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Sensitivity of Crossflow Transition to Free-Stream Conditions and
Surface Roughness

Paolo Rizzo*, Jacopo Serpieri†, Marios Kotsonis‡

Section of Aerodynamics, Faculty of Aerospace Engineering, Delft University of Technology,
Kluyverweg 1, 2629HS Delft, The Netherlands

The present work is an experimental investigation of stationary crossflow (CF) instability-induced transition of
the boundary layer over a 45°swept wing, under varying free-stream turbulence, surface roughness, angle of at-
tack and Reynolds number. Key topological features of the transition front, such as the mean transition location
and the jaggedness of the front, are retrieved via IR thermography. Linear Stability Theory (LST) is used to
extract the N-factor of the most amplified stationary crossflow mode at the transition location, identified exper-
imentally. Results show clear causality between free-stream turbulence, surface roughness, Reynolds number,
angle of attack and transition. Large losses of laminarity and a consistent decrease in the transition N-factor
are observed with rising turbulence and roughness. Remarkably, N-factor sensitivity to free-stream turbulence is
found to vary significantly and non-linearly with angle of attack for the modest levels of turbulence explored in
this campaign, whereas the N-factors scale linearly with the log of the surface roughness level, which is consistent
with a receptivity mechanism, which is independent of the angle of attack.

Nomenclature

α = airfoil angle of attack
αi = imaginary component of the streamwise

wavenumber
αr = real component of the streamwise wavenumber
βi = imaginary component of the spanwise

wavenumber
βr = real component of the spanwise wavenumber
λz = z-wavelength
ω = angular frequency
σtr = standard deviation of points on transition front

about mean transition line
c = chord length in the swept system
cX = chord length in the unswept system
j = jaggedness of the transition front
NSCF = N-factor of the critical stationary crossflow in-

stability mode at transition
q = perturbation eigenfunction
Rq = root-mean-square (RMS) surface roughness
Re = Reynolds number
Tu = free-stream turbulence
U∞ = free-stream velocity in wind tunnel coordinates
X = chordwise direction in the unswept system
x = chordwise direction in the swept system
Xptr = mean transition location in pixel
xt = local chordwise direction
Xtr = mean transition location in the unswept system
Y = wall-normal direction in the unswept system
y = wall-normal direction in the swept system

*M.Sc. Student, Faculty of Aerospace Engineering
†Research Fellow, Faculty of Aerospace Engineering
‡Assistant Professor, Faculty of Aerospace Engineering

yt = local wall-normal direction
Z = spanwise direction in the unswept system
z = spanwise direction in the swept system
zt = local spanwise direction

I. Introduction

S WEPT wing boundary layers are often subject to
laminar-turbulent transition due to the growth and

laminar breakdown of crossflow (CF) instability mecha-
nisms. These instabilities arise due to the inherent three-
dimensionality of swept wing boundary layer flows. The
relative lack of momentum within the boundary layer
causes air particles to experience a local force imbalance,
compared to the inviscid flow configuration, in a direc-
tion orthogonal to the streamlines and parallel to the wing
surface, inducing motion in the direction opposite to the
pressure gradient. Physically, this inflectional boundary
layer profile is inherently unstable and entails the devel-
opment of a series of streamwise-oriented co-rotating vor-
tical disturbances that redistribute momentum within the
boundary layer. These instability modes can be of a sta-
tionary or traveling nature, depending on boundary layer
receptivity to free stream conditions and surface rough-
ness, and have been found to have a distinctive effect on
the topology of the transition front. The spanwise veloc-
ity modulation caused by the crossflow vortices can be
observed via visualization methods such as infrared ther-
mography, napthalene sublimation or fluorescent oil coat-
ings; stationary modes appear as a series of surface streaks
aligned within a few degrees to the mean flow direction.

Given the low levels of free stream turbulence in free
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RIZZO, SERPIERI AND KOTSONIS 2

flight, stationary crossflow disturbances are a common
catalyst for transition under typical flight conditions, and
have been shown to sharply promote the transition front
upstream, adversely affecting aerodynamic performance.
Among the most striking properties of crossflow transi-
tion mechanisms is their intrinsic and intricate dependence
on initial conditions and free-stream properties, which has
been investigated extensively but deserves further atten-
tion due to its industrial relevance. Uncovering knowledge
on this complex dependence will make way for novel op-
portunities to (actively or passively) control the growth of
crossflow disturbances to delay transition.

This paper is devoted to shedding further light on the intri-
cate relationship between free-stream turbulence, surface
roughness and the growth and breakdown of crossflow in-
stability modes which lead to laminar-turbulent transition,
under different pressure distributions and Reynolds num-
ber flow conditions.

II. Literature Overview

Leading experimental campaigns on the behavior of three-
dimensional boundary layers were conducted in Germany
(Deutsches Zentrum für Luft- und Raumfahrt (DLR)
Göttingen) by Bippes and coworkers [8] [2] and in the
United States, by William Saric and his group (Arizona
State University first and later at Texas A&M University)
[15]. Paired with more recent efforts making use of di-
rect numerical simulation (DNS)[21] and innovative opti-
cal flow diagnostics [18], these studies have helped reveal
important information on the development of crossflow
disturbances and their sensitivity to free-stream parame-
ters, shedding light on several aspects of the complex tran-
sition patterns they induce. In particular, this section will
focus on summarizing the most relevant results to-date re-
garding the effect of angle of attack, Reynolds number,
free stream turbulence and distributed surface roughness
on the growth and breakdown of crossflow modes.

Increasing Reynolds number has been found to move tran-
sition upstream, and increase the rate of CF disturbance
growth [14]; furthermore, higher Reynolds numbers ap-
pear to force higher frequency crossflow modes [17] [2]
[9].

Extensive investigations on the role of modest levels of
free-stream turbulence intensity (ranging from 0.02% to
0.19% of freestream velocity) on crossflow disturbances
were conducted by Downs and White [9]. Turbulence
levels were varied by means of passive turbulence grids
positioned upstream of the model. Results showed that
increasing the turbulence level does not appear to affect
the initial disturbance amplitude significantly; in the pres-

ence of spanwise roughness arrays near the leading edge,
baseline amplitudes at different turbulence levels only dif-
fered by values smaller than the estimated experimental
error. The effect on disturbance development, instead, was
found to be much larger than that on receptivity.

When analyzing the effect on amplitude growth, Downs
and White found that with rising turbulence levels the sta-
tionary mode was reduced in amplitude. At Tu = 0.19%

significant attenuation of the latter was observed after 30%
of the chord, although the same mode underwent amplifi-
cation at 30% of the chord for turbulence intensities lower
than 0.05%. Unsteady (travelling) disturbances, instead,
were found to undergo larger growth rates in the higher
turbulence environments. This stands to confirm that, con-
trary to travelling modes, stationary modes amplify more
vigorously in low turbulence environments.

Turbulence intensity also proved to have important effects
on the observed transition pattern. Generally, with rising
turbulence levels, the transition front width was found to
decrease [9]. This is because travelling disturbance am-
plification is promoted at the expense of stationary mode
growth. Unsteady modes tend to distribute the spanwise
velocity modulation of the boundary layer, which has a
’smoothening’ effect on the transition front and gives it a
less jagged appearance. This is particularly evident in the
natural roughness case when no stationary modes are pur-
posely stimulated, and the most severe drop in transition
front width is observed. In low-turbulence environments,
transition is dominated by the stationary crossflow insta-
bility, which is very sensitive to roughness. The experi-
ments of Radetzsky et al.[13] and Crouch and Ng[5] show
promising applications of the variable N-factor approach,
linking crossflow transition to surface roughness for tran-
sition prediction under low free-stream turbulence. Simi-
lar approaches were also applied in the presence of surface
steps[3][20]. Under moderate to high turbulence intensi-
ties, however, the travelling crossflow instability modes
dominate and the variable N-factor fails to accurately cap-
ture the causality between roughness amplitude and tran-
sition, suggesting that stationary and travelling modes can
have a coupled effect on transition that is highly non-
linear. The present work focuses on uncoupling the ef-
fect of turbulence and roughness and explores a domain
in which it is sensible to ignore the underlying non-linear
physics of transition and apply linear theory at least for
the initial stages of instability growth. It is of course im-
portant to note that eventual laminar breakdown is sum-
moned by the non-linear saturation of primary crossflow
modes and subsequent development of secondary instabil-
ities, thus rendering LST inapplicable for the later stages
of transition [10].
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3 RIZZO, SERPIERI AND KOTSONIS

Few experiments have been conducted to date concerning
the coupled effect of angle of attack with free-stream tur-
bulence or surface roughness on crossflow transition. This
study, therefore, is also concerned with deploying linear
theory to infer causality between varying angle of attack,
free-stream turbulence, distributed surface roughness and
crossflow transition.

III. Experimental Setup

A. Wind Tunnel Facility and Model

For this experimental campaign, a 45°swept wing model
with no twist or taper was chosen. Unlike TS instabilities,
crossflow disturbances amplify in favorable pressure gra-
dients [2]. In order to exploit this property, a highly lam-
inar wing section, namely the 66018 M3J (shown in Fig-
ure 1), was designed by modifying the NACA 66018 air-
foil used in the experiments of Saric et al. [15]. The neg-
ative pressure gradient region was prolonged to approxi-
mately 70 % of the chord at neutral incidence, rendering
the model sub-critical to TS disturbances. Furthermore,
the airfoil was adapted to feature a small leading edge ra-
dius of approximately 1 % in order to prevent attachment
line instability and no concave shape to avoid the forma-
tion of Görtler vortices [2] [17].

Figure 1. 66018 M3J airfoil used in the present campaign compared to the
NACA 66018. Figure taken from [18].

The model features a chord of approximately 1.3m in the
freestream direction and was installed in the Low Turbu-
lence Tunnel (LTT) facility at Delft University of Technol-
ogy (a closed loop, low turbulence subsonic wind tunnel
with a 125cm x 180cm x 260cm test section, height, width,
and length respectively), spanning the entire test section in
height and length [17].

Given the complexity of swept-wing boundary layer flow,
it is imperative to provide an overview of the unswept and
swept coordinate systems used for analysis, a visual repre-
sentation of which is given in Figure 2. The unswept coor-
dinate system, denoted by XYZ and with velocity compo-
nents UVW, is aligned with the wing chord plane, which
is oriented at an angle of incidence α to the reference sys-
tem of the wind tunnel. Velocity components in the wind
tunnel system are denoted with the subscript ∞; for in-
stance, the free-stream velocity U∞ used to normalize the
free-stream turbulence is defined in the wind tunnel co-
ordinate system. The swept coordinate system xyz with

velocity components uvw, instead, has z aligned with the
leading edge of the model and x perpendicular to it; it is a
clockwise rotation of XYZ by the leading edge sweep (Λ
= 45°) about the Y axis. The transition locations Xtr/cX
in Figure 7 are given in the unswept system. However, the
LST problem discussed in section IV is formulated and
solved in the swept coordinate system with swept chord
stations x/c. The other coordinate system shown in Fig-
ure 2 is the local tangential system (xtytzt), which follows
the curvature of the airfoil along the X (unswept) direc-
tion such that xt is always tangent to the surface, yt is the
wall-normal direction and zt coincides with the Z axis.

Figure 2. Schematic of the wind tunnel model with airfoil 66018 MRJ show-
ing the unswept (XY Z), swept (xyz) and local tangential (xtytzt) coordi-
nate systems. cX represents the chord along the unswept X axis, whereas
c is the chord along the swept x axis. Figure taken from [18].

Thermographic scans of the pressure side of the model
were conducted under different flow conditions, namely at
varying angle of attack, Reynolds number, free-stream tur-
bulence and surface roughness. Relying on IR thermogra-
phy as primary means of flow visualization allowed for a
multitude of different flow cases to be analyzed efficiently
and with sufficient accuracy to quantify characteristics of
the associated transition pattern, based on the inherent dif-
ferences of covective heat flux assosciated with laminar
and turbuent flows [19] [16] [22]. In order to sustain suf-
ficient contrast for the IR imager, the wing model was ir-
radiated with six 1W halogen lamps through glass win-
dows in the test section. An Optris PI640 IR camera with
a thermal sensitivity of 75 mK, operating in the 7.5-13 µm
spectral band, was used to obtain surface temperature dis-
tributions. The measurements were cast to the XZ plane
by means of a spatial mapping (i.e. dewarping) obtained
from calibration images at several angles of attack. The
IR camera registered 100 images at a rate of 5Hz for ev-
ery case once the temperature distribution had reached an
equilibrium; these were averaged in order to enhance the
signal-to-noise ratio. It must be noted that the measured
distributions were not further corrected for emissivity or
reflectivity, given that they were used to extract the tran-
sition location and standardized width (jaggedness) of the
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RIZZO, SERPIERI AND KOTSONIS 4

transition front.

B. Free-Stream Turbulence variations

Table 1 shows an overview of all flow cases tested in
this study. The LTT facility is furbished with 9 anti-
turbulence screens able to individually be lifted out of the
settling chamber, thus conveniently allowing variation of
free-stream turbulence. Different combinations of turbu-
lence screens were employed to control the free-stream
turbulence level. The turbulence intensities associated to
each screen configuration were measured with a single hot
wire, located in the free-stream upstream of the model at
null incidence (α = 0), applying a bandpass filter between
2Hz and 5kHz. Hot wire measurements were conducted at
a sampling rate of 50 kHz for a duration of 10 s, for a total
signal length of 500,000 points per free-stream velocity.

Figure 3 shows the spectral characteristics of the flow in
the free-stream for U∞=40 m/s and U∞=60 m/s. Figure 4
shows the measured free-stream turbulence intensities
with varying free-stream velocity for the three turbulence
screen configurations studied. It is evident that the major-
ity of fluctuating energy is associated to lower frequencies,
specifically very low frequency ”breathing” component
and pronounced peak around 80Hz at 40m/s and 105Hz
for 60m/s, related to the rotation speed of the tunnel fan.
In addition, the effect of the active anti0turbulence screens
appears highly non-linear, with only 2 screens already be-
ing able to significantly reduce the free-stream turbulence
levels. Using all 9 anti-turbulence screens further reduces
freestream fluctuations to excellent levels.

Due to the behavior of the tunnel, the decision was made
to investigate only modest turbulence levels, and not pur-
sue an artificial increase using turbulence grids. One ad-
ditional complexity in that scenario is the known effect of
high turbulence levels towards triggering travelling cross-
flow modes [9] [14] [5] whose characteristics are difficult
to quantify via thermography. Rather, the present study
focuses on the stationary crossflow instability, which pre-
vails in the low-turbulence flight environment.

C. Surface Roughness variations

Two-dimensional sheets of varying roughness were also
applied to the model, with root-mean-square (RMS)
roughnesses Rq of 1.5 µm, 2.5 µm, and 10 µm, to quantify
the effect of distributed surface roughness on the transient
growth of stationary crossflow modes. The base roughness
of the polished wing model is of 0.20 µm. Dust contami-
nation was kept at a minimum by performing all measure-
ments with the wind tunnel on. Note that, for the reasons

explained in section II, turbulence and roughness are un-
coupled, in the sense that turbulence is varied only in the
clean (Rq = 0.20 µm) roughness case and roughness is
varied only with all turbulence screens enabled (Tu/U∞ =
0.020%).

The RMS roughness Rq was measured using a Mitu-
toyo SJ-310 mechanical surface profilometer. Long wave-
length components in the primary profile of the sheet are
removed by applying a high pass filter. The evaluation
length and cutoff length were set to 4.0 mm and 0.8 mm
respectively. The scans were conducted with a vertical
resolution of 5.0 µm/cm and a horizontal resolution of
200.0 µm/cm. Several locations near the leading edge of
the model were randomly sampled using the profilometer
and averaged in order to arrive to a statistically significant
evaluation of surface roughness, summarised in Table 1.

IV. Results and Discussion

A. Laminar-Turbulent Transition

Figure 5 shows the crossflow transition front for three flow
cases at different free-stream turbulence intensity. The tur-
bulence intensity increases from (a) to (c) and can be seen
moving transition upstream. Figure 7 shows the mean
transition location for all flow cases studied. Rising levels
of turbulence are found to destabilize the boundary layer
and displace the transition front upstream, which is in ac-
cordance with previous studies [9] [5]. Consistent and
quantifiable losses of laminarity are observed with rising
turbulence within the range explored in this campaign. In-
creasing the turbulence intensity to 0.067% induces losses
of laminarity of up to 0.08cX , and increasing it to 0.036%

leads to losses up to 0.05cX of laminar flow. It is also in-
teresting to note that the largest loss of laminarity is con-
sistently observed when moving from the first to the sec-
ond screen configuration, although this generates a signif-
icantly smaller rise in free-stream turbulence than moving
from the second to the third screen configuration; the shift
of the transition location is non-linear with respect to ris-
ing free-stream turbulence.

Moreover, all turbulence cases explored reveal a similar
relationship between mean transition location and angle of
attack. At low angles of attack, as transition starts to be-
come crossflow-dominated, large losses of laminarity are
observed. The traditional sawtooth pattern first appears
and then gradually expands chordwise; in this region (up
to α ≈ 2.5 for Re = 3.39·106 and up to α ≈ 1.25 for
Re = 5.07·106), mean transition varies steeply with angle
of attack. When the sawtooth pattern has regularized and
turbulent wedges extend along the entire chord length, the
transition location is found to be less sensitive to changes
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5 RIZZO, SERPIERI AND KOTSONIS

U∞ [m/s] Tu/U∞ [%] Rq [µm] α range [°] ∆α [°] Reav [·106]
40 0.020; 0.027; 0.036 0.20 [1.0, 5.0] 0.25 3.39
40 0.020 0.20; 1.50; 2.50; 10.0 [0.0, 3.5] 0.50 3.39
60 0.024; 0.029; 0.067 0.20 [0.0, 3.5] 0.25 5.07

Table 1. Overview of the flow cases analyzed in this study. Reav is the average Reynolds number and ∆α is the step with which the angle of attack α was
varied.

(a) U∞ = 40 m/s (b) U∞ = 60 m/s

Figure 3. Power spectral density of the fluctuations in free-stream velocity for different combinations of turbulence screens and free-stream velocities.
Unfiltered data. The dotted vertical lines represent the bandpass filter between 2 Hz and 5 kHz applied to calculate the free-stream turbulence intensity
(Figure 4.)

Figure 4. Turbulence intensity measured in the LTT wind tunnel at Delft
University of Technology for different free-stream velocities and combina-
tions of turbulence screens. Bandpass filtered data between 2 Hz and 5
kHz.

in angle of attack. The fact that the curves in Figure 7 can
be seen changing slope at a similar angle of attack regard-
less of turbulence intensity indicates that this mechanism
is consistent for all turbulence intensities explored.

Increasing the Reynolds number was found to shift cross-
flow transition upstream significantly; for instance, an av-
erage loss of laminarity of ≈ 0.2cX was observed while
increasing Reynolds number from 3.39·106 to 5.07·106 at
an angle of attack of 2°. Increasing Reynolds number was
also found to accelerate the development of crossflow dis-
turbances; turbulent wedges appeared earlier and regular-
ized over a narrower range of angles of attack, suggesting
that higher Reynolds numbers provide the conditions for
greater boundary layer receptivity to crossflow instability
and faster amplification of the instability. This is consis-
tent with the thinning of the laminar boundary layer near
the leading edge at higher Reynolds numbers.

Downs and White [9] observe a notable decrease in tran-
sition front width with higher turbulence intensities (up to
≈ 0.19 %). This effect is to be attributed to the fact that
higher turbulence intensities promote the amplification of
travelling crossflow modes, which propagate perpendicu-
larly to the local streamlines [7] and generate a flatter and
less jagged transition pattern than their stationary coun-
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RIZZO, SERPIERI AND KOTSONIS 6

(a) Tu/U∞ = 0.020% (b) Tu/U∞ = 0.027% (c) Tu/U∞ = 0.036%

Figure 5. Thermographic images of the wing at an angle of attack of 4.25°, and Re = 3.39 ·106 at different levels of free-stream turbulence intensity. The
surface roughness is kept constant at Rq = 0.20 µ m. The red line marks the mean transition location. The blue lines mark the following chord stations
[X/cX ] from right to left: 0.10, 0.22, 0.33, 0.45, 0.61, 0.74. Flow comes from right to left. Dark regions denote higher temperature.

(a) Rq = 0.20 µm (b) Rq = 1.5 µm (c) Rq = 10.0 µm

Figure 6. Thermographic images of the wing at an angle of attack of 2.00°, and Re = 3.39 ·106 at different levels of RMS roughness Rq . The free-stream
turbulence intensity is kept constant at Tu/U∞ = 0.020%. The red line marks the mean transition location. The blue lines mark the following chord stations
[X/cX ] from right to left: 0.10, 0.22, 0.33, 0.45, 0.61, 0.74. Flow comes from right to left. Dark regions denote higher temperature.

(a) Re = 3.39·106, Rq = 0.20 µm. (b) Re = 5.07·106, Rq = 0.20 µm. (c) Re = 3.39·106, Tu/U∞ = 0.020%.

Figure 7. Mean transition location plotted against angle of attack for different values of free-stream turbulence intensity ((a) and (b)) and surface roughness
(c) at two Reynolds numbers.
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7 RIZZO, SERPIERI AND KOTSONIS

Figure 8. Mean transition location against free-stream turbulence inten-
sity at free-stream velocity of 40 [m/s], Re = 3.39·106 and three angles of
attack. The error bars represent the jaggedness j of the transition front, a
normalized measure of its width (see Equation 1).

terparts. In this study, we monitor the variation in the
width of the turbulent wedges of the front by measuring
the ’jaggedness’ (j) of the sawtooth pattern, which is de-
fined as follows:

j =

∣∣∣∣M (Xp
tr + σtr)−

(
Xtr

cX

)∣∣∣∣ (1)

Where Xp
tr is the mean transition location in pixel, σtr is

the standard deviation of points on the transition front
about their mean, and M is the spatial coordinate map-
ping M : Xp →

(
X
cX

)
obtained from calibration. As

shown in Figure 8, no notable or consistent decrease in
the front’s jaggedness with rising turbulence intensity was
observed. This suggests that the traveling instability was
not amplified enough to noticeably erode the front for the
turbulence intensities explored. This is consistent with the
aim of the campaign to focus solely on the stationary in-
stability, and reproduce experimental conditions in which
the stationary instability dominates transition.

Surface roughness is found to further destabilize the
boundary layer and move crossflow transition upstream.
Large losses of laminarity are incurred in the presence of
the distributed roughness sheets: at α = 1.00°, these losses
are up to ≈ 0.30cX at 10 µm, ≈ 0.23cX at 2.5 µm and ≈
0.20cX at 1.5 µm. Figure 6 shows the crossflow transition
front for three flows that are identical besides the rough-
ness level, which increases from (a) to (c) and moves tran-
sition upstream.

At higher roughness levels, crossflow transition behavior

is evident at lower angles of attack. At 10 µm, turbulent
wedges are already present at neutral incidence, and at an
angle of attack of 0.5°a sawtooth pattern covers the entire
chord. In the other two roughness cases, no evidence of
crossflow transition is present at the same angles of attack.
Surface roughness also does not appear to have a con-
sistent effect on transition front width, other than for the
lowest angles of attack, when turbulent wedges are only
present with higher roughness. This suggests that dis-
tributed surface roughness provides conditions that pro-
mote the amplification of stationary disturbances, without
largely amplifying their traveling counterparts.

B. Linear Stability Theory

Linear Stability Theory (LST) has proven to be a powerful
tool in predicting the onset, spatial growth and frequency
of primary crossflow modes (see [14] [1] [11] [12] [10]).
In this study, LST was used to complement experimental
transition data in order to draw conclusions regarding the
growth of specific crossflow instability modes.

To this end, the spatial formulation of the linear stability
problem with a two-dimensional disturbance was solved
for the boundary layer over the model pressure side. Equa-
tion 2 shows that in the linear stability framework, distur-
bances are expressed as spatio-temporally evolving waves
with a two-dimensional wavenumber vector. Complex pa-
rameters α (αr + iαi) and β (βr + iβi) are the stream-
wise and spanwise components of the wavenumber vector
respectively, ω is the angular frequency and q(y) is the
perturbation eigenfunction.

q′(x, y, z, t) = q̄(y)ei(αx+βz−ωt) (2)

The resulting quartic eigenvalue problem was solved via
the Chebyshev collocation method, using 100 polynomi-
als and exploiting the companion matrix technique [6]
to handle non-linearity to the eigenvalue. The bound-
ary layer associated to the measured pressure distribu-
tion, instead, was computed by means of a solver based
on the steady, incompressible boundary layer equations.
A Crank-Nicholoson implicit discretization was used and
validation was performed via comparison with Falkner-
Skan-Cooke solutions.

Spanwise flow invariance entails the assumption of null
growth rates in the z-direction (βi = 0), and greatly sim-
plifies the computation of a given mode’s amplification
N-factor. Under this assumption, the latter can be eval-
uated at any chordwise station by integrating the expo-
nential chordwise growth rate of the perturbations (−αi)
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starting from the first unstable station x0.

N(x, λz, ω) =

∫ x

x0(λz,ω)
−αi(ζ, λz, ω)dζ (3)

Due to the very low base turbulence intensity of the fa-
cility and the low range of turbulence intensities explored
in this campaign, it was deemed appropriate to track only
stationary (ω = 0) crossflow modes. It is likely, however,
that travelling modes were also amplified, albeit to a lesser
extent. The most unstable mode at the transition location
and the associated critical N-factor was identified by con-
sidering the envelope of all the unstable modes with con-
stant z-wavelength λz .

N env(x) = max|λz
(N(x, λz)) (4)

NSCF = N env(x = Xtr) (5)

The mean transition locationXtr was computed from ther-
mographic scans of the pressure side of the model as dis-
cussed in section III. Figure 9 shows the streamwise evo-
lution of several instability modes for a single flow case,
and illustrates the extraction of the critical transition N-
factor NSCF .

Figure 9. Streamwise evolution of several crossflow instability modes as re-
trieved via LST analysis for a single flow case. In this case α = 2◦, U∞
= 40 m/s and Re = 3.39·106. The red curve represents the most amplified
mode at the transition location (λz = 6 mm), and the blue line represents the
N-factor envelope Nenv . The dotted line intercepts the x-axis at the tran-
sition location (Xtr/cX ) determined experimentally, and intercepts the y-
axis at the transition N-factor of the critical stationary crossflow instability
(NSCF ). The solid black lines represent the following crossflow modes:
©: λz =18 mm, B : λz =12 mm, ∗: λz =8 mm, �: λz =4 mm, �: λz =2
mm.

,

Figure 10 (a) and (b) show the transition N-factor of the
critical stationary crossflow instability (NSCF ) as a func-
tion of turbulence level at two different Reynolds numbers
and several low angles of attack. The transition N-factors
show a clear dependence on turbulence level for the angles

of attack and Reynolds numbers considered; higher turbu-
lence intensities allow the stationary instability to grow
less in amplitude as transition moves upstream. It is in-
teresting to note that the critical N-factors appear to clus-
ter over specific incidence angles. For instance, in Fig-
ure 10 (a) there is a clear distinction between the range
1.75 ≤ α ≤ 2.50 and 2.75 ≤ α ≤ 3.50; this may be
due to boundary layer receptivity to the instability being
particularly sensitive to specific changes in angle of attack
and reacting non-linearly to these changes.

Figure 10 (c) showsNSCF as a function of surface rough-
ness for several low angles of attack at Re = 3.39 ·106.
For all angles of attack considered, the transition N-factor
of the stationary instability scales approximately with the
log of the roughness level; this is consistent with a linear
receptivity mechanism and agrees well with the findings
of Radetsky et al. [13] and Crouch and Ng [5][4].

V. Conclusion

This study considered the evolution of crossflow transi-
tion of the boundary layer over a 45°swept wing under
varying Reynolds number, free-stream turbulence, angle
of attack and surface roughness. The transition front was
first analyzed by means of thermography in order to quan-
tify the mean transition location and jaggedness (stan-
dardized width) of the crossflow sawtooth pattern. These
measurements were complemented with LST to determine
the transition N-factor of the dominant stationary cross-
flow instability. Results show clear causality between
free-stream turbulence, surface roughness and the critical
N-factors. N-factor sensitivity to free-stream turbulence
varies significantly with angle of attack, whereas the N-
factors scale linearly with the log of the surface roughness
level regardless of the angle of attack.
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