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Figure 10.17: 3D tangential force spanwise gradient over the rotation; comparison for
varying pitching axis λ = 4,B = 3.

Figure 10.17 presents a comparison of the spanwise gradient of the tangential force
for the three rotors with blades at different locations of the pitching axis. The larger
gradient in the upwind half of the rotation for the cases aγ = 1

4 and aγ = 1
2 indicate

the loss of torque due to 3D effects. The weaker trailing vorticity convecting inside
the rotor for the aγ = 3

4 case leads to smaller spanwise gradients of the tangential
force, and thus, a smaller loss of efficiency in comparison with the 2D case.

The 3D effects of the trailing vorticity also affect the normal loading on the blade.
Figure 10.18 presents a comparison of the spanwise distribution of normal force for
the three rotors with blades at different locations of the pitching axis. The change
in strength of the tip vortex generated in the upwind blade passage implies a change
in the gradient of the spanwise distribution of normal force. The weaker tip vortex
(aγ = 3

4 ) implies a weaker induction at the interaction with the blade, and thus a
weaker effect on the reversal of direction of the normal force than observed in 2D (see
Section 8.7).
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Figure 10.18: 3D normal force comparison varying pitching axis λ = 4,B = 3.
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10.7 Conclusions

The analysis of the VAWT from the point of view of the 2D and 3D near wake is
shown to be very effective in understanding the physics of the flow, including:

• the energy exchange process.

• how the total energy exchange over one rotation actually relates to the local
aerodynamic loading on the blade.

• the impact of implementing an essentially 2D energy conversion process into a
3D aerodynamic system.

• the inefficiency caused by the finite span and trailing vorticity.
The wake of the VAWT is a result of the azimuthal gradient (shed vorticity) and

the spanwise gradient (trailing vorticity) of the bound circulation on the blade. The
bound circulation is the result of two sources: the local wind speed and the perceived
wind speed due to the rotational motion of the blade.

The shed vorticity determines the energy exchange in the rotor. We have seen
in Parts I, II and III, that the bound circulation term due to the rotational motion
of the blade only contributes to the trailing vorticity, while its contribution to the
shed vorticity is negligible. thus, there is a dissociation between the local loading
experienced by a cross-section of the blade and the total energy converted during one
rotation.

Our hypothesis is that we can use this constant circulation term to vary the local
loading over the rotation, and thus decrease the impact of viscous effects and torque
ripple, without compromising the maximum possible power coefficient for a given
rotor solidity and number of blades. In reality, this leads to a more efficient design.

For our analysis we varied location of the pitching axis (equivalent to changing
the fixed pitch angle and the rotor radius) and the blade camber.

The results confirm that varying the pitching axis location and blade camber do
not significantly affect the energy conversion in 2D potential flow. The impact is
mainly on the constant bound circulation, which does not cause a variation in the
shed vorticity, that represents the energy exchange. However, the change in bound
circulation significantly affects the loading on the blades, transferring torque between
the upwind and downwind blade passages and changing the average normal force.
This reduces the effect of tangential force ripple on the blade.

Varying the pitching axis location and blade camber impacts the pressure distri-
bution on the blade, which, in viscous flow affects the viscous behavior of the blade,
causing an impact on performance. Viscous flow can also create a azimuthally varying
virtual camber (due to the displacement thickness of the boundary layer) which can
result in a shed vorticity associated with the rotation motion.

Previous research on the effect of camber on the VAWT was limited by incorrect
aerodynamic models; the models used, based on momentum models that did not ac-
count for the expansion of the streamtubes and incorrectly calculated the torque in
the downwind part of the rotation, overestimated the importance of the performance
in the upwind part of the rotation, and underestimated the importance of the perfor-
mance in the downwind part of the rotation. The results of this research contradict
those previous results, reopening the research on asymmetric blade shapes.
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Although the 2D wake does not vary significantly with variations of the pitching
axis location and the blade camber, the 3D wake is significantly affected due to the
impact of variations of the bound vorticity has on the release of trailing vorticity. As a
result, varying the pitching axis location and blade camber does affect the performance
in 3D potential flow. A stronger trailing vorticity generated during the upwind blade
passage implies a larger induction due to trailing vorticity, and a stronger interaction
at the downwind blade passage.

The variations of pitching axis location and camber have contradictory and com-
plementary effects on the variation of performance in 2D and 3D. This opens a large
design space for increasing the performance of the VAWT.

Also, the fact that the wake induction field can be estimated independently of the
blade loading opens the possibilities for new fast blade design and optimization tools,
which can replace the iterative execution of a potential flow solution, and discontinue
the use of momentum models.

10.8 Chapter nomenclature

aγ location of the pitching axis (in blade chord fraction from the leading edge)
B number of blades
c aerofoil/blade chord, m
FN normal force, N
FT tangential force, N
H rotor height, m
R rotor radius, m

Re Reynolds number, Re = cλU∞
ν

U∞ unperturbed velocity, m/s
x, y, z coordinates, m
α angle of attack, ◦

θ azimuth angle, ◦

Γ circulation, m2/s
Γwake wake circulation strength, m2/s
λ tip-speed ratio, ωR/U∞
ν kinematic viscosity, m2s−2

ρ fluid density, kg/m3

σ rotor solidity, Bc
2R

ω perturbation frequency, rad/s
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CHAPTER 11

Conclusions and recommendations

In Section 11.1 we present a summary of the conclusions in the form of a list of
contributions to the state-of-the-art of VAWT aerodynamics. In Section 11.2 we
present a more extended discussion on the main conclusions presented in this thesis.
Section 11.3 recommends follow-up topics to the current work.

11.1 Contributions to the state-of-the-art

In this subsection we summarize the main contributions to the state-of-the-art of
VAWT aerodynamics developed in this thesis:

• We show that the conventional breakdown of the VAWT into upwind and down-
wind actuator systems is incorrect, leading to an overestimation of energy con-
version on the upwind half of the rotation and an underestimation in the down-
wind half (Chapters 2, 3 and 10).

– The conventional calculation of the downwind induction in Double Multiple
Streamtube models is incorrect, leading to an assumption of a heavily
loaded actuator disk.

– The division into an upwind half and a downwind half ignores the error of
utilizing the total loading on the blade in the calculation of induction.

• We show that, contrary to the HAWT, the induction is not a function of the
total loading, but only of the load component associated with the azimuthally
varying circulation (Chapter 3).

– The total loading on the blade should not be used in Double Multiple
Streamtube models (simple streamtube models tend to average out the
additional loading).

– Circulation terms associated with the rotation motion of the blade do not
contribute to the generation of the 2D wake and have a negligible contri-
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bution on its convection.

– Since the circulation associated with the rotational motion of the blade
does not contribute to the generation of the wake, it does not contribute
for wake induction. Loading terms associated with these circulation terms
should not be included in the induction estimation in momentum based
models.

• We show the impact of accounting for the induction transversal to U∞, a⊥, de-
velop an equation to estimate this induction and incorporate it into an improved
DMST model (Chapter 3).

• We develop an improved form of the DMST model, which more accurately pre-
dicts the loading and induction field, especially improving the leeward, down-
wind and windward regions of rotation (Chapter 3).

• We show that, because the impact of the circulation term due to the motion of
the blade is small, the wake and induction field of the 2D VAWT in potential
flow can be defined by only the number of blades, the rotor solidity and tip-speed
ratio (Chapters 3 and 10).

– The effect of aerofoil camber and fixed pitch/pitching axis location is neg-
ligible in terms of the wake generation and induction field (in potential
flow).

– A solution of the wake for a given geometry of number of blades, rotor
solidity and tip-speed ratio is a good approximation for the solution of
similar geometries where only the properties of the blade vary.

• We show that the above similarity of solution for the induction field in poten-
tial flow means that momentum-based models for the VAWT are obsolete and
useless, both in accuracy and in speed, and can be replaced by an analysis tool
based on higher accuracy potential flow panel models (Chapters 3 and 10).

– Momentum based models, as for example Double Multiple Streamtube
models, perform poorly in the leeward, downwind and windward regions
of the rotation.

– Potential flow models give a more accurate representation of the wake and
induction field.

– The similarity of solutions of the induction field for all geometries with
the same number of blades, rotor solidity and tip-speed ratio allows us to
calculate reference solutions of the wake with highly accurate panel models.
These solutions, although more costly, need only to be calculated once and
stored as a permanent database.

• We observe the impact of dynamic stall on the generation and convection of the
near wake of the VAWT, for the first time combining experimental observations
using PIV and CFD Navier-Stokes simulations (Chapters 4 and 5).

– We observe and simulate the blade-wake interaction during the leeward
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motion of the blade.

– We observe the effect of tip-speed ratio on the blade-wake interaction.

– We verify the impact of the turbulence model on the CFD simulation, from
the perspective of accuracy of simulation of the near wake. The differences
in near-wake simulations have significant impacts on the simulated loading,
locally and over the rotation.

• We show, with experimental and numerical data, the feasibility of using exper-
imental velocity field data acquired with PIV for estimation of the loading on
the blade (Chapter 6).

– Including operation in dynamic stall.

– Composing the flow field from several fields of view for phase locked acqui-
sition (allowing for simpler experimental setups)

– Achieving higher levels of accuracy than those achieved by other methods,
even in steady flow conditions.

• We, for the first time, experimentally and numerically observe, quantify and an-
alyze the generation and convection of the 3D tip vortex of the VAWT (Chap-
ters 7 and 8).

• We, for the first time, experimentally, numerically and analytically investigate
the effect of blade tip shape on the generation and convection of the tip vortex,
with focus on the added circulation due to the motion of the blade (Chapters 7, 8
and 10).

• We combine experimental measurements and numerical simulations to analyze
the 3D wake of the VAWT (Chapters 7 and 8), analyzing for the first time:

– The interaction between shed and trailing vorticity.

– The roll-up and expansion of the wake in the leeward and windward regions.

– The in-rotor convection and inboard/outboard motion of the tip vortex.

– The 3D induction field.

– The 3D blade-wake interaction during the downwind blade passage.

– The effect of trailing vorticity on the spanwise distribution of circulation,
including the 2D to 3D load direction reversal in the downwind blade
passage.

• We present a comprehensive analysis, combining experimental data and numer-
ical simulations, of the effect of skewed flow on the VAWT (Chapter 9). We
show and analyze:

– The impact on trailing vorticity in the upwind region.

– The convection of the wake inside the rotor.

– The complex blade-wake interaction during the downwind blade passage.
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– The source of extra energy conversion, comparing regions of loss and gain
in torque (in comparison with the non-skewed flow).

• We prove that it is possible to decompose the VAWT design problem into de-
signing for loading and designing for energy conversion, opening a large design
space and proposing a new design methodology, impacting both 2D and 3D
flow (Chapter 10).

– We take advantage of the VAWT wake generation physics, which discon-
nect induction and instantaneous blade loading resulting from the constant
circulation term due to the motion of the blade.

– We analyze the real impact of the so-called flow curvature effects: fixed
pitch angle/pitching axis location.

– We analyze camber and pitching axis location as a form of changing loading
without impacting the maximum energy conversion.

– We contradict previous research on the effects of camber, accounting cor-
rectly for the effect of camber in the leeward, downwind and windward
regions.

– We show the impact of camber and flow curvature effects on the trailing
vorticity and loss of power due to 3D effects.

11.2 Discussion of the conclusions

In the outline of this thesis (Chapter 1), we aim at obtaining a better insight into the
lift-driven Vertical Axis Wind Turbine by analyzing the evolution of the near wake,
following the assumption that the exchange of energy and momentum between rotor
and flow must be expressed in the wake. The premise of the work is that a deeper
insight into the wake development must deliver a deeper insight into the rotor as an
energy conversion system. This insight allows us to design more efficient (in terms of
both aerodynamics and resource expenditure) rotors.

The VAWT is fundamentally a 2D energy conversion system, which is implemented
as a 3D rotor operating in a 3D flow. Our hypothesis is that the 2D analysis will
help us understand the essential VAWT and the energy exchange process, while the
3D analysis will show the price that the 3D implementation must pay in the form of
trailing vorticity and decreased performance.

The results and discussion are presented in this thesis organized into three parts:
• Part II: understand the energy exchange process in the 2D plane, by investigat-

ing the shedding of the wake over the rotation and the wake expansion, both in
2D. Analyze the impact of dynamic stall on the near-wake evolution, and how
to extract blade load information from the near-wake in dynamic stall.

• Part III: understand the impact of the spanwise dimension of the rotor and the
role of the consequent trailing vorticity.

• Part IV: understand better the energy exchange process and the formation and
development of the wake, in order to more accurately analyze the rotor and
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impact the aerodynamic design process.

11.2.1 2D wake

In Part II, we analyze the 2D rotor and wake at two scales: rotor and blade.
The two flow scales are obviously related, in the sense that the wake is generated

over the blade surface, and the blade experiences the induction field of the wake
distributed over the rotor scale.

The separation in blade and rotor scale is in fact a separation of two views on the
total system:

• The rotor, as an energy exchange system, where the energy exchange results in
a wake and streamtube expansion.

• The blade, as an aerodynamic loading system, where the design objective load-
ing is associated with an equivalent bound circulation. The time variation of
this bound circulation results in a shed wake.

In the development of momentum balance models for HAWTs (Horizontal Axis
Wind Turbines) based on the actuator disk concept, a relation between the rotor as
an energy exchange system and the blade as an aerodynamic loading system has been
achieved by others. This relation implicity relates the bound circulation on the blade
to the strength of the wake.

This actuator concept was then applied to the VAWT; however, many applica-
tions of the actuator disk have, in the author’s opinion, not taken into account the
differences in the origin of the wake for the VAWT and for the HAWT (see introduc-
tory Chapter 2). The wake modeling analysis and proposed modifications to Double
Multiple Streamtube (DMST) models in Chapter 3 address this limitation of current
models for the VAWT.

Rotor scale wake and improvement of DMST models

In Chapter 3 we aim at understanding the rotor scale flow, modeling a 2D VAWT
with a free-wake panel model. The simulations results enable the determination of the
azimuth varying induction field, the distribution of shed vorticity and its convection,
and relate the induction flow field with the circulation over the blade and with the
total work of the aerodynamic loads during the rotation.

We use this insight to derive a more accurate Double Multiple Streamtube mo-
mentum model for the VAWT.

The analysis of the simulated induction system shows the importance of the lee-
ward and windward regions of the rotation, as peaks of shed vorticity distribution.
The distribution of shed vorticity at the leeward and windward regions implies two
conclusions that challenge the convectional modeling of the VAWT using momentum
models:

• The assumption of the VAWT as two separate actuator disks is essentially
flawed. Although this assumption results in a negligible error for the upwind
half, it leads to an incorrect estimate of the expansion of the wake inside the
rotor and incorrect determination of the induction in the downwind half.
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• The expansion of the streamtubes in the direction normal to U∞ cannot be
neglected, as it has been in many previous models. The conventional approach
discarding this expansion term leads to an incorrect prediction of the tangential
force component; the reasonable prediction of the normal force component by
the conventional approach is the result of an error cancelation effect.

Based on the insight offered by the free-wake panel model simulations, we propose
modifications to the double multiple streamtube model that account for the expansion
of the streamtubes in the direction normal to U∞ (the y-direction in our system of
reference) and the effect of the strong shedding of vorticity at the leeward and wind-
ward regions. These modifications improve the estimation of the loads and induction
on a 2D rotor.

The inclusion of the induction term in the y-direction implies a difference in:

• Calculation of angle of attack, due to the change of local wind speed.

• Calculation of the momentum balance, due to the inclusion of wind momentum
and blade force in the y-direction..

• Calculation of the mass flow balance.

• Location of the split between the upwind and downwind actuator surfaces.

• Expansion of the streamtubes inside the rotor.

• Expansion in the y-direction and consequentaly, the streamtube location in the
downwind passage of the blade.

The induction in the y-direction in the upwind half of the rotation is estimated
combining the induction from the momentum model and a potential flow doublet
distribution model used to calculate the resulting mass flow balance.

The expansion in the y-direction also results in the peak of shed vorticity from
the blades occuring in the upwind half of the rotor, so θ > 0◦ in the windward region
and θ < 180◦ in the leeward region (see Figure 3.5). In the introductory Chapter 2,
we discuss the fact that the use of the double actuator surface concept for the VAWT
induces a error in splitting the induction into two independent actuators, with two
separate wakes, as in the case of the HAWT in tandem. This splitting of the wake
is inconsistent with the basic feature of the VAWT, a shed vorticity based wake,
that incorporates the variation of circulation on the blade as it travels windward and
leeward.

The treatment of previous DMST models of the double actuator surfaces as inde-
pendent systems has led to the calculation of the induction at the downwind actuator
surface by applying the blade element momentum balance. This is incorrect, as it
overestimates the induction. The downwind blade passage makes a very small con-
tribution to the shed of wake, as the blade circulation is constant over most of this
azimuthal range. A more effective form is just to consider the expansion of the wake
of the upwind half of the rotation at the downwind blade passage, thus modeling the
effect of induction of the wake with the momentum balance of the upwind actuator,
where most of the variation of the blade circulation occurs.

An important question to be raised is: the splitting between upwind and downwind
actuator disks is arbitrary, so why not consider the strength of the shed vorticity
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located in the leeward and wind ward regions as associated with the downwind disk,
instead of the upwind disk? In reality, the result should be exactly the same, but now
instead of calculating the upwind actuator independently and the downwind actuators
in its wake, we would calculate the upwind actuator considering the induction of the
downwind actuator.

The induction in the y-direction in the downwind half of the rotation is calculated
based on an empirical approximation, resulting from the calculation of the upwind
induction distribution and observation of the 2D panel model results; the results show
a significant improvement in the estimation of the downwind loads (both normal and
tangential forces) and induction.

A common error in the calculation of the VAWT with conventional DMST models
is in determining the total load on the blade for the streamtube momentum balance.
As discussed in Chapters 2, 3 and 10, the total circulation on the aerofoil can be
decomposed into an azimuthal varying term, associated with the local wind velocity,
and a constant term, associated with the constant rotational motion of the blade. The
author’s hypothesis is that, because the constant component of circulation does not
contribute to the shed vorticity (although it contributes to the wake shape and the
local wind velocity perceived by other blades), its contribution to the calculation of
induction is negligible. Since streamtube momentum models are based on calculating
the effect of induction on the wake by using the work of the forces on the blade, it
is necessary to distinguish between the total force on the blade and the force that is
related to wake shedding and induction. Thus, the blade loads associated with this
constant circulation should not be taken into account in the streamtube momentum
balance calculation.

In Chapter 3 we focus on one of the sources of constant circulation over the
rotation, the pitching motion of the blade as it rotates, usually referred to as flow
curvature effects. The pitching motion has no (significant) effect on the shed wake,
and thus, no (significant) effect on the exchange of energy; it does have an effect on the
pressure distribution over the blade, and thus, on the force experienced by the blade.
The force term, resulting from the circulation due to pitching, should not be accounted
for when estimating the induction. In viscous flow, a non-linear effect, brought about
by the variation in blade pressure distribution due to the pitching movement, can
lead to different boundary layer development and effective blade shapes depending on
the pitching axis location. The pitching axis location can thus be used as an extra
design parameter for boundary layer/dynamic stall control (as seen in Chapter 10).
In Chapter 10 we discuss how to use the pitching axis location/fixed pitch angle and
blade camber as design variables (see Section 11.2.3)

The analysis leads to new questions, namely:

• We established that the variation of the pitching axis and fixed pitch angle, in
potential flow, yields no (significant) contribution to the strength of the shed
vorticity, since the associated circulation is constant during the revolution. The
”significant” qualification implies the hypothesis that, over a rotation, the work
of the component of force due to the circulation associated with the pitching
motion is non null (small, but nevertheless non null). There is then an apparent
contradiction in this inference that the added constant circulation due to pitch-
ing does not contribute to the shed wake, but can somehow contribute to the
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exchange of energy; we established earlier that any contribution to the exchange
of energy must be expressed in the wake. The hypothesis for overcoming this
contradiction is that the added constant circulation due to pitching, which is
bound to the blade, affects the wake only through the induction field that it gen-
erates,as a result of the associated changes in the convection of the wake. The
wake thus expresses the work of the force associated with the circulation due to
the pitching motion, since the loss of kinetic energy in the wake is not only a
function of the strength of the shed vorticity, but also of its location. Simula-
tions with the panel code (see Chapter 10) sustain this hypothesis. Analytical
proof of this hypothesis will be left for future work.

• The effect of the added circulation due to the pitching motion is not seen in the
shed vorticity of the wake, but must affect the trailing vorticity in the 3D flow.
In Parts III and IV of this thesis we address the impact on the 3D flow caused
by the pitching motion.

• The impact of viscous effects, in particular, dynamic stall. We investigate the
evolution of dynamic stall experimentally in Chapter 4 and numerically in Chap-
ter 5.

• For a given solidity and number of blades, changing the pitching axis/fixed
pitch and/or blade camber does not affect (significantly) the maximum energy
conversion possible, but it does affect the blade loading and pressure distri-
bution. Thus, we can more freely use the geometry of the blade to decrease
viscous effects, torque ripple and 3D effects. We discuss this in Chapter 10 and
Section 11.2.4.

The impact of dynamic stall at the blade and rotor scale

In Chapter 4 we visualize and quantify the flow field in the near wake of the blade
during the upwind and windward segments of the motion, at tip-speed ratios λ = 2,
3 and 4, using Particle Image Velocimetry. The low tip-speed ratio and high solidity
of the rotor assures the occurrence of dynamic stall.

The PIV results for the evolution of dynamic stall identify phase-locked and ran-
dom components of the flow field. The measurements allow the quantification of both
the phase-averaged and random variation of circulation resulting from the vorticity
shed from the leading-edge laminar separation. The results show the generation and
release of the trailing-edge vorticity, its roll-up, release and subsequent interaction
with the downwind passage of the blade.

The analysis also shows that the phase-average results, although reasonably de-
scribing magnitude, tend to smooth and present the vorticity as large unique vortices,
while the instantaneous samples show a distribution of several small vortices. These
results have implications for the validation of numerical models; although a correct
magnitude of shed vorticity may be predicted by the numerical model, variations in
the distribution and location of that shed vorticity will result in variations of the flow
properties over the surface of the blade (see Chapter 4 and 5).

The most interesting physical aspect of the vortical flow in dynamic stall, specially
at low tip-speed ratios, is the dragging of the shed vorticity by the blade. This
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convection of the vortical structures by the blade means that the geometry of the
wake, in presence of viscous effects, differs from what is obtained with potential flow.
A different spatial distribution of the shed vorticity implies a different induction field;
as momentum models and simple potential flow model cannot capture these effects,
their accuracy is severely limited.

In addition, the vorticity at the blade leading edge and trailing edge have opposite
signs and are transported differently by the blade, being released at different instants.
In comparison to the potential flow case, the azimuthal distribution of shed vorticity
is now determined by the transport of these large vortical clusters generated by the
blade. The ability of numerical models (Chapter 5) to reproduce the clusters of small
vortices determines the models’ ability to simulate the transport of vorticity by the
blade in the leeward movement of the blade (see Figures 4.10 and 4.16.).

The analyses presented focus on the case λ = 2, for this shows the largest angles
of attack and shedding of the largest amounts of vorticity, thus allowing a clearer
quantification of the process. However, the cases λ = 3 and λ = 4 are also observed;
comparing the three tip-speeds ratio cases shows that the different development of
the flow is not only dependent on the magnitude of angles of attack, but also on how
the shed vorticity is transported and continues to interact with the blade.

In Chapter 5 we use Navier-Stokes based computational models to simulate the
experimental rotor.

The results demonstrate the influence of different turbulence models on the ac-
curacy of the prediction of dynamic stall development on a VAWT. Of the models
analyzed, the Detached Eddy Simulation flow model resulted in predictions that most
closely matched the experiments.

URANS models proved insufficient due to their inability to correctly model the
large eddies and the influence of this in the development of forces and in modeling of
the downwind passage of the rotor.

The differences in development of the vorticity around the aerofoil and the evo-
lution of that vorticity, which are dependent on the turbulence model, are found to
have direct impact on the prediction of the forces experienced by the rotor.

The simulation with DES is also validated against the value of circulation in
the blade leading-edge separated vortex, leading to the conclusion that the integral
strength of leading edge vorticity might be as ambiguous for validation as the normal
force, especially as it is susceptible to arbitrary vorticity contour definitions.

The DES model points to the possible occurrence of high-frequency force oscilla-
tions due to the variation of the pressure field resulting from the convection of small
strong vortices over the upper and lower surface of the aerofoil. The following are
interesting topics for future experimental investigation:

• The high frequency variation in dynamic stall at low tip-speed ratios can be a
source of additional turbine damage, specially in wave-energy converters.

• The simulations with different turbulence models show the importance of cor-
rectly modeling the shed wake, not only in terms of intensity, but also in terms
of distribution and transport next to the aerofoil.

• The effect of the incorrect modeling of the transport of the vorticity can be seen
in the large difference in normal force at θ = 0◦.



262 CONCLUSIONS AND RECOMMENDATIONS 11.2

• The phase at which the roll-up of the shed vorticity occurs is important and
must be taken into account when modeling dynamic stall on the VAWT.

The simulations show two important effects:

• At the rotor scale, the transport of vorticity with the blade, rolled-up into the
leading edge/trailing edge separated vortices.

• At the blade scale, the importance of the small scale vortices for correctly mod-
eling the oscillations in pressure distribution and loads.

Impact of dynamic stall on wake distribution and wake induction

An analysis not performed in this thesis is the evaluation of the impact at the rotor
scale of the shed vorticity from the leading-edge and trailing-edge separated blade
flow, discussed in Chapters 4 and 5. The transport of shed vorticity by the blade is
a phenomenon resulting from viscous flow, that will result in a different wake and
induction field compared to what is predicted by a potential flow model with an
attached single wake. The difference in the wake is mainly in the spatial distribution
of the wake, due to the blade-wake interaction transport phenomenon, but also in the
strength of the shed vorticity.

However, NS simulations are not suitable to evaluate the impact of this transport
on the distribution of shed vorticity, due to the vorticity dissipation that is intrinsic
to the model. A suggested approach is to use a multiple-wake panel code (several
vortical wakes leaving the blade, thus representing the separated flow), and compare
results with the more conventional single-wake model. This approach might lead
to a correction at low tip-speed ratio for the effect of blade-wake interaction in the
windward region of the rotation.

Determining loads from the flow/wake at the aerofoil scale

The unsteadiness of the pressure distribution over the blade in dynamic stall, coupled
with the complexity of experimental setups for VAWT rotors, make conventional
force measurement techniques unsuitable for the VAWT. Pressure probes, balance
measurements or other forms of experimentally measuring aerodynamic loading are
not applicable to VAWT models. In our approach, we focus not on analyzing the
blade, but on obtaining our information from the flow.

In Chapter 3 we analyze the wake (flow) at the rotor scale as containing the infor-
mation governing the energy exchange. At the blade scale, the wake (flow) contains
the information regarding the loads on the aerofoil. In Chapter 6 we evaluate the
feasibility of extracting the information from flow/wake PIV measurements.

The estimation of loads on a VAWT aerofoil undergoing dynamic stall through
integration of the velocity data is proven feasible. The sensitivity analyses with CFD
data have shown that the method is robust to contour location, velocity data grid
refinement and linear estimation of the velocity time derivative. The Flux Equation
formulation from Noca et al. (1999) is shown to be effective in estimating the force
development for the VAWT in dynamic stall.

Application to experimental data also shows the feasibility of the method, even
in highly complex wake flow. The phase-locked approach shows that knowing the
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average wake flow is adequate for estimating the average load on the blade.

11.2.2 3D wake

In Part II of the thesis we analyze the wake at the rotor and blade scales from a
2D perspective. In Chapters 7 and 8 of Part III we introduce the fourth dimension
of our problem; the spanwise direction. The finite span leads to an azimuthally-
varying spanwise distribution of circulation on the blade, and this distribution leads
to the release of trailing vorticity, of which the blade tip vortex is the most prominent
component.

The spanwise dimension of the flow also allows for a new form of misalignment
between the flow and the axis: skewed flow. In Chapter 9 we analyze the physics of
skewed flow, the flow asymmetry, the near-wake development, the blade-wake inter-
action and the impact on energy conversion.

The 3D wake and the role of the trailing vorticity

The observation of the tip vortex convection and wake expansion of Horizontal Axis
Wind Turbines has led authors to assume that the expansion of the H-VAWT also
follows the radial expansion observed in the HAWT. This idea is incorrect; since the
expansion of the wake of the VAWT occurs in the 2D plane, there is no requirement
for a spanwise expansion.

Exploratory work on the 3D VAWT with smoke visualization and hot-wire mea-
surements shows that the tip vortex generated during the upwind blade passage, for a
region close to y/R = 0, does not expand outboard, but actually moves inboard into
the rotor volume. The hot-wire measurements of Figure 7.3 show the variation in the
y-direction of the convection of the tip vortex in the z-direction, with the region close
to the windward blade passages (y/R ≈ −1) showing an outboard motion of the tip
vortex, and the region close to y/R = 0 showing an inboard movement.

The hot-wire measurements upwind of the rotor show the effect of the spanwise
finite blade; the induction in the x-direction creates a gradient in the spanwise direc-
tion, with the maximum at the midspan region.

The use of (Stereo) Particle Image Velocimetry allows a more detailed visualization
and quantification of the tip vortex convection and evolution (expansion/dissipation).

The experimental PIV data enables a reconstruction of the tip vortex core tube,
which allows the visualization of the curvature of the tube, due both to its convection
in the x-direction and its convection in the z-direction. The curvature of the tip vortex
tube confirms the tip vortex dynamics observed with the hot-wire measurements.

The 3D reconstruction of the vorticity field at the tip vortex region enables the
identification not only of the tip vortex, but also of the adjacent wake sheet, as it is
rolled up by the tip vortex.

The experimental data also yields a clearer visualization of the tip vortex core,
including the wake sheet rolling around it (Figures 7.12 to 7.15).

The convection of the tip vortex at the different xz-planes shows once again the
inboard/outboard motion of the tip vortex as a function of y/R.

The analysis also shows the impact of the constant circulation term (here due
to the pitching motion of the blade) on the 3D H-VAWT. In the previous sections
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we discussed the fact that the constant bound circulation term due to the rotational
motion of the blade does not (significantly) contribute to the shed wake in the 2D
flow case. However, this constant circulation term does result in additional strength
of of the trailing vorticity. In Chapter 7 we experimentally measure the impact of
different blade tip shapes on the strength of the tip vortex, by analyzing the spanwise
distribution of the location of the pitching axis and chord. This is later confirmed in
Chapter 8 where the numerical panel model simulations show the same result.

In Chapter 8 we combine the experimental results of Chapter 7 with 3D potential
flow free-wake panel model simulations to analyze the 3D wake dynamics of the
VAWT.

The 3D near wake of the H-VAWT can be divided into four regions where different
dominant effects are present:

• The upwind blade passage, where the flow is determined by an almost planar
approach of the induction field, similar to an actuator disk approach

• The leeward and windward blade passage regions, where the flow is dominated
by the induction of the wake segments of different revolutions, that, due to their
proximity, generate a strong roll-up of the wake in the tip region. The ”new
wake inside old wake” phenomenon defines the difference between the leeward
and windward regions in terms of expansion, as it is different and mainly not
so pronounced in the leeward region.

• The evolution, inside the rotor volume, of the wake generated during the upwind
blade passage, together with the inboard motion of the tip vortex.

• The downwind blade passage and the interaction of the blade and resultant
wake with the trailing vorticity/tip vortex generated upwind.

The interaction between wake and blade during the downwind blade passage is
one of the most crucial points of the 3D flow. The inboard motion of the tip vortex,
combined with the large induction of the trailing vorticity and the bound circulation
due to the constant term of circulation (in this case, due to the pitching motion),
results in regions in the downwind blade passage where the bound circulation is op-
posite in sign to what is seen in the 2D case. There are strong spanwise gradients
of the bound circulation, due to the effect of the tip vortices generated during the
upwind passage, resulting in several regions of trailing vorticity direction inversion.

The finite blade and the induction due to the trailing vorticity clearly make the
rotor less efficient than the 2D rotor. This inefficiency is manifested by the spanwise
gradient of the shed vorticity.

The convection of the wake inside the rotor volume is no longer 2D, but clearly
determined by the trailing vorticity of the 3D flow. While the wake convection in the
3D simulation is similar to what is seen in the 2D flow case, in the 3D flow case, the
lower induction due to the weaker shed vorticity is compensated for (and exceeded by)
by the induction due to the trailing vorticity. The 3D rotor, at the midspan region,
has a higher induction in the x-direction than for the 2D case. This is confirmed with
the experimental data of the PIV flow field measurement in the midspan region, where
the 3D wake model better predicts the location of the wake, once again confirming
the 3D behavior of the wake convection, even at the midspan.
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This higher induction results in a more closely packed set of wakes, meaning that
the spacing between wakes is similar to what is found at higher tip-speed ratios in the
2D case. This higher induction on the blade, both during the upwind and especially
during the downwind blade passage, further decreases the efficiency of the rotor.

The VAWT in skewed flow

In Chapter 9 we analyze the impact of skewed flow on the 3D wake of the VAWT.
Skewed flow increases the performance of an H-VAWT by modifying the region of
interaction of the downwind blade passage with the upwind-generated wake.

The skew angle causes an asymmetry of the wake in the z-direction, in terms of
position, strength of the shed and trailing vorticities, and expansion of the wake in
the y-direction.

The asymmetry with skew angle is verified with wind tunnel experiments using
Particle Image Velocimetry; the PIV results for the tip vortex in the near wake enable
the quantification of the effect of skew angle on the strength of the tip vortex and on
its convection.

The 3D unsteady free-wake panel code is able to replicate the effect of skew on
the relative strength of the tip vortex, as validated with the experimental results for
circulation of the tip vortices. The panel model is not able to capture the roll-up
motion of the tip vortex; this can be attributed to the model’s first order Newton
solution for the displacement of the vortices.

Using the panel code, the simulation results show the impact of skew angle on the
strength of the wake, affecting both trailing and shed vorticity. Also, the effect of
skew on bound circulation, normal force and tangential force is shown.

The extra power obtained in skewed flow comes from extent of the downwind blade
passage that is operating outside the upwind generated wake, thus experiencing an
incoming flow with larger energy content. This wake-free downwind area increases
with increasing skew angle.

However, increase in wake-free downwind extent is offset by a decreasing compo-
nent of the flow that is normal to the blade lifting line. This decreasing effect is not
uniform in the spanwise direction, due to the fact that the induction of the wake is
asymmetric in the spanwise direction.

The analysis also shows an effect of skew on the convection of the wake inside the
rotor volume, where the induction varies depending on the proximity to either the
upwind or the downwind blade passage. An interesting question for further research
is if, in reality, this region can develop into the flow reversal of a heavily loaded wake,
due to the proximity of the tip vortices.

11.2.3 Using the blade’s constant circulation term as a design
variable

We have seen in Parts I, II and III that the circulation term due to the rotational
motion of the blade contributes mainly to the trailing vorticity, while its contribution
to the shed vorticity is indirect and negligible.

There is then a separation between the local loading experienced by a cross-section
of the blade and the total energy converted during one rotation. This separation
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occurs because the blade loading is associated with the constant bound circulation
term due to the rotational motion of the blade, while the energy exchange is associated
only with the shed vorticity.

In Chapter 10 we use this constant circulation term to vary the local loading over
the rotation, and thus decrease the impact of viscous effects and torque ripple, without
compromising the maximum possible power coefficient for a given rotor solidity and
number of blades.

We also vary the location of the pitching axis and the blade camber. The sim-
ulation results confirm that varying the pitching axis location and blade camber do
not affect significantly the energy conversion in 2D potential flow. However, varying
the pitching axis location and blade camber do significantly affect the loading on the
blades, transferring torque between upwind and downwind blade passages and varying
the average normal force.

Because of their impact on blade pressure distribution, varying the pitching axis
location and blade camber do affect the viscous behavior of the blade, causing an
impact on turbine performance.

The results also contradict previous research results concerning the effect of cam-
ber on the H-VAWT. This previous research was limited by aerodynamic momentum
models that did not account for the expansion of the streamtubes and incorrectly
calculated the torque in the downwind part of the rotation, overestimating the im-
portance of the performance in the upwind part of the rotation and underestimating
the importance of the performance in the downwind part of the rotation. Our results
thus reopen the research on asymmetric blade shapes.

Our investigations on 3D effect show that, although the 2D wake does not change
significantly with varying the pitching axis location and blade camber (for inviscid
flow), the 3D wake is significantly affected by those variations due to the impact of
variations in the bound circulation on the release of trailing vorticity. A change in the
trailing vorticity generated during the upwind blade passage implies a change in the
induction due to trailing vorticity and a change in interaction at the downwind blade
passage. These contradictory results for the impact on performance of variations in
the pitching axis and camber in 2D and 3D open a large design space for increasing
the performance of the VAWT.

11.2.4 The end of streamtube models for VAWT

In this thesis we have shown the unsuitability of multiple streamtube models for
predicting the VAWT performance, despite the proposed improvements in Chapter 3.

The main objective of the momentum balance calculated in streamtube models is
the prediction of the velocity perceived by the blade at each azimuthal position. In
Chapters 3 and 10 we have shown, using the 2D free-wake panel model results, that
the impact of blade shape/camber/fixed pitch angle is negligible in the estimation
of the perceived velocity. Thus, reference solutions can be calculated with free-wake
models for different configurations of solidity, number of blades and tip-speed ratio
and used for a blade shape optimization.

This method is thus much faster and accurate than the application of stream-
tube momentum models and dictates their obsolescence; it is, in effect, a new design
approach.
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11.3 Recommendations on future research

The limited knowledge on VAWT aerodynamics allows for a long list of recommenda-
tions on interesting research. In this section we will focus on four research questions
that follow directly from this thesis and that, in the author’s opinion, yield the largest
potential for improving wind turbine aerodynamic knowledge and design, and thus
contribute to the implementation of cost-efficient wind/wave/tidal energy conversion.
The recommendations are divided into 2D and 3D flow research.

11.3.1 2D flow research

How to design the VAWT blade and rotor for operation in unsteady flow,
including dynamic stall?

The design of 2D aerofoils for the VAWT still eludes aerodynamicists, mainly due
to a lack of knowledge of the flow, inadequate modeling tools, lack of the ability
to experimentally verify the design and previously-developed design guidelines that
did not incorporate the nature of the energy conversion process by the VAWT. The
research question must be tackled in four fronts.

Experimental research on blade loading and the induction field, for
both attached flow and dynamic stall conditions. We have seen that we
can use the velocity field obtained from PIV measurements for estimation of the
forces and pressure distribution over the blade, even in dynamic stall conditions.
This method is more accurate, less costly and delivers more information than
other experimental approaches previously used on the VAWT. New experimental
research on the VAWT using Particle Image Velocimetry will generate a database
for model validation, relating loading with the flow field.

Modeling of the VAWT rotor in dynamic stall. Navier-Stokes CFD mod-
els together with potential-flow-based vortical-models for non-attached flows are
currently the best candidates for modeling dynamic stall on the VAWT; all of
these methods have previously been successfully implemented, impaired only by
the lack of experimental data for their validation. We are now able to revisit these
models and properly validate them, both in terms of load prediction and in terms
of flow field simulation.

2D VAWT dynamic stall wake convection and induction field. The oc-
currence of dynamic stall impacts the distribution of the shed vorticity, and thus
the induction field. What is the real impact of dynamic stall, and how should it
be modeled? A more insightful analysis of the difference with the attached-flow
case is then better achieved by the use of vortex models, due to the impact of
numerical dissipation in Navier-Stokes CFD models.

2D aerodynamic design: camber, pitching axis location, fixed pitch an-
gle In Part IV we revisited the effects of pitching axis location and camber,
analyzing the impact on VAWT performance in both 2D and 3D flow; our results
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contradict previous research on aerofoil design for VAWT and analyzing the im-
pact in both 2D and 3D flow. However, while we identified a large design space
with significant improvements to be achieved, we did not present an optimal design
or a complete design methodology. Research on cambered aerofoils and pitching
axis location, based on the analysis presented in this thesis, can lead to substan-
tial gains in the efficiency of VAWT, possibly allowing the VAWT to surpass the
efficiency of the commercial HAWT.

What is the impact of augmenting the flow field on a VAWT?

The use of ducts for flow augmentation is still an attractive proposition, due to the
gains in energy conversion, which in urban applications may yield interesting cost
benefits. However, we currently do not understand the flow experienced by the VAWT
in a duct. The implementation of a 2D duct flow is a trivial problem using a panel
model of the VAWT. The interesting research area appears to be understanding the
impact of the duct on the leeward and windward regions of the flow and how this will,
in fact, change the blade loading in the upwind and downwind parts of the rotation,
and how this will impact the range of angle of attack. One must also consider the
operation of the VAWT in non-symmetric duct flow.

11.3.2 3D flow research

What are the 3D effects of non-straight bladed rotors?

Wake of non-straight bladed VAWT Due to structural constraints and aes-
thetic design options, the VAWT is usually presented with non-straight blades,
either with a troposkien shape, or, as thw VAWT has become popular for urban
applications, with an helical curvature of the blades. While the former is a proven
design option for carrying the centrifugal loading of the blade, the latter is driven
by an aesthetic motivation; claims that the helical curvature of the blade might re-
duce noise have not been proven and the curvature will most probably result in an
efficiency loss due to trailing vorticity. Because of the popularity of these two de-
sign options, it is important to understand the 3D wake dynamics and the impact
of those dynamics on performance and loading, with emphasis on the interaction
between trailing and shed vorticity, as we did in Part III for the straight-bladed
VAWT.

Blade tip aerodynamics. As we saw in this thesis, the trailing vorticity due to
the finite span of the blade will decrease the efficiency of the rotor (compared with
the 2D flow). The tip vortex is one of the strongest elements of trailing vorticity
and it is strongly influenced by the blade tip shape. The blades of the VAWT must
be connected to the rotation axis; this is typically accomplished with connection
struts. Perhaps the knowledge of blade-tip effects developed in this work can be
applied for the design of these struts.
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What is the flow within the VAWT in a ocean wave?

The application of the VAWT for wave energy conversion is a challenging research
topic, due to the characteristics of the particle motion in ocean-wind waves. These can
be decomposed into cyclic horizontal/longitudinal and vertical/transverse motions. In
effect, there are three interesting effects occur here:

• The skew angle of the flow varies with the phase of the wave motion.

• The cyclic motion of the wave means the wake is not convected away from the
rotor, thus wake dissipation occurs within the rotor volume.

• The cyclic nature of the motion, combined with a rotor radius comparable to
the length of the blade, might eliminate the distinction between upwind and
downwind sides of the rotor.

This application requires fundamental research; even the maximum theoretical ex-
tractable energy is yet to be defined.





Bibliography

Agren, O., Berg, M., and Leijon, M. (2005). A time-dependent potential flow theory
for the aerodynamics of vertical axis wind turbines. Journal of Applied Physics,
97(10-104913):1–12.
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