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The University of Alberta, Edmonton, Alberta, T6G 1H9, Canada 

 

The velocity field over a two-dimensional wing at Reynolds number of 672,000 was 

investigated to characterize the 3D topology and evolution of the separate flow with variation 

of the angle-of-attack. Planar particle image velocimetry over the full-span of the wing 

demonstrated that with increasing angle-of-attack, isolated pockets of backflow, that 

appeared near the trailing edge, merged and formed an asymmetric stall cell at angle-of-attack 

of 9.7°. The asymmetry was mainly associated with the dissimilar boundary layers developed 

on the wind tunnel walls at the spanwise ends of the wing. Secondary structures were also 

observed between the stall cell and the spanwise end. The stall cell topology was characterized 

using large-scale three-dimensional particle tracking velocimetry measurements utilizing 

helium-filled soap bubbles. The results showed that the separation bubble had a small wall-

normal height with two wall-normal counter-rotating vortices extended up to the edge of the 

separation bubble. In addition, the investigations demonstrated that vortex generators can 

induce a symmetric stall cell by removing the secondary structures and isolating the stall cell 

from the flows at the spanwise ends. 

Nomenclature 

c = chord, mm 

h = vortex generator height, mm 

l = spanwise distance between the saddle point and the focus point, mm 

Rec = chord-based Reynolds number, ρU∞c/μ 

s = span, mm 
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U = streamwise velocity, m/s 

U∞ = freestream velocity, m/s 

x = streamwise direction 

y = wall-normal direction 

z = spanwise direction  

α = angle of attack, degree 

β = incidence angle of vortex generators vanes, degree 

μ = dynamic air viscosity, kg/ms 

ρ = air density, kg/m3 

I. Introduction 

Flow Separation at high angles-of-attack (α) limits the aerodynamic performance of aircraft wings and high-lift 

devices by increasing drag and reducing lift. During flow separation, the boundary layer (BL) flow loses its streamwise 

momentum and moves away from the wing surface [1-3]. In investigations that assumed the separated flow was 

uniform in spanwise direction, i.e., two dimensional (2D), the separation point was simply indicated as the location of 

zero wall-shear-stress [3, 4]. However, flow separation typically does not form a 2D flow pattern. In most applications, 

including flow over 2D wings, the separated flow forms a three-dimensional (3D) pattern in which separation occurs 

along an axis, where the streamlines converge and lift-up from the surface. This axis is known as a 

separation/detachment line and crosses through a saddle-type critical point [5, 6]. 

The skin-friction patterns obtained from different visualization techniques have often been used to identify 

different topologies associated with separated flows. An early investigation by Moss and Murdin [7] observed a large 

mid-span separation zone with two wall-normal counter-rotating vortices on a NACA 0012 airfoil using oil flow 

visualization. The oil-flow visualization made by Dell’Orso and Amitay [8] also showed that the flow over a 2D wing 

can form different patterns including an asymmetric full-span separation, 3D separation with mid-span recirculation, 

or 3D separation with one or multiple stall cells (SCs). Among these patterns, the SC has drawn particular attention 

due to its unique cellular organization. Flow visualizations, using oil [9] and tufts [10], have shown that the SC has a 

spanwise separation line that spirals from both ends into two counter-rotating foci, forming a mushroom-shape pattern. 

It is also known that SCs only form for certain airfoils and under specific flow conditions. For example, Dell’Orso 

and Amitay [8] observed SCs for moderate to high chord-based Reynolds number of Rec = 105 to 106 [8]. Broeren and 
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Bragg [11] experimentally showed that thin airfoils that undergo leading-edge flow separation do not exhibit a SC 

pattern. They observed SCs only for thicker airfoils with trailing-edge (TE) separation. The SC pattern has been 

reported for both pre-stall [12-14] and post-stall [7, 9, 10, 15-17] conditions, defined relative to the α that corresponds 

to maximum steady lift. 

In an early investigation, Weihs and Katz [9] hypothesized that the foci of SCs extend into a pair of counter-

rotating streamwise vortices that are connected to each other, and form a loop in the wake region. Later, Yon and Katz 

[10] proposed a different topology model in which the counter-rotating vortices only extend in the streamwise 

direction without forming a closed loop. Manolesos and Voutsinas [12] performed numerical flow simulations and 

stereoscopic particle image velocimetry (stereo-PIV) measurements of the separated flow over a 2D wing with an 

aspect ratio (AR) of 2 at α = 10° and Rec of 8.7 × 105. Their results showed that the SC exhibited a pair of counter-

rotating vortices, which were normal to the wing surface and gradually aligned with the freestream flow as they 

traveled downstream. They also identified two spanwise vortices: a separation line vortex slightly upstream of the TE, 

and a trailing-edge vortex immediately downstream of the TE. To further investigate the flow structure associated 

with SC under different flow conditions, Dell’Orso et al. [17] performed stereo-PIV measurements on a NACA 0015 

airfoil with AR = 4 at α = 16° and Rec of 3.55 × 105. A zig-zag tape was installed close to the leading edge to form a 

SC at the midspan of the wing. Their measurements captured the spanwise vortex but did not show any clear evidence 

of streamwise vortices within the SC. A latter stereo-PIV measurement by Dell’Orso and Amitay [8] on the same 

airfoil at α = 16.5° and Rec of 4.11 × 105 captured a pair of streamwise vortices upstream of the TE. Since the flow 

condition of the two investigations is similar, the disagreement is potentially due to the use of the zig-zag tape in 

Dell’Orso et al. [17]. For a pre-stall condition, a recent experimental study by Ma et al. [13] at Rec of 7.5 × 105 showed 

that a large SC pattern only exists in the mean flow field while the instantaneous flow includes SC patterns that are an 

order of magnitude smaller. The contradictory observations regarding the topology of the vortices associated with SCs 

indicate that their 3D topology is yet to be characterized at various flow conditions. 

Several investigations were conducted to explore the SC patterns at different experimental conditions including 

AR, α, and Rec. For a Clark Y airfoil at a post-stall α of 18.4° at Rec of 3.85 × 105, Winkelmann and Barlow [16] 

demonstrated that the number of SCs over the span of the wing increased when AR increased from 3 to 12. Based on 

oil-flow visualization and crow-type instability [18], Weihs and Katz [9] formulated a linear relation between the 

number of SCs and AR. Yon and Katz [10] performed a study on the SC structures occurring on a post-stall airfoil at 
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α = 17° and Rec of 6.2 × 105. Using tuft visualization, they observed that the number of SCs was proportional to AR. 

The number of SCs observed by the recent investigation of Dell’Orso and Amitay [8] agreed with the relation proposed 

by Weihs and Katz [9]. Previous investigations have shown that the number of SCs also depends on the α. Boiko et 

al. [14] observed five SCs at α = 9.1°, while increasing α resulted in SCs to expand and merge. At α = 18.4°, they 

observed a single large SC covering the full span of the wing. Dell’Orso and Amitay [8] observed that with increasing 

α from 15° to 21.5°, the flow pattern developed from an asymmetric full-span separation into a single SC and 

eventually into a dual SC pattern. The results from Boiko et al. [14] and Dell’Orso and Amitay [8] appear to contradict 

each other, possibly due to the differences in the airfoil shape. Regarding the effect of Rec, Dell’Orso and Amitay [8] 

showed that at a fixed α of 17, the flow pattern changed from an asymmetric full-span separation to an asymmetric 

SC with increasing Rec from 3.02 × 105 to 4.47 × 105. They also observed a critical Rec, below which a SC did not 

form [8]. This critical Rec was observed to increase with increasing α. However, this appears to be in contrast to the 

results of Manolesos and Voutsinas [19] in which the critical Rec reduced with increasing α. The experiment of 

Manolesos and Voutsinas [19] was at a higher range of Rec from 5 × 105 to 1.5 × 106 and pre-stall α of 6° to 9°.  

The formation mechanism of SCs was also studied in the past decades. Weihs and Katz [9] hypothesized that SCs 

form due to the cross-span wavy disturbances produced by the interaction between the leading-edge and trailing-edge 

vortex lines, and the wing surface [18]. The theory was supported by the experiments of Broeren and Bragg [11], 

which demonstrated that the SC exists on thick airfoils with trailing-edge separation for which the leading-edge and 

trailing-edge vortices are closer. The oil-flow visualization of Dell’Orso and Amitay [8] also supported the theory by 

showing that the formation of SC was associated with the interaction between these two vortex lines. Moss and Murdin 

[7] showed that by adding a disturbance using roughness elements near the leading edge, the SC can form at a lower 

α than the undisturbed flow. Similar observations connecting the formation of SC with the spanwise disturbances were 

also made in later studies [17, 20-24]. Rodíguez and Theofilis [25, 26] observed that the SC pattern can be obtained 

by linear superimposition of a steady laminar 2D flow with the dominant global eigenmode of its separated flow. 

Previous investigations using tuft [10], and oil-flow visualizations [8, 9, 15, 16, 27, 28] showed that the pattern of 

multiple SCs is usually asymmetric in the spanwise direction; the SCs can be different in size and they do not organize 

symmetrically. Even in separated flows with only one SC, the pattern can be asymmetric, and the centerline of the SC 

may deviate from the midspan of the airfoil [8, 11, 12, 29]. These asymmetries are speculated to be due to several 

factors such as asymmetry in the corner flows near the spanwise ends of the airfoil, imperfections of the airfoil, and 
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non-uniformity of the freestream flow. The asymmetry in SC patterns of the previous investigations poses a challenge 

in the repeatability and the comparison of experimental results. To study the formation mechanism and to compare 

experimental results, it is of interest to identify the source of asymmetry and to generate symmetric SCs. For example, 

Yon and Katz [10] installed tip plates at the spanwise ends of a wing to reduce the effect of tip vortices and wall-

interference. They compared their results with Winkelmann and Barlow [16] and concluded that the tip plates result 

in a greater number of SCs over the wingspan. In another experiment, Gregory et al. [30] employed suction 

perforations on the spanwise ends of the airfoil and the wind tunnel walls. Such techniques for imposing flow 

symmetry require an embedded suction system that has to be carefully adjusted. 

The current experiment investigated the separated flows over a 2D wing with low AR in a range of α that forms a 

SC. To investigate the SC pattern and its asymmetry, the full span of the wing was characterized using several planar 

particle image velocimetry (PIV) measurements in planes that were parallel and close to the surface. A state-of-the-

art 3D particle tracking velocimetry (3D-PTV) was used to characterize the SC topology beyond the near-wall planes 

of planar PIV. To carry out the 3D-PTV measurements over a large volume that captured the SC, a novel system was 

employed to generate larger tracer particles made of neutrally-buoyant helium-filled soap bubbles (HFSB). Finally, to 

identify the source of SC asymmetry and to obtain a symmetric SC, the present study investigated the improvement 

of the symmetry of the SC through the application of vane-type vortex generators (VGs) at different spanwise 

locations.  

II. Experimental Setup 

A. Wind Tunnel and Airfoil 

The experiments were conducted in a two-story, closed-loop wind tunnel located at the University of Alberta. The 

test section followed a nozzle with a contraction ratio of 6.3:1 and had a cross-section of 1.2 × 2.4 m2. The side and 

bottom walls of the wind tunnel had acrylic windows for optical access. A two-dimensional wing with NACA 4418 

profile and a chord (c) of 975 mm, span (s) of 1190 mm, and AR of 1.2 was installed vertically in the wind tunnel. 

The wing was bounded by the wind tunnel walls from both spanwise ends. The TE section of the NACA 4418 airfoil, 

from 67% chord to the TE was modified into a straight surface. The modification was small and allowed the PIV 

measurement plane to stay parallel with the wing surface. A comparison between the original and modified NACA 

4418 airfoils is demonstrated in Fig. 1. The TE section of the original NACA 4418 is shown in dashed line while the 

modified TE is shown with a solid line. Since the modification reduced the curvature, the separation location is 
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expected to be slightly downstream with respect to that of the original NACA 4418 airfoil. The modified section is 

also shown in black in the 3D view from Fig. 2. A full-span trip wire with 1 mm diameter was installed on the suction 

side of the airfoil at 20% chord using a thin tape to force a laminar-to-turbulent transition. The tripping step had a 2D 

cross-section resembling a bump with a height of approximately 1.1 mm. All the planar PIV measurements were 

carried out at Rec of 672,000, which corresponds to freestream velocity of 10.5 m/s. Previous hotwire measurements 

recorded a freestream turbulence intensity of 0.43% at the velocity of 10.5 m/s [31]. Large-scale PIV measurements 

also showed that maximum variation in the mean velocity profile at the center of the test-section was approximately 

0.61% [31]. For the 3D-PTV measurements, a slightly greater Rec of 736,000, which corresponds to a freestream 

velocity of 11.5 m/s was used. This adjustment of the freestream velocity was needed to bring the SC back to the same 

streamwise location observed in the planar PIV measurements. The small displacement of the SC location between 

the two experiments was attributed to the presence of the HFSB system in the settling chamber. Both planar PIV and 

3D-PTV measurements were carried out at an air temperature of 22 °C. At the freestream velocity of 11.5 m/s, the 

turbulence intensity was 0.56% when the HFSB system was installed in the settling chamber [31]. The maximum 

spatial deviation of the freestream velocity from the mean flow in the central region of the test section was 0.65% 

without the HFSB system, and 1.4% with the HFSB system installed in the settling chamber at the velocity of 11.5 

m/s [31].  

 
Fig. 1 Comparison between the original (dashed line) and modified (solid line) NACA 4418 airfoils. 

The mean velocity profile of the BLs developed on the lower and upper walls of the empty test section was 

measured using planar PIV at the location of the airfoil. It was found that the BL thicknesses, δ99, on the lower and 

upper walls were 70 mm and 146 mm, respectively. The thicker δ99 observed on the upper wall is potentially associated 

with the large gaps between the panels of the wind tunnel ceiling. The laminar-to-turbulent transition points may also 

be different on the upper and lower walls due to the closed-loop design of the wind tunnel and the asymmetry of the 

curved section upstream of the settling chamber. 

17 mm17 mm



7 

 

 
Fig. 2 The modified NACA 4418 airfoil and the coordinate system. 

The maximum lift coefficient of the NACA 4418 airfoil occurs at approximately 14° [32]. The airfoil was tested 

here at α range of 9° to 11° in the pre-stall regime [32]. The α was increased in increments of 0.5° with an uncertainty 

of ±0.1° following α = 9.0°, 9.5°, 10.0°, 10.5°, 11°. An extra measurement was also carried out at α = 9.7°, where the 

SC appears. Tuft visualization was conducted to confirm that there was no large-scale separation close to the leading 

edge and that the flow separation only occurred close to the TE. The coordinate system used in the current experiment 

is demonstrated in Fig. 2. The streamwise, wall-normal, and spanwise directions are represented by x, y, and z, 

respectively. The origin of the coordinate system is at the midspan of the airfoil and 300 mm upstream of the TE. It is 

also at a wall-normal distance of 4 mm with respect to the airfoil surface. In this study, the y and z dimensions are 

normalized with s, and the x dimension is normalized with c. The TE is located at x/c = 0.3. 

B. Vortex Generators 

The current experiment investigated the usage of VGs to isolate the SC pattern from the separated flows on the 

spanwise ends of the airfoil. This approach aimed at enforcing an attached flow on the spanwise boundaries of the 

stall cell. Vane-type VGs were selected due to their simple geometry and effectiveness in controlling flow separation 

as shown by previous investigations [33-35]. The rectangular shape was shown to maximize the wall-normal 

momentum transport relative to the delta and trapezoidal type VGs [35]. The VGs used here were 3D printed using 

polylactic acid (PLA) in a Dremel 3D45 printer with a nozzle size of 0.2 mm.  

As shown in the inset of Fig. 3a, the vanes of VG were arranged in pairs with an incidence angle, β, of 18° as 

suggested by Godard and Stanislas [36]. To produce large-scale streamwise vortices, also following Godard and 
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Stanislas [36], the height of the VGs, h, was scaled as 0.4δ99. Here, δ99 is the BL thickness just upstream of the SC 

location which is approximately 26 mm based on measurements of Ma et al. [13]. Therefore, the height of VGs was 

10 mm in the current experiment. The gap between the TEs of the vanes was fixed to 1h to minimize the decay of the 

vortex strength [37]. In addition, to ensure the strong vortices, the chord of the VGs was set to 6h [38]. 

According to the parametric study on vane-type VGs by Ashill et al. [39], the vortices produced by counter-rotating 

vanes evolve within a distance of 30h downstream of the VG, and then remain approximately constant between 30 to 

50h downstream of the VG. Hence, the VGs were installed 40h (400 mm) upstream of the primary saddle point of the 

SC, which is around 25% of the chord. As it will be discussed in Sec. III., the asymmetry of the SC is associated with 

the secondary saddle and focus points that develop on the spanwise sides of the SC. Therefore, the spanwise VG 

locations were chosen according to the z locations of these secondary structures in an attempt to enforce a symmetric 

flow on the two spanwise sides of the SC. Three VG arrangements were selected as shown in Fig. 3: (a) two pairs of 

VGs at z/s = -0.41 and 0.26, (b) two additional VG pairs added at z/s = -0.32 and 0.42, (c) an additional VG pair was 

installed at z/s = -0.16. The VGs were investigated at an airfoil α of 9.7°, where the SC was first observed with 

increasing α. 

    
a) b) c) 

Fig. 3 The three arrangements of VG pairs used to enforce a symmetric flow around the SC. 

C. Planar Particle Image Velocimetry 

To investigate the effect of varying α and the VGs on the pattern of the separated flow, planar PIV measurements 

were conducted over the full span of the wing (1190 mm). A CCD camera (Imager ProX, LaVision GmbH) with a 

β

z
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sensor size of 2048 × 2048 pixels was used. Each pixel was 7.4 × 7.4 μm2 and had a dynamic range of 14 bits. The 

camera was equipped with a Nikon lens with a focal length of f = 105 mm and an aperture of f / 5.6. The camera 

imaged a field-of-view (FOV) of 268 × 268 mm at a digital resolution of 0.13 mm/pixel. The camera location and the 

FOV are illustrated in Fig. 4a. The whole span (1190 × 268 mm) was scanned by moving the camera in the z direction 

as shown by multiple red rectangles in Fig. 4a. The combined FOV was stitched using vector mapping in DaVis 8.4 

(LaVision GmbH). The stitched FOV was 268 mm × 1190 mm in the x and z directions, respectively. An Nd:YAG 

laser (Spectra-Physics, PIV 400) with a maximum power of 400 mJ per pulse at 532 nm wavelength was used to 

illuminate the measurement plane. The laser sheet was generated using a combination of spherical and cylindrical 

lenses and its thickness was kept smaller than 2 mm in the camera FOV. The laser sheet was parallel to the wing 

surface and at a wall-normal distance of 4 mm. The 4 mm distance minimized the glares formed in the images due to 

the reflection of the laser sheet. The flow was seeded using ~1 μm fog particles. Two independent sets of 500 double-

frame images were collected for each measurement at a rate of 5 Hz with a laser-pulse separation of 200 μs. The 

signal-to-noise ratio (SNR) was improved by subtracting the ensemble minimum of the image intensities from each 

image, followed by normalization using the average image intensity. The double-frame images were cross-correlated 

in DaVis 8.4 (LaVision GmbH) using a multi-pass algorithm with a final interrogation window of 32 × 32 pixels (4.2 

× 4.2 mm2) at 75% overlap. Universal outlier detection was applied in the post-processing procedure to remove the 

spurious vectors [40]. The uncertainty of planar PIV measurements is estimated to be approximately 0.1 pixels [41]. 

Therefore, using the digital resolution (0.13 mm/pix) and separation time between the two laser pulses (200 µs), the 

error in the velocity vector is 0.063 m/s (6×10-3U∞). In addition, evaluations of displacement histograms did not show 

any evidence of peak-locking. The statistical convergence of the planar PIV measurements was examined for both U 

and W components. The results showed that the arithmetic mean of both U and W converged to the expected mean 

after about 500 vector fields. The maximum variation of the arithmetic mean was approximately 2% when the number 

of planar-PIV vectors increased from 900 to 1,000. 

D. Three-dimensional Particle Tracking Velocimetry 

To study the 3D topology of the SC, a large-scale 3D-PTV measurement was conducted. Relative to the planar 

PIV, the 3D-PTV measurement covered a smaller spanwise extent but provided a volumetric measurement. The 3D-

PTV experiment was conducted at α of 9.7° and covered the midspan of the airfoil as demonstrated in Fig. 4b. The 

imaging system consisted of four high-speed cameras (v611 phantom). Each camera had a sensor size of 1280 × 800 
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pixels, with a pixel dimension of 20 × 20 µm2. Nikon lenses with a focal length of f =105 mm were set to an aperture 

size of f / 11 to obtain a depth-of-focus of approximately 100 mm. An angle of approximately 40° was kept between 

the opposite cameras. Sheimpflug adapters were used to align the depth-of-focus of the cameras and the measurement 

volume. The latter was illuminated by a high-speed Nd:YLF laser (Photonics Industries, DM20-527DH) with 20 mJ 

per pulse at 4 kHz. The laser beam was expanded by a combination of two cylindrical lenses. To obtain a rectangular 

cross-section, the laser beam was cropped at four edges. The measurement volume was 260 × 100 × 380 mm3 in the 

x, y, and z directions, respectively, which is equivalent to 807 × 310 × 1180 pixels. The initial calibration of the 

cameras was obtained by fitting a third-order polynomial on an image recorded of a 3D calibration plate (Type 22, 

LaVision GmbH). The self-calibration algorithm was then applied to reduce the root-mean-square of image distortion 

residual to 0.1 pixels [42].  

Since the laser energy was expanded over a large volume, it was essential to use large tracers that scatter sufficient 

light. For this reason, an in-house seeding system was employed to generate neutrally buoyant helium-filled soap 

bubbles (HFSB) with a mean diameter of approximately 0.5 mm [43]. The nozzles that generated HFSB bubbles were 

installed on a structure shown in Fig. 5a and b. The structure had 4 modular ducts with 12 nozzles installed in each 

duct (a total of 48 nozzles). The nozzles pointed downward and were installed in a staggered pattern on the top plate 

of the duct. The ducts had a thin wall of 3 mm thickness. The structure had a supporting base with NACA 0012 

profiles. The airfoils had a thickness of ~15 mm to reduce the flow blockage and downstream disturbances. The HFSB 

structure was placed in the settling chamber, upstream of the contraction section, as seen in Fig. 5c. The blockage of 

the HFSB structure increased the freestream turbulence intensity by approximately 0.1% and increased the non-

uniformity of the mean flow by 0.8% [31]. This resulted in a displacement of the SC towards the TE, which was 

compensated by increasing the freestream velocity to 11.5 m/s for the 3D-PTV measurements. The disturbances 

induced by the HFSB system can be further reduced potentially by reducing the cross-section of the supporting 

structure, or installing the HFSB system upstream of the wind tunnel screens. The latter option may reduce the number 

of the bubbles that reach the test section and requires frequent maintenance of the wind tunnel screens. The HFSB 

system was only employed for the 3D-PTV measurements, and was removed from the test section during the planar-

PIV measurements. 

In total, 10,800 images were recorded by each camera at an acquisition frequency of 4 kHz. Similar to the planar 

PIV, the ensemble minimum intensity was subtracted from each image and an image normalization using the ensemble 
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average was conducted. An optical transfer function was calculated for the iterative particle reconstruction and particle 

shaking processes of the shake-the-box (STB) algorithm [44, 45], conducted in DaVis 8.4 (LaVision GmbH). For the 

STB process, the maximum allowable particle shift was set to 15 pixels. On average, 3,500 particles were detected 

per image, which resulted in a particle image density of approximately 0.003 particle per pixel (ppp). The particle 

image density was limited by the number of bubbles generated by the HFSB system and their dispersion in the wind 

tunnel. The particle image density was well below the 0.075 ppp upper threshold of the STB algorithm [45]. The 3D-

PTV algorithm detected 2000 tracks per image. A second-order polynomial with a kernel of 2.8 ms (11 time steps) 

was applied to the particle tracks. The velocity measurements from all the images were binned into a grid with a final 

window of 48 × 48 × 48 voxels (15 × 15 × 15 mm3) at 75% overlap. Approximately 8,000 particle tracks were found 

in each bin. The uncertainty of the 3D-PTV measurement is estimated to be 0.1, 0.2, and 0.1 pixels in the x, y, and z 

directions based on the analysis of Ebrahimian et al. [46] and Rowin and Ghaemi [47]. Here, the largest uncertainty 

of 0.2 pixel corresponds to the out-of-plane direction of the 3D-PTV system. Using the digital resolution of 0.32 

mm/pixel and acquisition frequency of 4 kHz, the velocity uncertainties are 0.13 m/s (0.011U∞), 0.26 m/s (0.023U∞), 

and 0.13 m/s (0.011U∞) in the x, y, and z directions, respectively. The statistical convergence of the mean of the 

velocity components obtained from 3D-PTV was investigated by calculating the arithmetic mean values using 

different number of detected particles. The results showed that the arithmetic mean calculated based on 90% of the 

total number of particles was no more than 3% different with respect to the mean value calculated using the total 

number of particles. 

 
 

a) b) 

Fig. 4 Schematics of the experimental setup for a) planar PIV and b) 3D-PTV measurements.  
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a) b) c) 

Fig. 5 The a) front and b) isometric views of the HFSB system. c) The position of the HFSB system in the wind 

tunnel. 

III. Results 

To study the effect of α on the SC pattern, the flow streamlines obtain from the planar PIV measurements of mean 

velocity are investigated in Sec. III.A. The planar analysis is followed by the investigation of the 3D structure of the 

SC using the large-scale 3D-PTV in Sec. III.B. Finally, the spanwise asymmetry in the SC pattern is addressed by 

deploying vane-type VGs in Sec. III.C.  

A. The Effect of Angle of Attack on Stall Cell 

The flow streamlines over the full span of the wing for different α are plotted in Fig. 6. The upper and lower wind 

tunnel walls are at z/s = -0.5 and 0.5, respectively. The measurement domain covers the area close to the TE, with the 

TE located at x/c = 0.3. The saddle points and foci are labeled with the cross sign (×), and plus sign (+), respectively. 

The separation lines are also highlighted with dashed lines. Note that the HFSB apparatus or VGs were not installed 

during the planar-PIV measurement reported in this section. 

The streamline pattern at α = 9° in Fig. 6a shows a large recirculating vortex (labeled as A) near the upper spanwise 

end (z/s = -0.5). The corresponding focus point of this vortex is at (x/c, z/s) = (0.21, -0.41). Near the midspan of the 

wing, a saddle point is observed at (x/c, z/s) = (0.21, -0.05), and a focus point is located close to the TE at (x/c, z/s) = 

(0.25, -0.11). A short separation line also occurs in the mid-span region, crossing through the saddle point. No large 

recirculating flow is visible near the bottom end of the span at z/s = 0.5. Therefore, the corner flows at the two spanwise 

Modular
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Flow Direction
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ends of the wing are dissimilar although the wing and wind tunnel walls are symmetric (within the manufacturing 

tolerances). As noted in Sec. II.A. the turbulent BL thickness on the upper wind tunnel wall (z/s = -0.5) is 

approximately twice of that on the lower wall (z/s = 0.5). The smaller flow momentum on the upper wall contributes 

to the formation of vortex A on the upper end of the airfoil. When α is increased to 9.5° in Fig. 6b, the focus point A 

moves slightly to (x/c, z/s) = (0.20, -0.40), and the associated recirculating region is enlarged. At the midspan, the 

separation line extends and covers a larger spanwise domain. The separation line undulates in the spanwise direction 

and crosses two saddle points at (x/c, z/s) = (0.21, -0.01) and (0.17, 0.09). There are also three foci at (x/c, z/s) = (0.24, 

-0.11), (0.18, 0.03), and (0.23, 0.31). However, no SC pattern is apparent at this α.  

As α further increases to 9.7° in Fig. 6c, the focus A moves farther upstream to (x/c, z/s) = (0.18, -0.42). A SC is 

observed with a saddle point M at (0.05, 0.05) and two counter-rotating foci indicated as B and C. The combination 

forms a mushroom-shape separation line. An adjacent secondary vortex D is also seen at (x/c, z/s) = (0.21, 0.27), and 

a secondary saddle point N forms at (x/c, z/s) = (0.20, 0.19). The lower spanwise section from z/s = 0.35 to 0.5 still 

shows no sign of flow separation or a recirculating region. The SC is formed here for a wing with a low AR of 1.2 

relative to the previous investigations that observed SC over wings with higher ARs [10, 15]. 

For α of 10° in Fig. 6d, the primary saddle point M and the focus point B remain at the same location while the 

focus C moves slightly upstream and down to (x/c, z/s) = (0.13, 0.10). The secondary saddle point N also moves 

upstream and down to (x/c, z/s) = (0.17, 0.19). The curvature of the separation line connecting B and M also increases, 

and the reversed flow area becomes larger. Foci A and D remain in their former locations. The distance between the 

two foci of the SC in the current investigation at α of 10° is 0.21s. This is close to the SC width of 0.26s observed in 

the numerical simulation of flow over a 2D wing with AR = 2 at α = 10° and Rec of 8.7×105 [12]. The SC observed 

by Dell’Orso and Amitay [8] for a wing with AR = 4 at α = 16.5° and Rec of 4.11×105 had a larger width of 0.43s. 

This larger spacing with respect to the current investigation is potentially due to the larger α and AR. A larger α can 

result in a larger separation zone while a larger AR also allows the SC to expand in the z direction without being 

confined by the corner flows. 

In Fig. 6e, corresponding to α of 10.5°, the separation front moves farther upstream. As a result, the primary saddle 

point M and part of the separation line move out of the measurement field. The focus point C moves away from focus 

B, and the SC widens. A new saddle point also appears at (x/c, z/s) = (0.26, -0.24). With a further increase of α to 11° 

in Fig. 6f, the focus point A is pushed downstream to (x/c, z/s) = (0.25, -0.41), and the SC has a larger recirculating 
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region. The two foci B and C move to (x/c, z/s) = (0.10, -0.13) and (0.05, 0.19), resulting in a larger spanwise spacing 

of 0.32s. The adjacent focus point D and the secondary saddle point N no longer exist. It is conjectured that the 

expansion of SC accelerated the flow around the SC and removed the secondary focus and saddle points (N and D in 

Fig. 6e). Note that the saddle point between foci A and B is no longer visible when α reaches 11°. The topology for α 

higher than 11° was not investigated since the main flow features shifted outside of the measurement domain that 

covered the flat TE section. 

The investigation of the streamlines showed that the flow separation pattern is sensitive to the variation of α. At 

the early stages of the TE separation (α = 9°), the flow along the span of the airfoil consisted of small, isolated pockets 

of backflow. With a slight increase of α to 9.5°, the isolated pockets merged forming an undulated separation front 

with multiple foci and saddle points. When α increased further to 9.7°, an asymmetric SC pattern formed. A secondary 

saddle point and a secondary focus structure also appeared on one side of the SC, forming an asymmetric pattern with 

respect to the midspan. The flows at the two spanwise ends of the wing were not symmetric; a corner vortex with large 

backflow existed at one side while the flow was attached on the other spanwise end of the wing. This asymmetric flow 

pattern can be caused by imperfections in the experimental apparatus that are difficult to avoid. In particular, the 

difference in the BLs on the wind tunnel walls at the two spanwise ends of the wing produces the dissimilar corner 

flows observed in Fig. 6. Similar asymmetric flow patterns were also observed in the tuft visualization by Broeren and 

Bragg [11] and the oil-flow visualization by Dell’Orso and Amitay [8]: a corner vortex with a reverse flow region was 

present only at one of the spanwise ends and persisted with increasing α. In the current investigation, as a result of the 

blockage caused by the corner vortex of the upper spanwise end, the flow between the corner vortex and SC accelerates 

and remains attached at higher α. In contrast, between the other spanwise end of the wing and the SC, a short separation 

line with a focus point D and a saddle point N forms. The observation suggests the absence of a corner vortex at z/s = 

0.5 may be responsible for the existence of the saddle point N and focus point D on the lower side of the SC. Further 

increase of α to 10.5° expands the SC in the spanwise direction. When the SC covers approximately 50% of the span 

(α = 11°), the secondary saddle point and focus point disappear. In addition, the reverse flow region observed at the 

upper spanwise corner of the wing appears to weaken: the saddle point observed in Fig. 6e is not visible anymore in 

Fig. 6f as the corner vortex A moves more downstream and the associated reverse flow area is smaller within the FOV. 

Based on these results, one can predict that the SC will continue to expand with the increasing α and will cover most 
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of the wingspan. Note that it is also rare to observe a SC at a low AR of 1.2 since most of the studies of the SC were 

conducted on airfoils with larger AR [7-17, 19-24].  

   
a)  b)  c)  
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d) e)  f)  

Fig. 6 Streamline pattern over the airfoil at α of a) 9°, b) 9.5°, c) 9.7°, d) 10°, e) 10.5° and f) 11°. 
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B. Three-dimensional Characterization of Separation Bubble 

The 3D-PTV was performed to obtain the 3D topology of the SC. The mean velocity fields from the 3D-PTV are 

presented in 3 planes in Fig. 7: a near-wall x-z plane (y/s = 4 × 10-3), a x-y plane at z/s = -0.02, and a y-z plane at x/c = 

0.2. The figure shows the 2D streamlines with contours of normalized streamwise velocity, <U>/U∞, in the 

background. The streamlines of the x-z view show the mushroom-shape separation front and two counter-rotating foci 

of the SC. The SC is relatively symmetric in the spanwise direction. The x-y plane shows that the maximum height of 

the separation bubble, characterized by <U>/U∞ = 0, is about 0.015s (0.018c) at x/c = 0.22c (~0.08c upstream of the 

TE). The short wall-normal height of the separation bubble leaves little space for the foci structures to develop in the 

wall-normal direction. This is confirmed in Fig. 8, where x-z planes at higher wall-normal locations of y/s = 7.5 × 10-

3, 0.01, and 0.015 are presented. As observed in Fig.8, the foci structure quickly disappears with increasing y/s when 

approaching the boundaries of the separation bubble. The counter-rotating vortices are not visible anymore at y/s = 

0.015. This shallow separation bubble is consistent with the pre-stall condition of the airfoil. For example, Dell’Orso 

and Amitay [8] observed a SC with a wall-normal height of 0.3c at 0.12c upstream of the TE at α of 16.5°. The thicker 

separation bubble in the investigation of Dell’Orso and Amitay [8] is associated with the larger α and the 

corresponding post-stall regime. As it is observed in the y-z plane of Fig 6, the height of the separation bubble increases 

with increasing x/c.  

The streamlines in the y-z plane of Fig. 7 do not show any streamwise vortex. To confirm the absence of streamwise 

vortices, additional y-z planes are shown at different streamwise locations in Fig. 9. At x/c = 0.15, upstream to the two 

counter-rotating foci, a 3D node of detachment-type is observed. The streamlines show that the flow moves away 

radially from the node and departs from the wall. When viewing the y-z planes farther downstream at x/c = 0.17 and 

0.18, where the two foci are present, the node is no longer visible. At these two planes, a large-scale wall-normal 

motion of the flow away from the surface is seen, while the streamlines are slightly skewed towards the positive z 

direction. The most downstream y-z plane at x/c = 0.19 also shows no evidence of a streamwise vortex pair. In this y-

z plane, an upward flow with a half-saddle structure is observed approximately at z/s= 0. 

The 3D visualization of the SC did not show any evidence of strong streamwise vortices at the pre-stall condition 

in the current experiment. The streamwise-spanwise planes showed that the wall-normal vortices weaken and 

disappear at the boundary of the separation bubble, before tilting in the freestream direction. This observation agrees 

with the results of Dell’Orso and Amitay [17] which was carried out for an airfoil at near stall condition.  
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The mean 3D flow field of the separated flow is demonstrated in Fig. 10. The boundaries of the separation bubble 

are visualized using an iso-surface of <U> = 0, colored by transparent green. The flow motion is represented using 

colored 3D streamlines. The streamline sections with forward-moving flow (positive U) are colored in red, while the 

backward-moving sections are shown in blue. Short segments of white streamlines are used to represents near-zero 

streamwise velocity, which coincide with the boundary of the separation bubble. The blue color of the streamlines 

with spiral motion shows that two large vortices are confined within the separation bubble, which agrees with the 

streamline pattern of x-z planes in Fig. 7 and 8. The streamlines illustrate that most of the flow within the separation 

bubble is brought into the bubble by the backflow induced between the two counter-rotating foci. The flow within the 

separation bubbles moves upstream against the freestream flow forming the front separation line.  

 
Fig. 7 Visualization of the SC in a x-z plane at y/s = 4 × 10-3, a x-y plane at z/s = 0.02 and a y-z plane at x/c = 0.22. 
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a) b) c) 

Fig. 8 The velocity field in x-z planes at a) y/s = 0.0075, b) y/s = 0.01, and c) y/s = 0.015. 

 

    
a) b) c) d) 

Fig. 9 The velocity field in y-z plane at a) x/c = 0.15, b) x/c = 0.17, and c) x/c = 0.18, and x/c = 0.19. 
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Fig. 10 The 3D streamlines of the SC. The green iso-surface shows <U>/U∞ = 0. The blue, white, and red streamlines 

indicate negative, zero, and positive streamwise velocity (backward-to-forward flow). 

C. Application of Vortex Generators 

The streamline patterns of the SC after applying the VG combinations are presented in Fig. 11. The green v-shape 

marks demonstrate the spanwise location of the VGs. Note that the streamwise location of the VGs is at 0.25c 

downstream of the leading-edge, which is outside of the domain shown in Fig. 11. To characterize the asymmetry of 

the SC, the parameter S is defined as the |lB - lC| / |lB + lC|. Here, lB and lC represent the distance between the saddle 

point M and foci B and C in the z direction, respectively. For a symmetric SC, a S value of zero is expected. 

The streamline pattern of Fig. 6c showed that foci A and D contributed to in the asymmetry of the SC. This is also 

observed by the large S value of 0.39 for this flow field. Therefore, as shown in Fig. 11a, two pairs of VGs are installed 

at z/s = -0.41 and 0.26 to prevent the formation of foci A and D. The results in Fig. 11a show a significant improvement 

in the spanwise symmetry of the SC by applying the VGs, which resulted in S value of 0.26. However, a slight 

spanwise asymmetry persists, such that, in the z direction, the upper focus point B is farther from the primary saddle 

point M relative to the distance between the saddle point M and focus C. The additional momentum brought in by 

applying the VG at z/s = -0.41 slightly pushed the focus point A downstream. The VG installed at z/s = 0.26 removed 

the focus point D and saddle point N that were presented in Fig. 6c. A recirculating region is created near z/s = 0.5 at 

the lower spanwise end of the wing.  

To further improve the symmetry of the SC pattern, two additional pairs of VGs are added at z/s = -0.32 and z/s = 

0.42 as seen in Fig. 11b. The saddle point M makes a small downstream movement of 0.01c. The two foci barely 

move. Hence, the new VGs provides little improvement in terms of SC symmetry. In particular, the VG installed at 
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z/s = -0.32 does not affect the high-speed flow formed between the recirculating flow at the upper corner of the wing 

and the SC. The VG at z/s = 0.42 removes a part of the backward flow near the lower wind tunnel wall and confines 

it to a small spanwise region. However, this has a negligible effect on the SC, the value of S changed from 0.26 to 

0.28 with the addition of the VGs, which suggests that the small recirculating flow at the lower spanwise end did not 

affect the SC.  

One more attempt is conducted to enhance the symmetry of the SC by adding a pair of VGs at z/s = -0.16, and the 

result is shown in Fig. 11c. The added VG increases the streamwise momentum of the flow and shifts the focus point 

B in the positive z direction. Note that the two foci B and C are drawn closer together, and are relocated to (x/c, z/s) = 

(0.18, -0.04) and (0.19, 0.15). The corner vortex near the top end of the span at z/s = -0.5 still exists. The VGs induced 

a symmetric boundary on the two spanwise sides of the SC and formed a symmetric SC with a small S value of 0.05. 

The investigation shows that VGs can effectively reduce the interference of the corner flows with the flow at the mid-

span of the wing and remove the undesired secondary flow structures. This technique can be used for generating SCs 

that are isolated from the corner flows at the spanwise ends of the airfoil, improving the repeatability of the 

experiments.  
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a)  b)  c)  

Fig. 11 The effect of VG arrangements on the streamlines at α of 9.7°. 
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IV.Conclusion 

The current investigation characterized the SC pattern over a 2D wing with NACA 4418 airfoil at pre-stall 

conditions. The flow streamlines over the full span of the 2D wing at various α was measured using multiple planar-

PIV measurements. The measurements showed a recirculating vortex near one of the spanwise ends of the wing and 

an attached forward flow near the other spanwise end of the wing. This asymmetry was likely due to the dissimilar 

BLs developed along the upper and lower wind tunnel walls. At the lowest α of 9°, isolated pockets of backflow were 

observed. With increasing α to 9.5°, the isolated zones merged and formed an undulating separation front with two 

saddles and three foci structures. With a slight increase of α to 9.7°, an asymmetric SC formed. A secondary saddle 

and vortex structure also formed between the SC and the spanwise end of the wing that had an attached flow. With 

further increase of α, the separation line shifted upstream and the two counter-rotating foci within the SC departed 

away from each other. This resulted in a wider SC and a larger separated flow region. At α = 11°, the SC covered 

more than half of the wingspan, and the secondary saddle and vortex structures disappeared. In the present study, the 

SC formed at a low AR of 1.2, which was not commonly seen in the literatures. Previous studies were mostly 

conducted on airfoils with greater AR. In addition, only one SC was observed within the tested α, which is attributed 

to the pre-stall regime and the low AR of the wing.  

The state-of-the-art 3D-PTV measurements were performed over a volumetric domain that covered the entire 

separation bubble. The 3D measurement over such a large volume of 260×100×380 mm3 became feasible by applying 

helium-filled soap bubbles as neutrally-buoyant tracers. The 3D-PTV measurements showed that the SC formed a 

shallow separation bubble at α of 9.7°. The two counter-rotating vortices of the SC only extended a short distance in 

the wall-normal direction which was up to the boundary of the separation bubble. The 3D streamlines of the mean 

flow did not show any evidence of streamwise vortices. The 3D streamlines showed that the upstream flow enters the 

two foci structures from the outer bounds of the SC, and then transported away in the wall-normal direction.  

Vane-type vortex generators (VGs) were deployed as a simple technique to enhance the symmetry of the SC 

pattern. It was shown that by installing the VGs in the outer bounds of the SC, the symmetry-breaking secondary 

structures can be removed. As a result, similar attached flows were introduced on the two spanwise sides of the SC, 

which formed a symmetric SC. The symmetric SC pattern can be used as a benchmark flow for fundamental 

investigation and control of separated flows. 
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