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ABSTRACT
Experiments were conducted to study the transition and

flow development in a laminar separation bubble (LSB)
formed on an aerofoil. The effects of a wide range of
freestream turbulence intensity (0.15% < Tu < 6.26%) and
streamwise integral length scale (4.6mm < Λu < 17.2mm) are
considered. The coexistence of a modal instability due to the
LSB and a non-modal instability caused by streaks generated
by freestream turbulence is observed. The presence of streaks
in the boundary layer modifies the mean flow topology of the
bubble. These changes in the mean flow field result in the mod-
ification of the convective disturbance growth, where an in-
crease in turbulence intensity is found to dampen the growth of
the modal instability. For a relatively fixed level of Tu, the vari-
ation of Λu has modest effects, however a slight advancement
of the non-linear growth of disturbances and eventual break-
down with the decrease in Λu is observed. The data shows that
the streamwise growth of the disturbance energy is exponen-
tial for the lowest levels of freestream turbulence and gradu-
ally becomes algebraic as the level of freestream turbulence
increases. Once a critical turbulence intensity is reached, there
is enough energy in the boundary layer to suppress the LSB,
which in turn, results in the non-modal instability to take over
the transition process. Linear stability analysis is conducted in
the fore position of the LSB, and accurately models unstable
frequencies and eigenfunctions for configurations subjected to
levels of turbulence intensity levels up to 3%. Increasing the
Tu resulted in the Reynolds number dependence to increase,
suggesting that a viscous, rather than an invicid formulation
of the stability equations is appropriate for modeling modal
instabilities in the fore portion of the studied LSB.

INTRODUCTION
At low Reynolds numbers (Re < 5× 105) viscous effects

are significant, such that the presence of a strong enough ad-
verse pressure gradient can cause a laminar boundary layer
to separate from the wall. These types of flows are com-
mon in engineering applications such as low-pressure turbines
(Volino, 1997) and micro-aerial vehicles (Jaroslawski et al.,
2022). The effects of freestream turbulence intensity (Tu) and

integral length scale (Λu) on boundary layer transition in LSBs
have not been addressed to the same extent as for attached
boundary layers. Häggmark et al. (2000) provided some of
the first experimental results on the effects of grid generated
freestream turbulence (FST) on an LSB generated over a flat
plate subjected to an adverse pressure gradient. They found
low frequency streaky structures in the boundary layer up-
stream of the separation and in the separated shear layer from
smoke visualisation and spectral analysis. More recently, Ist-
van & Yarusevych (2018) experimentally investigated the ef-
fects of FST on an LSB formed over a NACA0018 aerofoil
for a chord based Reynolds numbers of 80000 and 150000
using Particle Image Velocimetry (PIV). They found that in-
creasing the level of FST leads to a decrease in the chordwise
length of the LSB due to a downstream shift of the separation
point and an upstream shift of the reattachment point. Hos-
seinverdi & Fasel (2019) used direct numerical simulations
(DNS) to investigate the role of isotropic FST on the hydrody-
namic instability mechanisms and laminar to turbulent transi-
tion in an LSB. They reported that the FST induced Klebanoff
modes (streaks) upstream of the separation location, proposing
that the boundary layer transition process was made up of two
mechanisms. The first consisted of low frequency Klebanoff
modes (streaks) induced by the FST and the second being a
Kevin-Helmholtz instability enhanced by the FST. Depending
on the level of FST either one or both of these mechanisms
would dominate the transition process.

Hence the common notion of the modal instability be-
ing ”bypassed” appears to be under question as evidence from
the above authors suggests the coexistence of two competing
transition mechanisms in an LSB. However, there is a lack
of knowledge on how freestream turbulence and the integral
length scale of turbulence affect the stability of an LSB sub-
jected to FST. The present work investigates the effects of
forcing an LSB with a large range of Tu and Λu on the flow
development, stability and transition of the bubble. The aim of
this study is to experimentally investigate the laminar separa-
tion bubble, focusing our attention on the coexistence of modal
and non-modal instabilities, their interaction and effects on the
transition process.
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EXPERIMENTAL SETUP
The experiments were conducted at atmospheric condi-

tions in the ONERA Toulouse TRIN 2 subsonic wind tunnel.
The maximum freestream turbulence level (measured near the
leading edge of the aerofoil, cf. Fig. 1a) in the test section
with the aerofoil mounted was found to be below 0.15 %. The
freestream velocity was fixed at U∞ ≅ 6m/s for all test con-
figurations, corresponding to a chord based Reynolds number,
Rec =U∞c/ν of 125000. The angle of attack, AoA, was fixed
to a value of 2.3◦ throughout all the experiments. Velocity
measurements are acquired using a Dantec Dynamics Stream-
line Pro system with a 90C10 module and a 55P15 boundary
layer probe mounted on a two-dimensional traverse, at a sam-
pling frequency of 25 kHz. Freestream turbulence measure-
ments were conducted using a 5 µm Dantec 55P51 X-Wire
probe. Freestream turbulence is generated in a controlled man-
ner using a variety of regular and fractal grids (refer to Fig. 1
b,c) set up in a way such that turbulence interacting with the
bubble would be approximately isotropic and homogeneous.
The evolution of the grid generated turbulence was charac-
terised before the leading edge and above the aerofoil. The
tested configurations are presented in table 1. Infrared Ther-
mography measurements were also conducted to validate the
spanwise flow homogeneity of the bubble (which are not pre-
sented in the present paper). The experimental setup is pre-
sented in Fig. 1a.

LOCAL LINEAR STABILITY ANALYSIS
Linear Stability Theory (LST) has been employed to

study the convective streamwise amplification of disturbances
in the LSB. The Orr-Sommmerfeld given by Eq. 1, can reli-
ably predict the primary amplification of instability waves for
parallel flows and in the fore position of a LSB (Yarusevych &
Kotsonis, 2017).

(U −
Ω

α
)(d2ṽ

dy2 −α
2ṽ)− d2U

dy2 ṽ

= −
iUeδ1
αReδ1

(d4ṽ

dy4 −2α
2 d2ṽ

dy2 +α
4ṽ)

(1)

where Reδ1 is the Reynolds number based on displace-
ment thickness, ṽ is the wall-normal perturbation, Ω is the an-
gular frequency and the complex wave number is defined as
α = αr + iαi , where i is the imaginary unit. When αi > 0 the
disturbance is attenuated and amplified when αi < 0.

Calculations were conducted using ONERA’s in house
stability code, where a spatial formulation of the problem is
employed, such that Ω is defined and the eigenvalue problem
is solved for α , therefore modelling the convective amplifica-
tion of single frequency disturbances. Equation 1 is solved nu-
merically using Chebyshev polynomial base functions and the
companion matrix technique to treat eigenvalue non-linearity.

The mean streamwise velocity profiles at discrete stream-
wise locations are used as input for the LST calculations.
In the stability analysis the higher order spatial gradients are
highly sensitive to noise, therefore hyperbolic tangent fits are
used for the calculations. This method has been shown to pro-
vide accurate linear stability predictions on HWA velocity pro-
files of separated shear layers (Boutilier & Yarusevych, 2012).

RESULTS
The mean streamwise velocity and urms contours (which

are composed of 21 streamwise velocity profiles separated by
0.025c in the chordwise direction) are presented in Fig. 2a and
show the presence of an LSB that extends from xS/c = 0.375 ±

Config. vrms/urms Tu(%) Λu(mm) Λv(mm)

NG 0.92 0.15 210 181
C0 0.82 0.64 4.6 3.1
C1 0.91 1.21 8.7 5.5
C2 0.81 1.23 10.3 6.7
C3 0.92 1.31 8.3 5.6
C4 1.07 1.63 12.3 8.3
C5 1.07 2.97 15.4 10.6
C6 1.02 4.16 16.8 11.4
C7 1.10 6.26 17.2 13.3

Table 1. Freestream turbulence test matrix. Turbulence
isotropy, turbulence intensity (Tu), streamwise and vertical in-
tegral length scale (Λu and Λv, respectively) at the leading
edge of the aerofoil (x/c = 0).

0.05 to xS/c = 0.700 ± 0.025 for the natural case. In the pres-
ence of freestream turbulence forcing the mean flow toplogy
of the LSB changes, in particular a slight delay of boundary
layer separation is observed, the height decreases significantly
and the mean transition position advances upstream as can be
observed in Fig. 2b. At the highest level of Tu (Fig. 2c),
no LSB is observed as there is enough energy injected from
the freestream turbulence into the boundary layer to suppress
the laminar separation. The measurements, in accordance with
previous studies (Istvan & Yarusevych, 2018; Simoni et al.,
2017; Hosseinverdi & Fasel, 2019), show that with the increase
of Tu, the streamwise extent of the separation bubble is re-
duced. This is a result of an earlier onset of pressure recovery,
caused by the shear layer transitioning in the aft position of the
LSB.

The power spectral density (PSD) of the streamwise ve-
locity fluctuations was calculated for each configuration, with
the chordwise evolution presented in Fig. 4. In the cases
where an LSB was present, the PSD exhibits a characteris-
tic frequency band which is amplified downstream (cf. Fig.
4a-c). When the LSB was subjected to FST the chordwise de-
velopment and distribution of the spectra is significantly mod-
ified. First the unstable frequency band is broadened, which is
a consequence of significant energy content within a broader
range of frequencies in the FST, resulting in measurable ve-
locity fluctuations over a broader frequency range earlier up-
stream. Second, increasing the freestream turbulence level, re-
sults in the unstable frequency band to be slightly shifted to a
higher frequency range compared to the natural case. The fre-
quency shift of the wave packet is attributed to the decreased
streamwise length and height of the LSB, and has been ob-
served in Hosseinverdi & Fasel (2019).

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

rms/U2
e ) is

presented in Fig. 3a, where the trend of disturbance growth
gradually changes from exponential, at lower levels of Tu,
to algebraic for the more extreme Tu levels, where energy
saturation is observed earlier. Algebraic or transient growth
is associated with a non-modal instability, commonly due to
streaks in boundary layer flows subjected to elevated levels
of freestream turbulence (Tu > 1% ) and has been well doc-
umented for zero-pressure gradient attached boundary layers
(Matsubara & Alfredsson, 2001; Fransson et al., 2005). These
different energy growth behaviours suggest that different in-
stability mechanisms are present in the flow, and their con-
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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

"

≠ constant.
This grid, which had N = 4 levels of partially overlapping elements, was made of titanium
to ensure sufficient stiffness of the smallest elements and was sanded following machining
to remove edge roughness. The length and the frontal thickness of the largest elements in
FSG were, respectively, indicated as L0 and t0, and those of subsequent levels as L1, t1

etc. FSG was designed such that the thickness ratio, t
r

, between the largest and smallest
bars was t

r

= t0�t3 = 22.3. Consequently, the ratio between subsequent elements were
determined as R

t

= t

1�(1−N)
r

= 0.355. As with previous fractal grid designs (Valente &
Vassilicos 2011, 2012; Gomes-Fernandes et al. 2012; Valente & Vassilicos 2014; Hearst
& Lavoie 2014; Valente & Vassilicos 2015), the ratio between the length of subsequent
elements was set to 0.5; as an example, L1 = 0.5L0. The three other grids (RG160, RG80
and RG18) were “regular” square grids, each with elements closely matching the first-,
second- and fourth-level elements of FSG. RG18 also matched the effective mesh size
(Hurst & Vassilicos 2007) of FSG.
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Figure 1. a )Experimental Setup. (b) Schematic of regular grid (configs. C0-C6) and (b) fractal grid (config. C7)
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Figure 2. Contours of the mean streamwise velocity (U) and the r.m.s of the fluctuating streamwise velocity (urms) (a) 0.15% (b)
1.21% and (c) 6.28%.

tribution to the transition process depends on the level of the
freestream forcing.

Referring to Fig. 3b, the gradual reduction in the slope of
the filtered (bandpass filtered for the most amplified frequen-
cies obtained from the PSD) chordwise energy growth with
increasing Tu would suggest that the non-modal instabilities
become more dominant, which can be thought of as being in
competition with the modal instabilities which grow exponen-
tially. Once the turbulence forcing reaches a critical level, the
excited streaks in the boundary layer are too energetic to al-
low the flow to separate, resulting in the elimination of the
modal via the non-modal instability. Damping of the modal
disturbance growth is attributed to the mean flow deformation
due to the influence of freestream turbulence. In other words,
external freestream turbulence forcing reduces the size of the
separation bubble, such that the region of instability growth
is brought closer to the wall, resulting in damping effects of
the disturbances in the shear layer. Previous experiments on
forced bubbles, found a damping effect on the disturbance
growth. For example, Kurelek et al. (2018) found that both
tonal and broadband acoustic forcing resulted in the damp-

ing of modal disturbances along with Yarusevych & Kotsonis
(2017) and Marxen & Henningson (2011) who used a variety
of forcing techniques to find similar results.

The impact of the integral length scale for a relatively con-
stant Tu level on the disturbance growth is presented in Fig.
3c, suggesting that the effect of the integral length scale on the
growth of disturbances in the LSB is very modest. Achiev-
ing constant levels of Tu with a varying Λu is an experimental
challenge, as shown by by Fransson & Shahinfar (2020). In
the present work, three cases which have a very small varia-
tion in Tu and a larger variation in Λu are investigated. It is
observed that an increase in Λu at the leading edge of the aero-
foil for an almost constant Tu appears to delay the growth and
eventual saturation and breakdown of the disturbances. This
is in agreement Breuer (2018), who suggested that the smaller
scales were closer to that of the shear layer, resulting in the
receptivity of the boundary layer to increase. Hosseinverdi &
Fasel (2019) briefly suggested that the integral length scales
ranging from 0.9δ1 to 3δ1 had little effect on the energy growth
relative to the Tu, which is observed in the experimental results
here. Furthermore, a smaller integral length scale resulted in a
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Figure 3. The disturbance energy growth for a) integrated
over the entire energy spectrum and b) integrated over the fre-
quency range of the most amplified wave packet and c) config-
urations with are latively fixed Tu and varying Λu.

higher initial level of disturbance energy in the boundary layer
and has been also observed by Hosseinverdi (2014), however
in their work, the saturation of the energy growth was found
to be independent of Λu. Based on the experimental observa-
tions here and past numerical simulations, an effect of integral
length scale could be present and further investigation is war-
ranted. However, it is likely that the effect will be small com-
pared to the Tu, in light of the results here and Hosseinverdi &
Fasel (2019).

Results of the linear stability analysis are presented Fig.
5, where an overlaid plot between PSD from experiment and
αi shows that LST is capable of predicting the most amplified
frequencies from experiment, even in the presence of elevated
levels of Tu (NB. Only two configurations are presented for
brevity). Furthermore, the eigenfunctions of the most ampli-
fied frequency predicted by LST are presented in Fig. 6a,b, and
are in acceptable agreement with the experiment for the filtered
(for the most amplified frequency band) fluctuating streamwise
velocity profile in the wall-normal direction. The eigenfuction
exhibits two distinct peaks at approximately y/δ1 = 1, corre-
sponding roughly to the inflection point and y/δ1 = 0.3, which
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Figure 4. Chordwise evolution of the PSD. 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, re-
spectively. NB: Spectra are separated by an order of magnitude
for clarity. a) Tu = 0.15%. Frequency band: [110-150 Hz]; b)
Tu = 1.21%. Frequency band: [180-220 Hz]; c) Tu = 2.97%.
Frequency band: [255-295 Hz]; d) Tu = 6.28%;

is indicative of a viscous modal instability (Veerasamy et al.,
2021). Rist & Maucher (2002) showed that LSBs with smaller
wall normal-distances could exhibit a viscous modal instabil-
ity. Therefore, even when the LSB is subjected to elevated
levels of freestream turbulence, LST can predict the most am-
plified frequencies and eigenfunctions. This suggests that a
modal instability is still present at elevated levels of freestream
turbulence when the bubble is present. Furthermore, the unfil-
tered (Fig 6d) distrubance profiles agree remarkably well with
the theoretical optimal perturbation profile (Luchini, 2000) for
configurations with Tu > 1%. Although not presented in the
present paper, all configurations where Tu > 1% exhibit agree-
ment with the optimal perturbation profile at multiple chord-
wise positions, demonstrating self similarity of the disturbance
profiles over most of the boundary layer. With the only excep-
tion being outside of the boundary layer, with urms/umax not
tending to zero since freestream turbulence is present, in con-
trast to theory, which has no freestream disturbances outside of
the boundary layer. In configurations where Tu < 1% (Fig 6c),
experimental disturbance profiles do not agree with theory, im-
plying that only a modal instability was present. Furthermore,
all configurations subjected to freestream disturbance levels of
Tu < 3% show agreement with LST. Therefore, the results im-
ply the coexistence of both modal and non-modal instability
mechanisms, confirming the observations made by Hossein-
verdi & Fasel (2019). The damping of the disturbance growth
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Figure 5. Comparison between the amplified frequencies
predicted by LST to the experimental spectra for (a) Natural
case (x = 0.400c); (b) Tu = 1.21%Λu = 8.7mm (x = 0.425c);
NB: Two different y−axes for αi and the power from the PSD,
therefore direct comparisons between the two are not be made.

of the modal instabilities (cf. Fig. 3b) is attributed to the
streaks modifying the mean flow.

Further insights can be obtained upon examination of the
contours of the non-dimensional frequency (Ω) and αi as a
function of the Reynolds number plotted in Fig. 7 for the base-
line configuration and a forced one. For lower Tu, a larger
range of unstable frequencies is present, which is due to the
inflectional point being further away from the wall. Upon in-
spection of the contours of the LST growth rates (Fig. 7a),
a dependence on Reδ1 is observed, suggesting that viscosity
needs to be considered in the LST calculation in the fore posi-
tion of the LSB. Moreover, increasing Tu results in the range
of unstable frequencies to decrease and the Reynolds number
dependence to increase (Fig. 7b), due the inflection point shift-
ing closer towards the wall, resulting in an increased effect
of viscosity. For example, the increased dependence of αi on
Reδ1 with increased Tu, is clearly demonstrated in Figs. 7c
and d where the unexcited bubble converges at Reδ1 ≈ 8000
compared to Reδ1 ≈ 13000 for the elevated levels of Tu. This
result implies that invicid LST calculations are unsuitable to
accurately model the stability in the fore position of the LSB
(especially in the presence of elevated levels of FST) at the low
values of Reδ1 considered in the present work.

CONCLUSION
The present investigation examined the effects of varying

the freestream turbulence intensity and integral length scale
on the flow development and transition in a laminar separation
bubble. The current work provides experimental evidence on
the coexistence of modal and non-modal instabilities in a lam-
inar separation bubble. It is shown, through experiment and
theory, that even at relatively high/moderate turbulence inten-
sity levels the modal instability is still operational in an LSB
and the primary growth can be satisfactorily predicted with the
Orr-Sommerfeld formulation. The damping of the streamwise
growth of disturbances is due to the presence of streaks caused
by the elevated levels of freestream turbulence, which modify
the mean flow topology of the bubble through the introduction
of non-modal disturbances (streaks) into the boundary layer.
A dependence of αi on Reδ1 is observed, suggesting that vis-
cosity effects need to be considered in LST calculations in the
fore position of the LSB.
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Figure 6. 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 fil-
ter corresponding to the lost amplified frequency band from the
PSD (a,c). Unfiltered experimental disturbance profiles com-
pared to optimal perturbation theory (b, d).
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Figure 7. Contours of LST predicted spatial growth rates (αi) as a function of the dimensionless frequency Ω and Reynolds number
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