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Experiments were conducted to study the transition and flow development in a laminar8
separation bubble (LSB) formed on an aerofoil. The effects of a wide range of freestream9
turbulence intensity (0.15% < 𝑇𝑢 < 6.26%) and streamwise integral length scale (4.6𝑚𝑚 <10
Λ𝑢 < 17.2𝑚𝑚) are considered. The co-existence of modal instability due to the laminar11
separation bubble (LSB) and non-modal instability caused by streaks generated by freestream12
turbulence is observed. The flow field is measured using hotwire anemometry, which showed13
that the presence of streaks in the boundary layer modifies the mean flow topology of the14
bubble. These changes in the mean flow field result in the modification of the convective15
disturbance growth, where an increase in turbulence intensity is found to dampen the growth16
of the modal instability. For a relatively fixed level of 𝑇𝑢, the variation of Λ𝑢 has modest17
effects. However, a slight advancement of the non-linear growth of disturbances and eventual18
breakdown with the decrease in Λ𝑢 is observed. The data shows that the streamwise growth19
of the disturbance energy is exponential for the lowest levels of freestream turbulence20
and gradually becomes algebraic as the level of freestream turbulence increases. Once a21
critical turbulence intensity is reached, there is enough energy in the boundary layer to22
suppress the laminar separation bubble, resulting in the non-modal instability taking over the23
transition process. Linear stability analysis is conducted in the fore position of the LSB. It24
accurately models incipient disturbance growth, unstable frequencies and eigenfunctions for25
configurations subjected to turbulence intensity levels up to 3%, showing that the mean flow26
modification due to the non-modal instability dampens the modal instability.27

Key words: /28

1. Introduction29

At low Reynolds numbers (𝑅𝑒 < 5 × 105, based on the chord of the aerofoil and the30
freestream velocity, 𝑅𝑒 = 𝑈∞𝑐/𝜈) viscous effects are so significant, such that the presence31
of a strong enough adverse pressure gradient can cause a laminar boundary layer to separate32
from the wall. These flows occur in many engineering applications such as low-pressure33

† Email address for correspondence: thomas.jaroslawski@onera.fr

Abstract must not spill onto p.2



2

turbines (Volino 1997) and micro-aerial vehicles (Jaroslawski et al. 2022). As a result of34
boundary layer separation, a laminar shear layer undergoes transition to turbulence, negatively35
impacting the noise emissions, lift, drag and unsteady loading of the aerodynamic surface36
(Carmichael 1981).37

In a time-averaged sense, depending on the Reynolds number, angle of incidence and38
the amount of freestream disturbance, the separated shear layer will remain separated or39
reattach to the wall. Gaster (1967) proposed a two-parameter criterion, considering a pressure40
gradient parameter and a Reynolds number based on the momentum thickness at separation41
(𝑅𝑒𝛿2,𝑠𝑒𝑝 = 𝑈∞𝛿2,𝑠𝑒𝑝/𝜈). For weakly adverse pressure gradients and high values of 𝑅𝑒𝛿2,𝑠𝑒𝑝 ,42
the separated shear layer will reattach as a turbulent boundary layer, forming a closed region43
of recirculating fluid, commonly referred to as a laminar separation bubble (LSB) or ”short44
bubble”. With an increase in incidence or decrease in 𝑅𝑒𝛿2,𝑠𝑒𝑝 , the separated shear layer45
may fail to reattach, and the ”short bubble” may burst to form either a ”long bubble” or an46
unattached free shear layer. In a low freestream disturbance environment, the mechanisms of47
boundary layer transition in the separated shear layer are through the amplification of low-48
amplitude disturbances, where Diwan & Ramesh (2009) provided evidence that the origin of49
the inflectional instability in an LSB can be traced back to a region upstream of separation50
where the disturbances in the attached boundary layer are amplified through a viscous51
instability. Xu et al. (2017) showed similar behaviour in 3D confined separation bubbles,52
where the disturbance growth was strongly dependent on the initial disturbance, similarly53
to what was postulated by Diwan & Ramesh (2009), where the former’s DNS showed that54
the transition to turbulence would not occur without the presence of excitation, despite the55
base flow being highly inflected. The transition process in the separated shear layer involves56
the primary amplification of perturbations. It is credited to an invicsid Kelvin-Helmholtz57
(KH) instability in the fore portion of the bubble, which is modelled well with Linear58
Stability Theory (LST) (Rist & Maucher 2002; Marxen et al. 2003; Häggmark et al. 2001;59
Kurelek et al. 2018; Yarusevych & Kotsonis 2017). Rist & Maucher (2002) demonstrated60
that the wall-normal distance and intensity of the separated shear, maximum reverse flow61
and Reynolds number are critical parameters governing the stability of the bubble. Moreover,62
they showed that if the wall-normal distance of the separated shear layer or the reverse flow63
in the bubble is large enough (15-20% of the freestream velocity), a global instability can64
be triggered within the bubble. More recently, Rodriguez & Theofilis (2010),Rodrı́guez &65
Gennaro (2019) and Rodrı́guez et al. (2021) showed it could occur at even lower reverse flow66
velocities (7% of the freestream velocity). Finally, global instabilities stem from numerical67
investigations conducted in environments with zero freestream turbulence, so their relevance68
in experiments remains to be determined.69

In boundary layer flows subjected to no pressure gradient, laminar to turbulent transition70
induced by freestream turbulence (FST) follows a different transition mechanism than71
classical modal theory and is often referred to as ”bypass” transition, which was first used72
by Morkovin (1985), referring to the bypassing of the current knowledge of the transition73
mechanisms which was limited to modal theory at the time. However, since then, substantial74
efforts have been made to understand the transition process in wall-bounded flows subjected to75
freestream turbulence. Klebanoff & Tidstrom (1972) brought the first physical understanding76
of transition induced by FST, where the presence of three-dimensional (3D) low-frequency77
fluctuations inside the laminar boundary layer lead to fluctuations in the boundary layer78
thickness, often thought of as thickening and thinning of the boundary layer. This distortion of79
the boundary layer is dominated by streamwise velocity fluctuations, resulting in longitudinal80
streaks. When the FST level is greater than 1%, the unsteady streamwise streaks (known as81
Klebanoff modes) dominate the transition process, occurring at low frequencies (Arnal &82
Julien 1978) and having disturbance levels up to 10% of the freestream velocity (Westin83
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et al. 1993). Streaks or Klebanoff modes form, through the ”lift-up” mechanism, consisting84
of energy transfer between the wall-normal velocity fluctuations (𝑣′) and the streamwise85
velocity fluctuations (𝑢′), resulting in the streamwise non-modal growth of disturbances86
inside the boundary layer (Brandt et al. 2004; Volino 1997; Nolan et al. 2010; Andersson87
et al. 1999; Luchini 2000). Consequently, the maximum value of the streamwise perturbation88
along the wall-normal direction occurs at a location corresponding to the middle of the89
boundary layer (Arnal & Julien 1978), in contrast to the near wall location in natural/modal90
transition, and was later theoretically explained by optimal perturbation theory (Andersson91
et al. 1999; Luchini 2000).92

In transition experiments, freestream turbulence is often generated by static uniform grids,93
where the growth of disturbances in the boundary layer is highly dependent on the turbulence94
generating grid (Westin et al. 1993; Kendall 1998). The integral length scale, which generally95
scales by the mesh size, 𝑀 , can be considered the average energy-containing vortex’s size96
and is an important parameter when investigating the mechanisms present in transition97
induced by freestream turbulence. Hislop (1940) demonstrated that the integral length-scale98
partially influenced the location of transition, reporting that the transition position would99
move downstream as the streamwise integral length scale (Λ𝑢) increased. In contrast, to100
the results first proposed by Hislop (1940), Jonáš et al. (2000) and Brandt et al. (2004)101
demonstrated that the transition position moves upstream with an increase of Λ𝑢. More102
recently, based on a set of 42 grid configurations, Fransson & Shahinfar (2020) created a103
semi-empirical transition prediction model considering Λ𝑢 and 𝑇𝑢 at the leading edge. It was104
hypothesised that there exists an optimum ratio between the boundary layer thickness (𝛿)105
and Λ𝑢, which promotes transition, stating that an increase in Λ𝑢 would move the transition106
location upstream when Λ𝑢 < 3𝛿, and 𝑣𝑖𝑐𝑒 𝑣𝑒𝑟𝑠𝑎. In general, they concluded that for low107
𝑇𝑢, the increase in Λ𝑢 will advance the transition position and that for high levels of 𝑇𝑢, an108
increase in Λ𝑢 would delay transition, and was recently confirmed with further experiments109
by Mamidala et al. (2022). Moreover, flat plate experiments by Fransson et al. (2005) (leading110
edge FST level: 1.4% < 𝑇𝑢 < 6.7%) found that the disturbance energy is proportional to111
𝑇𝑢2𝑅𝑒𝑥 , (𝑇𝑢 denotes the freestream turbulence intensity and 𝑅𝑒𝑥 , the Reynolds number112
based on the freestream velocity and streamwise distance from the leading edge) verifying113
theoretical non-modal growth predictions proposed by Andersson et al. (1999) and Luchini114
(2000). The complexity of freestream turbulence-induced boundary layer transition stems115
from the boundary layer thickness growing with the downstream distance. Since the FST116
decays and the integral length scales grow in the streamwise direction, the forcing on the117
boundary layer changes gradually in the streamwise direction.118

The effects of freestream turbulence and integral length scale on boundary layer transition119
in LSBs have not been addressed to the same extent as for attached boundary layers;120
notably, there is a lack of experimental results and the role of the integral length scales.121
Häggmark et al. (2000) provided some of the first experimental results on the effects122
of grid-generated FST (with levels of 1.5% at the leading edge) on an LSB generated123
over a flat plate subjected to an adverse pressure gradient using hot wire anemometry124
measurements. They found low-frequency streaky structures in the boundary layer upstream125
of the separation and in the separated shear layer from smoke visualisation and spectral126
analysis. No strong evidence for the existence of 2D waves, which are typical for separation127
bubbles in an undisturbed environment, were found. More recently, Istvan & Yarusevych128
(2018) experimentally investigated the effects of FST (regular static grid, 𝑇𝑢 = 0.06% to129
1.99%) on an LSB formed over a NACA0018 aerofoil for chord-based Reynolds numbers of130
80000 and 150000 using Particle Image Velocimetry (PIV). They found that the bubble was131
highly sensitive to FST, and increasing the level leads to a thinner bubble and a decrease in132
its chordwise length due to a downstream shift of the separation point and an upstream shift133
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of the reattachment point as in past experimental works (Burgmann & Schröder 2008; Olson134
et al. 2013).Istvan & Yarusevych (2018) concluded that the maximum spatial amplification of135
disturbances in the separated shear layer decreased with the increase in 𝑇𝑢, implying that the136
larger initial disturbances are solely responsible for the earlier transition and reattachment.137
At levels of FST of 1.99%, streamwise streaks were qualitatively observed upstream and138
inside the bubble, signifying the onset of turbulence induced or ”bypass” transition. Simoni139
et al. (2017) used PIV to characterise the effects of Reynolds number (40000 to 90000) and140
FST ( 𝑇𝑢 = 0.65% to 2.87%) on an LSB generated over a flat plate, finding similar trends as141
Istvan & Yarusevych (2018). Moreover, Dellacasagrande et al. (2020) generated an empirical142
correlation for the transition onset Reynolds number based on pressure gradient and𝑇𝑢. They143
hypothesised that the Reynolds number variation mainly drives the length scale associated144
with the KH vortices and inline with Burgmann & Schröder (2008), whereas increasing the145
intensity of the FST level shifts the onset of the shedding phenomenon upstream.146

In LSBs subjected to sufficient levels of FST, the co-existence between modal and non-147
modal instabilities arise. Hosseinverdi & Fasel (2019) used direct numerical simulations148
(DNS) to investigate the role of isotropic FST (with intensities of 0.1% to 3%) on the149
hydrodynamic instability mechanisms of an LSB. They reported that the FST induced150
Klebanoff modes (streaks) upstream of the separation location, proposing that the boundary151
layer transition process was made up of two mechanisms. The first consisted of low-frequency152
Klebanoff modes (streaks) induced by the FST, and the second was a KH instability enhanced153
by the FST. Depending on the level of FST, either one or both of these mechanisms would154
dominate the transition process. They found that the KH instability was triggered much earlier,155
and transition was enhanced, leading to a drastic reduction in the size of the separation156
bubble. The streamwise streaks (Klebanoff modes) prior to the separation location led to157
a faster breakdown of the KH vortices. They concluded that the energy carried by the158
Klebanoff modes increased with the 𝑇𝑢, thus leading to a more significant reduction in the159
mean separated region. Other DNS studies by Wissink & Rodi (2006) (flat plate, counter160
form wall to for pressure gradient and with a leading edge𝑇𝑢 = %1.5) showed that the nature161
of the instability mechanisms changes from modal amplification due to the KH instability to162
amplification of streamwise streaks for elevated levels of FST. These streaks extend into the163
region of the laminar separated flow and initiate breakdown via the formation of turbulent164
spots. Balzer & Fasel (2016) showed that even minimal FST levels caused a significant165
reduction of the separation bubble size, indicating a strong effect of 𝑇𝑢 on transitional LSBs166
and found that elevated FST levels led to the formation of streaks. They also observed that167
the inviscid shear-layer instability was present even for levels of turbulence intensity of 2.5%,168
concluding that the transition to turbulence was a consequence of both the primary shear-169
layer instability and the enhanced 3D disturbance level, in particular the streamwise streaks170
caused by the FST. A recent LES investigation by Li & Yang (2019) on a low-pressure turbine171
blade subjected to a leading edge turbulence intensity level of 𝑇𝑢 = 2.9%, suggested that the172
secondary instability breaking down into three-dimensional structures is ”bypassed” due to173
the high levels of FST.174

The role of the integral length scale on the boundary layer transition mechanisms in an LSB175
is seldom studied due to the experimental difficulty of controlling this parameter. However,176
numerical studies by Hosseinverdi & Fasel (2019) have shown that a freestream turbulence177
level between 𝑇𝑢 = 0.1 − 2% and varying the integral length scale from 0.9𝛿1 − 3𝛿1 had178
minimal effects on the mean bubble size. Breuer (2018) conducted Large Eddy Simulations179
(LES) on an aerofoil subjected to FST, finding that a decrease in the integral length scale180
advanced the transition position, which was attributed to the fact that the smaller scales could181
penetrate the shear layer more easily than larger scales, effectively increasing the receptivity.182

The present work investigates the effects of forcing a laminar separation bubble with183
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an extensive range of 𝑇𝑢 and Λ𝑢 on the flow development, stability and transition of the184
bubble. Freestream turbulence is generated, in a controlled manner, using a variety of185
regular and fractal grids set up so that turbulence interacting with the bubble would be186
approximately isotropic and homogeneous. The aim is to investigate, experimentally, the co-187
existence of modal and non-modal growth of disturbances in the laminar separation bubble,188
their interaction and their effects on the transition process. The flow field developing over189
a two-dimensional aerofoil is measured using hotwire anemometry. Infra-red thermography190
measurements and integral boundary layer calculations are used to validate the baseline flow191
configuration. The freestream turbulence is characterised in detail using a two-component192
hotwire anemometer, before the leading edge and above the flow developing over the aerofoil,193
where the turbulence intensity, integral length scale and spectra are analysed. The detailed194
measurements of boundary layer development allow the characterisation of the disturbance195
growth mechanisms inside the bubble and are accompanied by a linear stability analysis196
which model the convective growth of modal disturbances inside the bubble subjected to197
elevated levels of freestream turbulence.198

2. Experiments199

2.1. Wind tunnel setup200

The experiments were conducted at atmospheric conditions in the ONERA Toulouse TRIN 2201
subsonic wind tunnel. The wind tunnel has a contraction ratio of 16 and a test section entrance202
dimensions of 0.3 m width × 0.4 m height and a total length of 2 m. The flow exits the test203
section through a diverging nozzle with an expansion ratio of 3. It is discharged through a204
noise reduction chamber, which aims to prevent pressure waves from the exit driving fan205
downstream from propagating upstream into the test section and possibly interfering with the206
receptivity of the aerofoil. As a result, the maximum freestream turbulence level (measured207
near the leading edge of the aerofoil, cf. Fig. 1) in the test section with the aerofoil mounted208
was found to be below 0.15 % and is calculated by the integral of the power spectral density209
of the velocity signal over frequencies ranging from 3Hz to 10 kHz. All experiments were210
conducted on an aluminium NACA 0015 aerofoil model from Studer et al. (2006), who211
demonstrated that the model mounted in the TRIN2 wind tunnel exhibited a bi-dimensional212
flow in the region of interest of the current experiments; without the use of any flow control213
strategies. The model was mounted horizontally in the test section with the leading edge214
placed 1.44 m downstream of the test section inlet and had a chord length (𝑐) and span of215
0.3 and 0.4 m, respectively. The freestream velocity was fixed at 𝑈∞ � 6𝑚/𝑠 for all test216
configurations, corresponding to a chord based Reynolds number, 𝑅𝑒𝑐 = 𝑈∞𝑐/𝜈 of 125000.217
The angle of attack, 𝐴𝑜𝐴, was fixed to the same value throughout all experiments. An 𝐴𝑜𝐴218
of 2.3◦ was used as it allowed the traversing system to access all positions in the bubble while219
keeping the blockage ratio in the tunnel low. The experimental setup is presented in Fig. 1.220
Finally, it is important to note that the current experimental setup did not allow for spanwise221
measurements.222

2.2. Boundary layer and freestream flow measurements223

Velocity measurements are acquired using a hotwire probe mounted on a two-dimensional224
traverse. The probe’s position in the streamwise, 𝑥, and wall-normal, 𝑦, directions is measured225
using Heidenhain LS388 linear encoders, with a stepping accuracy of 5𝜇𝑚. Boundary layer226
measurements were made using constant temperature hotwire anemometry (HWA) using227
a Dantec Dynamics Streamline Pro system with a 90C10 module and a 55P15 boundary228
layer probe. To accurately evaluate the distance between the measurement probe and the229
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Figure 1: Experimental Setup. NB: The reference turbulence intensity level and integral
length scale are taken at the 𝑇𝑢 reference measurement location (red marker), which are

used to characterise each configuration for this study.

wall, a camera equipped with a SIGMA 180 mm 1:3:5 APO-MACRO-DG-HSM-D lens230
and a 2× SIGMA EX teleconverter is used to set the zero for each boundary layer profile231
measurement, where the closest measurements to the wall are taken at 200 𝜇𝑚, to avoid any232
near wall correction, due to thermal effects between the wall and the hotwire. The effect of233
tripping on the pressure side of the aerofoil was verified, with no significant effects found234
on the mean flow, unstable frequencies in the boundary layer and shedding frequency of235
the aerofoil. This observation suggests that at the trailing edge of the pressure side of the236
aerofoil, the boundary layer is attached and turbulent. Freestream turbulence measurements237
were conducted using a 5 𝜇𝑚 Dantec 55P51 probe, where a 6 mm diameter Dantec 55H24238
support was used to support the X-wire probes. All test data were acquired using a National239
Instruments CompactDAQ-9178 with two NI-9239 (built-in resolution of 24 bit) modules for240
voltage measurements and a NI-9211 (built-in resolution of 16 bit) module for temperature241
measurements. Both single- and X-probes were calibrated in − situ against a pitot tube242
connected to an MKS 220DD pressure transducer. The boundary layer probe (55P15) was243
calibrated using King’s law (Bruun 1996) and the zero velocity voltage in the calibration244
was taken as the absolute minimum voltage measured over the sample duration with the245
wind tunnel off (Watmuff 1999). The X-wires (55P51) were calibrated for a velocity range246
of approximately 3 - 12 m/s and nine angles ranging between −28◦ to +28◦. The velocities247
were obtained using the look-up table approach described by Burattini & Antonia (2005)248
and Lueptow et al. (2004). Hotwire drift was accounted for by conducting pre-and post-249
experiment calibrations. The frequency response of the system was estimated using the250
standard pulse-response test. It was approximately 45 kHz, well above these experiments’251
spectral region of interest. The sampling frequency 𝑓𝑠 was set to 𝑓𝑠 = 2 𝑓𝑐 + 500 Hz, where252
the 𝑓𝑐 is the cutoff frequency, in the present work 𝑓𝑠 = 25 kHz, and sampling time was set so253
that second-order statistics would converged to at least ±1% at every location using the 95%254
confidence interval (Benedict & Gould 1996). This resulted in mean profile measurements255
being conducted for 10 seconds for each point. The freestream turbulence generated by the256
grids was characterised using the X-probe. Streamwise measurements were taken along the257
wind tunnel’s centre line before the aerofoil’s leading edge and 20mm above the surface of the258
aerofoil. A stabilisation time of 10 seconds was used between traverse movements to ensure259
any vibrations from the movement had dampened out. It should be noted that the purpose of260
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this study was not a detailed investigation into the mechanisms of the decay of grid-generated261
turbulence. However, some care was taken in ensuring at least 40000-60000 integral lengths262
of the flow were measured (corresponding to about a sampling time of 120 seconds for each263
point) to obtain accurate converged statistics when characterising the freestream turbulence264
generated by the grids. The uncertainty in hotwire measurements was estimated to be less265
than 3%, for 𝑈/𝑈∞ > 0.2 and the uncertainty in the hotwire positioning is estimated to266
be less than 0.05 mm. The use of HWA in the study of LSBs is fraught with difficulty. In267
particular, the mean velocity measurement cannot detect the reverse flow region in the LSB.268
Furthermore, fluctuating velocity measurements are limited due to a non-negligible normal269
or spanwise component; however, it is not an issue for the amplification growth rate as the270
maximum value of fluctuations is outside the separated region. Nevertheless, as demonstrated271
by Boutilier & Yarusevych (2012), HWA can be used to study the transition mechanisms in272
an LSB. Spanwise measurements were not possible due to limitations in the experimental273
setup. The impact of forcing on the bubble’s wall-normal height would modify the modal274
instability mechanism in a separated boundary-layer profile. The eigenfunctions can recover275
features of both Tollmien-Schlichting and Kelvin-Helmholtz instabilities where the height of276
the bubble is related to which amplifying mechanism dominates the transition process (Rist277
& Maucher 2002).278

2.3. Characterisation of freestream turbulence279

The freestream turbulence is characterised by its intensity (𝑇𝑢 and 𝑇𝑣) and streamwise and280
vertical integral length scales (Λ𝑢 and Λ𝑣 , respectively). The integral length scale is the most281
energetic scale, corresponding to the average energy-containing vortex’s average size. Other282
scales of turbulence consist of the Kolmogorov, the smallest viscous scale and the Taylor283
length scale, the smallest energetic length scale in the turbulent flow and are not believed to284
be important scales for the boundary layer transition process (Fransson & Shahinfar 2020).285
Freestream turbulence was generated using a variety of static turbulence generating grids.286
Different grid solidities(𝜎), mesh sizes (M), bar thickness (t) and relative distances between287
the grid and the leading edge can be used to vary the FST characteristics. In the present288
work, the values of 𝜎 were kept within limits recommended by Kurian & Fransson (2009),289
and 𝑀 was varied to change the levels of turbulence intensity. Placing the grid closer to the290
leading edge leads to a lower integral length scale and high turbulence intensity (𝑇𝑢). The291
difficulty of keeping the FST level fixed while varying the scale was highlighted by Fransson292
& Shahinfar (2020). Generally, the FST length scales are functions of 𝑀 and 𝑡 of the grid293
and the turbulence intensity by the 𝜎 (proprietorial to the pressure drop). The streamwise294
position of the grids (for grids with 𝑀 = 6 and 12 𝑚𝑚) is varied to change the value of the295
integral length scale while keeping the value of 𝑇𝑢 relatively constant, a similar method has296
been used by Jonáš et al. (2000) and Fransson & Shahinfar (2020). All grids were placed at297
least 20𝑀 away from the leading edge of the aerofoil, ensuring the FST is relatively isotropic298
and homogeneous. The 𝑇𝑢 and 𝑇𝑣 is defined in Eq. 2.1.299

𝑇𝑢 =
𝑢𝑟𝑚𝑠

𝑈∞
, 𝑇𝑣 =

𝑣𝑟𝑚𝑠

𝑈∞
(2.1)300

TheΛ𝑢 andΛ𝑣 are calculated by integrating the autocorrelation of their fluctuating velocity301
signals and applying Taylor’s hypothesis of frozen turbulence, which converts the time to302
spatial scales, and is presented in Eq. 2.2:303

Λ𝑢,𝑣 = 𝑈∞

∫ ∞

0
𝑓 (𝜏)𝑑𝜏 (2.2)304
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Grid Type. 𝑀 (𝑚𝑚) 𝜎 𝑡 (𝑚𝑚)
Regular 3 36 0.6
Regular 6 31 1
Regular 12 44 3
Regular 50 33 9
Regular 70 36 14
Fractal 140 28 13

Table 1: Parameters of turbulence generating grids. NB: The fractal grid is characterised
by the size of the largest element, 𝑀 𝑓 .
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Figure 2. Scaled drawings of the turbulence generating grids. Note that the origin of the
coordinate system is the centre of the grid.

two grids would produce the strongest possible turbulence by comparison to smaller
grids with similar geometrical features. We further conjectured that, for a meaningful
comparison of the performances of grids of different sizes, and even different designs, one
must also match their solidities, as this would ensure that the pressure drop behind all
grids would be roughly the same; we note that this is true not only for regular grids, but
also for fractal square grids (Laizet & Vassilicos 2015). The solidity of all our grids was
set to 0.25 ± 0.02, inline with values used in previous studies of fractal grids. Finally, to
minimise element thickness effects, we machined all grids from metallic sheets of the same
standard thickness, which was actually chosen to be the smallest one that would ensure
their structural integrity. One of the grids (“fractal square grid” – FSG) was multiscale,
which is a geometry known to produce extended downstream regions of C
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Figure 2: Schematics of grids used. (a) Regular grid (configs. C0-C6) and (b) fractal grid
(config. C7)

where 𝑓 (𝜏) denotes auto-correlation function of the signal and 𝜏 the time delay. The305
auto-correlation function was numerically integrated until the first zero crossing to obtain306
the integral length scale (Kurian & Fransson 2009). Experimental investigations of boundary307
layer transition induced by freestream turbulence have used active grids to generate larger308
values of turbulence intensity, and Λ𝑢 such as in Makita & Sassa (1991); Fransson et al.309
(2005). The experimental implementation of this grids is costly, hence in the present work,310
a fractal grid was leveraged to generate high levels of turbulence intensity and length scales311
of turbulence under the condition that the grid is sufficiently far away from the leading edge312
such that the flow is more spatially homogeneous (Hurst & Vassilicos 2007). The present313
work does not consider investigations of the effects of non-equilibrium turbulence near the314
fractal grid. A summary of the grids tested in the current work can be found in Table 1, with315
the schematics of the regular and fractal grids presented in Fig. 2.316

The turbulence parameters relevant to the current investigation are summarised in Table317
2. The decay and evolution of the turbulence level, 𝑇𝑢, 𝑇𝑣 and its integral length scales,318
Λ𝑢, Λ𝑣 are presented in Fig. 3a,b and Fig. 3c,d, respectfully. In agreement with previous319
studies, from Fig. 3a,b exponential decay of 𝑇𝑢 and 𝑇𝑣 is present before the leading edge320
of the aerofoil, and the integral length scales increase in size moving further away from the321
grid. The development of the FST over the aerofoil shows that the 𝑇𝑢 is rather constant over322
the entire aerofoil, except for the highest 𝑇𝑢 configurations where it still decreases near the323
leading edge. In zero pressure gradient boundary layers subjected to freestream turbulence,324
the 𝑇𝑢 continues to decay in the streamwise direction (Fransson et al. 2005; Brandt et al.325
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Config. 𝑣𝑟𝑚𝑠/𝑢𝑟𝑚𝑠 𝑇𝑢(%) Λ𝑢 (𝑚𝑚) Λ𝑣 (𝑚𝑚) 𝑥/𝑀
NG 0.92 0.15 210 181 -
C0 0.82 0.64 4.6 3.1 480
C1 0.91 1.21 8.7 5.5 143
C2 0.81 1.23 10.3 6.7 240
C3 0.92 1.31 8.3 5.6 138
C4 1.07 1.63 12.3 8.3 120
C5 1.07 2.97 15.4 10.6 29
C6 1.02 4.16 16.8 11.4 21
C7 1.10 6.26 17.2 13.3 -

Table 2: Freestream turbulence test matrix. Turbulence isotropy, turbulence intensity (𝑇𝑢),
streamwise and vertical integral length scale (Λ𝑢 and Λ𝑣 , respectively) at the leading edge

of the aerofoil (𝑥/𝑐 = 0). NB. Λ𝑢 and Λ𝑣 are presented for the NG configuration for
completeness, and are a result of the low disturbance flow, where the large length scales

reflect a small perturbation to the mean flow.

2004; Jonáš et al. 2000) which is not the case in the present work as the favourable pressure326
gradient near the leading edge of the aerofoil could be responsible for this behaviour. From327
Fig.3b, it can be seen that for configurations C1, C2 and C3, the 𝑇𝑢 is relatively constant328
at the leading edge of the aerofoil with the integral length scales varying from 8.3 - 10.3329
mm. The slight increase of the integral length scales after the leading edge could be due330
to the increased velocity near the leading edge of the aerofoil. This could suggest that the331
freestream forcing on the boundary layer behaves differently in the present configuration332
(aerofoil) than for a flat plate with zero pressure gradient; however, this is out of the scope333
of this present work and has been recently investigated experimentally by Mamidala et al.334
(2022). Nevertheless, the current experimental characterisation of the freestream turbulence335
behaviour before and around the aerofoil can serve as an input for future numerical studies.336
The power spectral density (PSD) of the FST is presented in Fig.4, the inertial sub-range is337
largest for the configurations with the largest levels of 𝑇𝑢, coherent with the values of Λ𝑢 and338
Λ𝑣 .339

3. Results340

The results presented here pertain to experiments conducted on a NACA 0015 aerofoil at341
an angle of attack of 2.3◦ and 𝑅𝑒𝑐 of 125000. For these conditions, the effects of FST and342
integral length scale on the transition process in an LSB are considered. The time averaged343
flow is presented in Sec. 3.1 followed by an unsteady analysis, instability and disturbance344
growth investigation in 3.2.345

3.1. Time-averaged flow field346

3.1.1. Baseline LSB347

Mean surface pressure measurements were conducted; however, the spacing of the pressure348
taps was too large to determine the streamwise positions of mean separation (𝑥𝑆), transition349
(𝑥𝑇 ) and reattachment (𝑥𝑅). Consequently, HWA/IRT measurements and numerical calcu-350
lations were employed to characterise the baseline configuration. Measured boundary layer351
profiles before 𝑥𝑆 were independently validated using ONERA’s in-house boundary layer352
code 3C3D, which solves Prandtl’s equations for three-dimensional boundary layers using a353
method of characteristics along local streamlines. The boundary layer equations were set up354
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Figure 3: Streamwise evolution of 𝑇𝑢 (a), Λ𝑢 (b), 𝑇𝑣 (c) and Λ𝑣 (d) for freestream
turbulence configurations C0-C7

(b)(a)

Figure 4: Power Spectral Density (Φ𝑥𝑥 [𝑚2/𝑠2]) at the leading edge (𝑥/𝑐 = 0) of the
aerofoil. (a) Power Spectral Density for 𝑢′ (Φ𝑢𝑢) and (b) Power Spectral Density for 𝑣′

(Φ𝑣𝑣) .

using a body-fitted coordinate system, and the momentum equations are discretised along355
the local streamlines (Houdeville 1992). The streamwise pressure distribution serves as an356
input to the boundary layer calculations. The interpolated measured pressure distribution357
and a numerical pressure distribution calculated with XFOIL (critical amplification factor,358
𝑁𝑐𝑟𝑖𝑡 = 6) (Drela 1989) were used and found to yield close results. Referring to Fig. 5a,359
laminar boundary layer profile development can be observed upstream of the separation360
point, with results from the experiment and the boundary-layer solver having a difference361
in 7% in the chordwise evolution of the integral parameters. The boundary-layer solver362
stops the calculations at 𝑥 = 0.394𝑐 since no model for separated flows is implemented into363

Rapids articles must not exceed this page length
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the solver and corresponds to approximately 𝑥𝑆 . Mean velocity profiles downstream of the364
separation point (Fig. 5b) exhibit reverse flow (although cannot be directly measured with365
HWA) near the wall and a profile inflection point at a vertical distance corresponding to the366
displacement thickness (𝛿1), with the flow, eventually reattaching as a turbulent boundary367
layer (cf. 𝑥 = 0.7𝑐, Fig. 5b). Moreover, relevant to linear stability (LST) calculations, the368
errors in mean velocity profiles, especially on those after separation and in the flow reversal369
region, have only a minor effect on the linear stability predictions of disturbance growth rates370
(Boutilier & Yarusevych 2012).371

The exact position of the separation is not critical for this study as the focus is the instability372
characteristics, however as a good experimental practice, it was characterised by the limits373
of the experimental setup which would be important for future numerical simulations. From374
HWA measurements, 𝑥𝑆 is obtained by assuming that boundary layer separation occurs where375
𝜕𝑢/𝜕𝑦 = 0, near the wall. In the present results, this location is determined to be 0.375𝑐,376
which agrees with that obtained from 3C3D, considering the spatial resolution of the HWA377
measurements would introduce an uncertainty of approximately ±0.025𝑐. The experimental378
determination of 𝑥𝑆 is often fraught with difficulty, as demonstrated by Istvan & Yarusevych379
(2018), who were able to determine the 𝑥𝑆 with an uncertainty ranging from 0.125𝑐 to 0.2𝑐380
and Simoni et al. (2017) were not able to distinguish a difference in the separation position381
for different Reynolds numbers and FST configurations. For this reason, separate infrared382
thermography (IRT) measurements (not presented here) found that that separation occurs383
at approximately 0.36𝑐. The objective of this study is to investigate the disturbance growth384
and how FST impacts the transition mechanisms in the separated shear layer; therefore,385
the current accuracy 𝑥𝑆 is sufficient. Considering the different values of 𝑥𝑠 obtained from386
HWA, IRT and the boundary-layer solver have a standard deviation of 0.02𝑐, considering the387
measurement resolution error in the HWA measurements, the approximate uncertainty of 𝑥𝑠388
is 0.07𝑐.389

The mean streamwise velocity contour in Fig. 6a,b show the presence of a mean LSB390
that extends from 𝑥𝑆/𝑐 = 0.375 ± 0.07 until 𝑥𝑅/𝑐 = 0.700 ± 0.025. The bubble reaches391
its maximum height (𝑥𝐻 ) at 𝑥/𝑐 = 0.575 ± 0.025, where reasonable agreement has been392
found between maximum bubble height and mean transition position in previous work393
(Kurelek et al. 2018; Yarusevych & Kotsonis 2017), and will be used to define 𝑥𝑇 for394
configurations with an LSB in the present work. Additionally, although not presented here,395
IRT measurements identified a transition close to what corresponds to the maximum bubble396
height from the hotwire measurements.397

The streamwise unfiltered root-mean-square (r.m.s) velocity field in Fig. 6b and profiles in398
the wall-normal direction in Fig.5 show a gradual streamwise development of the fluctuations399
in the attached laminar boundary layer with a single peak near the wall emerging before400
the separation point suggesting a viscous instability which has been sufficiently amplified401
to be detected by the measurement probe. Downstream, in the separated flow region, the402
spatial amplification of fluctuations increases rapidly in the laminar separation bubble, with403
a maximum at approximately 𝑦/𝛿1 ≈ 1, which is in the vicinity of the inflexion point. The404
𝑢𝑟𝑚𝑠 profiles in the wall-normal direction exhibit a multiple peak pattern inside the bubble,405
agreeing with Rist & Maucher (2002) specifically just upstream of the reattachment position,406
showing the amplification of two near wall peaks at 𝑦/𝛿1 ≈ 0.2 − 0.5 and 1 (cf. Fig 5). This407
indicates the growth of disturbances in the reserve flow region and separated shear layer408
with the latter following the displacement thickness (Kurelek et al. 2018). Qualitatively, the409
streamwise 𝑢𝑟𝑚𝑠 profiles are similar to the velocity fluctuation profile predicted by LST410
(Rist & Maucher 2002), indicating the modal decomposition of these profiles could yield411
meaningful comparisons with LST. Moreover, 𝑢𝑟𝑚𝑠 profiles have a single peak near the412
wall (cf. Fig. 5 at 𝑥/𝑐 = 0.7) and diminish more gradually into the freestream than in the413
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Figure 5: (a) streamwise evolution of streamwise velocity (𝑈) profiles (black) and
unfiltered 𝑢𝑟𝑚𝑠 profiles before the separation position (𝑥𝑠) where markers represent

experimental measurements and the black lines represents results obtained from 3C3D
and (b) after 𝑥𝑠 (𝑥 = 0.394𝑐) and until the reattachment position 𝑥𝑅 . NB: The wall-normal

distance of each proifle is scaled with the local value of 𝛿1.
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Figure 6: Contours (21 velocity profiles) of (a) the mean streamwise velocity (𝑈) and (b)
the r.m.s of the fluctuating streamwise velocity (𝑢𝑟𝑚𝑠).

attached laminar boundary layer upstream, which is expected for a turbulent boundary and414
in agreement with previous results (Boutilier 2011; Diwan & Ramesh 2009).415
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3.1.2. Effect of freestream turbulence intensity416

In the presence of freestream turbulence forcing the mean flow toplogy of the LSB changes,417
in particular a slight delay of boundary layer separation is observed, the height of the418
LSB decreases significantly and the mean transition position advances upstream as can be419
observed in the contours of mean streamwise velocity and the 𝑢𝑟𝑚𝑠 are presented in Fig.420
7. For the sake of brevity only three configurations are presented, C1 (𝑇𝑢 = 1.21%), C5421
(𝑇𝑢 = 2.97%), and C7 (𝑇𝑢 = 6.26%) where no laminar separation bubble is observed. The422
measurements, in accordance with previous studies (Istvan & Yarusevych 2018; Simoni et al.423
2017; Hosseinverdi & Fasel 2019), show that with the increase of𝑇𝑢, the streamwise extent of424
the separation bubble is reduced, and a result of an earlier onset of pressure recovery, caused425
by the shear layer transitioning in the aft position of the LSB. The length of the bubble will426
decrease due to higher initial forcing or higher amplification rate. This will have an impact on427
the reattachment point, leading to shorter bubble. The displacement effect of the boundary428
layer will be reduced and will modify the pressure gradient and the re-adjustment will result429
in the small change in the location of the separation. This has been reported quite widely in430
the literature but Marxen & Henningson (2011) have shown quantitative validation where431
they studied the effect of varying the magnitude of initial perturbation. This phenomena432
will be investigated in more detail in the next section. Finally, the height of the LSB is also433
reduced, and has been also observed in previous experimental and numerical studies (Istvan434
& Yarusevych 2018; Simoni et al. 2017; Hosseinverdi & Fasel 2019).435

Recent experimental studies by Simoni et al. (2017) show that the change of mean436
separation position with an increase of 𝑇𝑢 was too small to be measured, where Istvan437
& Yarusevych (2018) found that an increase in 𝑇𝑢 results in a slight shift downstream of438
the separation which is closer to what has been observed in previous studies (Hosseinverdi439
& Fasel 2019), albeit with a large experimental uncertainty. Any small delay in boundary440
layer separation is thought to be due to the increased initial energy amplitude introduced441
into the boundary layer due to the FST, resulting in separation to occur further downstream,442
shortening the bubble due to the earlier transition. The resulting boundary layer displacement443
effect modifies the upstream pressure field leading to separation delay. Current measurements444
approximate that separation location is shifted from 0.375𝑐 to 0.425𝑐, with the exact location445
not being possible due to the uncertainty of the measurements. However as mentioned in446
the previous section, the location of the separation position would have little impact on the447
boundary layer transition mechanisms, hence it is not of great interest in the present study.The448
reattachment point is somewhat easier to determine as its variation with 𝑇𝑢 is larger than449
for the separation point as the inflectional nature of the profile is not clearly distinguishable.450
In the current configuration the reattachment point for the configurations where an LSB451
was observed are presented in Table 3. Referring to the boundary layer integral parameters452
presented in Fig. 8, the streamwise location of the peak in the displacement thickness (𝛿1)453
is accompanied by an increase in momentum thickness (𝛿2), and can be associated to the454
mean transition of the separating shear layer. Consequently the shape factor (𝐻 = 𝛿1/𝛿2)455
also reaches a maximum value at this position, corresponding to the maximum height of456
the laminar separation bubble. Increasing the level of 𝑇𝑢 results in a systematic decrease457
in 𝛿1, corresponding to the decrease in the wall-normal height of the LSB. Additionally, a458
higher 𝑇𝑢 results in a less pronounced value of 𝛿1 and an upstream shift in the location of459
the maxima. This combined, with an earlier onset of momentum thickness growth, indicates460
earlier transition. When the levels of 𝑇𝑢 passed a certain threshold, existence of a laminar461
separation bubble is in question as 𝐻 does not exhibit any streamwise growth. In the current462
experimental configuration the level of𝑇𝑢 at which the bubble was suppressed is 4.26% (C6).463
Configuration C5 (𝑇𝑢 = 2.97%) could still have an LSB as an amplified frequency band464
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Figure 7: Contours of the mean streamwise velocity (𝑈) and the r.m.s of the fluctuating
streamwise velocity (𝑢𝑟𝑚𝑠) for exemplary configurations subjected to elevated levels of

FST (a) 1.21% (b) 2.97% and (c) 6.28%

𝑇𝑢(%) 𝑥𝑆/𝑐 𝑥𝑇/𝑐 𝑥𝑅/𝑐
0.15 0.375 0.575 0.700
0.64 0.375 0.525 -
1.21 0.400 0.475 0.600
1.23 0.400 0.475 0.600
1.31 0.400 0.475 0.600
1.63 0.400 0.475 0.575
2.97 0.425 0.425 0.500

Table 3: Effect of freestream turblence on mean streamwise locations of separation
(𝑥𝑆 ± 0.07), mean transition (𝑥𝑇/±0.025) and reattachment (𝑥𝑅/𝑐 ± 0.025). NB. The

reattachment position was not measured in the configuration with 𝑇𝑢 = 0.64%.

is observed in the power spectral density and will be discussed in more detail in Section465
3.2. Furthermore, for all the configurations, 𝐻 departs from a value expected for a laminar466
boundary layer (𝐻 > 2.5) and asymptotically levels of those expected of a turbulent boundary467
layer (𝐻 < 2), signifying that transition occurs within the HWA measurement domain. The468
current results exhibit the same systematic trends in mean bubble topology and integral469
parameters as in the DNS of Hosseinverdi & Fasel (2019) and PIV measurements of Istvan470
& Yarusevych (2018).471

Upon inspection of the 𝑢𝑟𝑚𝑠 profiles in the wall-normal direction from Fig. 9, increasing the472
𝑇𝑢 results in an upward shift in the maxima. This behaviour suggests a shift in the transition473
mechanism, where a non-modal instability would exhibit the maximum 𝑢𝑟𝑚𝑠 values further474
away from the wall than a viscous modal instability. Moreover, increasing the freestream475
turbulence intensity yields magnitudes of 𝑢𝑟𝑚𝑠/𝑈𝑒 ≈ 10% which is common for streaks476
(Westin et al. 1993; Fransson et al. 2005), and is larger than what is observed for pure modal477
transition (𝑢𝑟𝑚𝑠/𝑈𝑒 ≈ 1%, Arnal & Julien (1978)). The co-existence of modal and non-478
modal instabilities in attached boundary layers have been found to have similar effects on the479
maxima of the 𝑢𝑟𝑚𝑠 peak (Veerasamy et al. 2021). In the configurations where the 𝑇𝑢 is large480
enough to suppress the bubble, the 𝑢𝑟𝑚𝑠 peak gradually shifts downwards, suggesting the481
flow is undergoing transition through an inviscid (Kelvin-Helmholtz) or viscous (Tollmien-482
Schlichting) instability and will be discussed later. Finally, increasing the 𝑇𝑢 decreases the483
rate at which the fluctuations diminish into the freestream.484

Using acoustic forcing, Kurelek et al. (2018) found that the initially increased amplitude485
in the boundary layer upstream of the flow resulted in the bubble being shorter and thinner,486
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Figure 8: Effect of freestream turbulence on integral shear layer parameters: (a)
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Figure 9: Chordwise development of the r.m.s of the fluctuating streamwise velocity
component (𝑢𝑟𝑚𝑠) for chordwise positions of (a) 0.250c (b) 0.350c (c) 0.425c (d) 0.500c

and (e) 0.575c subjected to freestream turbulence.

similar to what has been observed in Marxen & Henningson (2011) in DNS simulations. In487
the same manner, freestream turbulence increases the initial forcing in the boundary layer488
resulting in similar effects on the mean flow topology as with different forcing techniques.489
The impact of forcing on the wall-normal height of the bubble would modify the type of490
modal instability mechanism since in a separated boundary-layer profile, the eigenfunctions491
can recover features of both Tollmien-Schlichting and Kelvin-Helmholtz instabilities where492
height of the bubble is related to which amplifying mechanism dominates the transition493
process (Rist & Maucher 2002).494

3.2. Disturbance growth and instability495

3.2.1. Spectral analysis496

The power spectral density (PSD) of the streamwise velocity fluctuations was calculated for497
each configuration, with the chordwise evolution presented in Fig. 10. In the cases where an498
LSB was present, the PSD exhibits a characteristic frequency band amplified downstream (cf.499
Fig. 10a-g). When the LSB was subjected to FST, the chordwise development and distribution500
of the spectra were significantly modified. First, the unstable frequency band is broadened,501
which is a consequence of significant energy content within a broader range of frequencies in502
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the FST, resulting in measurable velocity fluctuations over a broader frequency range earlier503
upstream. Second, increasing the freestream turbulence level results in the unstable frequency504
band being slightly shifted to a higher frequency range than the natural case. For example,505
increasing the freestream turbulence level from the baseline to a value of 𝑇𝑢 = 1.23%506
results in the frequency band being shifted from 110 − 150𝐻𝑧 to 160 − 200𝐻𝑧 (cf. Fig. 10a507
and d). Referring to Fig. 10a-g, the unstable frequency band is propagated upstream of the508
separation point due to the separation bubble’s streamwise oscillation. The highest frequency509
wave packet is found to occur in the highest 𝑇𝑢 case, which was 255 − 295𝐻𝑧, wherein the510
highest cases (𝑇𝑢 > 4%, Fig. 10h, i) no clear frequency band is observed and is thought to be511
due the LSB not being present anymore, inferring a change in the instability mechanism. The512
frequency shift of the wave packet is attributed to the decreased size of the LSB and has been513
observed in Hosseinverdi & Fasel (2019). Current results suggest that in the configurations514
that are subjected to a turbulence intensity of 𝑇𝑢 < 3%, the harmonic of the frequency band515
is still observed (cf. Fig. 10 b,f and e), which could suggest that in the presence of moderate516
levels of FST the secondary instability of the primary modal instability could still be present.517
The secondary instability, a harmonic of the leading frequency, takes effect in the aft portion518
of the bubble where vortex shedding occurs. It has been reported to be an elliptic instability519
(Marxen & Henningson 2011), amplifying disturbances with spanwise wavelengths on the520
order of the diameter of the shed vortices, resulting in spanwise distortion and waviness in the521
vortex filament. The presence of streaks would result in spanwise inhomogeneity, inhibiting522
elliptic instability. The current results indicate that if the 𝑇𝑢 is increased to a certain level,523
the harmonic of the wave packet is barely noticeable (cf. Fig.10g), suggesting that there is a524
certain threshold of FST forcing which will ”bypass” the elliptic instability, which will still525
exist in moderate cases and is in agreement the numerical simulations of Li & Yang (2019).526
Additionally, as in Balzer & Fasel (2016), possible harmonics are observed in the spectra for527
the LSB subjected to FST. The impact of the integral length scale has a negligible effect on528
the unstable frequency range of the wave packet.529

Pauley et al. (1990) proposed a scaling of the most unstable frequency in an LSB, in the530
form of a Strouhal number defined as:531

𝑆𝑡𝛿2 ,𝑠𝑒𝑝 =
𝐹𝛿2,𝑠𝑒𝑝

𝑈𝑒,𝑠𝑒𝑝

(3.1)532

where F is the most amplified frequency observed in the experiment, 𝛿2,𝑠 and 𝑈𝑒,𝑠 are the533
momentum thickness and boundary layer edge velocity at separation, respectively. Inspired534
by the analysis of Rodrı́guez & Gennaro (2019) and Rodrı́guez et al. (2021), who compared535
the value of the 𝑆𝑡𝛿2 for past experiments on LSBs, Fig. 11 compares the value of 𝑆𝑡𝛿2 as a536
function of𝑇𝑢 (for the cases where an LSB was observed). In the present work, 𝑆𝑡𝛿2 = 0.0062,537
for the unforced bubble, which is close to the value of 𝑆𝑡𝛿2 = 0.0069 proposed by Pauley et al.538
(1990) for 2D numerical simulations of a laminar separation bubble. However, increasing539
the 𝑇𝑢 causes 𝑆𝑡𝛿2 to increase, when compared to the baseline case, approaching values540
closer to what was proposed by Rodrı́guez et al. (2021) of 𝑆𝑡𝛿2 = 0.01 − 0.012 for a bubble541
acting as a global oscillator. Data from Istvan & Yarusevych (2018) also suggest this effect542
and Pauley (1994) found that 𝑆𝑡𝛿2 = 0.0124 − 0.0136 in 3D unforced numerical simulations543
twice as large of what was observed for 2D simulations. Therefore, the increased values544
of 𝑆𝑡𝛿2 suggest that the presence of freestream turbulence (or increased levels of forcing)545
could favour the inherent three-dimensional nature of the transition process in the LSB.546
Furthermore, Rodrı́guez & Gennaro (2019) found that increasing the recirculating velocity547
in the bubble increased the values of 𝑆𝑡𝛿2 which could manifest here as well as the LSBs548
subjected to FST are smaller in size for the same convective velocity, which could result549



17

101 102 103
10-20

10
-10

100

1010

10
20

101 102 103
10-20

10
-10

100

1010

10
20

101 102 103
10-20

10
-10

100

1010

10
20

(a) (b) (c)

10
1

10
2

10
3

10-20

10-10

100

1010

10
20

10
1

10
2

10
3

10-20

10-10

100

1010

10
20

10
1

10
2

10
3

10-20

10-10

100

1010

10
20

(d) (d) (f)

101 102 103
10-20

10-10

100

10
10

1020

101 102 103
10-20

10
-10

100

1010

10
20

101 102 103
10-20

10
-10

100

1010

10
20

(g) (h) (i)

0.15 % 0.64 %, 6.72 mm 1.21%, 8.71 mm

1.63 %, 12.33 mm

6.26 %, 17.18 mm

1.31 %, 8.31 mm

4.16 %, 16.81 mm

1.23 %, 10.31 mm

2.97 %, 15.42 mm

x/c

x/c

x/c

Figure 10: Chordwise evolution of the Power Spectral Density (PSD) at the maximum
location of 𝑢𝑚𝑎𝑥 inside the boundary layer for each configuration. Where the frequency

bands correspond to the vertical dashed lines which indicate the most amplified frequency
band used in the stability analysis in the following section. Red and blue curves denote 𝑥𝑆

and 𝑥𝑅 , respectively. NB: Spectra are separated by an order of magnitude for clarity.
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Figure 11: The dimensionless frequency, 𝑆𝑡𝛿2 , plotted against the turbulence intensity, 𝑇𝑢,
for the present results and experimental data from the literature.

in larger levels of re-circulation inside the bubble. Finally, discrepancies in the values of550
𝑆𝑡𝛿2 can be associated with the fact that the different experiments in the literature were551
conducted on flat plates (with imposed pressure gradients) and aerofoils, the surface finish552
of the models, and the inherent bias of the different experimental techniques. Moreover, the553
different Reynolds numbers and pressure gradients would modify the mean bubble’s height554
and length, which could also result in the differences in the value of 𝑆𝑡𝛿2 . In particular, under555
certain conditions (Gaster 1967), the formation of a ”long” bubble can occur. However, it is556
out of the scope of the current study, which focuses on a ”short” bubble.557

The global displacement of the separated shear layer in an LSB is often referred to as558
flapping and is known to occur at significantly lower frequencies than the 2D vortex roll-up559
and shedding (Zaman et al. 1989; Michelis et al. 2017). The frequency of the flapping of the560
bubble can be expressed using a Strouhal number based on the displacement thickness:561

𝑆𝑡𝛿1 ,𝑠𝑒𝑝 =
𝐹𝛿1,𝑠𝑒𝑝

𝑈𝑒,𝑠𝑒𝑝

(3.2)562

which follows the conventions used in Michelis et al. (2017) and should not be confounded563
with the Strouhal number proposed by Pauley et al. (1990). Moreover, for assessing flapping564
experimentally, a temporal signal is extracted at a streamwise location corresponding to565
the approximate position of the mean separation point, 𝑥𝑠, and at a wall-normal location of566
𝑦 = 𝛿1. At this same position in the LSB, Michelis et al. (2017) demonstrated that the flapping567
of an unforced LSB manifested itself at low frequencies or 𝑆𝑡𝛿1,𝑠 ≈ 0.005. The results shown568
in Fig 12 suggest that flapping is also manifesting at similar values as a distinct peak is present569
at 𝑆𝑡𝛿1,𝑠 ≈ 0.006. Moreover, the addition of freestream turbulence significantly modifies the570
signal’s spectral content, with no distinct peaks being present, suggesting that FST could571
modify bubble flapping, resulting in damping or reducing the global displacement of the572
separated shear layer.573
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Figure 12: Power spectral for the unforced LSB (black), the LSB subjected to 𝑇𝑢 = 0.64%
(red) and 𝑇𝑢 = 1.21% (blue) at a height of 𝑦 = 𝛿1 at the separation point. NB: The

Strouhal number is scaled by 𝛿1, and should not be confounded with the Strouhal number
scaled with 𝛿2 in Fig. 11

3.2.2. Disturbance energy growth574

The effect of increasing the level of 𝑇𝑢 on the chordwise evolution of the disturbance575
energy growth (𝐸 = 𝑢2

𝑟𝑚𝑠/𝑈2
𝑒) is presented in Fig. 13a, where the trend of disturbance576

growth gradually changes from exponential, at lower levels of 𝑇𝑢, to algebraic for the more577
extreme 𝑇𝑢 levels, where energy saturation is observed earlier. These different energy growth578
behaviours suggest that different instability mechanisms were present in the flow, and their579
contribution to the transition process depends on the level of the freestream forcing. Figure580
13b shows the energy growth of the filtered disturbances for the most amplified frequency581
band (corresponding to the modal instability in the LSB) obtained from the PSD (cf. Fig.10).582
In the natural case, low levels of disturbance growth are present before the separation583
point, and further downstream, exponential amplification of the disturbances is observed.584
In the cases where the flow is subjected to additional FST, the initial energy amplitude is585
significantly higher than in the natural case. The initial energy in the boundary layer increases586
with 𝑇𝑢, with higher energy levels suggesting the presence of streaks, as commonly observed587
in experiments on transition induced by FST in boundary layers subjected to no adverse588
pressure gradient.589

Referring to Fig. 13b, the gradual reduction in the slope of the chordwise energy growth590
with increasing 𝑇𝑢 would suggest that the non-modal instabilities become more dominant,591
which can be thought of as being in competition with the modal instabilities which grow592
exponentially. Once the turbulence forcing reaches a critical level, the exciting streaks in the593
boundary layer are too energetic to allow the flow to separate, resulting in the elimination of594
the modal via the non-modal instability (in the present work, approximately when 𝑇𝑢 > 4%,595
as no inflexion point is observed in the bubble is observed in the mean flow and no amplified596
frequency band in the PSD). Damping of the modal disturbance growth is attributed to597
the mean flow deformation due to the influence of freestream turbulence. In other words,598
external freestream turbulence forcing reduces the size of the separation bubble, such that599
the region of instability growth is brought closer to the wall, resulting in damping effects of600
the disturbances in the shear layer. Previous experiments on forced bubbles found a damping601
effect on the disturbance growth. For example, Kurelek et al. (2018) found that both tonal602
and broadband acoustic forcing resulted in the damping of modal disturbances along with603
Yarusevych & Kotsonis (2017) and Marxen & Henningson (2011) who used a variety of604
forcing techniques to observe similar behaviour. Furthermore, the DNS investigation by605
Hosseinverdi & Fasel (2019) found similar trends in the energy growth with increased levels606
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Figure 13: Energy growth of disturbances for a) integrated over the entire energy spectrum
and b) integrated over the frequency range of the most amplified wave packet plotted on a
semi-log scale to show modal growth. NB: configurations where no LSB was detected ie.

where no amplified frequency band was observed in the PSD are not included for the
filtered disturbance growth (cf. Fig. 10h,i). Maximum values of 𝑢𝑟𝑚𝑠 in the boundary

layer are presented.

of 𝑇𝑢, albeit they did not show the behaviour when the bubble was suppressed, which in the607
present results is characterised by a high level of initial energy and evident algebraic growth608
of disturbances upstream of any possible separation location (𝑇𝑢 = 6.26%, Fig. 13a).609

The damping of the modal disturbances in the bubble could be due to the presence of streaks610
(Klebanoff modes) caused by the elevated levels of freestream turbulence, which would611
introduce non-modal disturbances into the boundary layer. In the current setup, streaks should612
appear for configurations where 𝑇𝑢 > 1% is a common threshold for zero-pressure gradient613
boundary layers (Matsubara & Alfredsson 2001; Fransson et al. 2005). The behaviour of614
the disturbance growth suggests the co-existence of modal and non-modal instability in the615
LSB when subjected to a critical level of freestream turbulence. The experimental findings616
here agree with previous numerical results in the literature (Hosseinverdi & Fasel 2019; Li617
& Yang 2019; Balzer & Fasel 2016).618

The impact of the integral length scale for a relatively constant 𝑇𝑢 level on the disturbance619
growth is presented in Fig. 14, suggesting that the effect of the integral length scale on the620
transition in an LSB is very modest. The difficulty in achieving constant levels of 𝑇𝑢 with621
a varying Λ𝑢 is an experimental challenge, as shown by Fransson & Shahinfar (2020). The622
present work investigates three cases with a minimal variation in 𝑇𝑢 and a larger variation623
in Λ𝑢. It is observed that an increase in Λ𝑢 at the leading edge of the aerofoil for an almost624
constant 𝑇𝑢 appears to delay the growth and eventual saturation and breakdown of the625
disturbances and is in agreement Breuer (2018), who suggested that the smaller scales were626
closer to that of the shear layer resulting in the receptivity of the boundary layer to increase.627
The impact of Λ𝑢 has been shown to have contradicting results in attached boundary layer628
transition problems, where a variation of the integral length scale both advances (Jonáš629
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layer are presented.

et al. 2000; Brandt et al. 2004; Ovchinnikov et al. 2008) and delays (Hislop 1940; Fransson630
& Shahinfar 2020) boundary layer transition. This contradiction led Fransson & Shahinfar631
(2020) to hypothesise a two-fold effect of the integral length scale on boundary layer transition632
subjected to freestream turbulence. They found that for a constant 𝑇𝑢 level, an optimal scale633
ratio exists between the Λ𝑢 at the leading edge and the boundary layer thickness 𝛿 at the634
transition position, which has a value of approximately 12.5. Interestingly, in the attached635
portion of the boundary layer of the three configurations tested, the advancement of the636
non-linear growth of disturbances and eventual breakdown occurs when approaching this637
optimal value.638

However, it should be noted that the above studies were conducted on attached boundary639
layers. Hence it is unclear whether meaningful comparisons can be made. For laminar640
separation bubbles, Hosseinverdi & Fasel (2019) briefly suggested that the integral length641
scales ranging from 0.9𝛿1 to 3𝛿1 had little effect on the energy growth relative to the 𝑇𝑢, and642
is also observed in the experimental results here. Furthermore, a smaller integral length scale643
resulted in a higher initial level of disturbance energy in the boundary layer and has also been644
observed by Hosseinverdi (2014), however in their work, the saturation of the energy growth645
was found to be independent of Λ𝑢. Based on the experimental observations here and past646
numerical simulations, an effect of the integral length scale could be present, and further647
investigation is warranted. However, it is likely that the effect will be small compared to the648
𝑇𝑢, in light of the results here and Hosseinverdi & Fasel (2019).649
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3.2.3. Co-existence of a modal and a non-modal instability650

The assertions made in the previous sections on the co-existence of modal and non-modal651
growth of disturbances in the laminar separation bubble will be examined here through a652
linear stability analysis. Linear Stability Theory (LST) models the amplification of small653
amplitude disturbances (Schmid & Henningson 2000) and has been employed to study the654
convective streamwise amplification of disturbances in the LSB. The Orr-Sommerfeld given655
by Eq. 3.3 can reliably predict the primary amplification of instability waves for parallel656
flows and in the fore position of an LSB (Kurelek et al. 2018).657

(
𝑈 − Ω

𝛼

) (
𝑑2𝑣̃

𝑑𝑦2 − 𝛼2𝑣̃

)
− 𝑑2𝑈

𝑑𝑦2 𝑣̃ = − 𝑖𝑈𝑒𝛿1
𝛼𝑅𝑒𝛿1

(
𝑑4𝑣̃

𝑑𝑦4 − 2𝛼2 𝑑
2𝑣̃

𝑑𝑦2 + 𝛼4𝑣̃

)
(3.3)658

where 𝑅𝑒𝛿1 is the Reynolds number based on displacement thickness, 𝑣̃ is the wall-659
normal perturbation, Ω is the angular frequency, and the complex wave number is defined as660
𝛼 = 𝛼𝑟 + 𝑖𝛼𝑖 , where 𝑖 is the imaginary unit. When 𝛼𝑖 > 0, the disturbance is attenuated and661
amplified when 𝛼𝑖 < 0.662

Calculations were conducted using ONERA’s in-house stability code, where a spatial663
formulation of the problem is employed (Schmid & Henningson 2000), such that Ω is664
defined and the eigenvalue problem is solved for 𝛼, therefore modelling the convective665
amplification of single frequency disturbances. Equation 3.3 is solved numerically using666
Chebyshev polynomial base functions and the companion matrix technique to treat eigenvalue667
non-linearity (Bridges & Morris 1984).668

The mean streamwise velocity profiles at discrete streamwise locations are used as input669
for the LST calculations, making the analysis local, with the same methodology employed670
by Yarusevych & Kotsonis (2017) and Kurelek et al. (2018). Stability calculations are highly671
sensitive to noise due to the spatial resolution in experiments. Therefore the LST analysis is672
conducted using hyperbolic tangent fits on experimental data, which have shown to provide673
reasonable stability predictions, being relatively insensitive to scatter in experimental data.674
The following modified hyperbolic tangent fit was used:675

𝑈

𝑈𝑒

=
𝑡𝑎𝑛ℎ[𝑎1(𝑦 − 𝑎2)] + 𝑡𝑎𝑛ℎ[𝑎1𝑎2]

1 + 𝑡𝑎𝑛ℎ[𝑎1𝑎2]
+ 𝑎3

𝑦

𝑎2
𝑒𝑥𝑝 [−1.5

𝑦

𝑎2

2
+ 0.5] (3.4)676

which was proposed by Dovgal et al. (1994) and has been shown to suitably model677
separated boundary layer profiles in several analytical applications Boutilier (2011); Boutilier678
& Yarusevych (2013) along with accurate linear stability predictions on HWA velocity679
profiles of separated shear layers (Boutilier & Yarusevych 2012; Methel et al. 2019). The680
profile edge velocity, 𝑈𝑒, is estimated from the HWA measurements, while the coefficients681
𝑎1 − 𝑎4 are estimated through a least-squares curve fitting operation to the measured data.682
Exemplary velocity profiles and their corresponding fits for the configuration with𝑇𝑢=1.23%683
are presented in Fig. 15. Furthermore, due to the difficulty in conducting stability calculations684
on experimental velocity profiles at low 𝑇𝑢 and Reynolds numbers, LST calculations for the685
baseline case are validated by conducting the analysis on both experimental and numerical686
(obtained from the boundary-layer solver, 3C3D) velocity profiles which demonstrate687
agreement between the amplification rate and the most amplified frequencies.688

A measure of the amplitude growth is quantified from LST through the computation of689
amplification factors and will be referred to as the 𝑁−factor hereinafter. The 𝑁−factor as a690
function of streamwise position (𝑥) and frequency (𝐹) from LST calculations and is quantified691
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Figure 15: Measured mean velocity profiles (markers) in a forced condition (𝑇𝑢 = 1.21%)
and corresponding hyperbolic tangent fits (solid lines) used in LST computations.

by integrating 𝛼𝑖 for the most amplified frequency in the positive 𝑥−direction:692

𝑁 (𝑥, 𝐹) =
∫ 𝑥

𝑥𝑐𝑟

−𝛼𝑖 𝑑𝑥 (3.5)693

where 𝑥𝑐𝑟 is the critical abscissa and corresponds to the location at which a perturbation at a694
frequency of Ω is first amplified. The location of 𝑥𝑐𝑟 is upstream of the hot wire measurement695
region and, therefore, cannot be determined directly. However, as demonstrated by Jones696
et al. (2010), Kurelek et al. (2018), Yarusevych & Kotsonis (2017) and Kurelek (2021), in697
the fore portion of the LSB the streamwise evolution of 𝛼𝑖 can be approximated by a second698
order polynomial. For example, Kurelek (2021) (HWA, Ch. 6) and Kurelek et al. (2018)699
(PIV) demonstrated that the (−𝛼𝑖) obtained from LST calculations for four velocity profiles700
before and after the separation position could be used in the interpolation. Considering this,701
𝑥𝑐𝑟 can be determined by extrapolating the fit to 𝛼𝑖 = 0. Experimentally, the 𝑁−factor702
is calculated as 𝑁 (𝑥) = 𝑙𝑛(𝐴(𝑥)/𝐴𝑐𝑟 ), where 𝐴(𝑥) denotes the maximum disturbance703
amplitude in the boundary layer for a given frequency band (band-pass filtered 𝑢𝑟𝑚𝑠) and704
𝐴𝑐𝑟 denotes the initial disturbance amplitude that becomes unstable. A direct comparison of705
𝑁−factor obtained from LST and experiment is not possible since, experimentally, the initial706
disturbance amplitude is not known and likely to be too small to be measured, only being707
detected well downstream of 𝑥𝑐𝑟 . Nevertheless, following Schmid & Henningson (2000),708
𝑁−factors are matched at a reference location where the disturbance amplitude reaches709
0.005𝑈∞, consequently allowing for an estimate of 𝐴𝑐𝑟 for a given frequency band. Finally,710
only 𝑁−factors based on the streamwise component are possible since the hot wire does not711
measure a vertical component.712

In the baseline configuration (cf. Fig. 16a, NB. the figures show both the energy in the713
spectra and the 𝑁-factor and direct comparisons between their magnitudes are not to be714
made; only the frequencies at which the largest magnitudes occur), the overlaid plot between715
PSD and the 𝑁-factor show that LST is capable of predicting the most amplified frequencies716
from experiment, with acceptable accuracy (10% difference). For example, Kurelek et al.717
(2018) and Yarusevych & Kotsonis (2017) found a difference of 17%, while stating this718
to be an acceptable range. A comparison with experimental 𝑁−factors further supports719
the validity of the LST predictions (cf. Fig. 17a), which reveals that the linear growth of720
disturbances is captured between 0.475 < 𝑥/𝑐 < 0.525, comparable to the same analysis721
by Kurelek et al. (2018) who found LST to accurately capture the growth of disturbances722
between 0.42 < 𝑥/𝑐 < 0.46 in the experiment. Furthermore, the downstream saturation723
of the experimental 𝑁−factors begins to deteriorate the agreement between LST due to724
non-linear effects becoming significant. The eigenfunction of the most amplified frequency725
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Figure 16: Comparison between the amplified frequencies predicted by LST to the
experimental spectra for (a) Natural case (𝑥 = 0.400𝑐) ; (b) 𝑇𝑢 = 0.64%Λ𝑢 = 4.6𝑚𝑚

(𝑥 = 0.425𝑐) ; (c) 𝑇𝑢 = 1.21%Λ𝑢 = 8.7𝑚𝑚 (𝑥 = 0.425𝑐); (d) 𝑇𝑢 = 1.23%,Λ𝑢 = 10.3𝑚𝑚

(𝑥 = 0.425𝑐); (f) 𝑇𝑢 = 1.63%,Λ𝑢 = 12.3𝑚𝑚 (𝑥 = 0.425𝑐); (g) 𝑇𝑢 = 2.97%,Λ𝑢 = 15.4𝑚𝑚

(𝑥 = 0.400𝑐). NB: Two different 𝑦−axes for 𝛼𝑖 and the power from the PSD, therefore
direct comparisons between the two are not be made.

predicted by LST is presented in Fig 18a, and is in acceptable agreement with the experiment726
for filtered fluctuating streamwise velocity profile in the wall-normal direction for the most727
amplified frequency band. The eigenfunction exhibits two distinct peaks at approximately728
𝑦/𝛿1 = 1, corresponding roughly to the inflection point and 𝑦/𝛿1 = 0.3, which is indicative729
of a viscous modal instability (Veerasamy et al. 2021). Rist & Maucher (2002) showed that730
LSBs with smaller wall normal distances could exhibit Tollmien-Schlichting waves instead of731
an inviscid Kelvin-Helmholtz instability for higher wall normal distances. Therefore, based732
on the agreement seen in disturbance unstable frequencies, eigenfunctions and amplification733
rates (Figs. 16a, 18 and 17a), it is established that the employed LST analysis is justified for734
determining stability characteristics in the fore portion of the LSB.735

For the configurations where the LSB is subjected to elevated levels of freestream736
turbulence, LST can predict the most amplified frequencies, spatial amplification and737
eigenfunctions, suggesting that a modal instability is still present at elevated levels of738
freestream turbulence when the bubble is present. Counter-intuitively, freestream turbulence739
forcing results in better agreement between LST and experiment and has been found in past740
experiments with increased forcing by Yarusevych & Kotsonis (2017); Kurelek et al. (2018)741
and Kurelek (2021) (Ch. 6), who found that LST was capable of predicting the convective742
growth of disturbances in LSBs subjected to plasma, tonal and broadband acoustic forcing.743
However, as Kurelek et al. (2018) noted, the critical caveat to be considered is that the744
degree to which LST and experiment agree is entirely dictated by the relevance of non-linear745
effects for the particular disturbance mode being considered. Fully developed freestream746
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Figure 17: Comparison of experimental (markers) LST (dashed line) predicted 𝑁−factors
for frequencies within the excitation bands from Fig. 10 for configurations where a

laminar separation bubble is present (a) Natural case; (b) 𝑇𝑢 = 0.64%Λ𝑢 = 4.6𝑚𝑚; (c)
𝑇𝑢 = 1.21%Λ𝑢 = 8.7𝑚𝑚; (d) 𝑇𝑢 = 1.23%,Λ𝑢 = 10.3𝑚𝑚; (e) 𝑇𝑢 = 1.31%,Λ𝑢 = 8.3𝑚𝑚;

(f) 𝑇𝑢 = 1.63%,Λ𝑢 = 12.3𝑚𝑚; (g) 𝑇𝑢 = 2.97%,Λ𝑢 = 15.4𝑚𝑚; Initial disturbance
amplitudes are estimated through matching LST and experimental 𝑁−factors

turbulence could act as a type of ”broadband” forcing, such that all unstable disturbance747
amplitudes are small, resulting in non-linear effects and an improved agreement between748
LST and experiment. Therefore, current results support the assertions made by Kurelek749
et al. (2018), who found excellent agreement between LST and experiment for an LSB750
subjected to broadband acoustic forcing. The higher signal-to-noise ratio can also explain751
the improvement in the presence of forcing with freestream turbulence.752

Another, perhaps more probable, explanation for the divergence between LST and ex-753
periment for configurations subjected to low levels of 𝑇𝑢 could result from the bubble’s754
wall-normal extent being more considerable compared to higher levels of 𝑇𝑢. The more755
considerable distance of the shear layer from the wall would foster other instabilities, such as756
a global oscillator (Rist & Maucher 2002) or a three-dimensional global instability preceded757
by a global oscillator (Rodrı́guez et al. 2021). Another possibility could be that a shear on758
structures in the direction opposed to the mean flow may lead, through an Orr mechanism759
(Cherubini et al. 2010), to a non-modal instability. Therefore, the augmented agreement760
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Figure 18: Experimental filtered disturbance profiles in the wall-normal direction
compared to the eigenfunction for the most amplified frequency from LST. Experimental
streamwise disturbance profiles are computed by applying a bandpass filter corresponding
to the lost amplified frequency band from the PSD. (a) Natural case; [110 - 150 Hz]; (b)
𝑇𝑢 = 0.64%,Λ𝑢 = 4.6𝑚𝑚 [160 - 200 Hz]; (c) 𝑇𝑢 = 1.21%,Λ𝑢 = 8.7𝑚𝑚 [180 - 220 Hz];
(d) 𝑇𝑢 = 1.23%,Λ𝑢 = 10.3𝑚𝑚 [180 - 220 Hz]; (e) 𝑇𝑢 = 1.31%,Λ𝑢 = 8.3𝑚𝑚 [180 - 220

Hz]; (f) 𝑇𝑢 = 1.63%,Λ𝑢 = 12.3𝑚𝑚 [180 - 220 Hz]; (g) 𝑇𝑢 = 2.97%,Λ𝑢 = 15.4𝑚𝑚 [255 -
295 Hz];

between LST 𝑁-factor envelopes and experiments in configurations subjected to moderate761
levels of 𝑇𝑢 (1.3% < 𝑇𝑢 < 2.97%) can be explained by these free-stream turbulence levels762
being effective in exiting TS-waves in the pre-separated shear layer. At these moderate763
𝑇𝑢 levels, the non-linear distortion of the mean flow due to the streaks does not impact764
their amplification, resulting in the Orr-Sommerfeld equation predicting the correct 𝑁-factor765
envelopes. At a high enough 𝑇𝑢 threshold, the mean flow modification due to the presence766
of streaks is too significant, resulting in the growth of wave-like disturbances being inhibited767
and the divergence from LST and experiment.768

Consequently, using the analysis employed by Yarusevych & Kotsonis (2017), Kurelek769
et al. (2018) and Kurelek (2021), the current results show that LST is capable of modelling the770
convective growth of disturbances in a bubble subjected to moderate freestream turbulence771
levels. The critical difference is that forcing with elevated levels of FST (𝑇𝑢 > 1%) can772
cause the generation of streaks, considered to be a convective non-modal amplification of773
disturbances (Matsubara & Alfredsson 2001; Fransson et al. 2005; Fransson & Shahinfar774
2020). The disturbance profiles just before and after separation presented in Fig. 19 (non-775
modal) strongly suggest the existence of the non-modal growth or streaks (Klebanoff modes)776
as the profiles exhibit self-similar behaviour with the optimal disturbance profiles from the777
theoretical work of Andersson et al. (1999) and Luchini (2000), with the maximum value778
of 𝑢𝑟𝑚𝑠 occurring near 𝑦/𝛿1 = 1.3 for all configurations with 𝑇𝑢 > 1%. The current results779
demonstrate the self-similarity of the disturbance profiles over most of the boundary layer780
(cf. bottom Fig. 19). Outside the boundary layer, results do not tend to zero since freestream781
turbulence is present, in contrast to theory, which has no freestream disturbances outside782
the boundary layer. Furthermore, inside the LSB, the disturbance profiles also appear to783
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agree well with theory. The slight downwards shift of the profile at the most advanced784
chordwise positions is due to the flow finishing the transition process. These observations785
made in Figs.18 and 19 (bottom row, non-modal) implies the co-existence of both modal786
and non-modal instability mechanisms, confirming the observations made by Hosseinverdi787
& Fasel (2019) in DNS investigations on LSBs subjected to FST and the experimental results788
of Veerasamy et al. (2021) for an attached boundary layer developing over a flat plate. In789
contrast, in configurations where the𝑇𝑢 < 1% (refer to Fig. 19, top row, modal), wall-normal790
disturbance profiles do not agree with theoretical predictions and do not exhibit the same791
behaviour as for configurations with 𝑇𝑢 > 1%, with the maxima of the peaks being between792
𝑦/𝛿1 = 0.3−0.5, inferring that there is no formation of streaks and that only a viscous modal793
transition mechanism is present. The observation of damping behaviour on the disturbance794
growth presented in the previous section (Fig. 13) being due to the non-modal amplification795
of streaks is supported by the results in Fig. 19. The damping of disturbance growth in the796
bubble is also reflected in the LST predictions, as values of amplification are slightly lower797
for configurations subjected to elevated levels of FST, in line with what has been observed798
for laminar separation bubbles subjected to other methods of forcing (Marxen & Henningson799
2011; Marxen et al. 2015; Yarusevych & Kotsonis 2017; Kurelek et al. 2018). Finally, it is800
important to note that a more rigorous characterisation could be made with the presence of801
spanwise hotwire measurements, however, was not possible due to the experimental setup.802
Nevertheless, the claim of the presence of streaks is valid based on the disturbance profiles cf.803
Fig. 19), decreased energy growth rates (cf. Fig. 13) and observations from previous work.804

Since the height of the bubble is a relevant parameter for its stability, relating the integral805
parameters and the maximum growth rate can give further insights. Fig. 20 compares the806
variation of the non-dimensional maximum growth rate (scaled by 𝛿1) with the shape factor,807
compared with data from past studies involving laminar separation bubbles on different808
aerofoils. A clear relationship between the shape factor and amplification rate is present. The809
displacement thickness as a reference length scale effectively collapses the data on a linear810
trend, confirming the observations by Yarusevych & Kotsonis (2017). Although all the data811
in Fig. 20 are from an LSB, the experimental conditions varied substantially in the compared812
data sets. Experiments by Boutilier & Yarusevych (2012) fixed the Reynolds number and813
varied the angle of attack, while LeBlanc et al. (1989) varied both parameters. Yarusevych &814
Kotsonis (2017) studied a bubble subjected to periodic disturbances generated by a plasma815
actuator at a fixed Reynolds number and angle of attack. This observation implies that, for816
a given geometry and freestream turbulence condition, the shape factor effectively governs817
the non-dimensional stability characteristics of the separated shear layer. Although there818
are deviations between the linear trends for each data set, there is an apparent increase in819
the growth rate with the shape factor for different geometries and flow configurations. The820
proposed functional dependence on the stability characteristics extends to when the bubble821
is subjected to moderate levels of freestream turbulence, implying that this dependence is822
present even when there is a co-existence of more than one instability. In general, for a given823
chordwise position, as the freestream turbulence level decreases, the value of 𝐻 decreases,824
which results in the stabilisation of the modal instability due to the increased importance of825
viscosity.826

Finally, when the bubble is subjected to a sufficient level of freestream turbulence forcing827
(𝑇𝑢 > 3%, in the present configuration), the formation of an LSB is not observed in828
the experimental data, suggesting that there is a critical initial forcing amplitude which829
will generate streaks containing enough energy to suppress boundary layer separation by830
promoting earlier transition. Figure. 21 confirms the existence of non-modal instabilities831
growing in the streamwise direction for the values of 𝑇𝑢 where no separation was observed.832
Streamwise velocity disturbance profiles are in very good agreement with Andersson et al.833
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Figure 19: Streamwise velocity disturbance profiles for configurations where laminar
separation bubble is subjected to turbulence of 𝑇𝑢 < 1% (Top Row) and 𝑇𝑢 > 1%

(Bottom Row) for chordwise positions of (a) 0.325c (b) 0.350c (c) 0.375c (d) 0.400c and
(e) 0.425c. Configurations with 𝑇𝑢 < 1%: NG and C0 and 𝑇𝑢 > 1%:C1-C5. Refer to

Table 2 for symbols.

(1999), and Luchini (2000) exhibiting a clear peak at 𝑦/𝛿1 ≈ 1.3, with profiles further834
downstream manifesting a lower wall-normal position of the maxima due to the flow835
undergoing transition and tending to a turbulent state where the peak in the fluctuating836
velocity component is closer to the wall. Furthermore, the 𝑢𝑟𝑚𝑠 profiles exhibit no peaks837
below 𝑦/𝛿1 ≈ 1.3, in stark contrast to what is observed in configurations containing a838
laminar separation bubble. At the highest levels of freestream turbulence, the bubble could839
be suppressed due to the boundary layer transitioning before the ideal separation point.840
Another possibility of the suppression of the LSB (at least for the current experimental841
configuration) could be due to the presence of streaks in the boundary layer, which were842
recently observed in a numerical investigation by Xu & Wu (2021). They found freestream843
vortical disturbances of moderate level prevent the separation in a boundary layer flow over844
a plate or concave wall, inferring that the strong nonlinear mean-flow distortion associated845
with the nonlinear streaks or Görtler vortices prevents separation. In our experiments, the846
suppression of laminar separation could be due to critically energetic streaks caused by847
sufficiently elevated freestream turbulence levels.848
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Figure 20: Maximum growth rate as a function of the LSB shape factor for all tested
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Figure 21: Chordwise evolution of the disturbance profiles scaled with 𝑢𝑟𝑚𝑠,𝑚𝑎𝑥 for
chordwise positions of (a) 0.250c (b) 0.300c (c) 0.325c (d) 0.350c (e) 0.375c (f) 0.400c

(g) 0.425c (h) 0.450c (i) 0.475c (j) 0.500c . Black line denoted theoretical optimal
perturbation profile by Luchini (2000). Configurations C6 and C7: Refer to Table 2 for

symbols.
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4. Concluding Remarks849

The present investigation examines the effects of varying the freestream turbulence intensity850
and integral length scale on the flow development and transition in a laminar separation851
bubble. The laminar separation bubble develops over the suction side of a NACA0015 aerofoil852
at a chord based Reynolds number of 125000 and angle of incidence of 2.3◦ in a low freestream853
turbulence open circuit wind tunnel. Freestream turbulence was generated in a controlled854
manner using regular and fractal grids resulting in a wide range of levels of turbulence855
intensity and integral length scales. The streamwise evolution of freestream turbulence and856
the flow field were characterised using hotwire anemometery, with the spanwise homogeneity857
of the flow field being verified with infra-red thermography. In total, 8 freestream flow858
configurations were tested, three with a fixed level of turbulence intensity, but variable859
integral length scale. The results exhibit that, elevated levels of freestream turbulence, reduce860
the size of the mean bubble flow topology, advancing the transition position, decreasing the861
size of the bubble, with its eventual elimination at the highest levels, in accordance with862
previous investigations in the literature. In the laminar separation bubble, the convective863
development of an unstable frequency band is observed and is broadened with the addition864
of freestream turbulence, a consequence of more significant energy content within a broader865
range of frequencies from the freestream turbulence. The presence of freestream turbulence866
also shifts the most amplified frequency band to a higher spectral range, due to a smaller867
wall normal and streamwise length of the bubble when excited. In the baseline case, when868
the most amplified frequencies are non-dimensionlised through the use of a Strouhal number869
based on the boundary layer momentum thickness at separation, 𝑆𝑡𝛿2 , agreement is found870
with Pauley et al. (1990). However, increasing the𝑇𝑢 causes 𝑆𝑡𝛿2 to increase, when compared871
to the baseline case, and approach values closer to what was proposed by Rodrı́guez et al.872
(2021), however, but increases consistently with an increase in 𝑇𝑢.873

The present investigation examines the effects of varying the freestream turbulence874
intensity and integral length scale on the flow development and transition in a laminar875
separation bubble. The laminar separation bubble develops over the suction side of a876
NACA0015 aerofoil at a chord-based Reynolds number of 125000 and angle of incidence877
of 2.3◦ in a low freestream turbulence open circuit wind tunnel. Freestream turbulence878
was generated in a controlled manner using regular and fractal grids resulting in a wide879
range of levels of turbulence intensity and integral length scales. The streamwise evolution880
of freestream turbulence and the flow field were characterised using hotwire anemometry.881
Eight freestream flow configurations were tested, three with a fixed turbulence intensity level882
but a variable integral length scale.883

The results exhibit that elevated levels of freestream turbulence reduce the size of the884
mean bubble flow topology, advancing the transition position, and decreasing the size of the885
bubble, with its eventual elimination at the highest levels, following previous investigations886
in the literature. In the laminar separation bubble, the convective development of an unstable887
frequency band is observed and is broadened with the addition of freestream turbulence,888
a consequence of more significant energy content within a broader range of frequencies889
from the freestream turbulence. The presence of freestream turbulence also shifts the most890
amplified frequency band to a higher spectral range due to a smaller wall-normal and891
streamwise length of the bubble when excited. In the baseline case, when the most amplified892
frequencies are non-dimensionlised through the use of a Strouhal number based on the893
boundary layer momentum thickness at separation, 𝑆𝑡𝛿2 , an agreement is found with Pauley894
et al. (1990). However, increasing the 𝑇𝑢 causes 𝑆𝑡𝛿2 to increase when compared to the895
baseline case, and approach values closer to what was proposed by Rodrı́guez et al. (2021),896
however, but increases consistently with an increase in 𝑇𝑢.897
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The presence of streaks is observed for configurations with 𝑇𝑢 > 1%, with unfiltered898
profiles agreeing remarkably well with the theoretical optimal perturbation profile at multiple899
chordwise positions before and inside the laminar separation bubble. The mechanism of900
disturbance energy growth gradually changes from an exponential one, at lower levels of 𝑇𝑢,901
to an algebraic one for the more extreme 𝑇𝑢 levels, growing until the energy saturates. In902
the configuration where a bubble is present, band-pass filtered (corresponding to the most903
amplified frequency range) values of disturbance energy reveal the gradual reduction in the904
slope of the chordwise energy growth with increasing 𝑇𝑢 and suggesting that the non-modal905
instabilities become more dominant, which can be thought of as competing with the modal906
instabilities. Once the turbulence forcing reaches a critical level, 𝑇𝑢 ≈ 4% in the present907
case, the streaks in the boundary layer are too energetic to allow the flow to separate, ensuing908
in the elimination of the modal instability via the non-modal instability and suppressing the909
formation of the bubble. The damping of the streamwise growth of disturbances is due to the910
presence of streaks (Klebanoff modes) caused by the elevated levels of freestream turbulence,911
which change the mean flow topology of the bubble through the introduction of non-modal912
disturbances into the boundary layer. Finally, for a relatively fixed level of 𝑇𝑢, the variation913
of Λ𝑢 has modest effects; however, a slight advancement of transition with the decrease in914
Λ𝑢 is observed and has been reported in previous work.915

Local linear stability analysis is shown to accurately model incipient distance growth for the916
unexcited turbulence case, in agreement with previous work (Yarusevych & Kotsonis 2017;917
Kurelek et al. 2018; Kurelek 2021). Moreover, good agreement between LST eigenfunctions918
and filtered experimental 𝑢𝑟𝑚𝑠 profiles and prediction of the most amplified frequencies is919
found. In the presence of elevated turbulence, LST predicts the growth of disturbances and920
unstable frequencies with acceptable accuracy. Counterintuitively, an augmented agreement921
between experiment and LST for 𝑁-factor envelopes was present in configurations subjected922
to moderate levels of FST and was thought to be due to the turbulence being effective in923
exiting the viscous modal instabilities in the pre-separated shear-layer. Additionally, filtered924
𝑢𝑟𝑚𝑠 profiles were representative of those predicted by LST and resembled those which are925
expected in the presence of modal visco-inflectional instabilities. The current work provides926
rigorous experimental evidence on the co-existence of modal and non-modal instabilities in a927
laminar separation bubble, which has been observed in recent direct numerical simulations of928
Hosseinverdi & Fasel (2019). Further insights on the characteristics of the modal instability929
were obtained. At low 𝑇𝑢, a larger range of unstable frequencies was present due to the930
inflectional point being further away from the wall than configurations subjected to elevated931
turbulence levels. A clear relationship between the shape factor and amplification rate was932
present, such that a decrease in the shape factor results in the stabilisation of the modal933
instability due to the increased importance of viscosity. The proposed functional dependence934
on the stability characteristics extends to when the bubble is subjected to moderate levels935
of freestream turbulence, implying that this dependence is present even when there is a936
co-existence of more than one instability.937
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