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Abstract

The present thesis deals with the issue of thonensional separationf the Stall Cell type

on rectangular unswept wings analso the control of Stall Cellsusing passive vortex
generators. The prollem was approached experimentally and computationally. Flow
visualization tests, pressure measurements and Stereo Particle Image Velocifabt)y
experiments were conducted at the small test section of the National Technical University of
Athens wind tunel. On the computational siden inhouse solver of the unsteady Reynolds
Averaged NavieBtokesequationswas used

The dynamic nature of Stall Cells was confirmed by the tuft flow visualization experiments
and it was found that the inherent instabiliban be suppressed by means of a large enough
spanwise disturbance. Computational data revealed the complex vortical structure inside a
Stall Cell which was confirmed by the experimental results. A Stall Cell consists of three
different types of vortices wikch strongly interact with each othe&) The counter rotating

Stall Cell vortices that start normal to the wing surface within the sdjmardine and extend
downstream; b)The Separation Line Voreahat runs along the wing span; €he Trailing
Edge Lia Vortex that also runs parallel to the wing trailing edbet has vorticity of
opposite sign compared to the Separation Line Vort€ke study of the turbulence
characteristics of the flow reveals a highly anisotropic flbimally, lased on the combined
results a SC generation mechanism is suggested.

As far as separation control is concerned, it was found that Stall Cell formation can be
suppressed by means of passive vortex generators in the form of triangular vanes.
Depending on the vortex generatorsgition andthe wingangle of attackflow instability or
bifurcation can appear. It waalsoshown thatresults from a computational approach that
cannot predict Stall Cell formation (e.g. very small aspect ratio simulations) should be
treated with cautio. The Stere PIVstudy of thevortex generator induced flowevealed

that turbulent interaction between the vortex generator vortices and the underlying flow is
strong closer to the generators while further downstream diffusion becomes the main
mechanisnthat governs the flow.

The present investigation comés support of previous studighat highlighted the need to

be cautious when using wind tunnel data, especially in the post stall region. The widely used
assumption otwo-dimensionalflow over atwo-dimensionalairfoil set up is not valid when

Stall Cells form. For the correct interpretation of experimental data it is vital to know how
the tests were carried and what state of the flow was actually measured. Furthermore, the
three-dimensionality of theflow should be taken into account when it comes to separation
control.
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Figure 50: Contours of normalizedal pressure on a plane normal to the free stream at the rake

position (0.8c downstream of the TE). The definition of the wake height is also shown for z/S = 0%

span. Symmetry plane is at the left of the PICtULE.........coovveiii i 61

Figure 51: Wake height at the rake position (0.8c downstream of the TE) for AR = 2.0, Re®andox10

h =0° 7°, 1&F, 13 and 16 Error bars not included for Clarity..............cocueevevveeeceiecece e 61
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experimental and CFD data. CFD data were only available for half span due to the symmetry condition

and where are mirrored for the other half of this gra@ghd order trendlines are drawn over the data

from -15% to 15% span. Error bars value is 0.05C..........ccvveiiiieeieee e 62

CA3IdzNBE poY 21 1S KSAIKG FdG GKS NI1S LRaAAGAZ2Y 6nodyO
experimental and CFD data. CFD data were only available for half span due to the symmetry condition

and where are mirrored for the other half of this graph. 2nd order trendlines are drawn over the data

from -35% to 35% span. Error bars value is 0.05C............oovviiiiiiieiiiieie e 62

Figure 54: Surface flow lines on the wing suction surface along wilarie flow lines on planes z/S =

0% (symmetry plane), z/S = 10%, z/S = 20%, z/S = 30%, z/S = 40%, z/S = 50% @lirttatigl side).

Wing half span only. AR = 2.0, Re = LEX10N [ MC.Co@iiiiceeeeeeeeen, 64

Figure 55: Side view detail of the wing TEpléme flow lines coloured by z dimension on planes at z/S

= 0% (symmetry plane), z/S = 10%, z/S = 20%, z/S = 30%, z/S = 486%%z(%¥ AR = 2.0, Re =

TOXLIOZ N L MGG 64

Figure 56: Surface flow lines on the wing suction surfagdaie flow lines on planes z/S = 10% and

z/S = 30% (normal to the wing span) and x/1.0 (normal to the free stream at the TE). All flow lines

are coloured by spanwise location. Symmetry plane is at the left hand side (z/S = 0%). AR = 2.0, Re =
TOXLIOZ N L MGG 65

Figure57: Surface flow lines on the wing suction surface along wiitaine flow lines and Q contours

on planes normal to the free stream flow at x/c = 1.0 (TE), x/c = 2.0 and x/c = 3.0. Vortex core

spanwise location is z/S = 37% on the wing surface &y 5% in the downstream planes. Symmetry

plane is at the left hand side (z/S = 0%). AR = 2.0, Re =% OX10 [ M.C.C.Durrrrrieern. 66

Figure 58: Surface flow lines on the wing suction surface and Q isodiorf&gel. Interpreted vortex

core lines with vorticity direction also shown. Symmetry plane is at the left hand side (z/S = 0%). AR =

2.0,Re = LOXEE 0 L MC.Co@iiiiiiiiiecee e 67

Figure 59: Surface flow lim@n the wing suction surface along withplane flow lines and velocity

maghnitude contours on planes normal to the free stream flow at x/c = 1.0 (TE), x/c = 2.0 and x/c = 3.0.
Symmetry plane is at the left hand side (z/S = 0%). AR = 2.0, Re 251 .OXLOM.C..C.. D 67
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solid green line. The red dotted line shows the planes normal to the wing.span...................... 69

Figure 61: Schematic view of the SteRdY set up. The light sheet is shown in position for normal

plane measurement along with measurement frames normal to the flow at x/c = 1.06 and rniormal

the wing span at all spanwise positions. Camera positioning downstream of the wing is also. sBown.

Figure 62: (a) Schematic of the SC vortices in relation to the measurement planektadhadlow.

(b) Schematic of the TELV (dashed line) and the SLV (edsthediline) in relation to the

measurement planes. The dotted line on the wing suction surface represents separation line. Planes

normal to the flow are shown with thick green lifiehe thin red line shows the planes normal to the
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right. The wing is located vertically in the tunnel and, hence, gravity is pulling the oil mix downwards,

affecting the final image. The red soliddmindicate the measurement planes normal to the flow, A, B

FYR / & ¢KAO|l 6KAGS GKAO1T YIFENJa AYyRAOF(GS (G4KS &Ll ysAra

Pl

Pl

XXiil



s ® CKAY &Sft2pg tAySad AYRAOFIGS GKS gAysath®@y G NB aLl y
S O o] £ (=) o0 ] £ VTP SUPPPP 72

Figure 64: Contours of normalized streamwise velocity at planes normal to the free stream, at

chordwise locations 0.6¢, 0.8c and 1.06c. The dashed isolinepm dssto streamwise velocity value
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Figure 65: Contours of normalized streamwise vorticity at planes normal to the free stream, at

chordwise locations 0.60.8c and 1.06c. The dashed isoline corresponds to streamwise velocity value
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Figure 66: Contours of (a) the Q criterion and (b) normalized streamwisgtyat the plane normal

to the free stream, at chordwise location x/c = 1.06 (plane @)alme velocity vectors are also drawn.

One out of every 16 vectors is plotted for clarity. The dashed isoline corresponds to streamwise velocity

value of zero. Téred vector at z/S = 0.145 indicates the spanwise position along which vorticity and

shear stress angle are plotted in Figure 86 and Figure 84,38 O A &St &8 d oM. .I.7@ancs wS T
Figure 67: Contours of normalized streamwise vorticity and velocity vectors at the plane normal to the

free stream, at chordwise location x/c = 0.8 (@ B). Irplane velocity vectors are also drawn. One

out of every 16 vectors is plotted for clarity. The dashed isoline corresponds to streamwise velocity
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Figure 68: Contours of normalized velocity magnitude at planes normal to the free stream, at

chordwise locations 0.6c¢, 0.8c and 1.06¢. The dashed isoline corresponds to streamwise velocity value

2F TSNB 60 IO)mac.z.wsS. Lo n@yT.EMOAeieeeee, 76

Figure 69: Contours of normalized spanwise velocity at planes normal to the wing span, at the wing
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Figure 70: Contours of normalized spanwise vorticity at planes normal to the wing span, at the wing
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0.87XLG) ..ttt 78

Figure 71: Contours of the Q criterion at planes normal to the wing span, at the wirgpamd......78

Figure 72: Contours of normalized streamwise velocity at chordwise location x/c = 1.06 (plane C).

Stereo PIV (left) and CFD data (right). On the CFD data isolines of normalized spanwise vorticity are

RNJ gy =f 2 BRI & KS R =6 (s0yidSies) indlicAtiRg the strips corresponding to the

separation and the TE shear layer respectively. On the StBi&odata isolines ef 7}’- « are

Arawn fOr the SAME MBASON. ... ..uiiiiiiiiiei e et e e e e e et e et e e e e eeeesessensenteeannaeeeeaeeesesanns 79

Figure 73: Contours of normalized streamwise vorticity at chordwise location x/c = 1.06 (plane C).

Stereo PIV (left) and CFD (right) data. On the CFD data isolines of normalized spanwise vorticity are

RNJ g6y = 2 BlR} & K S R=4f(sblid fé)ndicafirg the strips corresponding to the

separation and the TE shear layer respectively. On the StBi&odata isolines ef 7}’- « are

Arawn fOr the SAME MBASON. ... ..uiiiiiiiiiei e et e e e e e et e et e e e e eeeesessensenteeannaeeeeaeeesesanns 79
Figure 74: Span&S @St 20A0G& LINRPTFAfSa 0 GKS aLlysAiasS 201 GAz
black lines refer to the streamwise position x/c = 1.06 (right after the TE), red squares to x/c = 1.18 and

cyan circles to x/c = 1.30. The scale is the same fatZB S a ® 6" ' “ma.c.z..wSB0r nody T EMA
Figure 75: Normalized streamwise velocity profiles at chordwise locations x/c = 0.6, 0.8c, 1.06c, 1.18c,

1.30c at the spanwise position z/S = 0.0% (midBparJt  yS + 0@ . fdzS R2Ga O2NNBaLR
streamwise velocity values. The thin black vertical lines correspond to U = Om/s. The scale is the same
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Figure 76: Normalized streamwise velocity profiles at chordwise locations x/c = 0.6, 0.8c, 1.06c, 1.18c,

MdonO Fid GKS aLl ysgArasS LIRaAdGAZ2Yy Tk{lTcodmx oLIIYS 10®
velocity values. The thin black vertical lines comesito U = O0m/s. The scale is the same for all
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Figure 77: Normalized streamwise velocity profiles at chordwise locations x/c = 0.8, 1.06¢, 1.18c, 1.30c
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Figure 78: Contours of tHeeeTf|Hb Re Stress (a) at planes normal to the flow, at chordwise locations

0.6c, 0.8c and 1.06¢. The dashed isoline corresponds to streamwise velocity value of zero. (b) at planes

normal to the wing span, at the wing mapan (z/S =0.0%) and atspan& S t 2 0F GA2ya Tk{ T p
Tk{ I' pMo®x2® .. l..MmicS. . .wsS. .l .00y .EMO. ... 83

Figure 79: Contours of theefiiH> Re Stress (a) at planes normal to the flow, at chordwise locations

0.6c, 0.8c ad 1.06c. The dashed isoline corresponds to streamwise velocity value of zero. (b) at planes
normal to the wing span, atthewingmiLJ- y 6T k{ I ndmw20 FyR i &L}l ysAa
Tk{ I' pMOo®xE2® ..l ..MicS. . .wS. .l .00y EM. ... 83

Figure 80: Contours of thexefiilb Re Stress (a) at planes normal to the flow, at chordwise locations

0.6c, 0.8c and 1.06¢. The dashed isoline corresponds to streamwise velocity value of zero. (b) at planes
normal to the wing span, atthewingmil LI y 6T k{ I ndm20 FyR i &L}l yéAa
Tk{ I' pMOo®x2®d ..l ..MmicS. . .wS. [ .00y EM. ... 84

Figure 81: Contours of tHeedfj b Re Stresf) at planes normal to the flow, at chordwise

locations 0.6c, 0.8c and 1.06c. The dashed isoline corresponds to streamwise velocity value of zero. (b)

at planes normal to the wing span, at the wing msjgln (z/S = 0.0%) and at spanwise locations z/S =
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Figure 82: Contours of these 3|H> Re Stress (a) at planes normal to the flow, at chordwise

locations 0.6c¢, 0.8c and 1.06c. The dasketirie corresponds to streamwise velocity value of zero. (b)

at planes normal to the wing span, at the wing msjgln (z/S = 0.0%) and at spanwise locations z/S =

pcdT: FYR Tk{ I pmo®aoizo.oh. . L..maocZ. . wsS. . .[L.nosTEMA
Figure 83: Contours of tHee i Re Stress (a) at planes normal to the flow, at chordwise

locations 0.6c, 0.8c and 1.06c. The dashed isoline corresponds to streamwise velocity value of zero. (b)

at planes normal to the wing gp, at the wing miespan (z/S = 0.0%) and at spanwise locations z/S =
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Figure 84: Shear stress angle variation along a vertical line thrineg&C vortex core, at z/S = 0.145.
The spanwise position of the line is shown with red vectors in Figure 66..................ccceevevennns 86

Figure 85: Contours of (a) the Q criterion and (b) normalized streamwisgtyarti a plane normal to
the free stream, at chordwise location x/c = 1.05plkene velocity vectors are also drawn. One out of
every 64 vectors is plotted for clarity. The dashed isoline corresponds to streamwise velocity value of
zero. The red vectott &/S = 0.088 indicates the spanwise position along which vorticity and spanwise
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Figure 86: Normalized spanwigelocity (a) and streamwise vorticity variation (b) along a vertical line
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Figure 87: Singular points (a) node; (b) focus; (c) saddle point. Figure from (Tobak & Peake,80082).

Figure 88: Singular points on a plane normal to the wing span. Figure from (Hunt et al.,.19780

Figure 89: Conjectured patterns ofrskiiction lines on the wing suction surface (Top) arplame

streamlines on Section AA at the centre of the wing (middle) and at the side. Singular points on each
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Figure 90: Initial 2D parallel formation of the SLV and the TELV. Vorticity direction is also.sh®@&n.

Figure 91: SLV and the TELV cores after a Crow like 3D instability develops. Cunseshawetor
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possible surface flow direction. Vorticity direction is also ShoMN.............cccccceiiiiiiiiiiiiiiiiieeenn. a3
Figure 92: The separation shear layer starts to roll up creating the SC vortices.............c........ 93
Figure 93: Schematic of the separation line and the time averaged form of the vortical flow structures.
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Figure 94: Expanental lift coefficient variation for three different Reynolds numbers (Re = 0.5, 1.0
and 1.5x16) and a wing of AR = 2.0 with localized disturbance (ZZ tape). Error bars are also displayed.

Figure 95: Experimental pressure coefficient distribution for three different Reynolds numbers (Re =
05,1.0and15xf0 I yR F @gAy3a 2F 'w I' won gAGK t20FftAl SR
measurements from the taps right before and aftiee ZZ tap are omitted for clarity................... 96

Figure 96: Skin friction lines on the wing suction surface for various Re numbers and angles of attack.
The first column gives the angle of attack and gecond, third and fourth column present the skin

friction lines for Re numbers 0.5X10.0x10 and 1.5x16, respectively. Only half of the wing span is

shown, the left hand side being a symmetry plane and the right hand side an inviscid wall. Tiis is on
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Figure 98: Plane A. Plane parallel to the wing suction surface close toXtsXig aligned with the

wing chord, and not the free StreaIM.............ovvviiiiiicc s 100

Figure 99: Normalized vorticity contours on Plane A. AR = 2.0, no ZZ tape, Re’Z 1.0x10I' MHC @

aligned with the winghord, and not the free stream................ccoo i, 100

Figure 100: Peak negative vorticity normal to Plane A variation with Re number. AR = 2.0, no ZZ tape,
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Figure 102: Suction peak variation with Re number for the 2D and the 3D cases (wing centre and tip).
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Figure 103: Velocity deficit (dU) variation with peak negative vorticity on Plane A at the centre and the

tip of the wing. The equations of the linear approximations and the coefficients of deteioninat
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Figure 104: Earliest separation location variation with Re number for the 2D and the 3D (centre and

tip) cases. AR =2.0, NOZEIE T Nl i MH. Lo 104

Figure 105: Separation location delta between the wing centre and tip plotted against vorticity peak

on Plane A. The equations of the linear approximations and the coefficiédetermination values
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Figure 106: Triangular vane vortex generator parameters. (Top left) Wing side view: global positioning
parameter,(top right) VG side view: VG shape parameters, (bottom) Top view: relative positioning
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Figure 107: VGs top view. Baseline in solid black line, case A in red dotted linenadashBd blue
TP 112

Figure 108: VGs side view (left): Baseline in solid black line, case C in red dotted line, case D in dashed
blue line. VGs side view (right): Baseline in solid lileekcase E in red dotted line, case F in dashed
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Figure 109: VGs top view. Baseline in solid black line, case G in red dotted line, case H in dashed blue
1L PP 112
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Figure 111: From top to bottom: Baseline in solid black line, case K in dashed blue line, case L in green
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Figure 112: Experiméal lift coefficient polar for a wing with VGs at x/c = 0.3 and without VGs. Re =
0.87XLG. ..ot 117
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Figure 113: Experimental lift coefficient polar for a wing with VGs at x/c = 0.4 and witheuEdGhe
controlled case two curves are shown, one for increasing and one for decreasing angle of attack. Re =
087XL0 .ot 117

Figure 114: Pressure distribution along the wing chord for a witigVGs at x/c = 0.3, with VGs at x/c
 nond FyR ¢AlK2dzi °#Rsswe pertutbations aratind w/é= 0[02 intihey T E M N
experimental data are due to the local effect of the ZZ tape on the neighbouring pressure taps.

Pressure measurement®in the region around the VG strip are omitted..........cccccceeeeeiiiiinnes 118

Figure 115: Experimental drag coefficient polar for a wing with VGs at x/c = 0.3 and without VGs. Re =
0.87XLG. ..ot 118

Figure 116: Oil flow visualizah for the case with the VGs at x/c = 0.3 (left) and with the VGs at x/c =
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Figure 117: Time series of pressure measient taken from the pressure tap on the suction side of
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Figure 118: Pressure distribution along the wing chord for a wing with VGs at x/c = 0.3 and without
VGs. In the case with VGs, the two curves correspond to the high lift state (red squares) landith
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Figure 119: Pressure distribution along the wing chord for a wing with VGs at x/c = 0.4 and without
VGs. For the controlled case two curves are shown, one for increasirame for decreasing angle of
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Figure 120: Earliest point of separation as found from pressure data for a wing with VGs at x = 0.4c
and without VGs. For the controlled case two curves are shown, one for increasing and one for
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Figure 121: Stereo PIV measurement planes forthe1 O 4SS tflySa ' . FyR [ |
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Part I.
Introduction and Tools of

Investigation






1 Introduction
1.1 Motivation

Stall Cells

Wind tunnel testing of rectangular wing models has been the main way tdeci@#olil

polar curves for decades. The common practice is to deduce the lift coefficient from
pressure measurements around the airfoil. The measurements are performed at the centre
of the wing span using staggered pressure taps. The drag force is usgalyired using a
wake rake at one or more spanwise stations. The main assumption is that the flow at the
centre of the wing is twalimensional even under separated flow conditions as long as the
wing aspect ratio is large enoughhe resulting force coatiients are used in wind turbine
blade design along with steady Computational Fluid Dynamics (CFD) calcuatiqrenel
codes that include strong viscoimsriscid interactioncoupling methods.Therefore the
confidence in the design strongly depends ore thuality of the experimental sectional
polars. In fact the accuracy of aerofoil data is regarded as the greatest potential source of
error in wind turbine performance predictiofTangér, 2003.

Aiming at smooth lift development with respect to the effective angle of attack and
adequate thickness for load resistance, wind turbine blades are often designed on the basis
of profiles with flattop pressure distributions. Airfoils of thigpe exhibitTrailing Edge (TE)
separation which renders them prone to the formation of the so cafitall Cell{SCs) as
concluded in theextensive airfoil profile investigation @Broeren & Bragg, 2001SCs are
highly threedimensional (3D) coherent structures of separated flow that consist of two
counter rotating vortices.

SCs have been encountered in various aerodynamic applicatio@snples include the
separated flow region behind flgilates, circular cylinders, shock induced separation and
finite wings(Winkelmann, 198R (Lockman & Seegmiller, 1988lynn et al., 200dmention

the formation of S€on swept cantilevered wings an@urri & Jordan, 1987Ross &
Perkins, 1994Supamusdisukul, 2008bserved SCs on airplane wings. Experimental data of
(Hahn et al., 201)0show SCs on the suction side of flep of a tweelement high lift wing.
Interestingly, computational resuli@®ropkin et al., 201Pshow that SCs are also formed on
a wing with a NACA 63021 profile, which resembles the cressction of a whale flipper
(Fish & Battle, 1995

Even though thewre broadly encountered, SCs are perhaps of special interest for the wind

energy industry for one additional reasoror@putational result§{ DANBy a Sy 9 ){ OKNB O] =
suggest that SCs are formed on wind turbine blades at standstill, a condftiparticular

interest in designing wind turbine blades because of its connection to structural stability. In

addition, SCs have been linked to wing buffetifigynn et al., 2001 In both aspects a

deeper understanding of the phenomenon is necessary in order to correctly predict the

loads on blades.

The formation of3Dstructures on twedimensiaal (2D) set ups had raised questions on the
validity of 2D wing tests under separated flow conditions from early(Gregory et al.,



1971). Until recently, models that exhibited SCs were either "avoidgdiglsang & Bove,
2008 or only studied up to their 2D flow lim{iGleyzes & Capbern, 2003rhis comes to
show that despite the fact that SCs are known for a long time our understanding about their
behaviour, structure and formation mechanismemains limitedlt is towards this aim that

the first part of thepresent investigation was conducted in connection to wing model wind
tunnel experiments and in relevance to wind turbine blade design.

Vortex Generators

In many practical aerodynamic apgations flow separation is encountered at least to a
certain extent. Separation occurs when the boundary layer close to the wall becomes
detached from the object surface. For streamlined objects this happens due to excessive
momentum loss in the boundariayer as the flow moves against an adverse pressure
gradient. The amount and location of separation plays a crucial role in the aerodynamic
forces on an object, both lift and drag. Increasing lift and minimizing drag can lead to
improved energy efficiencgs well as to weight and volume saving. This is why separation
control is vital for many applications in fluid mechar{ichang, 1978Gadel-Hak & Bushnell,
1991).

One ofthe simplest and most effective ways to control boundary layer separation is the use
of passiveVortex Generatas (VGs). Passive VGs are solid deVimeded inside a boundary
layer. heir ease of construction and implementation, robustness and lighgktehave
made them very popular in different industries. Examples of improved performance with use
of passive VGs include but are not limited to internal fldW&endt et al., 199% airfoils
(Ashill et al., 2001Seshagiri et al., 200%highly swept wingf_angan & Samuels, 199 bluff
bodies (Aider et al., 2009 wind turbines(q & S X ) andbmpjsereduction (Holmes et al.,
1987).

Passive VGs come in various shapes (e.gsyaviehbones, doublets eftin, 2002Lu et al.,

2011 and all share the same operating principle: they create streamwise vsrtidgch

bring high energy flow from outside the boundary layer into the region close to the wall and
thus delay or even completebuppress separation. Althoutfie general description of their

effect is known details of the mechanism that prevents sepdoa remain to be
understood. The second part of the present investigation deals with the effect of solid VGs
on threedimensional separation and more specifically SCs. The ability of VGs to delay SC
formation was examined and the phenomenon was quantitti described.

1.2 Objective

The objective of this PhD project was to perform experiments and simulations that would
deepen our understanding of SCs and to examine the possibility of -thmeensional
separation control using VGs. Important milestones indberse of the investigation were:

1 The examination of the SC dynamic nature.
The tuft flow visualization technique was used. Unlike the oil flow visualization
technique which represents the average flow, tufts follow the unsteady flow.
SCs were found to baighly unstable, but easily stabilized by means of a
localized disturbance.



9 The validation of simulation results against the experimental data.
Computational results were validated against pressure measurements from the
wing surface and wake. The agreem was found to be good and thus CFD
data were deemed trustworthy of a qualitative analysis of the SC structure

1 The experimental study of a SC.
A StereoParticle Image VelocimetrP[\j experiment was designed based on
the CFD derived model of the SCtigal structure. A SC was studied for the first
time using this technique. The mean flow and turbulence characteristics are
discussed.

1 The optimization of the VG configuration.
A CFD parametric study was performed to find the optimum VG configuration
for the airfoil in question. The results were tested in the wind tunnel and
possible limitations of the technigue were highlighted. Separation is
successfully controlled upto  T'c dm ¢

1 The experimental study of the VG vortices
The vortex flow was studied by means of a Stereo PIV investigation. The vortex
behaviour downstream of the VGs is discussed along with the turbulence
characteristics of the flow.

1.3 Previous Work

1.3.1 Stall Cells
Experiments
Tablel, in pagell, lists some of the most significant experimental studies that detected

three-dimensional cellular patterns of separated flow in nominally wimensioral
configurations. There is a wide variety of airfoil shapes, airfoil thickvedsies AspectRatio
(AR) valueand operating Reynolds (Re) numbers.

Most researchers have found that SCs are dynamic struct(fes. & Katz, 199&ising tufts,

found that at a Reynolds (Re) number of 0.6Xt0rbulence intensity 1%$Cs moved in the

spanwise directionEarlier, but at higher Re numbers (Re > 0.78x({®regory & O'Reilly,

197Q Gregory et al., 197reported "intermittent flicking between the wstalled and the

adFtfSR LIGGOGSNYaAeE YR bl NbB A G NI(ZhbtskaK& AfidiS Ay (0 KS
2005 also found lateral irregular motioaf the SCs on their NACA 0012 model at a chord Re

number of 0.39x10 On the contrary in their tests at lower Re (0.331(Broeren & Bragg

2007) did not report any SC movement as such but reported-sgmmetrical separation in

the spanwise direction. Worth noting is that Broeren and Bragg experiments the

turbulence intensity was less than 0.1%. No such information is given in thetesis.

2 A0K NBIFNR 2 (GKS S FWiskelman?&Barfow,3996egorith&d 2 F | GGt
o0& AYyONEBI aAy =P fewerdit iidemcéls were oréated MistSchewe, 2001in

his wide Re number range study falthat for a specific angle of attack the SC structures

would appear only after a certain Re number.



In various studiegWinkelmann & Barlow, 1980chewe, 2001the number of SCs was
found to increase as the span of the model increased, for fixed Re number and angle of
attack. (Gregory et al., 197lobservedthat SCs would not form if the wing AR was lower
than a specific value.

Multiple reports state that the formation of Stall Cells is not caused by a tip effectgory

et al., 197) report that for a wall to wall model suction at the tip region did not prevent the
formation of SCqWinkelmann & Barlow, 198@ound that for a Clark Y 14% thick airfoil the
number of SCs increased when the AR increased from 3 tort8.& Katz, 199&ame to

the same conclusiofor a NACA 0015 airfoil and ARlues from 2 to 6, by increasing the
model span and therefore the AR for a fixed Re number. Yon & Katz also singgeke
number of SCs on a wing equipped with tip plates is greater than that on a wing with free
tips. Finally(Schewe, 2001found that SCs are not restricted to the wall region when the
aspect ratio of a 27% thick airfoil was raised from 4 to 6 and suggested that the width of a
single SC remains intact as the AR groiMgokoeck et al., 2006also mentions that
mushroomshaped structures were "resistantto various sidewall treatments. The
conclwsion from the above references is that no tip condition (wall to wall with or without
suction, free tips or endplates) can prevent the formation of SCs.

As regards boundary layer tripping, in an early repor{Mgss & Murdin, 197}, tripping on

the suction side of the airfoil led to the creatioof Stall Cells at lower angle of attack.
(Wokoeck et al., 2008mentions that SCs are "resistant" to turbulatovghereas,(Swalwell

et al., 2004 found that increasing free stream turbulence up to 5% altered the lift
characterstics of a NACA 4421 wing during stall. A laminar separation bubble (LSB) is also
formed on the specific airfoil at the test Re number (Re = 2.85x10

To date no reference of a SC on a rotating (wind turbine or helicopter) blade has been made
and it is §ll unknown how a SC would behave under radial pressure gradients. Coherent
three-dimensional structures on rotating blades have been mentio(@iDttavio et &,

2008 Komerath et al., 2009Raghav et al., 200Mulleners et al., 201Pwhich could e

linked to the SCs studied in the present investigation. In any case, before dealing with the
rotating case the fixed one should be better understood.

Simulations

While some extensive experimental studiegarding SCkeave been published in the past,

to the author's knowledge, only a limited number of computational investigations on SCs
exist. To confuse matters a bit more, multiple terms are used when referring to SCs, e.g.
mushroomshapedor owl's eyes structuresr simplythree-dimensional separatiarAs result
studies basically dealing with the same phenomenon do not gain from all the available
knowledge.

(Zarutskaya & Arieli, 200®used Reynolds Averaged NaviStokes(RAN$ simulations and
examined SCs on a NACA 0012 and a supercritical NASA SC2 airjoiblisR®e) number
of 0.39x16 and 4.6x16. In (Zarutskaya & Arieli, 200%wo different eddy viscosity models
were used, namely the Spalar@Alimaras one equation modébpalart & Allmaras, 1992and
aSYyidSNDa{ ¢ (MehtBrS1993. It was found that theSpalart- Allmarasmodel
predicts stall with delay, i.e. at a greater angle of attack than expected.
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(Bertagnolio et al., 20Q5Bertagnolio et al., 20Q6refer to threedimensional chaotic

structures present at high angles of attack fortte 8 LJ- ad F2 dzNJ RABRIFSNByY G |,
18, NACA 6330, S809 and DU 8%-210) in a study that compared 2D RANS, 3D RANS and

3D Detached Eddy Simulatiafata with experimental results. Although the structures they

describe are not nameds SCsthey do look similar and it is probably correct to assume that

they are. It was found that in the stall region 3D RANS computations do not capture the full

turbulent wake structure,although they usually give sensible results as far as averaged

values are concerned

(Wokoeck et al., 200Gnalysed "mushroorshaped" structures on an airfoil with combined
LeadingEdge (B - TEstall type. In this combined study the computational results failed to
reproduce the experimentally observed SCs.

Relevant is also the work ¢iv2 RNN 3 dzST 9 ) who,Dasgdioh yldbal stabilityn n
analysis, attribute the onset of SCs to spanwise instabilities, albeit at a very louniRer
of 200.

Regarding turbulence modelling it is accep{@®ubinstein et al., 20QX%hat eddy viscosity
models in general are not sufficient for modelling thhdienensional turbulent vortical flows

as they erroneously produce eddy viscosity in the vicinity of free vortices, which causes the
vortices to be excessively diffused over and above the effects of insufficient grid resolution.
In this sense, the choice amongst various eddy viscosity modeds iegarded essential in
view of the qualitative analysis targeted in this work.

Although the aforementioned works present skin friction flow lines, pressure measurements
and wake contours, the complex vortex structures involved in titeeensional sepation

are not discussed. One question raised(Bgrtagnolio et al., 20Q03Bertagnolio et al., 2006
regards the validity of the measurements used as a reference, since all data were obtained
assuming 2D flow over the wing.

Stall Cell formation mechanism and structure

Theoretical results suggest that SCs could berd¢isalt of spanwise flow instability. At low

Re number (Re 200) and for an airfoil in deep (laminar) st@,2 RNN3 dzST 3 )¢ KS2FAf A
via a BiGlobal stability analygiEheofilis et al., 200attributed the generation of SCs to the

amplification of spanwise instability. Recentliglimelech et al., 203Zhowed on the basis

of measurements at low Re numbers that the amplification of a -tivoensional

perturbation cannot justify the formation of structures of $ua large scale as the SCs and

that SCs could be explained as result of a spanwise 3D perturbation.

In deep stall, the separation bubble is formed by two intense shear layers, one originating
from the TE and the other from the separation point releasiodgigity of opposite sign into

the flow. Under these conditions, a spanwise perturbation can trigger the development of a
Crow like instabilitfCrow, 197), as(Weihs & Katz, 19§3irst suggested.

The computational study dfTaira & Colonius, 200%or the flat plate case, showed that a
small wing ofAR = 1.@loes not give SCs, unlike wings of higher MR #£2-4) indicating that



a minimum span (or equivalently a lower bound in wave length) is needed. Behand t
level, multiple SCs can be formed.

Various modelsegarding the structure of the vortices that form a e been proposed in

the past. InitiallfWinkelmann & Barlow, 198QJNE LJ? deStativelflowdmoded | OO2 NRA y 3
to which aloop vortexconnects the two nodes on the wing surface and a secondary vortex

of opposite vorticity runs along the wing TE. N€xon & Katz, 199%ased on pressure
measurements supported that no loop vortex exists and that two counter rotating vortices

start from the surface nodes and then extend downstream aligned with the f{gan &

Katz, 1998also claimed that no spanwise vortex exist other than the TE vortex. As it will be

shown next, the present investigation indicates that inside the SC three different kinds of 3D
vortices exist in théime aveaged flow inside a SC:

a. The two counter rotating SC vortices that start normal to the wsngface and
extend downstreamas suggested bffon & Katz, 1998

b. The Separation Line Vortex (SLV) thats above and parallel to the wing TE. This
vortex has vorticity of the same sign as the one suggesteqWinkelmann &
Barlow, 1980, but does noend on the surface nodes.

c. The Trailing Edge Line Vortex (TELV) that is also parallel to the wing TE but has
vorticity of opposite sign.

1.3.2 Vortex Generators

Unlike SCs which have received limited attention, significant amount of researdiebas
focused on &s since their first application on a wifdcCurdy, 1948 VGs favourably affect

a separatindBoundary layer BL) by inducing streamsa vortices which transfer high energy
fluid from the free stream towards the near wall region. This mechanism has been described
by various researchers, e @Rao & ldriya, 1988 Pauley & Eaton, 198&.in et al., 199]1Lin,

1999 Lu et al., 2011

Various studies havergvided optimization guidelinese.g. (Taylor, 1950 Shubauer &
Spangenberg, 195®earcey, 1961in, 2002Wendt, 2004 Godard & Stanislas, 20Dénder

various flow conditions. It is generally accepted that vane type VGs are more effective than

other passive flow control devices, such as wishbones, doublets, groovdsret2002. Of

these, lowprofile vortex generators are considered preferable as they can be as effective as
normal VGs but havess induced dra¢Rao & Kariya, 1988A flow control device is called
low-profleA ¥ Ad&a KSAIKGI oKO A& fSaa ddKIFIy GKS 20!l f

Lowprofile VGs remain effective despite their limited heigls they take advantage of a full

turbulent boundary layer profile. However, compared to conventional VGs they create

weaker vortices and must be placed fairly close to the separation location. This means that

in cases where separation is not fixed, éog.an airfoil under varying flow conditions, higher

+DAd 6hot1 00 YAIKEG 0SS GKS (JanisBewsha? 20y profileWGsT I OG = Ay
had little or no effect. In any case, it has been fouthdn, 2002 that, in general,

conventional and lowprofile VGs follow the same guidelines as establisheqP®marcey,

1961).



Regarding specific VG configuratiotSpdard & Stanislas, 20pfr a 2D bump found that
triangular vanes are more effectivihan rectangular ones, as is the counter rotating
configuration compared to the emtating one. (Ashill et al., 200Lalso for a 2D bump,
found that counter rotating triangular vanes spaced by a gap equal to their height are the
more effective in reducing flowseparation control, compared to other low profile devices.
According to(Lin, 2002 increasing the gap between thmunter rotatingvanes reduces the
device drag. Finally, in previous experimental studies of VGs on airfoils used on wind turbine
blades (Fuglsang & Bove, 2008elte & Hansen, 20)Zounter rotatingtriangular vanes

were used with significant improvement in lift and lift to drag ratio.

Airfoil applications

Given the fact that various generic review studies have bednighed in the literaturglLin,
1999 Lu et al., 201}, in the present document the focus will be on the applications of VGs
on airfoils with or without SC3.able2 in pagel2 summarizes the relevant published works
and below a short decription is given.

The first and only documented successftiempt to delay SC formation using VGs was done
by (Moss & Murdin, 1971on a NACA 0012 airfoil, at a Re number of 0.9et@ 1.7x16.
More than four decades latdWelte & Hansen, 20)2nentioned SCs at high angles of attack
for a DU 92W2-250 profile with VGs, also at a Re number of 0.8x10

At the same Re numbgiBragg & Gregorek, 198Buggested triangular vane VGs as an
aerodynamic fix for the canard airfoil issue of the Voyager aircraft, which made the first
nonstop,unrefueledflight around he Earth in December 1986.

(Storms & Jang, 19%4howed that VGs can be used on a NACA 4412 profile combined with
a TE Gurney flap to furér increase maximum lift (Re = 2.0%10t is possible that this was
another application of VGs on an airfoil on which SCs form. Interest{@glies & Vedcock,
1979 report three-dimensional separation on the same airfoil at a similar Re number
(Re = 1.5x19.

Asfar aslow Re numberspplications are concerne¥,Gs are used to control the formation
of a laminar separation bubble (LS®erho et al., 1993 VGs can prevent or delay LSB
formation and have even be reported to "slice the laminar sapjan bubble into segments"
(Seshagiri et al., 2009

VGs are currently used in most wind turbine desigvisltiple studies have proven their
effectiveness on airfoils designed for or used on wind turbine blgBeglsang et al., 1998
Timmer & Van Rooij, 200Buglsang et al., 2003

Even earlier than these studighe application of VGs on multi element high lift wings was
proven(Lin et al., 1994Lin, 1999 at a relatively high Re number of 9X1( such cases VGs

can be located on the flap suction side and remain hidden during cruise, thus causing no
drag penalty.

(Ashill et al., 200Lshowed significant increase in lift for a RAE 5243 transonic airfoil, at a
Mach number of 0.68. Counteotating vanes spaced VG height apagtayed trailingedge
separation leading to an increase in the maximum lift by about 20%.



It is true that VGs are sometimes used on various applications as a "band aid" tool, i.e.
applied on e.g. a blade after its construction and once undesirable flovactesistics have

been observed(Kerho et al., 20038developed an airfoil design method which incorporates
VGs rightfrom the start. This design deto 8% drag reduction in a nagal laminar flow
profile.

With regard totheir effect on dynamic sta{laniszewska, 20p4howed that application of
VGs reduced hysteresis loop and increased Cl max in the Re number range.2538.6.

Finally a recent application of VGghat of(Heine et al., 202jlwhere LE finite thickness VGs

(or disturbance generators) successfully delayed stall while also changing its characteristics.
VGs were used on a OA209 airfoil resulting in an alleviatf the airfoil's leadingdge stall
characteristics while trailingdge separation was promoted. Usiagry shortvane VGsat

the wing LEPape et al., 201)2lso achieved the same effect on the airfoil's characteristics.

Computation of flow past vortex generators

Fully resolving VG geometry is computationally very expensive mainly due to the VG small
size. In an attempt to ratte computational cost efforts were made from early on to model
the presence of the VG in the flow. In general VG models can be classified in three
categories, (a) modelling the effect of the VG shape on the @with, 1994Bender et al.,

1999 Jirasek, 2006 (b) modelling the profile of the vortex shed Hyet VG(Kunik, 1986
Wendt, 1996 May, 2001 Zhang et al., 2011Dudek, 2011Velte, 2013 and (c) statistically
modelling the effect of the shed vorté€klikolaou et al., 2005Stillfried et al., 201R

The fact that research on VG modelling has been sweadtir almost three decades is
indicative of the need for an effective VG model and proves that no clear winner has
emerged so far. In the present study the BAY model was used, which was designed for
infinitely thin VGs by{Bender et al., 1999 This modehas been found to produce results

that compare very well with the fully gridded VG cases, but at a fraction of computational
cost (Waithe, 2004bJirasek, 2003Dudek, 201}

Up todate no eddyviscosity turbulence model has been found to correctly predict the flow
downstream of a VG(Dudek, 2005 who compared experimental data with CF&sults
using the Spalart Allmaras(Spalart & Allmaras, 1992nd the kw SST modelMenter,
1993 for a flow inside a duct with VG®und that the rate of vorticity decay is significantly
greate in CFD than in the experiment. Regarding the turbulence model compaitiseas
found that the Spalart - Allmaras model producekigher turbulent viscosity in the vortex
core,but downstream enough from the VGs both CFD results agree well with eachasttie
the experimental data.

In fact RANS simulations of the flow past a VG, using either of the aforementioned
turbulence models, tend to ovepredict vortex size and undgredict peak vorticity
downstream of the VG, although vortex circulation is pcétl correctly. In other words the
vortex strength is computed well, however, computational vortices are more diffused than
the measured ones. This is not related to grid resolution, but to the numerical scheme and
the turbulence modele.g(Lin, 2002Yao et al., 20022llan et al., 2002Dudek, 201}
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Wind tunnel

. Re . Height to chord  Width to chord Sidewall Visualization
Study Airfoil AR 5 c [m] cross section . . .
[x107] [m x m] ratio (h/c) ratio (w/c) treatment Technique
(Moss & Side to side .
Murdin, 1979 NACA 0012 5 0.86, 1.68 0.305 3.96x2.74 8.98 12.98 (Fabe walls) Oil surface flow
NACA 0012 1.4-2.8 1.7-0.85 0.254-0.127 0.91x0.36 1.42-0.71 3.53-1.76 Side to side Oil drops
(Gregory etal., NACA 0012 6 0.76 0.203 13.5 19.51 _ _
Side to side / .
197)) 3.59 2.88 0.76 3.96x2.74 3.61 5.21 Oil drops
NPL9619 Endplates
3.29 3.14 0.83 3.3 4.77
35
inkel P > 86 0.245 0.46x1.17 13.1 5.16
(Winkelmann Clark Y : 0.089 Free tips Oil surface flow
Barlow, 198) s6g . 026 0.38x0.38 4.27 4.27
T 0.385 2.36x3.35 37.68 26.55
(Yofg‘g‘&Katz’ NACA 0015 2.6 0.62 0.152 0.81x1.14 5.32 75 Endplates Tufts
(Broeren & Ultra Sport, 2.8 0.3  0.305-vertical  1.22x0.8542 4.00 2.8 Sidetoside  Minitufts
Bragg, 200)L NACA 2414 ' ' ' e ' '
(Schewe, 2001  FX77-W270 4-6 oo 0.15-0.1 0.6x0.6 4-6 4-6 Side to side Oil flow
(Wokoecketal., o0 3.2 0.35,0.7, 0.4 1.3x1.3 3.25 3.25 Various Tufts, Oil Flow
2006 1.4
(Elimelech et \caoo0s 25,5 0.02 1.2,0.6 0.5x0.5 0.4,0.8 0.4,0.8 Sidewalls :
al., 2012
Present study NTUA t18 15,20 0.5-1.5 0.60- vertical 1.8x1.4 3.0 2.3 Endplates Tufts, Oil Flow

Tablel: Experimentally observed Stall Cells in the literature.
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Study Airfoil Re [x10] VG type VG height VG position (x/c) Method Stall Cells?
(Mosié&?gurdln, NACA 0012 0.86, 1.68 Vanes 0.016c 10% airfoil chord Pressure measurement Yes
—— on i
(Bragg & Gregorek Canard alrf0|l'from the 09 Vane (deltg and 0.018¢c- 0.022¢ 17-45% airfoil Pressure measurement No
1987 Voyager aircraft trapezoid) chord
(Kerto et al., 1993 Liebeck LA2573A 0.2-0.6 WIShkézziss' ramp ndemdn L 22% airfoil chord Hot Wire Anemometry No
3D effects are
(Storgsé& Jang, NACA 4412 2.0 Wishbones 4o ®dp+ 12% airfoil chord Pressure measurement mentioned, but not
u examined further.
(L.m etal,, 1991 Threeelement high lift airfoil 59 Vane (deltg and noHi 25% flapchord Pressure measurement No
Lin et al., 1994 trapezoid)
(Fuglsang etal., FFAW3-241, FFAN3-301, L, 10-30% airfoil
1999 NACA 63130 1.6 Vanes hoto chord Pressure measurement No
Laser Doppler
(Klaus:[g(;)é)er etal, Threeelement high lift airfoil 1.3 Vanes noH! 20% flap chord ~ Anemometry, Pressure No
measurements
(Ashill et al., 2001 RAE 5243 19 vanes, hot 0  46.5% aifoil chord Pressure measurement No
transonic airfoil Forward wedges
(Kerho et al., 2003 Modified NLF(2£L015 0.5-2.0 Vanes nopd 75% airfoil chord Pressure measurement No
(Fuglzsgonsg)] etal, vaigg 1.6 Vanes hot o 20% airfoil chord Pressure measurement No
(Timmer & Van DU 9:W2-250, DU 93N-210, 13 vanes hodto 20% to 30% airfoll Pressure measurement No
Rooij, 2003 DU 96W-180, DU 97#V-300 chord ‘
(Janzl(s)ézwska, LS(1)0417 MOD 0.75-1.25 Vanes hoto 7% to 15% chord Pressure measurement No
(Sesgggg etal, LS(10417 GA(WL 0.08-0.16 Vanes 0.1c 20% airfoil chord ~ Force measurements No
(Heine et al., 2011 0A209 18 Finite thickness 158 ¢ 18¢ Airfoil LE Time resolved P1V, No
cylinders and wedges Pressure measurement
SCs mentioned at
(Velte & Hansen, DU 91wW2-250 0.9 Vanes nopi 0.3% airfoil chord Stereo PIV post stall, but not

2012

examined further.

Table2: Applications of VGs on airfoils in the published literature.
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1.4 Thesis Outline
The thesis consists of four main parts, each divideal$several chapters as outlined below:

I.  Introduction
A Chapterl - Introduction
A Chapter2 - Experimental procedures
A Chapter3 - Computational modelling
II.  Threedimensional separation
A Chapter4 - Geometrical characterization of Stall Cells
A Chapters - Stall Cell structure analysis
A Chapter 6 Stereo PIV study of a Stall Cell
A Chapter7 - Reynolds nmber effect
lll.  Separation Control
A Chapter8 - Vortex generator configuration optimization
A Chapter9 - Experimental study of the vortex generator induced flow
IV.  Conclusions
A Chapterl0- Conclusions and suggestions for future work
V. Appendices
A Appendix A; Tuft Flow Visualization
A Appendix B; Trip tape height computation

Chapter2 reports on the experimental procedures followed during the course of the present
investigation. The wind tunnel and measuring equipment is presented. The procedures
followed for flow visualization (tufts and oil flow), pressure recording and Stereo PIV
measurements are described. Stereo PIV measurements being more challenging, they
receive greater focus.

Chapter3 presents the omputational tool used for the present study. Thehiouse code
MaPflow was developed by Georgios Papadakis, and a detailed description can be found in
(Papadakis, 20)1Hence, the description givdrere is limited to its basic features.

In Chapter4 the dynamic behaviour of SCs formed on a stalled wing is confirmed using tufts.
It is found that the inherently unstable SCs can be stabilized by appliéngeaenough local
disturbance to the flow. The overall characteristics of the resulting flow are not affected by
the disturbance. The effects of Re humber, AR and angle of attack on the stabilized flow are
discussed.

Chapter5 combines experimental and computational data and examines the SC structure.
CFD results appear in good gqualitative agreement with pressure measurements and are
hence used for a qualitative analysis of the time averaged flow inside a €. ditfierent

types of vortices are observed: a) the SC vortices, b) the Separation Line Vortex and c) the TE
line vortex.

The Stereo PIV measurements of a SC are given in Cleajiieperimental data confirm éh

SC vortical structure suggested by CFD simulations. Time averaged data and turbulence
statistics are presentediccording to the hypothesis made at the end of the chapter, SCs are
the result of a Crow like instability between tlseparation Line Vorteand thethe TE line
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vortex. The perturbed vortices lead to threbmensional separation on the wing suction
surface and hence to spanwise flow. As a result the separation shear layer is folded and the
SC vortices are formed.

The unexpected lift reductionsaRe increases from 0.5¥1® 1.0x10, also observed by
(Yoshida & Noguchi, 2000is investigated computationally in Chaptér This adverse Re
number effect is linked to the SCs and SC vortex strength.

As no single VG configuration came lexpected to perform best for all aerodynamic
applications, an optimization study was performed, described in Ch&t€he presence of
the VGs was modelled using the BAY mdBender et al., 1999 The best performing set
ups were tested experimentally and the optimal one was chosen for further investigation.

Chapter9 reports on the experimental tests of the wing with and without V&$Stereo PIV
investigation was performed and theonex size, path and strength are examined for the
caseoft TcEm G | wS . E¥eESMNY datd areuded tobnwestigate the
correlation between Re stresses and their production to mean flow gradients.

The thesis ends with Chapt#®, where thefinal condusions are presented along with some
recommendations regarding future work.

In Appendix Aphotos from the tuft flow visualization experiments are givaighlighting the
effect of angle of attack, Re number and &R SC size. lAppendix Bhe trip tape height
computationis described in greater detail, for completeness.
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2 Experimental procedures

2.1 Wind tunnel Facility

All experiments were carried out at the small test sectid.4mx1.8m) of the National
Technical University of Athens (NTUA) wind tunnel. The wind tunnel is of the closed single
return type with a total circuit length of 68.81 m. The circuit has a contraction ratio of 6.45
to 1. The freestream turbulence leveh the 3.75 m long octagonal test section is 0.2% with

a maximum test section velocity of about 60 m/s. Energy to the flow is given by a 2.67 m
diameter eightbladed fan driven by a 300 kw DC motor.

2.2 Wing Model

The investigation refers to an 18% thick airfrofile designed athe NTUAMouirikis et al.,
2005. The specific profile is optimized for use on variable pitch and variable speed multi
MW wind turbine rotors. Shape optimization was based on evolatipalgorithms and use

of XFOIll(Drela, 1989as flow solver. The profile mngs to the flattop type experiencing TE
separation leading to a gradual builp of the lift and smooth post stall behaviouthe
profile coordinates are given in AppendixC

The wing model had a chord of 0.6m and spanned the test section vertically in order to
minimize blockage. The solid blockage o 1 KS Y2 RSt gl a codg> 2F GKS
Fy3tsS 2F FdadGFO1 FyR NBFOKSR I YFEAYdzZY 2F ¢oH
below the usual upper bound of 10%, 48arlow et al., 1999

In order to minimize the effect of the wind tunnel boundary layer, side fences were used
(Figurel, left). Figurel, right, shows a schematic side view of the test set Tipe fences

were made of Plexiglaand could move along the model span so the aspect ratio (AR) of the
model could varyFigure2 shows a close up of the topnd lower fences as they were
positioned on the wing modekigure3 shows the wing model in the test section as seen
from inside the contraction. The wake rake and the traverse mechanism can be seen in the
backgound.

The model surface has been measured in order to quantify the deviation from the nominal
profile. Figure4 present the surface deviations from the mean profile for the suction and the
pressure side respectiwel The mean profile was defined from the mean values of the 12455
points that were measured on the wing. It can be seen that the deviations on the suction
side are within 0.8mm whereas this figure grows to 1.5mm for the pressure side.

T Localized disturbance __ __ __
0.7¢ -0 -
Flow - - -
— |_ - - Fences
| st
| c - Tufts — | - - -
1.7¢ .

Figurel: Fences shape and dimensions (left) andesview of the test set ugright).
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Figure3: View of the test section from upstream, from inside the contractiofihe traverse mechanism and the
wake rake are also visible.

The wing surface wasriginally yellow but was later on painted black in order to minimize
the reflections during the PIV experiments. The model was first gpaayted black and the

finish was done with mat varnish mixed with Rhodamine 6G. RhodaminehBts the
wavelengthof the impeding laser light through absorption andemission, e.g. se@<ubin

& Fletcher, 198p Byapplying suitable bangass filters on the camera lenses it is possible to
prevent the reflections from reaching the CCD sensors. Thus measurements closer to the
surface can be performed. The techniqgue was also use/éite & Hansen, 2032 The
modek final colour is shown ifigureb.

The VGs were constructed by a 0.2mm thadlminium strip that was located on wing
suction surface. The strip thickness was chosen so that the VGs would have adequate rigidity
and impose minimum distortion to the boundary layer. The metal band acted like a step
FY2dzy GAy3 G2 wmkon 2F GKS . [ GKAO] yefaided I
small.
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Figure 4: Wing model surface deviation from mean profile. (Top) suction side andttfira) pressure side.
Dashed lines show the traverse spanwise range and solid lines show the fences position fé:Rhe 2.Gcase.
Highest deviation point on the suction side is shown with a sphere.
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Figure5: The wing model aftebeing painted with a mat black dye with Rhodamine 6G. View of the pressure
side.

2.3 Flow visualization

2.3.1 Tuft flow visualization

For the tuft visualization experiments, No 60 sewing threads were fitted over the suction
side of the model in chordwise rows wiklcm spacing between them in the spanwise
direction. The chordwise position of the tufts is shownFigure6. Every single tuft was
individually taped on the model surface in order to minimize their interferencehto
boundary layer.

—airfoil profile -tuft location
0.2

95/8%

-0.1

0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0
x/c

Figure6: The airfoil profile and chordwise location of tufts

In order to check whether the tufts correctly follow the flow even at the lowest Re number,
the tuft data were compared with pressure dataRigure?7. The earliest separation point at
the wing midplan for theAR = 2.0Re number 0.5xf@ase withzigzag (ZZ) tape is plotted
against angle of attack for both the tuft and the pressure data. The agreemeatyiggood

and therefore the tuft data are trustworthy even at the lowest free stream velocity.
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Figure 7: Earliest point of separation as found by tuft and pressure data foe = 0.5%0°, AR = 2.0with a
localised disturbance sing a ZZ tape. The two sets agree well and so trustworthy conclusions can be drawn
from the tuft data.

2.3.2 Oil surface flow visualization

Various coloured powders mixed with kerosene were used for surface flow visualization.
Kerosene was preferred over othketbricant oils as it dried on the wing surface and allowed
for photographs to be taken after the tunnel was shut down. Other oils on the other hand
would move in the vertical direction due to gravity and distort the surface flow pattern.

2.4 Pressure Measureme nts

2.4.1 Instrumentation

The model had 62 pressure taps located at the centre of the wing span. Chordwise they
extended from theLEto 88.8% of the chord. All chord pressure channels were fed through a
pressure scanner (model FCS421, Furness Controls Ltd)hay ai Furness Manometer
0C/ hmcX sHnAnn tl 2N I { O y/x@mP3)Irie wakeBakeirdsNS
39.1cm wide and consisted of 45 total pressure tubes (of which 44 were used) and two static
pressure tubes, located on a different planerfrahat of the rake. All the tubes were directly
connected to the Scanivalve sensor and then through a 16 bit A/D card (National
Instruments- USB6251) to the lab computer.

The wake rake was positioned on the traverse table at 0.8c and 1.06¢c downstredma of t
wing TE for the cases without and with the VGs, respectively. The wake rake could travel
both in the spanwise and the normal to the chord directions. When the wake was wider
than the rake width a second measurement would be taken after the rake wasdnove
normal to the chord with sufficient overlapping. The rake travel region was 84cm and
02 BSNBR pop: &L} yO
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2.4.2 Procedure

For each set of measurements first the targeted free stream velocity was reached and then
the model would be set at the desired angle ofagk. The wing pressure measurements
were then followed by the wake pressure measurements. All measurements were taken at
200Hz for 5 seconds. A constant misalignment of the model with the flow BysCaowed

for in the results.

2.4.3 Force Coefficients

Thelift coefficient (Cl) was computed from the pressure distribution around the airfoil. Since
the pressure taps only covered up to 88.8% of the chord, the values reported in the present
study are not the full Cl of the profile. Accordinglhem CFD data areompared with
experimental data, then the computational lift coefficient is also computed by integrating up
to 88.8%c for a fair comparison.

For attached flow conditions the drag coefficient (Cd) was computed from the wake
pressure distribution according t(Barlow et al., 1999 For separated flow conditions the
pressure drag was used instead. In order to estimate the pressure drag an approrimati
had to be used for the part of the chord that had no pressure taps §8.8%c). It was
assumed that the pressure on the suction side remained constant through the separated
flow region up to the TE. Then a second order approximation for the pressurdeon
pressure side was used. No such approximation was used for the Cl computation.

For the case with VGs the drag varied significantly even under attached flow conditions due
to the presence of the streamwise vortices shed by the actuators, as exp@dtacher &

Van Ro00ijj2003. The drag was hence measured in four positions downstream of a VG pair
and the average value is reported here. The central VG pair was selected, which was
downstream of the ZZ tape. The four drag measurement positions are shdviguire8, and

were the following Position O was between the two VGs of the central VG pair, Position 3
was between two consecutive VG pairs and Positions 1 and 2 were in equal distance
between Positions 0 and 3. Although the wakake method has been used by other
researchers in the pasfFuglsang et al., 1998in order to measure drag of an airfoll
equipped with VGs, it should be noted that it might opeedict Cd since rotational losses

are also included in the measured dr@arlow et al., 1999

As a convention the force coefficients at thentre of the wing will be referred to as the
wing Cl and Gdeven though this is not literally true, due to the three dimensionality of the
flow.
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Figure8: Drag measurement positions

2.4.4 Wind tunnel corrections

Wind tunnel corredbns were applied to the measured data according(Barlow et al.,
1999 for the case of a wing spanning the tunnel heidghtparticular the orrections allowed

for the model's solid blockage, the wake blockage and the tunnel walls. The horizontal
buoyancy is considered insignificant for 2D airfoil models.

However, these corrections have been developed with the assumption of -aitwensional

flow. Even though the effect of the corrections is small, it has to be mentioned that their
application in the present study is somewhat problematic since, as shown latter on, when a
SC is formed the wake becomes highly thdgmensional.

It's worth noting hat the wake rake position did not affect the measured Cl value at the
OSYiNB 2F (KS ¢gAy3Ix AdSd (KS YSIFaAdzZNBR @I f dzSa
rake positionlt did however affect the static pressure measurements at the lowest positions

due to increased blockage. The affected measurements were not used and an average
pressure drop along the wind tunnel axis was used for all span positions.

2.5 Stereo Particle Image Velocimetry

2.5.1 Experimental Set -up

Measurement Equipment

Two different TSI Nd:YAGWlasers with dual cavities were used depending on availability.

For the uncontrolled case a 30mJ laser produced a 2.5mm thick light sheet, whereas a 200mJ

laser was used for the VG tests which produced a 1.8mm thick laser sheet at the
measurement positig @ ¢ KS Ft2¢ ol a aSSRSR gAGK 2Af RNER
ONBIFGSR o0& | O2YYSNDAI f ISYSNI G2N) 60¢{L Y2RSt
Cameras were used, located inside the test section 1.2c downstream of the TE. The camera

set up can be seen iRigure9. Depending on the size of the desired field of view, three
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different pairs of lenses, one Nikkon 50mm f/1.8 and one Tamron 90mm f/2.8 and one
Sigma 150mm /2.8, were used. For the uncontrolled case, the $ensee always set at the
largest aperture to allow the maximum amount of light to reach the CCD sensor.

Figure9: View of the camera set up inside the test section. The target positioning for a plane normal to the
free stream span can also be seen.

Pulse separation time

A small pulse separation time is preferable when it comes to reducing the errors associated
with flow acceleration and curvature effectsl. Ramasamy & Leishman, 200AIso, when

the velocity normal to the measurement plane is high a srpalse delay is required to
reduce the number of particles that go out of the measurement window. However, reducing
the pulse delay reduces the measurement dynamic range, SO a compromise is necessary.

Volume retention (¥, egn (1)), as defined iWaldman & Breuer, 2032 describes the
percentage of particles present in otmages of a PIV measurement for a plane normal to
the flow.
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(1)

where h is the laser sheet thicknedsy A & G KS FTNBS &0GNBI pulsedSt 20A 08

separation time. It is apparent that a largheet thickness and a small pulse separation time
are required in cases where the free stream velocity is high. For the uncontrolled case

(Chapter60 | LJdzf &S &aSLI NIX GA2Yy GAYSnaFaueofT@E80 4|

For the case with the VGElfapterod (G KS LJddzft &S & S LI NI @gwa2AB%.4 A Y S
For all measured planes the number of spurious vectors was always below 5% and the
particle displaceent was in all cases less than 1/4 of the 32x32 final interrogation area.

Given the number of parameters involved estimating the uncertainty in a PIV system is not
trivial (Willert, 1997. Under optimal conditions the minimum displacement that can be
accurately estimated is 0.1pg}Vesterweel, 2000Foucautet al., 2003. The corresponding
minimum estimated velocity according to the relevant pulse separation time is given for
each measurement plane in the relevant chapter. Any velocity value below the minimum
estimated velocity for each plane is not reliabl

Reflection reduction

Due to the vicinity of the measurement planes to the wing surfaedlections were
significant. To deal with this issue a background reflection image was subtracted from the
measurement images prior to processing, removing moshefunwanted reflections. Areas
where this was not achieved have been masked out in the results stiosvthesis

Stereo PIV calibration

Two different targets (one 100x108m and one 200x20m) were used for the calibration

of the Stereo PIV experimes)tdepending on the size of the measurement plane. They were
both dual plane double sided allowing the computation of the calibration coefficients
without traversing the target in the owbf-plane direction. As a result the velocity
component normal to thelane is first order accurat@l. Ramasamy & Leishman, 2006

The side of the targets was fitted with a plate that had two mirrors, one aligned with the
centreline of the target and other aligned with the centreline between the two planes of one
side of the target. The former mirror wased to align the laser sheet with the target when
the cameras were located at both sides of the light sheet (i.e. for planes parallel to the flow)
and the latter was used when the cameras were located at the same side of the light sheet
(i.e. for planesnormal to the flow). In all cases the optical path of the reflected sheet was
made coeplanar with the incident sheet to ensure the best possible alignment of the laser
sheet with the calibration target. Using the steraatomapping module of the insight 4G
software the average misalignment of the light sheet with the calibration target was found
G2 0SS t26SN) GKIY ndHc®

For some frames the camera field of view (FOV) was larger than the available 20cm x 20cm
GF NBESG 0S5 ®3 o xmn1c0§. Oh theS Accakiting, thStardetiwas first positioned

at one end of the FOV and then at the other as showFigurelO. In this way two separate
perspective calibrations were performed one for each end of the image. Theeimtages
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were analysed twice, once for each side, using the corresponding calibration and mask. At
the end, the two set of vectors were brought together based on the initial target positioning.
Agreement in the overlapping regions was found to be excellen

(a) Left Camera Right Camera (b) Left Camera Right Camera
Calibration images for left part of FOV Calibration images for right part of FOV

Figure10: Left and Right camera images used for perspective calibration. (a) Images used for the left part of
the field of view. (b) Images used for the right part of the field of view.

Post processing

All image post procesyy was done using TSI Insight d@tware. The overlap between
interrogation areas was set to 50% and a Gaussian peak estimator was used. Velocity
derivatives were computed using the least squares method which is second order accurate
and cancels out theffect of oversampling and produces smoother results (Raffel et al.
1998).

When a standard deviation filter was used to locate outliers, it was found that valid vectors
would erroneously be considered as spurious. This was attributed to the fact that the
velocity field in each measurement window did not follow a normal distribution (see e.qg.
Figure13 and Figure14), since apart from the undisturbed flow (high above the diliyfit
included regions of separated flow (for the SC study case) or highly vortical flow (for the VG
study case). It was hence decided to omit the standard deviation filter. Given the fact that
2000 snapshots were used to generate the average flow stajsthe random error
introduced by a few outliers not excluded was insignificant. A double correlation filter was
used to locally examine the validity of the processed vectors. Spurious vectors were replaced
using a 3x3 local mean.

Spatial resolution

StereoPIV is a very popular techniqgue for measuring vortex flgiMs Ramasamy &
Leishman, 2006Godard & Stasias, 2006 Manikandan Ramasamy et al., 20Melte &
Hansen, 201p since, apart from being nemtrusive, has the advantage of providing
instantareous realizations of all three velocity components in a plane. However, spatial
resolution can be an issue, especially for flows with steep spatial grad{dfdstin et al.,
2000 found that to sufficiently resolve a vortex flow the ratio of probe size to vortex core
NJ R AgggzéhBuldibe

W U— T (2)

i
where0 is the length of the interrogation area amdis the vortex radius.
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In the present sebf experiments this was particularly challenging given the small size of the
VGs, the resulting vortices and the distance of the cameras from the measurement planes.
For plane A, where distance from cameras is the greatest and vortex size is the sitialest,
vortex radius, defined as the distance between the two vorticity peaks, was found to be
7.4mm. The desired resolution was achieved by using Macro lenses (150mm), high
resolution cameras (4Mpixel) and image deformation,dascribed in(M. Ramasamy &
Leishman, 2006in postprocessing

Sample size effect

The effect of sample size on the measured mean velocities was investigated on two different
points, Paoint A, inside the SC, and Point B, outside &igurell and Figurel2 show the
results for the streamwise component (U) for the point inside and outside the SC,
respectively. The behaviour of the other components was similar so they are not presented
here. The mean streamwise velocity at each pbiaged on the maximum sample size, 2000,

is drawn as a straight solid line and the 95% confidence interval is given with a dashed line.
Mean values computed from groups of 100, 250, 500, and 1000 samples are also plotted in
the graphs. As expected the datariation is a lot higher for Point A, inside the SC. 2000
samples were taken for all measurement planes. For this humber of samples the average

@St 20AG@ O2YLRyYySyda IINB YSIadaNBR ¢AGK | dpiz

PO 27F K Bor theNdsSquaatiiiddJhke dorresponding confidence interval is
6.0%.

Sample size effect - Point inside the SC
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Figure1ll: Sample size effect for the streamwise velocity component (U) at Point A, inside the SC. Data from
plane C, normal to the flow ax/c =1.0& w~asec o
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Sample size effect - Point outside the wake
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Figure12: Sample size effect for the streamwise velocity component (U) at Point B, outside the SC. Data from
plane C, normal to the flow ax/c=1.0&6 mnc OF 4SS ®

Peak-locking effect

Peak locking is a discretisation efféitat occurs when the size of the particle image is small,
i.e. comparable to the size of the CCD pixel. When f@eiing exists in the measurements
displacement estimation is biased towards integer pixel values. This has no effect on the
averaged quantiis but can affect the turbulence statistics, especially if the fluctuating
displacements are less than 0.5Rhristensen, 2004 (Angele & MuhammadKlingmann,

2005 found that when the ratio U;ms < 2.0 where | is the velocity corresponding to a

displacement of one pixel andkk is the rootmeansquare velocity, then the errors
introduced due to peakocking are not significant €1%).

As an exampld-igure 13 and Figure 14 show the displacement histogram for @ane at
x/c = 0.8 for the uncontrolled and the controlled case respectively. There is limited, if at all,
peak locking effect in the data. Also, only a small portion of the measured displacements (d)
is in the region0.5px< d < 0.5px since displacemepirobability distribution is distributed

over at least a few pixels. Finally, thg/Uyms ratio was found to be lower than 2.0. Based

on the above facts it was concluded that pdagking should have a negligible effect on the
statistics presented in the rpsent report. Displacement histograms for the other
measurement places were similar and are not displayed here.
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Figurel14: Displacement histogram for plane normal to the flow atc =0.& wmnc OF aSz Ol aS gAGK

2.5.2 Camera vibration analysis

The cameras were located inside the test section, 1.2c downstream of the wing TE. The
camera base was secured on elastiti-zibrating pads and both cameras were mounted on
reinforced Scheimpflug angle adjustable mountings. Since the cameras where located inside
the test section two issues needed to be addressed.

1. Determine whether and how the camera base affected the floxerothe

wing model.
2. Determine whether the cameras vibrated and if so, quantify the effect of

this vibration on the results.
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As regards the first issue, pressure measurements with and without the cameras in the test
section where practically identical sovitas concluded that the cameras and the camera
base did not affect the flow on the wing, sEgurel5.

a=7deg
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Figurel5: Pressure coefficient distribution around the wing with and without thea@eras in the test section.

The issue of camera vibration has been encountered in the past by various researchers.
Some apply a frame by frame correction to the measuremé@itemner et al., 2003Bian et

al., 2009, whereas others simply attributeon-physicalvariation of the measured rms data

to camera vibratior(Krothapalli et al., 2003¥ang et al., 2008

In the present case camera vibration was examined using a procedure similar to that of
(Bremner et al., 2005Bian et al., 2009 who applieda frame by frame awection using a

fixed point in the camera FOV as a reference. In the present ttes&ing TE position was

used for the same reason. However, during the actual measurements the wing TE was out of
focusso a frame by frame correction could not be applied. Instead the error introduced by
the camera vibration was quantified before the measurements and as it will be shown it was
found to be acceptably small.

In more detalil, initially a series of photos wakén with the cameras focused at the wing

TE. The TE position could be directly extracted from the PIV images as it was a clear step in
the image light intensity. One such PIV image is shownguarel6 (left). Fa all the image
columns, one of which is highlighted figurel6 (left), the light intensity had a distribution
similar to the one shown with blue circles Figurel16 (right). A 3rd order curve was fitted
through the light intensity data of each photo to allow the identification of the TE location
with subpixel accuracy, as suggested {Bian et al., 2000 The TE was defined as the
location where the intensity derivative had a maximuniuea
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Figurel6: In the left part of the figure anfage fromther E @A 6 NI { Ais2showriia&es in pixzls. Dbe
columnis highlighted with red dashed line. Image intensity along the highlighted coluirgiven in the right
part of the figure

In Stereo PIV a single snapshot consists of two images (Image Anagd B) for each

camera (left and right) which are taken consecutively, with a time distance equal to the

Lzt &S aSLI NI A2y GAYS® ¢KS LizZ &S aSLINXraGAz2y i
whereas the time distance between two snapshots can be atofuer of a few seconds.

Given the large difference in scales, camera displacement was examined both between

Image A and Image B of a single snapshot and between snapshots.

AsFigurel7 and Figure18 show, the camera displacement from Image A to Image B of a
single snapshot and the camera displacement from Image A of one snapshot to Image A of
the next snapshot are similar. They both follow an almost normal distributionHgees 19

andFigure200 6 AGK | YSIy @FtdzS 2F nonlE +FYyR | adl yRI
also observed that both cameras (left and right) have similar bebavThe above set of
datareferstothe E ©F aSs gKSyYy | dnYY fSya o6Fa dzaSROD

The camera displacement from Image A of one image pair to Image A of the next image pair

F2NJ 0KS ™ n cFigdre2a éhdthe Zorréspoddihg PDE figure22. The distribution

is again almost normal with a mean value of 0.0px and a standard deviation of 0.1px, or
MH®O>Y® LG A& 20aSNBSR GKIF O | f Gsksehalked fortheK S RA & LI
mnc OF&asS opnanYY fSyauv 6KSy SBLING&KSR AQ2 YLWHIZI SARG )
>Y®d 9ljdA @t Syidte gKSY GKS YIFIIAYyATFAOFGAZ2Y T Od
displacement is not affected by the lens being used, or the weingle of attack. This

suggests that it is purely mechanical.

Based on the above findings it was concluded that the cameras were vibrating with zero
time-mean and small amplitude. As a result the averaged data should not be affected by it.
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, 90mm lenses, Magnificatiofic o ®p > Y k LJE @

Figure18: Camera displacement from image A of one image pair to Image A of the next imagehpairE Ker

0.87x0°
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Fgure 19: Camera displacement fr“om image A to Image B of an image pair. E Rer= 0.87x0°, 90mm lenses,
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Figure 20: Camera displacement from one image pair tbe next. h It Re = 0.87xC°, 90mm lenses,
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3 Computational modelling

3.1 Solver

The inhouse solver MaPflowPapadakis, 20)1was used in the present investigation.
MaPflow is a unsteady RNS MPI parallelised, mulilock finite volume compressible code
applied to mixed structured/unstructured grids. The code is equipped witkcpralitioning

for low Mach flow conditions and uses the SpalarfAllmaras turbulence model. The
discretisation is % order accurate in time and space while dual time stepping is introduced
in order to facilitate convergence.

3.2 Computational mesh

To create the necessary moputational meshes either an-mouse code (GFOIL) was used or
the commercial software ICEM CHRetailsof typical grics around the airfoilare shown in
Figure23 and Figure24, for the case with and without VG&rid dependence studies were
performed for all applications and the results are given in the relevant chapters.

Figure23: Detail of a typical grid around the airfoil. Case without VGs.

ll
i

|
HNl

T

Figure24: Detail of a typical grid around the airfoil. Case with VGs.

3.3 BAY Model

The vortex generators and the zigzag tape used in the experiments were not fully resolved in
the simulations because of their prohibitively high qmtational cost. Therefore a more

engineering approach has been followed. The BAY model, introdoggBender et al.,
1999, was implemented. The model assumes that the presence of a zero thickness vane VG
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can be represented as a source term in the momentum and energy equations. The source
term simulates the lift force introduced by the VG in the flowfield. This term alignddhe f

with the VG directionThe derivation of the source termswritten originally by(Bender et

al., 1999, is repeated heredr compleeness.

The momentum and energy equations become:

Nl ?Y @
, 3 NO 0N &7 B
W 20 oY o (4)
where
® oY d)i a6 ¢ 5
w B o N3G A (5)
and

ais a unit vector in the directionfahe lifting force acting on the flow

®is the local velocity,

" is the local density,

i is theangle of incidence of the vane with the primary flow,

w is the volume of the grid cell,

B w is the sum of the volumes of all of the cellsso which the model is being applied,

“Y is the VG planform area, and

w is an empirical constant subject to calibration.

The vane VG surface is described by three unit vectors, naiiigt is tangent to the VG
chord,®that is alomy the VG span angd that is normal to the VG surface and the other two
unit vectors. The unit vectatis assumed to be normal to the local velocity vector and the
unit vectord) seeFigure25.

6 . 3
d — POk 0T0 (6)
6

where 6 is a unit vector in the direction of the local flow. Using the small angle
FLIWNREAYFGAZ2Y GKS Fy3atsS h Aay

I OET A'rcé R (1)
To approximate the loss of side force at higher angles of attacthéo¥/G with respect to
the free stream) the lift force source term is also multiplied by a factdr @&The equation
for the lift force source term is:

34



D &Y gons 63 600 6 (8)

The ggconstant defines the intensity with which the local velocity is aligned with the flow. If
Cvcis too low then the VG is not modelled correctly, whereas results reach an asymptotic
behaviour for large values ofg(Waithe, 20043 In the latter study a value of,€= 10 was
used,whereas(Bender et al., 199%uggest ¢;> 5 andJirasek, 200kc,c= 7. In the present
case the greatest valug&= 10 was selected for the solution to be constant independent.

The model was applied in its jBAY variatidinasek, 2006in which the VG is replaced by a
surface with zero thickness. The cells, to which the source term is added, are the cells that
intersect this VG surface, sé@gure25 centre and right, where a schematic representation is
given.

Various researcherqWaithe, 2004a Jimsek, 2005 Dudek, 2011 have shown that
simulations using the BAY model produce results similar to simulations of fully resolved VGs
at a significantly lower computational cost. Naturally, the BAY mbds some inherent
shortcomings, such as its inability to predict vortices produced by finite thickness VGs
(Joubert et al., 2011or reversed flow on the VG surface. Stillfdmains one of the most
popular VG models mainly due to the quality of the produced results, its limited empiricism
and its ease of use and implementation.

Figure25: Unit vectors for the VG geometry. (Centre) Side gnidht) top view of the cells on which the BAY
model is applied.
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Part Il.
Three -dimensional separation
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4 Geometrical characterization of Stall Cells

In this chapter the tuft flow visualization data are present&€te tuft set up is describeid
Chapter2. The dynamic nature of SCs is described and a way to suppress it is propused.
geometrical features of the stabilized SC and their dependence on Re, angle of attack and AR
are discussed.

4.1 Metrics

¢tKS SEFYAYSR SELISNAYSyGEEf LI NFYSGSNAE 6wSs ! wsx
given inTable3, in page40. At each setting a video of at least 30 sec was filmed and

analysed according to the following rula:tuft would be considered "belonging to a SC" if it

would deviate from the chordwise direction most of the time during a run. Based on the

number of tufts belonging to a SC the following geometrical metrics wereduated, all

defined inFigure26:

a) The SC width as % of the span (SC width = z/S)
b) The most upstream x/c location of the SC boundary (earliest separation point)
c) The SC area as % of the wing planform area

3 4 3#
7ET C ©)

o

Counter rotating
vortices

x - Earliest
separation

z - Stall Cell width

Figure26: Schematic view of a SC f&R = 2.0Re = 1.0¥0°,h ®ng s A GK 20t RA&AGdNNDI yOS
centre. The direction of the flow is from top to bottom.

The® metrics were chosen to examine the SC size and shape which clearly affects the wing
performance. For example it is common practice for wind tunnel wing models to have
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pressure taps only at a single spanwise location, usually at the mid span. In thef aase
single SC the earliest separation point would crucially affect the measured pressure
distribution.

For each of the spanwise series of tufts that a SC would occupy, the uncertainty would be +/
2 tufts, i.e. one tuft on each end of the tuft series. Tdfere the uncertainty in the
measurement of the SC width is-6/7% and +0.1% forAR = 2.0and 1.5, respectively.
Similarly, the chordwise uncertainty for the SC boundary line is approximatel(p%/
Finally the uncertainty for the SC area ranged frat11.6% (smallest SC) to-3/5% (largest

SC) of the wing area for theR = 2.@ase and from +1.2% to +/4.7% for the AR = 1.5 case.
The error bars in the following graphs are drawn based on the maximum values.

Parameter Re number [x16 AR h ZZ tape

Range 0.5,1.0,15 1.5,2.0 comcc YesNo

Table3: Experimental parameter$or the tuft experimentsand their values.

4.2 Stall Cell stabilization

The first series of tests were conducted without any extra flow pertudmeapart from what

the tufts themselves induce, aiming at exploring the possible dynamic behaviour of SCs at
higher Re numbers as compared to the findings of previous w@tegory et al., 1971von

& Katz, 1998

Patterns with one, one and a half or two SCs were olesrindicating the existence of
multiple modes. On occasionsven a "half SC" would form at the wing tips, i.e. only one
vortex structure next to the fence forming a "full SC" together with its mirror vortex with
respect to the fence wall. Similar oil Wovisualization results have been report@delte &
Hansen, 201R at Re0.9x10°, and earlier byGregory et al., 1971at Re 3.14k0°.

In certain cases, the pattern switché@m one state to another, in others a single SC would
move in the spanwise direction while in yet others there were one or several SCs that
appeared and disappeared in a seemingly random manner. In this first series of tests longer
videos were filmed (e2n longer than 60 sec) to allow for the different states of the flow to

be documented. In the particular configuration a single SC was always formed at the onset
of three-dimensional separation. Formation of a second (half or full) SC would occur at
higherangle of attack for a specific Re humber. However, clear correlation with any of the
basic flow parameters (Re number or angle of attack) was not concluded.

Next a zigzag (ZZ) tape was fitted all along the span at the LE of the model that did not
cancelthe dynamic character of the SCs suggesting that the dynamic nature of SCs is not
linked to transition.

Assuming, in accordance to the theoretical analysighb§ RNN 3 dzST 9 ), th&SESFAf A &=z
result from large enough sed#ixcited and selfustained spanwise perturbations, it was

decided to force the flow to select one such mode ibyroducing a spanwise disturbance

and therefore render the further investigation possible. A 0.4thick zigzag tape with 60

anglegéhown inFigure27) was addedat mid-span covering 10% of the sparhe tape was
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placed atx = Q02c so that it would always be at or prior to natural transition. The specific
position is the natural transition point that XFQrela, 1989 predicts for the highest Re
number (1.5%20° and angle of attack (16deg) tested. No ZZ tape was added on the mressur
side. Of course, a ZZ tape of sufficient height would also locally trip the flow, apart from
introducing a localized disturbance. However this was not the purpose in the present case. It
was decided to use an oversized ZZ tape even for the lowest Reen{@5x16) so that the

trip tape would be oversized throughout the range of Re humbers considered.

In order to only trip the boundary layer at this chord position (0.02c) for the lowest Re
number in this test (0.5xf a grit roughness height of abodt88 mm would be sufficient,

as calculated by the method dBraslow & Knox, 1938ZZ tapes, however, are more
effective in tripping theflow than grit roughness adimmer & Van Rooij, 20p3uggest and
according to their approach a ZZ tape of 0.29 mm height would be high enough to trip the
flow. For Re number of 1.0€° and 1.540° the corresponding tape heights are 0.14mm and
0.09mm, respectivelyThe estimation of the appropriate ZZ height is described in detail in
Appendix BClearly the effect of the specific tape is not entirely the same, given the Re
number and angle of attack range; however, in all conditions considered the ZZ tape is met
by lamirar flow and exceeds height requirements for transition and therefore acts as a
disturbance.

Indeed the presence of the specific ZZ tdpd to the creation of a fixedsingle SC,
positioned at the centre ofhe wing spanin order to examine the effect dhe ZZ tape in
comparison with the undisturbed case, the variation of the relative SC area with respect to
the angle of attack aRe = 1.1 and forAR = 2.0s shown inFigure28 with and without

the ZZtape. EOS LIG F2NJ | f A ¥4 e RverRllagrde@aniSis/fauld td bé h
very good. The same was observed for the SC earliest separation point and width
throughout the Re numbers and AR range. This suggests that the limited span ZZ tape of the
specifc height cause an earlier formation of a S@, agreement with(Moss & Murdin,

1971), and locks in a single stable SC mode without affecting the amount of separated flow

2y GKS $Ay3I a4dOGA2Yy &dNFIFOS F2NJ hxdpcd ! yi i

studied in the present invegtation.

12 mm

Flow
direction

—

3mm

60"

Figure27: Geometry of the zigzag tape used for tripping the flow.
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AR 2.0 - Re 1.5 million

B-No 7ZZ tape =477 tape on for 10% span
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Figure28: Relative SC area vs. angle of attaile = 1.510°, AR = 2.Qwith and without the ZZ tape. There is

good agreement& LISOAFff& 4 y3tsSa 2F FGdFO1 KAIKSNI GKFY e
affect the size of the SC. Miple points on the "no ZZ tape" curve correspond to different flow states (e.g. a

single SC alternating with two SCs) for a sped#t set up.

4.3 Geometrical characterization of Stall Cells

The vortical structures were identifiable only when the SC was at least 3 tufts long in the
chordwise direction and therefore the separation line was at«f@%.This is in agreement

with (Gregory et al., 1971 who found that threedimensionality of the separated flow
begins when the chordwise extent of the separated flow region exceeds about 20% of the
chord and shows up as a curved separation line

In this section the metrics listed below are used in oradegeéometrically characterize the SC
and its behaviour. Thegre given in terms of Re and angle of attack for two AR values (or
wing spans), namelR = 2.@nd 1.5.

9 the relative SC width (z/span %jdure29 and Figure30),
the actual SC are&igure3l),

the relative SC are&igure32 andFigure33),

the relative SC growth-{gure34),

the maximum chordwise lengtlFrigure35) and

the angle at which a SC is first formé&ag{ure36)

=A =4 =4 4 =4

The relative SC width is increasing with Re number and angle of attack regardless of the AR,
asFigure29 shows forAR = 2.0As this happens the two vortices move toward the wing tips
and are elongatedh the spanwise directianFor the smaller AR case and for all Re numbers
tested, the SC reaches the full wing span a lot earlier than for the greater ARigae30

where the relative SC width is plotted agstithe angle of attack for Re number 1.5%&0d

AR = 1.5and 2.0 As an example, the growth of a SC for an increasé iof dngle of attack

can be seen ifrigurel37 (in pagel64) and Figurel38 (in pagel65), where snapshots from
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the AR = 2.0Re = 1.0%(°, case with ZZ tape are shown forl' y ®n | yR ddnc s NBalL
Figure139 (in pagel66) shows details from these snapshots where the growth of the SC
vortex can be seen more clearly.

Until the SC covers the full sp@n2 NJ G KS f 26 | wReGI1&1¥), thdgiowth I ddnc T3
of the actual SC area is very similar for both ARs,Fsgere31. This suggests that while

sufficiently small, the SC grows unaffected by the proxiwiitthe fences for a wing of fixed

chord (and therefore Re). Beyond that stage, the SC is forced to grow in the chordwise

direction for AR = 1.5vhereas it can still expand in both directions for tA& = 2.Gcase,

hence the greater area fokR = 2.@t hicher angles of attack. The fact that at an early stage

the SC size is not affected by the wing span is showigiimre140 (in pagel67) and Figure

141 (in pagel68) in Appendix Awhere snapshots are presented from tiRe = 0.5%0°,

MM®nc> OF a$S AR & Ii%dARY 2.(réspaSively.2 NJ

In all cases the relative SC area appears to increase asymptondallgngle of attack as
Figure32 shows for the highest Re number ca3&e maximum relative SC area depends on
the Re number but not on AR, ségure33 where the SC ares plotted against angle of
attack forAR = 1.5and the three Re numbers tested. Actually after the SC area gets larger
than 95% of its highest value at [, the is no difference between the two AR cases.

¢ KAA& KI LIS whenRe N1.5MF and Re = 1.0x0° I Y R 24Nwhén Re =
0.5x10.

However, the SC relative area is not the same throughout the polar. The initial rate of
increase is considerably higher fAR = 1.5han for AR = 2.0eading to higher relative SC
area values for the smlal AR case at intermediate angles of attack. This is explained by the
fact that, at low angles of attack the actual SC area is the same for the two ARs, whereas the
total area is not. For higher angles of attack the rate of increase is gradually reduced £

1.5 until the SC reaches the same relative size at the end of the polar in both cases, as
mentioned.

As far astie SC relative arda concerned, it is found thatimcreases with Reumber, albeit

with a decreasing rate for a given angle of akde.g.Figure33). This suggestthat the
maximum SC relative area is not expected to grow significantly at higher Re numbers.
Snapshots for théR = 2.0 # case are given in Appendix Riqure142, Figurel43and
Figurel44, in paged 69to 171) forthe three Re numbers coitered.
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Figure29: SC width vs. angle of attackR = 2.0or the three Re numbers considered. The SC width increases
with Re number and angle of attack.
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Figure30: SC width vs. angle of attack fétR= 1.5and 2.0 atRe = 1.510°. The SC reaches the wing full width
earlier for the lower AR case.

44



Actual SC area - Re 1.5 million
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Figure31: Actual SC area vs. angle of attack, &R = 1.8nd 2.0 atRe = 1.%1CF. Until the S covers the entire
g Ay R & l1Bdgg) the"SC is unaffected by the end walls.
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Figure32: Relative SC area vs. angle of attack, &R = 1.5and 2.0 atRe = 1.510°. The Relative SC area grows
asymptotically with angle of attack to a maximum value that is indament of the AR. At intermediate angles
of attack the relative SC area is higher for the lower AR wing.
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Relative SC area- AR 1.5
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Figure33: Relative SC area vs. angle of attaéi® = 1.5or the three Re numbers considered. The relative SC
area maximumvalue grows with Re number.

In order to better understand the dependence of the SC relative size growth on Re number,
the relative SC growth is plotted against the SC relative area for all the cases teStgaran

34. The relative SC growthYQ 5 ) is defined as the ratio of the SC relative area
growth for a rise in Re number of 0.5%1Ver the SC relative area at the final Re number, as
shown below. It is interesting to see that the data for the relative SC grérath Re0.5 to

Re = 1.00° and from Re 1.0 t®Re = 1.5%0° collapse on a single curve for each AR case. This
suggests that fom specificincrease inRe numberthe relevant growth of the SC area is
independent of the initial Reynolds number. Also, for relatiCea®ea greater than 40%, i.e.

for "big" SCs, the relevant growth seems to be independent of AR and approaches zero, also
suggesting that maximum SC relative area is not expected to grow significantly at higher Re
numbers.

3 # , 3 #

9 - (10)
3 # s,

YO g

In all cases the maximum chordwise length of a SC as determined by the earliest separation
point, appeared at the gdre of the SC between the two counter rotating vortices (e.g. see
Figure26) and no change in behaviour was observed even for the cases without the ZZ tape.
As the angle of attack increases, the earliest sepangtimint quickly moves upstream until it
reaches x/c=46.7% (tuft column #6 kigure6); then remains at this level for at least a
couple of degrees in all cases, before moving to x/c=36.4%, which is right before th
maximum thickness location (x/c=35.1%). This behaviour is descrilbeguire35 where the
variation of theearliest separation location with angle of attaskd Re number is given for

AR= 2. Although this beh&ur is profile specific, a qualitatively similar behaviour could be
expected for other profiles as well, see a{dtoss & Murdin, 19711
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Figure34: Relative SC growth vs. relative SC area, for & = 1.5and AR = 2.@ases. For a 0.5x2@hcrement

in Re number, theSC growth does not depend on the initial Re number.

It is observed Kigure 35) that as the Re number increases, the earliest separation point

moves upstream contrary to what would be expected in 2D separatiomm éidike 2D
separation theangle of attack at which a SCa

F A NA &) deEraasds &R Re fumber,

i.e. raising the Re number does not lead to delay of stall as expétdedbs & Sherman,

1937), seeFigure36 ¢ K S Nsbis plotted against the Re number fé&R = 1.5with and

without the ZZ tape. Theame behaviour was observed for thdR = 2.@ases, as well. The
fact that this behaviour is not altered by the use of ZZ tape suggests that this is not a local ZZ
tape effect.

Both of these "unexpected" phenomena were observedYgshida & Noguchi, 20p@ho
used a NACA 8313 profitand report onset of separation at a lower angle of attack as Re
number increases from 0.5x4® 1.0x16F y R G K (
line moves upstream as Re number increases in the same range. Yoshida and Noguchi
attribute this"adverse Re number effectd the three-dimensionality of the separated flow
but make no reference to SCs. Still, the thodmensional separation line on the wing could

justify the presence of nitiple SCs next to one another, seeg. Fig. 11 irfYoshida &

Noguchi, 200D

T2 NJ

IAQSyYy
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Earliest separation - AR 2.0
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Figure35: Earliest separation location vs. angle of attacdkiR = 2.Gat the three Re numbers considered. Unlike
in 2D separation, the SC separation line advances forward as the Re number grows, for the range of AR and Re

numbers tested imlicating an adverse Re effect.
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without the ZZ tape. Unlike in 2D separation increasing the Re number leads to earliertafsstall for the

range of AR and Re numbers tested.

4.4 Summary

In the present study the dynamic behaviour of SCs formed on the suction side of a stalled
wing (moving and/or spontaneous creatiiestruction) reconfirms previous findings. The
prerequisite fordynamic SCs to form is that the spanwise flow conditions are uniform (fully
tripped or fully untripped) which subjects the flow to sedfkcited perturbations. By applying
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a local disturbance to the flow (and therefore violating the spanwise uniformiig)fiow

was forced to create a single stabilized SC. Comparing cases with and without local
disturbance indicated that the disturbance does not affect the overall characteristics of the
SC size. The effects of Re number and AR (keeping the chord lengtantpron this
coherent and stable structure were studied experimentally based on tuft visualizafibes.

main findings of the flowisualisation tests can be listed as follows:

1. The angle at which a SC is first created does not depend on AR and is rezhaide
profile characteristic.

2. As Re increases, the angle at which a SC is first created decreases linearly for the
specific profile.

3. Over the range of angles of attack the SC is formed, increasing the Re number results
in the upstream advancing of the saation line unlike twedimensional separation.
This adverse Re number effect, could be profile specific, but was also noted on a
NACA 8318 profiléroshida & Noguchi, 2000

4. SC relative area grows asymptotically with angle of attack for all the cases tested.

5. Until the SC width entaly covers the available span, the actual SC area is
independent of the wing spaioyver the range of values considered

6. At high angles of attack, the relative SC aremdependent of the AR, over the
range of values considered.

7. The relative SC area iggher for theAR = 1.%ase at intermediateangles of attack
as compared to that oAR = 2.0

8. For increments of 0.5x£0n Reynolds number, the growth of the relative SC area is
independent of the Reynolds number.
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5 Stall Cell structure analysis

In the arrent section both experimental and computational data (2D and 3D) regarding the
stabilized SC are presented and discussed. The lift (Cl) and drag (Cd) force coefficients are
derived from the measured pressure distribution along the wing chord and thg wake.

Both force coefficients and the pressure distribution are compared with the relevant
computational results. Thera comparison of the measured and predicted SC size on the
wing surface follows, along with a discussion on the wake downstream deweldp The
agreement between the tests and the simulations is found to be good and on this basis a
gualitative analysis of the complex vortex structures within a SC is performed.

5.1 CFD Validation

5.1.1 Grid

A ctype grid was used that extended 50 chords aroundahéil. The boundary layer mesh
ensured the y+ value was lower than 1 throughout the wing surface. In order to create the
3D grid, the 2D grid (which was used for the fgimensional calculations) was extruded in
steps ranging from 0.0248 at the centrétbe span to 0.0646 nedimensional length units

at the tip. The grid covered half of the span. At one ,aythmetry condition was used while

at the other (fence position), inviscid wall boundary conditions were implemented. SCs are
not a tip effect andtlly resolving the complex corner flow between the wing and the fence
was not the aim of this study. The result was a computational domain, which will be referred
to as the baseline grid. The symmetry condition had no effect on the results.

Table4 below summarizes the details and some of the results for the grid cases tested. The
differences in results between the baseline grid (0.9d#Is) and the denser grids were at

GKS 2NRSNJ 2F w7 ¥F2 NI StlE it way ecide:to fratdedl witRRthet & " ' o
baseline grid due to the computational cost. It was not possible to run higher density

meshes with the available resources.

Fa field Earliest

. . Cd at
Case boundary Domain Size Separation CI. at .
. : midspan midspan
distance Point
(250x110x24) .

20c 20c 0.66x16 cells 75.9% 1.31762 0.02858

. (280x140x24) o
50c (Baseline) 50c 0.94x16 cells 76.9% 1.32475 0.02461
Incre_ased spanwise 50c (250x110x40) 75 5% 1.33550 0.02379
density 1.10x1Gcells
Increased density in (470X2§0X24) 79.4% 133915  0.02290
x and y directions. 2.59x10cells

Table4: Computational details and selection of results for the different computatidrgrids tested.h En ¢ X
Re = 1.0%0".

5.1.2 Zigzag tape modelling

The flow in the experiments was locally disturbed for 10% of the wing span on the suction
side using a 0.4mm thick ZZ tape of°.6Bccording to(Elsinga & Westerweel, 2011
undulating spanwise vortices are shed from zigiegee edge, which lead to turbulence. In
the present case, however, of interest is the disturbance introduced to the flow rather than
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the mechanism of transition. Hence, it was decided to model the macroscopic effect of the
tape rather than to fully resolviés geometry in the flow.

Several oil film surface visualization studigs/on et al., 1997Boermans, 2006Van

Raemdonck & Van Tooren, 2Q08zport the formation of oil stripes downstream of ZZ tape,

which are associated with streamwise vortices created by it. This was confirmed through oil

flow viswalization tests done for various Re numbdfgyure37 shows the result after one

such test forthe Re = 0.87¢BY R h I 1c®d Ly 20KSNJ 62NRa GKS ¢
vortex generating surfaces to the incoming flow. It was hence attempted to model the trip

tape in the 3D computations as a vortex generating surface usingB¥ mode(Jirasek,

2005). No ZZ tape model was used in the 2D computations.

The BAY model (seehapter3) has been found to give similar resultsttee fully resolved

case for vortex generators on a flat plate, even though none of the two computational
approaches could fully reproduce the experimental results, mainly due to excessive vorticity
diffusion, segDudek, 2011

Fully resoling every leg of the trip tape in the computational model would be too expensive
computationally and out of the scope of this research. Instead the ZZ tape was modelled as a
limited number of attached vortex generating surfaces using the BAY model. Tla actl

the three simplified geometries tested are shownRigure38. The "2legged” BAY model
(green dashed line) was closer to the experimental results and was the one adopted for the
present study.

It is important to note that the flow was always considered fully turbulent on both sides of
the airfoil. That is to say that the trip tape effect was modelled macroscopically and not as a
local transition point from laminar to turbulent flow. This is of course déiferto the
experiment. However, as shown later, this approximation is good enough to qualitatively
study a SC.

y 4

s
p
>
»
%
>
.

Figure37: Qil flow visualization downstream of the ZZ tape used as a localized disturbaRee= 0.87x19
h  E Tapes on the wing surface were located to cover the pressure taps.
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Figure38: Actual trip tape geometry and BAY model surfaces

5.1.3 Force coefficients and pressure distribution along the wing chord / span

Lift and drag curves argiven inFigure 39 and Figure 40, respectively. Data from the
SELINAYSYy(i&as o5 yR u5 &AYdZlIdAazya N IABSyo
since up to this angle there is very little difference between the 2D and the 3D
computational results.

CFD predicts lift very wef & LISOA I f f @ 2 @SNk T WiSle theAdfag lisNJ LI+ NI =
overpredicted by ~0.003. The latter is connected to the fact that the simulations are fully

turbulent on both sides of the airfoil and friction drag is a significant part of the Cd in

attached flowconditions. At © XFOIL predicts the pressure side free transition at 0.56c

whereas the flow is laminar throughout the pressure side for angles of attack higher than

11°. The additional friction drag is partly responsible for the disagreement between the
experimental and the computational value of Cd. Also, as showralile4 (in page51) a

denser grid could have reduced the value of Cd even further. Finally, it is perhaps worth

noting that estimating profile drag from the experimental pressure distributions in the wing

or the wake could include significant errors, e.g. Eeeett, 1939 Barlow et al., 1999

'd KA3IKSNI Iy 26°)She 3GFD prédicteddr] follows closely the trend in the
measuements with a small oveshift of 0.06. 2D CFD, however, follows a completely
different trend reaching the maximum value of Cl af (&. 9 for tests and 3D simulations).
This indicates that 2D simulations are not capaifldescribinghe flow when SCdevelop,
as(Elimelech et al., 20)2lso showed, albeitfor a much lower Re number (O())0

h@SNJ GKS al YS NIy 35 érdy islsignfitasiy undefedictediin bo@] o "
2D and 3D simulations. It is noted that according to measurements atP a SC is first
formed on the suction side of theimg. Beyond that anglgthe experimental Cd increases at

a much higher rate due to the formation of a SC that rapidly increases in size for increasing
angle of attack. In the 3D simulations, a proper SC is first formed af®, which leads to a

local sep-like decrease in Cd. This is followed by a growing Cd at a rate similar to the tests
keeping constant, however, the difference with respect to tests seen &t ~10
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Re 1.0 million
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Figure39: Lift coefficient variation with angle of attack. Mispan value for experiments and 3D CHR = 2.0
Re = 1.0%0".

Re 1.0 million
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Figure40: Drag coefficient variation with angle of attack. Midspan value for experiments and 3D GRD= 2.0
Re = 1.0%0".

In order to get a more detailed accounnh the differences between CFD simulations and
measurements, the pressure coefficient distributions are compareignre41, Figure42

andFigure43forh P, 10tand 16, respectivelyPressure perturbations around= 002%

in the experimental data are due to the local effect of the ZZ tape on the pressure taps right
dzLJAGNBFY YR R2gYya0UNBIY 2F AGd® ¢KS /@& LINB&aAd
result of the modelling of the ZZ tape.
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Ath P thetagreement between tests and 3D CFD is still very good until the TE region is
reached, seé&igure4l. A small SC is formed in the experiments but not @xabmputations.

On the contrary there is little difference between the 2D and the 3D CFD reatfts. D° ™
the SC is formed in the computational results, too, but it is still smaller than the one
experimentally observed at the specific angle of attaoke &igure 42. The pressure
distribution prediction for the 3D case improves as the angle of attack increases, e.g. see
Figure43forh I'. Gmdhe other hand the separaleflow region is always significantly
smaller in the 2D results.

3D CFD can provide an insight to the force variation on the wing along itsfSgare44

and Figure45 show the Cl and Cd variation along the wing span for three different angles of
attack (7, 10 and 16). As the SC grows from its first formatidén ( ') sotdoes the lift and
drag variation with span position. Lift is always minimum at the centre of the wing span
(z/S = 06) and grows towards the wing tip &£ 9%). The drag value is also minimum at the
centre of the wing span, then grows to itegk prior to the wing tip and is then reduced.

In fact, the Cp distribution at the tip @/= 9%) is very similar to the result of the 2D
computation which is also drawn Figure46forh O . This would sugg that the flow in
that region is not affected by the SC vortex. Similar agreement was fouf@limelech et
al., 2012.

7deg

¢ Experimental data ——3D-CFD = -=2D-CFD
-1.90

r'S

-y L

-0.90

o h 4 \
0.10 P S S,

0.60 /,

1.10

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
x/c

Figure41: Pressure coefficient distribution along the wing chord at midsp#&R = 2.0Re = 1.0%0°, " P. The
yellow and red point correspond to the pressure taps just upstream and downstream of the ZZ tape,
respectively.
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Figure42: Pressure coefficient distribution along the wing chord at midspaR = 2.0Re = 1.0%0°, h  10°.
The yellowand red point correspond to the pressure taps just upstream and downstream of the ZZ tape,
respectively
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Figure43: Pressure coefficient distribution along the wing chord at midspakR = 2.0Re = 1.0%0°, h 18",
The yellowand red point correspond to the pressure taps just upstream and downstream of the ZZ tape,
respectively.
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Lift coefficient distribution
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Figure44: Lift coefficient along the wing half span. CFD dafR = 2.0Re = 1.0%0°. z/S = 0% is the wing
symmetry plane and 2 = B% is the wing tip.
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Figure45: Drag coefficient along the wing half span. CFD daAR = 2.0Re = 1.0%0°. z/S = O is the wing
symmetry plane and z = B% is the wing tip.
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Figure46: Pressure coefficient distribution along the wing chord at various positions along the wing span and
for the 2D solution. z& = 06 is the wing symmetry plane and /= B% is the wing tip.

5.1.4 Stall Cell size

The SC size on the wing surface is attarzed by the SC maximum length (at its centre
between the two vortices) and width at the THgure47 depicts the SC chordwise length
variation with respect to the angle of attack. Tuft, pressure and CFD datsoapared. The
agreement between the tuft and pressure data is very good. CFEathyr predicts the
SINIAS&G f20FGA2Yy 230 SiSilkilbatdaviodr 25\obséwid ig thegICSy b
width prediction, afrigure48 shows. For the CFD data the SC limit was defined as the most
outboard paition at which the spanwise velocity component was greater than 1% of the

free stream flow.

In order to check whether this delay in predicting the SC formation is due to the modelling of

the ZZ tape, CFD simulations were carried out without the ZZ tayukelmin that case a SC

FANBOG | LIISEFNER | edperEnentalidg NGFD yha firdd @illy forio& SG dzF
FLIJSENEB Fd MHcI APSo | Il Ay -tapeleffekt switchedRS ek & | & A Y
Figure49. This suggests that the modelling of the ZZ tape is not responsible for theidelay

the SC formation which could be attributed to the turbulence model, since eddy viscosity

models have known difficulties in accurately predicting 3D separation.

The exact reason for the inability of CFD to correctly predict the onset of separation remains
unclear. Apart from the already mentioned unsuitability of eddy viscosity models for such a
complex threedimensional separated flow a couple of other issuegl¢de mentioned. On

one handthis was a steady state simulation of an inherently unsteady separated flow while
on the other, simulations did not include the wind tunnel waltghe boundary layer on the
wing fences. It is planned to investigate thespeags of the flow in the future.

It is perhaps worth noting that as in the experiments, the steady CFD simulations without
the spanwise perturbation resulted in various SC combinations. In more detail, for
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12 <h <16 two SCs were formed on the wing surface whereds at '° a eombination of

a single central SC along with two "half* SCs at the wing tips appeared. Unlike the highly
unsteady SC combinations in the tests, however, no unsteadiness was forwerd when
unsteady simulations were performed. It was, hence, decided to proceed with the analysis
of steady simulations with the ZZ tape model switched on, as their relevance to the
disturbed tests was closer.
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Figure47: Earliestseparation location as found from tuft, pressure and CFD d#®& = 2.0Re = 1.0%06.
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Figure48: SC width on the wing surface as found from tuft and CFD daR,= 2.0Re = 1.0%0°.
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Figure49: Earliest separation location as found from tuft and CFD dafR = 2.0Re = 1.0%0° case without ZZ
tape.

5.1.5 Wake three -dimensionality

So far it has been made clear that the flow is highly thaeeensional on the wing surface
and, unsurprisingly, so is the wakew. A measure of the thredimensionality of the flow is
given by the wake height variation along the span. Experimentally the wake height was
measured with the total pressure tubes of the wake rake (i.e. 0.8c downstream of the TE) in
planes normal to thdlow and the wing span. Computationally it was defined, as shown in
Figure50, where contours of normalized total pressure on a plane normal to the flow at the
rake position are shown. The area in which the S@Ides in the wake is also seen in this
figure. The vortex structure inside this region is discussed in a later paragraph.

In Figure51 the experimentally measured wake height is plotted for various angles of attack
At @ there is small initial threglimensionality of the flow (due to the ZZ tape) which grows
substantially as the SC quickly grows aftér The wake shape observed by the wake
pressure measurements is in qualitative agreement witfinkelmann, 1981 (Re number
0.48x16, Chrk ¥14 airfoil), who studied SC wake, however, at higher angles of attack
6P T AlvydR "N Hy dn

By comparing data frorrigure48 and Figure51 it is possible to examindie SC evolution in

the wake. For example at 1€he SC width at the wing suction surface is approximately 76%
of the wing spanKigure48) whereas the SC extends approximately fr@®% to 20% of the

span 0.8c dowstream of the TE. This suggests that the SC contracts in the spanwise
direction as it moves downstream and a similar behaviour is observed throughout the angle
of attack range. As shown next, this is due to the vortex interaction inside the SC above the
wing surface.
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Figure50: Contours of normalized total pressure on a plane normal to the free stream at the rake position
(0.8c downstream of the TE). The definition of the wake height is also shown f& z/06 span. Symmejr
plane is at the left of the picture.
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Figure51: Wake height at the rake position (0.8c downstream of the TE) ARt = 2.0Re = 1.0%0° y R=0%
7°, 1, 1@ and 16 Error bars not included for clarity.

In general CFD predicts well the (parabolic) shape of the SC wake but underpredicts the

wake size, e.g. sdeigure52 and Figure53 where the relevant CFD and experimental data

FNBE O2YLI NBSR F2NJ mn FyR mMccX NBAaLSOUAGSted 9@8
size on the wing surface at A§see Figure 47 and Figure 48) it fails to do so further

downstream Figure53). This could possibly be attributed to excessive vorticity diffusion

inside the wake. Still the general slapf the wake appears correct and permits a

qualitative analysis.
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The distance between the wake rake total pressure tubes ranged from 6mm at its centre to
15mm at its sides. The maximum uncertainty for the wake height measurement was then +/
30mm or 0.05¢which is the value indicated by the error barg-igure52 and Figure53.
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Figure52: Wake height at the rake position (0.8c downstream of thi&€) fom Rcmol 8SR 2y SELISNRAYSy il
CFD data. CFD data were only available for half span due to the symmetry condition and where are mirrored

for the other half of this graph. 2nd order trendlines are drawn over the data fretb% to 15% span. Error

bars value is 0.05c.
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Figure53: Wake height at the rake position (0.8c downstream of the TE)for I'c moct 8 SR 2y SELISNAYSy(lt
CFD data. CFD data were only available for half span due to the symmetry condition and whereiaoret

for the other half of this graph. 2nd order trendlines are drawn over the data fre86% to 35% span. Error

bars value is 0.05c.
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5.2 Stall Cell structure

In an early studyWinkelmann & Barlow, 198ANR2 LI2 &SR | aiSy Gt GA @S Tt 2
attempt to explain the SC structure. It was then suggested that the two nodes observed on

the wing surface are "the time averaged effect of a vortex flow thapsofstom one node to

the other". However, in a later articldYon & Katz, 1998howed that this model was

inconsistent with their pressure data and argued that if the SC vortices trailed deaanstr

the induced flowfield would be in agreement with their measurements.

In this section an attempt is made to gain insight into the structure of SCs based on the CFD
results. As discussed next, the CFD data suggest that SC vortices start from therfaoey su
and continue downstream in the wake as suggestef¥on & Katz, 1998At the same time

the SC vortices interact with theeparated line vorteand the TE line vortexdefinitions of

the basic line vortices are given in the following paragraphs).

The discussion focuses on the case of dégle of attack at which the overall CFD flow
characteristics match best with the measured data. Surface stream lingéaria stream
lines on x and zplanes in combiation with contours andsosurface of the Q criterion
(Hunt et al., 198Bare used for the analysis.-ptane stream lines are, of course, artificial,
unless the flow has zero velocity normal to the plane under consideration. However, they
can provide indication on vortex location and improve the understanding of the flow.

Figure54 shows surface stream lines on the wing surface anglane stream lines on

several zplanes. The SC vortex can be clearly seen on the wing surface (with vortex centre

at z/SF 37%) while on the z planes, two spanwise line vortices obsipg vorticity can be

detected. The one here namedéparated line vortex{SLV) stands above the wing surface

gKAES GKS ZHi SoNdty [0YCPR 00 Aa Tt AIYySR gAGK GKS ¢
downstream distance of it. Both have cores thatrease in size when moving from tip to

the centre of the SC. The increase of the core size is bigger for the SLV which undergoes
substantial upstream deflection when approaching the +pén. On the contrary the

deflection of the TELV is smaller and faygnof its length remains almost parallel to the TE.

In order to examine how the SLV and the TELV develop in,spatare detailed look at the
in-plane flow lines ofFigure54is neededFigure55is a side view ofigure54, but now flow

lines are limited to the vortex core regions.-ptane flow lines are coloured by their
spanwise position, which is indicated on the figure. Itlsar that the SLV core moves
upwards and upstream towards the centre of the SC (z/S = 0%). Note that the flow lines
corresponding to the TELV core do not form circles towards the side of the S€ §%)
where the vortex is weaker, but they do so aetbentre of the SC. The TELV core appears to
move upwards and downstream towards the centre of the SG &/060). A possible
explanation for the vortex cores movement could be that the SC vortex pushes the
separation line as well as the inboard part of t8& vortex, upstream over the midspan
plane. Thusthe SL vortex grows and as a result the TE line vortex grows and is pushed
downstream.
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Figure54: Surface flow lines on the wing suction surface along withpiane flow lines on planes % = 06
(symmetry plane), z6 = D%, z5 = 2%, z5 = 8%, z5 = 4%, z5 = B% (wing tip, right hand side). Wing half
span only.AR = 2.0Re = 1.00°.h  T'c dmc

Yg

Figure55: Side viewdetail of the wing TE. kplane flow lines coloured by z dimension on planes aSz+ ©6
(symmetry plane), z6 = D%, z5 = D%, z5 = 8%, z5 = 8%, z5 = D% (tip).AR = 2.0Re = 1.0%0° 0 Bc dm
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