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Abstract

This paper presents the flow fields and aerodynamic loading of a two bladed H-type

vertical axis wind turbine with active variable pitch for load and circulation control.

Particle Image Velocimetry is used to capture flow fields at six azimuthal positions of

the blades during operation, three upwind and three downwind. Flow phenomena

such as dynamic stall and tower shadow are captured in the flow fields. The phase-

averaged velocity fields and their time and spatial derivatives are used to calculate

the normal and tangential loading at each position for each pitching configuration

using the Noca formulation of the flux equations. The results show the effect of load

shifting from the upwind to downwind region of the actuator using pitch and the

effects of dynamic stall on the blades. The results also provide an unique database

for model validation.

K E YWORD S

active pitch control, circulation control, Darrieus VAWT, flow visualization, particle image
velocimetry, vertical axis wind turbine

1 | INTRODUCTION

The blades of a vertical axis wind turbine undergo a variety of complex aerodynamic loading fluctuations throughout each rotation: large angle of

attack swings, unsteady flow, dynamic stall, blade vortex interaction, and tower shadow to name a few known examples. This leads to many inher-

ent difficulties for designers to properly characterize the loads and performance of these turbines, especially in understanding fatigue. Research

interest has increased in the areas of active variable pitch for improving power extraction, controlling the direction of the wake, or minimizing

loads.1–5 In order to provide better insight into these phenomena, a set of flow field measurements through Particle Image Velocimetry were con-

ducted using the PitchVAWT active pitch turbine at Delft University of Technology. This paper presents these flow fields as well as the aerody-

namic forces acting on the VAWT blade mid-span section for several upwind and downwind azimuthal positions.

There is a lack of high-quality experimental data for both flow fields and loading phenomena in operation of VAWTs which can be used for

calibration and validation of computational models. A review of experimental results available for vertical axis wind turbines was published by

Battisti et al6 which highlighted some gaps in the available literature on experimental campaigns, in particular the difference in Troposkien vs. H-

shaped vertical axis turbines. A set of studies was performed by Ferreira,7 which presented an array of simulations and particle image velocimetry

measurements which focused on the near wake of the turbine but also characterized dynamic stall and blade loading with studies using the veloc-

ity data captured through both CFD and PIV. Castelein et al8,9 studied VAWT loading in dynamic stall using a similar PIV technique along with cal-

culation of loads using the Noca flux method. Greenblatt et al10 looked into dynamic stall specifically with a goal to control the stall behavior with

the use of plasma actuators. Other works have focused on the behavior of small VAWTs specifically while looking into the differing stall behavior
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at multiple tip speed ratios.11 A detailed study was also performed on the wake of a fixed pitch VAWT in operation by Tescione et al,12 which pro-

vides excellent insight into the wake behavior of the VAWT but doesn't look into the blade level loading phenomena. An example of using PIV for

loads measurement in horizontal axis wind turbines in uniform and yawed flow is the work of del Campo et al.13,14

The experimental Vertical Axis Wind Turbine studied in this work, referred to as the PitchVAWT, has been designed to test active pitch con-

trol systems for VAWTs while providing operational data for thrust loading, normal load measurements, and operating torque. The design of the

turbine, along with measurement data studying the effect of active dynamic pitch, can be seen in LeBlanc and Ferreira.3,15,16

This work provides a set of data for multiple pitch configurations with a rotor solidity similar to larger scale turbine designs such as the one

presented in the S4VAWT project presented in Huijs et al.1 Detailed velocity fields are given highlighting dynamic stall in both the upwind and

downwind portions of the rotation with changing pitch angles. Tower shadow, blade vortex interaction, and in some cases deep stall are shown in

the downwind blade pass. Aerodynamic loading is calculated using the approach of Noca17 for cases both upwind and downwind showing the

effects of varying the fixed pitch on both normal and tangential loading. All data cited in this work are available in online in a dataset collection

hosted by 4TU.ResearchData.18

2 | METHODS

2.1 | Definition of coordinate systems

The coordinate system is given in Figure 1. The turbine is mounted in the wind tunnel such that the incoming flow consistently comes from the

90� azimuth position, with the x direction following the direction of the wind. The turbine rotates counterclockwise, and the y direction is defined

using the right-hand rule.

The blade pitch, β, sign convention is given in Figure 2. The path of the airfoil is shown with a dashed line. Positive turbine pitch is defined as

pitching the leading edge towards the center of rotation, which corresponds to an increase in angle of attack for each azimuth position. Negative

blade pitch therefore corresponds to a decrease in α.

2.2 | PitchVAWT turbine overview

The PitchVAWT turbine is a two-bladed H-shaped vertical axis turbine with individual pitch control. Two horizontal struts are used per blade

located at approximately 25% and 75% of the blade length to minimize deflection during operation. Dimensions of the turbine are shown in

Figure 3, and the specifications are given in Table 1. Data are collected from a set of sensors on the turbine measuring azimuth position, rotor tor-

que, thrust load transferred to the tower base, and normal blade loading. Data are collected, processed, and stored using National

Instruments™hardware at a rate of 500 Hz. The PitchVAWT turbine is shown in Figure 5. More detail on the design is given for the PitchVAWT

turbine in previous works.15,16 The pitch of each blade of the turbine is controlled by an independent motor and can therefore be configured to

test most conceivable pitch schemes in the relatively controlled environment of the OJF.

F IGURE 1 Turbine coordinate system, wind approaches from 90� [Colour figure can be viewed at wileyonlinelibrary.com]
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F IGURE 2 Blade pitch convention

F IGURE 3 PitchVAWT dimensions

TABLE 1 PitchVAWT design specifications

Property Dimension

NBlades 2

NStruts 4

Rotor height 1.508 m

Diameter 1.48 m

Blade chord 0.075 m

Strut chord 0.060 m

Solidity 0.1

Blade airfoil NACA0021

Strut airfoil NACA0018

Blade pitch axis 48% c

Operating λ at U¼4 m s�1 1 to 4

LEBLANC AND FERREIRA 3



2.3 | Wind tunnel facility

Testing of the turbine was conducted in the open jet facility at TU Delft, referred to as OJF. The tunnel is a closed loop open jet test

section facility with a 2.85 m � 2.85 m hexagonal cross-section opening into a 13 m long, 8 m high test section. A schematic showing the layout

of the OJF is given in Figure 4. The tunnel is capable of a wind speed up to 35 m s�1. A large blue lifting base is available in the tunnel for mount-

ing test hardware. The turbine is mounted to this platform and placed to align in the center of the jet, with the center of the turbine 2 m from the

outlet face. A view of the turbine installed in the facility along with the PIV system is given in Figure 5.

2.4 | Test campaign

The wind speed was held to 4 m s�1 using the wind tunnel control system, and the turbine rotational speed was controlled via a DC motor con-

troller to be 208 rev/min, for a constant tip speed ratio of 4. Images were taken using two planar PIV fields overlapping around the airfoil in order

to capture a complete velocity field surrounding the blades at each position. A 5 V TTL trigger pulse is output by the turbine each rotation at

θ¼0�. The TTL pulse is achieved by powering an optical sensor reading a target aligned at the θ¼0� position with a function generator. Using this

signal and the measured rotational speed, a phase locked delay can be calculated. This delay is added to the triggering mechanism in order to cap-

ture the data with blade 1 at the correct azimuth position. In order to prevent the effect of laser shadow blocking half of the field of view, two

lasers were used to light the area and are synchronized by splitting the TTL trigger pulse. The images are taken at the mid-plane of the rotor in

order to minimize any three-dimensional effects by the blade tip vortices or the struts. The cameras are mounted to a computer controlled tra-

verse system which allows the measurement field of view, FOV, to be properly aligned to capture a series of positions in the x-y plane. The

F IGURE 5 PitchVAWT mounted in the Open Jet Facility with opposing synchronized PIV lasers, cameras, and traversing system [Colour
figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 Schematic of Open Jet Facility at TU Delft [Colour figure can be viewed at wileyonlinelibrary.com]
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traverse system monitors the general positioning of the local measurement FOV in the global coordinate system. Any small deviations which can

be accumulated due to runout of the traverse system or any other unaccounted for motion are corrected for by aligning the expected airfoil posi-

tion in the global coordinate frame with the measured trailing edge of the airfoil during operation.

The cameras used are LAVision 16 Mpix cameras with 60 mm Nikon Micro-Nikkor lenses using a 2X multiplier zoom lens, giving an overall

focal length of 120 mm and an F-Stop of 5.6. Two Evergreen dual pulse PIV lasers were used with the Δt offset between each laser pulse as 0.2 s.

A set of 75 images was taken by each camera at each measurement position. A mask is applied to each image to minimize effects of laser reflec-

tion on the blade surface as well areas of the blade which obstruct the view of the flow. The raw images are then filtered to remove background

noise and enhance the particles. The velocity field is calculated using sequential PIV within LAVision's Davis software. An average and standard

deviation of each measurement field are calculated for each position. The calculated fields are then filtered to remove any excessive standard

deviation in the measurement vector, usually due to insufficient particles or excessive background noise.

Six azimuths are measured in this experiment, three upwind, and three downwind. All data presented here are in the global reference frame.

For each local station around the azimuth, three sets of images are taken: a nominal θ position and two neighboring points with an offset of about

�Δθ¼5�. As the camera system is triggered by a time-delay, any minor deviations in the rotational speed or triggering delays cause a slight devia-

tion in actual angle of measurement. This is accounted for by fitting the transformed raw images with a representation of the airfoil overlaid

numerically. The measured azimuth position is then used as the reference location. This is necessary for the calculation of the aerodynamic load

as discussed in Section 2.5. Data are collected in three fixed-pitch configurations for the turbine, 0�, 5�, and �5�. The azimuth positions of each

local measurement is given Table 2.

The velocity fields are measured at the mid-plane of the rotor disk in order to minimize any three-dimensional effects of the flow. Figure 6

shows a model of the rotor with velocity fields measured for cases θ¼90� and θ¼270�.

2.5 | Load calculations with Noca method

The experimental velocity fields discussed in Section 3.1 are used to calculate the blade normal and tangential loading for each measurement

position. The loads are calculated using the flux formulation described by Noca.17,19 Originally derived from the conservation of momentum,

the method allows for the calculation of body forces in the flow using only the velocity fields and their derivatives. Ferreira used this tech-

nique with simulated PIV data20 discussing the accuracy of the method along with routine issues that are encountered when performing the

measurements in the wind tunnel, such as overlapping flow fields from multiple cameras. It was also implemented by Castelein8 on a VAWT

for the study of loading in dynamic stall and by del Campo et al13,14 while studying loading on a HAWT. This section discusses the implemen-

tation of the flux equation and the corrections made for the acceleration of the airfoil body due to rotation. A quick study is shown docu-

menting the sensitivity of the load calculation to the selection of the control surface boundary, including when it doesn't encompass the

airfoil, and the specifics of the velocity, acceleration, and vorticity fields used for a calculation for the normal and tangential loading are given

for the θ¼120� azimuthal position.

Noca proposed the following formulation for the fluid dynamic force per density F/ρ acting on the body using a flux equation formulation

given in Equation 1, with the goal of analyzing time dependent loads on bodies using only the velocity fields and their derivatives in the boundary

of the domain:

F
ρ
¼
þ
SðtÞ

n̂ � γfluxdS�
þ
SbðtÞ

n̂ � ðu�uSÞu½ �dS� d
dt

þ
SbðtÞ

n̂ � ðuxÞdS, ð1Þ

where T is the viscous stress tensor

T¼ μðruþruTÞ ð2Þ

and with γflux:

γflux ¼
1
2
u2I�uu� 1

N�1
uðx �ΩÞþ 1

N�1
Ωðx �uÞ

� 1
N�1

x �δu
δt

� �
I�x

δu
δt

þðN�1Þδu
δt
x

� �

þ 1
N�1

½x � ðr �TÞI�xðr �TÞ�þT:

ð3Þ

As the data from the PIV measurements have been taken using phase locked averaging, the equations have been transformed to use changes

in azimuthal position to calculate the time dependent forces. The phase averaged flux equation given in Equation 4 consists of three major terms.
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The first is the flux over the boundary surface surrounding the airfoil; this is the major target of the analysis. The next two are corrections for the

inner boundary of the control volume surface. The second term has to do with flow through the boundary surface of the airfoil, as the airfoil is a

solid body, this force goes to zero. The third term is due to the change of the internal boundary surface over time mainly due to the rotation of

the airfoil through the control volume.

⟨F⟩
ρ

¼ ⟨
þ
SðtÞ

n̂ � γfluxdS⟩
θ1

� ⟨
þ
SbðtÞ

n̂ � ðu�uSÞu½ �dSþ d
dt

þ
SbðtÞ

n̂ � ðuxÞdS⟩
θ1

ð4Þ

The phase-locked average of the flux term ⟨γflux⟩θ1 is

⟨
Þ
Sn̂ � γfluxdS⟩θ1 ¼ ⟨

Þ
Sn̂ � 1

2u
2I�uu� 1

N�1uðx �ΩÞþ 1
N�1Ωðx �uÞ

� �
dS⟩

θ1

� 1
N�1

⟨
þ
S
n̂ � x �δu

δt

� �
I�x

δu
δt

þðN�1Þδu
δt
x

� �
dS⟩

θ1

þ⟨
Þ
Sn̂ � 1

N�1 x � ðr �TÞI�xðr�TÞ½ �þT
� �

dS⟩
θ1
:

ð5Þ

F IGURE 6 PitchVAWT turbine showing the measurement planes at locations θ¼90 and θ¼270 [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 2 Azimuth of the blade for each case

β¼þ5� β¼0� β¼�5�

Case label Aft (�) Mid (�) Front (�) Aft (�) Mid (�) Front (�) Aft (�) Mid (�) Front (�)

θ¼60� 56.5 61 64.5 55 60 65 55 61.5 64.5

θ¼90� 86 91 95.5 85 91 95 85 90 95

θ¼120� 122.1 124.6 128.6 122 125 129 122 124.5 128.5

θ¼240� 239.5 243.5 248.5 239.5 243.5 248.5 239.5 243.5 248.5

θ¼270� 269.5 274.5 278 270 274 278 269.8 274 278

θ¼300� 295 299.5 303.5 294.5 299 303 293.4 299.5 301.7

Note: The cases are labeled by an approximate azimuth. Nine azimuth positions are acquired for each case, three for each of the three pitch angle cases.

The results use the case label and the pitch angle to identify the case and subcase.

6 LEBLANC AND FERREIRA
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The instantaneous time derivative of the velocity field is approximated using multiple phase-locked azimuths offset by a Δθ. This approxima-

tion is as follows:

δu
δt

¼Δu
Δt

þOðΔtÞ¼ uθþΔθ�uθ
Δ=ω

þOðΔθÞ: ð6Þ

The full flow acceleration term can then be approximated by a numerical differentiation between nearby (Δθ) azimuth positions.

1
N�1

⟨
þ
S
n̂ � x �δu

δt

� �
I�x

δu
δt

þðN�1Þδu
δt
x

� �
dS⟩

θ1

¼

1
N�1

⟨
þ
SðtÞ

n̂ � x � uθþΔθ�uθ
Δθ=ω

� �� �
I

� �
þ n̂ � �x

uθþΔθ�uθ
Δθ=ω

� �
þðN�1Þ uθþΔθ�uθ

Δθ=ω

� �� �
dS⟩

θ1

þOðΔθÞ¼

1
N�1

1
Δθ=ω

⟨
þ
SðtÞ

n̂ � ½ðx �uθÞI�xuθþðN�1Þuθx�dS⟩
θ1þΔθ

� 1
N�1

1
Δθ=ω

⟨
þ
SðtÞ

n̂ � ½ðx �uθÞI�xuθþðN�1Þuθx�dS⟩
θ1

þOðΔθÞ:

ð7Þ

During the experiments, the turbine was operated with a constant rotational speed of 21.6 rad/s. Therefore, the term associated with the

acceleration of the non-porous airfoil (third term in Equation 4 and shown explicitly in Equation 8) remains constant throughout the rotation in

the reference frame of the airfoil. Therefore, the calculation of this term is independent of the azimuth position of the turbine. The force is a func-

tion of rotational velocity, the airfoil geometry, and pitch. Given the NACA0021 airfoil and the constant ω of 21.6 rad/s, the load due to the body

rotation is Fnb ¼0:023 and Ftb ¼0:007, with the load non-dimensionalized by 1
2ρλ

2U2
∞c.

d
dt

þ
SbðtÞ

n̂ � ðuxÞdS ð8Þ

2.5.1 | Demonstration of Noca flux equation applied to one case

As an example of the flux calculation, the azimuthal case θ¼120� with a pitch of β¼0� is detailed. Each velocity field is given for θ¼122�,

θ¼125�, θ¼129� in Figure 7. The boundary surface, S, is shown in black for each figure. The placement of the boundary surface is based upon

two criteria. The surface must be large enough to encompass the airfoil position for all three measurement locations, and there must be sufficient

velocity information with accurate PIV measurement to properly calculate the terms, constricting the size of the surface. The velocities at the sur-

faces of θ¼122� and θ¼129�, shown in Figure 7a,c, are used to determine the flow acceleration term given in Equation 7 by numerical differen-

tiation over the boundary surface. The velocity, acceleration, and vorticity in term 1 of Equation 5 are given in Figures 8–10, in nondimensional

F IGURE 7 Velocity magnitude of each measurement section; the boundary surface shown as the blue oval envelopes each azimuthal position
[Colour figure can be viewed at wileyonlinelibrary.com]
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form, respectively. The terms are plotted against the distance around the boundary surface nondimensionalized by the chord length. In the first

term of Equation 5, the vorticity is multiplied by a positional vector of the integration over the boundary. In order to minimize the error associated

with this moment of vorticity, the x positional vector is set to the location on the surface with the maximum vorticity. After subtracting out the

body forces discussed in Equation 8, the load vector is calculated.

F IGURE 8 Velocity vs. distance over boundary surface

F IGURE 9 Acceleration vs. distance over boundary surface

F IGURE 10 Vorticity vs. distance over boundary surface

8 LEBLANC AND FERREIRA



2.5.2 | Sensitivity of flux term to boundary surface

As a verification for the flux calculations detailed above, the same calculations are conducted over a variety of surfaces for the same airfoil posi-

tion: one boundary surface of measured data that does not overlap the airfoil body and a series of independent surfaces which do encompass the

body. The boundary surface without the body is given in Figure 11. The calculated normal and tangential force are both near 0, which is to be

expected. The series of other surfaces is shown in Figure 12. The normal and tangential load was calculated for each surface. The goal is to under-

stand the variability of calculated load based upon the boundary surface choice. The calculated loads are given in Table 3. The mean and standard

deviation of the measurements are also given. For the normal load, the standard deviation is 1.6% of the mean load, whereas the tangential load

is more sensitive, with a standard deviation of 16.67% of the mean load. The error likely stems from difficulty in measuring the exact momentum

F IGURE 11 Velocity magnitude at θ¼125� with a test boundary surface not encompassing the airfoil. Fn ¼1:8e�3, Ft ¼3:48e�4 [Colour
figure can be viewed at wileyonlinelibrary.com]

F IGURE 12 Various surface boundaries encompassing the airfoil positions. Results given in Table 3 [Colour figure can be viewed at
wileyonlinelibrary.com]

LEBLANC AND FERREIRA 9
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deficit and vorticity within the thin wake of the airfoil due to averaging over many rotations with slight phase offsets in the PIV measurements.

This also explains the larger error for the tangential loading, as the loading in this direction is highly dependent upon the characterization of

the wake.

3 | RESULTS AND DISCUSSION

3.1 | PIV velocity fields

In this section, flow fields are displayed for each of the measurement stations with fixed pitch configurations of, β¼0, β¼5, β¼�5. The flow

fields are presented in two sections. First, composite images showing the velocity magnitude and vorticity are given for each pitch condition at

each measurement location on the rotor. Second, a closer view of the velocity magnitude and each component will be given for a subset of rota-

tional positions.

3.1.1 | Zero pitch

The velocity fields at each azimuthal position for the zero pitch configuration are given in Figure 13. The airfoils are also plotted for reference at

each position. The wind comes from the 90� position, or the left of the image, and flows in the direction of the arrow. There are several things to

note in these velocity fields, starting with the overall effect of the turbine thrust slowing the flow in the downwind half of the turbine. When the

blade is at a position of 270�, the effect of tower shadow is evident. On the airfoil scale, as is expected, the wake of the blade pass is evident in

each of the measurement positions, as is the flow acceleration over the airfoil surface. The wake is most easily seen while looking at the vorticity

TABLE 3 Sensitivity to flux surface nondimensionalized by 1=2ρλ2U2
∞c

Surface Fnflux [�] Ftflux [�]

1 0.791 0.135

2 0.801 0.095

3 0.783 0.128

4 0.766 0.130

5 0.774 0.154

Mean 0.783 0.128

σ 0.014 0.021

F IGURE 13 Velocity magnitude with a λ¼4 and β¼0 [Colour figure can be viewed at wileyonlinelibrary.com]
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of each measurement given in Figure 14. As can be verified, in the velocity fields as well, there may be some small laminar flow separation due to

the low Reynolds number effects, but there is no clear deep stall present in this operational configuration.

F IGURE 14 Vorticity with a λ¼4 and β¼0 [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 16 Vorticity with a λ¼4 and β¼5 [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 15 Velocity magnitude with a λ¼4 and β¼5 [Colour figure can be viewed at wileyonlinelibrary.com]
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3.1.2 | Five pitch

The pitch of the turbine was then commanded to 5�, toe-in, on each blade, and the PIV data were collected once again. The effect of pitching the

blades in this manner causes a positive angle of attack shift which while neglecting airfoil viscous effects means a shifting of the load from

the downwind to the upwind half of the rotor sweep. However, due to the airfoil stalling, a case of dynamic stall is captured. Figures 15 and 16

show the velocity and vorticity of the measurement views. Starting at the 60� position, there is a much greater flow acceleration over the airfoil

as compared to the 0� pitch case, as the blade progresses to the 90� position the flow begins to separate, and by the 120� position, a large bubble

has been shed into the wake of the blade. The overall velocities on the downwind half of the rotor pass are higher in the 5� pitch case than was

exhibited in the 0� case above due to the stall on the upwind pass. The vorticity in the airfoil wake at each position is also less intense due to the

effective angle of attack in the downwind half being reduced.

3.1.3 | Minus five pitch

In the �5� pitch case, the loading is shifted opposite from that in the 5� case discussed in the previous section. The loading is tended to shift to

the downwind half of the rotor, thereby decreasing the effective angle of attack and energy extraction in the upwind half and increasing it in the

downwind half. As can be seen in the velocity profiles in Figure 17, the overall wind speed entering the rotor in the upwind pass is closer to that

F IGURE 17 Velocity magnitude with a λ¼4 and β¼�5 [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 18 Vorticity with a λ¼4 and β¼�5 [Colour figure can be viewed at wileyonlinelibrary.com]
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of the incoming free stream velocity, as the angle of attack in the upwind pass is much less. The flow remains relatively attached as can be

expected. However, once the airfoil reaches the 240� position, the airfoil begins to enter into a deep stall, which continues through the rest of the

downwind positions. The flow then reattaches between the measured 300� section and the 60� section of the next pass. The displayed vorticity

in Figure 18 reinforces the stall in the downwind section. When determining the proper operating pitch position for the VAWT, it is crucial to take

into account the limits of the airfoil in both positive and negative angles of attack to minimize these dynamic stall phenomena. As the load is

shifted between from upwind to downwind passes, or vice versa, multiple effects can be exacerbated. For example, the blade vortex interaction

occurring in the downwind pass will depend on the strength of the shed vorticity of the upwind pass.

F IGURE 19 Quiver and color plot of the velocity magnitude, velocity in x direction, and velocity in y direction for θ¼90� position [Colour
figure can be viewed at wileyonlinelibrary.com]
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3.1.4 | Direct comparison of pitch value on flow fields

The velocity fields in Figures 19–21 give a direct comparison for the changes in flow over the surface depending on the pitch conditions for the

90�, 120�, and 270� positions. The first row of each figure gives the overall velocity magnitude along with the overlay of the vector field; the sec-

ond row provides the nondimensional velocity in the flow wise, or x direction; and the last row shows the flow perpendicular to the oncoming

wind. Each column represents a pitch configuration in order from left to right of β¼�5�, β¼0�, and β¼5�. These azimuth positions were chosen

in order to highlight the effect of loading in the most upwind condition, the stall that sets in at the 120� position for the 5� pitch orientation, and

its effect on the behavior of the downwind pass. The less the loading on the upwind half of the rotation, for instance, the �5� pitch case, the

greater the flow velocity on the downwind half, increasing the relative angle of attack and exacerbating the stall, causing an overall much lower

F IGURE 20 Quiver and color plot of the velocity magnitude, velocity in x direction, and velocity in y direction for θ¼120� position [Colour
figure can be viewed at wileyonlinelibrary.com]
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rotor thrust compared to the 0� pitching case. This is also exhibited in the dynamic stall seen in the 5� pitch case, causing a slightly higher velocity

downwind at the 240� azimuth condition than is seen for the same pitch case at 300� azimuth.

3.2 | Load measurements from PIV

Results for the normal and tangential loading for the six azimuthal positions and the three constant pitch orientations are given in Table 4. These

same results are then plotted versus the azimuth position. Figure 22 shows the normal loading, while Figure 23 gives the tangential loads at each

F IGURE 21 Quiver and color plot of the velocity magnitude, velocity in x direction, and velocity in y direction for θ¼270� position [Colour
figure can be viewed at wileyonlinelibrary.com]
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position. A positive normal load indicates the blade reaction forces are pushing out from the normal plane of the rotor rotation, while a negative

load is the opposite. Therefore, the expected upwind load is positive while the downwind normal load is negative. For tangential forces, a positive

load would work to accelerate the rotor in the direction of rotation, while a negative load would work to slow the rotor. As a continuity check, the

calculations were also performed from the rotating reference frame of the airfoil. This was performed by adding the local tangential velocity of

TABLE 4 Aerodynamic loading for each pitch configuration. The 2D loads are non-dimensionalized by 1
2ρλ

2U2
∞c

(a) β¼5 (b) β¼5 (c) β¼�5

θ [�] Fn [�] Ft [�] θ [�] Fn [�] Ft [�] θ [�] Fn [�] Ft [�]

60 1.114 0.032 61 1.672 0.122 61.5 0.401 0.046

90 1.194 0.195 91 1.538 0.120 90 1.00 0.123

125 0.791 0.135 124.6 0.324 �0.208 124.5 0.803 0.107

243.5 �0.666 0.106 243.5 �0.379 0.018 243.5 �0.358 �0.035

274 �0.667 0.069 274.5 �0.071 0.027 274 �0.256 �0.019

299 �0.740 0.074 299.5 �0.246 0.018 299.5 �0.953 �0.105

F IGURE 22 Normal load for each fixed pitch offset as given in Table 4 [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 23 Tangential load for each fixed pitch offset as given in Table 4 [Colour figure can be viewed at wileyonlinelibrary.com]
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the airfoil to the velocity fields and then moving the boundary surface with the airfoil as shown in Figure 24. The normal load calculation for each

position for each reference frame is given in Figure 25. As can be seen, the two methods match well in the calculation. Each of the terms in the

flux equation discussed in Equation 5, the inviscid loading term, the acceleration term, and the viscous term, can have a varying effect on the over-

all loading depending upon the relative values of the flow fields. The slight difference in the calculation depending on the reference frame high-

lights the shifting emphasis from the flow acceleration term in the fixed reference frame to a larger effect of the inviscid loading term in the

rotating reference frame. The technique is quite sensitive to properly measuring the thin airfoil wake, especially for the tangential force compo-

nent. In the airfoil reference frame this is complicated by having the wake change position with respect to the airfoil at each velocity field in the

calculation. This effect is compounded for the airfoil reference frame with potential error added due to the approximation of adding the airfoil tan-

gential velocity across the entire flow field of the measurement.

Data for the β¼0� pitch configuration indicates the performance of the turbine is as to be expected based upon the velocity profiles dis-

cussed above. The upwind pass shows a positive normal load and smaller torque at the 60� position peaking near 90� before declining again as

the angle of attack lowers, the blade begins to move away from the oncoming wind and head to the downwind pass. At the 240� position, the

loading has flipped to the other side of the airfoil, flipping the direction of the normal load. The overall loading is lower than the upwind pass due

F IGURE 24 Velocity field in the airfoil reference frame at the 120� position [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 25 Comparison of normal load calculation in fixed and rotating reference frames [Colour figure can be viewed at wileyonlinelibrary.
com]
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to the relative velocity in the back half of the rotor being lower. The rotor load is fairly consistent across the downwind pass, at least at this rela-

tively coarse resolution, which has been seen in previous modeling studies of the VAWT.

With the blades pitched to β¼5�, the loading becomes very interesting. As expected, the normal loading is much greater at the θ¼60�, and

θ¼90� positions due to the greater angle of attack, however, at 90� both the normal and tangential loads drop relative to the θ¼60� position,

indicating the onset of stall behavior. By θ¼120�, the airfoil has completely stalled, with the normal force dropping substantially and the tangen-

tial force dropping further from the 90� position, becoming negative. This of course follows with the massive separation event as shown in

Figure 15. On the downwind half of the rotor pass, the normal load is negative, and the tangential load goes slightly positive; however, the angle

of attack is decreased in magnitude from the β¼0� case causing lower overall loading. The loading for the 240� case is relatively greater than for

the other downwind locations, most likely due to the flow velocity being higher there as the airfoil was stalled directly upwind of the location.

At a pitch of β¼�5�, the behavior is opposite of that experienced with the blades pitched positively. With a lower angle of attack on the

upwind pass, the normal load is lower than the previous pitch scenarios. However, on the downwind pass, where the angle of attack is a greater

magnitude, the blade goes into a deep stall, as shown in the loading by the lower magnitude normal load, and the negative tangential load. This is

confirmed with the velocity field shown in Figure 17. The stall cancels out what would be expected to be a greater magnitude normal load on the

downwind pass for the negative pitch value. At the θ¼300� position, the flow begins to reattach, causing a spike in the normal and tangential

loading.

4 | CONCLUSIONS

Experiments were conducted on a Vertical Axis Wind Turbine in multiple pitch configurations testing the effect of shifting load between upwind

and downwind passes. Particle Image Velocimetry was deployed on the rotating turbine in each pitch configuration to capture velocity fields for

18 independent measurements using 54 individual velocity fields. A phase-locked averaging interpretation of the Noca method for calculation of

fluid forces on a body using velocity fields and their derivatives to successfully calculate the normal and tangential loads on the blades. These

measurements were consistent in two reference frames, a fixed global frame, and a reference frame rotating with the blades. The measurements

highlight the effect of dynamic stall on the loading profile of the VAWT in both the upwind and downwind sections of the rotation, depending on

the pitch angle. The measurements show, prior to stall, the load is shifted upwind with increasing pitch angle as to be expected; however, once

the airfoil enters stall, the benefits of this increased load vanishes resulting in loss of thrust and decreased overall torque generation. The effects

of stall in the upwind section of rotation cause an increased wind velocity in the downwind section, leading to higher loading in the position

directly downwind of the stall. For cases of negative pitch, which shifts the load to the downwind side, the upwind pass removes little energy

from the flow, leading to a higher perceived angle of attack on the downwind pass. This caused the airfoil to enter deep stall and to experience a

spike of loading later in the rotation when the flow reattaches. The presented data gives insight into 2D aerodynamic loading, tower shadow, and

dynamic stall behavior of the VAWT it multiple pitch configurations and can function as a benchmark to validate numerical models of the

phenomena.
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NOMENCLATURE

α angle of attack (�)

β pitch angle (�)

Sb surface of body

λ tip speed ratio (�)

Ω vorticity [s�1]

ρ fluid density (kg m�3)

θ azimuthal position (�)

F force on body (N)

I identity matrix

N number of spatial dimensions

S control surface boundary

n̂ surface normal vector

T viscous stress tensor
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u local flow velocity (m s�1)

U∞ free stream velocity (m s�1)

FOV field of view

OJF Open Jet Facility, Delft University of Technology

PIV Particle Image Velocimetry
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