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ARTICLE INFO ABSTRACT

Keywords: Vertical axis wind turbines (VAWT) are called to have an important role in the definitive penetration of
Vertical axis wind turbine renewable energies in the near future. Although still under development, they are considered good candidates for
VAWT

urban environments and offshore generation in deep waters. For its experimental characterization, wind tunnel
testing of small-scaled VAWTs is usually employed. However, self-starting issues, reduced aerodynamic torques
-for reliable measurement- and high rotational speeds -imposed by similarity- emerge as inherent operative
problems. To overcome these issues, Active Driving Mode (ADM) is commonly used to drive the turbine under
equivalent kinematic conditions introducing an external motor. Up to now, an accurate characterization of the
turbine performance, in terms of retrievable aerodynamic power, is not available for this methodology in the
open literature.

This work presents the development and application of an innovative methodology for testing VAWT pro-
totypes through ADM. Interesting advantages over the conventional determination of the turbine performance
using Passive Driving Mode (PDM) are shown. It is demonstrated that a deep level of characterization and high-
test control is achieved with a simple experimental set-up. In addition, the key aspects for the application of this
methodology have been identified and studied in detail, like the isolation of the mechanical losses from the blade
drag or the quantification of the parasitic drag of the turbine struts. Relevant conclusions have been revealed
concerning the marginal effect of the induction factor on the parasitic drag, or the importance of a correct blade
drag estimation for the computation of the mechanical losses. Finally, the methodology has been applied to a real
wind tunnel set-up, for the characterization of a 3-bladed VAWT with a H-rotor based on the DU 06-W-200
profile. The performance results obtained experimentally have been accurately compared to CFD simulations.

Wind tunnel
Performance characterization
Active driving mode

1. Introduction

Nowadays, global energy models are increasingly focused on
renewable energy sources and decentralized energy generation. Over
the last two decades, wind energy has proven to be economical and
reliable, being Horizontal Axis Wind Turbines (HAWT) one of the pillars
of new energy policies due to its mature development. According to the
International Energy Agency (IEA), by 2050, wind power will account
for 19% (stated policies scenario STEPS) to 39% (net zero scenario NZE)
of total world energy supply [1]. However, as the energy mix is more
participated by renewable technologies, like solar PV or wind power, its
variable power supply requires the development of new methods to
adjust the production to the real-time demand curves. This issue is
promoting the rise of a new energy economy based on microgrids and
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energy storage systems like batteries, small hydro reservoirs [2], CAES
systems [3] or hydrogen, capable to provide distributed and variable
energy integration. With those solutions, the energy supply is decoupled
from the renewable sources, so local intermittencies, shortages due to
weather conditions or occasional failures are also minimized. The
adaptation of other types of variable renewable technologies, still under
development and currently penalized by their difficult integration to the
existing grid, can be even favored. Furthermore, in the current context,
self-consumption for individual and collective installations is a growing
approach in residential buildings, which has been proved profitable
even without subsidies [4].

Lift-based Vertical Axis Wind Turbines (VAWT) have attracted
renewed attention in recent times because they are particularly well-
suited for this new scenario. Although they were already developed in
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the 70 s and 80 s, they were progressively abandoned due to the higher
efficiencies and rated power provided by the HAWT family. Neverthe-
less, VAWTs characteristics make them better candidates than HAWTSs
for application in urban environments, due to their omnidirectionality,
avoiding the need for orientation mechanisms; their ability to work
better in variable wind conditions; and their lower noise emission [5]. In
the case of wind turbines for offshore generation in deep waters, VAWTSs
are also a considerable option and specifically tailored to floating de-
vices, due to their superior energy density for wind farming. In addition,
VAWTSs present a lower inclining moment, lower turbine mass and lower
center of gravity which leads to more economical supporting structures
[6]. Furthermore, they present their gearbox and generator at ground
level which makes the operation easier and safer [7]. This is very
important for offshore applications where deployment and maintenance
labors in a sea environment are extremely difficult.

However, despite the valuable potential of VAWTSs, their current
state of development is still limited [8], mainly due to their complex
aerodynamics. For its further study, wind tunnel testing is an essential
tool to obtain reliable data. It allows direct visualization of flow-turbine
interactions and provides experimental data for validation of both
analytical and computational fluid dynamics (CFD) models. From an
engineering point of view, wind tunnel data is also used to retrieve
performance curves which are further extrapolated to real scale
turbines.

Typically, the scale of the turbines has to be significantly downsized
in order to preserve high tunnel-to-prototype size ratios. This leads to
substantial reductions in the physical variables to be measured (i.e.,
power and torque), and high rotational speeds to match dynamic simi-
larity. The mechanical losses and inertial effects are no longer marginal,
so the prototype operation is compromised and the measurement of the
aerodynamic power complicated. Moreover, conventional methodolo-
gies for performance characterization use passive elements such as
brakes or generators to modify the operating point of the wind-driven
turbines. The torque is measured directly with torquemeters [9] or
other passive elements like Prony [10] or electromagnetic brakes [11]
which over-increase the mechanical resistance. Additional torque con-
trol systems are also required to measure positive torque gradients in the
torque-speed ratio curve, thus restricting the testable operating range
even more [12]. As a result, the experimental wind tunnel tests of small-
scale turbines in a passive driving mode (PDM) suffer from severe in-
conveniences and are not fully operational, being even aggravated with
the self-starting issues of these kinematic turbines.

As a feasible alternative, active driving mode (ADM) tests, also called
motor-driven, may be employed to avoid all these self-starting problems
and small-scale issues. This option emerges when the turbine is not able
to generate net power at the required rotating velocity, so the operating
point is artificially achieved with an external energy input. The aero-
dynamic performance can be retrieved from that deficit, assuming that
both situations are similar. Although this approach initially raised some
concerns about its validity, Araya and Dabiri concluded that turbine
wakes in the relevant operating range are independent from the driving
mode [13]. They compared wake measurements of turbines in both
motor-driven (ADM) and flow-driven (PDM) tests taken from several
references and conducted their own study using PIV in a water channel.
The limit of the application of this procedure was stablished at high TSRs
where aerodynamic equilibrium between drag and lift is achieved.
Recently, Dou et al. have also determined that unsteady flows and tur-
bulence measured with hot-wire anemometry in a HAWT are identical
using PDM or ADM [14]. So far, in the field of VAWT study, ADM has
been employed mainly to run experiments at small scale for flow studies.
Some examples can be found in the literature for the analysis of turbine
flow using PIV techniques [15-17]. However, in those situations, the
overall performance of the turbines is not provided, or, in best cases, it is
obtained from additional tests with different experimental set-ups.

Both PDM and ADM provide an indirect measurement of the aero-
dynamic variables. In the case of PDM, the use of segregating routines to
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isolate the aerodynamic torque is already a common practice in the
literature. However, up to the authors’ knowledge, no formal method
has been presented yet for ADM. Hence, the establishment of an accurate
methodology to obtain the performance curves of lab-scale turbines
under ADM would be really useful, allowing to finally circumvent all
those previous limitations. It will also provide a more comprehensive
way of analyzing flow visualization studies, relating them adequately
with complementary performance measurements.

This paper presents the development of a novel methodology to
characterize VAWT performance in active driving mode for wind tunnel
testing at small scales. Although some references can be found regarding
the employment of ADM for turbine characterization, a rigorous
description on the application of this methodology is not available yet. A
detailed process that may quantify the relevance of the different con-
tributions is thus required. Some previous studies [18] briefly mention
driving the turbine without flow to obtain a “tare” torque, but without
subtracting parasitic drags. Other authors [13] are even disregarding the
mechanical losses in the retrieval of the performance curves. This may
lead to an excessive overestimation of the net aerodynamic power. Only
using a well-posed method to decouple the different factors allows a
correct estimation of the real values. This is the basic contribution of this
research. In addition, it contributes to improve the practical study of
low-solidity, high-efficiency turbines, which are essential for the above-
mentioned applications. The methodology highlights for its moderate
infrastructure, low instrumentation costs, easy-implementation, and
reasonable degree of accuracy. This is particularly interesting for
industrial-commercial application, where large-scale wind tunnels or
high-cost instrumentation may not be accessible. This tool also allows a
fast and simple utility to complement CFD studies and contribute to the
ongoing growth of the VAWTs sector.

The methodology has been developed using an electric DC motor as
the active element for the turbine control. The aerodynamic perfor-
mance was obtained indirectly by the comparison of the supplied torque
for different test conditions. Precisely, a remarkable effort has been
made to isolate the aerodynamic torque from the mechanical losses and
the parasitic drag of the struts. Note that this makes the methodology
proposed here of special interest for the validation of analytical models
or CFD simulations, in which the effect of the turbine structure or the
blades struts is not usually considered. At the same time, a relevant part
of the work was devoted to identifying the most problematic stages of
the methodology, with special emphasis on those aspects requiring an
in-depth study.

This work is structured as follows. First, the experimental set-up used
is presented in Section 2, including the description of the measurement
procedures. Then, Section 3 describes the development of the novel
methodology, going from its theoretical basis to a practical approach.
Critical aspects requiring special attention are also identified. The
methodology is applied to the current set-up, and final results are
shown. Section 4 is devoted to further exploring a key aspect of the
methodology: the isolation of the aerodynamic drag from the mechan-
ical losses. Afterwards, the influence on the methodology of the drag
coming from the turbine struts is evaluated in Section 5. Greater detail is
provided to improve the initial considerations given in Section 3. In
Section 6 the results obtained are compared to numerical results from
CFD simulations and a correction for blockage, based on previous works
found in the literature, is proposed. Finally, relevant conclusions and
future works are provided in Section 7.

2. Experimental SET-UP

A small-scale prototype of a 3-bladed VAWT, with a H-rotor based on
the DU 06-W-200 profile, has been recently designed [19], developed
[20] and constructed [21] by the authors. These actions are within the
context of a National Research & Development Plan to promote the use
and implementation of renewable energies for an ecological transition
and a sustainable development.
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Preliminary flow measurements have been conducted in a medium-
size, 30 kW closed-loop wind tunnel, with a large blockage ratio in the
test section. They were mainly devoted to quantifying tunnel-turbine
interaction effects for the development of specific blockage correc-
tions. Though maximum blockage ratios of a 5-10% are desirable, it is a
common practice to employ higher values. This fact is due to the
extremely wide test sections required by that limitation in case of typical
VAWT prototypes [22]. Consequently, it is necessary to correct the
blockage effect in order to extrapolate the measured output power for
real-scale turbines operating under free-field conditions. Precisely, as a
crucial part of this procedure, the existing facility and retrieved data
have been used in the development of an ADM methodology to char-
acterize the performance of the scaled prototype for different tip speed
ratios.

The present experimental database corresponds to a high-blockage
set-up, used to apply the proposed methodology for the performance
characterization of VAWTSs. Hence, the results must be considered only
in the specific context of the research and may not be representative of
the turbine design for expected characteristics in an actual wind envi-
ronment. The reader is reminded to stay focused on the description and
applicability of the methodology, of general use for wind tunnel testing.
Hence the available data must be considered as a simple framework to
exemplify its use.

The experimental set-up available for the present investigation
includes:

Wind Tunnel. The experiments were conducted in the “XAWT”
(Xixon Aeroacustic Wind Tunnel) located in the facilities of the Fluid
Mechanics Area of the University of Oviedo. It is a closed-loop wind
tunnel, driven by a 30 kW axial fan in an impulsion layout, with a total
length of 24.6 m and 8.3 m high (arranged in a vertical position, see
Fig. 1, left). It has an aerodynamic test section of 1.05 x 1.25 mz,
immersed in an anechoic chamber of 4.2 m long and cross-sectional area
of 4.45 x 2.80 m? A 9.5:1 contraction nozzle with a logarithmic de-
rivative profile accelerates the flow towards the test section. This wind
tunnel can achieve velocities up to 22 m/s, for a maximum Reynolds
number of 1.7-10° (based on the nozzle hydraulic diameter), with a
mean turbulence intensity around 0.7% [23].

For the current research under high-blockage conditions, a hybrid
modular enclosure has been used to fulfil a semi-confined environment
with no wake blockage (shown disassembled in Fig. 1, right). More
details can be found in [21].

Prototype. The turbine tested is a small-scale model of a 3-bladed
“H”-type VAWT, specifically developed for urban environments
(Kumar et al., 2018). “H”-VAWTs (Darrieus with straight blades) present
lower manufacturing costs than other VAWT architectures and achieve
good efficiencies. Nowadays, they are a trending choice for this kind of
applications. The prototype has a diameter of 0.8 m and features 3
blades with the DU 06-W-200 airfoil. The blade chord is 0.067 m, and
the blade length is 0.6 m, resulting in an aspect ratio H/D = 0.75 and a
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solidity 6 = 0.5. The main geometrical characteristics are summarized in
Table 1. This model has been built combining standard commercial el-
ements, like aluminium profiles and joints, with custom-made parts
manufactured by Fused Deposition Modelling (FDM). Special care was
taken in the layer direction to avoid fatigue failure and abrupt fracture
because of bending and centrifugal loads. The blades feature an epoxy
coating to improve surface roughness and increase blade strength. To
reduce the drag on the struts, a low-drag aerodynamic profile (EPPLER
863 Strut Airfoil) was introduced to cover the interior cylindrical rods.
Fig. 2 shows the turbine inside the test chamber of the wind tunnel.

For this measurement campaign, the prototype was operated in
motor-driven arrangement using a 1 kW, permanent magnet DC, electric
motor. It has been powered by a 30 V/10 A laboratory power supply,
which has a built-in measuring system. Previously, the motor was
experimentally characterized in an independent test bench to determine
its torque constant, k. This will allow to obtain the motor torque directly
from the electric current in the different turbine tests, avoiding the need
for an additional torquemeter and thus decreasing transmission me-
chanical losses.

Instrumentation. The flow velocity for the tests was controlled in
the wind tunnel nozzle (inlet-outlet) using a Kimo CP210-R differential
pressure transducer with an operative range of + 1000 Pa and temper-
ature compensation. The measurement of temperature allowed the
correction of the air density inside the wind tunnel, as a function of the
atmospheric pressure checked on an analogic barometer. The turbine
rotational speed was measured instantaneously using a digital tachom-
eter connected to a data acquisition card. In addition, the intensity of the
power supply was also measured and registered in the computer by
means of a specific software for its operation and recording. Ad-hoc
acquisition software was also employed for the signal of the tachom-
eter. Finally, a post-processing program was developed in MATLAB to
obtain the test results. A simplified diagram of the instrumented
experimental set-up is shown in Fig. 3. The measuring uncertainties of
the different sensors are listed in Table 2.

Experimental routines. The objective is to measure the electric
current supplied to the motor, for different rotating velocities of the
turbine, when the wind tunnel is operated at a constant flow velocity.

Table 1
Main characteristics of the prototype.
Airfoil profile DU 06-W-200
Blade number (N) 3
Chord (¢) [m] 0.067
Diameter (D) [m] 0.8
Blade length (H) [m] 0.6
o N-c 0.5
Solidity (a = Iﬂ)
Aspect ratio (H/D) 0.75

Fig. 1. XAWT wind tunnel (left). Aerodynamic test section with the turbine (right).
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Fig. 2. Three-bladed H-VAWT installed inside an hybrid modular enclosure for
the test chamber of the XAWT wind tunnel.

Test
section

Turbine

Optical
tachometer <

-y

DC
Motor Acquisition and
Calculation
software

Fig. 3. Sketch with the experimental set-up and instrumentation used.

Table 2
Instrumentation uncertainties.
Sensor Variable Uncertainty
measured
Differential pressure sensor Pressure usp = +£0.005AP +
Kimo CP210-R difference 2[Pd]
Optical tachometer Rotational 1y = £0.011 {@]
speed s

Laboratory power source Elektro Electric current

Automatik PS 8360-10 T

u = +0.01[A]

The flow velocity in the wind tunnel is fixed regulating the flow rate
delivered by the axial flow fan (opening/closing a set of louvers at the
fan discharge). To modify the rotational speed of the motor-turbine as-
sembly, the excitation of the DC motor is controlled by voltage

Energy Conversion and Management 258 (2022) 115530

regulation through the power supply, until the turbine reaches the
desired rotational speed. The electric motor demands higher or lower
current depending on the load, which varies with the rotational speed.
Finally, the measurement is performed and stored after the prototype
reaches a dynamic equilibrium.

The mechanical torque applied by the motor, Ty, is a function of the
torque constant of the electric motor, k;, the measured electric current, I,
and a detrimental friction torque in the motor, T, according to:

Top = kel — Ty (€D)]

The friction torque depends on the speed of rotation and can be
relevant at the wind tunnel scale, so it cannot be neglected. Neverthe-
less, the proposed methodology employs a sequence of different tests
whose combined balance, in terms of torque, cancels out its influence for
the final results. The complete procedure is detailed in the next section.

Note that for an accurate steady balance of the torques, the acquiring
time of the measurements has to be maintained for a sufficiently
extended period of time, so representative mean-time values can be
obtained. Additionally, it is remarkable that the methodology described
later is not dependent of the measuring instruments employed for the
present work. In particular, the applied torque for equation (1) can be
obtained directly from a torquemeter, thus suppressing the need for the
experimental determination of the constant k;. Alternatively, the electric
current could have been measured using a high precision amperemeter/
oscilloscope, instead of using the own utility of the power supply unit.

3. VAWT performance characterization in active driving mode
(ADM)

The aerodynamic torque of a VAWT can be obtained indirectly from
a motor-driven situation. To do so, similar fluid kinematic conditions to
the wind-driven case must be satisfied and a precise subtraction of the
system losses has to be performed. Precisely, a good estimation of the
losses is the key point for the ADM to be really helpful for performance
characterization. In the case of small-scale VAWTSs in wind tunnels, this
task can be quite challenging.

Two main sources of system losses can be identified in a conventional
wind tunnel testing of a VAWT rotor. Firstly, mechanical losses arise due
to bearing friction, transmission efficiencies in the couplings and even
structural vibrations associated to slight misalignments and mass im-
balances. Secondly, there are aerodynamic losses in the form of parasitic
drag in the rotor struts. Additional aerodynamic losses can be accounted
from blade-tip effects, although most authors consider them as a detri-
mental part of the aerodynamic efficiency of the rotor blades. Hence,
they have been considered as a secondary flow of the blades for the
present investigation, assuming that they are simply penalizing the rotor
aerodynamics, instead of introducing further parasitic aerodynamic
losses.

For the characterization of mechanical losses, two different ap-
proaches are suggested by the authors. The first approach is based on a
turbine test that employs a rotor without blades, replicating similar
conditions than a previous complete test with the blades mounted on the
turbine. Under this condition, no aerodynamic power is generated.
However, as the original bearing friction and mechanical resistance of
the turbine is affected by the mass distribution of the rotor blades, the
blade mass suppressed must be compensated with additional weights to
maintain an equivalent structural behavior. This is difficult to imple-
ment in a realistic way without adding elements which produce new
artificial aerodynamic losses. The second approach is based on a test
where the turbine is driven without wind, thus avoiding additional
disassembling operations. In this case, the main problem lays on how to
isolate the mechanical losses from the aerodynamic drag torque due to
the rotation of the blades. If that rotational drag is not discounted, it
would result in an overestimation of the mechanical losses and of the
aerodynamic torque. This second approach has been chosen by the au-
thors for the present work, although the alternative option is also a
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reliable possibility.

Regarding the second source for system losses, i.e. the parasitic losses
drag in the struts, some recent works have employed analytical ex-
pressions to correct CFD results [24] for a better numerical estimation of
VAWTSs performance. For this work, an inverse insight is attempted
through the isolation of the strut drag losses, leading to the retrieval of
the aerodynamic power alone. This estimation can be later compared to
CFD simulations. Note that due to the significant interaction of the blade
wakes with the strut drag, an experimental approach may take into
account this effect more easily. Therefore, two additional tests should be
performed over the bladeless rotor comparing no wind conditions with
respect to the inflow velocity situation. Its difference provides the esti-
mation of the strut parasitic drag. However, this estimation is not
considering the effect of the induction factor of the turbine when bladed,
which may require an extra correction of the inflow velocity for the
struts. Thus, the importance of this minor issue should be quantified.

Consequently, an effective procedure to evaluate the performance of
a small-scale turbine under ADM on a wind tunnel experiment would
require 2 main tests and 2 additional ones to account for strut parasitic
drag. Note that the parasitic drag is rather relevant, especially in the case
of typical prototype sizes. Hence, four tests were finally completed under
different configuration and components, including:

Test 1. Whole turbine without wind.

Test 2. Whole turbine under constant wind velocity.

Test 3. Bladeless turbine without wind.

Test 4. Bladeless turbine under constant wind velocity.

As aresult, Fig. 4 represents the evolution of the applied torque in the
motor as a function of the rotational speed for all the tests performed. An
inlet flow velocity of 7.5 m/s in the test section of the wind tunnel has
been employed for tests 2 and 4. The solid lines account for tests with the
complete turbine (1 and 2), while dashed lines correspond to the tests
without turbine blades (3 and 4). Similarly, blue curves indicate tests
with wind and black curves tests without wind. Tests 1, 3 and 4 (no
aerodynamic power available) are fitted using a second-order poly-
nomial (square markers) with a remarkable accuracy (RMSE less than
0.036, R? > 0.9997), as expected from the typical dependence of losses
with rotational speed.

The different trend observed in the curve for test 2 evidences the
effect of aerodynamic torque in the turbine performance. Firstly, with
the turbine under stalled conditions, the set-up demands higher motor
torque than in the no-wind situation. This corresponds to the velocity
range between 100 and 250 rpm. Then, as the rotational speed is
increased, the operating point of the turbine shifts to the positive torque

1.5 1
—_ ] Test II:I:I
= 1
&1 =
2 7 Test41] .
S a”
§ | /Un/zr/
A 7 AT 57
3 A
5 0.5
g - a Test 3
- E'E‘Ef
i 0
0 T I T I T I T 1 T I T I T I 1

0 100 200 300 400 500 600 700
Rotational speed n [rpm]
Fig. 4. Applied motor torque as a funtion of the rotational speed of the turbine

for the different tests performed. Tests under wind conditions (2 and 4) were
performed at 7.5 m/s inlet velocity.
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generation zone, decreasing the demanded motor torque. In particular,
the range between 350 (the local maximum) and 550 rpm (sudden in-
crease of the slope) comprises that region. Finally, at high rotational
velocities (higher than 550 rpm), the motor torque demand is signifi-
cantly increased with a much stepper slope. At that final stage, the
turbine is moving away from its optimal operating point and progres-
sively declining its energy generation.

With that polynomial fits it is possible to evaluate the torques in the
tests 1, 3 and 4 at the speeds corresponding to test 2. Following, the
aerodynamic torque can be deduced with simple momentum equations
in the shaft for the different cases. Firstly, the torque equilibrium for the
complete turbine with no wind (test 1) yields:

Tnpp] = TDb + TD.S] + T[ax.sl (2)

where Ty, is the applied torque by the electric motor, Tpy, and Tps; are
drag torques from the blades and struts respectively, and Tjs; is the
friction torque associated to mechanical losses. Obviously, sub index 1
denotes the corresponding test. Similarly, for the second test the mo-
mentum equation leads to:

Tnpp: + Taem = TDSZ + Tlos.&l (3)

where Tg., represents the net aerodynamic torque provided by the
blades. Note that, in this case, the mechanical losses, T}, are identical
to those found in the first test (both tests present the same machine
configuration). On the contrary, the drag in the struts is not preserved
because of its dependency to the incident relative velocity, which is
function of the wind velocity and the rotational speed. Now, rearranging
equation (2) to isolate the mechanical losses and substituting in equation
(3), it is expressed as:

Toero = (Tapp| - Tappz) + (TDSZ - TDSI) —Tpy (4)

The term (Tps» — Tps;) in equation (4) can be easily obtained from the
results given by tests 3 and 4. Since these tests correspond to the set-up
with the bladeless turbine, the mechanical losses are different with
respect to test 1 and 2, but equal between them. On the other hand,
assuming that the struts drag is not modified between analogous tests of
aerodynamic resistance (1-3 and 2-4), it can be easily expressed that:

Tupps = Tos1 + Tioss3 (5)

Tapps = Tos2 + Tioss3 6
After subtracting equations (5) and (6), it gives:

TD.\2 - TD.\I = Tap - Tapp3 (7)

P4

And finally, combining (4) and (7), it leads to this compact equation
that includes all the torque data measured in the four tests:

Toero = (Tapp| - Tappz + Tapp4 - Tappj) —Tpy (8)

In this expression, all the terms required to deduce the aerodynamic
torque are known and represented in Fig. 4, expect for the last term, Tpp,
which corresponds to the drag on the blades when the complete turbine
is rotating under no wind conditions. Several possibilities can be
employed to estimate this term. In particular, a 2D CFD simulation of a
single rotating airfoil has been chosen as the best compromise between
reliability and computational costs for the present application. More
details and discussion are provided later in the next section.

The complete set of tests have been carried out for two different wind
velocities, 5.5 and 7.5 m/s, in order to evaluate the reliability and
functionality of this method. Higher velocities have not been employed
to avoid possible mechanical failures in the prototype: an increment of
the wind speed implies that the rotational speed must be increased
linearly to fulfill dynamic similarity. This results in excessively high
centrifugal forces compromising the structural integrity of the scaled
turbine (for the lab materials and manufacturing methods employed).
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Fig. 5. Aerodynamic torque as a function of the rotational speed for two
different wind velocities.

Fig. 5 shows the final results obtained of aerodynamic torque, as a
function of the rotational speed of the turbine, for the two wind veloc-
ities tested.

Fig. 5 demonstrates that the developed methodology allows a thor-
ough characterization of the performance, even at rotational velocities
where the blades are stalled so the turbine does not produce positive
torque. It is clearly revealed that the aerodynamic torque at these scales
is not sufficient to exceed both mechanical losses and passive re-
sistances. Hence, its measurement would be extremely difficult using
conventional methods. Furthermore, it is manifested that the prototype
is not able to surpass the cut-in threshold using only the wind force
unless a motor-clutch driving system is provided. With the active driving
mode these difficulties are overcome, and an accurate performance
evaluation is obtained with a simple and cost-effective set-up. Moreover,
the good control provided by the electric motor over the rotational speed
of the turbine also allows to obtain a higher number of points than with
conventional methodologies, even reducing the time required for the
experimental tests.

To conclude this section, it is necessary to address the uncertainty of
the instrumentation and its impact on the measuring procedures. Table 2
declares an uncertainty of u; = £0.01[A] for the measurement of the
electric current supplied by the power source. In addition, the torque
constant has been determined with a relative uncertainty of “kil‘ =

+0.4[%]. The combined uncertainty of the resulting aerodynamic torque
due to this instrumentation has been calculated following the procedure
described in [25], which estimates a value of uncertainty transmitted
through the measuring chain towards the desired variable. For the tor-
que, it can be calculated according to:

O uers\’ O uers\’
Ut (ki 1) = \/( ok > ~u£,+4~< ol ) uj 9
t

For the test of 7.5 m/s reference velocity, it provides an uncertainty
of + 0.005 Nm for the maximum torque value, which in relative terms
represents only a + 0.9%. Note that it is a remarkable result, since the
magnitude of the measured values is significantly small. Consequently,
the accuracy verified, in combination with the affordable cost of these
elements employed, dictates that the proposal is a rather interesting
choice for the instrumentation of ADM tests.

Finally, further research efforts have been made over two key aspects
of the methodology: a correct determination of the blades drag torque
(the term Tpyp); and a deep analysis of the influence of the wind velocity
on the parasitic drag of the struts (on the term Tqpp, —Tqpp,)- These topics
are discussed in detail in Sections 4 and 5 respectively.

Energy Conversion and Management 258 (2022) 115530
4. Isolating drag losses from mechanical ones

Under no wind situation, the drag on the airfoils is generated due to
the circumferential velocity of the rotating blades. In the relative frame,
it means that the inflow velocity can be assumed to be equal to the blade
velocity with its direction tangential to the blade chord. Since the pro-
totype tested corresponds to a rotor designed with zero-pitched blades, a
0 deg Angle-of-Attack (AoA) has to be considered. Note that this
assumption is most accurate for low-solidity turbines, where the
tangential distance between consecutive blades is large. In the case of
high-solidities, the inflow velocity of every blade can be significantly
affected by the wake deficit of the preceding blade, thus compromising
the condition of uniform inlet flow.

In addition, if the radius of the turbine is at least one order of
magnitude higher than the blade chord, it is also reasonable to consider
that the aerodynamics of the blade are similar to that found in a linear
cascade. Due to the absence of wind flow, the relative AoA is maintained
during the whole turbine rotation, so drag coefficients can be taken
directly from typical airfoil databases (like NREL reports, UIUC data-
bases, etc.) or other published data for cascades. They can be also pro-
vided by low-order numerical programs like Xfoil, Javafoil or Rfoil
among others. In the case that the required Re numbers are not available
in the references, those programs allow easy extrapolation that can be
attempted to obtain the values at the corresponding Re of the
experiments.

However, in the case of small-scaled prototypes, the R/c ratio is
usually reduced, compromising very seriously the assumption of
equivalent flow to a linear cascade. Since the blades drag losses are very
relevant for the correct computation of the aerodynamic torque, this is
not a minor issue. In particular, for the present turbine with R/c = 6, it
has been observed that the influence of rotational forces cannot be
neglected, showing a severe impact on the evolution of the blade wakes
and thus conditioning the final value of the drag loss. This has been
observed through the simulation of the turbine airfoil, both in a linear
cascade (LC) and a rotating cascade (RC). A 2D steady RANS simulation
with a k-W SST turbulence modelling, recommended in the literature
[26], has been employed for the purpose. Special attention has been paid
to the spatial discretization of wall-adjacent mesh, with up to 450 nodes
in the streamwise direction of the airfoil and further refinement in the
normal direction to guarantee y+= 1 [27]. Since the flow at zero AoA is
not suffering from detached conditions, unsteady computations or SRS
turbulence modelling can be obviated. Conversely, additional options
for curvature corrections and fully-swirl terms have been accounted in
the resolution of the governing equations of the model with ANSYS
Fluent v.17.2.

At this point, it is noted that it could be tempting to carry out the full
2D simulation of the whole turbine for its performance characterization.
However, this implies extremely high computational costs, thus moving
away from the initial objective of a low-cost, easy to implement meth-
odology. A full simulation, even with a 2D model, of a typical VAWT
requires high demanding unsteady simulations, with long-run execu-
tions and small time step sizes. This is mandatory to obtain a final fully-
periodic simulation [26], as well as a high-order turbulence model to
take into account all the vortical structures. Consequently, as a good
compromise between economy and precision, a 2D simulation of a single
rotating airfoil is finally proposed.

In Fig. 6, the vorticity normalized with the apparent wind velocity to
chord ratio is shown in the vicinity of the airfoil for the two simulations.
A typical Re number (based on the blade chord) equal to 100,000 has
been selected for the analysis. In the upper map, the significant curva-
ture of the blade wakes reveals the impact of the rotating effects. A
comparison with the linear cascade map also shows how the turbulent
wake is more pronounced in the internal side of the blades. These dif-
ferences imply significant increments in the drag coefficients under
rotation. This reveals that an accurate treatment of the drag losses is
crucial for the estimation of the turbine performance.
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Case 1: Rotating cascade
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Case 2: Linear cascade

Fig. 6. Comparison of airfoil wakes obtained numerically with a rotating
cascade (top) and a linear cascade (down).

Fig. 7 shows drag coefficients of the DU 06-W-200 airfoil for different
Re numbers at 0 deg AoA, taken from various references in the literature
(Rfoil, Xfoil and [28]). As expected, the available data is out-of-range for
the small-scale experiments, so a power fit (black dashed line) was
employed to extrapolate the coefficients at the required Reynolds
numbers (2.3-10% to 1.2‘105, in the case of the 7.5 m/s test). In addition,
drag coefficient values from both static 2D linear cascade (blue squares)
and rotating cascade (red diamonds) simulations have been added to the
representation. Note that at high Reynolds numbers (Re > 3-10°), the
results from the bibliography are coincident with the values obtained
from the LC simulation.

At Reynolds numbers lower than 5-10%, the results from the different
curves diverge significantly, although they are placed in a region with
marginal impact in the estimation of the blades drag loss for the meth-
odology (due to the low value of the rotational velocities). On the con-
trary, in the range from 5:10% to 1.2:10%, the observed differences in
Fig. 7 are lower, but their final relevance is more important. For
example, at a tip-speed ratio of 2.6 (equivalent to Re = 9-10%) the power
coefficient calculated from CFD-RC estimations differs around an 8%
from those provided with the CFD-LC approach, and even a 12% using
the extrapolated values from the references. Furthermore, at a tip-speed
ratio of 3.5 (equivalent to Re = 1.2.10%), the differences increase up to
16% and 32% respectively.

Despite the significant disparities in the estimation of the drag co-
efficients, no alternative method with sufficient reliability has been
found in the literature. On the contrary, the mechanical losses are
frequently not considered or even grossly estimated. Therefore,

(Y . :
0.14 -|‘ Exr;aerrllrzent _ o= Xfoil
0.1241] E — - Rfoil
0.1 ] “§ : — A= Claessens(2006)
Tl : —®—LCCFD
0.08 4 3

- —4—RCCFD

Drag coefficient C )
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Fig. 7. Comparison of DU 06-W-200 drag coefficients for different approaches.
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depending on the desired level of accuracy, it is the user responsibility to
decide the most convenient approximation to its particular set-up.

5. Parasitic strut drag

The parasitic drag of the turbine struts is the second key factor in the
characterization of VAWTs performance in ADM. It is an important
mechanism for resistant torque so it must be properly accounted to
obtain reliable results.

In previous section 3, it was already discussed that strut parasitic
drag can be easily isolated in ADM by performing the comparison be-
tween wind and no wind tests for the bladeless turbine (test 3 vs test 4).
However, a concern was raised about the difference in the wind velocity
perceived by the struts due to the induction factor when the turbine is
bladed against when it is not. To analyze this question, the applied
torque was measured for test 4 at three different wind velocities (v, =
5.5, 7.5 and 10 m/s), and compared to the results for no wind velocity
(Vo = 0) of test 3 (Fig. 8).

As a starting point, the figure demonstrates an evident quadratic
dependence on the rotational velocity for the resistant torque of the
struts in all the tests. Also, there is a linear evolution between the tests at
5.5, 7.5 and 10 m/s, showing the same vertical increment between the
curves. It is noticeable, in the case of no wind velocity for test 3 (Vins =
0), that the difference of this curve with respect to the others is pro-
gressively deviating from linearity as rotational velocity increases.
However, this is a quite marginal effect, associated to the self-induced
blockage of the turbine structure for high rotational speed on the
cases with inflow velocity. More important is the difference in the struts
drag between test 3 at zero velocity and any other curve of test 4, really
significant at these small scales, even for the present prototype in which
the struts are streamlined with low drag airfoils of thickness around 2%
of the turbine span. Hence, this shows that accounting for parasitic strut
drag is critical at wind tunnel scales, especially in case of prototypes
with non-aerodynamic struts (although it is usually neglected, as re-
ported in [22]).

Furthermore, there is an additional consideration for the estimation
of this parasitic drag of the struts which needs further discussion. When
the struts are rotating isolated from the blades (i.e., tests 4), the
incoming velocity perceived by the struts is practically coincident to the
inflow velocity from the wind tunnel section. However, when the full
turbine is operated (test 2), the flow deceleration within the turbine
(generated by the aerodynamics of blades and typically quantified as an
induction factor) reduces the actual inlet velocity acting on the struts,
thus modifying the net aerodynamic torque.
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Fig. 8. Applied torque as a function of the rotating speed. Comparison between
results for test 3 and test 4 at three different wind velocities.
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In other words, to take into account the effect of the decelerated flow
induced by the blades over the parasitic drag of the struts, it would be
necessary to apply in equation (8) the torque of an equivalent test 4,

Teagp“, operated with a reduced, “apparent” incoming velocity. Depend-

ing on the tip-speed ratio, this induction factor (relating the apparent
and original inflow velocities) could represent a velocity reduction be-
tween 5 and 40% for a typical turbine design [19]. Unfortunately, this
value cannot be easily known a priori, and it is also dependent on the
particular characteristics of the turbine (geometry, struts design, solid-
ity, airfoil family, etc.).

To estimate the importance of this effect, the final aerodynamic
torque provided by this turbine (in the case of 7.5 m/s) is obtained
introducing different parasitic torques — 'Iﬁgp4 in equation (8) —, retrieved
from different apparent inflow velocities. The deviation from the result
obtained without considering any correction is provided in Table 3 for
nominal conditions (maximum available torque).

As expected, the higher the induction factor, the higher the differ-
ence in percentage. Significant discrepancies are observed for the
highest flow deceleration, reaching up to 8.7% in the case of an induc-
tion factor equivalent to 0.4. However, the impact of this effect is suf-
ficiently small (less than 3% at MTP and 5% at MVP) for low-to-
moderate induction factors (below 0.2), indicating that it can be obvi-
ated maintaining a reasonable accuracy. Only in case of high-blocked
turbines, with induction factors starting from 0.4, it is recommended
to introduce this correction in the methodology to update the values of
the resistant torque of the struts.

6. Comparison with CFD models

In this final section, the obtained performance results from the tur-
bine are compared with complementary results from numerical simu-
lations, as an example of real application and also for validation
purposes. In particular, the results corresponding to a wind velocity of
7.5 m/s have been used for the comparison.

Firstly, a complete 2D URANS model of the VAWT turbine positioned
on the extended casing of the wind tunnel nozzle (Fig. 9) has been
developed with the objective of replicate the performance curve. A mesh
density with the same requirements that the single-airfoil RC model was
employed, resulting in a [450 x 40] O-mesh distribution over the blades
and a total number of 350,000 cells for the whole domain. The sliding
mesh technique was employed to resolve the rotational motion of the
turbine, with a variable time-step size equivalent to 0.25 deg of angular
displacement for every tip-speed ratio. At least, five complete rotations
of the turbine were necessary to assure the periodic response of the
aerodynamic torque. Similar k-o SST turbulence modelling, discretiza-
tion schemes and resolution algorithms to the RC simulation were
employed.

In order to compare the results of this 2D CFD model with the real 3D
experimental curves, it is necessary to introduce some scaling factors to
take into account the vertical clearance of the turbine (H = 0.6 m) with
respect to the casing height (L = 1.05 m). Calculating the ratio of the
volumetric flow rates in both 2D and 3D situations (in 2D, the flow rate

Table 3
Discrepancies in the turbine aerodynamic torque due to the overestimation of
the resistant torque of the struts from uncorrected inflow velocities.

Flow deceleration 0.05 0.10 0.15 0.20 0.30 0.40
(Induction factor)

Aerodynamic torque -0.16 -1.03 -190 —2.78 —453 —6.27
relative variation [%]
(Maximum torque
point-MTP)

Aerodynamic torque —0.68 —-1.82 —-2.97 —4.11 —6.41 —-8.70
relative variation [%]
(Maximum variation
point-MVP)
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is per unit length; whereas in 3D it is considering the real transversal
section), and assuming that it must be similar, a scaling factor for the tip-
speed ratios between the 2D and 3D cases is obtained. On the other
hand, considering the cubic dependence of the power coefficient with
respect to the bulk velocities, a scaling factor for the power values can be
also derived, yielding to:

H
Asp = ﬁzuz (10)

3
Cpan = Cpan <§) an

A complete range of equivalent tip-speed ratios, going from 1.5 to
3.9, have been simulated for an inlet velocity of 7.5 m/s in order to
obtain the aerodynamic power curve of the turbine. As an illustration of
the results, distributions of vorticity are represented in Fig. 10 for three
different tip-speed ratios (2.1, 3.0 and 3.9) in a non-dimensional form
(relative to the turbine rotating speed). Typical vortex shedding is
identified in the development of the blade wakes, being more pro-
nounced for lower tip-speed ratios. Thus, at 2.1, the turbine wake is
more distorted, due to the downstream transport of the big vortices shed
from the turbine blades, especially in the leeward region. Note also the
relevant vortex shedding generated downstream of the turbine shaft. As
the tip-speed ratio is increased, the boundary layers are more attached to
the blades and the overall level of unsteadiness is reduced, including a
weakened Von Karman vortex street shed from the cylindrical shaft. The
lateral casing prevents the widening of the turbine wake in all the cases.
Moreover, an interaction between the vortices shed from the lateral
shear layers of the turbine wake and the shear stress of the lateral walls is
clearly established. As the turbine rotation is further increased (for TSR
values of 3 and 3.9), a lateral high-jet region is progressively observed
with a mitigation in the vortex shedding from the lateral casing but with
a higher fluctuation for the overall wake.

With the factors defined in eq. (10) and (11), the performance results
obtained from the 2D modelling (in terms of mean aerodynamic torque
as a function of the TSR value) are transformed into the equivalent curve
for a full 3D case. Hence, typical power coefficient, defined as Cp =
2Weero /pv3 HD, are represented in Fig. 11 as a function of the tip-speed
ratio, A = wD/2v,, for the present numerical simulations and compared
to the experimental values of the set-up shown previously in Fig. 5. In
particular, the corrected CFD results are shown as black squares in the
figure, while experimental results are represented as blue triangles, with
a remarkable level of agreement between them. Maximum aerodynamic
power coefficients around 0.25 are predicted for a tip-speed ratio close
to 3.0.

In addition, due to the high apparent blockage ratio of the experi-
mental set-up, a correction has been introduced to approximate the non-
dimensional performance of the turbine to real conditions (open-field).
In particular, the correlations proposed in [29], have been modified to
adapt some of their parameters for the studied VAWT turbine. Based on
previous studies by Maskell [30], these authors presented a quadratic
expression for the parameter m that it is typically used, in combination
with the blockage ratio (Bg) of the wind tunnel, to “correct” the
incoming flow velocity v.. These equations are given by:

Ve 1
c_ . 12
Voo 1 — mBg (12

where.
m = 6.92B% — 6.76Bg + c,, (13)

In equation (13), the independent term c;, is a function of the overall
aerodynamics of the prototype, having proposed the values 3.5 for a
square plate, 3.2 for a Savonius turbine and 2.8 for the straight-bladed
(SB) Darrieus turbine studied in [29] (solidity ¢ = 1.29). Assuming an
exponential-decay relationship between the parameter ¢, and the
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Fig. 10. Instantaneous vorticity distributions for different equivalent Tip-speed ratios.

apparent solidity of those bodies, a final value of ¢, = 1.72 has been
adopted for the VAWT of the present work (see Table 4).

Consequently, with the corrected value of the inlet velocity given by
equation (12), the final performance outcome is transformed into the
curve represented with the red markers in the Fig. 11. As a reference for
the expected performance in open-field conditions, an analytical model
of simple streamtube and actuator disc (SSTM), based on the work of
Paraschivoiu [31], has been developed in MATLAB. This model has
already been studied in [19] and good agreement was found with
experimental data in the general trends, matching the tip-speed ratio of
maximum power coefficient. The curve from this model has been
included in Fig. 11, represented with a solid, doted grey line.

Note that, despite of the high blockage ratio of the experimental set-
up, the correction introduced is really marginal due to the low solidity of
the studied turbine with respect to the one studied in [29]. The
maximum power coefficient is slightly reduced and displaced to a lower
tip-speed ratio, closer to the TSR predicted by the analytical model.
Although the SSTM model clearly overestimates the performance
(typical of these analytical models), it is advising that the ratio v, /v
may be still higher than the optimal for the adequate blockage correc-
tion. Nevertheless, the available experimental data for the corrections

used is very limited and further research is needed to evaluate the cor-
relation between the parameter b and the turbine solidity. The meth-
odology presented in this work can also contribute to this matter:
Different turbine solidities could be achieved by modifying the airfoil
chord, while only Test 2 (whole turbine with wind) would have to be
performed for each new configuration.

Conclusions.

In this work, the development and application of an innovative
methodology for the performance characterization of small-scale VAWT
prototypes using active driving mode in wind tunnels has been pre-
sented. The proposal circumvents the typical limitations found for pro-
totypes of reduced size when conventional passive driving mode is
employed, like those related to self-starting issues, cut-in thresholds,
excessive frictional losses or narrow operative ranges. Furthermore, it
has been found to provide superior control of the tests with simpler and
cost-effective equipment, and with a better definition of the perfor-
mance curves. The ADM methodology can be easily used with comple-
mentary tests for the experimental study of the flow patterns (PIV, hot-
wire, visualization techniques, etc.).

A typical experimental set-up with a DC-motor as the primary driver
of a confined VAWT installed in a closed-loop wind tunnel has been
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Fig. 11. Turbine performance in terms of power coefficient vs. tip-speed ratio.
Comparison of 2D CFD results (open-field and confined) with respect to
experimental values (original and blockage-corrected).

Table 4
Exponential fit of the parameter c,, for blockage correction.

Case Square plate Savonius SB Darrieus [29] SB Darrieus
(Present work)

Solidity o0 2 1.29 0.5

Cm 3.5 3.2 2.8 1.72

employed for the application of the methodology. Detailed uncertainty
analysis has been conducted to assure the validity of the results. Four
different tests were finally carried out to obtain the aerodynamic per-
formance of the turbine from the balance of the torque outputs. Ac-
cording to the methodology, additional evaluation of the blades drag is
required to complete the procedure.

The isolation of the blades drag from the overall mechanical losses
has been identified as the most difficult challenge of the methodology.
For that purpose, a 2D CFD simulation of one single rotating blade has
been finally proposed as the most convenient method to estimate its
contribution in terms of economy and reasonable accuracy. In addition,
it has been confirmed that the influence of the strut parasitic drag must
be accounted for in wind tunnel testing of small-scale prototypes for a
precise determination of the aerodynamic torque. Although this para-
sitic drag may be affected by the flow deceleration of the turbine, it has
been demonstrated that the influence of a corrected strut drag with an
apparent inflow velocity is minimal. In fact, it can be neglected in the
case of low-to-moderate induction factors.

To conclude, final experimental results obtained with the proposed
methodology have been presented for a typical H-type VAWT turbine
with three DU 06-W-200 airfoil blades. To take into account blockage
effects in the wind tunnel, specific correlations for VAWT turbines have
been adopted and customized for the solidity of the present design.
Complementarily, a 2D URANS simulation of a similar confined layout
of the turbine has been developed for validation purposes. After scaling,
the numerical performance curve has been compared to the full 3D
experimental results, obtaining a remarkable agreement. The final
aerodynamic power coefficient of the turbine predicted by the different
methodologies indicates that the experimental procedure developed for
this investigation is a reliable and valuable tool for other researchers in
the field.
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