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An Experimental Investigation into the Influence of Unsteady
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Department of Mechanical Engineering
University of Sheffield, Sheffield S1 3JD, U.K

Abstract

An experimental investigation was carried out owiad tunnel scale vertical axis wind turbine with
unsteady wind conditions. The wind speed at whedting was conducted was 7m/s (giving a Reynolds
number of around 50,000) with both 7% and 12% @latons in wind velocity at a frequency of 0.5Hz.
Rotational speed fluctuations in the VAWT were ioéld by the unsteady wind and these were used iteeder
instantaneous turbine rotor power. The results stm@wnsteady power coefficient (CP) fluctuatetoieing
the changes in wind speed. The time average afitbeeady CP with a 7% fluctuation in wind velocitgs
very close to that with steady wind conditions whiP% fluctuations in wind speed resulted in a droghe
mean CP, meaning unsteady winds of such amplitadesietrimental to the energy yields from thesedwin
turbines. At mean rotational speeds correspondingpt speed ratiosA] beyond peak CP, no significant
hysteresis was observed for both 7% and 12% fltiongn However, substantial hysteresis is seen for

conditions where meanis below peak CP.

Nomenclature

A rotor frontal swept area, 2RL Y  mean speed of unsteady wind
c blade chord

CP power coefficient A tip speed ratio, R/V.,

f. characteristic frequency of unsteady wind\mea, tip speed ratio corresponding®g,e,,
lrig rotor rotational mass moment of inertia & rotor angular acceleration

L blade length p air density

N number of blades o rotor solidity, Nc/R

Ps blade power (three blades) Q rotor angular speed

P, wind power Qmear  iN unsteady wind, mean of

R rotor radius

Tapr applied brake torque HAWT horizontal axis windbine

Ts blade torque (three blades) VAWT vertical axisaviurbine

Tre resistive torque

Vwing  INStantaneous wind speed

Vo, free stream wind speed

Vamp  amplitude of fluctuation of unsteady wind
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|. Introduction

The use of wind turbines has risen rapidly in régears because of the potential that they offecémbon
free power generation. Winds are usually unsteaitly lvgh levels of turbulence for significant prapons
of the time, resulting in air flows characterisedrapid changes in speed and direction. It has Ipearted
out several times in literature [1-4] that vertieadis wind turbines (VAWT) may be more appropriéde
urban applications because of a number of disédeaintages it presents over the conventional huatraxis
wind turbines (HAWT). These advantages include @ednto include a yawing mechanism to adjust thar rot
to the changing wind direction, ease of maintenaheeto the location of the gearbox — generatoieayst
the base of the turbine, as well as potentiallyaogierformance in unsteady and skewed wind canmdit[5-
7].

However, very little work has been carried out ithe effects of VAWT performance in unsteady wind
conditions. The vast majority of research publisfi@ath numerical and experimental) has been wehdt
wind flows probably because the detailed analy$ésade loading and rotor performance are wellldisthed
and fairly straightforward. However, there have rbee handful of efforts (mostly numerical) that have
attempted to provide initial understanding of th&WT performance in unsteady wind. Earlier attempts
understand the performance of VAWTSs in unsteadydwirere carried out by Mcintosh et al [8, 9] through
numerical modelling. The VAWT was subjected to fuating free stream of sinusoidal nature while ingn
at a constant rotational speed. An increase inggnextraction was attained using a rotational spggedter
than the calculated steady state maximum. The epeed control technique resulted to a 245% incriase
energy extracted. Further improvements in the pexdince can be attained by using a tip speed retidbiack
controller incorporating time dependent effectsgabt frequency and turbine inertia giving a furtd@®o
increase in energy extraction. At low frequenciédluctuation (0.05Hz) away from stall, the unsteacP
closely tracks the steady CP curve. However atdriffequencies (0.5Hz), the unsteady CP is sedorto
hysteresis loops with averages greater than sig@dlctions.

Hayashi et al [10] examined the effects of gustaadrAWT by subjecting a wind tunnel scale rotorato
step change in wind velocity. Two types of contkgre implemented: constant rpm and constant loapli¢o
When subjected to a step change in wind speed fi@mi's to 11m/s under constant rpm control, the VAWT
torque was observed to respond almost instantalyeand attained a steady state in less than 3s.eMew
when constant load torque control was employed,rtial response is similar to the constant rpmteal
where the torque instantly jumps to a higher leVéle subsequent behaviour is a combination of dugla
increase in rpm with a slow decrease in torquel sigady state is attained. Despite an observeuigat
VAWT response that does not follow steady stategyawrves, they contend that the adopted step ehang
wind speed is not normally observed in the realldvand most likely a more gradual increase is etquec

The VAWT behaviour will thus follow a quasi—stationdition during the gust.



In 2010, Kooiman and Tullis [11] experimentallyters a VAWT within the urban environment to assess
the effects of unsteady wind on aerodynamic perfmee. Temporal variation in speed and direction was
guantified and compared to a base case wind tupadbrmance. Independence of the performance in
directional fluctuations was seen while amplitudesdal wind speed fluctuation decreased the perfa®nan

linearly. For their particular urban site, the datation in performance was deemed minimal.

Danao and Howell [12] conducted CFD simulationsaowind tunnel scale VAWT in unsteady wind
inflow and have shown that the VAWT performance egally decreased in any of the tested wind
fluctuations. The amplitude of fluctuation studieds 50% of the mean wind speed and three sinusoidal
frequencies were tested: 1.16Hz, 2.91Hz, and 11w@htrre the fastest rate is equal to the VAWT rotwl
frequency. The two slower frequencies of fluctuatehowed a 75% decrease in the wind cycle mean
performance while the fastest rate caused a 50%4ctied. Closer investigation revealed that for @12iz
fluctuation rate a large hysteresis is seen inuhsteady CP of the VAWT within one wind cycle. This
hysteresis occurs in the positive amplitude portdrthe wind fluctuation where the blades passing t
upwind progressively stall at earlier azimuths argerience very deep stall due to significant rédoan the
effective A. Negative amplitude in wind fluctuation does nobguce significant hysteresis. However, the
unsteady CP traces a curve that does not follovetéedy CP curve but somehow crosses it down ¢aver|

level performance curve.

Following the work of Hayashi in 2009, Hara et B8] studied the effects of pulsating winds on a VAW
and the dependence of the performance to chandhe notor's moment of inertia. The fluctuating @iwas
not sinusoidal but alternating gusts and lulls twate equally distant from a mean wind speed. TWas
implemented by a blade pitch—controlled fan blowiogn Eiffel-type wind tunnel with the rotor 1.5mom
the tunnel outlet. Results show a phase delayarréBponse of the rotational speed from the windhtnan
but held a constant value of abai® regardless of amplitude. This was explainednasfgect of the distance
of the VAWT from the tunnel outlet where the ho®wvas installed. The energy efficiency of the VAWas
observed to be constant in changing rotor momeirestia and fluctuation frequency but a decreasseen
when fluctuations have large amplitudes. Furtherkwor a larger scale VAWT using numerical techragu
confirm their experimental observations and a latfusrque is produced as the VAWT response taitotic

changes in wind speed.

In 2012, Scheurich and Brown [14] published thgidiings on a numerical model of VAWT aerodynamics
in unsteady wind conditions. The fluctuating wirattlha mean speed of 5.4m/s with a fluctuating fraquef
1Hz. Different fluctuation amplitudes were investigd for three blade configurations: straight, edrvand
helical. Constant rotational speed was used imthmerical simulations and the boundary extents \ieare
enough for the model to be considered as open figth straight and curved blades exhibited comalnle
variation in blade loading which is also observedsieady wind results. These variations in CP o@rex

revolution are more significant than those indubgdhe unsteadiness of the wind. Helical blade$oper



much better with the unsteady CP tracing the stgmformance curve quite well. Overall performance
degradation is observed when fluctuation amplituaess high while the effect of frequency is minor fo
practical urban wind conditions. Hysteresis loopshe CP are seen on the helical configuration éxa¢nd

beyond the steady CP variation especially for igh frequency of wind fluctuation.

The conflicting conclusions from previous publishedgearch suggest that very little is still unduvet
about the performance and aerodynamics of VAWTsirigteady winds. Any generalisations made about

VAWT performance in the urban environment may vieellcompletely erroneous.

The research presented with unsteady wind conditiare, to the Authors’ knowledge, the first
experiments of their kind and the paper will furthiee understanding of VAWT performance in unsteady

wind conditions.
I1. Experiment Methods
Wind Tunnel Facility

The wind tunnel used for these experiments wadJthigersity of Sheffield — Department of Mechanical
Engineering’'s low—speed wind tunnel. The tunnealrisopen-circuit suction type with an axial fan lechat
the outlet (Figure 1). The wind tunnel has a tégabth of 8.5m, including the 3m long test sectidhthe
inlet, a honeycomb mesh straightens the inlet tiod breaks up any large scale flow structures ptésdhe
room. A series of fine meshes and a settling seg@rmit turbulence and non-uniformities to disspafter
which the flow is accelerated by a 6.25:1 contoactione leading to the 1.2m high by 1.2m wide $estion.
At inlet to the working section the turbulence leiseearound 0.4%, but a turbulence grid was plaaethis
location to generate turbulence at the VAWT teditpm of about 1%. A value of 1% turbulence inigns
was used in this paper because it shows both y@ggrformance at high TSR as well as very welingef
vortices and stalling behaviour at low TSR. Too lombulence intensity (0.4%) causes negative perdoce
(CP) all throughout the range of TSR tested, wieeigigher turbulence intensity (2.6%) suppressed the

formation of a leading edge separation bubblewlatid eventually form into the dynamic stall vortex
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Figure 1. University of Sheffield wind tunnel fatylwith gust generators installed.

The tunnel was modified by the installation of $éxg (downstream of the test section) which camade
to oscillate open and closed and generates théredqunsteady wind velocities. These shutters @ahdid
open and stationary for steady wind experiments. Situtters can be made to oscillate at differeujLiencies
and different amplitudes. There are four slatshenright of the mechanism that close towards ttlet rivall
and another four on the left that close towardsl¢ftewall. This arrangement is chosen to avoidiaséd
lateral movement of the flow to one side of thenelnthereby minimising any unnecessary direcndirect
effects to the VAWT performance. A DC motor coupleda 75:1 worm gear speed reducer drives a

mechanism composed of bar linkages, cables aneysulnd a pin—slot linkage.

Time resolved measurement of wind speed withinwhrel tunnel is carried out by a calibrated hot wire
probe. The hot wire probe is calibrated in-situhwieference to a Furness Controls micro-manometer
connected to a Pitot—static probe placed adjacetiiet hot wire in the wind tunnel. These measurdsnare
taken 20 rotor blade chords upstream of the turtfeeformance measurements from the turbine with an

without the hot wire and Pitot probe present shioat they have no effect on the performance ofuharte.

Wind Turbine M odd

The VAWT used for this study is straight-bladed amounted on a 25mm diameter central shaft running
through the top and bottom walls of the test sectbere the bearings are located. The turbine isntea in
the centre of the test section cross section areslightly downwind along the test section lengthe turbine
is based on three NACA0022 blades with chord cG4t. each supported by two support arms based on
NACAO0026 profiles (of 0.03m chord) at 25% and 758tor blade span positions. The rotor radius R3510.
and the blade span L is 0.6m giving the VAWT adityliof ¢ = 0.34 following the conventional definition (
= Nc/R, where N: number of blades). The turbineealshaft is connected to a DC motor which provithes
drive to spin the VAWT up to operating speed viaedectromagnetic clutch. The drive shaft conned¢ted

Magtrol hysteresis brake to provide braking torguele a 3000—slot optical encoder provides a mdans



measure rotational speed and its variation duringyvalution. Torque is measured using a calibraiesition

based torque sensor.

It was not necessary to consider the effects ofKalge in this investigation because absolute lestls
performance were not important; only relative valwé performance were needed as the paper’s atm is

elucidate the flow physics present for the firstdiin an experimental setup.
Steady Blade CP

Measurement of the steady rotor blade power wasedaput using an indirect method following a
procedure developed by Edwards et al. [3]. The VApéiformance is first measured by allowing the rtwo
spin down from a high rotational speed and the ldem#gon rate monitored using the optical encodrer.
each test condition, two spin down tests are ne&alddtermine the full performance of the rotordels. The
first involves the spin down of the rotor withouret rotor blades but including the support armssTibi
necessary to determine the system resistance whalways negative and includes the drag inducethéy
support arms as well as the bearings and hystdyesie etc. It has been determined that the systsistance
is independent of wind speed over the range tdsted, i.e. the resistive torque curves from différgpin
down tests conducted at different wind speedsdamstical [3]. The second spin down test is conduetih
the rotor blades fitted and so measures the fubine performance. For both spin down tests, the
instantaneous torque is computed by multiplying ittstantaneous rotational decelerati@h iy the rig’s
rotational moment of inertia ). The rotor blade torque is then the differencevben the rotor torque £J
and the system resistanceg.{l see Equation 1. Instantaneous blade power igedkvia Eq. 2. This system is
used to determine the performance of the VAWT wih@annot self-sustain itself, i.e. the systemgtesice
(due to bearing friction, and support arm dragyrsater than the torque developed by the rotoreslaBor

this particular turbine this usually occurs at wspeeds below 7m/s.

TB +Tres+Tapp:| rig&-' (Eq 1)
R =T,Q (Eq. 2)
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Figure 2. Steady torque results plotted over terigbrque data.

The transient spin down method was shown by Edweras [3], to be a useful method of determining
turbine CP. Since the technique is used again ineeemodified form to determine the performancethef
turbine with unsteady wind, further proof of thartsient methods validity and accuracy are preseased
performance coefficients in Figure 2. This shows @P vsA for a wind speed of 7m/s, where the solid black
line represents the data from the spin down method the red circles represent the direct torque
measurement of CP. It is clear that the resultsvaiematched.

For tests at wind speeds of 7m/s and greater, ghkcation of the hysteresis brake,{J is required to
slow the turbine because positive rotor torqueeigetbped which prevents the VAWT decelerating atéh
higher wind speeds (Reynolds numbers). Blade pésveomputed by subtracting both system resistande a
brake applied from the rotor torque. The readereferred to Edwards et al. [3] for the full detailkthe
method including limitations and assumptions uséaximum CP for 7m/s is around 21% and positive élad
performance is observed betweer 3 andA = 5. The figure also indicates Reynolds numbeeddpncy of
blade performance at this scale of the VAWT. Higlard speeds result in higher CP and a wixiéand of

positive performance, but for structural and safegsons, spin down tests were conducted up taxaruen
wind speed of 9m/s.

M easurement of Rotor Blade CP (Unsteady)

Measurement of the rotor blade CP of the VAWT ragrin unsteady wind requires a modification on the
test procedure for the steady case presented abbedundamental relationship of the torque temwslved
is identical, see Eq. 1 and Eq. 2. The proceduredbecting the data for the unsteady wind experits is
complicated in practice, but simple in terms ofadatocessing and is now described. Firstly, a gteadd
speed is selected and the turbine operated atstactmotational speed. The wind is then set flatitg at the
required amplitude and frequency by setting thelireq power input into the shutter drive mechanigin.

this point some adjustment to the wind tunnel wspded may be required to bring the mean wind spaekl



to the required value. Once this is achieved, whlgine is now operating in unsteady wind conditiwith the
desired mean wind speed. This unsteady wind operédi continued for appropriately 10 minutes antl un
the turbine operates in a fully periodic manner periodic over a long time scale. Only after aiitag
periodicity are the turbine conditions measured:. &ach test condition, two minutes duration of data
logged, which equates to approximately 29 cyclahefwind fluctuation at its slowest rate. It wateatmined
that ensemble averaging the data over this nunfb@®d of the wind variation gave the best qualitgulés. It
should be noted that the hysteresis brake appliesnatant torque independent of rotational speethef
turbine. The data measured is the fluctuating tianawith time of the rotor speed as recorded l®y 3000
slot per rotation optical encoder. It is then poiesito use this RPM variation with time to calceldahe
rotational acceleration of the turbing® (ith time and determine the instantaneous torpseloped by the
turbine. The resistive torque was determined dutirgfirst spin down tests and the combinationhefse

measurements allows the determination of the ittate performance.

[11. Experiment Results

The Reference Case.

Tests conducted &2.an = 791 rpm X ~ 4) were used as a reference case as this isneamyto the
optimumA of the steady wind performance curve. With thespn¢ test parameters (R = 0.35g% 0.46Hz,
V., = 6.97m/s) this resulted in the wind turbine exigu29 revolutions for one period of the wind spee
fluctuation. The wind gust length scale is an oraflemagnitude larger than the rotor diameter imudyihat
the wind turbine should be able to physically reedhe structures containing the majority of thataady
energy within the wind cycle [15]. However, thisedonot imply that the turbine will be able to trable
optimumA as the wind fluctuates, it is only argued thatdkeilable energy in the unsteadiness is ‘visitie’
the VAWT and with the appropriate control systera YWAWT will be able to extract much of the energy
contained within the gust. Many VAWTSs are small imaes without complex control systems and so will
operate in a manner similar to the turbine used.Hém turbine were to be operated at constant RRM
would of course still vary with the wind speed andhis case the torque what would have to be naotisly
varied to absorb the changes in power in the wiig. Sheffield 0022 turbine operates with constapliad

torque and the RPM varies.
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Figure 3. Unsteady kinetics of the VAWT: a) windoaty, b) RPM, c¢) acceleration,
d) torque terms for one cycle, and e) wind powel lalade power.

A wind turbine with low moment of inertia is degireso as to reduce the need for highly sensitive
measurement sensors and transducers thus alloengAWT to be able to respond sufficiently enough t
make measurements a possibility. The current VAVEE h rotational mass moment of inertia about the
VAWT axis equal to 0.1805kg-mThis is slightly high for a VAWT of this scale bis unavoidable because
of the construction techniques required to manufactthis turbine. Despite this inertia, the current
instrumentation allows for the detection of lesanthil rpm change in rotational speed and as sush thi

measurement resolution is perfectly acceptable.

As can be seen from Figure 3a, the profile of thethiating wind is a distorted sine wave. The pesit
fluctuation of the cycle is slightly shorter thdretnegative section because the latter involvesltisng of
the shutters against the wind. The power supplyHershutter drive responds to this resistancenbyeasing
the input current while maintaining a constant agé and in the absence of a full control systertherspeed
of rotation of the drive causes this skewed unsteeidd profile. Despite the lack of control systéon the
shutter mechanism, the resulting fluctuating cyislevery close to the desired sinusoidal shape aost m

importantly it is periodic.

The fluctuating rpm of the wind turbine shows phase lag from the wind, Figure 3a and 3b. Thé& péa
the rpm occurs half way in the cycle where the wspded is close to the mean value. The lowest poitie
rpm cycle is at the beginning and end of the cydtere the wind speed is also close to the mearevahis
behaviour suggests that there is little time déhathe response of the VAWT to the fluctuating wirdhis is
to be expected given the rotational frequency efttlbine is so much higher than that of the windtéiation
frequency. An inspection of the acceleration shtvas the peak and trough of the acceleration cd@aeiith
the wind speed maximum and minimum quite well. @rstortion in the acceleration curve is also simita
that of the wind profile. When the accelerationtioéd VAWT is highest, this corresponds to the paiht
maximum wind speed and the steepest positive siofiee rpm curve. On the other hand, the lowesttpiai
the acceleration curve coincides with the pointosfest wind speed and steepest negative slopesimptim

curve. Therefore the response of the VAWT to thenging wind is considered to be almost instantasieou



The rotor torquel&, which is the net torque, varies with respectamzFigure 3d). Positive acceleration
produces positive rotor torque and reaches maximu@l19N- m. As the wind speed drops to the secatid h
of the cycle, the acceleration plunges to the megaegion resulting to negative net torque onrtiter. For
the case shown, the applied torqug, & zero while the resistive torqueslis constant at —0.18 N-m. A point
to note is the dependence of the resistive torquéhe rotor rpm and while the rpm is fluctuatingwihe
wind, the amplitude of the rpm fluctuation is vespall compared to the magnitude of its mean vale.
resistive torque corresponding to the changing ha® a standard deviation of 7e—04N-m hence a cunsta
resistive torque is observed. Solving for the blémlgue E from Eq. 1 essentially pushes the net torque
upward by an amount equal to the resistive torque The unsteady blade power is computed using the
known blade torquegland rotational speed. Maximum blade power is 34/.@vhile the minimum is close to
zero at —0.27W. The unsteady wind power can easlgerived. Maximum wind power is computed to be
120.11W while the minimum is 56.13W. Figure 3e shake plots for the blade power and the wind pdwer
one fluctuation cycle. The cycle average wind powas mentioned earlier to be 85.44W while the cycle
average blade power is 15.35W. The power coeffi@éthe VAWT over one wind cycle is 0.18.

P T
CP:FB :1#0) (Eq. 3)
w o ZpAV°
ZP

The unsteady tip speed rakas the instantaneous relationship between theioot speed and the wind
speed. When plotted against time, the unstaclyrve is a mirror image of the unsteady wind peofirigure
4a). This suggests is more sensitive to wind speed changes thant&tional speed variation. As the wind
speed fluctuates to the positive peak,xtdrops from 4.11 at the start of the cycle to 88e to the point of
maximum wind speed. It does not occur at the paimhaximum wind speed because the changing rpm also
contributes to the unsteadyand the relationship is non—linear. After reachmigimum value A steadily

rises as the wind speed drops to the lowest maimitGlose to the lowest point of the wind speedeckc

attains its maximum value of 4.74.
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Figure 4. Unsteady performance of the VAWT vs. tiag., b) CP.

From Eq. 3, the CP is dependent on two fluctuapingameters: wind speed and rpm. The 180° phase
difference of the rpm relative to wind speed doetsmake the relationship straightforward. The penfance
of the VAWT (Figure 4b) is highly dependent on the&eraction of the two parameters and this makes th
analysis more complicated. Although the profiletltid wind speed variation is periodic and sinusoithed
available wind power is a function of its cube. Hmar, the blade power is a function of the rotation
acceleration derived from the fluctuating rpm. Atttially, wind power varies with larger amplitudasd has
a substantially higher mean compared to blade poWes induces a unique variation in the CP aswimal
speed fluctuates. During the first half of the wioygtle where the speed changes from the mean to the
maximum value and back, the CP is observed tayrisdually and flattens out early on before comiagkato
near its value at the start of the cycle. Convgrtdet behaviour of the CP in the second half ofdjee is
sudden and steep with a deep trough at the poilowegst wind speed. Afterwards, the CP rises rgpéatid
attains higher values as the wind speed recovats toean state. From Figure 4b, one can see agase in
CP as the wind speed rises. From the start ofytble evhere the CP is 0.18, the performance risdssiwly
tapers off to a maximum of 0.26 after which drop®.19 midway in the cycle. At the start of theset half
of the cycle, the drop in the value of the CP iseslied to be faster than the section that justepiest it and
eventually ends with a value of zero before risaggin to 0.18 as the wind cycle is completed. When
compared to the increase in CP of 0.08 in the fiadt of the cycle, the decrease of the CP in #wosd half
is more than double at 0.19. The peak and trougheofinsteady CP curve are consistent to the mamiemd
minimum of the wind speed profile suggesting a Réys number dependence of the CP.
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Figure 5. Unsteady wind performance versus steadg performance.

A further inspection of this behaviour is carriedt dy overlaying the unsteady CP of the VAWT over
steady CP curves at different wind speeds (FiglréDBe can see that the unsteady CP does notttrace
steady performance curve of the VAWT at 7m/s. Thsteady curve cuts across the steady CP curvégas t

performance fluctuates with the changing wind. Tihia very different observation compared to simiark



by Mcintosh et al [9] and Scheurich and Brown [b#]a larger VAWT scale. Both numerical studies show
that the performance of a 5kW VAWT in unsteady waohokely tracks the steady CP curve when the mean
is higher than the optimuk. A possible explanation for this is the differerficeReynolds number between
the large scale VAWT and the wind tunnel scale VAWiom a value of 0.18 at the start of the cydie, t
unsteady CP increases with the wind and approéableesteady CP curve for 8m/s. The subsequent drop i
wind speed does not cause the CP to follow the gatiebut trace a new one with slightly higher esalulhe
small hysteresis loop in the unsteady CP implighstynamic stalling of the blades as they seeemapidly
changing relative velocities and tip speed ratioant steady wind conditions. As a reference poim, t
equivalent steady CP of the VAWT at the mean rpf@285 while the instantaneous CP at two pointfién
unsteady curve with the sarhevalue are both lower and the cycle average Cisislawer. When the wind
speed reaches is lowest value in the cycle, theeadg CP is already lower than the 6m/s steady @iec

even though the actual wind speed is still highd. am/s.
Effect of Varyingthe Mean A

The performance of the VAWT in unsteady wind isttier investigated by changing the meamvhile
preserving the unsteady profile of the wind. Thisaccomplished by applying the brake on the VAWT to
increase the resistive forces and reduce the nmrarof the rotor. The plots of the fluctuating wisleed for
the two different meaml cases are shown in Figur@ 6There is a difference in the observed period of
fluctuation between the two. The reference cask thi2 higher meah has a period of t = 2.175 & 0.46Hz)
while the case with the lower mearhas a period of t = 1.91s & 0.52Hz). The difficulty in controlling the
experiment parameters with their inter—dependespqaties implies that the unsteady wind profilesnd be
matched precisely when run settings are changederieless, the dissimilarity in periods is consede
small when compared to the overall effect of thegmitmde of the fluctuating wind speed. The meandwin
speeds for both cases are very close at 6.97mks,fgr= 4.1 and 6.96m/s fO(ean= 3.8. The amplitudes of
fluctuation are also very similar at 0.88m/s Agkan= 4.1 and 0.81m/s Ot ean= 3.8, just more than 12% of

the Vinean
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Figure 6. Unsteady kinematics for different m&an) wind velocity, b) RPM, c) acceleration.
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Shown in Figure 6b is the plot of the unsteady fpnthe two cases. The mean rpm is 791rpm\iQe,=
4.1 while it is 731rpm foAnean = 3.8. The resistive torque corresponding to thezsees are 0.18N-m and
0.165N-m, respectively. From the torque equation (B, this suggests a lower vertical shift of tilade
torque | for Amean = 3.8 from the initial rotor torquei position. However, there is an additional brake
torque T, 0f 0.03N-m fo\nean= 3.8 that is not present Myean= 4.1. This pushes the; Turve ofApean= 3.8

closer, but still lower, to that @fcan= 4.1.

It can be seen that the peak—to—peak value ofpmefluctuation is 6.73rpm foKean= 4.1 and 3.77rpm
for Amean= 3.8. The difference, which is almost double atfseaffects the computed rotational acceleratibn o
the VAWT. More gentle slopes in rpm fdr.e., = 3.8 mean lower values of acceleration while darg
amplitudes as in the case Xfean= 4.1 result to higher magnitudes of acceleraiéigure 6¢). Since blade
torque & is directly proportional to acceleration, thg..n= 4.1 case generates greater torque variation than
the Amean= 3.8 case. The amplitudes of fluctuation\dior the two cases are noticeably different as seen
Figure 7a. The amplitude f@k,.an= 4.1 is 0.53 while it is 0.46 fonean= 3.8. Since the wind speed variation
between cases do not vary mughis now dependent only on the rpm fluctuation. Wkik observed lower

peak—to—peak variation of rpm Mean= 3.8, the same can be expected on fluctuatinith a lower peak—to—

peak value.

The behaviour of the time varying CP cannot be &fiad in the same manner. Both cases show a gtadua
rise and tapering off in CP during the first halftioe wind cycle but a steep and sudden drop irsée®nd
half (Figure 7). From the start of its cyclg,ean= 4.1 gains 0.08 in CP from 0.18 to 0.26 befompding to
0.19 as the first half of the cycle ends. Howetee, CP continues to drop and loses more than (.18 o
value to less than zero. Similarlyyean= 3.8 exhibits an initial slow rise in CP of 0.04m 0.17 to a peak
value of 0.21 and a subsequent deep trough inettens half with a loss of 0.1 from 0.19 to the Istvealue
of 0.09. The preceding observations point to a tiegebias in CP variation even in a symmetrically
fluctuating wind. There is more negative effectperformance despite constant energy content irwthd

suggesting that unsteady wind is detrimental toothexall VAWT performance.
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Figure 7. Unsteady performance of the VAWT fortiwe A cases: a), b) CP.

The unsteady CP variation of the tWwa@ases is plotted agairsin Figure 8. Compared .ean= 4.1, the
unsteady CP Okmean = 3.8 shows a large hysteresis loop which furthgports the argument that it is not
possible to trace the unsteady performance of aorscale VAWT on steady CP curves. The hysteresis
indicates the presence of deep stall, a phenomiabis likely to occur ak below the optimum performance
point. Similarly, Mcintosh et al [9] investigatedvariety of mearh and found that hysteresis loops in CP are
formed whem .anis close to the optimurk. However, the similarity ends there. Mcintosh lehave seen a

significant increase in the cycle CP of the VAW Ppesally at higherfwhereas this study sees the opposite.
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Figure 8. Unsteady performance of the VAWT at dédfeé meari.

The unsteady CP moves between different steady @Wes clearly showing Reynolds number
dependency at this scale. Both cases illustratena in the band of unsteady performance. The VA®¥Tis
expected to fluctuate from one steady CP curventdheer depending on the amplitude of the fluctggatiind.
For the cases considered, the amplitude is arodm/® hinting that the CP should fluctuate betwten

6m/s and 8m/s steady CP curves. The cycle CP fibr dases is 0.18 while the steady wind CP countisrpa
are just above 0.20.



Effect of Varying the Fluctuation Amplitude

The influence of varying the amplitude of fluctwatiwas also investigated. Achieving this necessittte
changing of the closing angle of the shutters enge the flow restriction in the downwind of thettsection.
As with changing any test parameters from the esfes test case, difficulty was encountered in trytim
change only one setting without significantly affieg other settings. To achieve the same mean gsjeed
while having smaller amplitude, getting the samaaqgeof fluctuation was inevitably going to be difft.
The new case with the smaller amplitude fluctuatGp, = £7% has a period of t = 1.87s & 0.54Hz)
(Figure 9a). This is close to thgean= 3.8 case of the previous section and not todrdan the reference case
Vamp = £12% of t = 2.17s {f= 0.46Hz). The mean wind speed fogy= +7% is 6.87m/s, a slight drop from
the 6.97m/s wind speed for,¥, = £12%. The 0.1m/s difference between mean vakidgemed small since
its effect on the wind power is only a 3.5W dropoat 4% power reduction. The amplitude of wind

fluctuation for V,mp = £7% is approximately 7% of theVi,at 0.47m/s.

There is a very small difference in the rotatioséed profiles between the two cases. As reporttdte
previous section, the mean rotational sp@gd., for Vamp = £12% is 791rpm. On the other hafe., =
795rpm for Vimp = £7%, a mere 0.5% difference. In terms of théste® torque corresponding to these rpm
levels, Tes = 0.18N-m for both Y, = £7% and Vi, = £12%. An expected outcome is the differencehin t
peak—to—peak value of the rpm fluctuation (Figuog &or V,m, = £7% this turns out to be 3.58rpm, which is
about half of the value for M, = +12%. The smaller peak—to—peak results to alairoutcome in rotational
acceleration as the,e.an= 3.8 case where the gentler slopes in the rprfilprrause smaller magnitudes in
rotational accelerationF{gure 9¢. Consequently, the magnitudes of the unsteadyuare much smaller
than the reference case. The maas 4.2 for Vi, = £7%, slightly higher thatnean= 4.1 for Vom, = £12%.
This is to be expected because for thgy\F +7% caseQmeanisS a little higher and M.anis a bit lower.
Additionally the amplitude ok fluctuation is smaller as a direct consequendh@fsmaller amplitude of the

unsteady wind (Figure 10a).
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The variation of the CP versus time whep,)\= 7% is similar to the previous cases investigg&,,, =
+12% atAmean= 4.1 and\ean= 3.8). As already seen in the previous sectioare/a bias towards the negative
performance is observed, such observation is alsovtith a smaller amplitude of fluctuation (Figur@b). At
the start of the cycle, the instantaneous CP i940@&nd gradually rises to a peak value of 0.25% Th
subsequent fall of the wind speed causes the Gdllvav suit and return to a value close to thei@iCP at
0.197. As the wind speed continues to drop to timénmum, the CP also decreases until it reachdsvtest at
0.099. Between the initial CP and the maximum, itft@ease in CP is 0.053. However, the drop in CP
between the initial value and the minimum is alnmdmible at 0.105. The results are consistent tpt&eéous

test cases where the overall cycle CP is reduceshwie VAWT is subjected to unsteady wind condgion
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Figure 10. Unsteady performance of the VAWT fortie V,., cases: &), b) CP.

Figure 11 shows the unsteady CP plotted againsibticeably the path that the CP traces doesarat &
hysteresis loop. This is expected since the wingedpamplitude is small enough that deep stalling is
suppressed at these operatingScheurich and Brown [14] observe a similar tréamdhe CP curve with
varying amplitudes. In their investigation, a fluation amplitude of £30% induces hysteresis inuhsteady
CP while a £10% amplitude does not. The unsteadharely drops below the optimumvalue. When the
VAWT is operating at these conditions, the bladdl stehaviour is similar to a very slowly pitchiagrofoil
in constant free stream. The separation starts fhentrailing edge and moves up towards the leadduge. A

leading edge separation bubble never forms and ofaste time only partial stall is seen. The pathha



unsteady CP is also comparable to the previoudtsestnere the curve cuts across the steady CP €urve
approach the adjacent curves as the wind speeddhes to its extreme values. The cycle CP fgr, ¥ +7%
is 0.18, a 0.01 drop from the steady CP value18.0.
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Figure 11. Unsteady performance of the VAWT atetéht \ip



V1. Conclusions

Unsteady wind experiments have shown that unst&a#dy/T performance does not follow steady CP
curves. For the mean wind speed @f.)= 7m/s, the instantaneous CP rises and approdicbegeady CP
profile of a higher \ as the wind speed increases. The maximum unsteBdg 0.26 and is greater than the
maximum CP in steady wind. The fall of CP from thean to its lowest value causes the CP to fallnamde
towards the steady CP profile of 6m/s. The cyclerage CP of the VAWT is lower at 0.18 comparecht® t
steady CP value of 0.205 at the corresponiling

Lowering thekneanfrom 4.1 to 3.8 still shows the unsteady CProfile to cut across steady CP curves.
However, the unsteady CP profile now shows a langsteresis that drastically affects the overall
performance of the VAWT despite the minimum CPiffiglito only 0.09 versus the reference case minimum
of just below zero. The cycle CP of thg.an= 3.8 case is equal to the reference case at 0.18.

When the amplitude of fluctuation,), is changed instead, a similar deterioration offggerance is
measured. The extents of the unsteady CP profieesnach shorter than the reference case when fhgs/
reduced from £12% to +7%. No visible hysteresithe CP is seen and the reduction in cycle CP istess
from the steady CP value of 0.19 to the unsteadiedyP of 0.18.

All'in all, unsteady free stream causes a drogenigpmance of the laboratory scale VAWT tested.
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