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Experimental | nvestigation of the I nfluence of Solidity on the Performance
and Flow Field Aerodynamics of Vertical AxisWind Turbinesat L ow
Reynolds Numbers

Okeoghene Eboihi(+2348069477913, o.eboibi@gmail.com), Louis Angelo M. D3rfRrobert J.
HowelP

Abstract

This paper shows the results of an experimental investigation into &ot effchanges in solidity on
the performance of a Vertical Axis Wind Turbine. Two VAWT configuratiorss ased, one of
solidity 6 = 0.26 (chord C = 0.03m) and the other with 0.34 (C = 0.04m). The turbine performance
coefficient (G) was measured over a range of tip speed ratios and Particle Image Vejo{rhéxr
was used to determine the flow field around both turbine configurations.

Performance (EA) curves for the two VAWTs are compared at the same Reynolds numbers to
investigate the effects of solidity alone on the performance and aerodyrdremsh configuration.

The higher solidity (¢ = 0.34) VAWT attained a similar maximum, 6ut with a narrower A curve

than the lower solidity VAWT. The performance differences between the two VAWTguoations

at two tip speed ratios are explained in detail using PIV around both VAW laides. This allows

the linking of detailed aerodynamics to the performance and it was showmeahgereration and
shedding of stall vortices started earlier on the lower solidity VAWaARN the higher solidity VAWT,
thus limiting the rotor efficiency.

Keywords: Solidity; Performance; PIV; VAWT; HAWT

Nomenclature

A rotor frontal swept areaR P fluid density

AR aspect ratio Vi free stream wind speed

C blade chord Vs settling velocity

G power coefficient Ry particle radius

Re Reynolds number L fluid viscosity

G acceleration due to gravity A tip speed ratioRw/V .,

liig rotor rotational mass moment of inerti & rotor angular acceleration

L blade length p air density

N number of blades o rotor solidity,Nc/r

Ps blade power ® rotor angular speed

Pw wind power CFD Computational fluid dynamics
R rotor radius HAWT Horizontal axis wind turbine
Tapp  applied brake torque LEV  Leading edge vortex

Tg blade torque TEV  Trailing edge vortex

Tres resistive torque VAWT Vertical axis wind turbine
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2 Associate Professor, Department of Mechanical Engineering, University Bhitippines, Quezon City, Philippines.
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1.0 I ntroduction

The demand for energy continually increases but the supply of affordable and reliable
electricity to meet the needs of the growing population is lacking in ehewsioping nations such as
Nigeria. For example, Nigeria has a population of over 170 million but geremamneagre peak of
6GW of electricity, whereas Brazil with a population of about 190 million genecats20@W of
electricity, Abdul-Malik et al. (2009). To meet the growing demand wgribéecting the environment
from the effects of greenhouse gas emissions, electricity is being geneoatecefrewable sources
such as sun, through the use of solar cells, and wind, through the use of wind turbines.

The horizontal axis wind turbines (HAWT) are well established for the eooiah
generation of electricity, partly due to many years of research and develophratrithey have
enjoyed. Vertical axis wind turbines (VAWT) are currently the subjecteséarch due to some
advantages they appear to have over the HAWT. For example, the Darrieus VAWT iseadsigigh
with two or three fixed symmetrical blades, operates at lower tip spies, end does not requiring
any yaw control, while the geometry of the HAWT rotor blade is more complex withshilaafetwist
and taper and often require a yaw mechanism (Klimas, 1982). Lower tip speed ratiaghabd¢iaere
is a potential for the VAWT to have lower noise than a HAWT. Howetlierativantage enjoyed by
the VAWT’s simple geometry is limited by the complex aerodynamics and lack of self-starting
ability. VAWT aerodynamics are non-liner and highly unsteady, (Beri and Yao, 2011), due to
large changes in angle of the attack as the VAWT blades rotates which iresalisplex structural

dynamics caused by fluid structure interactions.
11 Related Literature

Templin (1974) and Sheldahl et al, (1974) defined VAWT solidity as expressed dtidfgu
(1) and this solidity can be changed by altering the number of blades, the blade clherdatort
radius. Templin (1974) used single stream tube momentum model to study the effediditpf so
within a range of 6 = 0.05 to 0.5, on the performance of VAWT by changing the number of blades.

c=—o0 Q)

Mays and Holmes (1979) also used a momentum model to study the effects siflidigy, o
= 0.75, on the performance of vertical axis windmill. The results of May and &40[{1979)
investigation complemented the works of Templin (1974). The trends of the pentenourves of
the two studies were similar when compared by Kirke (1980). Consul et al. (2009)onsedrcial
Computational Fluid Dynamics (CFD) software to investigate the influenceolidity on the
hydrodynamics of a tidal cross-flow turbine by simulating flows through 2B tsmd four- bladed
turbines with corresponding solidities of 0.019 and 0.038. Consul et al. (2009) obseakepower



coefficient of 0.43 and 0.53 for the two- and four-bladed turbine respectiitblyawhift of the four-

bladed turbine’s power curve to lower tip speed ratios.

Recently, Howell et al. (2010) experimentally compared the performance of smdll wi
tunnel scaled two- and three-bladed VAWTs and affirmed that the two bladed VakiAihed a
higher G at a higher tip speed ratio, while the three-bladed VAWT attainedrI@yat lower tip
speed ratio. The results of Howell et al (2010) investigation contradicetedation of the earlier
studies probably due to differences in the investigative methods employed. Althowghpkaded
VAWT was not tested, Raciti Castelli et al. (2012) in their studywlinich three-, four- and five-
bladed VAWT of NACA0015 profile were compared using CFD, it was shown that theliacbed
VAWT performed better than the other configurations tested. Considering #stigations of Raciti
Castelli et al. (2012) and Howell et al. (2010), there is no economic justificett increase the
number of VAWT blades beyond three. A summary of the previous research is presented in Table 1
and all investigations showed that turbine solidity has a large effect on the @aréerof a turbine.

Author Configuration VAWT Method of Compared data
Tested scale investigation
Templin (1974) | One-six bladed | Above 5Kw | Momentum Model Power coefficient
VAWT of
NACAO0012 profile
Mays and N/A Above 5Kw | Momentum Model Power coefficient

Holmes (1979)

Consul et all] Two and four 5 Kw scale | Computational Fluid Power coefficient

(2009) bladed VAWT of Dynamics efficiency and

NACAO0015 velocity vectors
Howell et al.|] Twoandthree | Small wind Experimental Power coefficient
(2010) bladed VAWT of | tunnel scale

NACA0022 profile

Raciti Castelli ef Three, four and | Small wind | Computational Fluid Power coefficient

al. (2012) five bladed turbine Dynamics and absolute velocity
VAWT of contours

NACAO0025 profile

Table 1 Summary of most important literature reviewed

All previous studies, in which attempts have been made to investigate soliditjpd@avearried
out by varying the number of blades (Table 1). This paper seeks to experimendliygate the
influence of solidity on performance and flow field aerodynamics of VAbYTaltering the blade
chord as well as to understand the aerodynamic causes of the changes in turbinampesfofime

aim shall be achieved through the following primary objectives:



i. Experimental measurements to determine the power coefficients of the two VAWT
configurations at three wind speeds and at a range of tip speed ratios (A).
ii. PIV visualisation measurements of the flow fields around the blades of the turbines at A = 2.5

and 3, and at the same Reynolds number.

2.0 M ethods

The experiments were conducted in the University of Sheffield low speed, open-circuit
suction wind tunnel (Figure 1). The working section is 1.2 x 1.2m and 3m long wittience
intensity of around 1% at the turbine location. The VAWT geometry has a centriatiisiméter of
0.027m that runs across the wind tunnel test section from top to bottom. ®heeawotral shaft is
positioned 1.8m from the upwind and 1.2m downwind of the wind tunnel test section. There are tw
hubs rigidly attached to the shaft, with provisions for the attachment of the sapperthat connect
the blades to the centre shaft at ¥4 and % rotor blade length. The turbineg&d8&m. The blades
are made of aluminium with a NACA0022 profile and 600mm span, while the supportaeems
NACAO0026. The two sets of blades were made with chords of C = 0.03m (termed Bhautk with
C = 0.04m (termed Blade 2) with resulting solidities of 0.26 and 0.34 respectively.

Measurements for rotor performance data were logged (Table 2) using a Nastmianents
data acquisitions card (model PCI-6220). To measure rotational velocity, an Avagd emptoder
(model AEDA-3300-TAM) was used with a resolution of 3000 pulses per revolutiorecénd
channel with a 1 pulse per revolution was also available for syncing blade positiothevflow
visualization apparatus (discussed later in this section). Wind velocigunesaents were carried out
using a Dantec constant temperature hotwire anemometer (model Type 55 P16), calibyatathdai

reference to a Furness Controls micro-manometer (model FCO510).

Test/Activity Equipment Used

Data logging | National Instruments (model: P@220) data acquisitions card

Rotational Avago optical encoder (model: AEDA-3300-TAM) with 3000 pulses
velocity revolution and 1 pulse per revolution

Wind velocity | constant temperature hotwire anemometer (probe model: Dantec Type 55

Applied brake | Magtrol hysteresis brake (model: HB-140-M2)

Applied torque | Sangamo DC miniature displacement transducer (model: DFG/2.5)

Table 2. Instrumentation used in the turbulence measurement experiments.
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Figure 1. Schematic of the wind tunnel and experimental set up.

Torque was not measured directly but derived from a fundamental relationship bdteveen

moment of inertia of the turbine systems and its acceleration (see Seclide\&lbped in Sheffield.

For tests requiring an applied brake to prevent rotor over speed, a Magtrol hystedasigrindel
HB-140-M2) was available. The brake is mounted on a spring balance and a Sangamo D@miniatu
displacement transducer (model DFG/2.5) measures the linear displacement ofigtiecena core
attached to a point on the balance with known lever arm length. The transducer voltagibnated

by loading the system with static standard weights. The error in velocity rapssir(the largest
source of error) results in a performance coefficient error of around + 1% at A = 4 and 7m/s wind

speed.

A Dantec Dynamics 2D PIV system was used for all the PIV visualizasig in this study.
The system has a Litron Narf®-65 Nd:YAG laser that emitted light at a maximum energy of 65mJ
per pulse and wavelength of 520nm. A 4 megapixel (CCD) camera was used to captoagdise A
TSI 9306A Six Jet Atomiser generated the tracer particles from olive bihdldban approximate size
of 2um in diameter. To synchronize the image acquisition with the moving blade, the camera was
triggered using the signal from the optical encoder’s 1 pulse per revolution channel. The trigger point

was manually set together with the camera position.

21 Power coefficient measurements

The performance of the turbines was measured using tkellsd-‘spin down’ method
developed in Sheffield by Edwards et al. (2012). The method involves the spinning down afrthe rot
from a high rotational speed, while the angular velocity is monitored throvegbptical encoder and

the instantaneous deceleratibnomputed by Equation (2).
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g=—t— @

For each test wind speed, the rotor is spun twice to determine the performdre® AINT.
The first spinning down of the rotor is aimed at determining the resigirged of the rig. The
resistive torque [sis determined by spinning the rotor down without the blades attached to measure
the system resistance caused by the mechanical friction, bearings and the supmérthéragpport
arms. Since the blades are not attached to the rotor during the resistive déstgué application of
brake is not necessary irrespective of the wind speed the test was conducted, bepasse/eo
torque is generated. The.dis computed after the test by using Equation (3).

Tes =1 ©)

The second spin down test is carried out with the blades attached and allows the
determination of the performance of the VAWT based on the blade torque. An additional (and known)
braking force was necessary to force the turbine to decelerate (spin davim)l apeeds of 7m/s and
8m/s. The aerodynamic torque generated by the blageés,cbmputed using Equation (4), where the
applied torque, J,, = O for cases in which brake power was not applied. Other details of the
development and verification of the spin down method are found in Danao (2012).

TB = IrigE.,_Tres_Tapp (4)
P
=32, Pp=TpoN, B, =05pA¥; ®)

The power coefficient of the VAWT based on the blade torque was computed using Equation
(5) after determining theglfrom the spin-down tests. The determined VAWT power coefficigmfC

the two configurations at the three wind speeds is presented and discussed in section 3.1.

2.2. Flow field visualization measur ements

Fujisawa and Shibuya (2001), and Simao-Ferreira et al. (2009) were the @arieigators
that used PIV in the investigation of the flow environment around VAWT bldegsawa and
Shibuya (2001) conducted PIV tests on a single bladed VAWT at a very low Reynolds miimber
3000 and they also injected dye in the water tunnel to aid flow visualisktifisawa and Shibuya,
(2001) revealed two pairs of shed stall vortices that occur in a rotor blade cycle andtalserthwas
a dependence of shed stall vortices (size and dynamics) on turbine tip sjmeesimato-Ferreira et
al. (2009) conducted their tests on a one-bladed rotor in a wind tunnel5&000 and 70,000 and
validated a 2D CFD model with that data. Those Reynolds numbers are similar to thosethised i
investigation. More recently, while improving on the previous PIV studies of VAWTsughr

measurement of the flow around a blade at more azimuth positions and also revealing tthefeffec



flow reattachment to a blade surface, Edwards et al. (2013) and Eboibi et al. (201 #)Vestigated

the flow environment around a blade of a three bladed VAWT.

The accuracy with which the tracer particles follow fluid stream weatermined by
estimating the settling velocity of the particles in relation tofliid motion through Equation (6).
The particle settling velocity was estimated to be 0.0001m/s which is negligible when compared to the
6m/s wind speeds at which the PIV tests were conducted, signifying that tickegavould follow
the fluid motion faithfully without significantly deviating from tHeuid streamlines even during

periods of rapid changes in flow direction as a result of flow separation.

_20R3(pp—py)

Ny

\"

s (6)
The rotor blade surfaces were treated to reduce the levels of laser lightoref#dier proper
alignment of the laser sheet source and the camera so as to prevent damagenoéthend reduce
measurements errors. After blade treatment, a number of verification test wise cat (including
laser sheet thickness, height of laser sheet with respect to blade poséibng ®ncentration, laser
power, time between pulses and number of images) were carried out to select a@gptepti

conditions for the main experiments.

Flow seeding was carried out by running the wind tunnel fan and introducing the particles
upstream, essentially seeding the entire laboratory housing the wind tunnel. Tosinehto be the
most effective way to achieve adequate seeding concentration and a uniformtidistriboe laser
was mounted on an elevated and movable platform outside the wind tunnel. The position ef the las
sheet plane was approximately midway between the support arm and the blade end. 3élisciess
based on the setting verifications and is within the region that resul& flow for comparison to
CFD results.

2.3 Wind velocity measurements

The measurement of wind speed was carried out using a constant temperature hotwire
anemometer (probe model: Dantec Type 55 P16). The hotwire was positioned 0.6m foattatime
wall, 0.5m from the right wall, and 0.4m downstream of the test section tnkesicalibrated using a
Furness Controls FCO510 micro-manometer with an accuracy of 0.25% between 10% (20Pa) and
100% (200Pa) of the reading scale. A Pistatic probe was connected to the micro-manometer and
mounted 0.1m to the left and 0.1m down of the hotwire position. Hotwire measureneets
performed across the entire tunnel cross sectional area up to 0.1m from the tailselna the
variations in the readings between different positions were within the measurariation of one

position. The reference velocities for the hotwire calibration were derived from the Pitot pdothe a



local atmospheric conditions where measured using a digital thermometer and a raroogter
where measurements were taken at the start of each series of tests. Thaldrat@w procedure
was conducted within 10 minutes of the ambient temperature and pressureemeassito keep the

calibration data within similar conditions.

The tunnel fan was run at various constant speeds and at each fan speed, the flow was allowed
to settle before any measurements were made. The wind speeds tested covering @ range
approximately 3m/s up to 10m/s. For each wind speed, both differential pressuresréaminghe
micro-manometer and voltage readings from the hotwire were recorded for 30sgfiést logging
frequency of the micro-manometer was set to 1Hz for all the tests. The hotwire loggingdsegas
tested at frequencies of 100Hz, 1000Hz, and 10,000Hz. The final logging frequency w&ak08étz
which was determined to be adequate to capture any unsteadiness in the flow velocity.eBcini
test, the first 5 seconds of manometer data was discarded. The average of the lasth25s of
manometer data and the 30s of the hotwire data were used in computing the coefficients of King’s

Law equation (Equation 7) using a simple leagtiares curve fitting method as shown in Figure 2c.

VZ=A4+B.-U" (7)

where V: hotwire voltage
u: wind speed

A, B, n:constant coefficients.

12 2.1 12—
O measured
10 10| —curve fit
> 2
o 8 poesssm—t & 2 8
£ 3 =
@ S 1 gMe e =
| c
< O ke ————
D 4 3 =
9 1.8
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Figure 2. Hotwire velocity traces and calibration using Kings Law.

With a turbulence grid in place at the start of the test section, it was necessary to find the level
of turbulence of the flow at the VAWT position since a decay in turbulence itytemidli occur
between these two points. The hotwire was traversed downstream in increments &foth2ibs
initial position up to near the upstream most position of the VAWT bladésAat from the test
section inlet. Figure 3 shows a plot of the measured turbulence intensigyraéasurement positions.

At the location of the VAWT, the turbulence intensity has dropped to a value of around 1%.
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Figure 3. Turbulence intensity in the wind tunnel from the start of the working section.

2.4  Experimental error analysis

The air temperature in the wind tunnel was measured using a digital thermofieter
precision of the thermometer was 0.1°C. The ambient air pressure was also measurecheisingya
barometer with a precision of 0.05mmHg. It is necessary to measure both tbe@aérature and
pressure to be able to derive the ambient air density. At standard conditifCaand 101,325Pa,
an error in temperature of £0.1°C and in pressure of £0.05mmHg results in a maginourm air

density of about +0.04%. This maximum error is considered to be negligible.

Flow velocity is not measured directly but derived from multiple measurements of the
dynamic pressure of the flow in the tunnel and the calibration of a hotwire amtenomhich was
performed at the start of every test day. Dynamic pressure was read using the micro-manometer which
had a precision of 0.01Pa. The flow velocity is derived from the air density araniy pressure
measurements. The greatest errors in the computation are expected in the loweyt regliocit
where the accuracy of the pressure readings is just an order of magnitude smatlee thaasured
values. The maximum error observed is £0.085%. When velocities close to the VAWAKiraper
condition of 7m/s are considered, the maximum error is £0.017%. Similarly, these ae taken to

be negligible.



Errors in flow velocity estimation usually have significant effects on thepated wind
power because the relationship is cubic. Despite this, the maximum computed errat power is

only £0.06% assuming a roundeqgb error of £0.02% at 7m/s.

When considering flow velocity measurements using the hotwire, a Least Squares fit was
utilized to determine the constant coefficients of the King’s Power Law relating the hotwire voltage
readings to the velocity values derived from the differential pressurengsaddeally the standard
error of both voltage and wind speed should be taken into account. However, thegdétai@ns
board NI PC16220 is a 16bit DAQ resulting in a negligible precision error. This simplifies error
analysis to inaccuracies in wind speed estimates. With a computed errss tifde +0.5% for wind
speed estimates from differential pressure readings, the standard erher flont velocity estimates
using the hotwire was calculated to be +0.05m/s. This resulted in a maxamammn the wind power
computations of about +2.15%. Since all measurements required high frequencies ofgilagzt had
the micro-manometer is incapable of doing, the hotwire data is takdre aselocity data for all

measurements. As such, the errors taken are the hotwire measurement errors.

Accurate measurement of the torgue is important when the hysteresis brake is usd¢de From
calibration of the torque sensor, the observed maximum error is £0.01N-m. The maririate

power error due to errors in applied brake readings is +4.8%.

The propagation of all errors in measured and derived variables have a sigeifieanbn
the overall estimation of the power coefficient The major factors that influence the outcome pf C
calculations are the measurements in the applied brake (influengn@ndl the derived flow
velocities U from hotwire voltage readings. These introduce a £2.15% errgraindPt4.8% error in

Ps result in a maximum error in,0alue of roughly £7% (equivalent to 1% @ifference).

3.0 Experimental results
31 VAWT power coefficient (Cp)
6=0.26 VAWT (Blade 1)

The determined Cversus A for the VAWT based on Blade 1 (solidity of 0.26) at three wind
speeds is presented in Figure 4 and shows the turbine performance varies considérablgnges
in wind speed and L. The VAWT generates a negative C, between A = 1 and A = 3.8 at the tested three
wind speeds implying that the VAWT is absorbing rather than generating powlgs iregion. At
6m/s and the lowest Reynolds number, the VAWT generated a negativellGhe A tested, while at
7m/s, positive ¢is attained at A = 4.3 and higher. Beyond A = 3.8 at 8m/s, the VAWT attained
positive G and also recorded peak €0.15 at the corresponding A = 4.75. These results are entirely

in line with earlier investigations at similar conditions.
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Figure 4. Performance Coefficient (Lvariation with tip speed ratio for three wind speeds

(Reynolds numbers), for turbine based on Blade 1 (solidity = 0.26).

6 =0.34 VAWT (Blade 2)

Figure 5 shows Cversus A for the Blade 2 basedVAWT at the three wind speeds. The
VAWT C, for the three wind speeds is seen to have both negative and positive performance regions as
was seen in the previous case (Blade 1). Negativedirs from A = 1 to A = 2.8 for the 8m/s wind
speed case. At the lowest tested 6m/s wind speed, the VAWT attained a maxjmni46 at A = 4
and lowest ©=-0.123 at A = 2.5. As the wind speed is increased to 8m/s S0 is the Reynolds number
and the G is seen also to increase until the VAWT attained a peak valug ©f0G4 at A = 3.75,
higher than the peak,@ttained by the VAWT with Blade 1 (with its lower solidity). At thiage it
should be re-iterated that there is a variation in Reynolds number betweemrsiest the same wind

speeds, due to the difference in blade chords.
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Figure 5. Performance Coefficient (Lvariation with tip speed ratio for three wind speeds

(Reynolds numbers), for turbine based on Blade 2 (solidity = 0.34).

The two performance regions (negative and positiyerégions) shown for both turbine
configurations have previously been seen by Edwards et al. (2012) and Danao et al.n(204iB) i
studies on a similar VAWT scale. They also show increases init@ increase in wind speed and
convergence of - A curves at higher wind speeds, indicative of the influence of Reynolds number.

The negative gregion was also seen by Baker (1983), Kirke (1998) and McIntosh (2009). Baker
(1983) not only attributed the inability of the VAWT to self-start to legative performance region,

but called the negative,@egion the dead band because power is being absorbed in the region. Also,
it can be seen that the performance of the VAWT is dependent on A, at the lower A < 2.75 the C, is

clearly in the negative region and peaki€attained at the medium A, while C, is seen to drop off at

the A > 3.95 irrespective of wind speed and chord length. The effects of solidity on VAWT

performance by altering blade chord is discussed in the following section, section 3.3.

3.3. Effects of solidity on performance aer odynamics

Altering any of the three solidity dependent parameter, number of blades,|ehgtid and
rotor radius will influence the performance @WAWT. For this study, the blade chord length was
altered and, to eliminate the effects of Reynolds number, the resulting two VAWiguwatibns

were compared at the same Reynolds number to clearly define the effedligliof alone on VAWT

12



performance. The Blade 1 based VAWT performance at 8m/s is compared to the performance of
Blade 2 based VAWT at 6m/s wind speed (Table 3 and Figure 6), at the same Reynolds numbers at all

the tip speed ratios.

0-2 T T T T T
6=0.26 (Blade 1) @ 8m/s
0.15 0=0.34 (Blade 2) @ 6m/s

o
—

0.05

Power coefficient (Cp)
o

1

1.5 2 2.5 3 3.5 4 4.5 5

Tip speed ratio (1)

Figure 6. Performance Coefficient (I variation with tip speed ratio for both turbines
(solidity = 0.26 and 0.34.) at a wind speed of 8m/s.

Figure 6 compares the,©f the two VAWTS at various tip speed ratios but at the same
Reynolds numbefThe Blade 1 based VAWT has a wider negative trough that starts from A =1to A =
4, and a positive power region that starts from A = 4 and begins to drop off after attaining a peak C, =
0.147 at A = 4.75. This VAWT attained a minimum = - 0.14 at a caesponding A = 3. The Blade 2
based VAWT has a narrower negative trough spanning from A = 1 to A = 3.2 and a positive power
region that spanned between A = 3.2 and A = 4.8, and attained a maximum C, = 0.165 at A =4 and a

minimum G, = - 0.125 at the corresnding . = 2.5.
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TSR | Blade1 | Blade 2 | Reynolds
A Cp Cp Number
1.0 | -0.011 | -0.019 | 16,800
1.5 | -0.036 | -0.047 | 25,200
2.0 | -0.073 | -0.088 | 33,600
2.5 | -0.118 | -0.125 | 42,000
3.0 | -0.139 | -0.87 50,400
3.5 | -0.107 | 0.063 | 58,800
4.0 0.00 0.165 | 67,200
45 | 0.127 | 0.106 | 75,600
5.0 | 0.134 | -0.377 | 84,000

Table 3. Compared ¢ values and corresponding TSR of the two VAWTs at the same

Reynolds number.

The trend of the G\ curves shown in Figure 6 is similar to the results of Templin (1974),
and Strickland (1975) in which the momentum models were used for their studies atedrévaa
the maximum peak power output remains broadly similar when turbine solidégiused and that a
lower solidity can widen the £\ operating range of the VAWT. The results also bear close
resemblance to the studies of Consul et al, (2009) and Mcintosh, (2009) in which numedetd
were used. The latter two studies revealed the shift of the entikec@ve of the higher solidity
VAWT to the left, hence attaining maximum & lower A, while the smaller solidity VAWT attained
maximum G at higher A. Although blade chord was altered in this study, similarities are observed in
the solidity studies indicating that irrespective of the study method and paratteted, the effects

of solidity on VAWT performance are similar.

None of the previous studies investigated the aerodynamics around the VAWT blaithés. In
study the blade performance is linked to the aerodynamics of the flow field fmblios, for the first
time, to provide detailed understanding of why the performance changes between thebimeo t

solidities.

3.4.  Description of C, and flow fields, A = 2.5

PIV measurements ahe two VAWT configurations at L = 2.5 are shown at a selection of
azimuth positions (angles). For brevity, only the most important PIV measurementscasseli, and
many others can be found in Eboibi (2013). Figure 7 compares-tkerticity flow fields of the two
VAWTSs at the same azimuth positions in thecstied upwind section of rotation. At © = 60°, blade
stall is being initiated by the formation of separation bubble on the iluvesr] side of the Blade 1
(C =0.03moc = 0.26) surface whereas the flow field is seen attached to the Blade 2 (C =8.984m,

0.34) surface with thinner regions of negative vorticity.

14



At 6 = 70° the turbine based on Blade 1 experiences deep stall with the leading edge vortex
(LEV) seen to have detached from the bladnner side due to the formation of the trailing edge
vortex (TEV) that is already at an advanced stage. At the same conditions foR2Biadever, the
onset of stall is only being initiated with the formation of a smal/ ldeparation bubble. At this
azimuth position, the Blade 1 based turbine gains a sudden increase in lift (for a very brief period) that
impact positively on the overall performance, while the lift generated byl#u® B based turbine is
lower but continues to increase steadily until the boundary layer begins to detach from the surface

Towards the end of the first half of the upwind rotation at 8 = 80°, the turbine based on Blade
1 is already shedding pairs of LEV and TEV, and is in the post stall stage domindsedebgirag
forces. It is apparent that the turbine based on Blade 1 losses lift witittéimelant effects of a
lowered G. Contrary to the flow field around Blade 1 turbine, Blade 2 turbine is staitadhe LEV
being pushed away from the blade’s surface due to the advanced development of the TEV. At this
stage, the Blade 2 based turbine experiences a sudden increase in lift force, thodgh anigry
brief period like that for the Blade 1 based turbine at an azimuth position of 6 = 70°, until the start of
detachmetof the LEV and TEV from the blade’s surface which causes an abrupt reduction in lift.
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Figure 7. z — vorticity flow fields for the two VAWTSs at the same azimuth fiosis in the

upwind section for both turbines at a tip speed ratio of 2.5.
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Figure 8 compares z-vorticity for the downwind section of the rotation. It is lsaethé flow
field for the two turbines configurations bear some similarities as thenmeoasignificant differences
except for the larger vortex structures of Blade 2. The blades of the tooesiare in a post-stall
stage where drag force is dominant. At 6 = 310°, reattachment of the LEV on the two blade’s surfaces

had progressed significantly and the flow fields are seen attached at 6 = 350°.

It is shown in Figures 7 and 8 that the flow structures around the blades distinct
differences at the upwind section and similarities at the downwind section. Thedtterns have
strongly influenced the Gof the two VAWT configurations at A = 2.5. Blade 1 stalled at an earlier
azimuth angle (before 6 = 70°) and also the LEV and TEV are detached completely from the blade’s
surface in the first half of the upwind section rotation, while Blade 2 stalled later around 0 = 70°with a

10 phase difference, indicating a predominance and shedding of vortices by the smaller blade chord.
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Figure 8. z — vorticity flow fields for the two VAWTSs at the same azimuth fiosis in the
downwind section for both turbines at a tip speed ratio of 2.5.

35 Description of C, and flow fields, A =3.0

The G of the two VAWT configurations at A = 3 is in the negative performance region
(Figure 6). The VAWT with the Blade 2 attained a highg=G0.0869 while Blade 1 based turbine
attained a lower C=-0.14. The difference in the,@etween the two VAWTS ahis A is around 61%
in favour of the higher solidity turbine based on Blade 2. The VAWHAtQ = 3 is linked with the
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flow fields aerodynamics to explain the differences observed in the perforrhatween the two
VAWT configurations. Figure 9 compares- vorticity flow fields of the two VAWT blades at the

similar azimuth positions in the upwind section of the rotation.
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Figure 9. z — vorticity flow fields for the two VAWTSs at the same azimuth giosis in the

upwind section for both turbines at a tip speed ratio of 3.0.

At 6 = 60° the flow around the two blades is fully attached to the surfaces of thalddes.
This means that blades of the two VAWT are in the pre-stall stage of theidystalhcycle and also
that lift force is dominant. The start of dynamic stall is observed byhtbkening of the boundary
layer resulting in the formation of the separation bubble on the inneofdide Blade 1 based turbine
at 0 = 70°, whereas the flow field around Blade 2 based turbine is still attached. At 6 = 8, the LEV
on Blade 1 based turbine has fully developed and is being pushed away from the blade’s surface by
the roll up of the TEV whose formation has advanced. Obviously the bladedsprstill, a situation

that causes the lift gained earlier to drop to lower values.

In contrast to the vorticity flow field around Bladed=(0.26) based turbine, the flow around
Blade 2 6= 0.34) based turbine is attached, while blade stall is being initiated at 0 = 80°. Clearly, the
two blades have a phase difference of more than 10 degrees. Further away in the fifsthizalf
downwind section of the rotation, the flow features around the two blades belar $egatures
(Figure 10). The flow fields are characterized by the detachment of the Ld&EXh@TEV from the
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blade’s surfaces, and also shedding of a pair of vortices, with the onset of flow field reattachment to

the blade’s surfaces at & = 290°. The blades are in the post-stall stage of the dynamic stall cycle, and
usually at this stage, the drag force is dominant and as a result there i®nsdache lift force and

so torque. At 0 = 310° the reattachment of LEV to the surfaces of both blades had advanced
considerably, and later on at 6 = 350° the flow fields are seen attached to the surface of the two blades.
The performance and flow fields around the blades of the two VAWT configurations at A = 3 are quite

distinct although some similarities are observed in their flow fields at few blade’s azimuth angles.

It can be inferred from Figures 9 and 10 that theoCthe two VAWT configurations is
swayed by the flow physics around the blades. The dynamic stall process for thel Bladed
turbine started earlier at around 0 = 70° and stalled before 8 = 80° whereas that of Blade 2 based
turbine started latemnd even at 6 = 100° the LEV was still being pushed away from the blade’s
surface. This show a phase difference of arourfdhfher than the fOphase difference observed
earlier at A = 2.5. Consequently, the detachment of the flow fields from the Blade 2 based turbine
surface and shedding of pairs of vortices are delayed well into the second thelfupiwind section
of the rotation with the attendant effects of the higher lift force being sustaimger. This ultimately
explains why the higher solidity turbine (Blade 2) performed better thalowes solidity turbine
(Blade 1) at A = 3.
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Figure 10. z — vorticity flow fields for the two VAWTSs at the same azimuth positionghie

downwind section for both turbines at a tip speed ratio of 3.0.
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From Figures 7— 10, the dynamic stall and flow field around the VAWT blades is
characterised with the generation of two pairs of stall vortices in one Vétélion cycle. The LEV
and TEV are generated along the suction and pressure sides of the blades, tip speed ratios and azimuth
angles have influenced the development and shedding of stall vortices. All dbssevations
conform to Fujisawa and Shibuya (2001) and Simao Fereira et al. (2009) studiesudyisas also
revealed that changes in VAWT’s solidity due to changes in blade chord can significantly influence
stall development, and the entire flow field around a VAWT’s blades and ultimately the C, attained.

4.0 Conclusion

The effects of solidity have been shown by comparing the measured performance and flow
field aerodynamics of two VAWTSs with different solidities € 0.26 and 0.34) based on different
rotor chord lengths, but at the same Reynolds numbers (ranging from 16,800 to 84,000ghdte h
solidity turbine has shown stepper and higher gradight €urve than that of the lower solidity
turbine. In the negative performance region, éhe 0.26 VAWT has shown wider,€\ curve and
lower minimum G while thes = 0.26 VAWT has a narrower,Q. and higher minimum C, indicating
that the self-starting capability of the VAWT can potentially be enhanced by the appropriaterselect
of VAWT solidity.

The higher solidity VAWT attained better overall than the lower solidity VAWT due to
differences in the flow field aerodynamics around the VAWT blades. The bdadles two VAWT
configurations have shown significant differences in the thickening of the boundgey, |
developments and generation of LEV and TEV, shedding of stall vortices andeetta of flow to
the blades surfaces’iat= 2.5 and A = 3. The earlier start of dynamic stall on the lower solidity VAWT
has negative effects on the performance. Selecting appropriate VAWT soliditypéoticular wind
regime will improve the aerodynamics and energy yield of the VAWT.
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