen directly from the 3D visualization
[Fig. 3(a)]. Consistently, the 2D velocity fields show that the magnitude of w̃ [Fig. 6(c)] becomes
comparable to that of ṽ [Fig. 5(c)] at x − x0 > 4R. Similar to the von Kármán vortex street in
flow past a cylinder [86,87], the quasi-2D vortices generated by the several straight blades cause
self-induced (x, y)-plane motions in the wake flow, resulting in noticeable spanwise expansion of
the wake as it extends downstream [see Figs. 4(a) and 5(a)].

In contrast, in the helical-bladed VAWT case H6 [see Fig. 3(b)], the combined effects of the
blade twist and turbine rotation result in a systematic shift of the azimuth angle θ for different
sections of the same blade, i.e., there is a phase delay of θ from bottom to top for each blade during
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FIG. 5. Instantaneous spanwsie velocity ṽ in flows past VAWTs rotating at λ = 0.6: (a), (c) straight-bladed
VAWT (case S6); (b, d) helical-bladed VAWT (case H6). The top-row panels (a), (b) show the (x, y) plane
across the rotor center height (at z = z0), and the bottom-row panels (c), (d) show the (x, z) plane across the
rotor axis (at y = y0). In (a) and (b), the instantaneous locations of VAWT blades are denoted by the isolines
(solid lines) of Gb = 0.005. See Eq. (A14) in Appendix A for the definition of Gb. In (c) and (d), the VAWT
rotor regions projected onto the (x, z) plane are enclosed by the dashed lines.

the turbine rotation. Consequently, the low-speed streaks generated by the helical-shaped blades in
case H6 exhibit many more 3D features than those in case S6. For example, the low-speed wake
structures generated by different helical blades are inclined with respect to the vertical direction.
This inclination can be seen clearly from the contours of (̃u, ṽ, w̃) near the turbine blades as shown
in Figs. 4(d), 5(d), and 6(d). Take ũ in Fig. 4(d) as an example, and let φ be the inclination angle
between the z direction and the low-speed streaks of ũ projected onto the (x, z) plane. By neglecting
the effect of turbulent fluctuations, the value of φ can be estimated as

φ = arctan

(
aU0

/(γ /H )

)
= arctan

(
aγ R

λH

)
, (3)

where a is a factor accounting for the reduction of the streamwise advection speed of the blade
wakes relative to the mean inflow speed U0. For case H6, an estimated value of a ≈ 0.8 [based on
the time-averaged streamwise velocity in the near wake; see Figs. 10(b) and 10(d) in Sec. IV B]
yields φ ≈ 57.5◦ [shown by the dash-dot lines in Fig. 4(d)], which is very close to the inclination
angle observed directly from the LES results. If a lower TSR is used (e.g., case H4 with λ = 0.4),
the inclination angle φ is expected to increase as shown by Eq. (3).

In case H6, the helical blades located on the downstream side of the turbine rotor also have
more chance to cut through the low-speed streaks generated by the upstream blades, inducing more
disturbances to the low-speed flow sheets to trigger the transition of the wake toward the turbulent
state. As shown in Fig. 3(b), in case H6 the velocity isosurfaces already show the sign of turbulence
at x − x0 ≈ 2R. The helical-bladed VAWT generates highly 3D flow motions in the wake, as shown
by the fluctuations of the three velocity components with comparable magnitudes [see Figs. 4(b),
4(d), 5(b), 5(d), 6(b), 6(d)]. Without the quasi-2D von Kármán vortex street wake flow pattern like in
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FIG. 6. Instantaneous vertical velocity w̃ in flows past VAWTs rotating at λ = 0.6: (a), (c) straight-bladed
VAWT (case S6); (b), (d) helical-bladed VAWT (case H6). The top-row panels (a), (b) show the (x, y) plane
across the rotor center height (at z = z0), and the bottom-row panels (c), (d) show the (x, z) plane across the
rotor axis (at y = y0). In (a) and (b), the instantaneous locations of VAWT blades are denoted by the isolines
(solid lines) of Gb = 0.005. See Eq. (A14) in Appendix A for the definition of Gb. In (c) and (d), the VAWT
rotor regions projected onto the (x, z) plane are enclosed by the dashed lines.

case S6, the wake flow of the helical-bladed VAWT in case H6 does not exhibit significant spanwise
expansion towards the downstream.

B. Time-averaged velocity fields

Time-average statistics of the wake flows are calculated based on 8304 instantaneous snapshots
sampled between t = 0.346 s and 8.65 s (corresponding to 67 full rotation cycles for λ = 0.6 and
47 cycles for λ = 0.4), with a fixed sampling time interval of 0.001 s (i.e., one sample per every 50
simulation time steps). Note that the period for one VAWT rotation is about 0.121 s for λ = 0.6 and
about 0.181 s for λ = 0.4. The current time-average sampling interval is sufficiently small to ensure
that the near-wake flow unsteadiness related to the rotation phase of the VAWT gets averaged out
smoothly. Hereinafter, f denotes the time average of a physical quantity f̃ resolved by LES, and
f ′ = f̃ − f denotes the corresponding temporal fluctuation.

As shown by the instantaneous flow fields in Sec. IV A, different blade shapes can generate
distinct differences in the 3D characteristics of the wake flow. The differences are also reflected in
the time-averaged velocity fields. Figure 7 compares the time-averaged spanwise velocity v on the
(x, y) plane at z = z0 in cases S6 and H6, and Fig. 8 compares the corresponding time-averaged
vertical velocity w. In the straight-bladed VAWT case S6, the mean wake flow is dominated by
the spanwise expansion of the wake, as indicated by the high magnitude of v in Fig. 7(a) and
the low magnitude of w in Fig. 8(a). Figure 9(a) shows the corresponding (y, z)-plane view of
v at x − x0 = 8R for case S6. On the y − y0 < 0 side (i.e., the left half in Fig. 9(a)), the mean
flow motion along the −y direction generates a pair of counter-rotating streamwise vortices Ln and
Lp. In particular, Ln has a negative mean streamwise vorticity ωx < 0 and Lp has a positive mean
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FIG. 7. Time-averaged spanwsie velocity v in flows past straight- and helical-bladed VAWTs rotating at
λ = 0.6: (a) case S6; (b) case H6. The (x, y) plane at z = z0 is shown, with the rotor region denoted by the
dashed-line circle.

FIG. 8. Time-averaged vertical velocity w in flows past straight- and helical-bladed VAWTs rotating at
λ = 0.6: (a) case S6; (b) case H6. The (x, y) plane at z = z0 is shown, with the rotor region denoted by the
dashed-line circle.

FIG. 9. Time-averaged velocity fields on the (y, z) plane at x − x0 = 8R. Panel (a) shows the color contours
of v for case S6. Panel (b) shows the color contours of w for case H6. In each panel, the dashed isoline of
u/U0 = 0.98 is used to highlight the wake region. The primary vortices associated with the mean wake flow
motions on the (y, z) plane are highlighted by the 2D streamlines based on (v, w), and labeled based on the
relative location (“L” for left and “R” for right) and the sign of the vorticity ωx (subscript “p” for positive ωx

and “n” for negative ωx).
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FIG. 10. Time-averaged streamwsie velocity u in flows past VAWTs rotating at λ = 0.6: (a), (c) straight-
bladed VAWT (case S6); (b), (d) helical-bladed VAWT (case H6). The top-row panels (a), (b) show the
(x, y) plane across the rotor center height (at z = z0) and the bottom-row panels (c), (d) show the (x, z) plane
across the rotor axis (at y = y0). In each panel, the VAWT rotor region is denoted by the dashed lines.

streamwise vorticity ωx > 0, as indicated by the local 2D streamline patterns of the mean velocities
(v,w). Similarly, on the y − y0 > 0 side [i.e., the right half in Fig. 9(a)], the mean spanwise flow
motion along the +y direction generates another pair of counter-rotating streamwise vorticies Rp

and Rn, which have opposite rotating directions as Ln and Lp, respectively. The (y, z)-plane mean
flow pattern in case H6 is very different from that in case S6. As shown in Fig. 8(b), the rotating
helical-shaped blades generate two regions with mean upward flows near y − y0 = ±R, which are
accompanied by two downward flow regions on the inner sides of the turbine wake. Blade-induced
vertical flow motions have also been reported in previous studies of flows past helical-bladed
VAWTs at higher TSRs [29,46,47]. For the current helical-bladed VAWT illustrated in Fig. 3(b),
the bottom end of each blade cuts underneath the flow and lift it along the inclined blade surface
when rotating counterclockwise, which is similar to the effect of a screwdriver. Associated with the
upward-downward counter flow motions, there are two primary mean streamwise vorticies Ln and
Rp as shown in Fig. 9(b).

The differences in the mean (y, z)-plane flow motions in cases S6 and H6 cause the wake flows
in these two cases to develop differently towards the downstream. Figure 10 shows the (x, y)- and
(x, z)-plane views of the mean streamwise velocity u for cases S6 and H6, and Fig. 11 shows the
corresponding u contours on the (y, z) planes at three different streamwise locations. In case S6, the
wake expands mainly in the spanwise direction. The counter-rotating motions of vorticies Ln and
Rp induce downward flows in between; similarly, upward flows are generated between Lp and Rn.
These inward mean flows suppress the vertical expansion of the wake in case S6, which can be seen
in Figs. 10(c) and 11(a). In contrast, the vertical counter-flow motions in case H6 [see Fig. 9(b)]
cause the wake of the helical-bladed VAWT to mainly expand in the vertical direction, which is
shown clearly in Fig. 11(b).

In the near-wake region (at x − x0 � 4R) of case S6 [see Fig. 10(a)], the contours of u show
three distinct low-speed streaks, corresponding to the three streets of instantaneous velocity deficit
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FIG. 11. Time-averaged streamwsie velocity u in flows past VAWTs rotating at λ = 0.6: (a) straight-bladed
VAWT (case S6); (b) helical-bladed VAWT (case H6). The contours of u/U0 are shown on three representative
(y, z) planes at x − x0 = 4R, 12R and 20R. On each plane, the solid isoline of u/U0 = 0.98 is used to highlight
the edge of the wake region.

structures shedding from the straight VAWT blades that can be seen in Fig. 4(a). These low-speed
streaks are not well blended because the flow structures are still in the form of organized 2D vertical
sheets in the near wake [see Fig. 3(a)], which do not provide sufficient mixing. At x − x0 > 4R,
the wake flow transitions to turbulence and the contours of u become much smoother along the
spanwise direction due to turbulent mixing. Note that u shown in Fig. 10(c) does not appear to have
significant deficit in the near wake at x − x0 � 4R. This is because Fig. 10(c) shows the (x, z) plane
at y = y0, which coincides with the spanwise location of the narrow gap between two low-speed
streaks shown in Fig. 10(a) (i.e., the narrow region at x − x0 = 1R ∼ 4R around y = y0).

For wind energy harvesting, wind turbines are often deployed in the form of large arrays. The
wind speed recovery of the turbine wake is crucial for the overall performance of the turbine
array. Using the time-averaged velocity at the inflow boundary as the reference, the turbine-induced
mean streamwise velocity deficit can be calculated as �u(x, y, z) = u(0, y, z) − u(x, y, z). Because
u(0, y, z) is identical in all the simulation cases, the differences exhibited in �u are expected to
be due to the blade geometry. Figure 12 shows the spanwise profiles of �u at z = z0 and different
streamwise locations for cases S6 and H6, and Fig. 13 shows the corresponding vertical profiles
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FIG. 12. Spanwise profiles of mean streamwise velocity deficit �u for cases S6 (solid lines) and H6
(dashed lines). The profiles are extracted from the (x, y) plane of z = z0 at different streamwise locations
x − x0 = (a) 4R, (b) 12R, and (c) 20R.

at y = y0. In the near-wake region at x − x0 = 4R, Fig. 13(a) shows that the vertical profile of
�u for case S6 has a noticeably lower peak value than that for case H6. It should be noted that
this lower peak value of the �u(z) profile at x − x0 = 4R is because the spanwise location where
the profile is extracted (y = y0) coincides with the location of low-�u streak, which can be seen
clearly in Figs. 10(a), 11(a), and 12(a). It is a local feature in the near-wake region of case S6
and does not indicate that the straight-bladed VAWT in case S6 generates less velocity deficit than
the helical-bladed VAWT in case H6. Overall, the wake of case H6 exhibits comparable velocity
recovery along the center line [(y0, z0)] as that of case S6, but with much narrower spanwise
width, e.g., about 4R in case H6 versus about 6R in case S6 at x − x0 = 20R. The difference in
the vertical width of the wake along the center (at y = y0) in these two cases is less significant,
with the H6 case exhibiting slightly wider vertical extension of the wake than that in case S6.
Note that one commonly considered strategy for improving the wind farm performance is to deploy
turbines in staggered array pattern in order to avoid the impacts of the upstream turbine wakes
to the downstream ones [26,88–90]. The simulation results in Fig. 12 suggest that for VAWTs
operating at relatively low TSRs, using the helical-bladed VAWT design may increase the chance
for the downstream VAWTs to avoid the relatively narrow wakes of the upstream VAWTs, which
may improve the overall performance of the VAWTs array. Note that reduced-order wake models
[91,92] have been developed and used as cost efficient tools for designing wind farms. They rely
on information such as wake expansion rate in order to model the downstream development of the

FIG. 13. Vertical profiles of mean streamwise velocity deficit �u for cases S6 (solid lines) and H6 (dashed
lines). The profiles are extracted from the (x, z) plane of y = y0 at different streamwise locations x − x0 = (a)
4R, (b) 12R, and (c) 20R.
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FIG. 14. Spanwise profiles of mean streamwise velocity deficit �u for cases H6 (dashed lines) and H4 (dot
dot dashed lines). The profiles are extracted from the (x, y) plane of z = z0 at different streamwise locations
x − x0 = (a) 4R, (b) 12R, and (c) 20R.

wake. The results shown above suggest that it may be necessary to take into account blade geometry
effect when developing reduced-order model for VAWTs.

Figures 14 and 15 compare the spanwise and vertical profiles of �u for cases H6 and H4. When
the TSR is reduced to λ = 0.4, the profiles of �u appear to have similar shapes as those for λ = 0.6,
but with smaller magnitudes. This comparison suggests that the effects of the helical-shaped blades
on the wake flow characteristics are qualitatively similar at λ = 0.4 and 0.6.

Because the helical-bladed VAWT considered in this study spins freely at λ = 0.6 (see Sec. III),
we do not include other simulation cases with higher TSR. For comparison, Gharaati et al. [47]
simulated VAWT wake flows for a higher TSR of λ = 1.19. Different from cases S6 and H6 reported
in this study (see Figs. 10–13), the helical- and straight-bladed VAWTs with λ = 1.19 generated
wake flows with similar spanwise and vertical widths; for the straight-bladed VAWT, the mean
streamwise velocity contours in the near-wake region also appear to be much smoother at λ = 1.19
(see Figs. 13–15 in Ref. [47]) than at λ = 0.6 due to the more significant stirring effects induced
by faster rotating blades. Note that the VAWTs considered in Gharaati et al. [47] have different
parameters from the VAWTs considered in this study. Thus the comparison discussed here should
be regarded as qualitative rather than quantitative.

FIG. 15. Vertical profiles of mean streamwise velocity deficit �u for cases H6 (dashed lines) and H4 (dot
dot dashed lines). The profiles are extracted from the (x, y) plane of z = z0 at different streamwise locations
x − x0 = (a) 4R, (b) 12R, and (c) 20R.
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FIG. 16. Streamwise velocity variance u′u′ in flows past VAWTs rotating at λ = 0.6: (a), (c) straight-bladed
VAWT (case S6); (b), (d) helical-bladed VAWT (case H6). The top-row panels (a), (b) show the (x, y) plane
across the rotor center height (at z = z0), and the bottom-row panels (c), (d) show the (x, z) plane across the
rotor axis (at y = y0). In each panel, the VAWT rotor region is denoted by the dashed lines.

C. Time-averaged statistics of velocity fluctuations

In addition to the effects on the mean velocity field, the shape of the VAWT blade also affects
the turbulent characteristics of the wake flow. Figures 16–18 show the 2D views of the velocity
variances u′u′, v′v′, and w′w′, respectively, for cases S6 and H6.

In the straight-bladed VAWT case S6, u′u′ in Figs. 16(a) and 16(c) and v′v′ in Figs. 17(a) and
17(c) exhibit high values within the rotor region and in the near wake (at x − x0 � 4R), where
the velocity fluctuations are dominated by the quasilaminar quasi-2D unsteady flow motions in the
(x, y) plane induced by the rotating straight blades as illustrated in Fig. 3(a). In the same near-turbine
region, w′w′ shown in Figs. 18(a) and 18(c) appears to be negligible due to the quasi-2D motions,
except in the two shear layers at around z − z0 = ±R [see Fig. 18(c)]. Further downstream (x − x0 >

4R), the wake flow transitions to 3D turbulence, resulting in more vertical fluctuations [Figs. 18(a)
and (18c)]. In contrast, the helical-bladed VAWT case H6 exhibits comparable magnitudes for the
spanwise velocity variance v′v′ [Figs. 17(b) and 17(d)] and the vertical velocity variance w′w′
[Figs. 18(b) and 18(d)] in the near-wake region because of the 3D characteristics of the helical-
bladed VAWT wake. The wake flow in case H6 exhibits weaker v′v′ but stronger w′w′ than that
in case S6. The streamwise velocity variance u′u′ in the near wake of case H6 also appears to be
stronger than that in case S6.

Combining the three velocity fluctuation components together, k = (u′u′ + v′v′ + w′w′)/2 mea-
sures the overall fluctuation level of the wake flow. For simplification, we refer to k as the
time-averaged turbulent kinetic energy (TKE) even though the velocity fluctuations close to the
VAWT rotor region are dominated by quasilaminar unsteady wake oscillations rather than turbu-
lence. Figure 19 compares the (x, y) and (x, z) planar distributions of k for cases S6 and H6, and
Fig. 20 compares the (y, z) planar distributions of k at three different streamwise locations. Cases S6
and H6 exhibit similar magnitudes of k in the near-wake region. Towards downstream, the region of
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FIG. 17. Spanwise velocity variance v′v′ in flows past VAWTs rotating at λ = 0.6: (a), (c) straight-bladed
VAWT (case S6); (b), (d) helical-bladed VAWT (case H6). The top-row panels (a), (b) show the (x, y) plane
across the rotor center height (at z = z0), and the bottom-row panels (c), (d) show the (x, z) plane across the
rotor axis (at y = y0). In each panel, the VAWT rotor region is denoted by the dashed lines.

FIG. 18. Vertical velocity variance w′w′ in flows past VAWTs rotating at λ = 0.6: (a), (c) straight-bladed
VAWT (case S6); (b), (d) helical-bladed VAWT (case H6). The top-row panels (a), (b) show the (x, y) plane
across the rotor center height (at z = z0), and the bottom-row panels (c), (d) show the (x, z) plane across the
rotor axis (at y = y0). In each panel, the VAWT rotor region is denoted by the dashed lines.
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FIG. 19. Time-averaged TKE k = (u′u′ + v′v′ + w′w′)/2 in flows past VAWTs rotating at λ = 0.6: (a), (c)
straight-bladed VAWT (case S6); (b), (d) helical-bladed VAWT (case H6). The top-row panels (a), (b) show the
(x, y) plane across the rotor center height (at z = z0), and the bottom-row panels (c), (d) show the (x, z) plane
across the rotor axis (at y = y0). In each panel, the VAWT rotor region is denoted by the dashed lines.

high turbulence intensity in case S6 expands considerably in the spanwise direction with negligible
expansion in the vertical direction [Figs. 19(a), 19(c), and 20(a)]; in case H6, the high turbulence
intensity region expands slightly in the vertical direction, with negligible expansion in the spanwise
direction [Figs. 19(b), 19(d), and 20(b)].

Because k consists of contributions from both quasi-laminar unsteady fluctuations caused by
rotating VAWT blades and true turbulent fluctuations, here the SGS kinetic energy dissipation is
used to help identify the regions dominated by turbulent fluctuations. The time-averaged SGS kinetic

energy dissipation is defined as εsgs = νsgs
∂ ũi
∂x j

∂ ũi
∂x j

. It represents the kinetic energy cascade from the
LES resolved grid scale to unresolved subgrid scales [93–95]. Flow regions with more turbulence
motions are expected to have high values of εsgs, as shown in Fig. 21. In case S6, εsgs exhibits much
stronger correlation with w′w′ than with u′u′ and v′v′, and the low SGS dissipation in the near wake
confirms the dominance of quasilaminar wake flow motions there. Compared with case S6, case H6
shows much higher SGS dissipation in the VAWT wake at x − x0 � 12R, suggesting that the more
3D turbulent flow structures in the wake behind helical-bladed VAWT help promote the transition
to turbulence and enhance the decay of turbulence intensity of the wake.

Note that in the higher TSR cases (i.e., λ = 1.19) reported in Gharaati et al. [47], the helical-
bladed VAWTs affect the turbulence statistics by inducing a noticeable vertical tilting of the wake.
For example, in their helical VAWT case with similar blade twist direction as the current case H6,
the faster rotating helical blades induce mean vertical flow motions that tilt the central region of
the VAWT wake upward [29,47], which increases the velocity shear and enhances the turbulence
intensity in the shear layer at the upper edge of the VAWT wake. Unlike the significant difference
in the downstream development of the turbulence intensity in cases S6 and H6 shown in Fig. 20,
in the higher TSR cases reported in Gharaati et al. [47] the turbulence statistics in the far-wake
region appear to be qualitatively similar, with quantitative differences (e.g., the peak magnitude and
location) caused by the vertical tilting of the wake.
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FIG. 20. Time-averaged TKE k in flows past VAWTs rotating at λ = 0.6: (a) straight-bladed VAWT (case
S6); (b) helical-bladed VAWT (case H6). The contours of k/U 2

0 are shown on three representative (y, z) planes
at x − x0 = 4R, 12R and 20R. On each plane, the solid isoline of u/U0 = 0.98 is used to highlight the edge of
the wake region.

D. Torque and power

In this subsection, the performances of the straight- and helical-bladed VAWTs in power gen-
eration are quantified and compared. For each turbine blade element, only the wind-induced force
projected to the s direction (i.e., the chord direction; see Fig. 24 in Appendix A) contributes to the
torque for rotating the VAWT and generating power. Assume the nth element of the mth blade is
located at the rotation azimuth angle θm

n . The corresponding streamwise and spanwise wind-induced
forces are denoted as Fn,1(θm

n ) and Fn,2(θm
n ) and calculated based on Eqs. (A1) and (A2), respectively

(see Appendix A). Projecting Fn,1 and Fn,2 to the s direction yields

Fn,s
(
θm

n

) = Fn,1
(
θm

n

)
sin θm

n − Fn,2
(
θm

n

)
cos θm

n . (4)

The instantaneous wind-induced torque on the VAWT can be calculated as

τ =
Nb∑

m=1

Ne∑
n=1

Fn,s
(
θm

n

)
R, (5)
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FIG. 21. Time-averaged subgrid-scale turbulence dissipation rate εsgs = ντ
∂ ũi
∂x j

∂ ũi
∂x j

in flows past VAWTs
rotating at λ = 0.6: (a), (c) straight-bladed VAWT (case S6); (b), (d) helical-bladed VAWT (case H6). The
top-row panels (a), (b) show the (x, y) plane across the rotor center height (at z = z0), and the bottom-row
panels (c), (d) show the (x, z) plane across the rotor axis (at y = y0). In each panel, the VAWT rotor region is
denoted by the dashed lines.

and the resulted power generation rate is

P = τ = τ
λU0

R
. (6)

The corresponding torque and the power coefficients are defined as

Cτ = τ

ρHR2U 2
0

, (7)

Cp = P

ρHRU 3
0

. (8)

Figure 22 shows the time evolution of the VAWT torque coefficient Cτ and power coefficient
Cp within one full rotation period T0 for all four cases S6, S4, H6, and H4. The straight-bladed
VAWT cases exhibit five distinct peaks in the Cτ and Cp curves, corresponding to the five straight
blades when each rotates to the favorable azimuth angle range for torque generation (i.e., when θ

is within the range of about 220◦–320◦). Two representative instant times t = 7.68 s and 7.70 s are
chosen based on the torque curve of case S6 shown in Fig. 22. The corresponding instantaneous
flow fields are shown in Fig. 23, and the torque contributions from different VAWT blades are listed
in Table III.

In cases S6 and S4, the straight-bladed VAWT experienced five short periods of negative
instantaneous torque and power during the rotation as shown in Fig. 22. This phenomenon, the
“Dead Zone” [96], is a known issue when straight-bladed VAWTs rotate at low TSRs [96–99]. In
cases S6 and S4, the VAWT was able to escape the dead zone with the angular momentum of the
rotation gained from the periods of positive torque. But the instantaneous torque and power of the
VAWT exhibit noticeable temporal variations as shown in Fig. 22 (see the solid and dash-dot lines).
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FIG. 22. Time series of VAWT (a) torque coefficient Cτ and (b) power coefficient Cp within one rotation
period T0 (starting from tref = 7.60 s) for different cases: −−−, S6; − · −, S4; −−, H6; − · ·−, H4. For the two
instant times of case S6 marked in panel (a), ∗ for t = 7.68 s and ◦ for t = 7.70 s, the corresponding (x, y) plane
views of the instantaneous flow field are shown in Fig. 23.

In contrast, the twisted blades of the helical VAWT allow different vertical sections of the blades
to cover the full range of θ continuously during the rotation, resulting in much smoother time
evolution of Cτ and Cp (see the dashed and dash-dot-dot curves in Fig. 22). Table IV summarizes the
mean values and RMS deviations of Cp for the four simulation cases. At the higher TSR of λ = 0.6,
both the straight-bladed and helical-bladed VAWTs (cases S6 and H6) show comparable mean
power coefficient at around 0.02, but the RMS deviation of Cp in case H6 is one order of magnitude
smaller than that in case S6. At the lower TSR of λ = 0.4, both VAWTs show low mean values for

FIG. 23. Instantaneous streamwise velocity on the (x, y) plane at z = z0 for case S6 at the two instant times
marked in Fig. 22(a): (a) at t = 7.68 s; (b) at t = 7.70 s. The five blades of the straight VAWT are labeled, and
the corresponding instantaneous torque coefficients of different blades are listed in Table III.
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TABLE III. Torque contribution from every blade in case S6 at the two instant times shown in Fig. 23.

t = 7.68 s t = 7.70 s

Blades θ Cτ θ Cτ

1 21 −0.008 75 −0.006
2 93 0.0006 147 −0.0013
3 165 0.0014 219 0.0035
4 237 0.029 291 0.0115
5 309 0.038 3 −0.0177

the Cp, indicating that the VAWTs are not operating at an optimal condition at this low TSR. It should
be noted that λ = 0.6 is chosen based on the rotating speed of the helical-bladed VAWT observed in
the wind tunnel test (see Sec. III). The simulation cases for λ = 0.4 were performed to illustrate that
the key effects of the blade geometry on the VAWT wake characteristics observed at λ = 0.6 still
persist at other lower TSRs. Note that the temporal variations of the power generation rate by wind
turbines usually are managed using some power control mechanisms [10,11,13]. The relatively low
temporal fluctuations of Cp shown in cases H6 and H4 suggest that using helical-shaped blades may
help simplify the power control module of the VAWT, which may lead to less frequent maintenance
and lower maintenance cost. The lower temporal fluctuations achieved by the helical blades may
also help reduce the fatigue loads to extend the lifespan of the turbine [100].

It should be pointed out that the VAWTs considered in this study were not optimized for high
power efficiency at low TSR. The relatively low mean power coefficients shown in Table III were
needed to balance the friction effect of the center shaft for the VAWTs to rotate steadily in the wind
tunnel test (see Sec. III). It is a commonly recognized challenge for VAWTs to maintain high power
coefficient at low TSRs due to the effect of dynamic stalls [101]. It remains an active research area to
optimize the VAWT performance at low TSRs [98,102], which goes beyond the scope of the current
study. Note that for the commercial helical-bladed VAWT studied in Wei et al. [29] and Gharaati
et al. [47], the measured power coefficients were in the range of 0.04–0.09 at λ = 1.19–1.40. The
mean power coefficients for cases S6 and H6 considered in this study are lower but still have the
same order of magnitude, suggesting that they may be adequate to serve as supplementary power
sources for urban applications.

V. CONCLUSIONS AND DISCUSSION

In this study, the turbulent flows past straight- and helical-bladed VAWTs rotating at relatively
low tip speed ratios are simulated using LES and ALM. Both the straight- and helical-bladed
VAWTs have identical key parameters, including the rotor radius and height, blade number, blade
cross-sectional geometry. The flows past these two VAWTs were simulated at two TSRs, λ = 0.6
(chosen based on the wind tunnel test) and λ = 0.4 (chosen to be arbitrarily low for comparison

TABLE IV. Mean values and RMS deviations of the power coefficient Cp.

Case Cp mean Cp RMS deviation

S6 1.07 × 10−2 1.37 × 10−2

S4 1.15 × 10−3 7.97 × 10−3

H6 1.06 × 10−2 8.78 × 10−4

H4 1.60 × 10−3 5.24 × 10−4
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purposes). The simulation results are analyzed and compared to help elucidate the effects of the
blade geometry on the wake flow characteristics.

Direct observation of the instantaneous flow fields shows that the wake behind the straight-bladed
VAWT experiences transition from quasilaminar 2D flow motions in the (x, y) plane in the near-
wake region to 3D turbulence in the far-wake region. Consequently, the mean wake flow exhibits
growth mainly in the spanwise direction as the wake extends downstream. In contrast, the wake
flow behind helical-bladed VAWT exhibits considerable 3D features even in the near-wake region.
The combination of the blade twist and rotating direction of the helical-bladed VAWT generates a
screwdriver effect, resulting in a mean wake flow pattern of upward flows at around y − y0 = ±R
accompanied by downward flows adjacent to them on the inner side of the wake region. This mean
vertical flow pattern causes the wake behind the helical-bladed VAWT to grow mainly in the vertical
direction, with negligible growth of the spanwise width as the wake extends downstream.

Furthermore, statistical analyses of the velocity fluctuations show that the wake of the straight-
bladed VAWT has weaker SGS turbulence dissipation than that of the helical-bladed VAWT.
Consequently, the helical-bladed VAWT helps reduce the turbulence intensity of the wake flow in
the far-wake region. Combining the smaller spanwise width and the lower turbulence intensity of the
far-wake region, the simulation results obtained from the current LES study suggest that potential
impacts (e.g., reduced wind speed, increased velocity fluctuation) of the upstream VAWTs on other
VAWTs located downstream can be less significant in the helical-bladed VAWT case. Thus, it may
be beneficial to employ the helical-bladed design instead of the straight-bladed design if multiple
VAWTs need to be deployed in an array configuration for power extraction. Note that these benefits
do not come with the price of reduced power extraction, since the helical-bladed VAWT showed
comparable mean value and lower RMS deviation of the power coefficient when compared with the
straight-bladed VAWT.

It should be noted that this study focuses on investigating the effects of helical blades on the
VAWT wake characteristics. The straight- and helical-bladed VAWTs modeled in LES are based
on a specific set of key parameters (see Table I), and only one blade twist angle is considered
due to the high computational cost of each simulation case. As pointed out in Sec. IV, although
some qualitative comparison may be made between the current LES cases and the higher TSR
cases reported in Gharaati et al. [47], a more quantitative comparison cannot be made directly
because the VAWT parameters and the inflow conditions considered in the two studies are very
different. Nevertheless, the differences in the wake flow characteristics between the straight- and
helical-bladed VAWTs reported in the current study appear to be limited to low TSR conditions.
Araya et al. [23] proposed to use the dynamic solidity defined as σD = 1 − 1/2πσλ to characterize
the wake flows of different VAWTs, and showed that increasing σD leads to an earlier transition of
the VAWT wake to bluff-body dynamics similar to the flow past a cylinder. For the S6 and H6 cases
considered in this study, the corresponding value is σD ≈ −0.15 < 0, indicating that VAWT wake
behaves less like that past a cylinder in both near- and far-wake regions [23]. Indeed, as shown by
the instantaneous and time-averaged flows in Sec. IV, the wake flows exhibit more of the collective
effects of individual wakes from each blade at the low TSRs. For comparison, the cases studied in
Gharaati et al. [47] and Wei et al. [29] have σD ≈ 0.51. As a result, the overall characteristics of the
far-wake for the straight- and helical-bladed VAWTs appear to be qualitatively similar; the helical
blades induce additional mean vertical motion in the near-wake region to affect the mean velocity
and turbulence statistics.
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FIG. 24. Schematics of the physical quantities involved in the modeling of the VAWT blade forces.
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APPENDIX A: ACTUATOR LINE METHOD FOR MODELING WIND TURBINE

In the current LES modeling framework, the effect of the rotating VAWT blades on the flow is
modeled using the ALM. Assume the VAWT rotor has a radius of R (the radial distance from the
chord of each blade to the center axis of the VAWT). It consists of Nb blades. Each blade has a
chord length of c, a cross-sectional thickness of tb, and a vertical height of H . The rotor rotates at
the angular speed of  counterclockwise.

In the LES model, each VAWT blade is discretized evenly into Ne elements, with a vertical height
of �H = H/Ne for each element. For the nth element of a VAWT blade, the aerodynamic force
acting on it is Fn = Fn,1ê1 + Fn,2ê2, where ê1 and ê2 are the unit vectors in the x and y directions,
respectively. The force components are computed as

Fn,1 = − 1
2ρV 2

rel c �H[C∗
L cos(θ + α) + C∗

D sin(θ + α)], (A1)

Fn,2 = 1
2ρV 2

rel c �H[−C∗
L sin(θ + α) + C∗

D cos(θ + α)]. (A2)

As illustrated in Fig. 24, Vrel is the relative horizontal velocity vector of the local air inflow with
respect to the blade element, where

Vrel = (̃u − R  sin θ )ê1 + (̃v + R  cos θ )ê2; (A3)

Vrel is the magnitude of Vrel; θ is the azimuth angle of the blade rotation; C∗
L and C∗

D are the lift and
drag coefficients with dynamic stall correction [103]; and α is the local angle of attack of the inflow
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relative to the rotating blade calculated based on

α = arctan

( − cos(θ − β )

− sin(θ − β ) + R /Ũh

)
, (A4)

where β = arctan(̃v/̃u) is the horizontal directional angle of the inflow wind velocity, and Ũh =√
ũ2 + ṽ2 is the magnitude of the inflow horizontal velocity.
In the present study, the modified Boeing-Vertol model [104] is used to model the effect of

dynamic stall [103] caused by the rapid changes in angle of attack when the VAWT blades rotate
in turbulent flow. In particular, the effective angles of attack to be used for determining the lift and
drag coefficients are modeled as [104]

α∗
L = α − γLκ

√∣∣∣∣ cα̇

2Vrel

∣∣∣∣ α̇

|α̇| , (A5)

α∗
D = α − γDκ

√∣∣∣∣ cα̇

2Vrel

∣∣∣∣ α̇

|α̇| , (A6)

respectively, where α̇ = dα/dt is the instantaneous rate of change of α, and γL, γD and κ are
dimensionless model coefficients expressed as

γL = 1.4 − 6

(
0.06 − tb

c

)
, (A7)

γD = 1 − 2.5

(
0.06 − tb

c

)
, (A8)

κ = 0.75 + 0.25
α̇

|α̇| . (A9)

Based on α∗
L and α∗

D, the lift and drag coefficients with the dynamic stall correction are computed as
[104]

C∗
L =

(
α

α∗
L − α0

)
CL(α∗

L ), (A10)

C∗
D = CD(α∗

D), (A11)

where α0 is the angle of zero lift, which is equal to 0 for symmetric airfoils, and CL and CD are the
static lift and drag coefficients for the airfoil shape of the VAWT blade cross section, respectively.
The values of C∗

L and C∗
D obtained from Eqs. (A10) and (A11) are used in Eqs. (A1) and (A2) to

obtain the two components of the total aerodynamic force for the nth blade element.
Applying Fn as a local point force in the LES model may lead to numerical instability. To avoid

numerical instability and reduce sensitivity of the model to the grid resolution, the blade-induced
aerodynamic force is usually distributed smoothly over a number of grid points in the vicinity of
the blade element [24,40,57,105]. In the current LES model, the widely used three-dimensional
Gaussian kernel method [57–60] is employed to smoothly distribute the aerodynamic force in the
discretized computational domain. The distributed body forces fε,i(i = 1, 2) used in Eq. (2) are
calculated based on

fε,i(x, y, z) =
Ne∑

n=1

Fn,iGn(x, y, z), (A12)

where Fn,i(i = 1, 2) are given by Eqs. (A1) and (A2),

Gn(x, y, z) = ε−3π−3/2 exp
( − r2

n/ε
2
)

(A13)

is the Gaussian kernel function, rn =
√

(x − xn)2 + (y − yn)2 + (z − zn)2 is the distance between a
space point (x, y, z) and the center point of the nth blade element (xn, yn, zn), and ε is the kernel
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width. The specific value of ε used in the present LES study is given in Sec. III. Moreover, an
accumulative function based on the superposition of blade-element Gaussian kernel is constructed
as

Gb(x, y, z) =
Ne∑

n=1

Gn(x, y, z)�x�y�z. (A14)

In this paper, the isosurfaces of Gb are used to visualize the turbine blade locations and the overall
VAWT geometry (straight or helical).

APPENDIX B: INFLOW BOUNDARY CONDITION BASED ON JHTDB

The LESGO model uses the Fourier-series-based pseudospectral method for the spatial dis-
cretizations in the x direction. By default it assumes that the simulated flow is periodic in the
x direction. This is not compatible with the inflow–outflow conditions required for simulating wind
turbine wake flows. To overcome this issue, a fringe-zone method [106] has been implemented in
LESGO and has been successfully used in various LES studies of nonperiodic flows [47,65,107]. In
particular, a fringe zone of finite streamwise length L f r adjacent to the outflow boundary (at x = Lx)
is used to force the simulated flow velocity in the far wake of VAWT to smoothly transition back to
the imposed value at the inflow boundary (at x = 0). Within the fringe zone, the flow velocity vector
is imposed as

ũi(x, y, z, t ) = ũi(x f r, y, z, t )[1 − ψ (x)] + uin,i(y, z, t )ψ (x) , at x ∈ [x f r, Lx], (B1)

where Lx is the streamwise length of the simulation domain, x f r = Lx − L f r is the streamwise
location where the fringe zone starts, ψ (x) = 0.5 − 0.5 cos[π (x − x f r )/L f r] is the fringe function,
and uin,i(i = 1, 2, 3) = (uin, vin,win ) is the imposed instantaneous velocity vector at the LES inflow
boundary.

Following Martínez-Tossas et al. [63], in this study we use the simulation data of HIT from
JHTDB [62] to construct the turbulent inflow condition for the LES. In particular, the inflow velocity
consists of a uniform mean velocity U0 and a fluctuating velocity field from JHTDB. In turbulent
flows, the turbulence intensity is defined as It ≡ √

2k/3/U0, where k = 0.5[(u′
RMS)2 + (v′

RMS)2 +
(w′

RMS)2] is turbulent kinetic energy with (u′
RMS, v

′
RMS,w

′
RMS) being the root-mean-square (RMS)

values for the fluctuations of the three velocity components. In the HIT, u′
RMS = v′

RMS = w′
RMS

and the turbulence intensity becomes It = u′
RMS/U0. The HIT data in JHTDB were obtained from

a direct numerical simulation (DNS) in a 10243 periodic box at a Taylor-scale Reynolds number
of Reλ = u′

RMSλ/ν ≈ 433, where λ is the Taylor microscale. The DNS database velocities are
transformed to the velocities suitable for LES inflow condition based on the following conditions
[63]:

It = u′
RMS

U0
= u′

RMS|DB

U0|DB
, (B2)

where u′
RMS is the desired RMS velocity of the LES, U0 is the desired mean inflow velocity of

the LES, u′
RMS|DB is the RMS velocity of the database, and U0|DB is a sweep velocity for properly

extracting the HIT data from the database (since there is no mean velocity in the original DNS of
the HIT). Matching the desired turbulence intensity yields

U0|DB = u′
RMS|DB

It
. (B3)

Based on U0|DB, a time-evolving turbulence velocity field is extracted from the HIT database,
which is transformed to LES inflow velocities uin,i(y, z, t ) according to [63]

uin(y, z, t ) = U0 + uDB(xDB, yDB, zDB, tDB)
U0

U0|DB
, (B4)
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vin(y, z, t ) = vDB(xDB, yDB, zDB, tDB)
U0

U0|DB
, (B5)

win(y, z, t ) = wDB(xDB, yDB, zDB, tDB)
U0|LES

U0|DB
. (B6)

Here y, z, and t are the spanwise and vertical coordinates and time used in the LES, respectively;
(xDB, yDB, zDB) are the corresponding space coordinates in the database; tDB is the corresponding
flow time in the database; and (uDB, vDB,wDB) is the instantaneous velocity vector extracted from
the database, which is the same as the turbulent velocity fluctuation (u′

DB, v′
DB,w′

DB) since there
is no mean flow in the HIT. Let Ly be the spanwise length of the LES domain and Ly|DB be the
spanwise length of the DNS domain for the database, the desired values of space coordinates and
time for data extraction are calculated based on [63]

xDB = −U0|DB tDB, (B7)

yDB = y
Ly|DB

Ly
, (B8)

zDB = z
Ly|DB

Ly
, (B9)

tDB = t
Ly|DB

Ly

U0

U0|DB
. (B10)

The inflow velocity components obtained based on Eqs. (B4)–(B6) are used in the fringe-zone
method (B1) to provide the turbulent inflow condition for the LES. This inflow prescription method
of using the JHTDB HIT data has been successfully applied by Gharaati et al. [47] in a test case
for validating the current LES-ALM model of VAWT wake flows. In that validation case, the LES
model was used to reproduce the towing-tank experiment of flow past a straight-bladed VAWT
[15], and showed good agreement with the experimental data [47]. In the present study, the same
inflow prescription method is used to study the effects of blade geometry on the VAWT wake flow
characteristics.

APPENDIX C: GRID RESOLUTION TEST

In the reported LES cases, 281 grid points were used to discretize the vertical domain height
Lz = 2.0 m, resulting in a grid resolution of �z = 0.0071 m. Within the VAWT rotor height H , this
vertical grid resolution provides about 42 grid points to capture the flow physics. On the (x, y) plane,
the horizontal grid resolutions used in the LES need to be able to model the effect of the blade-
induced aerodynamic force on the air flow. In the current LES model, the ALM is used to model the
turbine blade effect, which requires a specification of the Gaussian kernel size ε. Previous potential
flow theory analysis of flow past airfoil performed by Martínez-Tossas et al. [85] suggested that the
value of ε should be chosen to be close to ε/c ∼ O(0.4). To model the VAWTs considered in this
study which have c = 0.043 m, we set ε = 0.02 cm. This yields a ratio of ε/c = 0.47.

Previous LES ALM modeling studies of wind turbine flows [e.g., 57,58,84] also suggested that
the ratio of the Gaussian kernel size to the horizontal grid size should satisfy ε/�x > 2 (note that
�x = �y in the current LES) in order to avoid numerical instability caused by applying localized
force in the LES flow solver. Based on ε = 0.02 m and the stability requirement of ε/�x > 2, three
different grid resolutions were tested for case H4 in order to confirm the choice of grid numbers used
in the current LES. The grid numbers and the corresponding grid resolutions of these three cases
are summarized in Table V. In particular, case H4 used the same number of grid points of Nx ×
Ny × Nz = 864 × 384 × 281 as other cases listed in Table II. Case H4-HR used more horizontal
grid points (Nx × Ny × Nz = 1152 × 512 × 373) and case H4-LR used fewer horizontal grid points
(Nx × Ny × Nz = 576 × 256 × 187) than case H4. For all three cases, a fixed simulation time step of
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TABLE V. LES parameters for grid resolution tests based on case H4.

Grid number Grid resolution Gaussian kernel size
Case Nx × Ny × Nz (�x, �y, �z) ε ε/�x

H4-HR 1152 × 512 × 373 (0.0039, 0.0039, 0.0054) m 0.02 m 5.1
H4 864 × 384 × 281 (0.0052, 0.0052, 0.0071) m 0.02 m 3.8
H4-LR 576 × 256 × 187 (0.0078, 0.0078, 0.0107) m 0.02 m 2.6

�t = 2.0 × 10−5 s was used in the LES. Note that case H4 was chosen for the grid resolution test be-
cause it has the same level of grid resolution requirement as case H6, but the VAWT rotates at a lower
TSR of λ = 0.4 that relaxes the stability requirement on the simulation time step. Choosing λ = 0.4
allows us to complete the high-resolution test case H4-HR with reasonable computational cost.

Figure 25 compares the (x, y) and (x, z) planar views of the time-averaged streamwise velocity
u obtained from three grid-resolution test cases, and Fig. 26 shows the corresponding spanwise

FIG. 25. Time-averaged streamwise velocity u in flow past helical-bladed VAWT rotating at λ = 0.4. The
results were obtained from LES test runs with different grid point numbers, Nx × Ny × Nz =: (a), (b) 1152 ×
512 × 373 (case H4-HR); (c), (d) 864 × 384 × 281 (case H4); (e), (f) 576 × 256 × 187 (case H4-LR).
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FIG. 26. Spanwise (a) and vertical (b) profiles of mean streamwise velocity deficit �u at x − x0 = 8R
downstream of the helical-bladed VAWT rotating at λ = 0.4: 
, case H4-HR; −−−, case H4; �, case H4-LR.
The symbols are plotted for every four vertical grid points for case H4-LR and every eight vertical grid points
for case H4-HR, respectively.

and vertical profiles of �u at x − x0 = 8R. The results obtained from the three test cases are very
similar, suggesting that the grid resolutions used in the current LES study are sufficient. For all other
simulation cases, we used the intermediate grid numbers of Nx × Ny × Nz = 864 × 384 × 281, as
listed in Table II.

APPENDIX D: TIME AVERAGE STATISTICS CONVERGENCE TEST

To confirm the convergence of the turbulence statistics, we tested the time average using 8304 and
4152 instantaneous snapshots of the flow field. Here the straight-bladed VAWT rotating at λ = 0.6
is used for demonstration. In particular, the time-average analysis based on 8304 samples is referred
to as case S6 (the same case reported in Sec. IV B), and the time-average analysis based on 4152
samples is referred to as case S6-S (the same configuration as case S6 but with 50% shorter duration
and less samples).

Figures 27 and 28 compare the vertical profiles of mean velocity deficit �u, mean kinetic energy
k and Reynolds shear stress component u′w′ at x − x0 = 4R and 8R, respectively. Figures 29 and
30 compare the spanwise profiles of mean velocity deficit �u, mean kinetic energy k and Reynolds
shear stress component u′v′ at x − x0 = 4R and 8R, respectively. As shown in these figures, the

FIG. 27. Vertical profiles of (a) mean velocity deficit �u, (b) mean kinetic energy k, and Reynolds shear
stress component u′w′ at x − x0 = 4R downstream of the straight-bladed VAWT rotating at λ = 0.6: −−−, case
S6; 
, case S6-S (which uses 50% fewer samples for time average than case S6). The symbols are plotted for
every three grid points used in LES.
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FIG. 28. Vertical profiles of (a) mean velocity deficit �u, (b) mean kinetic energy k, and Reynolds shear
stress component u′w′ at x − x0 = 8R downstream of the straight-bladed VAWT rotating at λ = 0.6: −−−, case
S6; 
, case S6-S (which uses 50% fewer samples for time average than case S6). The symbols are plotted for
every three grid points used in LES.

FIG. 29. Spanwise profiles of (a) mean velocity deficit �u, (b) mean kinetic energy k, and Reynolds shear
stress component u′v′ at x − x0 = 4R downstream of the straight-bladed VAWT rotating at λ = 0.6: −−−, case
S6; 
, case S6-S (which uses 50% fewer samples for time average than case S6). The symbols are plotted for
every four grid points used in LES.

FIG. 30. Spanwise profiles of (a) mean velocity deficit �u, (b) mean kinetic energy k, and Reynolds shear
stress component u′v′ at x − x0 = 8R downstream of the straight-bladed VAWT rotating at λ = 0.6: −−−, case
S6; 
, case S6-S (which uses 50% fewer samples for time average than case S6). The symbols are plotted for
every four grid points used in LES.
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statistics obtained using 8304 (case S6) and 4152 samples (case S6-S) agree well, confirming that
the time-average statistics have converged. For all the cases shown in Sec. IV, the statistical results
based on 8304 samples are presented.
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