
1 3

Exp Fluids (2016) 57:98
DOI 10.1007/s00348-016-2184-y

RESEARCH ARTICLE

3D flow visualization and tomographic particle image velocimetry 
for vortex breakdown over a non‑slender delta wing

ChengYue Wang1 · Qi Gao1 · RunJie Wei3 · Tian Li1,2 · JinJun Wang1 

Received: 1 November 2015 / Revised: 4 May 2016 / Accepted: 9 May 2016 / Published online: 24 May 2016 
© Springer-Verlag Berlin Heidelberg 2016

1 Introduction

The flow structures behind a delta wing have stimulated 
a great deal of investigating interest since its important 
roles in controlling the aerodynamic performances of the 
wing. At low incidence, a pair of counter-rotating leading-
edge vortices (LEVs) dominates the leeward flow. As the 
increase in incidence, the LEVs would suddenly lose insta-
bility and breakdown when they travel downstream over the 
wing, bringing significant change in both flow structures 
and unsteady aerodynamic characteristics (Gursul 2005).

Lambourne and Bryer (1962) discovered two typical 
types of breakdown over a delta wing: bubble type and spi-
ral type. Subsequent experimental investigations have been 
focused on the characteristics of the breakdown phenome-
non and its onset position above the wing. The experiments 
showed that while the two types of vortex breakdown 
switched to each other from time to time, the spiral type 
happened more often than the bubble type (Gursul 2005). 
Coherent oscillation was found downstream the breakdown 
location by the pressure measurement on the wing plane 
(Gursul 1994). The corresponding dimensionless frequency 
( fx/U∞) by streamwise position x and free-stream veloc-
ity U∞ is nearly constant for a given geometry of the delta 
wing, which implies an increasing wavelength of the dis-
turbance in the streamwise direction (Gursul 1994). In a 
column coordinate (x,ψ , r), the disturbance downstream 
to the breakdown position could be theoretically predicted 
by Exp[i(kx + nφ − ωt)], where ω is the frequency, k is the 
wave number in the axial direction, and n is the wave num-
ber in the angular direction (Lessen et al. 1974). The break-
down position is not fixed and exhibits oscillation in the 
streamwise direction. Spectral analysis on such oscillation 
reveals a peak on a very low frequency, which completely 
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differs from the one caused from the helical mode instabil-
ity or the Kelvin–Helmholtz instability and indicates that 
the oscillation is a new instability (Gursul and Yang 1995). 
Different theoretical models of the vortex breakdown 
including hydrodynamic instability, wave propagation and 
flow stagnation have been summarized in several review 
articles (e.g., Hall 1972; Escudier 1988; Lucca-Negro and 
O’doherty 2001). It has been well concluded that the swirl 
level and external pressure gradient outside the vortex core 
are the two most important facts affecting the occurrence 
and streamwise position of the breakdown. Enhancements 
of both facts would promote the breakdown earlier (Gursul 
2005).

Earlier investigations on the LEV breakdown have been 
mainly focused on the slender delta wings. However, recent 
developments in micro-air vehicles (MAVs) and unmanned 
combat air vehicle (UCAV) have inspired the investigations 
on non-slender delta wings. The non-slender delta wings 
distinguished by a sweep angle less than 55◦ (Gursul et al. 
2005) exhibit quite different flow structures to the slender 
ones. One typical unique characteristic of the non-slender 
delta wing is the dual-vortex structure at specific inci-
dences and Reynolds numbers, which was experimentally 
discovered and investigated by Taylor et al. (2003), Yan-
iktepe and Rockwell (2004) and Wang and Zhang (2008). 
The vortices were closer to the upper surface of the delta 
wing, leading to strong interaction with the boundary layer 
and pronounced dependence of flow structures on Reynolds 
numbers (Gursul et al. 2002; Taylor et al. 2003). The work 
of Ol et al. (2003) exhibited a special wake-like velocity 
profile near the LEV core upstream the breakdown posi-
tion at a low Reynolds number, while, at a higher Reynolds 
number, a jet-like velocity profile was observed which was 
similar to vortices over slender delta wing (Gursul et al. 
2005). It was also reported that vortex breakdown loca-
tion shows more significant fluctuations in the streamwise 
direction (Taylor et al. 2003; Ol et al. 2003). It seems that 
the unsteady characteristics of the breakdown phenomenon 
behind a non-slender delta wing are more complex than the 
slender one.

Most of the earlier investigations on the vortex break-
down are based on visualization. The dye or smoke released 
from the apex could visualize the LEVs with clear streak-
lines. The streaklines exhibit the detailed shape of LEVs 
and indicate the breakdown positions by sudden expansion 
or diffusion of the streaklines. Therefore, the visualization 
method is very straightforward and has been widely used 
to recognize the breakdown position and type (Lambourne 
and Bryer 1962; Gursul and Yang 1995). However, the 
method fails to quantitatively provide any dynamic infor-
mation of the flow. Any one-point or 2D measurement such 
as particle image velocimetry (PIV) could provide quan-
titative experimental data, but hardly capture a complete 

LEV since the LEV’s spatial and temporal complexities. 
By employing defocusing digital PIV (Pereira and Gharib 
2002), Calderon et al. (2012) achieved three-dimensional 
and three-component (3D3C) velocity fields over a non-
slender and periodically plunging delta wing, discovering 
a very rare type of breakdown, the double helix. On the 
other hand, tomographic PIV (TPIV) method (Elsinga et al. 
2006; Scarano 2013) is also a sophisticated technique on 
measuring volumetric flow fields with better spatial reso-
lution. However, the computation of TPIV is quite time-
consuming. Therefore, it would be instructive to get some 
qualitative information from flow visualization about the 
breakdown phenomenon before applying the time-consum-
ing TPIV processing. The dye visualization method could 
easily capture the right snapshot of the breakdown with a 
clear breakdown position and type, which would also be a 
good supplement for the TPIV measurement.

In the current work, the breakdown phenomenon over a 
non-slender delta wing is simultaneously investigated by 
the dye visualization and TPIV measurement. The images 
of dye streakline and PIV tracer particles are recorded by 
four shared high-resolution cameras at the same time. Sub-
sequently, the images of dye streakline are separated from 
the particles, and three-dimensional (3D) dye streaklines 
are reconstructed, which provide a comparative reference 
and also an important supplement for the results of TPIV. 
The article is arranged in the following fashion. Section 2 
introduces detailed information about the dye visualiza-
tion and TPIV measurement. Some processing techniques 
including the ways of extracting the dye streakline images, 
reconstructing 3D dye streaklines and calculating the TPIV 
velocities are also provided in the section. Section 3 dis-
cusses the results of the measurement followed by a con-
clusion in Sect. 4.

2  Experimental setup and methodology

2.1  Experimental setup

The experiment was conducted in a circular open 
water tunnel in Beijing University of Aeronautics and 
Astronautics, China. The size of the test section is 
3000 mm × 600 mm × 700 mm in streamwise, spanwise 
and vertical directions, respectively. The free-stream veloc-
ity U∞ could be adjusted up to 300 mm/s with a motor 
controller. A schematic of the experimental setup is shown 
in Fig. 1a. The model of delta wing has a sweep angle of 
52◦ , which falls in the non-slender delta wing category. The 
model was manufactured using duralumin, with black spray 
paint to reduce surface reflection under laser illumination. 
The length of root chord (c) is 200 mm and the thickness of 
the model is about 3 mm, resulting in a thickness-to-chord 
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ratio of 1.5 %. Since the delta wing is very thin, the lead-
ing shape would not cause much difference to the vortex 
structure. Therefore, a simple plane edge with no beveling 
on both sides was employed in the current experiment. The 
model was firmly mounted with a stiff sting from its wind-
ward face. The disturbance of the support to the flow was 
negligible and no notable model vibrations were observed 
in the experiment. The same model and corresponding sup-
port setup were employed as a baseline model by Chen and 
Wang (2014).

In the experiment, the origin of the coordinate was set at 
the apex of the delta wing. Three axes (x, y, z) of the coor-
dinate were along the chord-wise, spanwise and plane-nor-
mal directions, respectively. The measurement volume was 
in the coordinate range of [66, 126] × [−63,−15] × [0, 20] 
(mm), which would contain the breakdown location as the 
green box shown in Fig. 1b. All the following processing 
works including reconstructing dye streaklines and cal-
culating for TPIV were carried out in the measurement 
volume.

The delta wing was mounted at an incidence of 20◦ for 
generating the breakdown in the measurement volume. A 
tiny pipe with a diameter of about 2mm was stuck on the 
windward face of the wing and extend to the apex with a 
needle (about 1mm) to release the dyeing liquid, which is 
a standard manner of dye visualization (Ol et al. 2003). To 
ensure that the dyeing fluid did not affect the formation of 
the LEV, the exit velocity of dye was carefully adjusted. A 
little amount of rhodamine was added to the dye liquid to 
make the dye visible under the laser light. Silver-coating 
hollow particles with mean diameter of 50 µm were seeded 
as tracers in the water channel. A dual-head ND:YAG laser 
with 500 mJ/pulse was equipped to generate a thick light 
sheet with thickness of 20 mm, paralleled to and 1 mm 
away from the platform of the delta wing. Four high-res-
olution (2058× 2456 pixels2, 12 bit) and double-exposure 

cameras (IMPERX B2520) were squarely arrange to image 
the measurement volume from different viewing angles 
of ∼25° as shown in Fig. 1a. 45 mm Nikon lenses with f 
number of 11 were used in the experiment. The repetition 
frequency for the measurement system was 5 Hz. A tim-
ing device was employed to make the measurement devices 
synchronized. The free-stream velocity was adjusted to 60 
mm/s, and the corresponding Reynolds number based on 
the root chord was about 12000. The turbulent intensity of 
the free-stream flow was less than 2 %. The images of dye 
streaklines and tracing particles were recorded simultane-
ously by the cameras. In order to separate the two types 
of images easily, the intensity of dye streakline should be 
weaker than the particles, but stronger than the background 
noise. Therefore, the mount of rhodamine needed to be 
adjusted very carefully to optimize the imaging quality.

2.2  Separating dye streakline from a particle image

A typical image from the recording cameras is displayed 
in Fig. 2a. There are two obvious differences between the 
images of the dye streaklines and the tracer particles. First, 
intensities of the dye streaklines are much lower than the 
particle intensities, which is due to the little amount of rho-
damine mixed in the dye. Second, the dye streaklines appear 
as clusters with large connected zones, while the particles 
are individually distributed. In fact, the particle images 
occupy typically 3× 3 or 5× 5 pixels in the measurement.

According to these differences, a corresponding streak-
line-separating algorithm was designed, as shown in Fig. 2a 
and detailed as the following corresponding steps:

1. Select object zone. A small object zone containing the 
dye streaklines in the raw image is specially selected 
as shown in Fig. 2a. The step would accelerate the pro-

(a) (b)

Camera 2Camera 1

Camera 3
Camera 4

Delta wing
Free-stream velocity

Laser

Fig. 1  Experimental setup (a) and the coordinate system (b)
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cess and avoid the confusing particle images and back-
ground noise outside the object zone.

2. Apply the median filter. A 9× 9 (larger than the size of 
most particles) median filtering is employed to reduce 
most particles, remaining the dye streaks and few large 
clustered particles. In the current test, the recorded dye 
streakline normally had more than 20 pixels in width, 
which means the filtering procedure would hardly 
reduce its size or blur the intensity distribution on it. 
The step would make the dye streakline easier to be 
distinguished from the images, as shown in Fig. 2c.

3. Binarize the intensities. Image in Fig. 2c is further 
binarized by comparing pixel intensities with a thresh-
old value. The threshold of the intensity is set as the 
median value of intensities multiplied by 1.2 in the pre-
sent experiment, which is a robust estimation for the 
upper limit of the background noise. The binarizing 
process cleans the background noise and produces an 
image with several connected binary domains as shown 
in Fig. 2d.

4. Identify the connected zones. To extract the streakline 
from Fig. 2d, a connected domain detection is per-
formed. Only the largest few domains are labeled as 
the dye streakline. The criterion for selected domains 
depends on the estimation for the sizes of the broken 
pieces of dye streakline. In the current work, the con-
nected zones with areas larger than 10 % of the larg-
est connected region in the image were considered as 
the parts of dye streaklines. In the example shown in 
Fig. 2, only one connected zone is selected to get an 
identified image as shown in Fig. 2e.

5. Isolate the streakline. With the binary image of Fig. 2e, 
the streakline in Fig. 2c can be easily extracted by sim-
ply multiplying the intensity matrix of Fig. 2c with the 
binary matrix of Fig. 2e. The separated images of dye 
streakline as shown in Fig. 2f will be used for 3D dye 
reconstruction in Sect. 2.3.

6. Remove the dye streakline from the raw image. The 
particle image (Fig. 2g) is obtained by subtracting the 
streakline (Fig. 2f) from the raw image (Fig. 2b).

(d)(c)

(a)
(b)

(h) (g)

(e)

(f)

Step i

Step v

Step iii

Step v

Step vii Step vi

Step iv

Step vi

Step ii

Object
zone

Fig. 2  A sketch for the separating procedures. The images produced in every processing step are displayed separately. Black arrows indicate the 
processing flow
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7. Remove the background from the separated parti-
cle image. Figure 2g exhibits a shadow of streakline, 
which is expectable since the subtracted streakline 
contains some background intensities. To reduce the 
influence of the shadow and also as a common proce-
dure for TPIV preprocess, the median intensity from a 
11× 11 neighboring zone was subtracted from Fig. 2g 
to remove the background noise (Scarano 2013). The 
result as shown in Fig. 2h is a well-processed particle 
image for TPIV.

The above separating algorithm contains several experi-
enced parameters, which would depend on specific experi-
mental configurations. The trick for a successful separation 
of dyes and particles is an appropriate concentration of the 
dye. A thick and bright streakline would be easier for being 
distinguished from the background noise, but also lead 
to difficulty in cleaning up its remnants from the particle 
image. A balance is needed to achieve both good streakline 
images and particle images. In the current work, the high 
quality of particle images is of the highest priority, consid-
ering that the importance of TPIV results in the quantita-
tive investigation. Therefore, a dye mixed with low-concen-
trated rhodamine is employed in the current work as shown 
in Fig. 2.

2.3  Reconstruction for dye streakline

After separating the dye streaklines from the raw images, 
the multiplicative algebraic reconstruction technique 
(MART) algorithm (Elsinga et al. 2006) was used to 
reconstruct 3D streaklines. For TPIV reconstruction, the 
voxel-to-pixel rate is normally set to 1. To accelerate the 
streakline reconstruction, the rate was set to 4, resulting 
in a coarser spatial grid and less computational cost. The 
corresponding voxel size was 0.22 mm, which was fine 
enough to qualitatively visualize the 3D LEV, as presented 
in Sect. 3.2.

2.4  Calculation for tomographic PIV 

The particle images removed background as shown by 
Fig. 2h went through a traditional TPIV process. Self-
calibration technique was employed to improve the accu-
racy of the mapping function (Wieneke 2008), which made 
the regular disparity error of the original mapping func-
tions of ∼0.5 pixels reduced to be less than 0.1 pixels. A 
traditional TPIV processing was employed by an in-house 
MATLAB code. MART algorithm with a voxel-to-pixel 
rate of 1 was employed to reconstruct the 3D particle inten-
sity field, resulting in volume size of 1091× 873× 364 
voxels with magnification of 0.055 mm per voxel. Multi-
pass correlation analysis with deforming investigating 

window (Scarano 2002) was applied to calculate the 3D 
velocity fields. The final investigating window size was 
48× 48× 48 , and the overlap rate was 50 %, leading to 
a spatial resolution of 2.64 mm, which was 1.32 % of the 
root chord length. The particle seeding density was about 
0.035 particles/pixel, which was calculated by count-
ing intensity peaks in the images. Statistically, about 10 
particles were found in a correlation volume with size 
of 483 voxel cube, which was suitable for a robust cross-
correlation analysis (Scarano 2013). The resulting veloci-
ties distributed on a 44× 35× 15 spatial grid correspond-
ing a physical domain in the coordinate (x, y, z) range 
of [67.3, 124.1] × [−61.7,−16.8] × [1.3, 19.8] (mm). 
Totally 100 time-sequential velocity fields were deduced. 
The velocity fields were processed by a divergence-free 
smoothing algorithm (Wang et al. 2016). The uncertainty 
for velocity was estimated as less than 0.2 pixel (similar to 
Elsinga et al. 2006), which corresponded to 3.5 % of the 
free-stream velocity. The uncertainty for velocity gradient 
was estimated as about 5U∞/c under the 2-order central 
difference scheme.

3  Results and discussion

At a low incidence, the flow passing the delta wing is domi-
nated by a pair of primary vortices (LEVs). At an incidence 
of about 10◦ , another pair of primary vortex structures 
occurs outside the original ones, forming a special dual pri-
mary vortex structure (Chen and Wang 2014). At a larger 
incidence of 20◦, the dual-vortex structure turns back into 
the single-pair vortex status, which is also observed in the 
following results.

3.1  Time‑averaged flow

The time-averaged velocity field and streamwise vorticity 
ωx field are presented in Fig. 3. Three spanwise and plane-
normal sections at x / c = 37.6 % (I), 47.5 % (II) and 57.4 % 
(III) are selected to show the three-dimensional fields. 
Another two edge sections at z = 1.3 mm and y = -16.8 
mm are also plotted for better visualizing the flow field. In 
Fig. 3a, the field is shown with the in-plane velocity vec-
tors and the contours of the magnitude of the streamwise 
velocity. The velocities are normalized by the free-stream 
velocity U∞. In Fig. 3b, the streamwise vorticity normal-
ized by U∞ and root chord length c is displayed by con-
tours. At section I, the separated shear layer, which results 
from the leading edge, rolls into a strongly rotated vortex, 
namely LEV. A secondary vortex with weaker vorticity and 
opposite rotating direction is formed near the LEV due to 
the inducing effect. The velocity distribution at the LEV 
core presents a jet-like profile (Taylor and Gursul 2004). As 
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LEV travels downstream to section II, both velocities and 
vorticities near the LEV core are reduced. The size of the 
vortex core increases and jet-like profile becomes broad. 
At section III, the LEV core has been significantly diffused 
to a very weak vortex, and a wake-like profile is observed. 
The spatial evolution of the vortex structures from section I 
to section III reveals the occurrence of vortex breakdown, 
which will be further discussed in the following subsec-
tions. These observations exhibit some similarities to slen-
der wings at relatively higher incidences. However, the 
switch of the velocity profiles happening over a non-slen-
der delta wing is not as abrupt as the corresponding switch 
on a slender delta wing (Gursul et al. 2005).

The LEV structure of a delta wing with a sweep angle 
of 50◦ at an incidence of 15◦ was experimentally studied by 
Taylor and Gursul (2004) and numerically investigated by 
Gordnier and Visbal (2005) at a similar Reynolds number 
of about 26,000. Both studies found a switching phenom-
enon from a jet-like flow at the upstream of the breakdown 
to a wake-like flow at the downstream of the breakdown. 
Differently, Ol et al. (2003) observed a wake-like profile 

even at the upstream of the breakdown for a delta wing 
with same sweep angle and incidence, but at a lower Reyn-
olds number of 8500. In the current experiment, at larger 
incidence of 20◦ and a larger Reynolds number of 12,000, 
the profile-switch phenomenon was also observed. It seems 
that the incidence and Reynolds number have profound 
influence on the LEV structures of a non-slender delta 
wing.

3.2  Visualization of vortex breakdown

The visualization of LEV is an important step for further 
analyzing on the breakdown phenomenon. Herein, we 
have two ways to extract LEV: visualizing streakline with 
dye and applying vortex identification method based on 
the TPIV data. The dye visualization shows streakline of 
LEV with iso-surface of the dye concentration. The thresh-
old of the iso-surface is set to be one-fourth of the aver-
age dye concentration of the streakline. The TPIV data are 
employed to calculate the Q criterion (Hunt et al. 1988) by

where � and S are the angular velocity tensor and the rate 
of strain tensor, respectively. || || represents the Euclidean 
norm. The criterion has been widely employed for vortex 
identification (e.g., Calderon et al. 2012). The iso-surface 
of Qc2/U2

∞ = 333.3 is applied to visualize the LEV. A 
Gaussian smoothing with size of 3× 3× 3 and σ = 0.65 
is employed as a post-processing to reduce the background 
noise on Q-identified field.

Results about LEV identified by both dye streakline and 
Q criterion are presented in Fig. 4. Two instantaneous fields 
corresponding to two types of breakdown are shown. For 
the spiral-type breakdown (Fig. 4a, b), the dye visualization 
shows a clear helical swirl motion. The pitch (wavelength) 
of the helix increases in the streamwise direction, which is 
consistent with the results for slender delta wings (Towfighi 
and Rockwell 1993). It suggests that the LEV still retains 
a strong swirl after the breakdown, which could be clearly 
identified by Q criterion as well, as shown by green surfaces 
in Fig. 4b. Although the dye streakline and the Q-identi-
fied LEV present different kinds of information from the 
flow, they indicate a consistent characteristic of a spiral 
LEV in this case. The low-speed zone (stagnation) is also 
shown in the result of TPIV, which is represented by two 
blue iso-surfaces of LEV axial velocity Uaxial/U∞ = 0.2 
and Uaxial/U∞ = 0 (the way of determining the LEV axis 
will be discussed in Sect. 3.3). It reveals that a recirculating 
flow occurs downstream the vortex breakdown, which is a 
notable phenomenon of the helical swirl at the downstream 
of breakdown Gursul et al. (2005). As shown in the figure, 
the sense of the helix is opposite to the rotating direction of 
the LEV, which was also reported by Srinivas et al. (1994). 

(1)Q = (||�||2 − ||S||2)/2,

Fig. 3  Time-averaged velocity field (a) and streamwise vorticity field 
(b). Three spanwise and plane-normal sections of x/c = 37.6% (I), 
47.5 % (II) and 57.4 % (III), and two edge sections at z = 1.3 mm 
and y = −16.8 mm are visualized
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Such helical swirl would produce a upstream velocity due 
to the Biot–Savart induction, resulting in a recirculating 
flow as pointed out by Jumper et al. (1993). The separation 
zone is also observed nearby the LEV close to the leading 
edge, with small vortices produced by Kelvin–Helmholtz 
(KH) instability (Gursul 2005).

The bubble type is normally characterized by a sudden 
expansion of LEV (Escudier 1988) as shown in Fig. 4c 
and d. The dye streakline exhibits a tailing streakline after 
the expansion, which persists for certain distance before it 
completely breaks. The iso-surface of Q shows a similar 
expansion to the dye streakline. A stagnation zone occurs 
downstream the breakdown position, but with compara-
tively small recirculating zone (Uaxial/U∞ ≤ 0). A thin 
vortex tube happens at the place where the tailing dye 
streakline occurs. Other vortex structures also exist in the 
downstream region of breakdown, which indicates the 
highly instability of bubble-type breakdown.

It has been clearly noticed that the 3D dye streaklines 
(Fig. 4a, c) provide detailed presentation for LEV structure, 

which is an important reference and supplement for TPIV 
measurement. To further study the motion of helix, we 
extracted the skeletons from the dye streaklines (Lee et al. 
1994; Kerschnitzki et al. 2013) and fitted them by smooth-
ing splines, resulting in helical lines as shown in Fig. 5. 
Three helical lines (α, β, γ) were extracted from three time-
sequential dye fields when spiral-type breakdown appears. 
The time interval between two neighbors is 0.2 s, which 
corresponds to a 5 Hz repetition frequency. The helical 
lines are displayed in Fig. 5 by two views: oblique view (a) 
and axial view (b), which are attributed to the application 
of the new qualitative visualization technique. The view-
ing angle of the oblique view is consistent with the view 
of Fig. 4, while the axial view shows the lines from the 
LEV axial direction (downstream to upstream). The figure 
clearly displays a rapid increase in helix pitch. These heli-
cal lines are similar to each other, with almost a constant 
phase shift, rotating in the same direction with the LEV 
swirl. The rotation motion of helix structure is a result of 
the helical mode instability, which would induce periodic 

Fig. 4  Visualization of LEV for spiral-type breakdown (a, b) and 
bubble-type breakdown (c, d). a, c Show the iso-surfaces of dye con-
centration (1/4 of the average dye concentration). b, d Visualize the 

iso-surfaces of Qc2/U2
∞ = 333.3 (green), Uaxial/U∞ = 0.2 (light 

blue) and Uaxial/U∞ = 0 (deep blue)
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fluctuation downstream the breakdown location (Gursul 
et al. 2005). By observing the phase angles of the three 
helical lines on the axial view plot, the angular frequency 
of helix is roughly estimated between 1 and 2 Hz, which 
will be quantitatively studied using wavelet analysis in 
Sect. 3.4. It is worth noting that the projected trajectories 
in Fig. 5b do not show a standard circular pattern as pre-
dicted by many theoretical models (Lessen et al. 1974). In 
fact, the pattern is more like an inclined ellipse. The reason 
could probably be explained as the bounding effect of the 
boundary layer here, because the LEV for a non-slender 
delta wing is very close to the the boundary as reported by 
Gursul et al. (2002).

3.3  Oscillation of breakdown position

In this section, the vortex breakdown positions are inves-
tigated in two ways: the dye streaklines and TPIV veloc-
ity fields. Sectional intensity integrations (SIIs), defined as 
the integration of dye intensity in the plane normal to the 
streamwise direction, are calculated at different streamwise 
locations. SIIs are strongly associated with dye streaklines, 

which could be used as a reference to the breakdown posi-
tions. The breakdown types are also recognized by the 
characteristics of the instantaneous streaklines. Meanwhile, 
regions of reverse flow are detected in the TPIV velocity 
fields to present the breakdown positions, which further 
validates the result of dye streaklines. Comparisons and 
discussions are made on the results of flow visualization 
and TPIV measurement.

Dye visualization plays an important role on observing 
the LEV since its advantage of simplicity. Earlier investi-
gators (Gursul and Yang 1995; Ol et al. 2003; Taylor et al. 
2003) employed the dye visualization to investigate the 
oscillation of the breakdown position over a delta wing. In 
the current work, a 3D visualization method is developed, 
which provides a new way to quantitative investigate vor-
tex breakdown positions. The breakdown positions could 
be recognized by investigating SIIs of the instantaneous 
streakline at different streamwise positions. The SII for a 
specific streamwise position is calculated by integrating the 
dye intensities in the corresponding y − z planes. Variation 
of SII along x direction at different instantaneous times is 
provided in Fig. 6, which has a horizontal axis of time (t) 
and vertical axis of x location. The contours present the SII 
values, which are normalized by the largest value in the t–x 
coordinates. It shows a dramatic increase in SII at a cer-
tain x location in an instantaneous time step. The increase 
in SII is believed indicating the vortex breakdown. The 
position of breakdown is therefore recognized by track-
ing the SII values downstream along streamwise direction 
and finding the first peak which is larger than a threshold 
of 0.2. The all-in-one method (Garcia 2011) is employed 
to smooth the contours and get the curve of time-sequent 
breakdown position as shown in Fig. 6 (black line). The 
line shows a periodical oscillation between x = 87 and x = 
118 mm, sweeping a streamwise range of about 15.5 % c. 
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The corresponding frequency is estimated as 0.15–0.20 Hz, 
which corresponds to a Strouhal number (St = fc/U∞) of 
0.50–0.67. The result is consistent with the low dominant 
frequency (St = 0.63) found at the LEV core for a similar 
non-slender delta wing by Gordnier and Visbal (2005).

Using dye streaklines to identify the breakdown types is 
a traditional approach (Lambourne and Bryer 1962; Low-
son 1964; Payne et al. 1988). In the current work, the flow 
structures are clarified into three types: the spiral type, the 
transient type and the bubble type. The typical spiral type 
and bubble type with distinct characters are displayed in 
Fig. 4a and c. Besides these two types, there are also some 
instantaneous fields, which have no obvious features of 
spiral and bubble breakdowns. It is more like a transient 
status between two vortex breakdowns, which is named as 
transient type of breakdown in the current work. In Fig. 6, 
the breakdown types for different instantaneous times are 
marked on the breakdown position by hollowed circle (spi-
ral type), cross (transient status) and solid square (bubble 
type). It shows that the spiral type happens more often 
than the bubble type, occupying 68 % of the whole meas-
urement time interval. The bubble type usually happens 
when the breakdown point moves upstream and persists for 
short time before transforming into the spiral type, which 
has also been observed in the flows of slender delta wings 
(Gursul 2005).

Although the flow visualization method is simple and 
straightforward, it has some disadvantages. The dye streak-
lines present the traces of the flow particles, which have 
passed the upstream vortex core. When the breakdown 
positions or types have already been changed, the streak-
lines downstream the breakdown position might not change 
in time, which would lead to some misleading indications 
or deviations in breakdown positions. Therefore, besides 
giving the results from streaklines, further validation based 
on the TPIV velocity fields is necessary.

The vortex breakdown is usually characterized by the 
significant decrease in axial velocity (Gursul 2005). Fluctu-
ation of axial velocity along the averaged LEV axis would 
provide important references for the vortex breakdown. In 
the current work, the LEV axis is extracted from the time-
averaged Q fields by first finding the Q-peak positions at 
different y–z sections before vortex breakdown (x < 87) 
and then fitting the positions with a straight line. Figure 7 
displays the time evolution of Uaxial sampled from the LEV 
axis. The figure presents Uaxial by contours, with a horizon-
tal axis of time and a vertical axis of LEV core position. As 
expected, it shows that Uaxial suffers a dramatic magnitude 
drop when tracking their values downstream along the LEV 
axis. The reverse flow, which corresponds to Uaxial ≤ 0, is 
normally believed as an important characteristic for break-
down and has been employed as a breakdown criterion fol-
lowing Oberleithner et al. (2012). A detection for reverse 

flow is made to find the streamwise range of reverse flow. 
Considering that the instantaneous LEV axis might devi-
ate from its average place, the detection is performed in the 
neighboring zone of the averaged axis within a radius of 5 
mm. The streamwise ranges for reverse flow are marked in 
the contour plot by magenta lines. For contrast, the streak-
line-based breakdown position line is also displayed in the 
plot by a black line. It shows that the oscillation trend of 
the breakdown line matches well with the positions where 
Uaxial shows a steep drop along the streamwise direction. 
Furthermore, the reverse flow mostly occurs at locations 
close to the breakdown position line. Although streaklines 
and velocity fields represent the flow from different per-
spectives, they reach a good agreement in determining the 
breakdown positions.

3.4  Proper orthogonal decomposition on LEV based 
on Q criterion

Proper orthogonal decomposition (POD) is a common 
method to extract low-dimensional modes from high-
dimensional systems (Chatterjee 2000). The method has 
been widely used to identify coherent structures in differ-
ent turbulent flow phenomena (Berkooz et al. 1993; Venturi 
2006; Feng et al. 2011). POD modes are highly associated 
with different energetic flow structures and sorted in order 
of their energies. By projecting the original velocity fields 
onto these POD modes, a series of POD coefficients is 
obtained, which describes the time-sequential energy fluc-
tuation of the corresponding modes.

Kostas et al. (2005) compared the results of velocity-
based and vorticity-based POD and concluded that the lat-
ter was more efficient in describing the dominant vortex 
structures. In the present work, it is believed that the Q 
fields are highly associated with LEV. Therefore, POD is 
directly performed based on 100 time-sequential volumet-
ric Q fields, in order to extract some dominant modes of 
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LEV. All the POD modes and corresponding POD coeffi-
cients are normalized by their 2-norm. The energy percent-
ages for POD modes are plotted in Fig. 8a. It shows a rapid 
energy decrease with increasing mode numbers, which is 
expectable in POD analysis. The energy percentages for the 
first two modes are significantly larger than other modes, 
reaching almost half of the total energy. Figure 8b and c 
visualizes the first two modes with contours of Q crite-
rion at four spanwise and wall-normal sections along the 
streamwise direction at x / c = 36.3, 42.9, 49.5, 56.1 %, 
respectively. The first mode, which usually corresponds to 
the averaged field, appears as a clear vortex structure asso-
ciated the LEV. The LEV in the first mode experiences a 
obvious strength decrease when it develops downstream, 
which is consistent with the observations on streamwise 
vorticity in Fig. 3. The second mode shows a pair of vortex 
tubes at the position of LEV along streamwise direction. It 
might be related to the wandering motion of LEV, which is 
an important phenomenon for the LEV (Gursul et al. 2005).

Regarding the vortex breakdown phenomenon, the 6-th 
and 7-th modes, a pair of conjugated POD modes, are 
observed. The two modes contribute similar energy per-
centages. Their vortex structures and POD coefficients are 
shown in Figs. 8a and 9, respectively. In Fig. 9a, the iso-
surfaces of 6-th mode and 7-th mode are under the thresh-
old of 0.01. Both modes show clear helical structures at 
the downstream of the vortex breakdown. The helical flow 
pattern is twisting and winding, which suggests that these 
two modes are highly related to the helical mode instabil-
ity. Similar helical modes extracted by POD have also been 
reported by Wang and Gursul (2012), Roy and Leweke 
(2008), Del Pino et al. (2011). The corresponding POD 
coefficients shown in Fig. 9b indicate that the two modes 
have a temporal phase shift of about 90◦ . Due to our lim-
ited sampling frequency, the data do not have very fine 
temporal resolution. However, it is possible to estimate the 
dominant frequency of spiral breakdown as it will be fur-
ther discussed in the late part of this subsection. The fluc-
tuation of the POD coefficients seems intermittently coher-
ent. For example, the curve at the interval of 0–5 s presents 

a periodic variation, suggesting that a dominant frequency 
would occur there. The frequency is related to the helical 
mode instability (spiral breakdown) and is also equivalent 

Fig. 8  POD energy percentages (a) and 1-th, 2-th POD mode (b, c)
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to the angular frequency of helical swirl as described in 
Fig. 5.

Traditional Fourier transform is very popular for spec-
trum analysis. Unfortunately, it fails to extract the instan-
taneous frequency spectrum from a time-sequential signal. 
For this reason, it is not suitable for the current study, since 
spiral breakdown is intermittently happening at certain time 
segments, not lasting for the entire sampling period. Dif-
ferently, wavelet transform provides an effective tool to 
extract a time-developing wavelet spectra, which contains 
all the frequency-energy information for a fixed time point. 
The advantage of wavelet transform benefits from the 
good time–frequency localization characteristic of wavelet 
bases, which is discussed in theory by Daubechies (1990). 
The wavelet transform for flow analysis has been widely 
applied (Farge 1992; Miau et al. 2004; Rinoshika and Zhou 
2005).

Herein, the continuous wavelet transform (CWT) (Miau 
et al. 2004) is employed on the POD coefficients to obtain 
the corresponding wavelet spectra. The wavelet analysis is 
implemented using the wavelet tool in the MATLAB. The 
wavelet base is chosen as cmor1-1.5 type in the family of 
complex Morlet wavelet, which is a common option for 
complex wavelet (Miau et al. 2004). Modulus of the wave-
let coefficients (|c|) is correlated with the energy occupation 
for a specific frequency (f) at a certain time point. Results 
for CWT on the POD coefficients of 6-th mode and 7-th 
mode are displayed in Fig. 10. The figure adopts a logarith-
mic coordinate for the frequency axis to give more details 
of the low-frequency components. Premultiplied wavelet 
spectra are employed to ensure that equal areas of con-
tours in Fig. 10 represent equal contributions to the total 
energy of the POD coefficients. It shows that the spectra for 

6-th mode and 7-th mode are similar, both exhibiting high 
distribution at 0–5 s. The high distribution in the contour 
indicates a dominant frequency, which reveals the helical 
mode instability. Figure 6 also indicates that the high dis-
tributions in Fig. 10 mostly correspond to the occurrence of 
spiral breakdown. The averaged frequency of the high dis-
tribution areas ( f |c| > 0.2) for 0–5 s is about 1.5 Hz, which 
is considered as the dominant frequency of the LEV spiral 
breakdown. The corresponding Strouhal number based on 
streamwise position and free-stream velocity (S

′

t = fx/U∞ ) 
is about 2.4, which is similar to the result of (Gordnier and 
Visbal 2005) who obtained the Strouhal number of 2.8 by 
analyzing the frequency spectra of pressure coefficient at 
x = 0.99 c. The characteristic length scale in the current 
work is the center location of the measurement, which is 
x = 0.48 c. Gursul (1994) pointed out that S

′

t = fx/U∞ 
is nearly constant for a given geometry of a slender delta 
wing at different streamwise locations, while the current 
study, however, was focused on a non-slender wing.

It is worth noting that the POD coefficients in Fig. 9b 
correspond to a helical mode with a fixed breakdown 
position as shown in Fig. 9a. During the measurement, 
the location of LEV breakdown was oscillating along the 
streamwise direction as shown in Fig. 6. When spiral vor-
tex breakdown occurs and its breakdown position moves 
very far downstream, the correlation between the flow field 
and the conjugated POD modes would decrease, causing 
weak coherent variation in POD coefficients. Therefore, 
the wavelet method based on POD coefficients could not 
recognize all the time intervals for helical instability due to 
the offset of breakdown location to the POD modes, which 
could also be validated by comparing Fig. 10 with Fig. 6.

4  Conclusion

The current study achieved a simultaneous measurement of 
vortex breakdown over a non-slender delta wing with 3D 
flow visualization and TPIV. Techniques were developed to 
extract the dye images from the raw experimental images 
and reconstruct 3D dye streaklines using a traditional 
MART algorithm. The 3D dye streaklines clearly displayed 
the spatial shape of the LEV. The Q criterion was employed 
to identify the LEV from the TPIV velocity fields.

The time-averaged flow field was visualized by several 
spanwise and plane-normal sections of velocity and stream-
wise vorticity. A switching phenomenon of a jet-like pro-
file to wake-like profile of axial velocity was observed. The 
combining of the two measurement methods shed light on a 
lot of details of the complex structures. Both spiral type and 
bubble type of breakdown were found by the two methods. 
The spiral type was characterized by a helical swirl with a 
sense opposite to the direction of the LEV swirl, inducing 
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low recirculating zones in the centerline. The bubble type 
was characterized by a suddenly expanding core, follow-
ing by a tail at the rear. By extracting the skeletons of the 
3D dye streaks, helical lines were obtained to represent the 
spatial motion of the helical swirl. The helical swirl rotated 
along the same direction with the LEV swirl. An inclined 
ellipse pattern was found in the axial view of helical lines.

The vortex breakdown positions were recognized by 
investigating the SIIs of streakline along streamwise direc-
tion. Oscillation of the breakdown positions was clearly 
observed, which had a low frequency of 0.15–0.20 Hz (St 
= 0.50–0.67) and was in a large streamwise range of about 
15.5 % chord length. The breakdown types were identified 
according to the characteristics of streaklines. The break-
down positions were further validated by the Uaxial contour 
plot and the reverse flow regions on it. The dye visualiza-
tion based on SII and reverse flows in quantitative velocity 
fields shows a good agreement on locating the breakdown 
positions.

POD was directly performed on the Q fields calculated 
from TPIV results. The first two modes were related to 
the average LEV and its wandering motion along span-
wise direction. A conjugated POD modes were obtained to 
describe the helical mode instability. The POD coefficients 
of the modes exhibited intermittently coherent fluctuations. 
Wavelet transform was employed to extract the dominant 
angular frequency of helical swirl, which was about 1.5 Hz 
(S′t = 2.4). The high distribution areas on wavelet spectrum 
indicate the occurrence of spiral breakdown.
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