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Abstract  
The present thesis deals with the issue of three-dimensional separation of the Stall Cell type 

on rectangular unswept wings and also the control of Stall Cells using passive vortex 

generators. The problem was approached experimentally and computationally. Flow 

visualization tests, pressure measurements and Stereo Particle Image Velocimetry (PIV) 

experiments were conducted at the small test section of the National Technical University of 

Athens wind tunnel. On the computational side, an in-house solver of the unsteady Reynolds 

Averaged Navier-Stokes equations was used. 

The dynamic nature of Stall Cells was confirmed by the tuft flow visualization experiments 

and it was found that the inherent instability can 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 which strongly interact with each other: a) The counter rotating 

Stall Cell vortices that start normal to the wing surface within the separation line and extend 

downstream; b) The Separation Line Vortex that runs along the wing span; c) The Trailing 

Edge Line Vortex that also runs parallel to the wing trailing edge, but has vorticity of 

opposite sign compared to the Separation Line Vortex. The study of the turbulence 

characteristics of the flow reveals a highly anisotropic flow. Finally, based 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 generators position and the wing angle of attack, flow instability or 

bifurcation can appear. It was also shown that results from a computational approach that 

cannot predict Stall Cell formation (e.g. very small aspect ratio simulations) should be 

treated with caution. The Stereo PIV study of the vortex generator induced flow revealed 

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 

mechanism that governs the flow. 

The present investigation comes in support of previous studies that highlighted the need to 

be cautious when using wind tunnel data, especially in the post stall region. The widely used 

assumption of two-dimensional flow over a two-dimensional airfoil 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 the flow should be taken into account when it comes to separation 

control. 
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1 Introduction  

1.1 Motivation  

Stall Cells 

Wind tunnel testing of rectangular wing models has been the main way to create airfoil 

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 usually measured using a 

wake rake at one or more spanwise stations. The main assumption is that the flow at the 

centre of the wing is two-dimensional even under separated flow conditions as long as the 

wing aspect ratio is large enough. The resulting force coefficients are used in wind turbine 

blade design along with steady Computational Fluid Dynamics (CFD) calculations and panel 

codes that include strong viscous-inviscid interaction coupling methods. Therefore the 

confidence in the design strongly depends on the quality 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 prediction (Tangler, 2002). 

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 flat-top pressure distributions. Airfoils of this type exhibit Trailing Edge (TE) 

separation which renders them prone to the formation of the so called Stall Cells (SCs) as 

concluded in the extensive airfoil profile investigation of (Broeren & Bragg, 2001). SCs are 

highly three-dimensional (3D) coherent structures of separated flow that consist of two 

counter rotating vortices.  

SCs have been encountered in various aerodynamic applications. Examples include the 

separated flow region behind flat plates, circular cylinders, shock induced separation and 

finite wings (Winkelmann, 1982). (Lockman & Seegmiller, 1983; Flynn et al., 2001) mention 

the formation of SCs on swept cantilevered wings and (Murri & Jordan, 1987; Ross & 

Perkins, 1994; Supamusdisukul, 2008) observed SCs on airplane wings. Experimental data of 

(Hahn et al., 2010) show SCs on the suction side of the flap of a two-element high lift wing. 

Interestingly, computational results (Dropkin et al., 2012) show that SCs are also formed on 

a wing with a NACA 634 - 021 profile, which resembles the cross-section of a whale flipper 

(Fish & Battle, 1995). 

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

energy industry for one additional reason. Computational results ({ǄǊŜƴǎŜƴ ϧ {ŎƘǊŜŎƪΣ нлмн) 

suggest that SCs are formed on wind turbine blades at standstill, a condition of particular 

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

addition, SCs have been linked to wing buffeting (Flynn 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 of 3D structures on two-dimensional (2D) set ups had raised questions on the 

validity of 2D wing tests under separated flow conditions from early on (Gregory et al., 
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1971). Until recently, models that exhibited SCs were either "avoided" (Fuglsang & Bove, 

2008) or only studied up to their 2D flow limit (Gleyzes & Capbern, 2003). This comes to 

show that despite the fact that SCs are known for a long time our understanding about their 

behaviour, structure and formation mechanisms remains limited. It is towards this aim that 

the first part of the present 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 applications 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 boundary layer 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 efficiency as well as to weight and volume saving. This is why separation 

control is vital for many applications in fluid mechanics (Chang, 1976; Gad-el-Hak & Bushnell, 

1991). 

One of the simplest and most effective ways to control boundary layer separation is the use 

of passive Vortex Generators (VGs). Passive VGs are solid devices located inside a boundary 

layer. Their ease of construction and implementation, robustness and light weight have 

made them very popular in different industries. Examples of improved performance with use 

of passive VGs include but are not limited to internal flows (Wendt et al., 1995), airfoils 

(Ashill et al., 2001; Seshagiri et al., 2009), highly swept wings (Langan & Samuels, 1995), bluff 

bodies (Aider et al., 2009), wind turbines (qȅŜΣ мффр) and noise reduction (Holmes et al., 

1987). 

Passive VGs come in various shapes (e.g. vanes, wishbones, doublets etc (Lin, 2002; Lu et al., 

2011) and all share the same operating principle: they create streamwise vortices which 

bring high energy flow from outside the boundary layer into the region close to the wall and 

thus delay or even completely suppress separation. Although the general description of their 

effect is known, details of the mechanism that prevents separation remain to be 

understood. The second part of the present investigation deals with the effect of solid VGs 

on three-dimensional separation and more specifically SCs. The ability of VGs to delay SC 

formation was examined and the phenomenon was quantitatively 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 three-dimensional 

separation control using VGs. Important milestones in the course of the investigation were: 

¶ 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 be highly unstable, but easily stabilized by means of a 

localized disturbance.  
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¶ The validation of simulation results against the experimental data.  

Computational results were validated against pressure measurements from the 

wing surface and wake. The agreement was found to be good and thus CFD 

data were deemed trustworthy of a qualitative analysis of the SC structure 

¶ The experimental study of a SC.  

A Stereo Particle Image Velocimetry (PIV) experiment was designed based on 

the CFD derived model of the SC vortical structure. A SC was studied for the first 

time using this technique. The mean flow and turbulence characteristics are 

discussed. 

¶ 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 technique were highlighted. Separation is 

successfully controlled up to h Ґ мсϲΦ 

¶ 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 

Table 1, in page 11, lists some of the most significant experimental studies that detected 

three-dimensional cellular patterns of separated flow in nominally two-dimensional 

configurations. There is a wide variety of airfoil shapes, airfoil thickness values, Aspect Ratio 

(AR) values and operating Reynolds (Re) numbers.  

Most researchers have found that SCs are dynamic structures. (Yon & Katz, 1998) using tufts, 

found that at a Reynolds (Re) number of 0.6x106 (turbulence intensity 1%) SCs moved in the 

spanwise direction. Earlier, but at higher Re numbers (Re > 0.75x106) (Gregory & O'Reilly, 

1970; Gregory et al., 1971) reported "intermittent flicking between the un-stalled and the 

ǎǘŀƭƭŜŘ ǇŀǘǘŜǊƴǎέ ŀƴŘ ϦŀǊōƛǘǊŀǊȅ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ƴǳƳōŜǊ ƻŦ {/ǎ ŦƻǊƳŜŘϦΦ (Zarutskaya & Arieli, 

2005) also found lateral irregular motion of the SCs on their NACA 0012 model at a chord Re 

number of 0.39x106. On the contrary in their tests at lower Re (0.3x106), (Broeren & Bragg, 

2001) did not report any SC movement as such but reported non-symmetrical separation in 

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

turbulence intensity was less than 0.1%. No such information is given in the other tests.  

²ƛǘƘ ǊŜƎŀǊŘ ǘƻ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ǘƘŜ ŀƴƎƭŜ ƻŦ ŀǘǘŀŎƪΣ ʰΣ (Winkelmann & Barlow, 1980) report that 

ōȅ ƛƴŎǊŜŀǎƛƴƎ ʰ όŀǘ wŜ ғ лΦпȄмл6) fewer, but wider cells were created. Also, (Schewe, 2001) in 

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

would appear only after a certain Re number.  
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In various studies (Winkelmann & Barlow, 1980; Schewe, 2001) the 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., 1971) observed that 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 effect. (Gregory 

et al., 1971) report that for a wall to wall model suction at the tip region did not prevent the 

formation of SCs. (Winkelmann & Barlow, 1980) found that for a Clark Y 14% thick airfoil the 

number of SCs increased when the AR increased from 3 to 12. (Yon & Katz, 1998) came to 

the same conclusion for a NACA 0015 airfoil and AR values from 2 to 6, by increasing the 

model span and therefore the AR for a fixed Re number. Yon & Katz also suggest that the 

number of SCs on a wing equipped with tip plates is greater than that on a wing with free 

tips. Finally, (Schewe, 2001) found 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 grows. (Wokoeck et al., 2006) also mentions that 

mushroom-shaped structures were "resistant" to various sidewall treatments. The 

conclusion 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 report by (Moss & Murdin, 1971), tripping on 

the suction side of the airfoil led to the creation of Stall Cells at lower angle of attack. 

(Wokoeck et al., 2006) mentions that SCs are "resistant" to turbulators, whereas, (Swalwell 

et al., 2004) found that increasing free stream turbulence up to 5% altered the lift 

characteristics 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 = 2.85x105). 

To date no reference of a SC on a rotating (wind turbine or helicopter) blade has been made 

and it is still unknown how a SC would behave under radial pressure gradients. Coherent 

three-dimensional structures on rotating blades have been mentioned (DiOttavio et al., 

2008; Komerath et al., 2009; Raghav et al., 2009; Mulleners et al., 2012) which could be 

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 studies regarding SCs have 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. 

mushroom-shaped or owl's eyes structures or simply three-dimensional separation. As result 

studies basically dealing with the same phenomenon do not gain from all the available 

knowledge. 

(Zarutskaya & Arieli, 2005) used Reynolds Averaged Navier-Stokes (RANS) simulations and 

examined SCs on a NACA 0012 and a supercritical NASA SC2 airfoil at Reynolds (Re) number 

of 0.39x106 and 4.6x106. In (Zarutskaya & Arieli, 2005) two different eddy viscosity models 

were used, namely the Spalart - Allmaras one equation model (Spalart & Allmaras, 1992) and 

aŜƴǘŜǊΩǎ ƪ-˖ {{¢ ƳƻŘŜƭ (Menter, 1993). It was found that the Spalart - Allmaras model 

predicts stall with delay, i.e. at a greater angle of attack than expected.  
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(Bertagnolio et al., 2005; Bertagnolio et al., 2006) refer to three-dimensional chaotic 

structures present at high angles of attack for the flƻǿ Ǉŀǎǘ ŦƻǳǊ ŘƛŦŦŜǊŜƴǘ ŀƛǊŦƻƛƭǎ όwL{q-B1-

18, NACA 63-430, S809 and DU 83-W-210) in a study that compared 2D RANS, 3D RANS and 

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

describe are not named as SCs, they 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., 2006) analysed "mushroom-shaped" structures on an airfoil with combined 

Leading Edge (LE) - TE stall type. In this combined study the computational results failed to 

reproduce the experimentally observed SCs.  

Relevant is also the work of (wƻŘǊƝƎǳŜȊ ϧ ¢ƘŜƻŦƛƭƛǎΣ нлмл) who, based on global stability 

analysis, attribute the onset of SCs to spanwise instabilities, albeit at a very low Re number 

of 200. 

Regarding turbulence modelling it is accepted (Rubinstein et al., 2001) that eddy viscosity 

models in general are not sufficient for modelling three-dimensional 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 models is not regarded 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 three-dimensional separation 

are not discussed. One question raised by (Bertagnolio et al., 2005; Bertagnolio 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 be the result of spanwise flow instability. At low 

Re number (Re = 200) and for an airfoil in deep (laminar) stall, (wƻŘǊƝƎǳŜȊ ϧ ¢ƘŜƻŦƛƭƛǎΣ нлмл) 

via a BiGlobal stability analysis (Theofilis et al., 2000) attributed the generation of SCs to the 

amplification of spanwise instability. Recently, (Elimelech et al., 2012) showed on the basis 

of measurements at low Re numbers that the amplification of a two-dimensional 

perturbation cannot justify the formation of structures of such a 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 releasing vorticity of opposite sign into 

the flow. Under these conditions, a spanwise perturbation can trigger the development of a 

Crow like instability (Crow, 1970), as (Weihs & Katz, 1983) first suggested.  

The computational study of (Taira & Colonius, 2009) for the flat plate case, showed that a 

small wing of AR = 1.0 does not give SCs, unlike wings of higher AR (AR = 2-4) indicating that 
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a minimum span (or equivalently a lower bound in wave length) is needed. Beyond that 

level, multiple SCs can be formed.  

Various models regarding the structure of the vortices that form a SC have been proposed in 

the past. Initially (Winkelmann & Barlow, 1980) ǇǊƻǇƻǎŜŘ ŀ άtentative flow modelέ ŀŎŎƻǊŘƛƴƎ 

to which a loop vortex connects the two nodes on the wing surface and a secondary vortex 

of opposite vorticity runs along the wing TE. Next (Yon & Katz, 1998) based 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 flow. (Yon & 

Katz, 1998) also 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 the time averaged flow inside a SC:  

a. The two counter rotating SC vortices that start normal to the wing surface and 

extend downstream, as suggested by (Yon & Katz, 1998) 

b. The Separation Line Vortex (SLV) that runs above and parallel to the wing TE. This 

vortex has vorticity of the same sign as the one suggested by (Winkelmann & 

Barlow, 1980), but does not end 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 research has been 

focused on VGs since their first application on a wing (McCurdy, 1948). VGs favourably affect 

a separating Boundary Layer (BL) by inducing streamwise vortices which transfer high energy 

fluid from the free stream towards the near wall region. This mechanism has been described 

by various researchers, e.g. (Rao & Kariya, 1988; Pauley & Eaton, 1988; Lin et al., 1991; Lin, 

1999; Lu et al., 2011). 

Various studies have provided optimization guidelines, e.g. (Taylor, 1950; Schubauer & 

Spangenberg, 1959; Pearcey, 1961; Lin, 2002; Wendt, 2004; Godard & Stanislas, 2006) under 

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

other passive flow control devices, such as wishbones, doublets, grooves etc (Lin, 2002). Of 

these, low-profile vortex generators are considered preferable as they can be as effective as 

normal VGs but have less induced drag (Rao & Kariya, 1988). A flow control device is called 

low-profile ƛŦ ƛǘǎ ƘŜƛƎƘǘ όƘύ ƛǎ ƭŜǎǎ ǘƘŀƴ ǘƘŜ ƭƻŎŀƭ .[ ƘŜƛƎƘǘ όʵύΦ  

Low-profile VGs remain effective despite their limited height as 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, e.g. for an airfoil under varying flow conditions, higher 

±Dǎ όhόʵύύ ƳƛƎƘǘ ōŜ ǘƘŜ ǿŀȅ ǘƻ ƎƻΦ Lƴ ŦŀŎǘΣ ƛƴ ǎƻƳŜ ŎŀǎŜǎ (Janiszewska, 2004) low profile VGs 

had little or no effect. In any case, it has been found (Lin, 2002) that, in general, 

conventional and low-profile VGs follow the same guidelines as established by (Pearcey, 

1961).  
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Regarding specific VG configurations, (Godard & Stanislas, 2006) for a 2D bump found that 

triangular vanes are more effective than rectangular ones, as is the counter rotating 

configuration compared to the co-rotating one. (Ashill et al., 2001) also for a 2D bump, 

found that counter rotating triangular vanes spaced by a gap equal to their height are the 

more effective in reducing flow-separation control, compared to other low profile devices. 

According to (Lin, 2002) increasing the gap between the counter rotating vanes reduces the 

device drag. Finally, in previous experimental studies of VGs on airfoils used on wind turbine 

blades  (Fuglsang & Bove, 2008; Velte & Hansen, 2012) counter rotating triangular vanes 

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

Airfoil applications  

Given the fact that various generic review studies have been published in the literature (Lin, 

1999; Lu et al., 2011), in the present document the focus will be on the applications of VGs 

on airfoils with or without SCs. Table 2 in page 12 summarizes the relevant published works 

and below a short description is given. 

The first and only documented successful attempt to delay SC formation using VGs was done 

by (Moss & Murdin, 1971) on a NACA 0012 airfoil, at a Re number of 0.9x106 and 1.7x106. 

More than four decades later (Velte & Hansen, 2012) mentioned SCs at high angles of attack 

for a DU 91-W2-250 profile with VGs, also at a Re number of 0.9x106.  

At the same Re number (Bragg & Gregorek, 1987) suggested triangular vane VGs as an 

aerodynamic fix for the canard airfoil issue of the Voyager aircraft, which made the first 

nonstop, unrefueled flight around the Earth in December 1986. 

(Storms & Jang, 1994) showed that VGs can be used on a NACA 4412 profile combined with 

a TE Gurney flap to further increase maximum lift (Re = 2.0x106). It is possible that this was 

another application of VGs on an airfoil on which SCs form. Interestingly, (Coles & Wadcock, 

1979) report three-dimensional separation on the same airfoil at a similar Re number  

(Re = 1.5x106).  

As far as low Re numbers applications are concerned, VGs are used to control the formation 

of a laminar separation bubble (LSB) (Kerho et al., 1993). VGs can prevent or delay LSB 

formation and have even be reported to "slice the laminar separation bubble into segments" 

(Seshagiri et al., 2009). 

VGs are currently used in most wind turbine designs. Multiple studies have proven their 

effectiveness on airfoils designed for or used on wind turbine blades (Fuglsang et al., 1998; 

Timmer & Van Rooij, 2003; Fuglsang et al., 2003).  

Even earlier than these studies, the application of VGs on multi element high lift wings was 

proven (Lin et al., 1994; Lin, 1999) at a relatively high Re number of 9x106. In such cases VGs 

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

drag penalty. 

(Ashill et al., 2001) showed significant increase in lift for a RAE 5243 transonic airfoil, at a 

Mach number of 0.68. Counter-rotating vanes spaced VG height apart delayed trailing-edge 

separation leading to an increase in the maximum lift by about 20%. 
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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 flow characteristics have 

been observed. (Kerho et al., 2003) developed an airfoil design method which incorporates 

VGs right from the start. This design led to 8% drag reduction in a natural laminar flow 

profile. 

With regard to their effect on dynamic stall (Janiszewska, 2004) showed that application of 

VGs reduced hysteresis loop and increased Cl max in the Re number range 0.75 - 1.25x106.  

Finally a recent application of VGs is that of (Heine et al., 2011) where 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 alleviation of the airfoil's leading-edge stall 

characteristics while trailing-edge separation was promoted. Using very short vane VGs at 

the wing LE (Pape et al., 2012) also 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 reduce 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 flow (Smith, 1994; Bender et al., 

1999; Jirasek, 2005), (b) modelling the profile of the vortex shed by the VG (Kunik, 1986; 

Wendt, 1996; May, 2001; Zhang et al., 2011; Dudek, 2011; Velte, 2013) and (c) statistically 

modelling the effect of the shed vortex (Nikolaou et al., 2005; Stillfried et al., 2012).  

The fact that research on VG modelling has been so active for 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 model has been found to produce results 

that compare very well with the fully gridded VG cases, but at a fraction of computational 

cost (Waithe, 2004b; Jirasek, 2005; Dudek, 2011).  

Up to date no eddy-viscosity turbulence model has been found to correctly predict the flow 

downstream of a VG. (Dudek, 2006), who compared experimental data with CFD results 

using the Spalart - Allmaras (Spalart & Allmaras, 1992) and the k-w SST model (Menter, 

1993) for a flow inside a duct with VGs, found that the rate of vorticity decay is significantly 

greater in CFD than in the experiment. Regarding the turbulence model comparison, it was 

found that the Spalart - Allmaras model produces higher turbulent viscosity in the vortex 

core, but downstream enough from the VGs both CFD results agree well with each other and 

the experimental data.  

In fact RANS simulations of the flow past a VG, using either of the aforementioned 

turbulence models, tend to over-predict vortex size and under-predict peak vorticity 

downstream of the VG, although vortex circulation is predicted 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 model, e.g (Lin, 2002; Yao et al., 2002; Allan et al., 2002; Dudek, 2011).  
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Study Airfoil AR 
Re 

[x106] 
c [m] 

Wind tunnel 
cross section 

[m x m] 

Height to chord 
ratio (h/c) 

Width to chord 
ratio (w/c) 

Sidewall 
treatment 

Visualization 
Technique 

(Moss & 
Murdin, 1971)  

NACA 0012 5 0.86, 1.68 0.305 3.96x2.74 8.98 12.98 
Side to side 
(False walls) 

Oil surface flow 

(Gregory et al., 
1971) 

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 

NACA 0012 6 0.76 0.203 

3.96x2.74 

13.5 19.51 
Side to side / 

Endplates 
Oil drops 

NPL9619 
3.59 2.88 0.76 3.61 5.21 

3.29 3.14 0.83 3.3 4.77 

(Winkelmann & 
Barlow, 1980) 

Clark Y 

3.5 
0.245 

0.089 

0.46x1.17 13.1 5.16 

Free tips Oil surface flow 
2.86 

3, 6, 9 
0.26 0.38x0.38 4.27 4.27 

0.385 2.36x3.35 37.68 26.55 

(Yon & Katz, 
1998) 

NACA 0015 2-6 0.62 0.152 0.81x1.14 5.32 7.5 Endplates Tufts 

(Broeren & 
Bragg, 2001) 

Ultra Sport, 
NACA 2414 

2.8 0.3 0.305 - vertical 1.22x0.8542 4.00 2.8 Side to side Mini-tufts 

(Schewe, 2001) FX-77-W270 4 - 6 
0.32 - 
10.0 

0.15 - 0.1 0.6x0.6 4 - 6 4 - 6 Side to side Oil flow 

(Wokoeck et al., 
2006) 

HGR-01 3.2 
0.35, 0.7, 

1.4 
0.4 

 
1.3x1.3 3.25 3.25 Various Tufts, Oil Flow 

(Elimelech et 
al., 2012) 

NACA 0009 2.5, 5 0.02 1.2, 0.6 0.5x0.5 0.4, 0.8 0.4, 0.8 Sidewalls - 

Present study NTUA t18 1.5, 2.0 0.5 - 1.5 0.60 - vertical 1.8x1.4 3.0 2.3 Endplates Tufts, Oil Flow 

Table 1: Experimentally observed Stall Cells in the literature. 
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Study Airfoil Re [x106] VG type VG height VG position (x/c) Method Stall Cells? 

(Moss & Murdin, 
1971) 

NACA 0012 0.86, 1.68 Vanes 0.016c 10% airfoil chord Pressure measurements Yes 

(Bragg & Gregorek, 
1987) 

Canard airfoil from the 
Voyager aircraft 

0.9 
Vane (delta and 

trapezoid) 
0.018c - 0.022c 

17-45% airfoil 
chord 

Pressure measurements No 

(Kerho et al., 1993) Liebeck LA2573A 0.2 - 0.6 
Wishbones, ramp 

cones 
лΦоʵ - лΦпʵ 22% airfoil chord Hot Wire Anemometry No 

(Storms & Jang, 
1994) 

NACA 4412 2.0 Wishbones ϤоΦрʵ 12% airfoil chord Pressure measurements 
3D effects are 

mentioned, but not 
examined further. 

(Lin et al., 1991; 
Lin et al., 1994) 

Three-element high lift airfoil 5, 9 
Vane (delta and 

trapezoid) 
лΦнʵ 25% flap chord Pressure measurements No 

(Fuglsang et al., 
1998) 

FFA-W3-241, FFA-W3-301,  
NACA 63-430 

1.6 Vanes hόʵύ 
10-30% airfoil 

chord 
Pressure measurements No 

(Klausmeyer et al., 
1996) 

Three-element high lift airfoil 1.3 Vanes лΦнʵ 20% flap chord 
Laser Doppler 

Anemometry, Pressure 
measurements 

No 

(Ashill et al., 2001) 
RAE 5243 

transonic airfoil 
19 

Vanes, 
Forward wedges 

hόʵύ 46.5% airfoil chord Pressure measurements No 

(Kerho et al., 2003) Modified NLF(1)-1015 0.5 - 2.0 Vanes лΦрʵ 75% airfoil chord Pressure measurements No 

(Fuglsang et al., 
2003) 

wƛǎǄ-B1-18 
wƛǎǄ-B1-24 

1.6 Vanes hόʵύ 20% airfoil chord Pressure measurements No 

(Timmer & Van 
Rooij, 2003) 

DU 91-W2-250, DU 93-W-210, 
DU 96-W-180, DU 97-W-300 

1-3 Vanes hόʵύ 
20% to 30% airfoil 

chord 
Pressure measurements No 

(Janiszewska, 
2004) 

LS(1)-0417 MOD 0.75 - 1.25 Vanes hόʵύ 7% to 15% chord Pressure measurements No 

(Seshagiri et al., 
2009)  

LS(1)-0417 GA(W)-1 0.08 - 0.16 Vanes 0.1c 20% airfoil chord Force measurements No 

(Heine et al., 2011) OA209 1.8 
Finite thickness 

cylinders and wedges 
0.108 - 0.18c Airfoil LE 

Time resolved PIV, 
Pressure measurements 

No 

(Velte & Hansen, 
2012) 

DU 91-W2-250 0.9 Vanes лΦрʵ 0.3% airfoil chord Stereo PIV 
SCs mentioned at 
post stall, but not 
examined further. 

Table 2: 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 divided into several chapters as outlined below: 

I. Introduction 

Å Chapter 1 - Introduction 

Å Chapter 2 - Experimental procedures 

Å Chapter 3 - Computational modelling 

II. Three-dimensional separation 

Å Chapter 4 - Geometrical characterization of Stall Cells 

Å Chapter 5 - Stall Cell structure analysis 

Å Chapter 6 - Stereo PIV study of a Stall Cell 

Å Chapter 7 - Reynolds number effect 

III. Separation Control 

Å Chapter 8 - Vortex generator configuration optimization 

Å Chapter 9 - Experimental study of the vortex generator induced flow 

IV. Conclusions 

Å Chapter 10 - Conclusions and suggestions for future work 

V. Appendices 

Å Appendix A ς Tuft Flow Visualization 

Å Appendix B ς Trip tape height computation 

Chapter 2 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. 

Chapter 3 presents the computational tool used for the present study. The in-house code 

MaPflow was developed by Georgios Papadakis, and a detailed description can be found in 

(Papadakis, 2011). Hence, the description given here is limited to its basic features.  

In Chapter 4 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 applying a large enough local 

disturbance to the flow. The overall characteristics of the resulting flow are not affected by 

the disturbance. The effects of Re number, AR and angle of attack on the stabilized flow are 

discussed. 

Chapter 5 combines experimental and computational data and examines the SC structure. 

CFD results appear in good qualitative agreement with pressure measurements and are 

hence used for a qualitative analysis of the time averaged flow inside a SC. Three different 

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 Chapter 6. Experimental data confirm the 

SC vortical structure suggested by CFD simulations. Time averaged data and turbulence 

statistics are presented. According to the hypothesis made at the end of the chapter, SCs are 

the result of a Crow like instability between the Separation Line Vortex and the the TE line 
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vortex. The perturbed vortices lead to three-dimensional 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 reduction as Re increases from 0.5x106 to 1.0x106, also observed by 

(Yoshida & Noguchi, 2000), is investigated computationally in Chapter 7. This adverse Re 

number effect is linked to the SCs and SC vortex strength. 

As no single VG configuration can be expected to perform best for all aerodynamic 

applications, an optimization study was performed, described in Chapter 8. The presence of 

the VGs was modelled using the BAY model (Bender et al., 1999). The best performing set 

ups were tested experimentally and the optimal one was chosen for further investigation. 

Chapter 9 reports on the experimental tests of the wing with and without VGs. A Stereo PIV 

investigation was performed and the vortex size, path and strength are examined for the 

case of h  Ґ млϲΣ ŀǘ ŀ wŜ ƴǳƳōŜǊ ƻŦ лΦутȄмл6. Stereo PIV data are used to investigate the 

correlation between Re stresses and their production to mean flow gradients. 

The thesis ends with Chapter 10, where the final conclusions are presented along with some 

recommendations regarding future work. 

In Appendix A photos from the tuft flow visualization experiments are given, highlighting the 

effect of angle of attack, Re number and AR on SC size. In Appendix B the trip tape height 

computation is 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 section (1.4mx1.8m) 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 free-stream turbulence level in 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 eight-bladed fan driven by a 300 kW DC motor. 

2.2 Wing Model  
The investigation refers to an 18% thick airfoil profile designed at the NTUA (Mourikis 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 evolutionary algorithms and use 

of XFOIL (Drela, 1989) as flow solver. The profile belongs to the flat-top type experiencing TE 

separation leading to a gradual built-up of the lift and smooth post stall behaviour. The 

profile coordinates are given in Appendix C. 

The wing model had a chord of 0.6m and spanned the test section vertically in order to 

minimize blockage. The solid blockage oŦ ǘƘŜ ƳƻŘŜƭ ǿŀǎ сΦф҈ ƻŦ ǘƘŜ ǘǳƴƴŜƭ ǎŜŎǘƛƻƴ ŀǘ мнϲ 

ŀƴƎƭŜ ƻŦ ŀǘǘŀŎƪ ŀƴŘ ǊŜŀŎƘŜŘ ŀ ƳŀȄƛƳǳƳ ƻŦ фΦн ҈ ŀǘ ǘƘŜ ƘƛƎƘŜǎǘ ƳŜŀǎǳǊŜŘ ŀƴƎƭŜΣ мсϲΣ ǎǘƛƭƭ 

below the usual upper bound of 10%, see (Barlow et al., 1999). 

In order to minimize the effect of the wind tunnel boundary layer, side fences were used 

(Figure 1, left). Figure 1, right, shows a schematic side view of the test set up. The fences 

were made of Plexiglas and could move along the model span so the aspect ratio (AR) of the 

model could vary. Figure 2 shows a close up of the top and lower fences as they were 

positioned on the wing model. Figure 3 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 

background. 

The model surface has been measured in order to quantify the deviation from the nominal 

profile. Figure 4 present the surface deviations from the mean profile for the suction and the 

pressure side respectively. 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.  

  

Figure 1: Fences shape and dimensions (left) and side view of the test set up (right). 
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Figure 2: Top (left) and lower fence (right) close-up. 

 

Figure 3: View of the test section from upstream, from inside the contraction. The traverse mechanism and the 
wake rake are also visible.  

The wing surface was originally yellow but was later on painted black in order to minimize 

the reflections during the PIV experiments. The model was first spray-painted black and the 

finish was done with mat varnish mixed with Rhodamine 6G. Rhodamine 6G shifts the 

wavelength of the impeding laser light through absorption and re-emission, e.g. see (Kubin 

& Fletcher, 1982). By applying suitable band-pass 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 technique was also used in (Velte & Hansen, 2012). The 

modelΩǎ final colour is shown in Figure 5.  

The VGs were constructed by a 0.2mm thick aluminium 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 

ŀƳƻǳƴǘƛƴƎ ǘƻ мκол ƻŦ ǘƘŜ .[ ǘƘƛŎƪƴŜǎǎ ŀǘ ǘƘŜ Ǉƻǎƛǘƛƻƴ ƻŦ ±Dǎ όʵҐсƳƳύ ǿƘƛŎƘ ƛǎ Ǌegarded 

small.  
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Figure 4: Wing model surface deviation from mean profile. (Top) suction side and (bottom) pressure side. 
Dashed lines show the traverse spanwise range and solid lines show the fences position for the AR = 2.0 case. 
Highest deviation point on the suction side is shown with a sphere. 

Lower fence Top fence 

¢ǊŀǾŜǊǎŜ ǊŀƴƎŜ όҕ ор҈ ǎǇŀƴύ 

Uқ 

Lower fence Top fence 

¢ǊŀǾŜǊǎŜ ǊŀƴƎŜ όҕ ор҈ ǎǇŀƴύ 

Uқ 



18 
 

 

Figure 5: The wing model after being 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 with 4cm spacing between them in the spanwise 

direction. The chordwise position of the tufts is shown in Figure 6. Every single tuft was 

individually taped on the model surface in order to minimize their interference to the 

boundary layer.  

 

Figure 6: 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 data in Figure 7. The earliest separation point at 

the wing mid-plan for the AR = 2.0, Re number 0.5x106 case with zigzag (ZZ) tape is plotted 

against angle of attack for both the tuft and the pressure data. The agreement is very good 

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 for Re = 0.5x10
6
, AR = 2.0, with a 

localised disturbance using 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 other lubricant 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 the LE to 88.8% of the chord. All chord pressure channels were fed through a 

pressure scanner (model FCS421, Furness Controls Ltd) to either a Furness Manometer 

όC/hмсΣ ҕнллл tŀ ƻǊ ŀ {ŎŀƴƛǾŀƭǾŜ ǇǊŜǎǎǳǊŜ ǘǊŀƴǎŘǳŎŜǊ όaƻŘŜƭ W - 500PSI). The wake rake was 

39.1cm wide and consisted of 45 total pressure tubes (of which 44 were used) and two static 

pressure tubes, located on a different plane from that 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 1.06c downstream of the 

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 was moved 

normal to the chord with sufficient overlapping. The rake travel region was 84cm and 

ŎƻǾŜǊŜŘ ҕор҈ ǎǇŀƴΦ  
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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 of attack. 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 by 0.2o is allowed 

for in the results. 

2.4.3 Force Coefficients  

The lift 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. Accordingly when CFD data are compared 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 to (Barlow et al., 1999). For separated flow conditions the 

pressure drag was used instead. In order to estimate the pressure drag an approximation 

had to be used for the part of the chord that had no pressure taps (x > 88.8%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 pressure on the 

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 expected (Timmer & 

Van Rooij, 2003). 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 shown in Figure 8, and 

were the following: Position 0 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 wake rake method has been used by other 

researchers in the past (Fuglsang et al., 1998), in order to measure drag of an airfoil 

equipped with VGs, it should be noted that it might over predict Cd since rotational losses 

are also included in the measured drag (Barlow et al., 1999). 

As a convention the force coefficients at the centre of the wing will be referred to as the 

wing Cl and Cd, even though this is not literally true, due to the three dimensionality of the 

flow.  
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Figure 8: Drag measurement positions. 

2.4.4 Wind tunnel corrections  

Wind tunnel corrections were applied to the measured data according to (Barlow et al., 

1999) for the case of a wing spanning the tunnel height. In particular the corrections 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 a two-dimensional 

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 three-dimensional. 

It's worth noting that the wake rake position did not affect the measured Cl value at the 

ŎŜƴǘǊŜ ƻŦ ǘƘŜ ǿƛƴƎΣ ƛΦŜΦ ǘƘŜ ƳŜŀǎǳǊŜŘ ǾŀƭǳŜǎ ǿŜǊŜ ŀƭǿŀȅǎ ǿƛǘƘƛƴ ҕ лΦр҈ ǊŜƎŀǊŘƭŜǎǎ ƻŦ ǘƘŜ 

rake position. It 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:YAG PIV lasers 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 positioƴΦ ¢ƘŜ Ŧƭƻǿ ǿŀǎ ǎŜŜŘŜŘ ǿƛǘƘ ƻƛƭ ŘǊƻǇƭŜǘǎ ƻŦ ƳŜŀƴ м˃Ƴ ŘƛŀƳŜǘŜǊ 

ŎǊŜŀǘŜŘ ōȅ ŀ ŎƻƳƳŜǊŎƛŀƭ ƎŜƴŜǊŀǘƻǊ ό¢{L ƳƻŘŜƭ фолтύΦ ¢ǿƻ ¢{L tƻǿŜǊǾƛŜǿ tƭǳǎϰ пat 

Cameras were used, located inside the test section 1.2c downstream of the TE. The camera 

set up can be seen in Figure 9. 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 f/2.8, were used. For the uncontrolled case, the lenses were always set at the 

largest aperture to allow the maximum amount of light to reach the CCD sensor.  

 

Figure 9: 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 effects (M. Ramasamy & Leishman, 2006). Also, when 

the velocity normal to the measurement plane is high a small pulse 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 (VR, eqn (1)), as defined in (Waldman & Breuer, 2012), describes the 

percentage of particles present in both images of a PIV measurement for a plane normal to 

the flow.  

Cameras 

Target 
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ὠ қ ɲz

қ ɲz
 = ρ

қᶻ

 (1)  

where h is the laser sheet thickness, Uқ ƛǎ ǘƘŜ ŦǊŜŜ ǎǘǊŜŀƳ ǾŜƭƻŎƛǘȅ ŀƴŘ ɲǘ ƛǎ ǘƘŜ pulse 

separation time. It is apparent that a large sheet thickness and a small pulse separation time 

are required in cases where the free stream velocity is high. For the uncontrolled case 

(Chapter 6ύ ŀ ǇǳƭǎŜ ǎŜǇŀǊŀǘƛƻƴ ǘƛƳŜ ƻŦ нл˃ǎŜŎ ǿŀǎ ǳǎŜŘΣ ǘƘŀǘ ǊŜǎǳƭǘŜŘ ƛn a VR value of 70%. 

For the case with the VGs (Chapter 9ύ ǘƘŜ ǇǳƭǎŜ ǎŜǇŀǊŀǘƛƻƴ ǘƛƳŜ ŀǎ мн˃ǎŜŎ ŀƴŘ ±R was 73%. 

For all measured planes the number of spurious vectors was always below 5% and the 

particle displacement 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 0.1px (Westerweel, 2000; Foucaut et al., 2004). 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 reliable.  

Reflection reduction  

Due to the vicinity of the measurement planes to the wing surface, reflections were 

significant. To deal with this issue a background reflection image was subtracted from the 

measurement images prior to processing, removing most of the unwanted reflections. Areas 

where this was not achieved have been masked out in the results shown this thesis.  

Stereo PIV calibration  

Two different targets (one 100x100 mm and one 200x200 mm) were used for the calibration 

of the Stereo PIV experiments, depending 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 out-of-plane direction. As a result the velocity 

component normal to the plane is first order accurate (M. 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 was used 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 planes normal to the flow). In all cases the optical path of the reflected sheet was 

made co-planar with the incident sheet to ensure the best possible alignment of the laser 

sheet with the calibration target. Using the stereo-automapping module of the insight 4G 

software the average misalignment of the light sheet with the calibration target was found 

ǘƻ ōŜ ƭƻǿŜǊ ǘƘŀƴ лΦнϲΦ 

For some frames the camera field of view (FOV) was larger than the available 20cm x 20cm 

ǘŀǊƎŜǘ όŜΦƎΦ млϲ ŎŀǎŜΣ ǇƭŀƴŜ ŀǘ x/c = 1.06). On these occasions, the target was first positioned 

at one end of the FOV and then at the other as shown in Figure 10. In this way two separate 

perspective calibrations were performed one for each end of the image. Then the images 
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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 excellent. 

 

Figure 10: 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 processing was done using TSI Insight 4G software. 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 the effect 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.g. 

Figure 13 and Figure 14), since apart from the undisturbed flow (high above the airfoil) it 

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 statistics, the 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  

Stereo-PIV is a very popular technique for measuring vortex flows (M. Ramasamy & 

Leishman, 2006; Godard & Stanislas, 2006; Manikandan Ramasamy et al., 2011; Velte & 

Hansen, 2012) since, apart from being non-intrusive, has the advantage of providing 

instantaneous realizations of all three velocity components in a plane. However, spatial 

resolution can be an issue, especially for flows with steep spatial gradients. (Martin et al., 

2000) found that to sufficiently resolve a vortex flow the ratio of probe size to vortex core 

ǊŀŘƛǳǎΣ ʰRES, should be  

ὥ  
ὒ

ὶ
πȢρ (2)  

where ὒ  is the length of the interrogation area and ὶ is the vortex radius. 
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 In the present set of 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 smallest, the 

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, as described in (M. Ramasamy & 

Leishman, 2006), in post-processing.  

Sample size effect 

The effect of sample size on the measured mean velocities was investigated on two different 

points, Point A, inside the SC, and Point B, outside of it. Figure 11 and Figure 12 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 point based 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 data variation is a lot higher for Point A, inside the SC. 2000 

samples were taken for all measurement planes. For this number of samples the average 

ǾŜƭƻŎƛǘȅ ŎƻƳǇƻƴŜƴǘǎ ŀǊŜ ƳŜŀǎǳǊŜŘ ǿƛǘƘ ŀ фр҈ ŎƻƴŦƛŘŜƴŎŜ ƛƴǘŜǊǾŀƭ ƻŦ ŀǘ Ƴƻǎǘ ҕлΦноƳκǎ ƻǊ 

ҕлΦф҈ ƻŦ ǘƘŜ ŦǊŜŜ ǎǘǊŜŀƳ. For the rms quantities the corresponding confidence interval is 

6.0%. 

 

Figure 11: Sample size effect for the streamwise velocity component (U) at Point A, inside the SC. Data from 
plane C, normal to the flow at x/c = 1.06Σ млϲ Ŏase.  
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Figure 12: Sample size effect for the streamwise velocity component (U) at Point B, outside the SC. Data from 
plane C, normal to the flow at x/c = 1.06Σ млϲ ŎŀǎŜΦ 

Peak-locking effect  

Peak locking is a discretisation effect that occurs when the size of the particle image is small, 

i.e. comparable to the size of the CCD pixel. When peak-locking exists in the measurements 

displacement estimation is biased towards integer pixel values. This has no effect on the 

averaged quantities but can affect the turbulence statistics, especially if the fluctuating 

displacements are less than 0.5px (Christensen, 2004). (Angele & Muhammad-Klingmann, 

2005) found that when the ratio Ud/Urms < 2.0 where Ud is the velocity corresponding to a 

displacement of one pixel and Urms is the root-mean-square velocity, then the errors 

introduced due to peak-locking are not significant (e < 1%).  

As an example Figure 13 and Figure 14 show the displacement histogram for a plane 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 region -0.5px < d < 0.5px since displacement probability distribution is distributed 

over at least a few pixels. Finally, the Ud/Urms ratio was found to be lower than 2.0. Based 

on the above facts it was concluded that peak-locking should have a negligible effect on the 

statistics presented in the present report. Displacement histograms for the other 

measurement places were similar and are not displayed here. 
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Figure 13: Displacement histogram for plane normal to the flow at x/c = 0.8Σ млϲ ŎŀǎŜΣ ƴƻ ±DǎΦ 

 

Figure 14: Displacement histogram for plane normal to the flow at x/c = 0.8Σ млϲ ŎŀǎŜΣ ŎŀǎŜ ǿƛǘƘ ±DǎΦ 

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 elastic anti-vibrating 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 flow over the 

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 so it was concluded that the cameras and the camera 

base did not affect the flow on the wing, see Figure 15. 

 

Figure 15: Pressure coefficient distribution around the wing with and without the Cameras 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 measurements (Bremner et al., 2005; Bian et 

al., 2009), whereas others simply attribute non-physical variation of the measured rms data 

to camera vibration (Krothapalli et al., 2003; Kang et al., 2008).  

In the present case camera vibration was examined using a procedure similar to that of 

(Bremner et al., 2005; Bian et al., 2009), who applied a frame by frame correction using a 

fixed point in the camera FOV as a reference. In the present case the wing TE position was 

used for the same reason. However, during the actual measurements the wing TE was out of 

focus so 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 detail, initially a series of photos was taken 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 shown in Figure 16 (left). For all the image 

columns, one of which is highlighted in Figure 16 (left), the light intensity had a distribution 

similar to the one shown with blue circles in Figure 16 (right). A 3rd order curve was fitted 

through the light intensity data of each photo to allow the identification of the TE location 

with sub-pixel accuracy, as suggested by (Bian et al., 2009). The TE was defined as the 

location where the intensity derivative had a maximum value. 
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Figure 16: In the left part of the figure an image from the h  Ґ тϲ ǾƛōǊŀǘƛƻƴ ǘŜǎǘ ŎŀǎŜ is shown, axes in pixels. One 
column is highlighted with red dashed line. Image intensity along the highlighted column is given in the right 
part of the figure. 

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

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

ǇǳƭǎŜ ǎŜǇŀǊŀǘƛƻƴ ǘƛƳŜΦ ¢ƘŜ ǇǳƭǎŜ ǎŜǇŀǊŀǘƛƻƴ ǘƛƳŜ ƛǎ ǳǎǳŀƭƭȅ ŀǘ ǘƘŜ ƻǊŘŜǊ ƻŦ ŀ ŦŜǿ ˃ǎŜŎΣ 

whereas the time distance between two snapshots can be at the order 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. 

As Figure 17 and Figure 18 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 distribution (see Figure 19 

and Figure 20ύ ǿƛǘƘ ŀ ƳŜŀƴ ǾŀƭǳŜ ƻŦ лΦлǇȄ ŀƴŘ ŀ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ лΦнǇȄΣ ƻǊ мнΦт˃ƳΦ Lǘ ƛǎ 

also observed that both cameras (left and right) have similar behaviour. The above set of 

data refers to the h  Ґ тϲ ŎŀǎŜΣ ǿƘŜƴ ŀ флƳƳ ƭŜƴǎ ǿŀǎ ǳǎŜŘΦ 

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

ŦƻǊ ǘƘŜ млϲ ŎŀǎŜ ƛǎ ƎƛǾŜƴ ƛƴ Figure 21 and the corresponding PDF in Figure 22. The distribution 

is again almost normal with a mean value of 0.0px and a standard deviation of 0.1px, or 

мнΦо˃ƳΦ Lǘ ƛǎ ƻōǎŜǊǾŜŘ ǘƘŀǘ ŀƭǘƘƻǳƎƘ ǘƘŜ ŘƛǎǇƭŀŎŜƳŜƴǘ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ is smaller for the 

млϲ ŎŀǎŜ όрлƳƳ ƭŜƴǎύ ǿƘŜƴ ŜȄǇǊŜǎǎŜŘ ƛƴ ǇȄΣ ƛǘ ƛǎ ǾŜǊȅ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ ʰ Ґ тϲ ǿƘŜƴ ŎƻƳǇǳǘŜŘ ƛƴ 

˃ƳΦ 9ǉǳƛǾŀƭŜƴǘƭȅ ǿƘŜƴ ǘƘŜ ƳŀƎƴƛŦƛŎŀǘƛƻƴ ŦŀŎǘƻǊ ƛǎ ǘŀƪŜƴ ƛƴǘƻ ŀŎŎƻǳƴǘ ǘƘŜ ŎŀƳŜǊŀ 

displacement is not affected by the lens being used, or the wing angle 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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Figure 17: Camera displacement from image A to Image B of an image pair. ʰ Ґ тϲΣ Re = 0.87x10
6
, 90mm lenses, 

Magnification Ғ соΦр˃ƳκǇȄΦ  

 

 

Figure 18: Camera displacement from image A of one image pair to Image A of the next image pair. ʰ Ґ тϲΣ Re = 
0.87x10

6
, 90mm lenses, Magnification Ғ соΦр˃ƳκǇȄΦ  
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Figure 19: Camera displacement from image A to Image B of an image pair. ʰ Ґ тϲΣ Re = 0.87x10
6
, 90mm lenses, 

Magnification Ғ соΦр˃ƳκǇȄΦ wƛƎƘǘ ŎŀƳŜǊŀΦ 

 

 

Figure 20: Camera displacement from one image pair to the next. ʰ Ґ тϲΣ Re = 0.87x10
6
, 90mm lenses,  

Magnification Ғ соΦр˃ƳκǇȄΦ wƛƎƘǘ ŎŀƳŜǊŀΦ 
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Figure 21Υ /ŀƳŜǊŀ ŘƛǎǇƭŀŎŜƳŜƴǘ ŦǊƻƳ ƻƴŜ ƛƳŀƎŜ ǇŀƛǊ ǘƻ ǘƘŜ ƴŜȄǘΦ млϲΣ Re = 0.87x10
6
, 50mm lenses, 

Magnification Ғ мноΦр˃ƳκǇȄΦ  

 

 

Figure 22Υ /ŀƳŜǊŀ ŘƛǎǇƭŀŎŜƳŜƴǘ ŦǊƻƳ ƻƴŜ ƛƳŀƎŜ ǇŀƛǊ ǘƻ ǘƘŜ ƴŜȄǘΦ млϲΣ Re = 0.87x10
6
, 90mm lenses, 

Magnification Ғ мноΦр˃ƳκǇȄΦ [ŜŦǘ ŎŀƳŜǊŀΦ 
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3 Computational modelling  

3.1 Solver  
The in-house solver MaPflow (Papadakis, 2011) was used in the present investigation. 

MaPflow is an unsteady RANS MPI parallelised, multi-block finite volume compressible code 

applied to mixed structured/unstructured grids. The code is equipped with pre-conditioning 

for low Mach flow conditions and uses the Spalart - Allmaras turbulence model. The 

discretisation is 2nd 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 computational meshes either an in-house code (GFOIL) was used or 

the commercial software ICEM CFD. Details of typical grids around the airfoil are shown in 

Figure 23 and Figure 24, for the case with and without VGs. Grid dependence studies were 

performed for all applications and the results are given in the relevant chapters. 

 

Figure 23: Detail of a typical grid around the airfoil. Case without VGs. 

 

Figure 24: 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 computational cost. Therefore a more 

engineering approach has been followed. The BAY model, introduced by (Bender et al., 

1999), was implemented. The model assumes that the presence of a zero thickness vane VG 
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Y

Z

X

Y
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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 aligns the flow 

with the VG direction. The derivation of the source term as written originally by (Bender et 

al., 1999), is repeated here for completeness. 

The momentum and energy equations become: 

ὠ
ɝʍόᴆ 

ɝὸ
ὊᴆὛ ὒᴆ (3)  

ὠ
ɝʍὉ 

ɝὸ
Ὂ Ὓ όᴆz ὒᴆ (4)  

where  

ὒᴆ ὧ Ὓ
ὠ

Вὠ
ʍ̡ȿόᴆȿὰ (5)  

and 

 ὰ is a unit vector in the direction of the lifting force acting on the flow 

όᴆ is the local velocity,  

 ́is the local density,  

 ̡is the angle of incidence of the vane with the primary flow, 

ὠ is the volume of the grid cell,  

Вὠ is the sum of the volumes of all of the cells over which the model is being applied,  

Ὓ  is the VG planform area, and 

ὧ  is an empirical constant subject to calibration.  

The vane VG surface is described by three unit vectors, namely ὸǶ that is tangent to the VG 

chord, ὦ that is along the VG span and ὲ that is normal to the VG surface and the other two 

unit vectors. The unit vector ὰ is assumed to be normal to the local velocity vector and the 

unit vector ὦ, see Figure 25. 

ὰ
ό

ȿόᴆȿ
 Ø ὦḳό Ø ὦ (6)  

where ό is a unit vector in the direction of the local flow. Using the small angle 

ŀǇǇǊƻȄƛƳŀǘƛƻƴ ǘƘŜ ŀƴƎƭŜ ʰ ƛǎΥ 

‍ ÓÉÎ‍ ÃÏÓ
“

ς
‍  όϽὲ (7)  

To approximate the loss of side force at higher angles of attack (of the VG with respect to 

the free stream) the lift force source term is also multiplied by a factor of όϽὸǶ. The equation 

for the lift force source term is: 
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ὒᴆ ὧ Ὓ
ὠ

Вὠ
ʍȿόᴆȿόϽὲ ό Ø ὦ όϽὸǶ (8)  

The cVG constant defines the intensity with which the local velocity is aligned with the flow. If 

cVG is too low then the VG is not modelled correctly, whereas results reach an asymptotic 

behaviour for large values of cVG (Waithe, 2004a). In the latter study a value of cVG = 10 was 

used, whereas (Bender et al., 1999) suggest cVG > 5 and (Jirasek, 2005) cVG = 7. In the present 

case the greatest value cVG = 10 was selected for the solution to be constant independent. 

The model was applied in its jBAY variation (Jirasek, 2005) in 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, see Figure 25 centre and right, where a schematic representation is 

given.  

Various researchers (Waithe, 2004a; Jirasek, 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 model has some inherent 

shortcomings, such as its inability to predict vortices produced by finite thickness VGs 

(Joubert et al., 2011) or reversed flow on the VG surface. Still it remains 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. 

 

Figure 25: Unit vectors for the VG geometry. (Centre) Side and (right) top view of the cells on which the BAY 
model is applied. 
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Part II.  

Three -dimensional separation  
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4 Geometrical characterization of Stall Cells   
In this chapter the tuft flow visualization data are presented. The tuft set up is described in 

Chapter 2. The dynamic nature of SCs is described and a way to suppress it is proposed. The 

geometrical features of the stabilized SC and their dependence on Re, angle of attack and AR 

are discussed.  

4.1 Metric s 
¢ƘŜ ŜȄŀƳƛƴŜŘ ŜȄǇŜǊƛƳŜƴǘŀƭ ǇŀǊŀƳŜǘŜǊǎ όwŜΣ !wΣ ʰΣ ȊƛƎȊŀƎ ǘŀǇŜύ ŀƴŘ ǘƘŜƛǊ ǊŀƴƎŜ ƻŦ ǾŀƭǳŜǎ ŀǊŜ 

given in Table 3, in page 40. At each setting a video of at least 30 sec was filmed and 

analysed according to the following rule: a 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 were introduced, all 

defined in Figure 26: 

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#  

3#  

7ÉÎÇ  
 (9)  

 

Figure 26: Schematic view of a SC for AR = 2.0, Re = 1.0x10
6
, ʰ Ґ уΦлϲΣ ǿƛǘƘ ƭƻŎŀƭ ŘƛǎǘǳǊōŀƴŎŜ ŀǘ ǘƘŜ ǿƛƴƎ ǎǇŀƴ 

centre. The direction of the flow is from top to bottom. 

These 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 

Uқ 
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pressure taps only at a single spanwise location, usually at the mid span. In the case of a 

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. Therefore the uncertainty in the 

measurement of the SC width is +/-6.7% and +/-9.1% for AR = 2.0 and 1.5, respectively. 

Similarly, the chordwise uncertainty for the SC boundary line is approximately +/-10%. 

Finally the uncertainty for the SC area ranged from +/-1.6% (smallest SC) to +/-3.5% (largest 

SC) of the wing area for the AR = 2.0 case 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 [x106] AR  h ZZ tape 

Range 0.5, 1.0, 1.5 1.5, 2.0 сϲ-мсϲ Yes - No 

Table 3: Experimental parameters for the tuft experiments and their values. 

4.2 Stall Cell stabilization   
The first series of tests were conducted without any extra flow perturbation apart 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 works (Gregory et al., 1971; Yon 

& Katz, 1998).  

Patterns with one, one and a half or two SCs were observed indicating the existence of 

multiple modes. On occasions, even 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 flow visualization results have been reported (Velte & 

Hansen, 2012), at Re 0.9x106, and earlier by (Gregory et al., 1971), at Re 3.14x106. 

In certain cases, the pattern switched from 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 (even 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 

higher angle of attack for a specific Re number. 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 

cancel the dynamic character of the SCs suggesting that the dynamic nature of SCs is not 

linked to transition.  

Assuming, in accordance to the theoretical analysis by (wƻŘǊƝƎǳŜȊ ϧ ¢ƘŜƻŦƛƭƛǎΣ нлмл), that SCs 

result from large enough self-excited and self-sustained spanwise perturbations, it was 

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

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

angle(shown in Figure 27) was added at mid-span covering 10% of the span. The tape was 
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placed at x = 0.02c so that it would always be at or prior to natural transition. The specific 

position is the natural transition point that XFOIL (Drela, 1989) predicts for the highest Re 

number (1.5x106) and angle of attack (16deg) tested. No ZZ tape was added on the pressure 

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 Re number (0.5x106) so that the 

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

In order to only trip the boundary layer at this chord position (0.02c) for the lowest Re 

number in this test (0.5x106), a grit roughness height of about 0.88 mm would be sufficient, 

as calculated by the method of (Braslow & Knox, 1958). ZZ tapes, however, are more 

effective in tripping the flow than grit roughness as (Timmer & Van Rooij, 2003) suggest 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 1.0x106 and 1.5x106 the corresponding tape heights are 0.14mm and 

0.09mm, respectively. The estimation of the appropriate ZZ height is described in detail in 

Appendix B. Clearly 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 laminar flow and exceeds height requirements for transition and therefore acts as a 

disturbance.  

Indeed the presence of the specific ZZ tape led to the creation of a fixed, single SC, 

positioned at the centre of the wing span. In order to examine the effect of the ZZ tape in 

comparison with the undisturbed case, the variation of the relative SC area with respect to 

the angle of attack at Re = 1.5x106 and for AR = 2.0 is shown in Figure 28 with and without 

the ZZ tape. EȄŎŜǇǘ ŦƻǊ ŀ ƭƛƳƛǘŜŘ ŘƛŦŦŜǊŜƴŎŜ ŀǘ ʰ < 9ˇ, the overall agreement is found to be 

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 

specific height causes an earlier formation of a SC, in agreement with (Moss & Murdin, 

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

ƻƴ ǘƘŜ ǿƛƴƎ ǎǳŎǘƛƻƴ ǎǳǊŦŀŎŜ ŦƻǊ ʰҗфϲΦ ¦ƴƭŜǎǎ ƻǘƘŜǊǿƛǎŜ ǎǘŀǘŜŘ ƛǘ ƛǎ ǘƘŜ ǎǘŀōƛƭƛȊŜŘ {/ ǘƘŀǘ ƛǎ 

studied in the present investigation. 

 

Figure 27: Geometry of the zigzag tape used for tripping the flow. 
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Figure 28: Relative SC area vs. angle of attack, Re = 1.5x10
6
, AR = 2.0 with and without the ZZ tape. There is 

good agreement eǎǇŜŎƛŀƭƭȅ ŀǘ ŀƴƎƭŜǎ ƻŦ ŀǘǘŀŎƪ ƘƛƎƘŜǊ ǘƘŀƴ фϲ ǎǳƎƎŜǎǘƛƴƎ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ǘƘŜ ½½ ǘŀǇŜ ŘƻŜǎ ƴƻǘ 
affect the size of the SC. Multiple points on the "no ZZ tape" curve correspond to different flow states (e.g. a 
single SC alternating with two SCs) for a specific test 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 x/c < 77%. This is in agreement 

with (Gregory et al., 1971), who found that three-dimensionality 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 order to geometrically characterize the SC 

and its behaviour. They are given in terms of Re and angle of attack for two AR values (or 

wing spans), namely AR = 2.0 and 1.5. 

¶ the relative SC width (z/span %) (Figure 29 and Figure 30),  

¶ the actual SC area (Figure 31),  

¶ the relative SC area (Figure 32 and Figure 33),  

¶ the relative SC growth (Figure 34),  

¶ the maximum chordwise length (Figure 35) and  

¶ the angle at which a SC is first formed (Figure 36)  

The relative SC width is increasing with Re number and angle of attack regardless of the AR, 

as Figure 29 shows for AR = 2.0. As this happens the two vortices move toward the wing tips 

and are elongated in the spanwise direction. For the smaller AR case and for all Re numbers 

tested, the SC reaches the full wing span a lot earlier than for the greater AR, see Figure 30 

where the relative SC width is plotted against the angle of attack for Re number 1.5x106 and 

AR = 1.5 and 2.0. As an example, the growth of a SC for an increase of 1o in angle of attack 

can be seen in Figure 137 (in page 164) and Figure 138  (in page 165), where snapshots from 
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the AR = 2.0, Re = 1.0x106, case with ZZ tape are shown for ʰҐуΦл ŀƴŘ фΦлϲΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 

Figure 139 (in page 166) shows details from these snapshots where the growth of the SC 

vortex can be seen more clearly. 

Until the SC covers the full span ŦƻǊ ǘƘŜ ƭƻǿ !w ŎŀǎŜ όŀǘ ʰҐфΦлϲ ŦƻǊ Re = 1.5x106), the growth 

of the actual SC area is very similar for both ARs, see Figure 31. This suggests that while 

sufficiently small, the SC grows unaffected by the proximity of the 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 = 1.5 whereas it can still expand in both directions for the AR = 2.0 case, 

hence the greater area for AR = 2.0 at higher angles of attack. The fact that at an early stage 

the SC size is not affected by the wing span is shown in Figure 140 (in page 167) and Figure 

141 (in page 168) in Appendix A, where snapshots are presented from the Re = 0.5x106, 

ммΦлϲΣ ŎŀǎŜ ǿƛǘƘ ½½ ǘŀǇŜ ŦƻǊ AR = 1.5 and AR = 2.0, respectively. 

In all cases the relative SC area appears to increase asymptotically with angle of attack as 

Figure 32 shows for the highest Re number case. The maximum relative SC area depends on 

the Re number but not on AR, see Figure 33 where the SC area is plotted against angle of 

attack for AR = 1.5 and the three Re numbers tested. Actually after the SC area gets larger 

than 95% of its highest value at h Ґ мсˇ, there is no difference between the two AR cases. 

¢Ƙƛǎ ƘŀǇǇŜƴǎ ŦƻǊ ʰ > 13o when Re = 1.5x106 and Re = 1.0x106 ŀƴŘ ŦƻǊ ʰ > 14o when Re = 

0.5x106. 

However, the SC relative area is not the same throughout the polar. The initial rate of 

increase is considerably higher for AR = 1.5 than for AR = 2.0 leading to higher relative SC 

area values for the smaller 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 for AR = 

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

mentioned.  

As far as the SC relative area is concerned, it is found that it increases with Re number, albeit 

with a decreasing rate for a given angle of attack (e.g. Figure 33). This suggests that the 

maximum SC relative area is not expected to grow significantly at higher Re numbers. 

Snapshots for the AR = 2.0, h  Ґ м4ˇ case are given in Appendix A (Figure 142, Figure 143 and 

Figure 144, in pages 169 to 171) for the three Re numbers considered. 
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Figure 29: SC width vs. angle of attack, AR = 2.0 for the three Re numbers considered. The SC width increases 
with Re number and angle of attack. 

 

 

Figure 30: SC width vs. angle of attack for AR = 1.5 and 2.0 at Re = 1.5x10
6
. The SC reaches the wing full width 

earlier for the lower AR case. 

 



 

45 
 

 

Figure 31: Actual SC area vs. angle of attack, for AR = 1.5 and 2.0 at Re = 1.5x10
6
. Until the SC covers the entire 

ǿƛƴŘ ǎǇŀƴ όʰ ғ 10deg) the SC is unaffected by the end walls. 

 

 

Figure 32: Relative SC area vs. angle of attack, for AR = 1.5 and 2.0 at Re = 1.5x10
6
. The Relative SC area grows 

asymptotically with angle of attack to a maximum value that is independent of the AR. At intermediate angles 
of attack the relative SC area is higher for the lower AR wing.  
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Figure 33: Relative SC area vs. angle of attack, AR = 1.5 for the three Re numbers considered. The relative SC 
area maximum value 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 tested in Figure 

34. The relative SC growth (ὛὅȢ ) is defined as the ratio of the SC relative area 

growth for a rise in Re number of 0.5x106 over the SC relative area at the final Re number, as 

shown below. It is interesting to see that the data for the relative SC growth from Re 0.5 to 

Re = 1.0x106 and from Re 1.0 to Re = 1.5x106 collapse on a single curve for each AR case. This 

suggests that for a specific increase in Re number, the relevant growth of the SC area is 

independent of the initial Reynolds number. Also, for relative SC area 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. 

ὛὅȢ

 3#   ͽ 
Ȣ

 3#   ͽ 

3#   ͽ Ȣ

 (10)  

In all cases the maximum chordwise length of a SC as determined by the earliest separation 

point, appeared at the centre of the SC between the two counter rotating vortices (e.g. see 

Figure 26) and no change in behaviour was observed even for the cases without the ZZ tape. 

As the angle of attack increases, the earliest separation point quickly moves upstream until it 

reaches x/c=46.7% (tuft column #6 in Figure 6); 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 the 

maximum thickness location (x/c=35.1%). This behaviour is described in Figure 35 where the 

variation of the earliest separation location with angle of attack and Re number is given for 

AR = 2. Although this behaviour is profile specific, a qualitatively similar behaviour could be 

expected for other profiles as well, see also (Moss & Murdin, 1971).  
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Figure 34: Relative SC growth vs. relative SC area, for the AR = 1.5 and AR = 2.0 cases. For a 0.5x10
6
 increment 

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

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

moves upstream contrary to what would be expected in 2D separation. Also unlike 2D 

separation the angle of attack at which a SC ƛǎ ŦƛǊǎǘ ŦƻǊƳŜŘ όʰSC) decreases with Re number, 

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

1937), see Figure 36 ǿƘŜǊŜ ʰSC is plotted against the Re number for AR = 1.5 with and 

without the ZZ tape. The same behaviour was observed for the AR = 2.0 cases, 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 observed by (Yoshida & Noguchi, 2000) who 

used a NACA 8313 profile and report onset of separation at a lower angle of attack as Re 

number increases from 0.5x106 to 1.0x106 ŀƴŘ ǘƘŀǘ ŦƻǊ ŀ ƎƛǾŜƴ ŀƴƎƭŜ όŜΦƎΦ мсϲύ ǘƘŜ ǎŜǇŀǊŀǘƛƻƴ 

line moves upstream as Re number increases in the same range. Yoshida and Noguchi 

attribute this "adverse Re number effect" to the three-dimensionality of the separated flow 

but make no reference to SCs. Still, the three-dimensional separation line on the wing could 

justify the presence of multiple SCs next to one another, see e.g. Fig. 11 in (Yoshida & 

Noguchi, 2000). 
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Figure 35: Earliest separation location vs. angle of attack, AR = 2.0 at 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 indicating an adverse Re effect. 

 

Figure 36Υ !ƴƎƭŜ ƻŦ ŀǘǘŀŎƪ ŀǘ ǿƘƛŎƘ ŀ {/ ƛǎ ƛƴƛǘƛŀƭƭȅ ŦƻǊƳŜŘ όʰSC) against Re number for AR = 1.5 with and 
without the ZZ tape. Unlike in 2D separation increasing the Re number leads to earlier onset of stall 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 creation-destruction) reconfirms previous findings. The 

prerequisite for dynamic SCs to form is that the spanwise flow conditions are uniform (fully 

tripped or fully un-tripped) which subjects the flow to self-excited perturbations. By applying 
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a local disturbance to the flow (and therefore violating the spanwise uniformity) the flow 

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 length constant) on this 

coherent and stable structure were studied experimentally based on tuft visualizations. The 

main findings of the flow-visualisation tests can be listed as follows: 

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

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 separation line unlike two-dimensional separation. 

This adverse Re number effect, could be profile specific, but was also noted on a 

NACA 8318 profile (Yoshida & Noguchi, 2000).  

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

5. Until the SC width entirely covers the available span, the actual SC area is 

independent of the wing span, over the range of values considered. 

6. At high angles of attack, the relative SC area is independent of the AR, over the 

range of values considered. 

7. The relative SC area is higher for the AR = 1.5 case at intermediate angles of attack 

as compared to that of AR = 2.0.  

8. For increments of 0.5x106 in 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 current 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 the wing wake. 

Both force coefficients and the pressure distribution are compared with the relevant 

computational results. Then, a comparison of the measured and predicted SC size on the 

wing surface follows, along with a discussion on the wake downstream development. The 

agreement between the tests and the simulations is found to be good and on this basis a 

qualitative analysis of the complex vortex structures within a SC is performed.  

5.1 CFD Validation 

5.1.1 Grid  

A c-type grid was used that extended 50 chords around the airfoil. 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 two-dimensional calculations) was extruded in 

steps ranging from 0.0248 at the centre of the span to 0.0646 non-dimensional length units 

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

at the other (fence position), inviscid wall boundary conditions were implemented. SCs are 

not a tip effect and fully 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.  

Table 4 below summarizes the details and some of the results for the grid cases tested. The 

differences in results between the baseline grid (0.9x106 cells) and the denser grids were at 

ǘƘŜ ƻǊŘŜǊ ƻŦ м҈ ŦƻǊ /ƭ ŀƴŘ т҈ ŦƻǊ /Ř ŀǘ ʰҐфˇ. Still, it was decided to proceed with the 

baseline grid due to the computational cost. It was not possible to run higher density 

meshes with the available resources. 

Case 

Far field 

boundary 

distance 

Domain Size 

Earliest 

Separation 

Point 

Cl at 
midspan 

Cd at 

midspan 

20c 20c 
(250x110x24) 
0.66x10

6
 cells 

75.9% 1.31762 0.02858 

50c (Baseline) 50c 
(280x140x24) 
0.94x10

6 
cells 

76.9% 1.32475 0.02461 

Increased spanwise 
density 

50c 
(250x110x40)  
1.10x10

6 
cells 

75.5% 1.33550 0.02379 

Increased density in 
x and y directions. 

50c 
(470x230x24)  
2.59x10

6 
cells 

79.4% 1.33915 0.02290 

Table 4: Computational details and selection of results for the different computational grids tested. h  Ґ фΦлϲΣ  
Re = 1.0x10

6
.  

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 60o. According to (Elsinga & Westerweel, 2011) 

undulating spanwise vortices are shed from zigzag tape 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 resolve its geometry in the flow. 

Several oil film surface visualization studies (Lyon et al., 1997; Boermans, 2006; Van 

Raemdonck & Van Tooren, 2008), report the formation of oil stripes downstream of ZZ tape, 

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

flow visualization tests done for various Re numbers. Figure 37 shows the result after one 

such test for the Re = 0.87x106 ŀƴŘ ʰ Ґ тϲΦ Lƴ ƻǘƘŜǊ ǿƻǊŘǎ ǘƘŜ ½½ ǘŀǇŜϥǎ ϦƭŜƎǎϦ Ŏŀƴ ŀŎǘ ŀǎ 

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 using the jBAY model (Jirasek, 

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

The BAY model (see Chapter 3) has been found to give similar results to the 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, see (Dudek, 2011).  

Fully resolving 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. The actual and 

the three simplified geometries tested are shown in Figure 38. The "2-legged" 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 different to the 

experiment. However, as shown later, this approximation is good enough to qualitatively 

study a SC. 

 

Figure 37: Oil flow visualization downstream of the ZZ tape used as a localized disturbance. Re = 0.87x10
6
,  

ʰ Ґ тϲΦ Tapes on the wing surface were located to cover the pressure taps. 

Uқ 
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Figure 38: 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 are given in Figure 39 and Figure 40, respectively. Data from the 

ŜȄǇŜǊƛƳŜƴǘǎΣ о5 ŀƴŘ н5 ǎƛƳǳƭŀǘƛƻƴǎ ŀǊŜ ƎƛǾŜƴΦ CƻǊ ŎƭŀǊƛǘȅΣ н5 Řŀǘŀ ŀǊŜ ƻƴƭȅ ǎƘƻǿƴ ŦƻǊ ʰ > 6o, 

since up to this angle there is very little difference between the 2D and the 3D 

computational results.  

CFD predicts lift very well ŜǎǇŜŎƛŀƭƭȅ ƻǾŜǊ ǘƘŜ ƭƛƴŜŀǊ ǇŀǊǘΣ ʰ < 7o while the drag is 

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 flow conditions. At 0o 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 

11o. The additional friction drag is partly responsible for the disagreement between the 

experimental and the computational value of Cd. Also, as shown in Table 4 (in page 51) 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. see (Goett, 1939; Barlow et al., 1999). 

!ǘ ƘƛƎƘŜǊ ŀƴƎƭŜǎ ƻŦ ŀǘǘŀŎƪ όʰ > 6o) the 3D CFD predicted Cl follows closely the trend in the 

measurements with a small over-shift of 0.06. 2D CFD, however, follows a completely 

different trend reaching the maximum value of Cl at 12o (cf. 9o for tests and 3D simulations). 

This indicates that 2D simulations are not capable of describing the flow when SCs develop, 

as (Elimelech et al., 2012) also showed, albeit for a much lower Re number (O(104)).  

hǾŜǊ ǘƘŜ ǎŀƳŜ ǊŀƴƎŜ ƻŦ ŀƴƎƭŜǎ ƻŦ ŀǘǘŀŎƪ όʰ > 6o) drag is significantly underpredicted in both 

2D and 3D simulations. It is noted that according to measurements at ʰ Ґ тo a SC is first 

formed on the suction side of the wing. Beyond that angle, the 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 at ʰ Ґ м0o, which leads to a 

local step-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 at ~10o.  

Uқ 
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Figure 39: Lift coefficient variation with angle of attack. Midspan value for experiments and 3D CFD. AR = 2.0, 
Re = 1.0x10

6
. 

 

Figure 40: Drag coefficient variation with angle of attack. Midspan value for experiments and 3D CFD. AR = 2.0, 
Re = 1.0x10

6
. 

In order to get a more detailed account on the differences between CFD simulations and 

measurements, the pressure coefficient distributions are compared in Figure 41, Figure 42 

and Figure 43 for ʰ Ґ тo, 10o and 16o, respectively. Pressure perturbations around x = 0.02% 

in the experimental data are due to the local effect of the ZZ tape on the pressure taps right 

ǳǇǎǘǊŜŀƳ ŀƴŘ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ƛǘΦ ¢ƘŜ /C5 ǇǊŜǎǎǳǊŜ ŎƻŜŦŦƛŎƛŜƴǘ ǾŀǊƛŀǘƛƻƴ ŀǘ ȄκŎ Ғ лΦп҈ ƛǎ the 

result of the modelling of the ZZ tape.  



 

55 
 

At ʰ Ґ тo the agreement between tests and 3D CFD is still very good until the TE region is 

reached, see Figure 41. A small SC is formed in the experiments but not in the computations. 

On the contrary there is little difference between the 2D and the 3D CFD results. At ʰ Ґ м0o 

the SC is formed in the computational results, too, but it is still smaller than the one 

experimentally observed at the specific angle of attack, see Figure 42. The pressure 

distribution prediction for the 3D case improves as the angle of attack increases, e.g. see 

Figure 43 for ʰ Ґ мсˇ. On the other hand the separated flow region is always significantly 

smaller in the 2D results. 

3D CFD can provide an insight to the force variation on the wing along its span. Figure 44 

and Figure 45 show the Cl and Cd variation along the wing span for three different angles of 

attack (7o, 10o and 16o). As the SC grows from its first formation (ʰ Ґ тˇ) so does the lift and 

drag variation with span position. Lift is always minimum at the centre of the wing span  

(z/S = 0%) and grows towards the wing tip (z/S = 50%). The drag value is also minimum at the 

centre of the wing span, then grows to its peak prior to the wing tip and is then reduced.  

In fact, the Cp distribution at the tip (z/S = 50%) is very similar to the result of the 2D 

computation which is also drawn in Figure 46 for ʰ Ґ м0ˇ. This would suggest that the flow in 

that region is not affected by the SC vortex. Similar agreement was found by (Elimelech et 

al., 2012). 

 

Figure 41: Pressure coefficient distribution along the wing chord at midspan. AR = 2.0, Re = 1.0x10
6
, h  Ґ т

o
. The 

yellow and red point correspond to the pressure taps just upstream and downstream of the ZZ tape, 
respectively. 
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Figure 42: Pressure coefficient distribution along the wing chord at midspan. AR = 2.0, Re = 1.0x10
6
, ʰ Ґ 10

o
. 

The yellow and red point correspond to the pressure taps just upstream and downstream of the ZZ tape, 
respectively. 

 

 

Figure 43: Pressure coefficient distribution along the wing chord at midspan. AR = 2.0, Re = 1.0x10
6
, ʰ Ґ 16

o
. 

The yellow and red point correspond to the pressure taps just upstream and downstream of the ZZ tape, 
respectively. 
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Figure 44: Lift coefficient along the wing half span. CFD data. AR = 2.0, Re = 1.0x10
6
. z/S = 0% is the wing 

symmetry plane and z/S = 50% is the wing tip. 

 

 

Figure 45: Drag coefficient along the wing half span. CFD data. AR = 2.0, Re = 1.0x10
6
. z/S = 0% is the wing 

symmetry plane and z/S = 50% is the wing tip. 
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Figure 46: Pressure coefficient distribution along the wing chord at various positions along the wing span and 
for the 2D solution. z/S = 0% is the wing symmetry plane and z/S = 50% is the wing tip. 

5.1.4 Stall Cell size 

The SC size on the wing surface is characterized by the SC maximum length (at its centre 

between the two vortices) and width at the TE. Figure 47 depicts the SC chordwise length 

variation with respect to the angle of attack. Tuft, pressure and CFD data are compared. The 

agreement between the tuft and pressure data is very good. CFD correctly predicts the 

ŜŀǊƭƛŜǎǘ ƭƻŎŀǘƛƻƴ ƻŦ ǎŜǇŀǊŀǘƛƻƴ ƻƴƭȅ ǿƘŜƴ ʰ > 10o. Similar behaviour is observed in the SC 

width prediction, as Figure 48 shows. For the CFD data the SC limit was defined as the most 

outboard position 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 tape model. In that case a SC 

ŦƛǊǎǘ ŀǇǇŜŀǊǎ ŀǘ фϲΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ǘǳŦǘ experimental data. In CFD the first fully formed SC 

ŀǇǇŜŀǊǎ ŀǘ мнϲΣ ƛΦŜΦ ŀƎŀƛƴ ǿƛǘƘ оϲ ŘŜƭŀȅ ŀǎ ƛƴ ǘƘŜ ŎŀǎŜ ǿƛǘƘ ǘƘŜ ½½-tape effect switched on, see 

Figure 49. This suggests that the modelling of the ZZ tape is not responsible for the delay in 

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 three-dimensional separated flow a couple of other issues could be mentioned. On 

one hand, this was a steady state simulation of an inherently unsteady separated flow while 

on the other, simulations did not include the wind tunnel walls or the boundary layer on the 

wing fences. It is planned to investigate these aspects 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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12ˇ  < h  < 16ˇ two SCs were formed on the wing surface whereas at ʰ Ґ мсo a combination 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 found, even 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. 

 

Figure 47: Earliest separation location as found from tuft, pressure and CFD data. AR = 2.0, Re = 1.0x106. 

 

Figure 48: SC width on the wing surface as found from tuft and CFD data, AR = 2.0, Re = 1.0x10
6
. 
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Figure 49: Earliest separation location as found from tuft and CFD data. AR = 2.0, Re = 1.0x10
6
 case without ZZ 

tape. 

5.1.5 Wake three -dimensionality  

So far it has been made clear that the flow is highly three-dimensional on the wing surface 

and, unsurprisingly, so is the wake flow. A measure of the three-dimensionality 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 the flow and the wing span. Computationally it was defined, as shown in 

Figure 50, where contours of normalized total pressure on a plane normal to the flow at the 

rake position are shown. The area in which the SC develops in the wake is also seen in this 

figure. The vortex structure inside this region is discussed in a later paragraph. 

In Figure 51 the experimentally measured wake height is plotted for various angles of attack. 

At 0o there is small initial three-dimensionality of the flow (due to the ZZ tape) which grows 

substantially as the SC quickly grows after 7o. The wake shape observed by the wake 

pressure measurements is in qualitative agreement with (Winkelmann, 1981) (Re number 

0.48x106, Clark Y-14 airfoil), who studied SC wake, however, at higher angles of attack 

όʰҐнмΦпo ŀƴŘ ʰҐнуΦпo). 

By comparing data from Figure 48 and Figure 51 it is possible to examine the SC evolution in 

the wake. For example at 10o the SC width at the wing suction surface is approximately 76% 

of the wing span (Figure 48) whereas the SC extends approximately from -20% to 20% of the 

span 0.8c downstream 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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Figure 50: 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 for z/S = 0% span. Symmetry 
plane is at the left of the picture. 

 

Figure 51: Wake height at the rake position (0.8c downstream of the TE) for AR = 2.0, Re = 1.0x10
6
 ŀƴŘ ʰ = 0

o
, 

7
o
, 10

o
, 13

o
 and 16

o
. 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. see Figure 52 and Figure 53 where the relevant CFD and experimental data 

ŀǊŜ ŎƻƳǇŀǊŜŘ ŦƻǊ мл ŀƴŘ мсϲΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 9ǾŜƴ ǘƘƻǳƎƘ /C5 ƻŦŦŜǊǎ ŀ ƎƻƻŘ ǇǊŜŘƛŎǘƛƻƴ ŦƻǊ {/ 

size on the wing surface at 16o (see Figure 47 and Figure 48) it fails to do so further 

downstream (Figure 53). This could possibly be attributed to excessive vorticity diffusion 

inside the wake. Still the general shape of the wake appears correct and permits a 

qualitative analysis. 

Symmetry plane 

Inviscid wall 

Uқ 
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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 0.05c, which is the value indicated by the error bars in Figure 52 and Figure 53. 

 

Figure 52: Wake height at the rake position (0.8c downstream of the TE) for h  Ґ млϲ ōŀǎŜŘ ƻƴ ŜȄǇŜǊƛƳŜƴǘŀƭ ŀƴŘ 
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 -15% to 15% span. Error 
bars value is 0.05c. 

 

Figure 53: Wake height at the rake position (0.8c downstream of the TE) for ʰ Ґ мсϲ ōŀǎŜŘ ƻƴ ŜȄǇŜǊƛƳŜƴǘŀƭ ŀƴŘ 
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. 



 

63 
 

5.2 Stall Cell structure  
In an early study (Winkelmann & Barlow, 1980) ǇǊƻǇƻǎŜŘ ŀ άǘŜƴǘŀǘƛǾŜ Ŧƭƻǿ ƳƻŘŜƭϦ ƛƴ ŀƴ 

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 that loops from one node to 

the other". However, in a later article, (Yon & Katz, 1998) showed that this model was 

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

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 the wing surface 

and continue downstream in the wake as suggested in (Yon & Katz, 1998). At the same time 

the SC vortices interact with the separated line vortex and the TE line vortex (definitions of 

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

The discussion focuses on the case of 16o angle of attack at which the overall CFD flow 

characteristics match best with the measured data. Surface stream lines, in-plane stream 

lines on x- and z-planes in combination with contours and isosurfaces of the Q criterion 

(Hunt et al., 1988) are used for the analysis. In-plane 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.  

Figure 54 shows surface stream lines on the wing surface and in-plane stream lines on 

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

at z/S Ғ 37%) while on the z planes, two spanwise line vortices of opposite vorticity can be 

detected. The one here named "separated line vortex" (SLV) stands above the wing surface 

ǿƘƛƭŜ ǘƘŜ ƻǘƘŜǊ ƴŀƳŜŘ άTE line vortexέ ό¢9[±ύ ƛǎ ŀƭƛƎƴŜŘ ǿƛǘƘ ǘƘŜ ¢9 ŀƴŘ ƛǎ ƭƻŎŀǘŜŘ ƛƴ ŀ ǎƘƻǊǘ 

downstream distance of it. Both have cores that increase 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 mid-span. On the contrary the 

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

In order to examine how the SLV and the TELV develop in space, a more detailed look at the 

in-plane flow lines of Figure 54 is needed. Figure 55 is a side view of Figure 54, but now flow 

lines are limited to the vortex core regions. In-plane flow lines are coloured by their 

spanwise position, which is indicated on the figure. It is clear 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 SC (z/S = 50%) 

where the vortex is weaker, but they do so at the centre of the SC. The TELV core appears to 

move upwards and downstream towards the centre of the SC (z/S = 0%). 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 the SL vortex, upstream over the midspan 

plane. Thus, the SL vortex grows and as a result the TE line vortex grows and is pushed 

downstream. 
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Figure 54: Surface flow lines on the wing suction surface along with in-plane flow lines on planes z/S = 0% 
(symmetry plane), z/S = 10%, z/S = 20%, z/S = 30%, z/S = 40%, z/S = 50% (wing tip, right hand side). Wing half 
span only. AR = 2.0, Re = 1.0x10
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Figure 55: Side view detail of the wing TE. In-plane 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 = 40%, z/S = 50% (tip). AR = 2.0, Re = 1.0x10
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Uқ Symmetry plane 
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