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ABSTRACT

Computational Study of the Vertical Axis Wind Turbines: Wake Dynamics and

Generated Torque

Pooya Ahmadi

A computational study of the aerodynamics of the straight-bladed VAWTs was

performed by RNG k − ε and S-A turbulence models. Three different rotor types

with NACA0022, NACA0018, and S1223 blade profiles were studied. The main

objective was to numerically analyse the torque and the highly unsteady wake-

dynamics of the VAWTs by RANS turbulence models. The effect of increasing

the blockage of the free-stream wind by the rotor on the generated torque, the

influence of different turbulence models on the results, and the performance of the

downwind rotor in a row of two VAWTs were analysed as well.

The results indicate that the ducted VAWTs are more efficient than the regular

VAWTs. The efficiency of the rotor is overestimated by the 2-D geometry. This is

mainly related to the negative influence of the tip vortices on the torque. The ve-

locity magnitude in the wake recovers 50 % of its inlet value within 2D downstream

distance. In a row of 2 VAWTs, due to the disturbances in the flow generated by

a turbine placed 15D upwind, the efficiency of the downstream VAWT varies in

each revolution of the rotor. Comparison between the values of torque obtained

by the RNG k − ε and S-A turbulence models reveals that the RNG k − ε model

reports higher values of torque. In a direct relation, the values of torque obtained

by the second-order-accurate solver are generally higher than those given by the

first-order solvers. It can be argued that although the RANS turbulence models

overestimate the efficiency, they can be appropriately used as CFD design tools.
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1 Introduction

1.1 Wind Turbines

The two major types of wind turbines are horizontal-axis wind turbines (HAWTs)

and vertical-axis wind turbines (VAWTs). HAWTs are turbines with the blades

rotating around an axis parallel to the ground i.e. a horizontal axis. The blades of

a VAWT rotate around an axis perpendicular to the ground i.e. a vertical axis [3].

Another interpretation of the difference between these two types of wind turbines

can be related to the orthogonality of the free-stream velocity to the rotor plane.

For HAWTs, the wind velocity vector is perpendicular to the rotor plane. Nev-

ertheless, for VAWTs, the free-stream velocity moves parallel to the rotor plane.

Several types of VAWTs are available. This work aims at analysis of the major

available and used type of VAWTs i.e. straight-bladed VAWTs.

1.2 Motivation

To date, high demands for power have created new motivations to find al-

ternative approaches for power generation and to optimize the existing meth-

ods. Ducted VAWTs can be used to generate electricity from the air flow in the

buoyancy-driven ventilation systems. Accordingly, analysis of aerodynamics and

performance of ducted VAWT is of interest. Alternatively, VAWT can be good

candidates for generation of electricity due to their particular advantages over

HAWTs. Specifically, VAWTs can be placed closer to each other due to the fact

that they can function adequately in non-uniform wind fields. Moreover, VAWTs

are not restricted by the direction of the wind. Nevertheless, they inherit highly

complex aerodynamics related to the dynamic stall at different azimuthal loca-

tions. Then, VAWTs produce less noise than their horizontal counterparts [4].
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Power output from wind farms operated by HAWTs is highly dependent upon

the downstream spacing of the wind turbines [5]. Reducing the downstream spac-

ing of a row of HAWTs from 10D to 5D may decrease the power output by ap-

proximately 40% [5] . VAWTs are preferred because of their lower height that

can be up to 10 times lower that the height of typical HAWTs within comparable

ranges of efficiency.

Current renewable energy resources, specially the wind farms using HAWTs,

require wide areas of land in order to extract considerable amount of energy [3].

This is due to the fact that in order to achieve 90% of the torque output of a

single isolated HAWT of rotor diameter D in a HAWT wind farm, a turbine must

be located at 3D to 5D in cross-wind direction and 6D to 10D in the downwind

direction away from the other wind turbines [3]. Therefore, wind farms have to

be located at remote locations away from the high-energy-demanding areas [3].

VAWTs can offer higher power densities than their horizontal counterparts [3].

More precisely, VAWTs can be placed close to each other in a wind farm operated

by VAWTs and so the overall power output of the wind farm per unit land area

can be considerably increased. Also, VAWTs are not restricted by the direction

of the wind and they can operate by wind from any direction [6]. Therefore,

they do not need to have a complicated yawing system [6]. In comparison to

HAWTs, VAWTs possess a simpler structure that makes their production and

maintenance easier [6]. Another major advantage of VAWTs over HAWTs is that

the turbine’s generator does not have to be on top of the tower. The generator

can be mounted on the ground that can simplify the structure of the tower and

reduce its manufacturing costs. Nevertheless, VAWTs incorporate highly complex,

unsteady, and non-linear aerodynamic behaviour [6]. Thus, numerical analysis of

aerodynamics of the VAWTs can provide a deeper insight into this phenomenon.
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Alternatively, specification of the minimum downwind spacing required for

the maximum possible power output from the downstream turbines can lead to

generation of more energy from smaller pieces of land. This achievement can be

quite beneficial for small and high-energy-demanding areas.

1.3 Aims and Objectives

This study is dedicated to computational analysis of the aerodynamics of

VAWTs using 2-D and 3-D geometries. This work is not aimed at comparative

analysis of performance of the VAWTs. The main objective is to numerically anal-

yse the highly unsteady aerodynamics of the VAWTs by Boussinesq hypothesis-

based turbulence modelling. Two major areas of interest i.e. the torque generated

by the VAWTs and the flow disturbances in the wake are to be specifically inves-

tigated. In this regard, velocity field, the intensity of the turbulence, and vorticity

in the wake are the major quantities of interest. Numerical estimation and analy-

sis of the torque generated by each blade and the effect of the wake of an upwind

rotor on the efficiency of the downwind VAWT are the other targets of this study.

1.4 History

The entire information about the history of the wind turbines presented in

this section are from Manwell et al. [7]. Windmills were invented by the Persians

in approximately 900 AD. The first windmills were drag-type mills with vertical

axes. Wind energy was recognized in Europe during the middle ages. These mills

that had horizontal axes were used for mechanical tasks e.g. grain grinding. A

typical European windmill had 4 blades [7].

Although the European windmills had developed high-level designs, they were

no longer much appreciated in Europe after the Industrial Revolution. The reason
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behind this was that wind energy could not be transported. Coal, a portable fossil

fuel, was the alternative to the non-dispatchable wind energy [7].

The invention of electrical generators about the end of the nineteenth century

was the first step for using the wind energy for generation of electricity. United

Stated, Denmark and Germany had noticeable contributions to development of

early electricity-generating wind turbines [7].

In the late 1960s, people became aware of the consequences of the industrial

development. At this time, polluting fossil fuels and potentially dangerous nuclear

energy were recognised as not-so-appropriate sources of energy by many people.

These concerns led to a wider search for cleaner sources of energy [7].

At the end of the 20th century, wind turbine technology took advantage of

developments in other areas of science. Materials science helped build new com-

posites and alloys for the blades and metal components, respectively. Advances

in computer science made design, analysis, and control of the wind turbines eas-

ier. Aerospace industry with aerodynamic design methods started to participate

in wind turbine technology. Analytical methods began to provide a more vivid

understanding of the performance of the new designs. Sensors and data analy-

sis equipment helped designers in understanding the performance of the newly-

developed wind turbines. Power electronic devices could help with the connection

of the wind turbines’ generators to the electrical network. Thus, wind turbines

were brought to a whole new generation [7].

Although wind turbine technology has developed to a high level over the past

35 years, it still can be evolved. There still is space for reducing the cost of

energy. Wind turbines can perform at lower wind speeds. Turbines can be more

cost effective for all applications. Engineering methods can be improved for design,

analysis, and mass production of the turbines. Material science may be able to

4



increase the lifetime of the turbine [7].

1.5 Thesis Outline

In this work, the Introduction section is followed by the Aerodynamic back-

ground. Then, the methods of the simulation and evaluation of the results are

discussed in Methods section. After that, in the Verification and Validation sec-

tion, the results are verified and compared with the related published numerical

and experimental data available in the literature. This section is followed by the

Results. The section begins with analysis of a ducted VAWT, after which the

effect of different turbulence models on the generated blade torque is discussed.

Aerodynamics of the wake is discussed in this section as well. Then, results ob-

tained from 2-D and 3-D geometries are compared and the efficiency of downwind

rotor in a row of two VAWTs is discussed. After that, the conclusions are followed

by the suggested future work.
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2 Aerodynamic Background

2.1 Dynamic-Stall

The aerodynamics of VAWTs are highly unsteady. This is due to the fact

that the angle of attack, α, varies with the azimuth angle, θ, and affects the

relative velocity, Vrel, and consequently the Reynolds number [8]. The dynamic-

stall is caused by the separation of the boundary layer that occurs during the

unsteady motion of the blades [9]. The dynamic-stall is associated with the shed-

ding and passage of flow disturbances along the suction surface of the airfoil [9].

The shedding of these vortex-like disturbances is the apparent characteristic of the

dynamic-stall [9]. This phenomenon is dependant upon the parameters related to

the rotation of the blades and those concerning the boundary-layer separation [9].

The former includes the motion type, maximum angle, and reduced frequency [9].

The latter implies the type of the airfoil and Re andMa numbers [9] . The specific

features of the dynamic-stall obtained by a typical study of a Vertol V R−7 airfoil

discussed in the following paragraph are from Paraschivoiu [9].

In the upstroke motion of the blade, the flow reverses inside the boundary

layer. Nevertheless, it remains attached beyond the point it separates in steady

flow. As the blade rotates further, a vortex appears around the leading edge of

the airfoil and it passes over the blade with a velocity of approximately 0.22 of

free-stream velocity. Then, this vortex separates from the airfoil and sheds into

the wake. After that, a vortex rotating in an opposite direction develops at the

trailing edge and interacts. During the downstroke motion of the airfoil, weaker

and higher order vortices originate at either the leading edge or trailing edge of

the airfoil creating clockwise and counter clockwise vortices, respectively [9]. The

flow from the leading edge to the trailing edge remains mainly separated during
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the downstroke. The flow reattaches to the airfoil in the final azimuthal locations

in the cycle [9].

The variation of angle of attack, α with the azimuth angle, θ for a rotating

blade at tip speed ratio, λ can be obtained from:

α = tan−1
sin(θ)

λ+ cos(θ)
(1)

Figure 1 illustrates the angle of attack versus azimuth angle for different values

of λ. The zero position of the azimuth angle, θ, with respect to the direction of

the wind is illustrated in figure 2. The dynamic stall is less prone to happen at

high values of λ. Nevertheless, the physical constraints such as structural failure

due to the centrifugal acceleration put a limit on the maximum angular velocity

of the rotor.
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Figure 1: Angle of attack versus azimuth angle for different values of λ
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Figure 2: the schematic top view of the rotor (not to scale)

2.2 Torque Generated by the VAWTs

The torque output from the rotor is generated by the pressure and viscous

forces. The pressure forces acting on the blades are considerably higher than the

viscous forces. Studies reveal that the torque output from straight-bladed VAWT

exhibits fluctuations as well as periodicity.

Ji and Schluter [1] investigated a 4-bladed H-rotor of radius 0.2 m and of blade

chord length of 0.1 m with S1223 blade profile. Their 2-D results suggest that

the torque output is fluctuating and periodical with its maximum generated by a

single blade at about 72◦ azimuthal location.

Howell et. al. [10], performed a numerical and experimental analysis of a small

VAWT by NACA 0022 airfoil. The corresponding results indicate that the 2-D

simulations predict higher values of performance coefficient with respect to 3-D nu-

merical and experimental analysis [10]. The main reason has been identified as the

absence of efficiency-reducing tip vortices in 2-D analysis [10]. The experimental
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results in the corresponding work suggest that the surface roughness can enhance

the efficiency of the rotor for the Reynolds number range of Re < 30, 000 [10]. In-

versely, the surface roughness results in a reduced efficiency for Re > 30, 000 [10].

2.3 Tip Vortices

Mertens et.al. [11] showed that in a specific range of the skew angle, a VAWT

can produce higher power in skewed flows than in non-skewed flows. Similar to the

work of Mertens et.al. [11], the operation of VAWTs in skewed flow was studied

by Ferreira et. al. [12]. This study was aimed for application of the VAWTs in

the built environment. Authors have claimed that the analysis of the complex

aerodynamics of the wind turbines in the built environment is immature. The

VAWTs can be preferred for use in built environment [12]. This is mainly due to

the fact that the VAWTs are insensitive to flow direction and they do not require

a complex yawing system [12].

Unlike the majority of the researches on the VAWTs that assume a perpen-

dicular flow to the rotor’s axis, Ferreira et. al. [12] worked on analysis of the

aerodynamics of the turbine in skewed flow. The turbine model was a two-bladed

H-rotor with a diameter of 0.75m and a height of 0.5m. The blade profile was

NACA 0018 with zero pitch. The tip speed ratios were 3.07, 3.11, and 3.27 for

non-skewed flow case, 15◦ skewed flow case, and 30◦ skewed flow case, respectively.

In the corresponding work, the study was accomplished by smoke visualization of

the tip vortex expansion, hotwire measurements of the flow, and thrust force mea-

surement of the VAWTs [12]. The experiments were performed in a wind tunnel

of 2.24m diameter. The wind velocity was 7 m/s with the turbulence level being

in between 1.2 % and 1.7 %.

The experimental results of Ferreira [12] illustrate the tip vortices generated
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by the interaction of the flow with the blade at its most upwind location at 8

different azimuthal locations i.e. 40◦, 34◦, 30◦, 13◦, 35◦, 51◦, 56◦, and 90◦. The

the tip vortex expands as it moves in the downwind direction and it does not

significantly dissipate after interaction with the downwind passing blade [12]. The

vortex core moves in the direction of the free-stream flow [12].

2.4 The Level of Turbulence

The level of turbulence of the flow can be determined by the non-dimensional

Reynolds number, Re. It can be calculated based on the chord length of the airfoil

according to:

Re =
ρVrelx

μ

where ρ is the density of the fluid, Vrel is the relative velocity of the wind with

respect to the rotating blade, x is the distance measured along the chord length

from the leading edge of the airfoil towards the trailing edge, and μ is the dynamic

viscosity of the fluid.

The upper and lower limits of the Re number during each revolution of the

rotor can be determined using the minimum and maximum values of Vrel. The

minimum and maximum values of Vrel occur at θ = 180◦ and θ = 0◦, respectively,

therefore:

Rω − U∞ < Vrel < Rω + U∞

where U∞ is the free-stream wind velocity, accordingly:

ρ(Rω − U∞)x

μ
< Re <

ρ(Rω + U∞)x

μ
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2.5 Computational Fluid Dynamics for the VAWTs

There are many methods to observe the irregularity, unsteadiness and unpre-

dictability of turbulent flows. Amongst the numerical methods, Reynolds-averaged

Navier-Srokes (RANS) turbulence models as well as large eddy simulation (LES)

are of particular popularity for computational analysis of aerodynamics of VAWT.

The former provides satisfactory agreement with experimental results for a wide

range of flow problems in expense of reasonable computational power. The latter,

although with the current computational power is considered expensive, is widely

used to capture the tip vortices and flow disturbances in the wake.

The Spalart-Allmaras (S-A) model discussed in Spalart and Allmaras [13] is

proved to perform well in the near-wall regions of the flow and is one of the most

reliable turbulence models for simulation of the flows around the blades. Among

the RANS models, the Renormalization group (RNG) k − ε model is widely used

for analysis of the aerodynamics of VAWT. The renormalization group (RNG) k−ε

model discussed in Yakhot, V. and Orszag, S.A. [14] and Orszag, S.A et al. [15]

is one of the variants of the standard k − ε model by Launder and Spalding [16].

In the RNG k − ε model, formulation of the transport equation for turbulence

dissipation rate, ε, was improved to better handle the flows that are subject to

rapid strains and streamline curvature [17]. This modification makes the RNG

k − ε model a good candidate for the analysis of the wind turbine wakes within

affordable computational power. The formulations for the two transport equations

for the turbulence kinetic energy, k, and turbulence dissipation rate, ε of the RNG

k − ε model is analysed further in the text. Since the VAWT function at very

low Mach numbers, the flow can be considered as incompressible in the above-

mentioned models.

The present study was performed by the RNG k−ε and S-A turbulence models.
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The unavoidable computational expense of the LES model was the main reason it

was not employed for the analysis of the wake in this work.
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3 Methods

3.1 The Turbulence Models

3.1.1 Spalart-Allmaras Model

The Spalart-Allmaras (S-A) model proposed by Spalart and Allmaras [13] takes

advantage of a modelled transport equation for turbulent viscosity, μt [17]. All the

formulations in this section are from [13] and [17], to which the reader is referred

to for more details. The S-A model is derived using the Boussinesq hypothesis

that relates the Reynolds stresses to the mean velocity gradients as:

− ρu
′

iu
′

j = μt

(
∂ui

∂xj
+

∂uj

∂xi

)
−

2

3

(
ρk + μt

∂uk

∂xk

)
δij (2)

Application of Boussinesq hypothesis leads to lower computational cost for com-

putation of the turbulent viscosity, μt [17]. In this method, μt is assumed as an

isotropic scalar quantity that is considered to be effective for shear flows that are

highly affected by only one of the turbulent shear stresses [17]. Wall boundary

layer flows are good examples of this type of flow [17]. Nevertheless, when the flow

is considerably influenced by the anisotropy of turbulence, e.g. in highly swirling

flows, the Boussinesq hypothesis may provide less accurate results [17].

In Spalart-Allmaras model, the transport equation for the modified turbulent

kinematic viscosity, ν̃, is:

∂

∂t
(ρν̃) +

∂

∂xi
(ρν̃ui) =

Gν − Yν + Sν̃+
1

σν̃

[
∂

∂xj

(
(μ+ ρν̃)

∂ν̃

∂xj

)
+ Cb2ρ(

∂ν̃

∂xj
)2
]

(3)

in which Gν and Yν are the production and destruction of turbulent viscosity in
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the near-wall region of the flow, respectively. Gν can be obtained from:

Gν = Cb1ρS̃ν̃ (4)

where

S̃ = S +
ν̃

κ2d2
fν2

and

fν2 = 1−
χ

1 + χfν1

σν̃ = 0.666, κ = 0.4187, Cb1 = 0.1355, and Cb2 = 0.622 are the model constants

and d is the distance from the wall. Sν̃ is a user-defined source term and S is a

scalar measure of the deformation given by:

S =
√
2ΩijΩij (5)

where Ωij is the mean rate-of-rotation tensor and is computed from:

Ωij =
1

2

(
∂ui

∂xj

−
∂uj

∂xi

)

The formulation of the scalar measure of the deformation tensor given by equation

(5) indicates that vorticity and the rate of strain are identical in shear flows [17].

In inviscid regions of the flow, e.g. stagnation lines, vorticity is zero and the

strain rate can result in non-physical production of turbulence [17]. Thus, the

formulation of S is modified to incorporate the measures of strain tensors and

vorticity:

S = |Ωij |+ Cprodmin (0, |Sij| − |Ωij|) (6)

14



where Cprod = 2.0,

|Ωij | =
√

2ΩijΩij

and

|Sij| =
√

2SijSij

in which

Sij =
1

2

(
∂uj

∂xi
−

∂ui

∂xj

)

is the mean strain rate. Then, the turbulent viscosity is obtained from

μt = ρν̃fν1 (7)

where fν1 is the viscous damping function computed from:

fν1 =
χ3

χ3 + C3
ν1

in which

χ =
ν̃

ν

In the above formulations, ν is the molecular kinematic viscosity and Cν1 = 7.1 is

the model constant.

The destruction of turbulent viscosity is given by:

Yν = Cw1ρfw(
ν̃

d
)2 (8)

in which

fw = g

(
1 + C6

w3

g6 + C6
w3

)1/6
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, where

g = r + Cw2

(
r6 − r

)

and

r =
ν̃

S̃κ2d2

In these relations, Cw1 = 3.2059, Cw2 = 0.3, and Cw3 = 2.0 are model constants.

3.1.2 RNG k − ε Model

The renormalization group (RNG)k − ε model discussed in Yakhot, V. and

Orszag, S.A. [14] and Orszag, S.A et al. [15] is one of the variants of the standard

k−εmodel proposed by Launder and Spalding [16]. All the formulations presented

in this section are from [17], [15], and [14].

The RNG k−ε model incorporates two transport equations for the turbulence

kinetic energy, k, and turbulence dissipation rate, ε. The RNG k − ε model

was modified to better handle the rapidly strained and swirling flows [17]. In the

RNG k−ε model, formulation of the transport equation for turbulence dissipation

rate, ε, was improved to better handle the flows that are subject to rapid strains

and streamline curvature [17]. This modification that is incorporated in the last

term of equation (10), makes the RNG k − ε model a good candidate for the

analysis of the wind turbine wakes within affordable computational power. Also,

this model takes advantage of an analytically-derived turbulent Prandtl number

and an analytical differential formula for effective viscosity that takes care of the

low-Reynolds-number effects [17].

The transport equations for the RNG k − ε model are
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∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

(
αkμeff

∂k

∂xj

)
+Gk +Gb − ρε− YM + Sk (9)

and

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj

(
αεμeff

∂ε

∂xj

)
+C1ε

ε

k
(Gk + C3εGb)− ρ

ε2

k

(
C2ε +

Cμη
3 (1− η/η0)

1 + βη3

)
(10)

In these formulations, the model constants are C1ε = 1.42, C2ε = 1.68, η0 = 4.38,

and β = 0.012. The generation of turbulence kinetic energy due to the mean

velocity gradients, Gk, can be obtained from the exact equation for the transport

of k as:

Gk = −ρu
′

iu
′

j

(
∂uj

∂xi

)

In order to make Gk consistent with the Boussinesq hypothesis, it is formulated

as

Gk = μtS
2

in which

S =
√

2SijSij

is the modulus of the mean rate-of-strain tensor. Gb is the generation of turbulence

kinetic energy due to buoyancy. Gb is present in equation (9) when the flow

experiences a gravity field and a temperature gradient at the same time [17]. In

this simulation, the effect of gravity is neglected. Thus, Gb has a null value.

The dilatation dissipation, YM , is responsible for the effects of compressibility

on turbulence in high-Mach-number flows [17]. This simulation incorporates the
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incompressible-flow assumption that leads to a null value for YM in the transport

equation for k. In these formulations, Sk and Sε are user-defined source terms.

The terms αk and αε are inverse effective Prandtl numbers for k and ε, respectively

and are given by an analytical formula from the RNG theory as:

|
α− 1.3929

α0 − 1.3929
|0.6321|

α + 2.3929

α0 + 2.3929
|0.3679 =

μmol

μeff
(11)

in which α0 = 1.0.

The turbulent viscosity, μt, is calculated from:

μt = ρCμ
k2

ε
(12)

in which Cμ = 0.0845 is the analytically-derived model constant. In equation (10),

the term η is defined as:

η = S
k

ε

In comparison to the standard k− ε model, in highly strained flows i.e. in regions

where η > η0, the modifications in the formulation of RNG k − ε model that

are incorporated in the last term of equation (10) lead to smaller destruction

of ε and so to augmentation of ε [17]. This effect leads to decrease in k, and

eventually destruction of μt [17]. Thus, the RNG k− ε model is a good candidate

for computational analysis of the flows that are affected by streamline curvature

and rapid strain [17]. Nonetheless, in weakly to moderately regions of the flow

that correspond to regions where η < η0, the results from the standard k − ε and

RNG k − ε models are comparable [17].
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3.2 Non-Dimensional Parameters

3.2.1 Power Coefficient

The efficiency of the turbine was studied by the power coefficient, Cp. Cp is

defined as a function of the rotor swept area, A, air density, ρ, free stream velocity,

U∞, total torque obtained from the turbine, Tt, and the angular velocity of the

blades, ω, and is given by:

Cp =
ωTt

1

2
ρAV 3

(13)

3.2.2 Torque Coefficient

The Torque Coefficient, CQ was calculated according to:

CQ =
Tb

1

2
ρRAV 2

(14)

where Tb is the blade torque.

3.2.3 Tip Speed Ratio

The tip steep ratio, λ, abbreviated as TSR is a non-dimensional parameter

that relates the tangential velocity of the rotor blades to the free-steam velocity,

U∞. It is defined as:

λ =
Rω

U∞

(15)

where R is the radius of the rotor.

3.2.4 Solidity

Solidity of a straight-blades VAWT can be calculated according to:

σ =
NC

R
(16)
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where N is the number of blades and C is the chord length of the rotor blade.

3.3 The Geometry

Simulations were undertaken for 2-D and 3-D geometries. Three different rotor

geometries, namely M23, M18, and M22 models were investigated. The geometries

were generated and meshed in Gambit�. The mesh size and its effect on the results

is discussed further in the text in sections 4 and 5. The M23 model was selected

to verify the computational approach for the simulation by comparing the results

with the data available in the literature. The M22 model was chosen to validate

the results with experimental data. The M18 model was used for analysis of the

ducted versus non-ducted VAWTs with 2-D and 3-D geometries.

3.3.1 M23 Model

The M23 model is an H-Rotor of radius R = 0.2 m with S1223 blade profile.

The rotor geometry of M23 model is from Ji and Schluter [1]. The chord size is 0.1

m providing a solidity of σ = 2. The computational domain is extended from five

rotor diameters upwind to 10 rotor diameters downwind of the turbine. Figure (3)

shows the top view of the rotor with the blades numbered for future reference in

the text. The zero position of azimuth angle corresponds to the position of blade

1.

The model was discretized with four different mesh sizes. The very coarse

mesh has approximately 280,000 computational cells. The coarse and fine meshes

have approximately 1.2 millions and 2 millions mesh cells, respectively. The very

fine mesh in this study has 4 million cells.

Figure 8 illustrates the mesh around the S1223 airfoil. The geometry was

divided into two zones, i.e. a stationary zone and a rotating plane. The rotor
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Figure 3: Top view of the rotor with S1223 blade profile

Figure 4: Mesh scheme around the leading edge of S1223 blade profile
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Figure 5: Mesh scheme around S1223 blade profile

was inserted in a rotating plane forming a sliding interface with the rest of the

computational domain that was set to be stationary.

As demonstrated in Figure (4), the mesh was structured around the blades.

Triangular scheme was used to mesh the rotor area (Figure (5)), beyond which

uniform structured mesh was used to capture the wake.

The blades were considered as walls with no-slip condition. In order to capture

the viscous sublayer in the near-wall regions of the flow, the value of the non-

dimensionalized distance from the wall, y+, was kept lower than 1.5 for all blades.

3.3.2 M18 Model

The M18 model is a 4-bladed VAWT, namely a 4-bladed H-Rotor of radius

R = 1 m in a rectangular duct. Figure (6) shows the top view of the rotor with

the blades numbered for future reference in the text. The dashed line connecting

the rotor center to blade 1 represents the zero position of the azimuth angle, θ.
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Figure 6: Top view of the rotor with NACA 0018 blade profile (zero position of the
azimuthal location is indicated by the dashed line and the flow is in positive y direction)

Figure 7: The 3-D geometry with NACA 0018 blade profile
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This model was investigated with 2-D and 3-D geometries. The solidity of the

rotor is σ = 0.64. The 3-D geometry of this model that is a straight extrusion

of the 2-D model is illustrated in Figure (7). The blades are straight extrusions

of NACA 0018 with a uniform chord size of 0.16 m and a span size of equal to

duct edge length, forming zero clearance space with the walls. This configuration

was selected in order to increase the blade span and reduce the effect of the tip

vortices of the blades. The duct is 15 m long and it has an edge length of 2.4 m.

The computational domain is extended from approximately five rotor diameters

upwind to 8 rotor diameters downwind of the turbine.

The 3-D mesh with 12, 000, 000 computational cells was the extrusion of the

2-D coarse mesh with spanwise step size of c/10. The geometry was divided into

two zones, i.e. stationary and rotating. The rotor was inserted in a rotating zone

forming a sliding interface with the rest of the computational domain that was set

to be stationary.

Figure 8: Mesh scheme around the NACA 0018 blade profile
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Figure (8) illustrates the mesh scheme around the NACA 0018 blades. The

mesh was identical for all blades. The blades were treated as walls with no-slip

condition. The M18 model was modelled by the standard wall function. Thus, for

valid results in the near-wall region, the non-dimensionalized distance from the

wall, y+, should be higher than 30. This requirement was satisfied by analysis

of the mesh around the blades that was performed by running the simulation for

different grid spacing near the blades.

Fig. (6) shows the scaled top view of the rotor. The dashed line connecting

the rotor center to blade 1 represents the zero position of the azimuth angle, θ

when the free-stream flow is co-directional with positive y-axis. The direction of

the rotation of the rotor is counter clockwise.

3.3.3 M22 model

Unlike the previous models i.e. the M23 and M18 geometries, the M22 model

is a 3-bladed wind turbine with NACA 0022 blade profile. The rotor geometry of

the M22 model is from Danao [2]. The rotor radius and chord size are R = 0.35 m

and C = 0.04 m, respectively, giving σ = 0.34. The computational domain is

extended from 3 rotor diameters upwind to 7 rotor diameters downwind of the

turbine.

Two different mesh sizes of coarse (1 million cells) and fine (2.5 million cells)

were used for this study. The mesh scheme around the blades was identical to

that used for the M18 model. The geometry was divided into two zones, i.e. a

stationary zone and a rotating plane. The rotor was inserted in a rotating plane

forming a sliding interface with the rest of the computational domain that was set

to be stationary.

The blades were considered as walls with no-slip condition. In order to capture
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Figure 9: Top view of the rotor with NACA 0022 blade profile (scaled)

the viscous sublayer in the near-wall regions of the flow, the value of the non-

dimensionalized distance from the wall, y+, was kept lower than 1.2 for all blades.
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3.4 Computational Set Up

The commercial finite volume CFD code ANSYS� FLUENT� release 12.1.4

was used for the simulations.

The boundary conditions of pressure inlet and pressure outlet were applied for

inlet and outlet of the computational domain, respectively. The working fluid was

air that was treated as an incompressible fluid of density ρ = 1.225 with ideal-gas

properties. Turbulence intensity, I, was set to be as low as 0.01 at the inlet. This

modification was applied to reduce the effect of the turbulence intensity of the

wind on the turbulence generated in the wake of the rotor. Temperature at both

inlet and outlet was set at 26◦C. In order to eliminate the effect of the boundary

layer along the side walls of the non-ducted VAWTs on the mean flow, the side

boundaries were considered as walls with slip condition. The angular velocity of

the rotor was set to be at a fixed value for each simulation from time zero.

Table (1) presents the values of the relaxation factors used for the simulation.

The convergence rate that will be discussed further in the text was less than or

equal to 1e− 6 for all of the governing equation. Therefore, the relaxation factors

were kept at their default values.

Table 1: Relaxation factors for the simularion

Parameter Relaxation Factor
pressure 0.3

momentum 0.7
turbulence kinetic energy 0.8
turbulence dissipation rate 0.8

turbulent viscosity 1
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3.4.1 M18 Model

The simulation of the 3-D M18 model was undertaken by two state-of-the-art

models of turbulence i.e. Spalart-Allmaras and RNG k− ε, discussed formerly. In

order to evaluate the turbulence models under similar initial conditions, the com-

putational set up was the same for both of the turbulence models. The simulations

were performed by parallel computing on a minimum of 32 computational nodes.

Each of the four simulations was performed for 15 days of physical time. First-

order implicit transient formulation was used for the simulation. The pressure

and velocity were coupled with the SIMPLE scheme. Time step sizes of 0.001s

and 0.0005s were used for time discretization. A unidirectional inlet wind velocity

of V = 14 m/s was required for the simulation. This velocity was achieved by a

pressure difference of 5 kPa between the inlet having atmospheric pressure and

the outlet of the duct. The near-wall regions of the flow was modelled by standard

wall function available in FLUENT�.

In order to study the flow properties in the wake, the M18 model was analyzed

using a 2-D geometry as well. The software used to generate and study the model

were identical for both 3-D and 2-D models. Computational set up was similar

to that of the 3-D model. Nevertheless, both first-order and second-order implicit

transient formulations were used for the simulation of the 2-D model. The objec-

tive was to investigate the effect of the order of accuracy on the torque output

and on the wake.

3.4.2 M23 Model

The simulation was undertaken by the state-of-the-art model of turbulence i.e.

RNG k− ε model discussed formerly. Second-order implicit transient formulation

was used for the simulation. The spatial discretization was least squares cell based
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for gradient. Pressure had a second-order spatial discretization. Momentum,

turbulence kinetic energy, and turbulence dissipation rate were modelled based

on second-order upwind scheme. Time step sizes of 0.0001s and 0.00005s were

used for time discretization. This time step size was obtained from the formerly-

discussed formulation for calculation of the non-dimensional time step size.

The boundary conditions of pressure inlet and pressure outlet were applied for

inlet and outlet of the computational domain, respectively. The flow was induced

by a pressure difference of 20 Pa between the inlet having atmospheric pressure

and the outlet of the geometry. The angular velocity of the rotor was set to be

ω = 280 rpm.

3.4.3 M22 Model

The RNG k − ε turbulence model with second-order implicit transient formu-

lation was used for the simulation. The spatial discretization was least squares

cell based for gradient. Pressure had a second-order spatial discretization. Mo-

mentum, turbulence kinetic energy, and turbulence dissipation rate were modelled

based on second-order upwind scheme. Time step size was 0.00005s for time dis-

cretization.

The inlet wind velocity was V = 7 m/s. The aerodynamics of rotor was

analysed at λ = 4. The near-wall region of the flow was modelled by enhanced

wall function of the RNG k − ε turbulence model available in FLUENT�.

3.4.4 Level of Convergence of the Solution

Table (2) presents the value of the required residuals for convergence. The

continuity equation shows the highest residual with a value of 1E−6. The residuals

indicate an acceptable level of convergence of the solution.
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Table 2: Residuals for the model equations

Equation Residual
continuity 1E − 6
x-velocity 1E − 10
y-velocity 1E − 8

k 1E − 11
ε 1E − 9

3.4.5 Non-Dimensionalized Distance From the Wall

Simulations were undertaken with no-slip boundary condition along the blades.

In order to capture the viscous sublayer in the near-wall regions of the flow, the

value of the non-dimensionalized distance from the wall, y+, should not exceed

unity. The value of y+ for the M23 model blade is plotted in figure 10. As

illustrated, y+ is reported less than 1.1. High values of y+ correspond to the grids

neighbouring the leading edge of the blades where the value of velocity gradient is

higher. Accordingly, y+ decreases with increasing distance from the leading edge

towards the trailing edge of the blades where y+ is approximately null. Figure 11

illustrates the values of y+ for the NACA 0022 blade profile used in M22 model.

It can be safely argued that the viscous sublayer is fully captured with y+ < 1.1.

In order to overcome the computational expense related to the high-density

mesh around the blades, the near-wall regions of the flow in 3-D M18 geometry

were modelled by the standard wall function available in FLUENT ◦. Thus, in

order to obtain computationally valid data in the near-wall areas of the flow, the

value of the non-dimensionalized distance from the wall, y+, should be greater

than 30 and less than 300 [17]. The values of y+ from RNG k−ε and S-A models

are plotted in figure 12. As expected, values of y+ are similar. This confirms that

both turbulence models use identical wall functions. High values of y+ correspond
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Figure 10: wall y+ for S1223 blade profile
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Figure 11: wall y+ for NACA 0022 blade profile
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to the leading edge of the blade where the value of velocity gradient is higher.
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Figure 12: wall y+ for NACA 0018 blade profile obtained by S-A and RNG k−ε models
(3-D geometry)
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Figure 13: wall y+ for NACA 0018 blade profile (2-D geometry)
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In order to have an identical near-wall treatment for the 2-D and 3-D M18

geometries, the 2-D geometry was modelled with standard wall function around

the blades as well. Figure 13 illustrates y+ versus position for the 2-D model for

which 42 < y+ < 67. This range is valid for use of the standard wall function.

3.5 Time Step

The aerodynamics of the VAWT is highly complex due to strong unsteadiness

and dynamic-stall. Thus, time step size is of crucial importance in the CFD

analysis of VAWTs. The time step for a specific mesh was determined based on

the maximum relative velocity of the free-stream wind with respect to the rotating

blade, Vrel, during the rotation of the rotor. Figure 14 shows the location of the

blade at which Vrel reaches its maximum. This location corresponds to θ = 0◦.

Figure 14: Position of the blade with respect to the free-stream wind at which Vrel

reaches its maximum

The time step size is obtained according to:
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dt =
dx

Rω + U∞

where dx is the chord-wise mesh step size around the blade. This approxi-

mation gives a time step size of approximately dt = 0.0001 s for the 2-D M18

and M23 models at λ = 1.5 or lower. Nevertheless, the M22 model simulated at

λ = 4 requires a smaller time step size of approximately dt = 0.00005. The above

formula determines the minimum time step required for the simulation at θ = 0◦

at which Vrel reaches its maximum. The maximum torque output of the VAWTs

with S1223 or the conventional symmetric blade profiles including NACA 0018

and NACA 0022, is generated in the azimuthal range of 50◦ < θ < 90◦. Analysis

of the torque generated by the 3-D M18 model that is discussed further in the text

was performed by larger time step sizes of 0.0005 s and even 0.001 s from which

highly similar values of Tb were achieved.

Sørensen and Michelsen [18] analyzed the temporal convergence of the solution

of flow over a 2-D flat plate placed perpendicular to the free-stream velocity vector.

The aim was to determine the time step size for prediction of drag at high angle of

attack for computational analysis of HAWTs using k − ω turbulence model. The

observed quantity was the drag force coefficient on the plate. The corresponding

authors suggest a minimum non-dimensional time step size of dtU∞/C = 0.01 for

relative temporal convergence of the computational solution. This criterion was

used by Li et al. [19] for computational analysis of a single airfoil of a VAWT using

large eddy simulation (LES). This approximation gives the time-step sizes of:

dt = 0.01
C

U∞

= 0.01
0.1m

6m/s
= 0.000166s

for the S1223 blade profile with C = 0.1 m and U∞ = 6 m/s,
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dt = 0.01
C

U∞

= 0.01
0.16m

14m/s
= 0.000114s

for the NACA 0018 blade profile with C = 0.16 m and U∞ = 14 m/s, and

dt = 0.01
C

U∞

= 0.01
0.04m

7m/s
= 0.000057s

for the NACA 0022 blade profile with C = 0.04 m and U∞ = 7 m/s. Therefore,

the time-step sizes obtained by this formulation are higher than what was used in

this study.
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4 Verification and Validation

4.1 Effect of the Mesh Density on the Generated Torque

The M23 geometry was used for verification of the simulation methodology.

The rotor dimensions and blade profile are identical to those used by Ji and

Schluter [1]. The simulations were run for a total flow time of 2 s. During this time

interval, the wake reaches a quasi-steady state. Considering an inlet velocity of 6

m/s and total domain length of 6 m, this time interval is twice the time required

for the undisturbed inlet flow to reach the outlet of the domain.

In this analysis, the angular velocity of rotor and the wind speed were ω = 280

rpm and Urel = 6 m/s, respectively. This configuration results in a tip speed

ration of approximately λ = 1. Figure 15 illustrates the torque output from

a single blade compared with the values obtained by Ji and Schluter [1]. The

results are highly comparable for 90◦ < θ < 180◦. Nevertheless, the values of

torque for 180◦ < θ < 270◦ are considerably different. This can be attributed to

the resolution of the mesh. The 3-D model of Ji and Schluter [1] incorporates 2

million cells. Neither the mesh size nor the time step size for the corresponding

2-D model were mentioned. In the comparative analysis, it was considered that

the 2-D geometry has considerably less than 2 million cells. The results of the

torque illustrated in figure 15 were obtained by a 2-D model with 280,000 cells.

The variation of torque shows considerable change with a higher-density mesh.

Therefore, the torque obtained by Ji and Schluter [1] is subject to numerical errors

occurred by low mesh density.

In order to examine the spatial convergence of the simulation, the model was

investigated with 4 different mesh densities i.e. very coarse, coarse, fine, and very

fine with 280,000, 1.2 millions, 2 millions, and 4 millions mesh cells, respectively.
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Figure 15: torque versus azimuth angle from the 2-D model with very coarse mesh
compared with the values of torque obtained by Ji and Schluter [1]

The time step size was calculated based on the very fine mesh and was equal to

0.0001s.

The torque from a single blade was analyzed to evaluate the spatial conver-

gence. Figure 16 illustrates the torque from a single blade versus the azimuth

angle. The results indicate that the finer mesh generally reports lower values of

maximum torque generated by a single blade. The very coarse mesh with 280,000

computational cells gives the highest value of maximum torque. The difference

between the torque obtained by the very coarse mesh and that given by the coarse

mesh indicate that the very coarse mesh is unable to capture the turbulent be-

haviour of the flow that inversely effects the generation of torque. The torque

obtained from the coarse and fine meshes are comparable. This confirms the

spatial convergence of the solution.

Figure (17) illustrates that as the mesh density increases, the azimuthal lo-
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Figure 16: torque versus azimuth angle obtained by different mesh densities
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Figure 17: torque versus azimuth angle in polar system of coordinates obtained
by the coarse, fine, and very fine mesh densities
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cation where the maximum torque is predicted,θCrit , approaches θ = 90◦. The

maximum value of Tb is achieved at θ = 84.216◦ with the very fine mesh. Nev-

ertheless, the fine and coarse mesh densities report the maximum value of Tb at

azimuthal locations of θ = 81.528◦ and θ = 81.192◦, respectively.

4.2 Effect of the Order of Accuracy on the Generated

Torque
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Figure 18: Torque obtained by the RNG k − ε and S-A turbulence models at ω = 200
rpm with first and second order accurate solvers

Figure 18 demonstrates a comparison between the values of torque obtained

with first-order and second-order accuracies by the RNG k − ε turbulence model.

The results are from the non-ducted geometry. It is evident that the second-order-

accurate solver predicts higher values of Tb. Also, higher fluctuations are reported

in the values of Tb with the second-order-accurate solver.
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4.3 Effect of the Order of Accuracy on the Aerodynamics

of the Wake

Figure 19 demonstrates a comparison between the contours of I obtained by

solvers of first-order and second-order accuracy. The levels were adjusted for

optimum visualisation of the contours. Second-order-accurate solver reports higher

values of I in the wake and around the blades. Both figures show highest values

of I for 0 < L < R. Nonetheless, the contours of I obtained by the second-order-

accurate RNG k − ε turbulence model exhibit more fluctuations in the values of

I.

Figure 20 demonstrates a comparison between the contours of �ω obtained by

solvers of first-order and second-order accuracy. Vorticity is reported higher by

the second-order-accurate solver in the wake and around the blades. The contours

of �ω obtained by the second-order-accurate RNG k − ε turbulence model exhibit

more fluctuations in the values of �ω. Generally, the vorticity reported along the

blade sides facing the axis of the rotor is positive. This is evident at the azimuthal

locations of θ = 0◦ and θ = 90◦.
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(a)

(b)

Figure 19: Contours of turbulence intensity around the rotor obtained by a) first-order-
accurate and b)second-order-accurate solvers
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(a)

(b)

Figure 20: Contours of vorticity (1/s) around the rotor obtained by a) first-order
accurate and b)second-order accurate solvers
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4.4 Comparison Between Numerical and Experimental Val-

ues of Power Coefficient

The M22 model was selected for validation of the methodology. The rotor

dimensions and blade profile were identical to those used by Danao [2]. The

numerical results obtained by the RNG k− ε model and the experimental data of

Danao [2] were compared at λ = 4. The simulations were run for a total flow time

of 2 s. After this time interval, the wake reaches a quasi-steady state. Considering

the inlet velocity of 7 m/s and total domain length of 7 m, this time interval is

approximately twice the time required for the undisturbed inlet flow to reach the

outlet of the domain.
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Figure 21: Torque generated by the M22 model at λ = 4

Figure 21 illustrates the values of Tb generated by the M22 model at λ = 4.

The highest values of Tb are reported in the azimuthal range of 0◦ < θ < 90◦ with

its maximum at θCrit = 67◦. Torque becomes negative in the second quadrant
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and increases to positive values for 180◦ < θ < 270◦. In the last quarter of the

revolution, Tb is mainly reported negative.
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Figure 22: Cp at λ = 4 from the RNG k − ε model compared with the numerical and
experimental results obtained by Danao [2]

The results from the numerical analysis for estimation of Cp at different values

of λ performed by Danao [2] demonstrate poor agreement with experimental data

of the corresponding work (figure 22). At λ = 4 where Cp reaches its maximum

value, the numerical results obtained by the Transition SST turbulence model and

experimental data demonstrate up to 35% difference. The difference increases to

50% for the k − ω SST turbulence model. At λ = 1.5, the values of Cp obtained

by both transition SST and k− ω SST models of turbulence are comparable with

the experimental data. At higher values of λ the Transition SST model accurately

predicts Cp at approximately λ = 3.5. Although the curves incorporate similar

trends, the results are extensively different at other values of λ. The value of Cp

obtained by the RNG k − ε turbulence model in this work demonstrates close
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agreement with the experimental data. This provides confidence in the results

and confirms the ability of the RNG k−ε turbulence model for numerical analysis

of the torque generated by VAWT.
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5 Results

5.1 Aerodynamics of the Wake

The wake is analysed with the fine mesh (2 million cells). Figure 23 illustrates

the contours of velocity magnitude in the wake. As illustrated, the downstream

velocity decreases dramatically behind the rotor. The major velocity deficit exists

in approximately 2 rotor diameters after the turbine. Figure 23(a) demonstrates

that the free-stream flow retrieves 50 % of its inlet velocity of 14 m/s within

2.5D distance in the downstream direction. The wake exhibits highly turbulent

behaviour with immediate fluctuations in the values of velocity magnitude. Gen-

erally, the velocity magnitude of air within the area of the rotor is higher than

that reported downstream of the turbine.

Figure 24 illustrates the velocity magnitude versus position upstream and

downstream of the rotor. Figure 24(a) shows that the velocity decreases with

increasing distance towards the rotor. The velocity decreases from the inlet value

of 14 m/s up to approximately 11.4 m/s at 1.25D upstream of the rotor. In the

downwind direction and in the proximity of the rotor, the velocity experiences a

dramatic decrease. Figure 24(b) shows that the velocity magnitude reduces to

2.7 m/s at 2D downstream of the rotor. The velocity magnitude increases with

increasing distance form the rotor in the downwind direction. Accordingly, the

cross stream velocity profile becomes more uniform towards the outlet.

Figure 25 illustrates the contours of turbulence intensity, I. Figure 25(a) shows

that turbulence intensity decreases in the wake with increasing distance from the

rotor in the downstream direction. The contours of I illustrate sinusoidal and

periodic trend near the outlet of the computational domain. The highest values

of I are reported around the blades, specifically at θ = 180◦ and θ = 270◦ (figure
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(a)

(b)

Figure 23: Contours of velocity magnitude (m/s) a) in the entire domain and b) around
the rotor
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Figure 24: Velocity magnitude (m/s) versus position (m) at a) upstream and
b)downstream of the rotor
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25(b)).

Figure 26 illustrates I versus lateral position from 1D to 10D downstream

of the rotor. As demonstrated in figure 26(a), up to I = 0.2 is reported at

1.25D downstream of the rotor. At 2D, the intensity decreases considerably for

−R < L < R. Generally, the highest intensity is reported along 0 < L < R.

Figure 26(b) shows the decrease of I after 5D downstream of the rotor. At the

cross stream position of 10D, no more than 0.07 turbulence intensity is reported.

Figure 27 illustrates the contours of vorticity, �ω. Highest values of �ω are

reported within the rotor. Up to �ω = 1000 1/s is reported around the blades. As

illustrated, contours of �ω demonstrate a dissipative pattern. The value of �ω in the

wake decreases with increasing distance from the rotor.

Figure 28 illustrates the contours of I in the wake for different values of λ and

σ. The trace of the path of the rotor blade advected in the downstream of the

rotor is visible in the wake of the M22 model. This is due to the high value of ω

i.e. 80 rad/s corresponding to λ = 4. Figure 28 (b) shows that the wake in lower

values of λ does not incorporate this effect. The solidity of the rotor effects the

aerodynamics of the wake. A comparison between figures 28 (a), 28 (b), and 28

(c) suggests that the area-averaged value of I in the wake is higher for low-solidity

rotors.

Figure 29 illustrates the contours of �ω in the wake for different values of λ and

σ. Similar to the turbulence intensity at high values of λ, vorticity is reported

highest along the traces of the path of the rotor blade that are advected in the

downstream during rotation of the rotor. The area-averaged value of �ω in the

wake is in direct relation to the solidity of the rotor. Figure 29 illustrates that the

vorticity is highest in the wake of the rotor with σ = 2. Generally, independent

of the values of σ and λ, �ω is reported positive and negative for 0 < L < R and
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(a)

(b)

Figure 25: Contours of turbulence intensity a) in the entire domain and b) around the
rotor
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Figure 26: Turbulence intensity at a) 1D to 3D and b) 5D to 10D downstream of the
rotor

51



(a)

(b)

Figure 27: Contours of vorticity (1/s) a) in the entire domain and b) around the rotor
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(a) (b)

(c)

Figure 28: Contours of turbulence intensity for a)M22 model at λ = 4 and σ = 0.34,
b) M18 model at λ = 1.5 and σ = 0.64, and c) M23 model at λ = 1 and σ = 2
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(a) (b)

(c) (d)

Figure 29: Contours of vorticity (1/s) for a) M22 model at λ = 4 and σ = 0.34 , b)
M18 model at λ = 1.5 and σ = 0.64, and c&d) M23 model at λ = 1 and σ = 2 with
different contour levels
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−R < L < 0, respectively.

5.2 Ducted VAWTs
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Figure 30: Tb obtained by the ducted and non-ducted 2-D models

This analysis was performed to investigate the performance of a ducted VAWT.

The 2-D M18 Model was studied at rotor angular velocity of ω = 200 rpm corre-

sponding to the tip speed ratio of λ = 1.5. The mesh was coarse for both ducted

and non-ducted models. The simulations were run for a total flow time of 2s

within which the wake reaches a quasi-steady state. Considering the inlet velocity

of 14 m/s and total domain length of 15m, this time interval is approximately

twice the time required for the undisturbed flow from the inlet to reach the outlet

of the domain.

The simulations were undertaken with ducted and non-ducted 2-D geometries.

As illustrated in figure 30, the values of torque obtained from the ducted rotor

are higher than those obtained by the non-ducted turbine. Nevertheless, both
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models predict a comparable trend for the variation of the torque generated by

a single blade with its maximum at approximately θ = 60◦. This indicates that

the domain walls have little effect on the variations of angle of attack. At this az-

imuthal location the value of Tb obtained by the ducted and non-ducted geometries

demonstrate a difference of approximately 30%.

Table 3 presents the total flow time, tt, and the number of revolutions for figures

31 and 32 in which tt increases from top left to the bottom right figure. Figures

31 and 32 illustrate the history of development of the flow in the computational

domain. For this configuration, the computational domain was initialized with

zero velocity to visualize the development of the wake. Relatively lower values

of velocity are reported downstream of the rotor where the wake is dominant.

Velocity is higher in between the wall and the periphery of the rotor. The highest

values of velocity are observed where the rotation of the rotor is in the free-stream

flow direction. The value of velocity approaches its inlet value with increasing

distance from the rotor in downstream direction i.e. the cross stream velocity

profile becomes more uniform in the downstream towards the outlet. The changes

in the velocity field are negligible after 40 revolutions. This indicates that the flow

has reached a quasi-steady state.

Table 3: tt versus the number of revolutions for figures 31 and 32

tt (s) number of revolutions
1.20 4
2.40 8
3.00 10
4.20 14
5.40 18
8.40 28
10.20 34
12.60 42
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Figure 31: History of streamwise velocity component (m/s) for RNG k − ε model
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Figure 32: History of streamwise velocity component (m/s) for S −A model
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5.3 Comparison Between the Values of Blade Torque Ob-

tained by RNG k − ε and S-A Turbulence Models
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Figure 33: Torque obtained by the RNG k − ε and S-A turbulence models at ω = 200
rpm with first and second order accurate solvers

The results are from M18 model using the coarse mesh. Figure 33 suggests

that compared to the values of torque obtained by the S-A turbulence model, the

RNG k−ε model predicts higher values of Tb. This is in agreement with the results

obtained by the 3-D geometry that is discussed further in the text. Both graphs

show approximately identical values of θCrit where the maximum Tb is achieved.

5.4 3-D Model

The 3-D M18 model is a straight-bladed extrusion of the 2-D geometry. The

3-D mesh is a straight extrusion of the 2-D coarse mesh with spanwise step size

of c/10. Figure 34 illustrates the torque from a single blade, Tb. The highest Tb is

obtained during the first 90◦ rotation with its peek at about θ = 54◦. T obtained
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Figure 34: Torque versus azimuth angle from blade 1 obtained by S-A and RNG k − ε
models

by S-A and RNG k − ε models is different by 7% at this azimuthal location.

Between θ = 90◦ to θ = 180◦, Tb approaches zero. From θ = 180◦ to θ = 270◦,

Tb fluctuates with low positive values. From θ = 270◦ to θ = 360◦, the value of

Tb decreases and it becomes negative during the last 30◦ of the full revolution.

The fluctuations in between θ = 180◦ and θ = 270◦ are mainly due to the effect

of the wake of the opposite upwind blade. In comparison to the S-A model, the

RNG model generally predicts higher values of Tb, particularly in the peak points

where the highest lift force is achieved. The torque output from the blades in 90◦

azimuthal distances, experience 90◦ phase lag.

Figure 35 presents the accumulated or total torque, Tt, versus θ obtained by

RNG k − ε and S-A models using different time step sizes, dt. Figure 35(a)

corresponds to the first 360◦ rotation of the turbine and shows the convergence

history. Tt has a periodic and fluctuating trend after θ = 90◦. This is due to the
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Figure 35: Accumulated torque versus accumulated azimuth angle obtained by RNG
k − ε and S-A models using time step sizes of 0.001 s and 0.0005 s during a) the first
revolution and b) the second revolution of the rotor
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fact that not all the blades experience lift at the same azimuthal location during

the rotation of the rotor.

Figure 35(b) presents almost identical results obtained by t=0.001 s and t=0.0005

s during the second revolution of the rotor. This is an indication of the temporal

convergence of the simulation. Due to prediction of higher values of T by the RNG

k − ε model, this model gives higher values of Tt. At θ = 230◦, the value of Tt is

reported 15% higher by the RNG model.

Power coefficient, Cp, calculated from equation 13 is reported in figure 36.

Due to prediction of higher Tb by the RNG model, Cp obtained by this model is

generally reported higher than that given by the S-A model. In direct relation to

the Tt demonstrated in figure 35, Cp follows a periodic and fluctuating trend.
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Figure 36: Power coefficient versus accumulated azimuth angle

As demonstrated in figure 37, highest values of I are reported around the

blades. I is reported higher for 0 < L < R and it decreases with increasing

distance from the rotor. I reaches a value of approximately 12% at 0.6D after the
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rotor in the downstream direction (figure 38). The value of I decreases below 9%

at 0.7D after which it mainly remains below 6%.

Figure 37: 3-D contours of turbulence intensity

Figure 39 illustrates the contours of velocity magnitude. Figure 39(c) illus-

trates the tip vortices near the rotor. The x and y components of velocity reduce

to approximately zero after 0.5D distance from the rotor. Nevertheless, the con-

tours of stream-wise component of the velocity demonstrate a non-uniform velocity

distribution along the duct.

The velocity magnitude iso-surfaces in the proximity of the rotor are demon-

strated in figure 40. Highest velocity in the wake is reported for 0 < L < R

where the tangential velocity of the rotor blade is co-directional to the free-stream

velocity vector at θ = 180◦. It can be safely argued that at the other azimuthal

locations for 0 < L < R, the tangential velocity of the rotor is not opposite to the

inlet wind velocity. This is in contrast to the case of −R < L < 0 and confirms
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Figure 38: Turbulence intensity in the wake

the higher velocity magnitude in the near-wake for 0 < L < R.

Figure 41 illustrates the iso-surfaces of vorticity. Mainly positive values of �ω

are reported inside the area of the rotor. At this azimuthal position, the highest

value of �ω in the rotor area is reported in the proximity of the rotor axis. This

vorticity is generated by the upstream blade rotating from θ = 0◦ to θ = 180◦.
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(a) (b)

(c) (d)

Figure 39: Contours of a) X-Velocity (m/s), b) Y-Velocity (m/s), c) Z-Velocity (m/s),
and d) velocity magnitude (m/s)
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Figure 40: 3-D contours of velocity magnitude (m/s)

Figure 41: 3-D contours of vorticity (1/s)

66



5.5 Comparison Between the Results from 2-D and 3-D

Geometries
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Figure 42: Torque coefficient obtained by the ducted 2-D and 3-D models at ω = 200
rpm

Both models exhibit highly comparable trends for the variation of torque. The

value of CQ obtained by the 2-D model is higher than that given by the 3-D model

(figure 42). This indicates that the 2-D model predicts higher values of Cp.

Both 2-D and 3-D models exhibit the same predictions for the wake of the

VAWTs. The models report the highest values of �ω near the blades and in the

area of the rotor. Highest velocity magnitude is reported for 0 < L < R by both

models. The variations of turbulence intensity in the wake are highly comparable

in 2-D and 3-D results.
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5.6 Analysis of the Torque and the Aerodynamics of the

Downstream Rotor in a Row of Two M23 VAWTs

The results presented in this section are second-order accurate in time and

space with very fine (10 million) computational cells. The time step size was

0.00005 s. The M23 geometry was used for the study of a row of two VAWTs with

the second rotor placed in 6 m or 15D downstream of the upwind rotor.

Figures 43 and 44 illustrate the values of Uy and Ux in the immediate upwind

proximity of the downwind rotor, respectively. The values of Uy for −R < L < 0

are considerably lower than those reported for 0 < L < R. This is due to the

effect of the rotation of the blade in a direction mainly opposite to the free-stream

flow. Figure 44 shows that in a direct relation to Uy, the values of Ux are lower

for −R < L < 0.

Figure 45 illustrates the variation of the velocity magnitude in the downstream

spacing between the two rotors. The velocity decreases in the downwind proximity

of the upwind rotor after which it recovers the value of U∞. Figure 45 demonstrates

that unlike the velocity distribution in the wake of an isolated VAWT, the velocity

magnitude decreases beyond 10D downstream spacing measured from the upwind

rotor. This is the effect of the blockage of the free-stream flow by the downwind

rotor.

Figure 46 illustrates the values of Tb at approximately λ = 1 during the 3

consecutive revolutions of the rotor. The values of Tb fluctuate in each cycle. The

maximum values of Tb reported in the two consecutive revolutions are up to 40 %

different. This phenomenon is the effect of the unsteady and non-unidirectional

U∞ for the downwind rotor. Figure 47 shows the fluctuations of Tt in each rev-

olution. The trend of variation of Tt in each revolution is highly unsteady and

unpredictable. It can be argued that the time-independent fluctuations of Tt and
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its non-periodic behaviour can increase the vibration of the rotor.
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Figure 43: Uy in the immediate upwind proximity of the downwind rotor
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Figure 44: Ux in the immediate upwind proximity of the downwind rotor
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Figure 47: Tt versus revolution history for the downwind rotor

Figures 48 and 49 illustrate the contours of velocity magnitude and turbulence

intensity in the wake, respectively. Compared to the wake of the upstream rotor,

the downwind turbine exhibits higher flow disturbances in the wake.

Table 4 presents the values of Cp for the downstream VAWT. With 6 m or

15D spacing, the time-averaged Cp of the downwind rotor is equal to 1/3 of that

of the upwind rotor that is 0.12. This indicates that the M23 model is not an

appropriate rotor to be used in the VAWT farms.

Table 4: Values of Cp for the downwind VAWT at λ = 1

cycle 1 cycle 2 cycle 3 average of 3 cycles
Cp 0.05 0.03 0.04 0.04
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Figure 48: Contours of velocity magnitute (m/s)
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Figure 49: Contours of turbulence intensity

73



6 Conclusion

A computational study of the aerodynamics of vertical-axis wind turbines

(VAWTs) was conducted using the renormalization group (RNG) k−ε and Spalart-

Allmaras (S-A) turbulence models. The rotors were straight-bladed wind tur-

bines analysed with 2-D and 3-D geometries that were generated and meshed in

Gambit�. The commercial computational fluid dynamics (CFD) code ANSYS�

FLUENT� release 12.1.4 was used for the simulation. The results were compared

with numerical and experimental data available in the literature for verification

and validation purposes. Two major areas of interest i.e. the torque generated

by the VAWTs and the flow disturbances in the wake were specifically investi-

gated. In this regard, velocity, turbulence intensity, and vorticity in the wake play

a major role.

The torque output can be analysed when its cycle-averaged values do not

change in time and its variation becomes oscillatory and periodic. Nevertheless,

the aerodynamics of the wake are not considered to be quasi-steady before the

inlet flow reaches the outlet of the computational domain. The flow time required

for the wake to reach a quasi-steady state depends on λ or more specifically on

U∞ and ω.

The major contributions of this study can be summarized as:

• In order to obtain spatial convergence in the solution, fine mesh density is

necessary. The mesh size is directly proportional to the value of λ.

• Compared to the first-order solver, the second-order solver gives higher values

of Tb.

• The turbulence in the wake predicted by the first-order solver is very dif-

fusive. Thus, the second-order accuracy is necessary for the simulation of the

wake-dynamics.

74



• The values of CQ and CP obtained by the 2-D model are higher than those

given by the 3-D model.

• In analysis of the torque by 2-D geometries, first-order solver can be more

appropriate than the second-order solver. This is because of the fact that the 2-D

analyses overestimate the torque.

• Compared to the S-A turbulence model, the RNG k−ε model reports higher

values of Cp.

• Comparison between the torque obtained by the ducted and non-ducted

geometries reveals that the cycle-averaged value of torque can be higher in ducted

VAWTs.

• The major flow disturbances in the wake appear in 0 < L < R.

• The highest values of �ω in the wake are reported mainly positive for 0 < L <

R. Nevertheless, for −R < L < 0, maximum values of �ω are mainly negative.

7 Future Work

Numerical and experimental study of the VAWTs is a relatively new subject

that has created novel motivations for the aerodynamics enthusiasts. The future

work in this area, including, but not limited to the following subjects can result

in a deeper understanding of the highly complex aerodynamics of the VAWTs:

• In this study, each 2-D simulation with fine mesh density and the 3-D sim-

ulation were run using parallel computing on 32 or 64 nodes for 3 to 6 weeks.

This computational cost is not always affordable. Therefore, development of a

specialized code based on the optimized finite elements and faster solvers can be

a huge leap in CFD analysis of the VAWTs.

• Improvement of the accuracy of the RANS solvers in order to capture the

dynamic stall.
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• Downstream spacing constraints of the VAWTs in wind farms.

• Analysis of performance of downstream VAWTs with different rotor dimen-

sions in wind farms.

• Analysis of possibility of introducing a correction factor for numerical esti-

mation of the torque output from the VAWTs from 2-D geometries.

• Effect of the counter-rotating configuration of VAWTs on the generated

torque.

• Study of the effect of the HAWTs’ wake on the performance of the VAWTs

and vice versa.
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