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Effect of Two-Dimensional Surface Irregularities on Swept
Wing Transition: Forward Facing Steps

Alberto F. Rius Vidales* and Marios Kotsonis†

Delft University of Technology, Delft, The Netherlands, 2629HS

Alexandre Antunes‡ and Renato Cosin§

Embraer S.A., São José dos Campos, Brazil, 12227-901

An experimental investigation was carried out to examine the effect of two-dimensional
Forward Facing Steps surface irregularities, on the laminar-to-turbulent boundary-layer tran-
sition on a 45◦ swept-wing. For the clean reference case, the numerical boundary-layer flow is
calculated from pressure measurements, and a thorough linear stability analysis is performed
for all variations of Reynolds number and angle of attack. Infrared thermography is employed
to determine the transition-front location which is associated to an N -Factor, calculated from
the linear stability analysis. The change in the amplification factor ∆N , caused by the addi-
tion of the surface irregularity, is analyzed. The reduction in the critical N -factor is observed
to correlate with the estimated cross-flow instability vortex core height to step height ratio
and the relative step height. The work presented in this paper is part of an ongoing research
project to characterize the effect that surface irregularities have on boundary layer transition.
The ∆N -method offers an overview of the phenomena related to FFS, capable of guiding future
investigations into the underlying flow mechanisms.

Nomenclature

c = Chord dimension, m.
b = Wing span dimension, m.
AR = Wing aspect ratio.
S = Wing planform area, m2.
Λ = Sweep angle, deg.
λT = Wing taper ratio
U∞ = Free-stream velocity, m s−1.
α = Angle of attack, deg.
RecX = Reynolds number (U∞cX/ν).
h2 = Forward facing step height, µm.
hc = Critical step height, µm.
xh = Surface irregularity location, m.
δ∗ = Boundary-layer displacement thickness, m.
xt = Transition location, m.
X,Y, Z = Reference coordinate system parallel to the wind tunnel floor.
x, y, z = Reference coordinate system orthogonal to the leading edge.
Rq = Root mean square surface roughness, µm.
yc = Estimated cross-flow instability vortex core height, mm.
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I. Introduction
At the beginning of the 20th century, the benefits of air transportation were only available to a handful of travelers.

Nowadays, it is an ordinary method of transportation, which 3.8 billion travelers used in 2016. According to the
International Air Transport Association (IATA) [1], it is likely that the number of passengers will increase to 7.2 billion
by 2035. The continuous development of this market motivates aircraft manufacturers to constantly optimize their
products to reduce fuel consumption, thus offering airlines the opportunity to reduce their environmental impact. This
is important since the carbon dioxide emissions are expected to increase in over a 110 percent for the international
aviation sector during the period 2005 to 2025 [2].

When considering the aerodynamic performance, the idea of reducing skin-friction drag is very attractive, since it is
known to account for almost half of the total drag of a subsonic transport aircraft [3]. Until now several active and
passive flow control techniques have been developed to stabilize the boundary-layer flow and delay laminar-to-turbulent
transition over the external surface of the aircraft. Nevertheless, the effectiveness of these techniques is hindered by
particular constraints in current aircraft design, construction, and maintenance. Especially relevant to laminar flow is
the existence of non-smooth surfaces where two-dimensional irregularities in the form of steps and gaps are present.
These irregularities are typically due to structural and manufacturing reasons since the aircraft skin is integrated by
several panels commonly joined using a lap-splice or a single strap arrangement [4], as illustrated in Fig. 1.

The study of the effect of these two-dimensional surface irregularities on boundary-layer transition is of paramount
importance for the implementation of active and passive flow control techniques in the aviation industry. Previous
studies have mainly focused on unswept flat-plates [5–7] and wing models [8–10] where Tollmien-Schlichting (TS)
waves instability is dominant. Due to the limited applicability of these results to swept wings found in almost every
contemporary transport aircraft, recent studies [11–18] were conducted in three-dimensional boundary-layers, where
cross-flow (CFI) instability is present.

When considering surface irregularities in the form of steps, it has been widely noted [5, 11, 14] that setting the
step in a forward facing manner, results in a milder detrimental effect on boundary layer transition than that resulting
from a backward-facing arrangement. This general consensus applies irrespective of whether the laminar-to-turbulent
boundary layer transition is dominated by TS-waves or CFI. Therefore, it has become a common practice in the design
of laminar flow components to set unavoidable surface irregularities to resemble a FFS geometry in order to increase
the manufacturing tolerances. The present research contributes to the body of knowledge by analyzing the effects that
this type of surface irregularities have on the stability of the boundary-layer flow in a swept-wing model. The results
presented here are part of the Laminar Flow Technology Research Project currently conducted by Delft University of
Technology in collaboration with Embraer S.A. R&D Department.

The structure of this paper is the following: Sec. II provides a detailed description of the, swept-wing model,
the aerodynamic add-ons designed to produce two-dimensional irregularities on its surface and a description of the
wind tunnel facility, measurement technique, and procedure to identify the transition front. In Sec. III, the stability
calculations, and methodology followed in the analysis of the boundary layer flow development are described; and
Sec. IV presents a discussion of the results.
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Fig. 1 Diagram of surface irregularities on aircraft skin panels; Left: Schematics of commonly used surface
panel joints, Right: Conceptualised types of surface irregularities resulting from panel joints.
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Fig. 2 M3J airfoil geometry (a), orthogonal to the leading edge and Swept-Wing M3J pressure distribution
(b), measured by the upper (Z = 0.75b) and lower (Z = 0.25b) arrays of pressure taps at α = 2◦ and 4◦
(measurement on the pressure side of the wing) at RecX = 4.89 × 106.

II. Experimental Setup
This section provides an overview of the swept-wing model, the surface add-ons designed to produce two-

dimensional irregularities, and a description of the wind tunnel facility, measurement technique, and procedure
to identify the transition front.

A. Swept-Wing Model
The wind tunnel model used, is an in-house designed [19] swept-wing, known as the M3J. This model has been

extensively used at TU Delft for the detailed study of the primary and secondary cross-flow instability [20] and boundary
layer control [21, 22]. The geometric parameters of the model are summarized in Table. 1. The wing features a modified
NACA 6-series (66018) airfoil, as illustrated in Fig. 2(a). At mild angles of attack, the stream-wise pressure distribution
on the pressure side of the wing (Fig. 2(b)) shows a favorable pressure gradient up until X/cX ≈ 0.65; avoiding the
amplification of Tollmien-Schlichting waves instability. Moreover, a small leading edge radius and the lack of concave
surfaces leads to the suppression of attachment line and Görtler instabilities, respectively. Therefore, for this model,
cross-flow is the dominant instability in the laminar-to-turbulent boundary-layer transition process [20].

As illustrated in Fig. 3(a), the model pressure distribution is measured along the stream-wise direction (X) at two
different span-wise locations, namely at 25% and 75% of the model span (b). At each of the aforementioned locations,
46 stream-wise oriented pressure taps record the model pressure distribution. From these measurements, the external
inviscid velocity is calculated and used to numerically solve for the boundary-layer flow on the pressure side of the
model.

The M3J aerodynamic design, allows infinite swept-wing conditions at the measurement region in order to study
fundamental features of cross-flow dominated transition [19]. Although wall-liners were initially designed and
manufactured for this model, previous experimental results suggest that the aspect ratio (AR) is sufficient to achieve
span-wise invariant conditions [20]. Figure. 2(b) shows both upper and lower pressure distribution for two angles of
attack (α). The small variation between the upper and lower pressure measurements indicate that the infinite swept-wing
condition is a valid assumption at mild angles of attack.

Finally, it is important to note that throughout this study two different coordinate systems are used. The first one, is
aligned with the wind tunnel floor where the spatial components are given by X,Y, Z and the velocity components by
U,V,W . The second coordinate system is aligned to the leading edge with x, y, z and u,v,w as illustrated in Fig. 3(a).

Table 1 Geometric parameters of M3J swept-wing model.

Parameter Λ AR b cX cx λT S Rq

Value 45° 1.01 1.25 m 1.27 m 0.9 m 1.00 1.58 m2 0.20 µm
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Fig. 3 Schematics of wind tunnel model and surface irregularities; (a) M3J swept-wing model diagram, indi-
cating the coordinate systems, un-swept (X, Y, Z) and swept (x, y, z), and the location of the upper and lower
row of pressure taps. (b) Local geometric parameters concerning two dimensional surface irregularities.

B. Two-Dimensional Surface Irregularities Add-ons

Table 2 Local geometrical parameters of tested cases.

ID h̄2 [µm] σh2 [µm] Rq[µm] xh2/cx
Clean-ST - - 0.20 -
Clean-TR - - 0.02 -
FFS-A 549 7.5 0.045 0.2
FFS-B 734 4.2 0.02 0.2
FFS-C 951 16.5 0.02 0.2

Wind tunnel surface irregularity add-ons were de-
signed and manufactured to conduct an extensive para-
metric study. Similarly as in [8, 11], foils are used to
create surface irregularities. For this study, Polyethylene
Terephthalate (PET) foils of different thickness were cut
using a CNC DCS 2500 Gerber machine. As illustrated in
Fig. 4, through the combination of different foils it is pos-
sible to create the three main types of two-dimensional
surface irregularities: forward facing steps (FFS), back-
ward facing steps (BFS) and uniform gaps (G-UNF). Fig-
ure. 3(b) presents the main local geometrical parameters
concerning the surface irregularity. In this work only sharp (r1−4 = 0 mm), straight (θ1,2 = 0°) FFS (h1 = 0 mm,
bx = d1,2 = 0 mm and h2 > 0 mm) geometries are presented.

The FFS step height was measured with the foil installed on the model for every tested case. The measurements
were performed by traversing a Micro-Epsilon 2950-25 laser line scanner (reference resolution yL = 2 µm) along the
span-wise extent of the surface irregularity. Due to the extreme sensitivity of CFI to surface roughness, great care
was taken to ensure a consistent and polished foil surface, especially near the leading edge region. The foil roughness
was monitored using a Mitutoyo SJ-310 tester. Table. 2 summarizes, the resulting average step height (h̄2), standard
deviation (σh2 ), surface roughness (Rq) and stream-wise location (xh2/cx ) of the different configurations. Finally, it is
important to note that the Clean-TR case, presented in Fig. 4(a), features a foil which extends until the model trailing
edge.

(a) (b) (c) (d)

Fig. 4 Schematic of two-dimensional surface irregularities installed on the M3J model; (a) Clean-TR. (b)
Backward facing step BFS. (c) Forward facing step FFS. (d) Gap
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C. Wind Tunnel Facility
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Fig. 5 Low Turbulence Tunnel (LTT) measured tur-
bulence intensity with M3J model installed in the test-
section.

The measurements were conducted at the Low Turbu-
lence Tunnel (LTT) of the Delft University of Technology.
This facility is an atmospheric closed return tunnel which
features a contraction ratio of 17:1 and an octagonal test-
section with a height of 1.25 m, a width of 1.80 m, and
length of 2.6 m. As part of the flow characterization
of this facility [23], measurements upstream of the test-
section with the M3J model installed, were performed
using a hot-wire sensor. For the condition when seven
anti-turbulence screens are active, the results are shown in
Fig. 5. After applying a bandpass filter in the range 2Hz
to 5kHz, the turbulence intensity Tu/U∞ ≤ 0.04% for
the free-stream velocity range 25 m s−1 ≤ U∞ ≤ 75 m s−1

under which the tunnel was operated during this study.
The work presented in [20] show that this combination
of wind tunnel facility and model offers the possibility
to study laminar-to-turbulent boundary layer transition
caused by stationary cross-flow instability.

D. Infrared Thermography
The distinct heat transfer properties between a laminar and a turbulent boundary-layer allows determining the

location of laminar-to-turbulent boundary layer transition by measuring the model surface temperature using an infrared
thermographic system (IR). The non-intrusiveness, flexibility, and simplicity offered by this measurement technique,
results in an ideal transition identification method for large parametric studies, such as the one presented here.

Measurements were performed, on the pressure side of the wing, for a range of Reynolds number between

−"
+"

$
%

&
'(

Bottom Heating Array

Top 

Heating 

Array

IR Camera (A)

LTT Test-Section 

Wing Model

IR Camera (B)

Upstream Heating Array

Fig. 6 Schematic of the infrared thermography setup (flow direction is from left to right). Two IR cameras are
located outside the test-section. The model is illuminated from the exterior of the test-section by three heating
arrays. Note that the test-section features a cut-out only present in this drawing for better visualization.
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Fig. 7 Schematic of IR imaging, showing a side view of the M3J model indicating the locaiton of the final
analysis region for camera (A) and camera (B).

2.1 × 106 ≤ RecX ≤ 6.1 × 106 based on the free-stream velocity (U∞) and the stream-wise chord length (cX ). For each
Recx condition, the angle of attack (α) was gradually varied from 1.35° to 5.35°.

A diagram of the complete experimental setup installed on the LTT wind tunnel test-section is presented in Fig. 6.
In order to increase the thermal contrast on the IR images, the model was irradiated by a total of seven halogen lamps.
Six lamps of 400 W were located at the optical access ports on the upper and lower parts of the test-section and one of
1000 W was located at mid-test section height upstream of the IR cameras.

Two Optris PI640 IR cameras, featuring a 640px × 480px un-cooled focal plane array (FPA) sensor with a thermal
sensitivity (NETD) of 75 mK, image the pressure side of the model through small openings on the vertical wall of
the test-section. The upstream camera (A) used for close inspection during the tests was equipped with a zoom lens
f = 41.5 mm, in order to image a region in the vicinity of the step. The downstream camera (B) was equipped with a
wide angle lens, f = 10.5 mm, imaging a larger portion of the model.

The IR image processing and transition location extraction were performed using an in-house semiautomated
technique. To account for the airfoil curvature and image deformation inherent to the fixed position of the camera, a
calibration was performed by imaging a target fixed on the model surface at every angle of attack condition. Later using
this spatial relation a dewarping of the IR images was performed. For the downstream camera (B), used to determine the
transition location, the analysis region dimensions are 1037 mm × 240 mm centered at X/cX = 0.44 and Z/b = 0.03, as
delimited by dashed blue lines in Fig. 7. For every combination of free-stream velocity and angle of attack this camera
acquired 38 images at 5 Hz. In order to increase the signal to noise ratio, from each measurement series a time averaged
is calculated. In order to decrease the possibility of a spurious identification of the transition front a differential infrared
thermography (DIT) approach, similar as the one presented by [24, 25], is applied on consecutive IR Images with
increasing Reynolds number for a fixed angle of attack. To illustrate the method, consider the time averaged IR images
ĪA (α = 2.9°,RecX = 2.75 × 106) and ĪB (α = 2.9°,RecX = 2.97 × 106). Then using Eq. 1 the DIT is calculated. As
illustrated in Fig.8, the IR image ĪDIT contains information of the transition location for both conditions ĪA and ĪB .

ĪA − ĪB = ĪDIT (1)

In this semiautomated transition identification routine, a new method is proposed. This method use a computer
vision technique known as connected components labeling analysis[26] to estimate apriori the transition location. With
this information it is possible to adjust the downstream limit of the analysis region dynamically. Initially, each IR image
ĪDIT is binarized using the thresholding method proposed in [27], later regions of connected pixels are calculated based
on the method described in [26]. The region with the maximum area is considered to correspond to the laminar fraction
between ĪA and ĪB , so the projection of its centroid to the mid-span axis (Y/b = 0) is used to determine the downstream
limit of the analysis region, as indicated in Fig. 8. On the other hand, the upstream limit remains fixed, such that all the
conditions where the transition occurs upstream of this limit are discarded from the analysis.

From Reynolds analogy, it is known that an increase in wall shear-stress resulting from a turbulent boundary-layer
leads to an increase in the surface heat transfer, which in turn leads to a lower surface temperature when compared
to the regions where the flow is laminar. Hence, the transition location is identified by calculating the temperature
gradient of the entire image. To increase the robustness of the identification, outliers are removed based on the standard
deviation of the detected positions. Finally, a linear fit of the transition front is calculated for the entire span. Moreover,
the confidence bands of the fit indicate the uniformity of the front.

An essential aspect of a semiautomated transition identification routine is to be able to detect when the flow in the
analysis region is fully turbulent. To avoid a false identification, a knowledge-based approach is conducted individually
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Fig. 8 Schematic of transition location identification (flow direction is from left to right) for configuration
FFS-B at α = 2.9° and RecX = 2.75 × 106, showing the IR source images ĪA (RecX = 2.75 × 106) and ĪB
(RecX = 2.97 × 106), in conjunction with the main parameters of the analysis.

for each angle of attack case. For instance, consider the case when α = 2.9°. The lowest RecX condition is visually
inspected, and the user determines, whether the analysis region is fully turbulent or not. Based on this first inspection,
the algorithm will continue to analyze higher RecX conditions where the transition location is expected to occur
upstream or in the vicinity of the previous location. A comparison of DIT centroid with the previously identified
transition location is performed. If the DIT centroid is downstream, then it is considered that the flow has become
fully turbulent since it was assumed that an increase in RecX should no result in a delay of the transition location. It
is important to highlight that, the results presented in the following sections discard the cases considered to be fully
turbulent or spurious in the analysis region to avoid conclusions that could be based on a false identification of the
transition location.

III. Methodology
This section describes the methodology followed in the analysis of the transition development resulting from the

addition of a two dimensional irregularity in the form of a FFS step on the M3J swept-wing model surface. The
IR images are processed and the transition front extracted for each experimental condition, following the procedure
presented in Sec. II.D,

To illustrate the methodology followed during the analysis of the results, consider the condition α = 2.9° at
RecX = 2.95 × 106. For the Clean-TR case, where no irregularities are present on the model surface, laminar-to-
turbulent boundary layer transition occurs at a chord-wise location of xt,C/cx = 0.43.

As illustrated in Fig. 9(a), a characteristic jagged pattern of turbulent wedges is observed for this condition,
suggesting that stationary cross-flow is responsible for the laminar breakdown of the boundary-layer flow. The addition
of a forward facing step FFS-C (h̄2 = 951 µm at xh2/cx = 0.2) results in a similar transition pattern while displaying a
decrease in the extent of the laminar flow region caused by an upstream movement (xt, I/cx = 0.25) of the transition
front location, as shown in Fig. 9(b)
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(a) (b)

Fig. 9 Infrared thermography snapshots (flow direction is from left to right) showing the effect of 2D surface
imperfection on the transition location at α = 2.9°, RecX = 2.95 × 106, the dashed blue line denotes the
initial analysis region, the orange line indicates the step location; (a) Clean-TR, only the base-foil is installed,
no surface irregularity (b) FFS-C (h̄2 = 951µm at xh2/cx = 0.2)

A. Stability Analysis
Linear Stability Analysis (LST) was performed for each experimental condition using a TU-Delft in-house solver,

with the objective to predict the spatial amplification of stationary CFI modes, represented by the respective N-factors.
All LST calculations are based on the Clean-ST case (no surface irregularity, no base foil) measured pressure distribution.
The external velocity of the boundary-layer (i.e. inviscid velocity) was calculated and used to solve for the steady,
incompressible and two dimensional laminar boundary-layer flow on the pressure side of the model. A downstream
marching scheme [28] along the x component (Fig. 3(a), i.e. orthogonal to the leading edge) was applied. The stability
of this two-dimensional laminar boundary-layer was evaluated by considering a small wave-like disturbance given by
Eq. 2.

ψ(x, y, z, t) = φ(y) expi (αx+βz−ωt ) (2)

The linear Orr-Sommerfeld equation (OS) was solved for the eigenfunctions φ(y), using the spatial theory formula-
tion [29], where the angular frequency (ω) is real, and the stream-wise (α) and spanwise (β) wavenumbers are complex.
The approximate span-wise invariance of the flow on the M3J model, shown in Fig. 2(b), simplifies the formulation by
assuming a zero span-wise growth rate (βi). Then, the N-factor is calculated for a combination of a given span-wise
wavelength (βr ) and ω = 0 (stationary) by integrating the spatial growth rate (αi) along the x coordinate. The final
result of the stability analysis is the envelope of N-curves of unstable span-wise wavelengths of all present stationary
CFI modes, as illustrated by Fig. 10, for the condition α = 2.9° and RecX = 2.95 × 106 when no surface irregularity is
present. The N-Factors corresponding to the transition locations for the Clean-TR (NC = 8.9) and the FFS-B (NI = 6.8)
were determined using this envelope, as illustrated by the dashed lines in Fig. 10. Finally, the change in the N-Factor
(∆N = NC − NI ) introduced by a surface irregularity is calculated.

0 0.1 0.2 0.3 0.4 0.5
0

2

4

6

8

10

12

14

Fig. 10 Envelope of N-Factors curves (Clean-ST) for α = 2.9° and RecX = 2.95 × 106; � →Clean-TR
(xt,C/cx = 0.43, NC = 8.9). ♦ →FFS-C (xt,C/cx = 0.25, NI = 6.8).
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Fig. 11 Estimation of cross-flow instability vortices core height (yc ) from the Clean-ST case for α = 2.9° and
RecX = 2.95 × 106; (a) N-factors of stationary cross-flow modes for different wavelengths (λz ) at the step
location (xh2/cx = 0.2). (b) v-Perturbation mode shape corresponding to λzh2

= 7.78 mm, with indication of
the 97% maximum amplitude location and corresponding wall-normal height yc = 698 µm

B. Cross-flow vortex core height estimation
Tufts et al. [14] proposed a physics-based criterion to determine the maximum allowable FFS height based on a

numerical study of the interaction between the stationary cross-flow instability and the step surface irregularity.
The criterion is based on the observation that due to the inherent span-wise pressure gradient found in swept-wings,

the recirculation region upstream and downstream of the FFS edge is not of two-dimensional nature. Rather, it is a
helical flow with traveling direction from the root to tip for a backward-swept wing. Hence, they suggest that when
the step height (h2) is lower than the incoming cross-flow instability vortices (CFV’s) core height (yc) a destructive
interaction occurs between the CFV’s and the downstream helical flow. On the other hand, when the step height is
higher (h2 > yc ), a constructive interaction exist, resulting in a displacement of the transition front towards the step due
to an amplification of stationary crossflow modes.

As outlined in [14], the CFV’s core height (yc) can be estimated from the results of an Orr-Sommerfeld linear
stability analysis based on the clean case (i.e. smooth no surface irregularities). This is done by calculating the
wall-normal height of the maximum amplitude of the v-perturbation eigenfunction, corresponding to the most amplified
wavelength at the step location. Considering the LST calculations for the condition α = 2.9° at RecX = 2.95 × 106,
envelope of N-Factors presented in Fig. 10. The wavelength of the most amplified stationary cross-flow instability mode
is calculated by extracting the N-Factors of all the modes as a function of the span-wise wavelength (λz ) at the location
of the step and determining the maximum N-Factor. For this case, the most amplified stationary cross-flow mode at the
step location (xh2/cX = 0.2) results in a span-wise wavelength of λzh2

= 7.78 mm as presented in Fig. 11(a).
From the corresponding v-perturbation eigenfunction for this wavelength, the height (yc ) is estimated by calculating

the wall-normal height of 97% of the maximum amplitude of the mode shape as in [14]. For this case the estimated
CFV’s core height corresponds to yc = 698 µm, as presented in Fig. 11(b).
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IV. Results
The overall effect on the laminar-to-turbulent boundary layer transition, resulting from the addition of a forward

facing step surface irregularity on a swept-wing, is described using IR measurements acquired and processed as detailed
in Sec.II.D. An analysis is conducted where the transition behavior is determined from the change in transition front
location and pattern for different FFS cases. Later, the change in the amplification factor ∆Ncaused by the addition of
the surface irregularities, is analyzed.

A. Transition Behavior

2 3 4 5 6

106

Fig. 12 Transition location for α = 2.9° at varying
RecX . Dashed black line indicates the surface irregu-
larity chord-wise position xh2/cx = 0.2; Clean-TR (�),
FFS-A (�), FFS-B (N) and FFS-C (•).

(a)

(b)

(c)

Fig. 13 Infrared thermography visualization (flow di-
rection is from left to right) showing the effect of a 2D
FFS surface irregularity at xh2/cx = 0.2 on the tran-
sition location for α = 2.9° and RecX = 2.7 × 106;
(a) Clean-TR. (b) FFS-B, h̄2 = 734µm. (c) FFS-C,
h̄2 = 951µm

The location of the transition front was determined
from the infrared thermographic measurements by pro-
cessing the IR images for each experimental condition,
as described in Sec. II.D. Figure.12 presents the change
in the transition location (xt/cx) for increasing RecX at
a fixed angle of attack (α = 2.9°) for the Clean-TR and
the FFS - A,B and C cases.

For the Clean-TR case, an increase in RecX leads
to a gradual upstream movement of the transition front,
starting from xt,C/cx = 0.63 at RecX = 2.13 × 106, up
to a position upstream of the surface irregularity location
(dashed-line in Fig. 12) xt,C/cx = 0.18 at RecX = 5.92×
106.

The addition of h̄2 = 951µm forward facing step
(FFS-C,see Table. 2) results in a distinct behavior with
increasing RecX , departing abruptly from the trend in-
dicated by the Clean-TR case and reaching a position
xt, I/cx = 0.25 at RecX = 2.95 × 106. Moreover, as ev-
idenced by the confidence bounds of the linear fit used
during the transition identification (error-bars in Fig.12), a
jagged arrangement of turbulent wedges starting near the
step and propagating downstream is observed. In contrast,
adding a smaller step (FFS-B, h̄2 = 734µm, see Table. 2 )
initially results in a similar behavior as the Clean-TR case,
showing a gradual change in the transition front location
up until RecX = 2.75 × 106 from which then onwards
the behavior changes and follows the one observed for
the FFS-C case, reaching a location xt, I/cx = 0.22 at
RecX = 4.01 × 106.

B. Critical Step Height
Based on the observed transition behavior (Sec. IV.A),

for a fixed RecX and α, three different regimes are iden-
tified. A subcritical one, in which the transition front
pattern and location is nearly unaffected by the presence
of the step. A critical one, in which the transition front
pattern differs from the Clean-TR case and the transi-
tion location moves upstream towards the step location,
abruptly departing from the trend indicated by the Clean-
TR case. A supercritical in which transition occurs in the
vicinity of the step.

Considering the experimental conditions RecX =

2.7 × 106 and α = 2.9° (Fig. 13), a supercritical con-
dition is observed for the FFS-C configuration, causing
an upstream displacement of the transition front to a lo-
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Table 3 Measured to critical step height ratio for RecX = 2.7 × 106 at α = 2.9°

Criteria FFS-B (h̄2/hc ) FFS-C (h̄2/hc )
Perraud et al [11] 1.21 1.57
Duncan et al [13] 0.93 1.21
Tufts et al [14] 0.99 1.29

cation in the vicinity of the step, Fig.13(c). On the other hand a subcritical behavior is observed for FFS-B, as the
laminar-to-turbulent transition process appears to be unaffected by its presence (see Fig.13(b)).

From the literature available, it seems that no general agreement has been reached regarding the local or global
parameters that should be used to estimate the FFS critical step height in a swept-boundary layer. Perraud et al[11]
observed that the ratio between the step height and the local boundary layer displacement thickness provided a good
indication. Duncan et al[13] presented an empirical fit based on experimental data and, recently, Tufts et al[14] presented
a criterion based on the interaction between the CFV’s and the recirculation region downstream of the FFS edge, shortly
discussed in Sec. III.B.

For the configurations FFS-B and FFS-C, the ratio between the measured (h̄2) and the critical step height (hc ) was
calculated for the condition RecX = 2.7 × 106 at α = 2.9° and presented in Table. 3. The critical ratio h2/δ

∗
h2

= 1.5
observed in [11] for CFI dominated flow, leads to an under-prediction of the tolerable FFS step height, as a supercritical
situation is estimated for the FFS-B case. The empirical fit presented in [13] seems better suited to this case, as it
leads to a subcritical (FFS-B) and a supercritical (FFS-C) estimation. Finally, the criteria presented in [14] predicts a
near critical condition for the FFS-B and a supercritical condition for the FFS-C. It is important to note that there is a
difference among the definitions of the criterion. The definition presented in [13] considers as a critical step height, the
one which will cause the movement of the transition location close or at the step. However, the definition presented
in [14] is based on the step height that will significantly affect the transition process leading to a degradation of the
laminar flow due to an amplification of stationary crossflow modes.

C. Transition Front Pattern
An analysis of the transition front pattern with respect to the ratio between the CFV’s core height and step height

(yc/h2) is presented in this section for the FFS-B configuration. This case changes between the subcritical, critical and
supercritical regime in the range 2 × 106 < RecX < 4 × 106 at a fixed α = 2.9°, as shown from the identified transition
location presented in Fig. 12.

Figure. 14 displays a comparison of the transition front pattern, between the Clean-TR and the FFS-B configuration
as captured in the IR measurements. As expected, the transition front displays a jagged arrangement of turbulent
wedges, suggesting that stationary CFI is responsible for the laminar breakdown of the boundary layer flow.

For the Clean-TR case (left side of Fig. 14) an increase in RecX results in a progressive movement of the front with
a mild change in the transition front pattern. At RecX ≈ 2.3 × 106,the FFS-B and the Clean-TR configuration display a
very similar (almost identical) transition front pattern (Fig. 14(a) and 14(b)), clearly evidencing a subcritical situation
(yc/h̄2 = 1.2 and h̄2/δ

∗
h2

= 1.59, Fig. 15) where the addition of this surface irregularity appears to have a negligible
effect on the laminar-to-turbulent boundary layer transition.

An increase in RecX , does not produce an evident change in the transition front pattern until RecX = 2.97 × 106

(Fig. 14(h)), where the transition pattern presents a noticeable change when compared to the Clean-TR case (Fig. 14(g)).
At this condition turbulent wedges appear closer to the step location suggesting that the effect of the step is no
longer negligible. The analysis of the ratio between the estimated CFV’s core height and the measured step height
(yc/h̄2 = 0.95, red circle in Fig. 15) indicates an undergoing critical situation. From this point onwards, the transition
location rapidly departs from the trend indicated by Clean-TR (see Fig. 12) resulting in an upstream displacement of the
transition front towards the FFS location.
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(a) RecX = 2.31 × 106 (b) RecX = 2.34 × 106

(c) RecX = 2.52 × 106 (d) RecX = 2.52 × 106

(e) RecX = 2.74 × 106 (f) RecX = 2.75 × 106

(g) RecX = 2.95 × 106 (h) RecX = 2.97 × 106

(i) RecX = 3.17 × 106 (j) RecX = 3.19 × 106

(k) RecX = 3.38 × 106 (l) RecX = 3.39 × 106

Fig. 14 Infrared thermography visualization (flow direction is from left to right) displaying the effect of a 2D
FFS surface irregularity at xh2/cx = 0.2 on the transition front pattern for α = 2.9° and varying RecX ; Left,
Clean-TR case. Right, FFS-B case h̄2 = 734µm
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Fig. 15 Variation of estimated CFV’s core height to measured step height ratio with decreasing boundary
layer displacement thickness at a fixed step height (FFS-B, h̄2 = 734µm, see Table. 2 ).

D. ∆N results

1 1.5 2 2.5 3

Fig. 16 Correlation between reduction of N-factor and
a combination of step height relative to the estimated
CFV’s core height and boundary layer displacement
thickness

The influence that a forward facing step has on the
laminar-to-turbulent boundary layer transition is charac-
terized by calculating the reduction (∆N) in the critical
N-factor induced by the addition of the step. This ap-
proach has been traditionally used in the study of sur-
face irregularities for both TS and CFI dominated cases
[5, 6, 11, 12].

Based on the IR measurements, for all the cases FFS-
A, B, and C, the transition front location was identified
as described in II.D, with an upstream limit set to 0.5%
downstream of the step location, for the remaining combi-
nations of α and RecX . Later, a linear stability calculation
(LST) was performed based on the Clean-ST pressure
distribution to calculate the ∆N-factors, as described in
Sec. III.A. Moreover, LST results for each condition were
used to estimate the CFV’s core height (yc ) following the
procedure described in [14] and outlined in Sec. III.B.

The resulting ∆N-factors corresponding to different
combinations of the ratio h2/δ

∗
h2

and yc/h2 are presented
in Fig. 16. When analyzing these results, it is important to consider that an increase in RecX results in a decrease in
the boundary layer displacement thickness (δ∗) and a decrease in the estimated CFV’s core height (yc). A general
agreement is observed regarding the critical ratio (yc/h2 = 1, dashed black line in Fig. 16), it is clear that when this ratio
is yc/h2 >> 1, the addition of a FFS step will result in a negligible effect of the step in the boundary layer transition
process, leading to a low or mild reduction in the N-factors. However, if the ratio is yc/h2 << 1, the transition process
seems to be highly affected by the FFS resulting in a strong reduction of the N-factors. Moreover, these results suggest
that the relative step height play an important role as an increase in the ratio h2/δ

∗
h2

leads to a stronger reduction in
N-factors for the same yc/h2 ratio.
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V. Conclusions
An experimental study was conducted to investigate the overall effect that surface irregularities in the form of

forward facing steps, have in the laminar-to-turbulent boundary layer transition when dominated by stationary cross-flow
instabilities. FFS add-ons were manufactured and installed on the surface of the M3J swept-wing model.

The results presented in this study show that infrared thermography is a powerful flow measurement technique
capable of determining the overall transition behavior when performing large parametric studies. Moreover, when
processing the IR images, a differential approach is suggested to reduce the background noise caused by the surface
irregularity.

Upon the addition of a FFS, three distinct regimes are identified. A subcritical one, which leads to a negligible
effect in the transition location and front pattern. A supercritical regime in which there was a noticeable change in the
transition front pattern, and the transition location rapidly shifted upstream towards the step location, departing in this
way from the trend indicated by the clean baseline. A supercritical regime in which transition occurs in the vicinity of
the step. Moreover, it was observed that the limit between the subcritical and critical regime is in good agreement with
the method proposed by Tufts et al[14] to estimate the FFS critical step height.

The reduction in the critical N-factor (∆N) caused by the FFS, was calculated for three step heights cases at different
combinations of Reynolds number and angle of attack conditions. A relation was found between the reduction of the
critical N-factor, the estimated cross-flow vortex core height to step height ratio (yc/h2), and the relative step height
(h2/δ

∗
h2

). When the ratio yc/h2 >> 1, a mild reduction in the critical N-factor is observed. On the other hand, a
ratio yc/h2 << 1 leads to a strong reduction in the critical N-factor. Additionally, the results show that an increase
in the relative step height ratio (h2/δ

∗
h2

) results in an higher critical N-factor reduction for a fixed yc/h2 ratio. This
trends indicate the importance of considering both parameters in the determination of the effect of FFS step in the
laminar-to-turbulent boundary layer transition when dominated by cross-flow instabilities.

The work presented in this paper is part of an ongoing research project to characterize the effect that surface
irregularities have on boundary layer transition. The ∆N-method offers an overview of the phenomena related to FFS,
capable of guiding future investigations into the underlying flow mechanisms and the role that the step geometry plays
in it.
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Errata 
 
 

• In section V. Conclusions, the third sentence of the third paragraph should read:  “A critical regime in 
which there was a noticeable change in the transition front pattern, and the transition location rapidly 
shifted upstream towards the step location, departing in this way from the trend indicated by the clean 
baseline.” 
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