
Large-eddy simulation of helical-
and straight-bladed vertical-axis wind
turbines in boundary layer turbulence

Cite as: J. Renewable Sustainable Energy 14, 053301 (2022); doi: 10.1063/5.0100169
Submitted: 21 May 2022 . Accepted: 1 August 2022 .
Published Online: 1 September 2022

Masoumeh Gharaati,1 Shuolin Xiao,1,a) Nathaniel J. Wei,2 Luis A. Mart�ınez-Tossas,3

John O. Dabiri,2,4 and Di Yang1,b)

AFFILIATIONS
1Department of Mechanical Engineering, University of Houston, Houston, Texas 77204, USA
2Graduate Aeronautical Laboratories, California Institute of Technology, Pasadena, California 91125, USA
3National Renewable Energy Laboratory, Golden, Colorado 80401, USA
4Department of Mechanical and Civil Engineering, California Institute of Technology, Pasadena, California 91125, USA

a)Current address: School of Civil and Environmental Engineering, Cornell University, Ithaca, New York 14853, USA.
b)Author to whom correspondence should be addressed: diyang@uh.edu

ABSTRACT

Turbulent wake flows behind helical- and straight-bladed vertical axis wind turbines (VAWTs) in boundary layer turbulence are numerically
studied using the large-eddy simulation (LES) method combined with the actuator line model. Based on the LES data, systematic statistical
analyses are performed to explore the effects of blade geometry on the characteristics of the turbine wake. The time-averaged velocity fields
show that the helical-bladed VAWT generates a mean vertical velocity along the center of the turbine wake, which causes a vertical inclina-
tion of the turbine wake and alters the vertical gradient of the mean streamwise velocity. Consequently, the intensities of the turbulent fluctu-
ations and Reynolds shear stresses are also affected by the helical-shaped blades when compared with those in the straight-bladed VAWT
case. The LES results also show that reversing the twist direction of the helical-bladed VAWT causes the spatial patterns of the turbulent
wake flow statistics to be reversed in the vertical direction. Moreover, the mass and kinetic energy transports in the turbine wakes are directly
visualized using the transport tube method, and the comparison between the helical- and straight-bladed VAWT cases show significant dif-
ferences in the downstream evolution of the transport tubes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100169

I. INTRODUCTION

Vertical-axis wind turbines (VAWTs) and horizontal-axis wind
turbines (HAWTs) are the two main types of wind-energy extraction
devices.1,2 HAWTs have proven themselves to be an effective energy-
harvesting technology over the past several decades and are widely
used in most commercial wind farms today in both onshore and off-
shore contexts.2–5 Modern commercial HAWTs can produce mega-
watts of power with high power-conversion efficiencies.2,6 Despite
their commercial success, the large size of HAWTs (whose rotor diam-
eters are often in excess of 100 m) creates some logistical difficulties.
Aerodynamically, the optimal spacing in the streamwise direction of
HAWTs in a wind farm may be as much as 15 turbine rotor diameters
or larger,7 which translates to large amounts of land or offshore water
area required for effective operation and correspondingly lower

wind-farm power densities. The size of HAWT blades and towers
also creates logistical difficulties for construction, transport, and main-
tenance.8 Additionally, HAWTs must face the incoming wind for opti-
mal power production, necessitating complex yaw-control schemes to
compensate for changing wind direction.9

VAWTs, on the other hand, have wakes that recover relatively
quickly, in some cases within six turbine diameters downstream.10

They can thus be placed in closely packed arrays for improved wind-
farm power densities. Furthermore, VAWTs placed in close proximity
to each other can mutually benefit from aerodynamic interactions for
improved overall efficiencies.11,12 The performance of a VAWT is
insensitive to wind direction, eliminating the need for yaw-control sys-
tems. VAWTs also typically have smaller diameters and their electrical
components may be mounted closer to the ground for ease of
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operations and maintenance. Finally, VAWTs tend to operate at lower
tip-speed ratios (TSRs) than HAWTs and thus may generate less
noise.13,14 For these reasons, VAWTs represent a potential wind-
energy solution for contexts in which traditional HAWT farms are
impractical or infeasible, such as sites with limited land area or fre-
quently changing wind direction.

Unlike HAWTs, whose designs are relatively uniform, there exist
several different types of VAWT designs that are distinguished by their
blade geometries, including Savonius turbines, Darrieus turbines with
curved blades, straight-bladed Darrieus turbines, and helical-bladed
Darrieus turbines.13 Among these different types, the straight-bladed
VAWTs have been studied and deployed more frequently due to their
relatively simple blade geometry.12,14–22 A number of laboratory
experiments have been conducted to gain fundamental understanding
of the VAWT wake flows under uniform mean inflow condi-
tions.12,15–17,19,20,23 Several field experiments have also been performed
to study the interactions of straight-bladed VAWTs with turbulent
wind in the atmospheric boundary layer (ABL), which have provided
crucial information for assessing the performance of VAWTs in realis-
tic environments.10,11,18,22

In recent years, helical-bladed VAWTs have begun to attract
more attention due to several potential advantages, such as a low cut-
in wind speed, low temporal oscillations in torque and power, and low
noise level.24–27 Several numerical studies have used the unsteady
Reynolds averaged Navier–Stokes (URANS) modeling approach to
study the aerodynamic performance and power production of helical-
bladed VAWTs in comparison with straight-bladed VAWTs.25–28 Wei
et al.22 performed field experiments using three-dimensional particle-
tracking velocimetry to measure the time-averaged velocities and
vorticities downstream of a full-scale helical-bladed VAWT and com-
pared its near-wake flow structures with those downstream of a
straight-bladed VAWT. Despite these recent advances, our current
understanding of the wake characteristics of helical-bladed VAWTs is
still limited with respect to straight-bladed VAWTs. For potential
applications in large-scale commercial VAWT farms, it is crucial to
understand the characteristics of the wake flows behind helical-bladed
VAWTs, such as the mean wind-speed recovery, turbulence intensity,
and mass and energy exchanges between the low-speed wake flow and
the high-speed surrounding flow, which are important for assessing
the impact of upstream turbines on the performance of downstream
turbines in large turbine arrays.6,21,29–34

In recent years, large-eddy simulation (LES) has become a prom-
ising tool for modeling the turbulent flow dynamics in the turbine
wake flows and in the turbine array boundary layers (i.e., in large wind
farms).30,35–38 In particular, LES equipped with the actuator line model
(ALM) for wind turbines has shown successful applications in model-
ing HAWTs and VAWTs wake flows.14,37–48 Several recent LES stud-
ies on straight-bladed VAWTs have provided valuable insight for
understanding the characteristics of the turbine wake flows under vari-
ous laboratory and ABL flow conditions. In this study, we adopt the
Johns Hopkins University LES model, LESGO, as the main wind tur-
bulence solver.49 LESGO is equipped with an ALM module imple-
mented originally for modeling HAWTs.37,41,42,50 This existing ALM
module is modified in the present study to model the straight- and
helical-bladed VAWTs.

The present work aims to study the effects of blade geometry on
the wake flow characteristics of VAWTs. To this end, three VAWTs

with different blade geometries are considered: one straight-bladed
VAWT and two helical-bladed VAWTs with opposite blade twist
directions but the same twist rate of 39:69�=m along the vertical direc-
tion. The straight-bladed VAWT can be regarded as a special version
of the helical-bladed VAWT with zero blade twist angle. These three
VAWTs have identical parameters, including the rotor equator height
(8.2m), rotor diameter (1.8m), blade vertical length (3.2m), and blade
cross-sectional geometry. A concurrent precursor simulation method
is used to generate realistic boundary layer turbulence inflow condition
with a mean wind speed of 11:79 m=s at the VAWT equator height.
Based on statistically identical inflow conditions, the interactions of
the three different VAWTs with the boundary layer turbulence are
simulated using the LES model. The TSR for VAWT rotation is kept
the same at 1.19 for all three VAWT cases to allow direct comparison
of the simulation results. The key VAWT parameters, wind speed, and
TSR value are chosen to match the field experiments of Wei et al.22

Based on the LES data, the effects of the helical-shaped blades on the
characteristics of the turbulent wake flows are systematically investi-
gated by direct observations of the instantaneous velocities, compari-
son of the time-averaged velocities, as well as analysis of the statistics
of the turbulent velocity fluctuations in the turbine wake region.

The remainder of this paper is organized as follows. The LES
model for wind turbulence and the actuator line model for the VAWT
are introduced in Sec. II. In Sec. III, two test cases based on straight-
bladed VAWTs are provided to validate the current LES model. In
Sec. IV, the LES cases for studying the effects of helical-bladed
VAWTs on the wake flow characteristics are presented in detail,
including the case configurations, the instantaneous flow fields, and
the time-averaged mean-flow and turbulent-fluctuation statistics.
Finally, the implications of these results are discussed in Sec. V.

II. NUMERICAL METHOD FOR WIND TURBULENCE
AND TURBINE MODEL
A. Large-eddy simulation of wind turbulence

In this study, we perform simulations of helical- and straight-
bladed VAWTs interacting with fully developed wind turbulence in a
neutral boundary layer. We adopt the large-eddy simulation model
LESGO developed by the Turbulence Research Group at Johns
Hopkins University as the main wind turbulence solver.49 The wind
turbulent flow motions are governed by the three-dimensional incom-
pressible filtered Navier–Stokes equations

r � ~u ¼ 0; (1)

@~u
@t
þr � ð~u ~uÞ ¼ � 1

q
r~p þ �r2~u �r � sþ fx

q
�

~f e

q
: (2)

Here, the tilde denotes filtering at the LES grid scale D; ~u
¼ ð~u;~v; ~wÞ is the resolved flow velocity vector, where ~u; ~v , and ~w are
the corresponding components in the streamwise (x), spanwise (y),
and vertical (z) directions, respectively; � is the kinematic viscosity of
air; q is the air density; ~p is the resolved pressure; s ¼ ~uu � ~u ~u is the
subgrid-scale (SGS) stress tensor; fx is an imposed streamwise body
force to drive the wind turbulence; and ~f e is a distributed body force
for modeling the effect of the wind turbine on the flow. More details
about fx and ~f e are given below.

To close Eq. (2), the deviatoric part of the SGS stress tensor
sd is parameterized using the eddy-viscosity type model,51,52
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sd ¼ �2�s~S ¼ �2ðcsDÞ2j~Sj~S, where �s is the SGS eddy viscosity, cs is
the Smagorinsky coefficient, ~S ¼ ½r~u þ ðr~uÞT �=2 is the resolved

strain rate tensor, and j~Sj �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2~S : ð~SÞT

q
is the magnitude of ~S. The

trace of the SGS stress tensor trðsÞ is not modeled explicitly, but
instead is absorbed into the pressure term as commonly done in the
LES of incompressible turbulence.52–55 In LESGO, the instantaneous
local value of cs is calculated dynamically during the simulation using
the Lagrangian-averaged scale-dependent dynamic (LASD) SGS
model.56 The LES utilizing the LASD model has been used in a num-
ber of prior studies on wind-turbine wake flows.30,35,36,57–59

A concurrent precursor method is used to provide the fully devel-
oped neutral boundary layer turbulence inflow condition for modeling
the wind–VAWT interaction.60 As shown in Fig. 1, the overall simula-
tion domain consists of two sub-domains that are computed simulta-
neously in the LES, i.e., the precursor simulation domain for the fully
developed boundary layer turbulence without VAWTs and the main
simulation domain for turbulence interacting with VAWTs. The pre-
cursor simulation uses periodic boundary conditions in the x- and y-
directions, and the mean flow is driven by a constant pressure gradient
imposed in the x-direction,30,36,60

fx ¼ �
dp1
dx

êx; (3)

where êx is the unit vector in the x-direction. The turbine-induced
force is set to ~f e ¼ 0 in the precursor domain. Different from the pre-
cursor simulation, the main simulation with the VAWTs uses the
inflow–outflow conditions in the x-direction and the periodic condi-
tion in the y-direction. The fully developed boundary layer inflow con-
dition extracted from the precursor simulation domain is fed into the
upstream end of the main simulation domain to push the wind turbu-
lence through the simulation domain toward the outflow boundary at
the downstream end of the main simulation domain. Associated with
these inflow–outflow streamwise boundary conditions, the streamwise
body force fx is set to be zero in the main simulation domain. The
turbine-induced force ~f e is modeled using the actuator line model,
which is discussed in Sec. II B.

The LESGO model uses the Fourier-series-based pseudo-spectral
method for the spatial discretizations in the x- and y-directions. In
order to use the inflow–outflow condition properly in a pseudo-
spectral flow solver, the fringe-zone method is used for the main simu-
lation.61,62 As shown in Fig. 1, a fringe zone of finite streamwise length
Lfr adjacent to the outflow boundary is used to achieve a smooth tran-
sition of the simulated wind turbulence in the far wake of the turbines
back to its imposed value at the inflow boundary, which allows the
simulation of the non-periodic turbine wake flows using the periodic
pseudo-spectral flow solver. Specifically, in the fringe zone, xfr � x
� Lx , the flow velocity vector is imposed as

~uðx; y; zÞ ¼ ~uðxfr ; y; zÞ 1� wðxÞ½ � þ ~uinðy; zÞwðxÞ; (4)

where Lx is the streamwise length of the main simulation domain,
xfr ¼ Lx � Lfr is the streamwise location where the fringe zone starts,
wðxÞ ¼ 0:5� 0:5 cos ½pðx � xfrÞ=Lfr � is the fringe function, and
~u inðy; zÞ is the inflow velocity for the main simulation provided by the
precursor simulation (i.e., extracted at the downstream end of the pre-
cursor simulation domain as shown in Fig. 1). As illustrated in Fig. 2,
this concurrent precursor method allows physical boundary layer tur-
bulence inflow conditions to be obtained and used for modeling the
VAWTwake flow. Details about the implementation of the concurrent
precursor LES are provided in Secs. III B and IVA.

B. Actuator line model for vertical-axis wind turbines

In the current LES model, the aerodynamic forces induced by the
turbine blades to the wind turbulence are computed using the ALM.39

Let R be the radius of the VAWT rotor (i.e., the radial distance from
the chord of the blade to the center axis of the VAWT), D ¼ 2R be the
turbine rotor diameter, and H be the vertical height of the blade. Each
VAWT blade is discretized into Nb elements, with a vertical height of
DH ¼ H=Nb for each blade element. For each blade element, the local
relative velocity vector of the wind with respect to the element in the
local (s, n) coordinate system is

Vrel ¼ Vlocal � RX ês: (5)

FIG. 1. Illustration of concurrent precursor
method for modeling VAWT in the bound-
ary layer turbulence.

FIG. 2. Illustration of the three-dimensional
flow field obtained from the current LES
model. Color contours of the instantaneous
streamwise velocity are shown on the
domain walls and on the horizontal plane
at the equator height of the VAWTs, which
are shown in gray.
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As illustrated in Fig. 3, s and n are the local coordinates along the
tangential and radial directions of the turbine blade element, respec-
tively; Vlocal is the local incoming wind velocity around the blade ele-
ment projected to the (x, y)-plane through the center of the blade
element; X is the angular velocity of the VAWT rotation; and ês is the
unit vector along the tangential direction s.

The local wind velocity vector defined in the local (s, n) coordi-
nate system can be written as

Vlocal ¼ ~Uh sin ðh� bÞês � ~Uh cos ðh� bÞên; (6)

where ên is the unit vector in the radial direction n, h is the azimuthal
angle for the blade rotation, b ¼ arctanð~v=~uÞ is the horizontal direc-
tional angle of the inflow wind velocity, and ~Uh ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~u2 þ ~v2

p
is the

magnitude of the sampled horizontal velocity. In the current model, h
¼ 0 when the blade element is located at the most upstream location
(i.e., when the radial direction is aligned with the �x-direction), and h
increases when the blade rotates counterclockwise. Based on the direc-
tion of Vrel, the local angle of attack a is calculated as

a ¼ arctan
�cos ðh� bÞ

�sin ðh� bÞ þ RX=~Uh

 !
: (7)

For a stationary or slowly moving airfoil, the lift and drag forces
can be calculated using the static lift coefficient CL and drag coefficient
CD, respectively, based on the values of Vrel and a. However, VAWT
blades rotating in turbulent wind can experience rapid changes in
angle of attack, resulting in a flow phenomenon called dynamic stall.63

In order to model the aerodynamic forces of the VAWT blades accu-
rately, the modified Boeing–Vertol model64 is used in the current LES
model as a dynamic-stall correction. Specifically, the modified angles
of attack for the lift and drag coefficients are modeled as

a�L ¼ a� cLj
c _a
2Vrel

����
����

 !1
2

_a
j _aj ; (8)

a�D ¼ a� cDj
c _a
2Vrel

����
����

 !1
2

_a
j _aj ; (9)

where c is the blade chord length, _a ¼ da=dt is the instantaneous rate
of change of a, and Vrel is the magnitude of the relative velocity vector
Vrel. The dimensionless model coefficients cL, cD, and j are expressed
as

cL ¼ 1:4� 6 0:06� tb
c

� �
; (10)

cD ¼ 1� 2:5 0:06� tb
c

� �
; (11)

j ¼ 0:75þ 0:25
_a
j _aj ; (12)

where tb is the blade thickness. Based on a�L and a�D, the lift and drag
coefficients with the dynamic stall correction can be computed as64

C�L ¼
a

a�L � a0

� �
CL a�L
� �

; (13)

C�D ¼ CD a�D
� �

; (14)

where a0 is the angle of zero lift, which is equal to 0 for symmetric air-
foils. In the current LES model, the static lift coefficient CL and drag
coefficient CD are obtained directly from the tabulated empirical data
reported in Sheldahl and Klimas.65 By projecting the lift and drag
forces onto the x- and y-directions, the aerodynamics force vector act-
ing on the kth element of a VAWT blade is Fk ¼ Fk;x êx þ Fk;y êy ,
where êy is the unit vector in the y-direction,

Fk;x ¼ �
1
2
qV2

rel cDH C�L cos ðhþ aÞ þ C�D sin ðhþ aÞ
� 	

; (15)

Fk;y ¼
1
2
qV2

rel cDH �C�L sin ðhþ aÞ þ C�D cos ðhþ aÞ
� 	

: (16)

To avoid numerical instability and reduce sensitivity to the grid
size when applying the aerodynamic force, Fk is usually distributed
smoothly on the grid points around the blade element instead of at the
center of the element.14,39,44,66 In the current LES model, a three-
dimensional Gaussian kernel method39,41–43 is adopted to distribute
the aerodynamic force as

~f eðx; y; zÞ ¼
XNb

k¼1
FkGkðx; y; zÞ; (17)

where

Gkðx; y; zÞ ¼
1

e3p3=2
exp � r2k

e2

� �
(18)

is the Gaussian kernel function, e is the kernel width, and rk

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx � xkÞ2 þ ðy � ykÞ2 þ ðz � zkÞ2

q
is the distance between a

space point (x, y, z) and the center point of the kth blade element

FIG. 3. Schematics of the physical quanti-
ties involved in the modeling of the VAWT
blade forces.
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ðxk; yk; zkÞ. The distributed force ~f e calculated based on Eq. (17) is
used in Eq. (2) to model the effect of turbine on the air flow.

C. Numerical methods

In the current LES model, the governing Eqs. (1) and (2) are
discretized by a Fourier-series-based pseudo-spectral method on collo-
cated grids in the x- and y-directions, and a second-order central-
difference method on staggered grids in the z-direction. For the basic
LES flow solver, periodic boundary conditions are used in the x- and
y-directions, a local law-of-the-wall condition is applied at the bottom
boundary,53,56 and a stress-free condition is imposed at the top bound-
ary. The momentum equation (2) is formulated and discretized in the
rotational form to provide conservation of mass and kinetic
energy.67–69 The 3/2 rule is used to eliminate the aliasing error associ-
ated with the pseudo-spectral discretization of the convective terms.70

The governing equations are integrated in time using a fractional-step
method consisting of a prediction step and a correction step. In partic-
ular, in the prediction step the velocity field is advanced in time by
integrating Eq. (2) using the second-order Adams–Bashforth scheme,
which yields a predicted velocity field. Then, a Poisson equation is
constructed based on the divergence-free constraint (1) for the new
time step and is solved to obtain the pressure field. Using the gradient
of the pressure, the predicted velocity field is projected to the
divergence-free space to obtain the velocity field for the new time step.
The above process repeats at every time step in the simulation to
advance the flow field in time in the LES. More details of numerical
schemes used in the LES model can be found in Albertson71 and
Albertson and Parlange.69

III. MODEL VALIDATION

To validate the current LES-ALM model, we consider two differ-
ent test cases. In the first test case, the LES model is applied to simulate
the wake flow behind a laboratory-scale straight-bladed VAWT to
reproduce the towing-tank experiment of Bachant and Wosnik.16 In
the second test case, the LES model is used to simulate the interaction
between a straight-bladed VAWT and ABL turbulence to reproduce
the LES results reported in Shamsoddin and Port�e-Agel.38 Details of
these two validation cases are presented in Subsections IIIA and IIIB.

A. Towing-tank experiment validation case

The first validation case is designed to match the parameters of
the towing-tank experiment in Bachant and Wosnik.16 The VAWT in
this case consists of three straight blades with a cross-sectional profile
of a NACA0020 airfoil as well as a cylindrical center mast with a diam-
eter of Dcm ¼ 0:095 m. Each blade has a vertical height ofH ¼ 1 m, a
chord length of c ¼ 0:14 m, and a radial distance of R ¼ D=2
¼ 0:5 m to the center axis of the VAWT. The dimensions of the simu-
lation domain in the x-, y-, and z-directions are Lx ¼ 7:2 m ¼ 7:2D;
Ly ¼ 3:7 m ¼ 3:7D, and Lz ¼ 2:7m ¼ 2:7D, respectively. The
inflow has a uniform streamwise mean velocity of U0 ¼ 1 m=s, and
both the top and bottom boundaries are set to be free-slip to be com-
patible with this uniform inflow condition. The VAWT rotates coun-
terclockwise at an angular speed of X ¼ 3:8 s�1, which yields a
turbine tip-speed ratio (TSR) of k ¼ RX=U0 ¼ 1:9. The correspond-
ing turbine rotor Reynolds number is ReD ¼ U0D=�w ¼ 106 and the
blade chord Reynolds number16 is Rec ¼ kU0c=�w ¼ 2:66	 105,

where the kinematic viscosity of water is �w ¼ 1:0	 10�6 m2=s at
20 �C.

The isotropic homogeneous turbulence dataset in the Johns
Hopkins Turbulence Databases (JHTDB) is used to generate the tur-
bulence fluctuations for the inflow condition based on the method
developed by Mart�ınez-Tossas et al.50 Two different turbulent intensi-
ties are considered: It �

ffiffiffiffiffiffiffiffiffiffi
2k=3

p
=U0 ¼ 0:03 and 0.05, where

k ¼ 0:5½ðu0rmsÞ
2 þ ðv0rmsÞ

2 þ ðw0rmsÞ
2� is the turbulent kinetic energy

with ðu0rms; v
0
rms;w

0
rmsÞ being the root mean square (rms) values for the

fluctuations of the inflow velocity components. For the test run with
It ¼ 0:05, two different grid resolutions are considered: a lower resolu-
tion with 144	 72	 61 grid points and a higher resolution with
288	 144	 61 grid points. For the test run with It ¼ 0:03, only the
lower resolution with 144	 72	 61 grid points is considered. These
grid resolutions are chosen based on the LES tests of the same towing-
tank experiment reported in Hezaveh et al.14 For all three test cases,
the width of the Gaussian kernel for the ALM is set to be e ¼ 0:1 m
for the VAWT blades and ecm ¼ 0:05 m for the center mast.

Figure 4 shows the comparison of the spanwise profiles of the
time-averaged streamwise velocity at 1D downstream of the VAWT.
The time average of the current LES results is computed based on
2000 instantaneous snapshots of the flow field sampled between
t ¼ 24 and 72 s. The time-averaged velocity profiles of all three test
runs obtained using the current LES model show good agreement with
the experimental data.16 The current LES results agree with the LES
result of Hezaveh et al.14 for the overall magnitude and shape of the
VAWT wake but show some discrepancy in the detailed wake profile
in �0:5 < y=D < 0:5. This discrepancy may be caused by several dif-
ferences in the details of simulation setups. For example, in Hezaveh
et al.14 the turbine-induced forces were distributed equally over five
points spanning the chord length and further distributed to additional
surrounding points with constant prescribed weights, while the
current LES model uses a 3D Gaussian kernel to smoothly distribute
the forces. Moreover, the Reynolds number used in the current LES
matches with that reported in Bachant and Wosnik,16 while Hezaveh
et al.14 used a chord Reynolds number of Rec ¼ kU0c=�w ¼ 5:7
	105, which is about twice of the value reported in Bachant and
Wosnik.16 It is also unclear if the cylindrical center mast of the VAWT
was considered in the LES of Hezaveh et al.14 Nevertheless, the current
LES results show overall good agreement with the experimental and
LES data reported in the literature and low sensitivity to the grid
resolution.

Note that the specific value of the inflow turbulence intensity was
not reported in Hezaveh et al.14 and Bachant and Wosnik.16 As a ref-
erence, Shamsoddin and Port�e-Agel40 and Abkar and Dabiri44 per-
formed the LES of VAWT wake flow in water channel at a higher TSR
of k ¼ 3:85 using an inflow turbulence intensity of 0.03. The two
inflow turbulence intensities used in our LES model for the validation
case are similar to that used in Shamsoddin and Port�e-Agel40 and
Abkar and Dabiri.44 As shown by the comparison in Fig. 4, the current
LES model results are not sensitive to the choice of inflow turbulence
intensity and both test cases (i.e., It ¼ 0:03 and 0.05 with 144	 72
	 61 grid points) show good agreement with the reported experimen-
tal data. Note that if an even higher value of It is used for inflow, the
stronger turbulent mixing of the inflow would enhance the wake
recovery and also make the wake profile smoother. Nevertheless,
considering the relatively low Reynolds number of the experiment in
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Bachant and Wosnik,16 the relatively low turbulence intensities of
It ¼ 0:03 and 0.05 appear to be more reasonable choices for the cur-
rent validation case than other higher values.

B. Atmospheric boundary layer flow validation case

The second validation case is configured based on the LES study
of wind–VAWT interaction in a neutral ABL, as reported in
Shamsoddin and Port�e-Agel.38 In this case, the VAWT consists of
three straight blades with the cross-sectional shape of the NACA0018
airfoil. Each blade has a vertical height of H ¼ 100 m and a chord
length of c ¼ 2:4 m. The turbine rotor diameter is D ¼ 2R ¼ 50 m,
and the rotor equator (i.e., the middle height of the VAWT blades) is
located at zeq ¼ 100 m above the ground. The VAWT rotates with a
fixed TSR of k ¼ RX=Uref , where Uref is the average of the instanta-
neous wind velocity sampled along the centerline at 1D upstream of
the VAWT rotor region. In the current LES, the precursor simulation
domain has a size of ðLpx; Ly; LzÞ ¼ ð2400; 2400; 400Þm and the main
turbine simulation domain has a size of ðLx; Ly; LzÞ ¼ ð1600; 2400;
400Þm ¼ ð32D; 48D; 8DÞ (including a fringe zone of 4D long). The
precursor and main turbine simulation domains are discretized using
384	 384	 385 and 256	 384	 385 grid points, respectively. The
bottom boundary is flat and has a surface roughness of z0 ¼ 0:1 m. In
the precursor simulation, the ABL flow is driven by a prescribed
streamwise pressure gradient as shown in Eq. (3), and the correspond-
ing wind friction velocity is u� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ðLz=qÞdp1=dx

p
¼ 0:52 m=s.

The mean wind speed at the turbine equator height is about
Ueq ¼ 9:49 m=s. The width of the Gaussian kernel for the ALM is set
to be e ¼ 6:25 m for the VAWT blades.

Note that the main simulation domain used in Shamsoddin and
Port�e-Agel38 has a size of ðLx; Ly; LzÞ ¼ ð1200; 600; 400Þm
¼ ð24D; 12D; 8DÞ, with only one VAWT included in this domain. As
illustrated in Fig. 2, the ABL turbulence exhibits low- and high-speed
streaks at different spanwise locations that can affect its interaction
with the VAWT. If a narrow simulation domain is used, the single
VAWT included in the simulation may operate in a low-speed streak
for a considerable amount of time before the inflow evolves into a
high-speed streak. As a result, a long simulation duration is required
to obtain flow field samples for time average in order to eliminate the

potential bias caused by the low- and high-speed streaks. In
Shamsoddin and Port�e-Agel,38 the total physical time of the simula-
tion was 90.4min and the sampling time span for time average was
77.5min. By contrast, the current LES uses a wider domain of
Ly ¼ 2400 m, which allows four VAWTs to be included in the LES.
The four VAWTs are located at x0 ¼ 200 m ¼ 4D from the inflow
boundary of the turbine simulation domain and are evenly spaced in
the spanwise direction with a distance of sy ¼ 600 m ¼ 12D. The
ensemble average of the four VAWT sub-domains helps to obtain
converged statistics with less simulation and sampling time required.

In the current LES test, the fully developed ABL turbulence initial
condition was obtained by running the precursor simulation without
the turbine simulation domain. The precursor LES was initialized
based on the logarithmic mean velocity profile UðzÞ ¼ ðu�=jÞ
ln ðz=z0Þ and random velocity fluctuations, where the von K�arm�an
constant was set to be the typical value of j ¼ 0:41. Note that it can be
computationally expensive to run the LES at high grid resolution from
the initial random fluctuation state to the fully developed boundary
layer turbulence state. To reduce the computational cost, the grid reso-
lution of the LES was increased successively in three stages. The LES
started at a low resolution with 128	 128	 129 grid points and ran
for 14 400 s with a time step of Dt ¼ 0:1 s. Then, the simulation was
interpolated to an intermediate resolution with 256	 256	 257 grid
points and was run for 4800 s with a time step of Dt ¼ 0:05 s. After
that, the simulation was interpolated to the high resolution with
384	 384	 385 grid points and was run for 800 s with a time step of
Dt ¼ 0:016 s. After these three stages, the fully developed ABL turbu-
lence was obtained and was also used to initialize the turbine simula-
tion domain in the concurrent simulation. Finally, the concurrent
precursor–main simulation was conducted using 384	 384	 385
points for the precursor simulation domain and 256	 384	 385
points for the main simulation domain (i.e., with identical grid reso-
lution) for a total duration of 800 s. A time average was performed
over 8200 three-dimensional instantaneous flow fields sampled
within the last 648 s of the concurrent simulation with a time interval
of about 0:079 s between each sample. The corresponding dimen-
sionless values (i.e., normalized by D=Ueq) of the sampling duration
and time interval are 123 and 0.015, respectively. Furthermore, as
described previously, an ensemble average across the four simulated

FIG. 4. Comparison of the spanwise profiles of the mean streamwise velocity at ðx � x0Þ ¼ 1D for the towing tank validation case, where x0 is the streamwise location of the
VAWT center axis. The towing tank experimental data points from Bachant and Wosnik16 are denoted by the open circles. The LES result from Hezaveh et al.14 obtained using
288	 144	 60 grid points is denoted by the dotted line (black). The results obtained from the current LES model are denoted as follows: solid line (blue) for It ¼ 0:03 with
144	 72	 61 grid points; dashed line (green) for It ¼ 0:05 with 144	 72	 61 grid points; and dash-dot line (red) for It ¼ 0:05 with 288	 144	 61 grid points.
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turbines was also performed. Hereinafter, the time- and turbine-
averaged value of a physical quantity f is referred to as its “mean”
value and denoted as �f .

Figures 5 and 6 show the vertical and spanwise profiles of the
mean streamwise velocity at four different downstream locations of
the turbine wake. The rotating VAWTs generate a significant velocity
deficit in the near-wake region, which recovers gradually toward the
downstream direction due to the turbulent mixing. The mean velocity
profiles obtained from the current LES mode show good agreement
with the results reported Ref. 38, indicating that the current LES model
captures the interaction of the straight-bladed VAWT with the ABL
wind turbulence correctly.

IV. LES OF HELICAL-SHAPED VAWT
IN THE BOUNDARY LAYER TURBULENCE
A. Setup of LES cases

In this section, we apply the LES model to simulate the effect of
helical-shaped blades on the wake flow characteristics of VAWTs
operating in the boundary layer turbulence. One straight-bladed
VAWT and two helical-bladed VAWTs are considered in order to
investigate the effects of helical blade shape on the wake flow

characteristics. All three VAWTs have identical key parameters except
for the blade shape. In particular, each VAWT consists of three blades
with the cross-sectional shape of the NACA0018 airfoil. Each blade
has a vertical height of H ¼ 3:2 m and a chord length of
c ¼ 0:511 m. The turbine rotor diameter is D ¼ 2R ¼ 1:8 m, and the
rotor equator is at zeq ¼ 8:2 m above the ground (i.e., zeq=D 
 4:56).
In the LES, all three VAWT models rotate counterclockwise at the
same fixed TSR of k ¼ RX=Uref ¼ 1:19. For a helical-shaped VAWT,
taking the top end as the reference, if the blades are twisted counter-
clockwise (i.e., in the same direction as the turbine rotation direction)
toward the bottom end, the twist angle c between the top and bottom
edges is defined to be positive. In this study, two helical-bladed
VAWTs with opposite twist angles c ¼ 6127� are considered. The
corresponding blade twist rate is 39:69� per meter height. Note
that the c ¼ �127� helical-bladed VAWT considered in the current
LES study is analogous to the commercial VAWT studied by Wei
et al.,22 except that the orientation and direction of rotation of the
turbine are both mirrored, and the cross-sectional profile of the blades
do not match precisely. The commercial helical-bladed VAWT does
not use a standard cross-sectional aerodynamic profile, and thus, the
lift and drag coefficients are not available for modeling purposes.

FIG. 5. Vertical profiles of mean streamwise velocity along the centerline of the turbine wake at different downstream locations x � x0 ¼: (a) 1D; (b) 3D; (c) 5D; and (d) 11D.
The results obtained from the current LES study are shown by the red solid lines, and those from Ref. 38 are shown by the blue dashed lines.

FIG. 6. Spanwise profiles of mean streamwise velocity at the equator height at different downstream locations x � x0 ¼: (a) 1D, (b) 3D, (c) 5D, and (d) 11D. The results
obtained from the current LES study are shown by the red solid lines, and those from Ref. 38 are shown by the blue dashed lines.
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Nevertheless, the effects of the VAWT helical geometry on the wake
flow characteristics are expected to be similar, despite the difference in
the blade cross-sectional profile.

For the LES cases reported in this section, the precursor simula-
tion domain has a size of ðLpx; Ly; LzÞ ¼ ð80; 80; 20Þm and the
main turbine simulation domain has a size of ðLx; Ly; LzÞ
¼ ð60; 80; 20Þm ¼ ð33:33D; 44:44D; 11:11DÞ (including a fringe
zone of 4:167D long, i.e., 1/8 of the total domain length). The precur-
sor and main turbine simulation domains are discretized using
512	 512	 289 and 384	 512	 289 grid points, respectively. The
bottom boundary surface roughness is z0 ¼ 0:01 m. In the precursor
simulation, the boundary layer turbulence is driven by a prescribed
streamwise pressure gradient as shown in Eq. (3), and the correspond-
ing wind friction velocity is u� ¼ 0:64 m=s. The inflow and initial
conditions are also generated using a similar strategy as that used for
the ABL condition validation case reported in Sec. III B. The mean
wind speed at the turbine equator height obtained from the precursor
simulation is about Ueq ¼ 11:79 m=s. As in the ABL condition valida-
tion case shown in Sec. III B, in each simulation case there are four
identical VAWTs included in the main turbine simulation domain at
x0 ¼ 7:2 m ¼ 4D, with an even spanwise spacing of sy ¼ 20 m
¼ 11:11D. The width of the Gaussian kernel for the ALM is set to be
e ¼ 0:16m for the VAWT blades.

The LES started at a low resolution with 64	 64	 97 grid
points and ran for 2750 s with a time step of Dt ¼ 4	 10�3 s. Then,
the simulation was interpolated to an intermediate resolution with
256	 256	 193 grid points and ran for 370 s with a time step of
Dt ¼ 2	 10�3 s. After that, the simulation was interpolated to the

high resolution with 512	 512	 289 grid points and ran for another
210 s with a time step of Dt ¼ 6:25	 10�4 s. After these three stages,
the fully developed boundary layer turbulence was obtained and used
to also initialize the turbine simulation domain in the concurrent sim-
ulation. A time average was obtained across 4500 three-dimensional
instantaneous flow fields sampled within the last 56:25 s of the con-
current simulation with a time interval of about 0:0125 s between
each sample. The time-averaged flow statistics are presented below in
the Subsections IVC–IVF.

B. Instantaneous flow fields

Figures 7–9 show the instantaneous velocity fields for the cases
with the straight-bladed VAWT, �127�helical-bladed VAWT, and
127� helical-bladed VAWT, respectively. In particular, the (x, z)-plane
across the center of one VAWT and the (x, y)-plane at its equator
height are shown for each case, with the origin of the horizontal coor-
dinates shifted to the turbine center (x0, y0). In the straight-bladed
VAWT case, the rotating blades induce periodic fluctuations to the
streamwise and spanwise velocities in vertical streak patterns in the
near-wake region (i.e., x � x0 � 4D) [Figs. 7(a) and 7(c)]. In this near-
wake region, the vertical velocity fluctuation is much more intensive in
the two distinct shear layers at the top and bottom edges of the turbine
wake than near the equator height [Figs. 7(e) and 7(f)]. Further down-
stream (i.e., x � x0 > 4D), the blade-induced coherent flow structures
break down and the wake transitions to fully turbulent, as indicated by
the strong spanwise and vertical velocity fluctuations that can be seen
in both the (x, z)- and (x, y)-plane views [Figs. 7(c)–7(f)]. The turbu-
lent mixing associated with these fluctuations helps enhance the

FIG. 7. Instantaneous velocity fields in the boundary layer turbulence around the straight-bladed VAWT: (a) and (b) streamwise velocity ~u; (c) and (d) spanwise velocity ~v ; (e)
and (f) vertical velocity ~w . The left panels show the (x, z)-plane across the center of the VAWT, and the right panels show the (x, y)-plane at the VAWT equator height.
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FIG. 8. Instantaneous velocity fields in the boundary layer turbulence around the helical-bladed VAWT with c ¼ �127�: (a) and (b) streamwise velocity ~u; (c) and (d) spanwise
velocity ~v ; (e) and (f) vertical velocity ~w . The left panels show the (x, z)-plane across the center of the VAWT, and the right panels show the (x, y)-plane at the VAWT equator
height.

FIG. 9. Instantaneous velocity fields in the boundary layer turbulence around the helical-bladed VAWT with c ¼ 127�: (a) and (b) streamwise velocity ~u; (c) and (d) spanwise velocity
~v ; (e) and (f) vertical velocity ~w . The left panels show the (x, z)-plane across the center of the VAWT, and the right panels show the (x, y)-plane at the VAWTequator height.
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recovery of the streamwise velocity as the wake flow moves down-
stream (x � x0 � 6D).

The effects of the helical-shaped blades on the instantaneous
velocities are more noticeable in the near-wake region (i.e.,
x � x0 � 4D) than in the far wake. Taking the helical-bladed VAWT
with c ¼ �127� as an example, the helical shape of the rotating blades
causes the streak patterns of the streamwise and spanwise velocity fluc-
tuations to be inclined with respect to the vertical direction [Figs. 8(a)
and 8(c)]. In the near-wake region, the helical blades also induce more
vertical velocity fluctuations in the middle region between the top and
bottom shear layers [Figs. 8(e) and 8(f)] than that in the straight-
bladed VAWT case. Moreover, a close-up look at the near-wake region
in Fig. 8(f) shows that the c ¼ �127� helical blades generate down-
ward flow motions around y � y0 
 60:5D, which are accompa-
nied by upward counter-flow motions in the middle of the wake
around y � y0 ¼ 0. The 3D view of this near-wake vertical flow pat-
tern is shown in Fig. 10(b), with the straight-bladed case shown in
Fig. 10(a) for comparison. If the twist direction of the helical blades
is reversed, Fig. 9 shows that the c ¼ 127� helical-bladed VAWT
generates similar effects to the turbine wake flow, but with the incli-
nation direction of the streamwise and spanwise velocity fluctua-
tions as well as the sign of the vertical velocity fluctuations in the
near-wake region reversed compared with those in the c ¼ �127�
case.

C. Time-averaged flow fields

Figure 11 shows the planar views of the time-averaged vertical
velocity in the wakes of the straight- and helical-bladed VAWTs. Here,
the straight-bladed VAWT case [Figs. 11(c) and 11(d)] can be used as
the baseline case to help understand the averaged effect of the helical
blades on the vertical motions of the wake flow. As the boundary layer
turbulence inflow approaches the turbine, the blockage effect of the
rotating blades forces some of the inflow to bypass the rotor, resulting
in the positive and negative �w around the top and bottom ends of the
VAWT rotor, respectively [Fig. 11(c)]. After passing the VAWT, the
flow moves toward the center of the wake from top and bottom, with
the upward velocity at the bottom edge of the wake region stronger
than the downward velocity at the top edge. This net upward flow in
the wake is balanced by the downward flow next to the wake [i.e., the
slightly negative �w at�4� ðy � y0Þ=D��1 in Fig. 11(d)].

As indicated by the instantaneous flow results in Sec. IVB, the
helical-shaped blades in the c ¼ �127� case push the flow down-
wards, causing an upward counter flow to be generated at the center of
the turbine wake. This effect can also be seen clearly in Figs. 11(a) and
11(b) in the time-averaged �w field, where the two negative �w regions
in the near wake correspond to the downward flows induced directly
by the forcing from the c ¼ �127� helical blades and the noticeable
positive �w around the centerline of the near-wake region correspond
to the upward counter flow. Consistent with the instantaneous flow
results, the time-averaged results for �w also show that reversing the
blade twist direction causes the blade-induced effects on the vertical
flow motions to be reversed [Figs. 11(e) and 11(f)]. To show the net
effect of the helical-shaped blades on the mean vertical motions of the
wake flow, the difference of the mean vertical velocity between the two
helical-bladed VAWT cases and the straight-bladed VAWT case are
calculated. In particular, for each helical-bladed VAWT case the differ-
ence is calculated as D�wðx; y; zÞ ¼ �wðx; y; zÞ � �wsðx; y; zÞ, where
�wsðx; y; zÞ is the time-averaged vertical velocity for the straight-bladed
VAWT case [Figs. 11(c) and 11(d)]. As shown in Fig. 12, the contours
of D�w in the wakes of the two helical-bladed VAWTs exhibit similar
magnitudes but with reversed signs. A similar effect on the mean verti-
cal motion of the wake flow induced by the helical-bladed VAWT has
also been reported in the experimental study by Wei et al.22 and
RANS modeling by Divakaran et al.28

Due to the mean vertical motions induced by the helical blades,
the wake flow behind helical-bladed VAWT is inclined in the vertical
direction. The left column of Fig. 13 shows the 2D contours of �u on
the (x, z)-plane across the turbine center axis for the three VAWT
cases, and Fig. 14 shows the corresponding vertical profiles of �u at dif-
ferent streamwise locations. Compared with the straight-bladed
VAWT case, the wake of the VAWT with c ¼ �127� is inclined
upward while the wake in the c ¼ 127� case is inclined downward.
The streamwise velocity deficits in the two helical-bladed VAWT cases
have slightly smaller magnitudes than that in the straight-bladed
VAWT case in the near-wake region x � x0 � 5D [Figs. 14(a)–14(c)].
The difference in the velocity deficit becomes less significant as the
wake extends further downstream. In the far wake at x � x0 � 11D
[Figs. 14(f) and 14(g)], the vertical profiles of �u in the straight-bladed
and c ¼ �127� helical-bladed VAWT cases almost overlap with each
other, while �u in the c ¼ 127� helical-bladed VAWT case exhibits a
slightly smaller value at 2� z=D� 5. The horizontal patterns of �u at

FIG. 10. Instantaneous vertical velocity fields in the wakes downstream of the (a) straight-bladed and (b) helical-bladed VAWTs with c ¼ �127�. The red and blue colored
iso-surfaces represent ~w ¼ 1:5 m=s and ~w ¼ �1:5 m=s, respectively. The VAWT blades are visualized using iso-surfaces (dark gray color) of the 3D Gaussian kernel (for
distributing the turbine blade forces).
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the equator height in the two helical-bladed VAWT cases are similar
to that in the straight-bladed case [Figs. 13(b), 13(d), 13(f), and 15],
except for the slightly higher magnitude of streamwise velocity
deficit in the straight-bladed VAWT case in the near-wake region
[Figs. 15(a)–15(c)].

To quantify the effect of helical-shaped blades on the wake
inclination, we define the wake center height at each streamwise loca-
tion x as

ZcðxÞ ¼

ð
Aw

�uðx; y; zÞ � �uðxin; y; zÞ½ �z dAð
Aw

�uðx; y; zÞ � �uðxin; y; zÞ½ �dA
; (19)

where �uðxin; y; zÞ is the time-averaged streamwise velocity at
the inlet x ¼ xin of the turbine simulation domain and Aw is the
turbine wake cross-section identified based on the condition

FIG. 12. Differences in the time-averaged vertical velocity relative to the straight-bladed VAWT case: (a) and (b) helical-bladed VAWT with c ¼ �127�; (c) and (d) helical-
bladed VAWT with c ¼ 127�.

FIG. 11. Time-averaged vertical velocity �w on the (x, z)-plane across the center axis of the VAWT (left column) and on the (x, y)-plane at the equator height (right column): (a)
and (b) helical-bladed VAWT with c ¼ �127�; (c) and (d) straight-bladed VAWT; (e) and (f) helical-bladed VAWT with c ¼ 127�.
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FIG. 13. Time-averaged streamwise velocity �u on the (x, z)-plane across the center axis of the VAWT (left column) and on the (x, y)-plane at the rotor equator height (right
column): (a) and (b) helical-bladed VAWT with c ¼ �127�; (c) and (d) straight-bladed VAWT; (e) and (f) helical-bladed VAWT with c ¼ 127�.

FIG. 14. Vertical profiles of �u along the wake centerline at different streamwise locations ðx � x0Þ ¼: (a) 1D; (b) 3D; (c) 5D; (d) 7D; (e) 9D; (f) 11D; and (g) 13D. Solid lines:
helical VAWT with c ¼ �127�; dashed lines: straight VAWT; dash-dot lines: helical VAWT with c ¼ 127�.
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�uðx; y; zÞ � �uðxin; y; zÞ < 0. This definition of Zc is analogous to
that for the center of mass height of an object. Figure 16 compares
ZcðxÞ for the three cases. For the straight-bladed VAWT case, Zc
starts with a value that is very close to the turbine equator height
zeq, and increases gradually with x due to the turbulent mixing
between the low-speed wake region and the high-speed free-stream
wind above the wake. For comparison, the mean upward motion of
the wake flow in the c ¼ �127� case [Figs. 12(a) and 12(b)] causes

Zc to increase much more rapidly than that in the straight-bladed
VAWT case, resulting in a higher wake center height. In the
c ¼ 127� case, the mean downward motion of the wake flow over-
comes the upward shift effect caused by the turbulent mixing
between the free-stream wind and the wake flow, causing Zc to
slightly decrease and become smaller than zeq at 1 � ðx � x0Þ=D
� 10. At ðx � x0Þ=D > 10, the downward motion of the wake flow
in the c ¼ 127� case becomes too weak [Figs. 12(c) and 12(d)], and
Zc increases to be above zeq due to the effect of turbulent mixing.
More analyses and discussions for the turbulent mixing in the tur-
bine wake region are given in Sec. IV E.

Despite the vertical inclination, the magnitude of the turbine
wake does not exhibit significant difference between the straight- and
helical-bladed VAWT cases, suggesting that the effect of helical blades
on the power production rate may be small for the flow condition and
blade twist angles considered in the present study. To confirm this, the
mean power coefficient for each case is calculated based on
Cp ¼ P=ð0:5qHDU3

10Þ, where P is the mean power (averaged in time
and among the four turbines in each case) andU10 is the magnitude of
the mean inflow velocity at 10 m reference height.22 For the three cases
considered here, the corresponding mean power coefficients are
Cp ¼ 0:0627, 0.0605, and 0.0622 for c ¼ �127�, straight-bladed, and
c ¼ 127� VAWTs, respectively. These values fall well within the range
of the measured power coefficients reported in Wei et al.22 (see their
Fig. 3).

FIG. 15. Spanwise profiles of �u at the turbine equator height at different streamwise locations ðx � x0Þ ¼: (a) 1D; (b) 3D; (c) 5D; (d) 7D; (e) 9D; (f) 11D; and (g) 13D. Solid
lines: helical-bladed VAWT with c ¼ �127� ; dashed lines: straight-bladed VAWT; dash-dot lines: helical-bladed VAWT with c ¼ 127�.

FIG. 16. Streamwise variation of turbine wake center height Zc as defined in Eq.
(19). The turbine equator height zeq is also shown by the dotted line as a reference
height.
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D. Time-averaged statistics of turbulent fluctuations
of the VAWT wake flow

The LES results shown in Secs. IVB and IVC suggest that the
helical-shaped blades can affect the turbulent fluctuations in the wake
flow by direct disturbance as well as by inclining the wake region verti-
cally. In this section, these effects are quantified by calculating the
time-averaged statistics of the VAWT wake flow.

Figure 17 shows the distribution of the streamwise velocity vari-
ance u0u0 on the (x, z)-plane across the VAWT center and on the (x,
y)-plane at the equator height. The corresponding vertical and span-
wise profiles at various streamwise locations are shown in Figs. 18 and
19, respectively. In the straight-bladed VAWT case [Figs. 17(c) and
17(d)], u0u0 exhibits high intensity in the four shear layers extending
from x � x0 
 1D to 8D surrounding the wake due to the shear insta-
bility, but low intensity around the middle of the wake right behind
the turbine at 1D� x � x0 � 4D [Figs. 18(a) and 18(b)]. Beyond
x � x0 
 8D, the four shear layers merge and the magnitude of u0u0 is
reduced due to turbulent dissipation. In the case of helical-bladed
VAWT with c ¼ �127�, the upward inclination of the wake (Fig. 13)
causes the magnitude of @�u=@z to be decreased in the lower shear
layer, resulting in the reduction of u0u0 there [Figs. 17(a) and
18(c)–18(g)]. Reversing the twist angle to c ¼ 127� causes the effect
on u0u0 to be reversed, i.e., weakened u0u0 in the upper shear layer
[Figs. 17(e) and 18(c)–18(g)]. In both helical-bladed VAWT cases, the
streamwise turbulent fluctuation is enhanced in the middle of the
near-wake region (i.e., at 1D� x � x0 � 4D) due to the direct velocity
disturbance induced by the helical-shaped blades. The horizontal dis-
tribution of u0u0 is similar for the three cases [Figs. 17(b), 17(d), and

17(e)], except that the peak values in the two horizontal shear layers
for the helical-bladed VAWT cases are slightly lower than that for the
straight-bladed VAWT case [Figs. 19(b)–19(d)].

Figure 20 shows the distribution of the vertical velocity variance
w0w0 on the (x, z)-plane across the VAWT center and on the (x, y)-
plane at the equator height. The corresponding vertical and spanwise
profiles at various streamwise locations are shown in Figs. 21 and 22,
respectively. Consistent with the direct observation of the instanta-
neous vertical velocity fields [Figs. 8(e), 8(f), 9(e), and 9(f)], the helical-
shaped turbine blades induce considerable vertical velocity fluctuations
in the turbine-rotor region and in the near-wake region (i.e.,
�0:5D� x � x0 � 2D) [Figs. 20, 21(a), and 22(a)]. At x � x0 � 5D,
the upward inclination of the wake in the c ¼ �127� VAWT case
[Fig. 20(a)] weakens the lower shear layer, resulting in the reduction of
w0w0 there. Reversing the blade twist angle to c ¼ 127� causes the
effect of the helical-shaped blades on w0w0 to be also reversed [Fig.
20(e)]. Unlike u0u0 , the high-intensity region of w0w0 extends over a
long streamwise distance, where the reduction of w0w0 caused by the
helical-shaped blades can be observed consistently throughout the
range 5D� x � x0 � 13D [Figs. 20, 21(c)–21(g), and 22(c)–22(g)].

E. Turbulent transport in the turbine wake

The effects of the helical-shaped blades on the wake turbulence
can affect the turbulence-induced mixing and transport in the wake.
In this section, the statistics of the LES-resolved Reynolds stresses u0w0

and u0v0 as well as the unresolved SGS shear stresses �szx and �syx are
studied. In particular, u0w0 and �szx represent the resolved and unre-
solved (SGS) turbulent transport of streamwise momentum along the

FIG. 17. Streamwise velocity variance �u0u0 on the (x, z)-plane across the center axis of the VAWT (left column) and on the (x, y)-plane at the equator height (right column): (a)
and (b) helical-bladed VAWT with c ¼ �127�; (c) and (d) straight-bladed VAWT; (e) and (f) helical-bladed VAWT with c ¼ 127�.
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FIG. 18. Vertical profiles of �u0u0 along the wake centerline at different streamwise locations ðx � x0Þ ¼: (a) 1D; (b) 3D; (c) 5D; (d) 7D; (e) 9D; (f) 11D; and (g) 13D. Solid lines:
helical-bladed VAWT with c ¼ �127�; dashed lines: straight-bladed VAWT; dash-dot lines: helical-bladed VAWT with c ¼ 127�.

FIG. 19. Spanwise profiles of �u0u0 at the turbine equator height at different streamwise locations ðx � x0Þ ¼: (a) 1D; (b) 3D; (c) 5D; (d) 7D; (e) 9D; (f) 11D; and (g) 13D. Solid
lines: helical-bladed VAWT with c ¼ �127� ; dashed lines: straight-bladed VAWT; dash-dot lines: helical-bladed VAWT with c ¼ 127�.
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FIG. 20. Vertical velocity variance �w 0w 0 on the (x, z)-plane across the center axis of the VAWT (left column) and on the (x, y)-plane at the equator height (right column): (a)
and (b) helical-bladed VAWT with c ¼ �127�; (c) and (d) straight-bladed VAWT; (e) and (f) helical-bladed VAWT with c ¼ 127�.

FIG. 21. Vertical profiles of �w 0w 0 along the wake centerline at different streamwise locations ðx � x0Þ ¼: (a) 1D; (b) 3D; (c) 5D; (d) 7D; (e) 9D; (f) 11D; and (g) 13D. Solid
lines: helical-bladed VAWT with c ¼ �127� ; dashed lines: straight-bladed VAWT; dash-dot lines: helical-bladed VAWT with c ¼ 127�.
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vertical direction, respectively; u0v0 and �syx represent the resolved and
unresolved (SGS) turbulent transport of streamwise momentum along
the spanwise direction, respectively.

Figure 23 shows u0w0 (left column) and �szx (right column) on the
(x, z)-plane across the center axis of the VAWT. Both u0w0 and �szx
peak in the two shear layers at the upper and lower edges of the tur-
bine wake region, with opposite signs (i.e., negative in the upper and
positive in the lower layers, respectively) due to the reversed @�u=@z in
these two shear layers. The magnitude of �szx is much smaller than that
of u0w0 , indicating that the dynamically important turbulent flow
effects have been well resolved in the current LES. Figure 24 shows the
corresponding vertical profiles of u0w0 . The comparison between Figs.
23(a) and 23(c) shows that the magnitude of u0w0 in the lower shear
layer behind the helical-bladed VAWT with c ¼ �127� is noticeably
smaller than that in the case with straight-bladed VAWT. This effect
can also been seen clearly in Figs. 24(c)–24(e). Conversely, reversing
the blade twist angle to c ¼ 127� causes the weakening of u0w0 in the
upper shear layer of the wake compared with that in the straight-
bladed case [Figs. 23(e) and 24(c)–24(e)]. In the far-wake region at
x � x0 � 11D, the difference in u0w0 among the three cases becomes
insignificant [Figs. 24(f) and 24(g)].

Figure 25 shows u0v0 (left column) and �syx (right column) on the
(x, y)-plane at the turbine equator height, and Fig. 26 shows the corre-
sponding spanwise profiles of u0v0 at various streamwise locations.
Both u0v0 and �syx peak in the two shear layers at the lateral edges of

the turbine wake region, with opposite signs due to the reversed
@�u=@y in these two shear layers. Similar to �szx , the magnitude of �syx is
also much smaller than that of u0v0 . The effect of helical-shaped blades
on u0v0 is less significant than on u0w0 , suggesting the importance of
the helical blade-induced vertical inclination on the wake turbulence
characteristics.

F. VAWT wake visualization based on the transport-
tube method

The mass-flux based stream tube72,73 has been widely used as a
useful tool for flow analysis and visualization. Meyers and Meneveau74

further generalized this transport-tube concept and extended it to the
visualization of momentum and energy transports. Here, this general-
ized transport tube method is applied to visualize the downstream
development of the VAWTwakes.

The mean-flow stream tube can be easily constructed based on
the time-averaged flow velocity vector field. For the kinetic energy
transport tube, the steady-state transport equation for the mean-flow
kinetic energy (K ¼ �ui�ui=2) in the VAWT wake can be written in the
index-notation form as74

@�FK;j

@xj
¼ � 1

q
@ð�ui�pÞ
@xi

þ u0iu
0
j
@�ui

@xj
þ �sij�Sij; (20)

where

FIG. 22. Spanwise profiles of �w 0w 0 at the turbine equator height at different streamwise locations ðx � x0Þ ¼: (a) 1D; (b) 3D; (c) 5D; (d) 7D; (e) 9D; (f) 11D; and (g) 13D.
Solid lines: helical-bladed VAWT with c ¼ �127�; dashed lines: straight-bladed VAWT; dash-dot lines: helical-bladed VAWT with c ¼ 127�.
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FIG. 23. Time-averaged Reynolds stress �u0w 0 (left column) and SGS stress �szx (right column) on the (x, z)-plane across the center axis of the VAWT: (a) and (b) helical-
bladed VAWT with c ¼ �127� ; (c) and (d) straight-bladed VAWT; (e) and (f) helical-bladed VAWT with c ¼ 127�.

FIG. 24. Vertical profiles of �u0w 0 along the wake centerline at different streamwise locations ðx � x0Þ ¼: (a) 1D; (b) 3D; (c) 5D; (d) 7D; (e) 9D; (f) 11D; and (g) 13D. Solid lines:
helical-bladed VAWT with c ¼ �127�; dashed lines: straight-bladed VAWT; dash-dot lines: helical-bladed VAWT with c ¼ 127�.
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FIG. 25. Time-averaged Reynolds stress �u0v0 (left column) and SGS stress �syx (right column) on the (x, y)-plane at the equator height of the VAWT: (a) and (b) helical-bladed
VAWT with c ¼ �127�; (c) and (d) straight-bladed VAWT; (e) and (f) helical-bladed VAWT with c ¼ 127�.

FIG. 26. Spanwise profiles of �u0v0 at the turbine equator height at different streamwise locations ðx � x0Þ ¼: (a) 1D; (b) 3D; (c) 5D; (d) 7D; (e) 9D; (f) 11D; and (g) 13D. Solid
lines: helical-bladed VAWT with c ¼ �127� ; dashed lines: straight-bladed VAWT; dash-dot lines: helical-bladed VAWT with c ¼ 127�.
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�FK;j ¼ K�uj þ u0iu
0
j �ui þ �s ij�ui (21)

is the mean kinetic energy flux vector field per unit mass, �ui is the
time-averaged velocity vector field, u0i ¼ ~ui � �ui is the velocity fluctua-
tion, ~ui is the LES-resolved instantaneous velocity as defined in Sec.
IIA, �sij is the time-averaged SGS stress tensor, and �Sij is the time-
averaged strain-rate tensor. The three terms on the right-hand side of
Eq. (20) represent the pressure transport, mean-shear induced produc-
tion, and SGS dissipation of the mean kinetic energy, respectively.
Among these terms, the pressure transport is insignificant in the wake
flow; the production u0iu

0
j ð@�ui=@xjÞ acts as a sink term for K in Eq.

(20), but appears as a source term (with a reversed sign) in the trans-
port equation of the turbulent kinetic energy; and the SGS dissipation
also acts as a sink term.

Based on �FK;j, the corresponding kinetic energy transport veloc-
ity can be calculated as74

�uK;j � �FK;j=K ¼ �uj þ u0iu
0
j �ui=K þ �sij�ui=K; (22)

where the three terms on the right-hand side of Eq. (22) represents the
effects due to the mean-flow advection, the resolved turbulent trans-
port, and the unresolved SGS transport. Recall that a stream tube for
mass transport is defined as a tubular region of fluid surrounded by
streamlines of mean velocity vector field �uj. Analogous to the stream

tube concept, a transport tube of mean kinetic energy is defined as a
tubular region surrounded by the streamlines of the K-transport veloc-
ity �uK;j. As shown in Figs. 23 and 25, the magnitudes of the SGS stress
�sij are much smaller than those of the corresponding Reynolds stress
u0iu
0
j . Thus, the difference between �uK;j and �uj is mainly due to the

resolved turbulent transport as shown in Eq. (22).
Figure 27 shows the mean-flow stream tubes for the three

VAWT cases. In each case, the stream tube is obtained by constructing
streamlines from 120 seed points (evenly spaced based on the polar
angle) on the (y, z)-plane at x � x0 ¼ 1D along the elliptical circle

y � y0
D=2

� �2

þ z � zeq
H=2

� �2

¼ 1: (23)

For each VAWT case, the mass flow rate is conserved along the stream
tube without mass fluxes through the tube mantle. At the starting
cross-section of the stream tube at x � x0 ¼ 1D, the flow velocity
within the tube is smaller than the free-stream velocity outside the
VAWT wake. As the wake flow moves toward the downstream direc-
tion, the stream tube cross-section shrinks as the flow speed inside the
tube recovers, and the free-stream fluid around the VAWT wake
region flows inwards to fill the space. For the straight-bladed VAWT
case, the stream tube exhibits considerable shrinkage both horizontally
and vertically as it extends downstream, with the center of the tube

FIG. 27. Stream tubes in wake flows behind VAWTs. Panel (a) shows the three-dimensional view of the tubes: red for the helical-bladed VAWT with c ¼ �127�; green for the
straight-bladed VAWT; blue for the helical-bladed VAWT with c ¼ 127�. Panels (b)–(e) show the (y, z)-plane views of the tube mantle at four different streamwise locations, in
which the dashed line indicates the prescribed initial shape of the tube cross-section at x � x0 ¼ 1D, and the solid color lines correspond to the three VAWT cases shown
in (a).
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shifts toward �y and þz directions. By contrast, the stream tubes in
the two helical-bladed VAWT cases exhibit less shrinkage in the verti-
cal direction than that in the straight-bladed VAWT case. Moreover,
the mean vertical velocity in the wake region induced by the helical
blades (see Figs. 11 and 12) causes the center of the stream tube to
be shifted upwards in the c ¼ �127� case and downwards in the
c ¼ 127� case. Finally, the stream tube in the c ¼ 127� case exhibits a
leftward tilt with respect to the vertical that increases with downstream
distance, while the stream tube in the c ¼ �127� case shows an
increasing rightward tilt. These behaviors were also observed in the
field experiments of Wei et al.,22 further suggesting that the LES mod-
els in the present study are representative of the flow phenomena
around full-scale VAWTs in field conditions.

Figure 28 shows the mean-flow kinetic energy transport tubes
constructed in a similar way as the stream tubes shown in Fig. 27 but
based on the K-transport velocity �uK;j defined in Eq. (22). Similar to
the stream tubes, the kinetic energy transport tubes also exhibit shrink-
age as they extend downstream. Due to the additional effect of the
resolved turbulent mixing, i.e., the second term in Eq. (22), the shrink-
age of the mean kinetic transport tube is much more significant than
that of the corresponding stream tube. Unlike the stream tube in
which the mass flow rate is conserved, the mean kinetic energy is not
conserved in the wake flow along the K transport tube due to the two

sink terms in Eq. (20). Nevertheless, the transport tubes visualized in
Fig. 28 still possess an important property similar to the stream tube,
i.e., no flux of mean kinetic energy across the tube mantles.74 Taking
Fig. 28(e) as an example, the difference between a specific local tube
mantle at x � x0 ¼ 13D and the reference elliptical initial tube shape
at x � x0 ¼ 1D provides direct visualization of how the mean kinetic
energy gets entrained from the high-speed surrounding flow into the
wake region to help the recovery of the wind speed. For example, the
red line shown in Fig. 28(e) indicates that for the helical-bladed
VAWT with c ¼ �127�, the kinetic energy for recovering the mean
wake flow speed is mainly from the free-stream flow on the þy and
�z sides of the wake region. Overall, the stream tubes and kinetic
energy transport tubes visualized in Figs. 27 and 28 show noticeable
differences among the three VAWT cases, indicating that the blade
geometry of the VAWT can induce considerable effects on the mass
and energy transport in the turbine wake region.

V. CONCLUSIONS AND DISCUSSIONS

In the current work, we analyze the effect of helical blade geome-
try on the characteristics of VAWT wake flows based on simulation
data obtained from the LES. The Johns Hopkins LESGO model is
adopted to simulate the boundary layer turbulence, in which the effect
of the VAWT on the wind is modeled using the ALM. Using this LES

FIG. 28. Mean kinetic energy tubes in wake flows behind VAWTs. Panel (a) shows the three-dimensional view of the tubes: red for the helical-bladed VAWT with c ¼ �127�;
green for the straight-bladed VAWT; blue for the helical-bladed VAWT with c ¼ 127�. Panels (b)–(e) show the (y, z)-plane views of the tube mantle at four different streamwise
locations, in which the dashed line indicates the prescribed initial shape of the tube cross-section at x � x0 ¼ 1D, and the solid color lines correspond to the three VAWT
cases shown in (a).
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model, the turbulent wake flows behind two representative helical-
bladed VAWTs with opposite blade twist angles (c ¼ 6127�) are sim-
ulated and analyzed. One additional case based on a straight-bladed
VAWT with identical key parameters as the helical-bladed VAWTs is
also simulated and used as a reference case.

The effects of the helical-shaped blades on the VAWT wake flow
can be observed from the instantaneous flow fields, the time-averaged
statistics of the mean flow velocities, and the turbulent statistics. In
particular, the twisted blades of the helical VAWTs are found to
enhance the streamwise and vertical velocity fluctuations in the near-
wake region of the turbines. The rotating helical blades also generate a
secondary vertical flow motion in the wake region, which is found
to affect the characteristics of the turbulent wake flow. Taking the
c ¼ �127� case as an example, the rotating helical blades push the
flow downwards, resulting in the mean downward flow motions at
y � y0 
 60:5D and the upward counter flow at �0:5D < y � y0
< 0:5D in the turbine wake that extends to x � x0 
 10D (Figs. 11
and 12). This means that the vertical flow inclines the turbine wake
upwards and weakens the shear @�u=@z. Consequently, the turbulent
fluctuations u0u0 ; w0w0 , and u0w0 are also weakened in the lower shear
layer near the bottom of the turbine wake region. The simulation and
statistical analysis results of the c ¼ 127� case show that reversing the
twist direction of the helical blades cause the aforementioned effects of
the helical-bladed VAWT on the wake characteristics to be reversed.
The wake-flow visualizations based on the transport-tube method also
show considerable differences among the three VAWT cases regarding
the transport of mass and kinetic energy from the surrounding free-
stream flow into the turbine wake region.

To date, the characteristics of turbulent wake flows behind
helical-bladed VAWTs have not been well understood compared to
those for the straight-bladed VAWTs. As a result, there exist many dif-
ferent designs for helical-bladed VAWTs. More systematic studies are
needed to help converge different design strategies into an optimal
solution. Due to the high computational cost associated with the con-
current precursor simulation and the domain size for capturing the
correct flow physics of the boundary layer turbulence, in the present
study only a limited number of cases are studied. Nevertheless, this
work still identifies potential mechanisms that can affect momentum
transfer, wake recovery, and wake topology. These insights can inform
the design of VAWT farms, and the apparent dependence of these
trends on blade twist angle can be leveraged to further optimize energy
transfer in helical-bladed VAWT arrays. For example, a VAWT with a
positive twist angle (e.g., the c ¼ 127� VAWT studied in this work)
can induce a downward inclination of the turbine wake and result in a
noticeable reduction of the turbulent fluctuations [see, e.g., Figs.
18(c)–18(e) and 21(c)–21(e)] in the inflow of a downstream VAWT.
This reduction of turbulent intensity is also more significant toward
the upper end of the VAWT rotor height. As a result, the turbulence-
induced fluctuations in the aerodynamic forces on the blades and the
bending moment on the root of the rotor shaft may be significantly
reduced, which can increase the longevity of the VAWTs used in a
large wind farm.
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