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ABSTRACT
This work examines conditioning a laminar separation

bubble (LSB) using spanwise modulated disturbances. The in-
vestigations is carried out in a series of wind tunnel tests, with
the LSB formed over a flat plate subject to an adverse pressure
gradient. Building from previous work (Kurelek et al., 2023),
a new approach to produce velocity disturbances of a control-
lable spanwise wavelength is used to study the growth of span-
wise modes in the LSB, with measurements performed using
hot-wire anemometry (HWA) and tomographic particle im-
age velocimetry (tomo-PIV). From the HWA measurements,
small amplitude disturbances at the frequency of the LSB’s pri-
mary Kelvin-Helmholtz instability are identified upstream of
the LSB, which undergo convective amplification downstream
of the mean separation point. When forced at this fundamental
frequency in a two-dimensional manner, disturbance growth
is almost entirely confined to the normal (2D) mode. When
spanwise modulated forcing is applied, a distinct spanwise
mode emerges in the disturbance profile, which is also convec-
tively amplified. These findings point to the flow’s instability
to both normal and oblique disturbance waves, which can su-
perimpose to form the experimentally measured disturbance
profiles. The small amplitude disturbances tracked through
the fore portion of the LSB are found to manifest in the shear
layer vortices, imparting a spanwise wavelength, if present, in
the vortex filaments. This can lead to significant dislocations
developing across the span of the filaments, where the stream-
wise forward sections tilt up and away from the wall, leading
to further vortex stretching by the mean shear.

INTRODUCTION
Laminar separation bubbles are common in low Reynolds

number flows, typically characterized by a chord-based
Reynolds number of less than 5×105. Relevant engineer-
ing applications include low-pressure turbomachinery, small-
to-medium scale wind turbines, micro and unmanned aerial
vehicles, and larger aircraft operating at low speed or high al-
titude. The main impediment to performance in these applica-
tions is boundary layer separation, which brings losses severe
enough that a dedicated class of low Reynolds number airfoils
exists, where separation mitigation is the primary design con-
sideration (Carmichael, 1981). Still, flow separation is typi-
cal to these airfoils, as the boundary layer on the suction side
often remains laminar into the adverse pressure gradient re-
gion. If separation occurs, an unstable separated shear layer is
formed where a relatively rapid amplification of perturbations
leads to vortex shedding and an enhancement of momentum

exchange that can cause the flow to reattach to the surface in
a mean sense. In such cases, a closed region of recirculating
fluid forms, i.e., an LSB, the very presence of which can be
detrimental to performance, causing loss in the lift-to-drag ra-
tio, and/or an increase in noise emissions (e.g., Arcondoulis
et al., 2010). Further, LSBs leave the flow in an unstable con-
figuration, as only slight changes in the environment or operat-
ing conditions can suddenly leave the LSB unable to reattach,
leading to abrupt stall (Gaster, 1967).

The present work is motivated by the possibility of gain-
ing control authority over an LSB, specifically through three-
dimensional or spanwise modulated forcing actions, since do-
ing so could serve to address the aforementioned negative per-
formance impacts. Typically, control authority over LSBs is
achieved using spanwise-uniform flow control techniques that
target the shear layer vortices directly (e.g., Yarusevych & Kot-
sonis, 2017). This type of forcing locks the vortex shedding
process to the excitation frequency, advances vortex formation
upstream, and increases the spanwise coherence of the struc-
tures (Kurelek et al., 2018). Such an approach is effective at
inducing mean reattachment on a stalled airfoil (and thus form-
ing an LSB), or reducing the size of an existing LSB. How-
ever, energizing and increasing the spanwise coherence of the
LSB shear layer vortices can be problematic, as doing so can
increase the unsteady loads or noise amplitudes generated on
an airfoil. Particularly problematic is the case of airfoil self-
noise – a phenomenon where sharp tones are produced by the
passage of strongly periodic and spanwise-coherent structures
over the airfoil trailing edge (Desquesnes et al., 2007). Thus, a
technique that simultaneously gains control authority over an
LSB but also reduces the spanwise coherence of its shear layer
vortices could be highly desirable in such circumstances.

Developing such a technique is predicated on LSB flows
showing sensitivity to three-dimensional disturbances. Along
this line of inquiry, theoretical predictions employing approxi-
mated LSB velocity profiles and Linear Stability Theory (LST)
have shown that the relevant growth rates are always highest
for the normal mode (i.e., for a zero spanwise wavenumber,
kz = 0) (Dovgal et al., 1994). These findings have been sup-
ported by both experimental (Michelis et al., 2018; Rist &
Augustin, 2006) and Direction Numerical Simulation (DNS)
(Marxen et al., 2003, 2004) studies, and are aligned with the
preferential amplification of two-dimensional modes by the
Kelvin-Helmholtz instability of separated and free shear lay-
ers (Michalke, 1964). As noted by Dovgal et al. (1994), the
growth rate of spanwise modes is lower, yet comparable, to
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that of the normal modes in LSBs, while the amplification
rates of three-dimensional modes in attached boundary layers
can be up to ten times that of the two-dimensional Tollmien-
Schlichting waves. Thus, when considering an LSB in iso-
lation, as is the case in analytical approximations and simu-
lations with prescribed in-flow conditions, three-dimensional
disturbances appear to be of little significance (Marxen et al.,
2004).

However, when the continuous stability spectrum is con-
sidered, beginning from the upstream boundary layer and into
an LSB, there is evidence that three-dimensional disturbance
development can play a significant role. In a DNS study,
Rist & Augustin (2006) found that weakly oblique instabil-
ity waves grow at comparable rates to the two-dimensional
normal mode, leading to an earlier onset of turbulent break-
down when oblique wave angles are less than 30°. A wave
angle of 30° corresponds to a spanwise-to-streamwise wave-
length ratio 1.73. They also reported the introduction of these
oblique waves caused a spanwise staggering of the LSB vor-
tex shedding process, leading to a peak and valley distribution
in the mean flow field quantities. Experimental studies of the
same nature are relatively scarce due to the difficulty in im-
plementing a reliable spanwise modulated forcing technique,
which is then compounded by the need for three-dimensional
flow field measurements. A notable exception is Michelis et al.
(2018), who noted spanwise deformations in naturally devel-
oping LSBs. There, a spanwise-to-streamwise wavelength ra-
tio of 1.94 was found, while applying two-dimensional forcing
almost entirely eliminated the spanwise modulations. As a re-
sult, a model for vortex deformations in LSBs was proposed
based on the ratio of amplitudes between normal and oblique
disturbances present in the attached boundary layer upstream.

The present study builds off of the authors’ previous
work, where a novel approach to producing three-dimensional
flow disturbances of a controllable spanwise wavelength was
introduced and validated (Kurelek et al., 2023). Here, the same
technique is used as a diagnostic tool in studying the growth of
spanwise disturbance modes in an LSB, which is examined in
the fore and aft portion of the LSB using HWA and tomo-PIV
measurements, respectively.

EXPERIMENTAL SETUP
Experiments were conducted in the Anechoic Vertical

Low Turbulence Wind Tunnel (A-Tunnel) at Delft Univer-
sity of Technology. This is a closed-circuit wind tunnel with
a free-stream uniformity within ±1% and a turbulence in-
tensity of 0.09%. A schematic of the setup is provided in
Fig. 1, where the test section cross-sectional area was con-
figured to 500 × 500mm, and an LSB was formed over a
1000× 500× 20mm flat plate through the application of an
adverse pressure gradient. The free-stream velocity was set
to U∞ = 5.75ms−1, corresponding to a Reynolds number of
Reδ ∗

s
= 750 based on the displacement thickness at separa-

tion when the flow is not forced (δ ∗
s = 2.0mm). Through-

out this report, U∞ and δ ∗
s are used as the velocity and length

scale for non-dimensionalization, respectively. To simplify
the notation, all dimensional quantities are typeset as upper-
case and are accompanied with units (e.g., U1 = 3.45ms−1,
Λz = 50mm), and all non-dimensional quantities are typeset
as lowercase (e.g., u1 = U1/U∞ = 0.60, λz = Λz/δ ∗

s = 25).
In discussing disturbance development, the notation (kx,kz) =
(m,±n) is used to specify spatial Fourier modes, where kx
and kz are the streamwise and spanwise wavenumbers, respec-
tively, and m and n are integer multiples of the fundamen-
tal streamwise and spanwise wavenumbers, kx0 = 0.08 and
kz0 = 0.04.
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Figure 1. Experimental setup for HWA and tomo-PIV mea-
surements within the LSB. Coordinate system origin is located
on the top surface of the plate, at the mid-span location where
the flow separates in unforced conditions.

Alternating current, dielectric barrier discharge (AC-
DBD) plasma actuators were used to introduce controlled dis-
turbances into the flow, upstream of the LSB (Fig. 1). A
full description of the technique and employed configuration
is provided in Kurelek et al. (2023). In short, the technique
is capable of producing flow disturbances of a controllable
frequency and spanwise wavelength while holding total input
momentum constant via superposition of the outputs of two
plasma actuators arranged in streamwise succession. Three
cases are considered: (i) the natural/unforced flow, (ii) two-
dimensional forcing, and (iii) three-dimensional forcing with
a spanwise wavelength of λz = 25, chosen to achieve a wave-
length ratio of λz/λx0 = 2. All disturbances were produced
using the same plasma actuator parameters: peak-to-peak volt-
age, Vpp = 6kV, carrier frequency, Fc = 5kHz, and modulation
frequency, Fm = 133Hz. The latter was selected to target the
primary Kelvin-Helmholtz instability of the LSB shear layer.

Velocity measurements were conducted using HWA and
tomo-PIV to resolve disturbance development near the mean
separation point and three-dimensional flow development in
the LSB aft, respectively. Phase-averaging of both the HWA
and tomo-PIV measurements was enabled by referencing the
plasma forcing signal.

The HWA measurements were performed in spanwise
scans at wall-normal heights equal to local displacement thick-
ness, with the probe kept at least 2 mm from the wall to avoid
near-zero velocities, surface conduction and rectification er-
rors. A Dantec 55P15 boundary layer probe was used, which
was held at a 10° to the plate surface by a rigid, streamwise-
aligned sting mounted to a 3-axis traverse system. Uncer-
tainty in the probe position was estimated to be less than
0.06 mm. Sampling was performed at 51.2 kHz for 5 s, col-
lecting 2.56×105 samples per location. The sensor was oper-
ated by a TSI IFA-300 constant temperature bridge, with the
bridge outputs digitized by a 24-bit National Instruments ac-
quisition module. Calibrations were performed against a ref-
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erence Pitot-static probe and repeated on a daily basis, during
which the ambient temperature typically drifted by 0.5 °C and
never exceeded a change of 1 °C. A fourth order polynomial fit
to 17 calibration points spanning 0 ≤ u ≤ 2 was used, with the
distribution of points weighted to the lower end of the velocity
range. Taking into account the probe geometry, temperature
effects, calibration method, and level of the measured velocity
fluctuations, the uncertainty in the HWA measurements is es-
timated to be less than 3% of U∞ within the range of measured
velocities (0.60 ≤ u ≤ 0.78).

The tomo-PIV system consisted of a Quantel EverGreen
200 mJ/pulse Nd:YAG laser synchronized with four PCO sC-
MOS 5.5MP cameras through a LaVision timing unit. Each
camera was equipped with a Scheimpflug adapter and a
200 mm focal length macro lens set to f# = 11. The laser
beam was collimated using a set of spherical lenses, then ex-
panded via a cylindrical lens to illuminate a 69×7.6×120mm
(X ×Y × Z) volume. Light attenuation effects at the volume
boundaries were mitigated by a knife edge filter. An ini-
tial physical calibration was performed by imaging a 3D cal-
ibration target, and then refined using volume self-calibration
(Wieneke, 2008) to a final calibration uncertainty of less than
±0.1px. Double-frame particle images were acquired using
a frame separation time of 100 µs, keeping particle displace-
ments under 17 px. The volume reconstruction was performed
using the SMART algorithm (Atkinson & Soria, 2009), yield-
ing a final interrogation volume of 1499 × 165 × 2605vox.
Volume displacements were estimated iteratively using cubic
windows with 75% overlap and a final size of 20 vox, yield-
ing 300×33×521 vectors in the volume and a vector pitch of
0.23 mm in all three coordinate directions. Given the complex-
ity of the tomo-PIV technique, producing a reliable estimate
of the measurement uncertainty remains challenging. Here,
the reliability of the tomographic results is established through
comparison with equivalent planar PIV measurements (from
Kurelek et al., 2023), since a more robust estimate of uncer-
tainty is available for the latter. Based on this approach, the
uncertainty in the tomo-PIV mean quantities is estimated on
the order of 3.5% of U∞ for y > 0.5.

RESULTS
Figure 2 presents an overview of the flow develop-

ment within the unforced LSB through time-averaged veloc-
ity statistics, while also providing an opportunity to compare
the tomo-PIV results to prior planar PIV measurements from
the same setup (Kurelek et al., 2023). In Fig. 2(a), a re-
gion of reverse flow (u < 0) is present near the wall between
0 ≤ x ≤ 50, indicating the presence of time-averaged flow sep-
aration and reattachment, and thus an LSB. The outline of the
LSB is identified by the mean dividing streamline (solid black
line in Fig. 2), which forms a closed contour with the surface
within which the time-averaged streamwise mass flux is zero
(O’Meara & Mueller, 1987). The displacement thickness, δ ∗

is also plotted (dashed black line) and follows a similar pro-
file to the dividing streamline; steadily increasing downstream
of separation and then decreasing to a local minimum down-
stream of reattachment. The spanwise HWA scans were taken
at four streamwise locations, x =−4.50,1.75,8.00 and 14.25,
each at the local value of δ ∗, with these locations indicated in
Fig. 2 by the red ××× markers.

Comparing the planar and tomographic PIV results in
Fig. 2, the overall agreement is very good, with the mean
streamwise velocity profiles in the aft portion of the LSB
showing excellent agreement (Fig. 2(a)). Only slight dis-
crepancies are seen in the mean wall-normal velocity profiles
(Fig. 2(b)), which are attributed to the significantly lower mag-
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Figure 2. Velocity statistics in the unforced LSB at z = 0,
compared between planar (from Kurelek et al., 2023) and cur-
rent tomographic measurements. Solid and dashed black lines
indicate the mean dividing streamline and displacement thick-
ness, respectively, estimated from the planar PIV. Red ××× mark-
ers indicate locations of the spanwise HWA scans.

nitudes and thus relatively higher uncertainties for this veloc-
ity component. Good agreement is also found in the velocity
fluctuations, as seen for u′rms and v′rms in Figs. 2(c) and (d),
respectively. Slight discrepancies are apparent at the most up-
stream and downstream stations, x = 32 and 62, respectively,
which results from the relatively low and high amplitude fluc-
tuations at these stations, respectively, in addition to the sig-
nificant spatial filtering applied by the tomographic processing
algorithm. However, all noted discrepancies are relatively mi-
nor, and the overall excellent agreement establishes the relia-
bility of the tomo-PIV measurements to a level of uncertainty
that is greater than, but similar to, that of the planar PIV, de-
termined to be 3.5% of U∞ for y > 0.5 (Kurelek et al., 2023).

Disturbance development in the fore portion of the LSB
is examined via the HWA measurements, taken in spanwise
scans at the locations indicated in Fig. 2. To isolate the fun-
damental perturbation mode, the streamwise velocity fluctua-
tions are band-pass filtered about the forcing modulation fre-
quency, Fm = 133Hz, and then phase-averaged with respect to
the forcing cycling. Since no phase information is available

3



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25–28, 2024

2DNat.

Figure 3. Phase-averaged streamwise perturbations of the fundamental (forcing) frequency, ⟨û⟩, at phase θ = 0. Measured via HWA
at several streamwise stations near the mean LSB separation point (xs = 0).

for the natural case, root-mean-square values are calculated in
place of phase-averages. The results are plotted in Fig. 3, with
the 2D and λz = 25 cases shown at the same phase, θ = 0. At
the most upstream station (Fig. 3(a)), disturbance amplitudes
are low and comparable for all cases. Due to convective am-
plification, disturbance amplitudes increase at the downstream
stations. Examining Fig. 3(c), primarily negative velocity am-
plitudes are seen for the 2D and λz = 25 forcing cases, indi-
cating that the convective disturbances are within their nega-
tive half-cycle, while the amplitude of the natural disturbance
wave is rendered positive by taking the root-mean-square. On
an absolute basis, the observed convective amplification of the
2D and λz = 25 disturbances indicates that there is a preferred
amplification of the artificial disturbances.

Comparing the 2D and λz = 25 case in Fig. 3(c), the ef-
fect of the spanwise modulated forcing is readily apparent.
While both waves have similar spanwise-averaged, i.e., nor-
mal mode (1,0), amplitudes, the λz = 25 case shows a distinct
spanwise modulation at the intended wavelength. Thus, sig-
nificant fluctuating energy is contained within this mode, i.e.,
the first spanwise mode (1,±1). It is well established that the
Kelvin-Helmholtz instability is responsible for amplification
of the (1,0) mode in LSBs (Rist & Augustin, 2006; Marxen
& Henningson, 2011), while here experimental evidence is
presented for a mechanism by which spanwise disturbances
modes are amplified in LSBs.

The streamwise evolution of disturbances depicted in
Fig. 3 consists of both the (1,0) and (1,±1) modes, which
are influenced by the forcing. These constituent components
are quantified through a spatial Fourier analysis of the HWA
data. A spatial Fast Fourier Transform is applied to the signals
presented in Fig. 3, producing wavenumber spectra at each
streamwise station. The full spanwise extent of the measure-
ment domain is used, consisting of 57 measurements (padded
with zero values to 64) over an extent of 70z, yielding a
wavenumber resolution 0.31kz, which is coarse but sufficient
to delineate the (1,0) and (1,±1) modes. The result is pre-
sented in Fig. 4. Note that due to the convective nature of
the disturbances, the amplitudes of the spatial Fourier modes
change with phase at a given streamwise position. Therefore,
the wavenumber spectra at each x position are averaged across
all phases, allowing for the growth of the modes to be tracked
with downstream development.
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Figure 4. Streamwise evolution of spatial Fourier modes of
the fundamental streamwise wavenumber (m = 1).

From Fig. 4(a), disturbance growth in the fore portion of
the LSB is almost entirely confined to the normal mode when
the flow is forced with 2D perturbations, as the modal ampli-
tude of (1,0) exceeds that of any spanwise mode by at least
three orders of magnitude. This is consistent with the distur-
bances depicted in Fig. 3 for the 2D case, which are spanwise
uniform and, while not shown for brevity, oscillate in a span-
wise uniform manner through the phases of the forcing cycle.
For the λz = 25 forcing case (Fig. 4(b)), peaks are observed at
both (1,0) and (1,±1), with both modes growing in amplitude
as the disturbances convect downstream. The amplification
of both of these modes is supported by previous linear stabil-
ity analyses of LSBs (Rist & Augustin, 2006; Michelis et al.,
2018), which have found unstable growth rates near mean sep-
aration for both normal and spanwise modes. Notably, the
growth rates of the spanwise modes are reported to be compa-
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Figure 5. Phase-averaged flow development in the aft of the LSB, visualized via iso-surfaces of the Q-criterion (Hunt et al., 1988).

rable to that of the normal modes for oblique wave angles less
than ϑ = 27° (Michelis et al., 2018) (ϑ = tan−1(kz/kx)). In the
current experiment, the ratio of the forcing/fundamental span-
wise and streamwise wavenumbers is 1/2, yielding an oblique
wave angle of ϑ = 26.6°.

From Fig. 4, the ratio of amplitudes between the (1,0)
and (1,±1) modes remain relatively constant across the three
most downstream stations for both the 2D and λz = 25 cases, at
5×103 : 1 and 30 : 1, respectively. The relative contributions
of the modes to the total fluctuating energy can also be quanti-
fied through integration of the wavenumber spectra. Using the
most downstream station (x = 14.25) and 0.62kz wide bands
centred on the modes, the (1,0) mode comprises 99.8% of the
total fluctuating energy under 2D forcing, while under λz = 25
forcing, the (1,0) and (1,±1) modes account for 90.8% and
7.2% of the total energy, respectively. For the 2D case, the
prevalence of the normal mode both in terms of amplitude
and allocation of fluctuating energy reinforces that disturbance
growth, and thus the transition process in this region, is driven
entirely by the (1,0) mode. This is not the case for the λz = 25
forcing, where the 2D mode still dominates, but to a lesser
degree, as an appreciable portion of energy is contained, and
critically, sustained by the flow in the (1,±1) mode.

A mechanism by which spanwise undulatory velocity dis-
turbances can manifest in LSBs has been proposed by Miche-
lis et al. (2018), with their modelled disturbances (see their
Fig. 19) showing a striking similarity to those reported here
(Fig. 3). They demonstrate that unstable normal and oblique
disturbances can exist in the attached boundary layer upstream
of an LSB, where through a symmetric resonant triad (Craik,
1971; Zelman & Maslennikova, 1993), they can superimpose
to form a spanwise undulatory wave front. Critical to this
superposition is the amplitude ratio between the normal and
oblique modes, reporting highly distorted and nominally two-
dimensional spanwise flow states at amplitude ratios of 3.3 : 1
and 40 : 1, respectively.

Focus now shifts to the vortex dynamics in the LSB aft

under the influence of different forcing scenarios. Figure 5
presents phase-averaged flow development in this region, vi-
sualized through iso-surfaces of the Q-criterion (Hunt et al.,
1988). The results highlight the differences in spatial struc-
ture and development of the shear layer vortices under the dif-
ferent forcing scenarios. Notably, the most upstream vortices
in Fig. 5(a-i) and (b-i), labelled I and III, are largely similar,
showing strong spanwise uniformity; however, a spanwise un-
dulation in vortex III is discernible and matches the λz = 25
forcing wavelength. Tracking this structure downstream to
Fig. 5(b-ii), the undulation intensifies leading to dislocations
that begin to develop in vortex III at z = ±12.5. These dis-
locations are most readily apparent in vortex IV in Fig. 5(b-i)
and (b-ii), as this structure appears highly distorted across the
span but still maintains an undulatory shape with a spanwise
wavelength of λz = 25. Thus, the small amplitude disturbances
tracked through the fore portion of the LSB (Fig. 3) are found
to manifest in the shear layer vortices as a spanwise undulation
of a matching wavelength. In contrast, 2D forcing leads to vor-
tices that maintain a strong spanwise coherence and persists to
farther downstream stations. This is most evident by compar-
ing vortices II and IV between Fig. 5(a-i) and (b-i), respec-
tively, where the former maintains a high degree of spanwise
coherence while the latter has developed significant spanwise
dislocations.

Disturbance amplitudes in the aft portion of the LSB
(x > 50) are relatively high, with u′rms and v′rms approaching
nearly 20% of U∞ (Fig. 2). Therefore, the assumptions made
in the fore portion of the LSB – that disturbances remain small
in amplitude, of a single frequency, and do not interact – no
longer apply. Instead an assessment of the vortex dynamics
is more appropriate, where a link back to the upstream dis-
turbance development can be drawn. Examining vortex IV in
Fig. 5(b-ii), the streamwise forward sections of the filament,
e.g., at z = 0, are located farther from the wall than the sec-
tions that lag behind. This is highlighted in Fig. 6, where a
cross-flow view of vortex IV is provided, and its core is es-
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timated through local maxima detected in ⟨Q⟩. This lift-up
of the streamwise forward segments could be the result of the
initial small-amplitude spanwise perturbations present in flow,
since a vortex filament of such topology would self-induce a
net rotational motion. This rotation would lift up and push
down the streamwise forward and rearward sections of the fila-
ment, respectively, which coupled with the strong wall-normal
velocity gradient, would lead to an continual intensification of
vortex stretching.

4
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Figure 6. Cross-flow view of vortex IV from Fig. 5(b-ii).
Black solid line estimates the core of the vortex.

CONCLUSIONS
The conditioning of flow development in a laminar sepa-

ration bubble (LSB) was explored using spanwise modulated
disturbances, with the investigations carried out in a series of
wind tunnel tests. The LSB was formed over a flat plate sub-
ject to an adverse pressure gradient, and new approach to pro-
ducing velocity disturbances of a controllable spanwise wave-
length (Kurelek et al., 2023) was used to study the growth of
spanwise modes in the LSB. Measurements were performed
in the fore portion of the LSB using hot-wire anemometry, and
in the after of the LSB using tomographic particle image ve-
locimetry.

From the HWA measurements, small amplitude dis-
turbances at the frequency of the LSB’s primary Kelvin-
Helmholtz instability were identified upstream of the LSB,
which underwent convective amplification downstream of the
mean separation point. When forced at this fundamental fre-
quency in a two-dimensional manner, disturbance growth was
almost entirely confined to the normal (2D) mode. When span-
wise modulated forcing was applied, a distinct spanwise mode
emerged in the disturbance profile, which was also convec-
tively amplified. These findings point to the flow’s instabil-
ity to both normal and oblique disturbance waves, which can
superimpose to form the experimentally measured disturbance
profiles. The small amplitude disturbances tracked through the
fore portion of the LSB were found to manifest in the shear
layer vortices, imparting a spanwise wavelength, if present,
in the vortex filaments. This lead to significant dislocations
developing across the span of the filaments, where the stream-
wise forward sections tilt up and away from the way, leading
to further vortex stretching by the mean shear.
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