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Aerofoil behaviour at high angles of attack and at Reynolds numbers

appropriate for small wind turbines

Longhuan Du*, Arganthaél Berson, Robert G. Dominy
School of Engineering and Computing Sciences, Durham Universithaby UK
Abstract

The aerodynamic characteristics of a NACA0018 aerofoil have been iratedtigxperimentally for incidence angles
ranging from 0" to 180" in closed-jet and open-jet wind tunnels with different blockage coeffici@ntReynolds
numbers fron60,000to 140000 The results provide a comprehensive data set for studying thenpanfoe of typical,
small-scale Darrieus wind turbine blades which mainly operate at relatively éywoRls number and experience
extreme angles of attack, particularly during start-up. Measuremebtghinvery high and very low blockage, open-jet
wind tunnels capture a “second-stall” phenomenon at high angles of attack but this behaviour is not observed in the
closed-jet wind tunnel confirming the sensitivity of aerofoil perforoearat extreme incidence to wind tunnel
configuration. Surface flow visualization suggests that the “second-stall” occurs when the flow separation point near the
leading edge of the aerofoil moves from the suction side to the pressinetsah leads to a sudden change of evak
structure. In the closed-jet wind tunnel, the tunnel walls constrain d@ke and prevent the flow from switching from
one regime to another. The measured data are also used to demonstrate thaedstabtisiinnel blockage corrections

break down under these extreme, post-stall angles of attack.
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1. INTRODUCTION

The present investigation of the behaviour of aerofoils over the wholgerof angles of attack and at low Reynolds
number is motivated by the need to better understand the start-up belwdvifitdriven Vertical-Axis Wind Turbines
(VAWTSs). VAWTSs such as the Darrieus turbine (shown in figur@aye relatively high efficiency and low cost, which
makes them well positioned for small-scale, domestic energy productioiein insensitivity to wind direction allows
them to harness wind energy in urban or other complex envirdani2etailed reviews of the merits of VAWTs can be

found in Referenced, 2].

Fig. 1 Typical Darrieus wind turbine configurati¢®-bladed, H-rotor)

A controversial aspect of Darrieus VAWT development concerns their ability figtag![3]. Kentfield et al[4]
claimed that the Darrieus turbine is inherently non-self-starting while stmee studies (e.d1, 2, 5]) have stated that
with careful aerofoil selection self-starting can be induced. More recexheriments and numerical simulatidi3$
have demonstrated that a three-blade design is preferable to two-blades agi#llpatlows self-starting irrespective
of the turbine starting position but better modelling of the physics dfigas still necessary to identify and optimise the
most important aerodynamic characteristics for starting.

Modelling the start-up of VAWTs requires aerodynamic data for the rdémled under the full range of realistic
operating conditions. VAWTSs are mostly small and therefore they experlewerReynolds numbers~10* — ~10%)
than most other wind turbine and aerospace applications and it is welh khat the aerodynamic performance of the
blades differs significantly from that at high Reynolds number [6-8]). One of the most extensive and reliable sources
of low-speed aerofoil performance data is that provided by Selig[@}. &They measured a large number of aerofoils at
Reynolds numbers comparable to those experienced by typical DarribinesumNevertheless, all their measurements

were limited to the range10° < a < 25°. Indeed, most applications in aeronautics require that operation at high ang



of attack, beyond the onset of stall, be avoided. As a result, there mabttheénterest in the exploration of severely
post-stall aerofoil behaviour and the lack of reliable aerofoil data tihese conditions poses a problem for the accurate
modelling of VAWT start-up.

During start-up, the blades of a VAWT experience all possible angles of &ttatk180 to 180°. Only when the tip
speed ratio becomes larger than one is this range refll@ed he most complete data set available was published by
Sheldahl and Klima$§l11] who studied seven symmetrical aerofoils at angles of attack 10tcand whose data has
provided the foundation for many VAWT performance studies (8,12, 13]). However, recent research has raised
guestions over the reliability of this dataset. For example, Hill ¢L2].identified very substantial differences between
measurements in different wind tunnels under deep-stall coralitiod Worasinchai et dlL4] demonstrated that under
high incidence configurations the geometry of the wind tunnel test sd@a significant influence on the measured
post-stall lift and drag forces. In particular, he found that wisimguan open working section, in order to minimise wall
blockage effects, a sudden decrease in lift and drag occurred as the amatfiaclofapproached0° (and 130°).
Worasinchai et dls finding is consistent with the study of Swalwell et[d5] which also shows a sudden aerodynamic
force decrease although the authors do not comment on the charastéiictioccurred at relatively low blockage (1%
at zero incidence to 6% at 90 degrees) and turbulence intensity (0.BBb6):isécond-stall” was not observed in the
experiments by Sheldahl and Klimgsl], which were performed in a closed-jet wind tunnel with a blockagesriiom
1% (zero incidence) to 7% (90 degrees incidence) and a turbulence intérisB§%

The vast majority of previous aerofoil studies have been conductedsed wind tunnels (e.§9, 11, 16]) at low
incidence and low blockage (§9.16-18]) but even under those conditions extraneous forces due to bouwfiftatg
may occur as the flow about the model is constrained by the wadldirhinvestigations of these boundary interference
effects date back to the 1929 and since then numerous models have been developed to correct dffiethef
blockage and other boundary effects on measured aerodynamic coeffieigrtl9, 20]). However, applications which
require aerofoil data at large angles of attack stretch the capabilities of closetumnetl working sections and the
validity of blockage corrections becomes questionable, particularly duringattstion from predominantly attached,
pre-stall flow to wake dominated bluff-body flow. Open-jet windneis partially alleviate the problems that are
associated with increased wall blockage at high incidence in closed wsddtigns but such configurations themselves
affect the flow as the streamline curvature at the boundary of anjefpiergreater than that for an infinite jet flow since
there is no external flow to resist the deformatj@i]. Corrections for open-jet measurements of the flow around

aerofoils exist (e.d.19, 20]), but there has been little attempt to validate them for extreme angles of attack.



The present paper examines the performance of a NACA0018 aerofdddly adopted aerofoil for VAWTS) over
the whole range of angles of attack and at low Reynolds numbers relevanid ®@plications. Only the static data is
considered here, although dynamic effects such as hysteresis and dytadimieex] to be taken into account in a
definitive model of the start-up of a VAWIL(Q].

Tests were performed in three different wind tunnel test sections: a closedhjet reiatively large chortb-tunnel

height ratio, %/h ), which is the measure of the maximum blockage; an open-jeideitiical dimensions; and a second
open-jet section having a very snfg/lf,l ratio, which acted as a low blockage reference tunnel. The validitydetyw

used corrections for blockage and other boundary effects at highsaofglaettack is assessed by comparing the
aerodynamic forces measured in the different wind tunnel seckomther investigations of the flow in the wake and
near the surface of the aerofoil were performed in order to explain the “second-stall” phenomenon observed by

Worasinchai et a[14].

2. EXPERIMENTAL CONFIGURATION

2.1 Wind tunnels and test aerofoil

The closed-jet tests were conducted in a working section having a sqassesection with solid walls measuring
460 mm X 460 mm over a range of velocities frolmm/s to 20 m/s. The open-jet test section had the same dimensions
but without the top and bottom walls. The flow in both closed and tperels was uniform with less than 1% deviation
of yaw and velocity across the test zone. The free-stream turbutgensity in the test plane in both working sections
was approximately 1%. These wind tunnel test conditions closely matchedoftibe reference tunnel. For all tests the
model was located in an established zone of negligible axial static pressusntgiadrder to minimise horizontal
buoyancy effect§22].

The aerofoil section was the NACA0018 symmetric aerofoil. The NACAOOXX serasschosen as these aerofoils
have been the most widely used in Darrieus wind turbine studips[1e3, 23]). Despite this there are few, if any,
reliable performance data available for these aerofoils over the full ranigeidénce, particularly at low Reynolds
number. The test aerofoil was manufactured by rapid prototyfpang Fullcure 720, thus giving a high surface profile
precision (.1 mm). The aerofoil spanned the full width of the test section in ordemitdmise, but not entirely
eliminate, tip effects and hence to provide the best approximationaf-dimensional flow along most of the span. The
aerofoil was constructed around an 8mm diameter steel bar which passeitisadoitige span and extended from one end

to provide a rigid mounting. When used in the larger working sectighe reference tunnel, 380 mm radius circular



endplates were fitted to each wing tip to mimic the nominally 2D flow efstinaller test sectioné chord length of
130 mm was chosen to provide the required Reynolds number range and ibepaidarge-enough cross-sectional area

to accommodate internal pressure instrumentation. The ¢bdutinel height ratio wa§/h ~ 0.28, corresponding to a
blockage range from% (zero incidence) t®8% (90 degrees). Measurements were performed at three different
Reynolds numbers0,000, 100,000 and 140,000) for angles of incidence ranging ffotm 180°.

In order to assess the impact of wind tunnel configuration and the reliadiilibjockage corrections, reference
measurements were also performed in the Durham Univ@r1;i1;y3/4 open-jet wind tunnel, which has a nozzle
dimension ofl.2 m (height)x 1.8 m (width) [22]. This arrangement led to a chd@dtunnel width ratio,C/h ~ 0.072,

and a low blockage range frobrb% to 3%. The measurements were conducted at the same Reynolds nuntbheseas
in the smaller open- and closed-jet tunnels

2.2 Measurements of static aerodynamic forces

Surface pressure measurements were obtained 4dopressure tappings (each hole having a diameté&8afim)
symmetrically distributed at mid-span on the upper and lower surfact®e aderofoil. The static surface pressure
measurements were obtained using a SensorTechnics 103LP10D tratischwagdt a Scanivalve at a sampling rate of
800Hz and averaged over a period of 3 seconds. The specification mfedsure transducessgiven in Table 1. Data
were acquired using a National Instruments USB-6218 ADC with 18neffaand a 16 bits resolution. In all the wind
tunnels, the free stream total and static pressures at the test plane were ofutaireddzzle calibration based upon
pressure measurements in the plenum and at the test section entry. Thkedifigeoefficient were then calculated by

integrating the pressure along the surface of the aerofoil (see forle{adjp.

Operating pressure range +10 mbar
Sensitivity 0.25 V/mbar
Repeatability 0.1% FSO
Response time 2 psec
Linearity & Hysteresis 1% FSO
Temperature (0-50°C) 0.5% FSO

Table 1 The specifications of the pressure transducer, SensorTechnics 103LP10D

2.3 Surface flow visualization
Surface flow visualization was performed in the smaller open- and cleségs} sections at the Reynolds number of
140,000 using a fluorescent pigment suspended in keroseneuifaee of the blade was painted black to maximise the

contrast of the flow patterns. Visualization was conducted on a limited region cebtredmid-span. The region was



delimited by self-adhesive tape to improve the quality of the imgell spanwise disturbances may be created locally
by the tape but this does not significantly influences the umifitmw at the centre of the area interested. The aerofoil
was removed from the wind tunnel to record flow patterfibe repeatability of the images in terms of the positional and
angular alignment of the axes of the camera and the blade chord line was docurateand 1 degree respectively.

2.4 Velocity field measurements

The pressures, velocities and flow trajectories downstream from the aerofeimeasured using a conical-head five-
hole pressure probe with a diameter of 5mm. The size of the probethmispatial resolution of flow structures that are
smaller than the probe head but previous studies have demonstratibeithas no significant impact on the flow itself
[25, 26]. The probe was calibrated for pitch and yaw (see figure 2) withinatige oft45° and for a range of velocities
exceeding the peak test flow velocity. Details about the five-hole probe taehamg calibration methods can be found
in referencg26]. The five pressure signals were sampled at a frequency of 800Hz, enadje over a period of 10
seconds. Pressures, velocities and flow direction were obtained usings@-post-processing routines based on a
calibration map that had been obtained using a dedicated probe calibration tagititg. were estimated to be £0.3m/s
(£2% ) for velocity magnitude angt0.5°degrees for pitch angle. Measurements were performed both in the smaller
open- and closed-jet tunnels at Reynolds numberi08000 and 140000. As depicted in Figure 2, the aerofoil was
mounted about a horizontal axis and the probe was pEtetn (0.38c) downstream of the trailing edge of the aerofoil
(when set at zero incidence). The probe was traversed in the vertical dirgithi@npositional resolution @.0025 mm

over a distance of 250 mm.92c) with its starting position set 30 mr.23c) below the chord line of the aerofoil when

set at zero incidence angle. The origin of the probe coordinate systertakea at the starting position of the probe

throughout this study.
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3. RESULTS

3.1 Static wind tunnel measurements

Static aerodynamic forces were calculated from the surface static presstictectgfin the three test sections at three
different Reynolds number$@000, 100,000 and 140,000). Since no significant differencélown behaviour were
observed the results presented and discussed here focus orejtesstazondition ( Re=140,00&lthough data obtained
at all of the Reynolds numbers have been published for complef@iigss

Figure 3 shows the variation of lift coefficient with incidence measured inltised-jet wind tunnel at the Reynolds
number of 14@00over a limited range of incidence frabnto 20° for which comparative data from other sources is
readily availabld18, 28] and used to validate the pressure derived loads obtained from thisAtwfithe data relate to
uncorrected closed section tests at similar Reynolds nuamgkethe corresponding blockage ratios at zero incidence were
4% for the study of Gerakopilos et §l.8] and 3.6% for Timmer et d28]. Prior to stall, there are two distinct regions in
the lift curve. At low angles of incidence, frofito approximately6’, the lift coefficient grows almost linearly
following the ideal lift slopg16]. Above 6, the lift coefficient increases more slowly as the angle of incidence tends

towards the stall angle.

“©-Re=1 4ES present study

9= Res1 4ES Gerakoplios &t al[18)

“B-Re=1 5E5 Timmer et al[26)
Ideal i slope|16)

2 4 8] 8 10 12 14 6 18 20
Angle of attack (degree)

Fig. 3 Lift coefficient comparison with previous investigations

The peak lift coefficient value in the current study is 1.084atwhile other researchers found a peak in the lift
coefficient at approximately2” with a value closer to 1.0. The larger stall angle and the slightly liftveoefficient
around 6 is thought to be due to higher turbulence intensity in the wingetursed for the present study (1%) compared
to Gerakopulos et ak[18] and Timmer et als [28] studies, which were 0.3% and 0.02% respectively. This is consistent

with Swalwell et afs experimental measurementfl5] on a NACA0021 aerofoil, which showed that larger turbulence



intensity will result ina delayed stall with slightly lower lift force arounéf. Moreover the aerofoils investigated in
those studies were made from polished aluminium, which results in lowacesuwoughness than in the present study
where unpolished RP material was used. Fuglsang [@4hldemonstrated that a rough surface also delays the stall angle
of an aerofoil. At the low Reynolds numbers considered here, all threefstdsa show a similar behaviour at stall,
where the loss of lift force occurs very suddenly with increasigieaof incidence. It may be noted that the results of
Gerakopulos et a[18] seem to show a more gradual stall but it is believed that this is an tadiedaio the lack of data
point resolution near the stall angle. This behaviour differs significdrom what is observed at higher Reynolds
number where the transition to stall is usually more gradual. For exampldaBhand Klima$11] demonstrated a more
gradual stall behaviour from aboad’ to 20° at Re=360,000

Lift coefficients over the full incidence range are presented in Figure 4uredais all three test sections with an
enlarged view of the small incidence characteristics given in Figure 5. Riesaitthe reference tunnel lie between the
smaller cloed and open-jet data. The stall angles in the closed tunnel, reference tmdnelpen tunnel are
approximatelyl5°, 16" and 18° respectively and the corresponding peak values of the lift coefficientGieat14"),

1.02 (at15°) and 0.94 (atl7°) respectively. These results are consistent with the classic wind tunnel blockage correction
theory, i.e. that a relatively larger/smaller lift will be measured in the closedtiopeel when compared with the lift for

the same model in the absence of any blockage or other boundaty [@ffe20]. In addition, due to the curvature of the
flow resulting from the tunnel wall effect, the effective angle of attackenctosed and open tunnels is increased and
reduced respectively compared with the reference results.

The most interesting phenomenon to observe from Figugea4‘second-stall” captured in both the open-jet and
reference wind tunnels but not in the closed-jet test section. refdgrence tunnel, the lift coefficient gradually increases
from its post-stall minimum of 0.42 4t6’ to 0.83 at39” before suddenly dropping to 0.554°. The characteristic is
mirrored about90’ albeit with lower lift coefficient values when the apparent wind is foeiind the aerofoil. Here the
conventional but more gradual stall is observed&g’, with a sudden second-stalliat0’.

Similar second-stall behaviour was observed in the open-jet tbaohelith a delayed second-stall angle5@t). In
contrast, the closed-jet tunnel results show a gradual increase in lift coeffioimnti 5" to 50° followed by a gradual
decrease to zero lift 80" (see Figure 3). No second-stall was observed.

Figure 6 presents the drag coefficient measured in the three different wired tonfigurations. The drag coefficient
shows a sudden decrease at the corresponding second-stall angle jet apenreference tunnels. The drag coefficient
for the closed-jet section reaches an unusually high value of 3.42 amsequence of its high blockage ratio

at90’ incidence.



These results confirm the existence of the second-stall phenomenon shairdwiously been measured by

Worasinchai et dl14, 29] and Swalwell et al.15].
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3.2 Wind-tunnel corrections
In order to account for the effect of the wind tunnel on the measuredyaamic forces, classic wind-tunnel corrections
are applied.
In a closed-jet wind tunnel, the correction of the aerodynamic fanchsdes the effects of solid blockage, wake
blockage and separation blockage. The solid blockage is the blockage induttedvmjume of the model itself. The

corresponding correction factey, is given by[19, 20]
A
&=g{1+128(/}mm ®

wherel/; is the thicknesse-chord ratioA is the cross-section area of the aerofois wind tunnel height anfl =
V1 — M2 is the Prandtl-Glauert factor accounting for compressibility effects Mithe Mach number. At the low flow
velocities considered herl, is small and thereforig ~ 1.

The wake blockage relates to the velocity increment induced by the preseneenafkthin the tunnel section. The

correction factor for the wake blockagd 18]

14+0.4M?
BZ

ew = 0.25(%/}) Caw @)

whereCy, is the uncorrected drag coefficient.
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For aerofoils at large angles of attack, the flow will separate from the aenadtibn side and, therefore, an additional
correction for the separated flow should also be considered. M§3&g[berformed a series of studies about flat plates

(i.e. bluff bodies) in a closed-jet wind tunnel, which yielded the followimgection factor for separation blockage:

Esep = 0.50(%/})Cau » 3)

where® is the separation blockage factor. It is suggested that the separation fac8 foe fvo-dimensional flovf20],
based on experimental results obtained by Maskell.

In addition to the effect of blockage on the measured data, interfdyetweeen the lift created by the aerofoil and the
tunnel solid boundaries needs to be accounted for. Assuming that teeisodated at the centre of the test section, the

corresponding residual corrections to lift and drag forces, as well as incilggleeare given bjl9, 20]

2 [ ¢ )2 7t (c\*
AC =Gy {_ 48 (B_h) * 3072 (B_h) }' X
ACq = —Cyy (1 + 0‘4M2)£S ’ X
. 34
Ba = Ciy 5o {1 = 0.3897B(Y/0)} = Cu g5 rmocar (41 + 67:338(/ ) (6)

where(,, is the uncorrected lift coefficient
Finally, the corrected dynamic pressq@ge), lift coefficient(C,.), drag coefficien{Cq4.) and incidence angi@:) are

given by[19, 20]

de = qu{l +&7(2.0 — M?)}, 7

Clc = (Clu + AC]) :_: ’ (8)

Cac = (Cau +AC)

(9)

o = ay + Aa, (10)
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whereq, anda, are the uncorrected dynamic pressure and incidence angle, respectiyedy, ares + €, + €ep -

In an open-jet wind tunnel, the flow is free to expand and therdifiersolid and wake blockages (including separation
blockages) are usually negligible. However, the effect of streamline cureetdhe measurements, due to the diverging
nature of the jet, needs to be corrected for. The correction applied imetbenp studyis based on Garner et al.’s
approacH19]. The effect of downwash is neglected, as suggested by Fuglsang2#.al.he final corrections for the

open-jet arg¢19, 20]

¢ c o
Cic = Cpu + Cluz (ﬁ) ) (11)
1 (L
Cdc = Cdu - ;(TO - )Clzu ' (12)
1 L
Ae = 0y — o (TO - DGy, (13)

where LO/L is a function of the chortb-tunnel height ratio/, ) explained in Referendd9].

Figures 7 and 8 show the corrected lift coefficient for all three turadtisugh for the low blockage reference
measurements the correction is negligible. Before the first-stall anglet (abpthe corrected results for both open- and
closed-jet wind tunnels closely match the reference data, save for sohmedsagepancies near the stall angle. With
increasing incidence the corrected data from the closed-jet tunnel matchefeteece measurements until the second-
stall at about40°’. Since no second-stall was observed in the closed-jet, the lift continuesr¢asim to a peak at
approximately50° . Corrected data from the open-jet tests capture the second-stall butpredier the lift force
between the first- and second-stall angles. Although the blockage cormemtiegrges the first-stall data for all three test
sections that is not true of the second-stall where the phenomenon esntihe seen almosf later than the reference
case, possibly as a consequence of there being no proper downwastiarThe effect of downwash is usually small
at low angles of incidence for a nominal 2D tg24], but it might become comparable to the effect of streamline

curvature when the flow is separated at large incidence, the flow is/ highteady and the jet dimension exceed the

12



aerofoil section dimension. Unfortunately, existing downwash andngireacurvature corrections cannot be applied
simultaneously as they rely on conflicting assumptj@d4$.

Corrected drag coefficients are presented in Figure 9. Like the lift coefficinrgscuhe corrected closed-jet results
match the reference until the second-stall occurs whereas the correcte@togesia-jresults in lower drag coefficients

after the first-stall angle.
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Fig. 7 Reference tunnel lift coefficient comparing with corrected open- and closexbyetisr
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Fig. 8 Reference tunnel lift coefficient comparing with corrected open- and closexbigtist close-up view
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Fig. 9 Reference tunnel drag coefficient comparing with corrected open- and-jgosesults

3.3 Surface flow visualisation
Surface flow visualisation was used to further investigate the charactenistits flow near both the first- and second-
stall angles, in the closed- and open-jet test sections. Flguaed 11 present the pressure distributions at angles of
incidence before first-stall12°, 14" and16’) and at the stall angle18’) with two surface flow visualisation photos
(Figure 10 (a) and figurelO (b)). Results are only presented for the open-jet case but very dilmilafeatures were
observed from the closed-jet tunnel tests up to the first-stall. Befstestill, a laminar separation bubble is clearly
indicated by both the surface flow and pressure data (pressure coeffjgievith the separation and re-attachment lines
highlighted by dashed red lines in the figures. Increasing the ahgheidence causes the separation bubble to move
upstream and to reduce in length, which is qualitatively consistentheitstudy performed by previous researchers such
as Gerakopulos et al. in a closed wind tupit&l The spanwise non-uniformities at both the top and bottom of the
visualization pictures (figur&0 (a) and (b)), are experimental artefacts created by the presence of tapsdgethef the
visualization region. Tape affects the flow direction only locally andfltwe of interest along the centreline of the
images remains undisturbed. When the aerofoil stall§’atFigure 11 (b)), the bubble bursts resulting in full leading-
edge stall characterised by a sudden and significant reduction in the suesisurpmpeak (negative) and lift coefficient.
Figure12 (a) illustrates the pressure distribution measured at incidence angles before athe ateond-stall in the
open-jet tunnel while Figure 12 (b) shows the pressure distributitreiclosed-jet tunnel for a similar incidence range.
Since the flow is fully separated from the aerofoil leading edge aftersfalf-suction surface flow visualisation
provides no useful information and is therefore not shown. Itbeaseen from Figure 12 (a), by examination of the
pressure coefficients at incidence angles before and after the second4sfatin@50° respectively) that after the

second-stall the suction surface pressure is significantly increased €tess/@). This sudden pressure change is also
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captured in the reference tunnel tests around the corresponding stadbadigde and its magnitude suggests that a
significant change of flow structure must have occurred in the wakieediully stalled aerofoil. Further investigation

drew focus to small changes in the leading edge separation point. Datadrolmstd-jet tunnel show no sudden change
but a more progressive pressure increase with increasing incidence las sa@n in Figure 12 (b). It should also be

noted that the suction surface pressures in closed-jet are much lower (naireeheg
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tunnel for the similar incidence range (b)

To further investigate the second-stall phenomenon, close attention was paéd léeation of the leading edge
separation line and its impact on the wake structure. The open-jet resutssidered first. The images in Figures 13-
16 were taken parallel to the chord line of the aerofoil and the leadimgpedgsure tapping was used as a reference to
ensure a consistent identification of the leading edge. Graph paper was wrappet the leading edge to provide a
measure of the location of the separation line relative to that datum. Figuresi@s) that at an incidence @b’ the
separation line lies approximately 1mm downstream from the leading edtiee guction side 5(/SO =6.7x1073)
where s is the total distance measured along the suction surfacgianidessurface length of flow separation). As the
angle of incidence increases, the separation point moves towards the legdiras ¢de stagnation point moves further
onto the pressure side of the aerofoil ahd@& (Figure 14(a)), which corresponds to the second peak observedlift th
curve of the open-jet test (Figure 4), the separation line almost coincidetheiteading edge. Further increase of the
angle of incidence causes the flow to separate on the pressure side of thipddgdiFigures 15(a) and 16(a)).6At
incidence, the separation line has moved 1.4 mm from the geometric leag@ngrethe pressure side. The second-stall
corresponds to the angle for which the flow starts to separate on thererads rather than on the suction side.

Investigation of the location of the separation line for the closed-jet ltyimelds almost identical results to those
obtained for the open-jet (Figure 13-16 (b)). However, it is knowahttiere is no second-stall in that test section so the

likelihood of a second-stall occurring cannot be due to the location ofpiaeagion point alone.
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(a) (b)

Fig. 13 Visualization of flow separation point 40° in the open-jet (a) and in the closed-jet (b)

(a) (b)

Fig. 14 Visualization of flow separation point 48 in the open-jet (a) and in the closed-jet (b)

B g
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Fig. 15 Visualization of flow separation point 82" in the open-jet (a) and in the closed-jet (b)
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Fig. 16 Visualization of flow separation point @0° in the open-jet (a) and in the closed-jet (b)

3.4 Characterization of the wake

3.4.1 Open-jet

In order to explain the sudden increase in pressure along the sudédhat is associated with the second-stall, it was
necessary to characterize the wake of the aerofoil and data were acquiredfiv&rgple pressure probe.

Figure 17(a) shows the measured flow angle in the open test sectiangles of incidence around the first-stall.
Before the stall angle, i.e. d2°, 14 and16’, the flow is attached resulting in a downwash that decreases getitly wi
increasing distance from probe starting positiofifo~ 1.3. Above that point, the flow begins to interact with the upper
free boundary which has itself been pulled downwards slightlydyutming caused by the aerofoil. Here the flow angle
tends to zero as the flow is allowed to freely expand. As expected théarrofoil stalls the turning of the downstream
flow is reduced across the entire working section and the wakedsxt®0.54c. In the wake, the flow is highly unsteady
and the probe experiences large, local flow angle fluctuations which xoagdethe probe calibration limig-@¢5°) and
are therefore not shown in the figure. Since the detail of the walawst is an effect and not the cause of the second-
stall phenomenon no additional attempt was made to investigate the flow usingtaetechniques.

Figure 17(b) displays the velocity profile downstream of the aeradoitfe same configuration. When the flow is
attached, i.e. before stall, the wake is so thin that it is not resolvée lmpeasurements. Mixing in the shear layer ef th
open-jet reduces the wind speed at the top of the test section but dsamificantly influence the velocity profile in
the region of the aerofoil itselVhen the aerofoil stalls (0. > 18" ), the time-averaged, mean flow speed in the wake (Y <
0.23c) is approximatelyt.8 m/s (neglecting out of range data points). A velocity recovery occurs bet@2sc
and0.54c. The reduced net downwash in the stalled case results in the upper jdagbeaeing located higher in the

working section.
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Figure 18 shows the corresponding results for angles of incidence sitbesf the second-stall. In Figure 18(a), the
downstream flow-angle characteristics just before the second-4$&la(d48°), are very similar to those observed after
the first-stall (at18" and 20°) with surprisingly little change of direction in the main flow and végttvake that is only
very slightly thicker as a consequence of the doubling of the ahgltack. After the second-stall there is a remarkable
change of flow angle with the downwash switching to upwash of alidestical magnitude which is explained by the
seemingly small change of separation point that was observed frotowheédualisation. When the incidence angle was
lower than the second-stall angle it was noted that the flow remained atteghete first few millimetres of the suction
side of the aerofoil (Figure 13 (a)). Because of the strong cuevatithe leading edge the flow has already achieved a
significant downwash velocity when it separates even after having trageitdda short distance from its stagnation
point. For angles of incidence above the second-stall, it has been noted\batanbof the stagnation point leads the
flow to separate on the pressure side where its trajectory along the stilifaies a strong upward component leading to
a broadening wake (Figure 19). The downstream velocity distributiesepted in figure 18(b) further supports this
hypothesis. At high pre-second-stall anglds (and 48°) the velocity characteristics are similar to those observed after
the first-stall, i.e. at18 and20’. After the second-stall angle, the wake boundary moves upwar@sSdgnd the
upward component of the bulk flow pushes the jet shear layer dpw@ithe extent that there is no longer any evidence
of it within the test section. The small change in the location of the sepdméat the leading edge of the aerofoil and
the associated change in the wake pattern cause a sudden rise in the presstlme slotign surface (i.e. an decrease in

velocity) with a consequent sudden loss of lift as observed in Figateadound40° in the reference tunnel aréD’ in

the open-jet tunnel.
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Fig. 17 Open-jet downstream flow angle (a) and velocity (b) around first-Btedi 140,000
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Fig. 19 Schematic diagrams of flow structure for separation point movementafeoofoil suction side to pressure side

in an open-jet wind tunnel

3.4.2 Closed-jet

Figures20(a) and20(b) show the downstream flow angle and velocity profiles for an émciel range 48°, 50°, 52° and60°)
corresponding to the second-stall region that was observed in the openyjeThidvake is similar regardless of the angle of
incidence even though, from the flow visualisation, it has been notetth¢hs¢paration line moves from the suction side to the
pressure side over this range of incidence. Here the upper solid wall preventsrtaral flow component at that boundary
which prevents the flow from switching to the second-stall flow rediigure 21). Note also that the measured downstream,
bulk flow velocity is higher than that in the open-jet for the same éncid angle which is consistent with wind tunnel

blockage correction concedts9).
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Fig. 20 Closed-jet downstream flow angle (a) and velocity (b) at incidence ang& ,&0°, 52° and60°’, Re=140,000
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Fig. 21 Schematic diagrams of flow structure for separation point movementafeoofoil suction side to pressure side in a

closed-jet wind tunnel

4. CONCLUSION

The static aerodynamic characteristics of a NACA 0018 aerofoil have beeuretes the entire possible range of incidence,
from 0° to 180°, in both open-jet and closed-jet wind tunnels at three Reynotdbers: 60,00Q 100000 and 140,000. Tests
were also performed in an open-jet tunnel with a very low blockatie in order to provide a reference, eliminating
significant blockage or other boundary effects. Results from bathraference and open-jet wind tunnel test sections
demonstraig a “second-stall” phenomenon, at angles of incidence of 40° and 50° respectively, which is characterized by a
sudden loss of both lift and drag forces. In contrast, the secohdeitaviour was not detected in the large blockage ratio

closed-jet tunnel
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Classic wind tunnel corrections for the blockage and other boundagtseffiere applied to the open- and closed-jet data
and compared with the reference case. Both corrected data sets closely magshlthdérom the reference tunnel before the
first-stall angle and the corrected closed-jet data remain is in vedyagreement up to an incidence3of, above which the
aerofail in the reference tunnel undergoes its second-stall. The blockaget®d open-jet data captures the second-stall,
although delayed, but always under-predicts the aerodynamic foreesebethe first- and second-stalls. Thus the limits of
existing wind tunnel corrections for open-jet wind tunnels seenmetexceeded under deep-stall conditions, probably as a
consequence of inadequate consideration of the effect of downwastea@mline curvature under the bluff-body conditions of
deep-stall. A downwash correction was proposed by Marnggrbut it cannot be used jointly with the streamline curvature
correction because of incompatible assumptions.

The second-stall was found to occur at the angle of attack where the separmtiorear the leading edge switches from
the suction side to the pressure side of the aerofoil. Before the secontiatidiyv remains attached to the suction side of the
aerofoil over a short but sufficient distance to induce downwash lhem the separation line moves to the pressure side the
separated flow has a significant upwash component. It is this smadmeox of the separation line about the leading edge
which, because of the severe curvature at this location, resultsrenthekable changes in wake size, flow direction and force
generation.

In a large blockage closed-jet tunnel even at angles above the hominalfaesetnul-stall, the wake behind the aerofoil is
restricted by the solid boundaries of the tunnel and despite similar movememtseptration point there is no sudden change

in the wake structure and therefore no corresponding loss of lift agdahces.

Finally, the following recommendations are proposed:

1. The aerodynamic behaviour of aerofoils at high angles of attack faroRksynumbers ranging between60 000 and
~140 000 should be examined in wind tunnels with low blockage ratio @bard to tunnel height ratio) or in open-jet
tunnels as closeft tunnels with large blockage ratio do not capture the “second-stall”. Aerodynamic data measured in
closed-jet tunnels with large blockage at this Reynolds range must be vigvexzhution.

2. The limits of existing wind-tunnel corrections for open-jet tunnels areheshat high angles of incidence and better
correction methods are necessary.

3. The impact of the “second-stall” on the start-up behaviour of VAWTs has yet to be determined. In additionnéé step

in modelling VAWTs will be to assess how dynamic effects impact the asaoty performances of the aerofoil.
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APPENDIX |

Notation

A Cross-section area of the aerofoil

c Aerofoil chord

Cyc Corrected drag coefficient

Cau Uncorrected drag coefficient

ACy Residual correction to drag

Cic Corrected lift coefficient

Cru Uncorrected lift coefficient

AC, Residual correction to lift

Cp Pressure coefficient

h Wind tunnel height

LO/L Function of the chortb-tunnel height ratio“(/h)

M Mach number
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dc

Qu

So

Oy

Aa

Corrected dynamic pressure

Uncorrected dynamic pressure

Total aerofoil suction side surface length

Surface length of flow separation
Aerofoil thickness

Angle of attack

Corrected angle of attack
Uncorrected angle of attack
Residual correction to angle of attack
Prandtl-Glauert factor
Separation blockage factor

Solid blockage correction factor
Flow separation correction factor
Wake blockage correction factor

Total blockage correction factor
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