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ABSTRACT
Time-resolved PIV measurements of the secondary instability

modes of cross-flow vortices are presented. Measurements are per-
formed on a large scale 45o swept wing at chord Reynolds num-
ber of 2.17 million in a low turbulence wind-tunnel facility. Us-
ing acquisition frequencies of 20 kHz, the present study is the first
experimental demonstration of spatio-temporally resolved measure-
ments of these structures. Statistical and spectral analysis reveals a
fluctuating velocity field, strongly conditioned in space by the pri-
mary stationary cross-flow vortex. The flow structures related to the
type-I high-frequency instability and type-III are captured by Proper
Orthogonal Decomposition of the instantaneous flow-fields. Their
temporal evolution is analysed showing good agreement with pre-
vious studies thus confirming that POD is correctly representing the
flow structures of the relevant instability modes. The low frequency
meandering oscillation of the stationary vortices, first reported by
Serpieri & Kotsonis (2016b), is observed and characterised.

INTRODUCTION
The main instability mechanism triggering boundary layer

laminar-to-turbulent transition on swept wings is the cross-flow
(CF) instability (Saric et al., 2003). This is directly caused by the
secondary flow, orthogonal to the inviscid streamline, taking place
in three-dimensional boundary layers.

In low free stream turbulence environments such as free flight,
this instability manifests as stationary co-rotating vortices roughly
aligned with the flow (Bippes, 1999). The footprint of the station-
ary vortices typically appears as a sequence of streamwise aligned
streaks of high and low wall shear in flow visualisation studies Da-
genhart et al. (1989). These vortices experience growth along the
streamwise direction deeply modifying the boundary layer. Due
to the modification of the boundary layer, strong velocity shears
develop, which are subject to secondary high-frequency instabil-
ity (Kohama et al., 1991) of Kelvin-Helmholtz type (Bonfigli &
Kloker, 2007). Several efforts have been dedicated to the study of
this mechanisms in the last 30 years. Due to the relatively high fre-
quency and small wavelength of the secondary structures, hot-wire
measurements are typically the measurement technique of choice
(e.g. Kohama et al. (1991) and White & Saric (2005)). Addition-
ally, secondary linear stability theories were used by e.g. Fischer
& Dallmann (1991), Malik et al. (1999) and Koch et al. (2000)
to predict pertinent features of the instabilities such as growth and
wavelength. These theories make use of pre-computed distored base
flows, which include the effect of the primary vortex a-priori. Fi-
nally, Direct Numerical Simulations (DNS) were performed by e.g.
Högberg & Henningson (1998); Wassermann & Kloker (2002) and
Bonfigli & Kloker (2007).

Experimentally, the description of the unsteady secondary
cross-flow instabilities presents significant challenges, given the
very high frequency and narrow wavelength of these modes, thus
restricting available measurements. The vast majority of these is
based on time-resolved point measurements (HWA), which are usu-

ally uncorelated in space. To date and to the authors knowledge,
only the studies of Kawakami et al. (1999); Chernoray et al. (2005)
and Serpieri & Kotsonis (2016a) have been successful in measur-
ing the spatio-temporal evolution of the instability waves. This was
achieved by conditioning and subsequent phase-reconstruction of
the hot-wire signal by artificially forcing the boundary layer at de-
terministic frequencies and phases. This approach overcomes the
limitation encountered in previous experimental studies regarding
the lack of spatio-temporal correlation. However, it encompasses
two main limiting assumptions. First, only the unsteady field com-
ponents which are directly correlated to the forcing signal can be
resolved, limiting the analysis to single frequency instabilities. Sec-
ond, the boundary layer is forced by an external mechanism. This
implies that the amplitude of the forcing might alter the natural
growth and transition evolution. As such a further limitation of this
technique is the restriction of the forcing amplitude to as small as
possible in order to lock the unsteady field without modifying its
evolution (Serpieri & Kotsonis, 2016a).

Recently, the authors employed tomographic-PIV to inspect
the boundary layer of a swept wing subject to cross-flow instability
(Serpieri & Kotsonis, 2016b) . Proper Orthogonal Decomposition
(POD) of the captured flow-fields led to the identification of the
unsteady flow structures related to the secondary instability mech-
anisms arising on the primary stationary vortices. Additionally to
the well known type-I and type-III modes (Koch et al., 2000), a
previously unknown, highly energetic global oscillation mode was
identified. This was attributed to a low frequency ’shake’ of the
stationary cross-flow vortex, which in turn could originate in up-
stream oscillations of the external flow. While the study of Serpieri
& Kotsonis (2016b) provided significant insight to the spatial ar-
rangement of the primary and secondary instabilities, the low sam-
pling frequency of that experiment did not allow the direct inves-
tigation of the temporal evolution of the high frequency travelling
waves. This was indirectly estimated from the tomo-PIV fields ap-
plying the Taylor hypothesis on flow convection and compared to
the HWA measurements.

To overcome the above mentioned limitations, the present
study provides an effort towards a more complete spatio-temporal
description of the pertinent unsteady structures in the vicinity of the
stationary cross-flow vortex. To this goal, planar two-component,
high-speed PIV is deployed. The investigated domain lies on a wall-
parallel plane and concentrates on a small chordwise portion of a
single cross-flow vortex (CFV) undergoing turbulent breakdown.

EXPERIMENTAL SETUP
Model, wind-tunnel and Reference System

The model used in the current investigation is a 45 degrees
swept wing (the angle of sweep is defined with Λ) of about 1.25m
of span and 1.27m of chord in the free stream direction (cX ). The
airfoil used is a modified version of the NACA 66018 shape, named
66018-M3J (Serpieri & Kotsonis, 2016b).

The wind-tunnel where the experiments were performed is the
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TU Delft LTT facility: a closed loop, low turbulence subsonic
tunnel with a testing chamber of 1.25m × 1.80m of height and
width respectively and 2.6m long. The tunnel presents seven anti-
turbulence screens and a contraction ratio of 17:1. The turbulence
intensity measured with a hot-wire sensor whose signal is bandpass
filtered between 2Hz and 5000Hz is Tu/U∞=0.07 at the free stream
velocity U∞=24m/s. This value is low enough to observe stationary
cross-flow waves (see Bippes (1999)) and indeed this was the case
for the test case, U∞ = 25.6m/s and Reynolds Re = 2.17 · 106 (see
also Serpieri & Kotsonis (2016b)). The experiment was performed
at incidence of α = 3◦ and the flow over the wing pressure side
was investigated. For this flow configuration, the measured pres-
sure minimum point is at X/cX = 0.63. Spanwise-invariance flow
conditions were demonstrated by Serpieri & Kotsonis (2015) even
without installation of streamlined wall liners.

Following Reibert et al. (1996) and White & Saric (2005),
the developing cross-flow instability was conditioned to a sin-
gle spanwise wavelength by triggering, with micrometric rough-
ness elements (diameter 2.8mm, height 10µm) at the leading edge
(X/cX =0.025), the naturally dominant mode (frequency: f =0,
spanwise-wavelength: λ f =9mm) (Serpieri & Kotsonis, 2016b).
The monochromatic forcing together with the invariance of the flow
along the leading edge direction, make the measurement of the flow-
field pertaining to a single vortex, valid for the entire field at the
same chordwise position (White & Saric, 2005).

The results are presented in the un-swept coordinate system.
This is defined with the upper case letters XY Z and is such that the X
and Y axis lie in an horizontal plane (the X being in the chord plane
and Y orthogonal to that plane) while the Z is the vertical direction.
The velocity components along this coordinate system are indicated
with upper case letters UVW . In the vertical Z direction, the forced
wavelength is λ

f
Z = λ f cos(Λ)=6.36mm. This quantity is used as

length scale for the Z axis while the chord (cX =1.27m) is used for
the X axis.

Particle Image Velocimetry
Particle image velocimetry was used to inspect the boundary

layer velocity field. The inspected plane is aligned to the X − Z
directions and is positioned at 1.5mm from the model surface. The
measurement region is centred with the station X/cX = 0.545.

The PIV experiment setup is presented in figure 1a. As shown,
the camera was looking from outside the wind-tunnel through op-
portune optical windows. It was placed at approximately 1m from
the measured plane. The camera used in this experiment is a Lav-
ision Imager HS featuring a sensor of 2016×2016px2, pixel size
of 11µm and 12bits of digital resolution. However in order to in-
crease the acquisition frame rate, the camera’s active sensor was
reduced to 348×176px2 for the current experiment. The camera
was equipped with a Nikon Nikkor 200mm micro lens operated at
f]=5.6. The resulting magnification factor of the PIV experiment is
M=0.24. Illumination was provided from downstream as shown in
the schematic. A Nd:YAG high speed Continuum Mesa PIV (18mJ
per pulse) was employed. The light beam was opportunely shaped
into a sheet less than 1mm thick. The light sheet was oriented such
to be parallel to the model surface. The flow was seeded using Safex
water glycol injected downstream of the testing chamber. The aver-
age particle diameter is 1µm.

Cross-correlation was performed with final interrogation win-
dows of 24×24px2 with relative overlap set to 75%. As such, the
final vector spacing was approximately 0.18mm in both X and Z.
The time interval between the two pulses was set to 15µs thus lead-
ing to average particles displacement in the free stream of ≈10px.
The system was operated at the very high frequency of 20kHz and a
sequence of 65000 image pairs was acquired thus the total sampling

(a)

(b)

Figure 1: (a) Schematic of the PIV setup. The flow comes
from right. The camera (blue) looks at the illuminated region
(light green) from outside the testing chamber (drawn semi-
transparent) through opportune optical windows. The laser
head is shown (dark green) and illumination comes from
downstream. (b) Schematic of the laser sheet (light green)
w.r.t. the primary cross-flow vortex (grey) and type-I (red)
and type-III (blue) secondary modes. Perspective from up-
stream. Schematics not to scale

time was 3.25s.

DISCUSSION
Time-resolved PIV allows direct inspection of the spatio-

temporal evolution of the unsteady flow structures. Additionally,
the extended sampling time of the current experiment leads to con-
verged statistic fields. In figure 2(a), the time-averaged (Ū) and
standard deviation (URMS) velocity fields are shown. The contour
presents a cross-cut plane, at 1.5mm from the model surface, of a
stationary cross-flow vortex at the streamwise location correspond-
ing to its turbulent breakdown (Serpieri & Kotsonis, 2016b). In
figure 1b, a schematic shows the measurement plane with respect
to the analysed flow structures. The lower part (Z/λ

f
Z ¡0.3) of the

velocity field is the high-speed region in-between neighbouring vor-
tices. In the upper part of the field, a low-speed region occurs that
corresponds to the upwelling flow, shifted upwards by the stationary
vortex. The second velocity minimum in the contour shows instead
the downwelling flow, associated to the falling lobe of the primary
waves. The fluctuations are stronger in the high-shear regions as re-
ported in literature (e.g Malik et al. (1999); Wassermann & Kloker
(2002); White & Saric (2005)).

In order to facilitate inspection of the spectral content of the
flowfield, the full time series of the U− velocity fluctuations is
sampled along the constant-chord segment AB of figure 2(a) and
Fourier frequency-transformed. The modified periodogram method
of Welch (Welch, 1967) is used. The spectra have a final resolution
of 10Hz. The results are presented in figure 2(b). High spectral
energy density is observed at very low frequencies and throughout
the extension of the stationary vortex. Serpieri & Kotsonis (2016b)
reported a low frequency spanwise oscillation of the stationary vor-
tices encompassing most of the turbulent kinetic energy (TKE). This
phenomenon was not observed in previous literature as no spatially
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correlated measurements were available for this type of flows (recall
that the works of Kawakami et al. (1999), Chernoray et al. (2005)
and Serpieri & Kotsonis (2016a) resolved only the forced mode).
The cause of this meandering of the stationary waves, which, as
for the current study, were forced with leading edge roughness,
could not be retrieved. Serpieri & Kotsonis (2016b) suggested a
low frequency oscillation of the attachment line, a shift imposed
by the wind-tunnel boundary layer at the wing tips or a vortical
self-induced motion as possible explanations. Serpieri & Kotsonis
(2016b) commented that such this oscillation has likely no effects
on the transition evolution given its very low frequency.

The spectra of figure 2(b) indicate very high fluctuation en-
ergy between 0 and 10Hz. It is likely that this energy pertains to
the described meandering of the stationary waves and it will be
further inspected in the remainder of this analysis. The frequency
band 10Hz≤ f ≤400Hz also features high energy levels. It can be
conjectured that the type-III mode is the main driver of this par-
ticular range. This mode was shown to originate by the interac-
tion between the primary stationary and primary travelling waves
(e.g. Fischer & Dallmann (1991) andMalik et al. (1999)). Finally, a
third area of significant spectral energy is centred at f=4.5kHz. This
band is related to the secondary instability modes generated by the
perturbation of the stationary velocity shears (Bonfigli & Kloker,
2007). Moreover, fluctuations are spreading throughout the spec-
trum reaching, with still high energy, the highest resolved frequency
(i.e. 10kHz). The measurement location is at the stationary vortex
breakdown and therefore the turbulent energy cascade is setting in.

Following previous work by the authors (Serpieri & Kotsonis,
2016b), Proper Orthogonal Decomposition (POD) of the instanta-
neous velocity fields is performed to highlight the coherent flow
structures. The snapshot POD approach (Sirovich, 1987) is ex-
ploited. The turbulent kinetic energy (TKE) distribution of the first
20 modes is shown in figure 3 in both absolute values and relative
(w.r.t the total sum) cumulative sum. The first POD mode appears
at significant levels of energy. This mode replicates the POD mode
1 reported by Serpieri & Kotsonis (2016b) as it will be shown later.
The remainder POD ensemble indicates the cascade of energy with
the first 31 POD modes (not shown) encompassing more than 50%
of the total TKE.

Several POD modes appear paired as indicated by similar en-
ergy levels (e.g. Φ2-Φ3, Φ4-Φ5, Φ8-Φ9). Mode pairs in relative
phase quadrature are indicative of advecting structures (Van Oud-
heusden et al., 2005). Serpieri & Kotsonis (2016b), reported two
pairs of modes that were harmonically coupled, comparing the flow
topology and estimating the mode frequency from the extracted
wavelengths, to type-III and type-I mechanisms. Capitalising on
the very high sampling frequency of the current experiment, direct
inspection of the modes spectra can be performed. The POD tem-
poral coefficients, derived from the projection of the instantaneous
flow-fields on the POD base, are analysed using once again Welch’s
method. The power spectral density for the first 100 POD modes
is shown in the leftmost contour of figure 4. The spectra are es-
timated to a resolution of 50Hz. It becomes evident that most of
the spectral energy density corresponds to the first 20 POD modes,
further confirming the POD energy sorting (as from figure 3). The
related fluctuations are mainly confined in the band between 0Hz
and 5kHz (as shown in figure 2(b)). The rightmost contour of figure
4 offers a magnified view of this region. The first three modes fea-
ture the highest energy density. This is contained within the band
0-500Hz. However the first five POD modes have also rather high
energy levels up to 2.3kHz. POD modes from 8 to 10 have most of
their energy in the band 3.4kHz≤ f ≤5.2kHz.

The spectral analysis of the temporal POD coefficients (fig-
ure 4), reveals a close proximity of the pertinent spectral bands for

the first three POD modes. These are highly energetic modes in a
rather low frequency band, suggesting their possible interaction. In
a physical context, this suggests the existence of a low-frequency
modulation described as a whole by POD modes 1 to 3. The flow
structures related to the related POD spatial eigenfunctions are pre-
sented in figure 5. POD mode 1 features the same type of struc-
tures as the respective POD mode 1 reported by Serpieri & Kotsonis
(2016b). Two elongated lobes, aligned with the stationary vortex
shears, define the footprint of the previously described global os-
cillation of the cross-flow vortices in the spanwise direction. POD
mode 2 has instead a quadrupole structure thus indicating a rotation
of the stationary waves (see figure 5(b)). The POD mode 3 showed
similar levels of TKE compared to Φ2 (figure 3). The structure of
this mode is in figure 5(c)). It presents a single lobe aligned with
the stationary waves but shifted of π/2 with respect to the struc-
tures of Φ1. From these considerations and recalling that the time-
coefficients spectra presented in figure 4 for Φ1, Φ2 and Φ3 occupy
the same low-frequency band, it is believed that these three POD
modes describe the same flow feature.

As in Serpieri & Kotsonis (2016b), roughness elements lock
the wavelength of the stationary mode but also its onset and posi-
tion. Therefore, more than a rigid translation of the stationary waves
along the span, the POD modes 1, 2 and 3 refer to a small but highly
energetic rotation of the vortices about the roughness element. A
short time series reconstruction of the POD modes 1 to 3 is shown
in figure 7(a) together with the POD modes eigenfunctions.

POD modes 4 and 5 show structures related to type-III modes.
These are presented in figure 6. They show elongated structures
extending from the outer upwelling side of the stationary waves to
the inner downwelling region. The wavelength of this mode was
reported by Serpieri & Kotsonis (2016b) to be 25mm along the sta-
tionary vortices axes. The structures of Φ4 and Φ5 have a wave-
length of λX =14.28mm along the X direction. The frequency of
the type-III mode is centred at 500Hz (Serpieri & Kotsonis, 2016b).
However, the hot-wire measurements showed a rather broad band
around this frequency. The spectrum presented in figure 4 shows
a pronounced band centred at 340Hz thus falling in the frequency
band of the type-III mode. The short time-sequence reconstruc-
tion of these POD modes is shown in figure 7(b) allowing to infer
their downstream advection, evaluated to be uc

X = f λX =4.85m/s,
and evolution as well as the effect they have on the stationary vor-
tex. Comparing the frequency, the wavelength and the topology of
the structures of POD modes Φ4 and Φ5, it can be concluded that
they are related to the type-III instability mode.

The POD mode 8 and 9 and 10 and 13, presented in figure 6,
correspond to K-H travelling waves caused by the destabilisation of
the strong span-wise shears (Bonfigli & Kloker, 2007). This insta-
bility is referred to as type-I instability. Kawakami et al. (1999);
Wassermann & Kloker (2002); Bonfigli & Kloker (2007) and Ser-
pieri & Kotsonis (2016b) described them as a train of vortical tubes
riding on the outer upwelling flow region of the stationary waves
and undergoing massive spatial amplification. The wavelength for
this type was evaluated by Serpieri & Kotsonis (2016b) to be 4.6mm
while the frequency to be centred at 5kHz. The measured wave-
lengths are λX =6.42 and 4.64mm respectively for the two pairs pre-
sented in the X direction. The frequency of these POD modes pairs
is 4kHz for Φ8−9 and 4.85kHz for Φ10−13. The phase velocity is
uc

X =25.6m/s for Φ8−9 and uc
X =22.1m/s for Φ10−13. Note that de-

spite the different characteristics of these two pairs of POD modes,
the topology and their location with respect to the stationary vor-
tex allow to associate them to the type-I mode. Furthermore also
for this instability mode, the velocity spectrum shown in figure 4
reported a rather broad hump thus comprising the frequencies of
Φ8−9 and Φ10−13. The short sequence reconstruction of the pairs
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of modes Φ8-Φ9 and Φ10-Φ13 is presented in figure 7(c) and (d), re-
spectively. Again, the downstream advection is evident, confirming
the convective nature of these instability mechanisms (Kawakami
et al., 1999; Wassermann & Kloker, 2002). Furthermore, it can be
seen to what extent, at the measurement location, they perturb the
steady shears. This being the indication that the considered bound-
ary layer is undergoing turbulent breakdown.

The analysed properties of the described POD modes are sum-
marized in table 1. Both wavelengths and frequencies agree with
the outcomes of the previous low-speed tomo-PIV measurements
thus confirming that POD correctly extracts the main flow mecha-
nisms. Moreover, retrieving the frequencies of the modes from the
wavelength, applying Taylor’s hypothesis, (approach followed by
Serpieri & Kotsonis (2016b)) is proved to give physical outcomes.

CONCLUSIONS
A swept wing boundary layer undergoing laminar-to-turbulent

transition dominated by cross-flow instability mechanisms is inves-
tigated with state-of-art flow diagnostics. Planar 2C-PIV at the

very high frequency of 20kHz was employed retrieving the first
spatio-temporally resolved measurement of the secondary instabil-
ity modes arising on and eventually breaking down the stationary
cross-flow vortices. Spectral analysis of velocity field showed very
high energy in the frequency band comprised between 0 a 400Hz.
Moreover higher energy levels were reported centred at 4.5kHz.
The fluctuations related to these two bands were inspected by means
of proper orthogonal decomposition (POD). The POD modes of-
fered a clear representation of the developing low-frequency type-
III and high-frequency type-I secondary mechanisms. This anal-
ysis corroborates and completes the work of Serpieri & Kotsonis
(2016b) where the POD modes were related to the secondary insta-
bility structures by means of Taylor-hypothesis-based comparison
with hot-wire measurements. The low-frequency oscillation of the
stationary vortices reported by Serpieri & Kotsonis (2016b), was
observed as well in the present study. Its cause is not assessed and
the effect on the transition evolution is likely negligible because of
the very low frequency. However, to this mechanism pertain very
high levels of turbulent kinetic energy therefore demanding dedi-
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Table 1: Properties of the analysed POD modes.

POD modes Instability mode λX (mm) f (kHz) uc
X (m/s)

Φ1−Φ2−Φ3 CFVs meandering - 0-0.5 -

Φ4−Φ5 type-III 14.28 0.5 4.85

Φ8−Φ9 type-I 6.42 4.00 25.6

Φ10−Φ13 type-I 4.64 4.85 22.1

cated analysis in studies from experimental data (Serpieri & Kotso-
nis, 2016b).
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