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ABSTRACT

The present work is dedicated to the investigation of the effect of an isolated roughness element on a swept wing boundary layer. In particular,
the flow modifications incurred by a single cylindrical element applied on a swept wing model are measured, toward describing the nature of
the perturbations introduced in the flow field, their development in the near and far wake region, as well as their eventual breakdown. The
measurements are performed using infrared thermography, to achieve a general overview of the element wake origin and spatial spreading.
Local quantitative characterization of the stationary and unsteady disturbances evolving in the flow is instead acquired through hot wire
anemometry. When present in an undisturbed laminar boundary layer, isolated roughness elements are found to introduce flow disturbances,
which lead to the formation of a turbulent wedge. As it develops downstream, the wedge undergoes rapid spanwise expansion, affecting the
adjacent laminar flow regions. The wedge origin and development is mostly associated with the instabilities introduced by the shedding
process initiated in the roughness element wake, comparably to the dominant flow features characterizing the transition of two-dimensional
boundary layers conditioned by an isolated roughness element. Nonetheless, the presence of the crossflow velocity component in the boundary
layer baseflow notably affects the overall flow development, introducing an asymmetric evolution of the main flow features.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0101187

I. INTRODUCTION

The importance of surface roughness in the laminar-to-turbulent
transition process of boundary layers (BL) is well established. In partic-
ular, for both two-dimensional (2D) and three-dimensional (3D)
boundary layers, a large isolated 3D roughness element applied on the
wing surface can drive the transitional process via the initiation and
spreading of a turbulent wedge.3,19,21,35 Already from these early stud-
ies, the geometry and dimensions of the roughness elements are found
to play a crucial role in the onset and development of flow instabilities
in the element wake and ensuing transition. As such, numerous
works21,39 focused on determining whether a given roughness geome-
try would give rise to turbulent flow, resulting in the definition of the

roughness Reynolds number as a predicting parameter (Rek ¼ k�juðkÞj
�

with juðkÞj boundary layer velocity at the element height k and � kine-
matic viscosity). In particular, the Rek proved to be a useful indicator
for the distinction between roughness configurations of super-critical
or critical nature, which, respectively, induce flow tripping in the ele-
ment vicinity or introduce instabilities that develop and amplify down-
stream, leading to laminar breakdown and turbulence onset. However,

this geometrical parameter does not provide a satisfactory characteri-
zation of the flow mechanisms ultimately responsible for the boundary
layer transition to turbulence.

The flow topology aft of isolated roughness elements has been
widely investigated, starting from flow visualizations dedicated to the
analysis of turbulent wedges formation and downstream evolution in
2D boundary layers.3,19,35 In particular, experimental and numerical
investigations3,8,26,28 observed that as the incoming laminar BL
encounters the roughness element, upstream of the element the span-
wise vorticity rolls up, inducing the formation of a horseshoe vortex
(HSV) system. The two steady counter-rotating HSV legs wrap around
the element and extend downstream, driving the re-orientation of vor-
ticity in the streamwise direction and initiating a momentum redistri-
bution process. This effect can be traced to the lift-up mechanism,25

namely, the deflection of low-speed flow toward the upper regions of
the boundary layer and vice versa, leading to the formation of high-
speed streaks on the outer side of the HSV legs. More downstream, the
structure evolution along with the momentum redistribution they
induce initiates a cascading configuration of low- and high-speed
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streaks destabilizing the wedge edges, enhancing its spreading and the
onset of turbulence (e.g., Refs. 5, 13, and 22).

Hot-wire anemometry measurements3 performed on the HSV
legs, identified velocity fluctuations occurring with frequency peaks
corresponding to unsteady shedding from the roughness element.
Additionally, the onset of turbulent flow is found to occur at a finite
chordwise distance from the roughness element location, even for high
Rek geometries.21 These observations suggest that the transitional pro-
cess induced by isolated elements is most likely initiated by an instabil-
ity developing in the reversed flow region within the element wake.
Further investigations1,21 proved that the roughness initiates a process
of hairpin vortex shedding from the separated region on the element’s
upper surface. These results highlight the presence of a periodic shed-
ding process corresponding to a range of Strouhal numbers (based on
the element height, the local flow velocity, and the shedding frequency)
of St¼ 0.05–0.4, with a monotonic increase in the intensity of primary
fluctuations (and their harmonics) for increasing Rek (up to Rek
¼ 1000). Recent DNS investigations8,13,26 and experiments4,16,22,28,45 fur-
ther confirmed these observations. Specifically, these studies indicated
that transition induced by isolated roughness elements occurs due to
high-frequency instabilities of Kelvin–Helmholtz type, shed by the high
shear regions forming in the perimeter (i.e., top and sides) of the rough-
ness element wake. Recent works combining experimental and numeri-
cal stability analysis8,9,12,17,18,28,29 showed that the observed instabilities
can either result from the amplification of a range of instability modes
in the element wake, or from the strong enhancement of a specific
mode, possibly introduced by external forcing. Accordingly, the rough-
ness element can, respectively, behave as an amplifier in the first case,
exciting a range of non-orthogonal frequencies,8,12,40,44 or as a resonator,
only enhancing a precise unstable frequency.9,28 The occurring scenario
depends on multiple parameters, in which Rek, the aspect ratio of the
protuberance k/D (with D being the element diameter), the shear ratio
k/d� (with d� being the local BL displacement thickness), and the free-
stream turbulence intensity play a major role. Furthermore, the near-
wake velocity deficit is observed to evolve into a far-wake accelerated
region surrounded by low-speed flow.20,26 Depending on the roughness
geometry and BL scales, this process can either enhance the instabilities
initiating the turbulent wedge or result into perturbation decay, thus
stabilizing the boundary layer. The latter scenario has given space to
numerous transient growth and flow stability investigations (e.g.,
Refs. 11, 12, 16, 26, and 43).

Despite the numerous investigations dedicated to isolated rough-
ness element effects in 2D boundary layers, considerably fewer recent
works directly investigate such effects in 3D boundary layers (e.g.,
Refs. 6, 34, and 38). Most of the available works have been dedicated
to the analysis of the mechanisms dominating the wedge origin and
downstream development,30 as the low- and high-speed streaks cas-
cade driving the spanwise expansion of the wedge edges.5,22 By mea-
suring the BL evolution aft of the isolated element, previous works30

identified a single low-speed streak developing downstream of the ele-
ment, evolving with an inclination with respect to the freestream flow
typically pertaining to the evolution of crossflow vortices. However, it
must be noted that the Rek range covered by the aforementioned
study30 was limited to highly sub-critical regimes, thus not representa-
tive of near-tripping behavior. Similar results were obtained from DNS
investigations,7,24,41 which identified the wall-normal and spanwise
shear layers developing in the immediate vicinity of the element as

responsible for initiating the instabilities dominating the transitional
process. This observation suggests the near-element flow topology and
the instability origin for isolated elements in 2D and 3D boundary
layers are strongly comparable.24 Accordingly, we provided that they
are not triggered upstream by other roughness features, and the modal
crossflow instabilities that usually dominate the transitional scenario
of smooth swept wings (e.g., Refs. 6, 30, and 34) appear to have little
effect on the development of the near-element flow and on the insta-
bilities initiated by the isolated roughness element. This behavior can
be related to the amplitude of the applied isolated roughness element,
which is sufficiently large to operate in a critical regime close to flow
tripping, as will be further outlined in the remainder of this work.
Nonetheless, the aforementioned DNS investigations observe a signifi-
cant asymmetry in the flow features pertaining to the wake evolution,
which can be related to the existence of a crossflow velocity compo-
nent in the BL. Specifically, for any streamwise-oriented vortical struc-
ture, the crossflow direction of rotation is favored, thus developing a
flow field dominated by co-rotating vortices. This behavior leads to
significant differences between the downstream flow evolution in 2D
and 3D boundary layers, mainly due to the loss of symmetry.10

Within the framework established by the aforementioned investi-
gations, a notable lack of experimental measurements detailing the
effect of isolated roughness elements is swept wing boundary layers,
which is identified. This is particularly evident for near-critical regimes
(Rek � 200), which are representative of large real-life roughness fea-
tures such as rivets or debris. The present work experimentally
describes the isolated element near-wake flow field in a 3D boundary
layer, to identify the flow features dominating the flow development
and characterize the nature of the induced instability. The chosen
amplitude for the roughness element is intentionally set to near-
critical levels, thus ensuring a strong boundary layer forcing, effectively
bypassing classical modal crossflow instabilities inherent to micron-
sized roughness elements. Nonetheless, as will be shown, the presence
of the crossflow velocity component in the boundary layer baseflow
affects the overall downstream flow development, introducing an
asymmetric evolution of the identified flow features. Consequently,
the withstanding relation between the rapid near-element instability
onset and the 3D boundary layer transition in the near-critical ampli-
tude regime is analyzed. This investigation allows for the identification
of similarities and discrepancies between the considered 3D boundary
layer scenario and the well-known 2D transitional scenario. For the
experimental campaign, a single cylindrical element is placed in the
undisturbed laminar boundary layer developing on the swept wing
surface, and measurements are taken at three Re numbers by varying
the freestream velocity. This grants the possibility of studying the flow
behavior in the presence of a super-critical or a critical forcing configu-
ration without changing the geometrical characteristics of the rough-
ness element. Infrared thermography imaging is employed to
investigate the base flow topology, including a quantification of the
onset location and chordwise development of the developing turbulent
wedge. Additionally, local hot-wire anemometry scans are performed,
allowing for detailed characterization of the flow features dominating
the element near-wake, as well as of the development of stationary and
unsteady structures. In particular, the time-dependent velocity signal
is analyzed to investigate the velocity fluctuations spectral characteris-
tics, which provide fundamental information regarding the nature and
evolution of the developing instabilities.
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II. METHODOLOGY
A. Wing model and wind tunnel facility

The presented measurements are performed on an in-house
designed, constant-chord swept wing model (M3J),37 with main geo-
metrical parameters given in Table I. The wing is purposely designed
and widely exploited to investigate the physics of primary and second-
ary CFI that dominate the boundary layer development and transition
in these conditions.

The measurements are performed in the low turbulence wind
tunnel (LTT), an atmospheric low-speed closed return tunnel at the
TU Delft developing low levels of freestream turbulence in the test sec-
tion flow.36 In the present work, measurements are performed on the
pressure side of the wing at three freestream Reynolds numbers,
namely, RecX¼1:45� 106; 1:35� 106; 1:27� 106, while the angle of
attack is kept fixed at a¼�3.36�. Furthermore, to inform the scaling
of the problem, a numerical boundary layer solution is computed for
each of the three tested RecX based on the experimentally measured
pressure gradient, as per the procedure described by Serpieri.36

Throughout this work, two coordinate reference systems are
used: one is integral with the wind tunnel floor, with spatial compo-
nents X, Y, and Z and velocity components U, V, and W; the second
one with z axis aligned to the leading edge with spatial components x,
y, and z and velocity u, v, and w. A sketch of the swept wing and
related coordinate reference systems is reported in Fig. 1(a).

B. Isolated roughness element

As previously stated, the present study aims at investigating the
effect of an isolated roughness element on the swept wing boundary
layer development and transition. The selection of the roughness
element geometry follows from past experimental investigations.27,38

An isolated cylindrical element with height k¼ 0.5mm and nominal
diameter D¼ 6mm is positioned at xr/c¼ 0.15 through a layer of

double-sided tape (nominal thickness, 0.01mm). The roughness ele-
ment and its location on the wing surface are sketched in Fig. 1. The
element is machined from copper rods having the same D, then polish-
ing the upper and lower circular surfaces to remove imperfections.27

The element geometry can be related to the BL evolution through
the roughness Reynolds number.19,24,30,32 This geometrical parameter
is defined as Rek ¼ k�juðkÞj

�
and is widely applied as a preliminary esti-

mate of the effectiveness of a given element in influencing BL transi-
tion. In fact, the Rek value can be correlated with its critical value (i.e.,
the lower value of Rek corresponding to a super-critical roughness con-
figuration) to predict the boundary layer transitional behavior aft of the
roughness element. The critical value of Rek scales with (k/D)2=5, start-
ing from values in the range Rek;crit ¼ 600–900 for an element with k/
D¼ 1.16,21 Based on the element k/D ratio, the Rek;crit value for the pre-
sent application ranges between 225 and 335. Consequently, the three
values of RecX considered throughout this investigation, corresponding
to Rek1 ¼ 251, Rek2¼219, and Rek3 ¼ 198 for decreasing RecX , span
super-critical, and critical transitional behavior (Table II).

In addition to the roughness Reynolds number, a second geomet-
rical parameter can potentially be used to orient the different regimes
governing instability growth and breakdown in the considered cases.
This parameter has been found to successfully describe cases in 2D
boundary layers, identifying the type of instability developing in
the wake of a cylindrical roughness.8 In particular, the shear ratio k/
d� with d� being the local boundary layer displacement thickness d� at
xr/c, is considered to be representative of the characteristic magnitude
of the shear of the laminar BL flow impinging on the roughness ele-
ment. For the roughness configurations considered throughout this
work, the k/d� is estimated to be 0.9, 0.85, and 0.83 for decreasing Rek
(Table II). These values all fall underneath the k/d� range at which var-
icose modes are found to dominate the boundary layer evolution aft of
the roughness element in 2D cases (i.e., k/d� ’ 1.5–2).8 Nonetheless, it

TABLE I. Geometric parameters of the M3J swept wing model.37 Wing sweep angle
(K), wing aspect ratio (AR), wing span along Z (b), wing chord along x (cX), wing
chord along x (c), wing surface (S), and background wing surface roughness (Rq).

Parameter K AR b cX c S Rq

Value 45� 1.01 1.25 m 1.27 m 0.9m 1.58 m2 0.20lm

FIG. 1. (a) Sketch of experimental setup and coordinate reference systems (not to scale). Y axis and y axis are directed toward the reader. IR domain (green rectangle); HW
most upstream and downstream plane (red line). (b) Zoomed-in sketch of hot-wire acquisition planes in the element vicinity [dashed blue region in (a)].

TABLE II. Geometric parameters of the measured roughness configurations.

Parameter xr/c k (mm) D (mm) D/k RecX Rek k/d�

Value 0.15 0.5 6 12 1.45� 106 251 0.90
0.15 0.5 6 12 1.35� 106 219 0.85
0.15 0.5 6 12 1.27� 106 198 0.83

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 084113 (2022); doi: 10.1063/5.0101187 34, 084113-3

VC Author(s) 2022

https://scitation.org/journal/phf


must be noted here that the aforementioned critical parameters are
widely established for isolated elements in 2D boundary layers. Their
applicability in 3D boundary layers, such as the one considered in the
present work, is not equally established, and they are taken here only
as preliminary estimates of the governing dynamics.

C. Measurement techniques and data analysis

Throughout the present study, both the isolated element near-
wake and the far-wake flow features are investigated. Global flow fea-
tures are monitored through infrared thermography (IR), while local
quantitative information is extracted through hot-wire anemometry
(HWA) measurements. Hereafter, the setup and methodology pertain-
ing to these measurement techniques are described.

1. Infrared thermography

Infrared thermography6,14,36 images the wing surface tempera-
ture, which is subject to external heat deposition. The method capital-
izes on Reynolds’ analogy, namely, regions of low wall shear (i.e.,
laminar regions), develop a lower convective heat transfer coefficient,
thus appearing colder, while regions of high wall shear (i.e., turbulent
regions) appear warmer. This provides a global overview of the wedge
origin and downstream evolution, indicating the loci of transition.

In the present work, the pressure side of the model is imaged by
an Optris PI 640 IR radiometric camera through an opening cut in the
vertical sidewall of the test section. Surface temperatures are acquired
at the chosen Reynolds numbers for a constant angle of attack
a¼�3.36�. The camera images the model surface from leading edge
to trailing edge, acquiring a field of view centered at the wing midspan
and spatial resolution of 0.85mm/px. The acquired IR domain is out-
lined in green in Fig. 1(a). Snapshots are taken at a frequency of 4Hz,
collecting 80 images at each condition that are then averaged to reduce
the signal-to-noise ratio. During the acquisition, to maintain a positive
thermal contrast between the laminar–turbulent BL region, the model
is externally heated by halogen lamps (2� 500W and 3� 400W).

The collected IR images are geometrically mapped to the wing-
attached Cartesian framework (XYZ) through an in-house calibration
procedure33 and further post-processed for enhancing the contrast.

2. Hot-wire anemometry

Hot-wire anemometry (HWA) is employed to collect local and
temporal information on the near-element velocity fields, in order to
characterize both steady and unsteady perturbations developing in the
flow field. HWA measurements are acquired by operating a single-
wire Dantec Dynamics 55P15 boundary layer probe through a TSI
IFA-300 constant temperature bridge featuring automatic overheat
ratio adjustment. An automated traverse system mounted in the wind
tunnel diffuser holds the sensor, granting the motion in the three XYZ
directions with step resolution of 2.5lm in all axes [sketched in Fig.
1(a)]. Despite the overall stability of the tunnel flow conditions, the
flow temperature and pressure are continuously monitored to account
for the small changes occurring during the acquisition run, properly
correcting the calibrated HWA signal.

The hot-wire acquisitions are performed in the zy plane at differ-
ent chord locations, mostly concentrated in the element vicinity. An
ensemble of HWA scans collected in the spanwise and wall-normal

directions (i.e., in the zy plane) builds up each x/c plane. Every wall-
normal velocity profile is measured by acquiring 30 equally spaced
point-wise measurements along y. At each point, the CTA bridge sig-
nals are sampled for 2 s at a frequency of fs ’ 51.2 kHz and filtered
through an analog low-pass filter (cutoff frequency of 20 kHz) before
amplification. To account for the BL growth along the wing chord, the
wall-normal spacing of the point-wise measurements is adjusted to
capture the whole boundary layer evolution from the near-wall region
(20% U1) to the local freestream. Accordingly, for the near-element
planes [i.e., x/c¼ 0.158, 0.162, 0.166, and 0.170, sketched in Fig. 1(b)]
the final y-spacing is set to 0.1mm, while for the more downstream
planes (i.e., x/c¼ 0.18, 0.19, 0.20, 0.25, and 0.3), it is changed to
0.15mm. Once the acquisition of a BL profile is completed, the probe
moves to the following spanwise location, repeating the measurement
procedure until the set number of BL scans is acquired for the consid-
ered zy plane. The infrared image analysis gives an estimation of the
expansion and inclination of the developing wedge with respect to the
freestream direction. Consequently, the origin and span-wise extent of
the HWA acquisition in the zy plane are adjusted at each x/c of inter-
est. Specifically, for the near-element planes, the span-wise spatial res-
olution is kept constant to 0.5mm providing a 30mm spanwise
extent; for the downstream chord locations considered, it is doubled in
order to accommodate the spreading of the wedge. A Xz HWA plane
is also acquired at a fixed wall distance of y¼ 1mm. In this case, the
velocity scans are composed of single point acquisitions collected along
the spanwise direction (z) with a spacing of 1mm. Successive spanwise
scans are measured at a chordwise distance (X) of 1.2mm.

For the entirety of the performed measurements, the hot-wire
probe is kept aligned to the Z direction; therefore, at each point, the
velocity signal acquired by the sensor is a projection of the instanta-
neous velocity components, which can be reconstructed as

�U ðy; zÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu� cos ð45�Þ2 þ ðw� sinð45�ÞÞ2 þ ðvÞ2

q
: (1)

During data analysis, the measured velocity fields are normalized by
the experimentally measured freestream velocity �U1. The wall-
normal distance y and the spanwise coordinate z are instead non-
dimensionalized by d� computed from the numerical boundary layer
solution for Rek1 at x/c¼ 0.15 (namely �d

� ¼ 0.595mm).
The time average of the acquired HWA velocity signal �U ðy; zÞ is

computed to investigate the stationary flow features. The spanwise
extension of the acquired velocity fields accommodates the flow region
corresponding to the instability development at each considered chord
location. Additionally, each field also includes a portion of the undis-
turbed laminar boundary layer developing on both sides of the per-
turbed flow region. This is visible in Fig. 2(a), where the unperturbed
boundary layer flow develops on the left and right, respectively, of the
two vertical dash-dotted lines. Therefore, the spanwise average of the
velocity signal of the unperturbed flow region at each chord location
provides an estimation of the laminar boundary layer baseline devel-
opment �UbðyÞ. Moreover, each of the laminar �Ub profiles acquired
outside of the perturbed flow region allows for the identification of the
wall location at the corresponding spanwise coordinate (�z). In particu-
lar, each acquired boundary layer velocity profile �U ðy;�zÞ is assumed
to evolve linearly in the wall vicinity, in agreement with the typical
form of the laminar BL velocity profile. Therefore, the BL velocity val-
ues can be linearly extrapolated up to the y-location corresponding to
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the local �U ðy;�zÞ¼0. This procedure can be repeated on both sides of
the perturbed flow region, such that a linear interpolation along the z
direction defines the wall location also in the perturbed portion of the
flow. The steady boundary layer disturbance fields are computed as
�Udðy; zÞ ¼ �U ðy; zÞ-�UbðyÞ and allow for the characterization of the
high-speed and low-speed regions developing in the flow, as well as
for the investigation of their downstream evolution.

Additionally, HWA time-dependent velocity signal is considered
to investigate the unsteady disturbances. The velocity fluctuation fields
(U 0) allow for the identification of the highest fluctuation regions. The
frequency spectra extracted at the corresponding locations outline the
frequencies pertaining to the dominant fluctuation and their harmon-
ics. Furthermore, the energy associated with the considered frequency
range is computed by integrating the spectral power in the zy planes.
The main results and conclusions are presented in Sec. IV.

III. STATIONARY FLOW TOPOLOGY
A. Base flow evolution

To fully characterize the unperturbed boundary layer (i.e., base
flow) development, in the present work, a numerical solution of the
boundary layer equations is computed for each of the three tested Rek.
The applied procedure treats the base flow as a steady and incompress-
ible solution of the 2.5-dimensional (i.e., spanwise invariant) boundary
layer equations, based on the experimentally measured pressure distri-
bution and free-stream flow parameters. The numerical integration of
the boundary layer equations is performed using a marching proce-
dure, which initiated at the inflow with an analytical solution of the
Falkner–Skan–Cooke equations.36 The laminar BL velocity profile
(�Ub) is then estimated from both the numerical and experimental data
at each Rek at a fixed chord location. To facilitate direct comparison
with the experimental boundary layer profiles, the numerical BL is
projected to the HWA measurement system through Eq. (1). The
resulting comparison is reported in Fig. 2(b), while integral boundary
layer parameters are shown for the three Rek in Fig. 2(c). The obtained
�Ub velocity profiles confirm that the unperturbed (i.e., no roughness

element applied) incoming boundary layer flow is fully laminar and
no significant crossflow instability is developing upstream of the
roughness element.

Further base flow analysis can be performed by considering the
acquired IR thermography data, allowing for preliminary characteriza-
tion of the wedge evolution as shown in Fig. 3. The isolated roughness
element appears as a low-temperature circle at xr/c¼ 0.15 in the
reported IR images. For all three Rek considered, the flow past the
roughness element evolves into a turbulent wedge similarly to what
was observed for 2D boundary layers.3 The turbulent region is
deflected inboard (i.e., toward negative Z) as evolving downstream,
inducing an asymmetric flow features development typical of the 3D
boundary layers configurations.7,24 Moreover, the wedge evolution
shows a monotonic behavior as the Rek is modified. Its origin is
located further away from the element for Rek3 , suggesting weaker dis-
turbance effects are introduced in the flow.

The extraction of individual surface temperature profiles along z-
parallel lines delivers a quantitative estimation of the turbulent wedge
development in terms of origin, width, and opening angle. Specifically,
within each extracted temperature profile, the wedge is identified as a
region of temperature drop with respect to the corresponding local
laminar flow temperature (Tlam). The latter is locally extracted as the
averaged temperature value of the unperturbed flow regions and is
subtracted from the temperature profile to facilitate the temperature
drop identifications. Regions of flow corresponding to temperature
values lower than 0.9Tlam are associated with turbulent flow. This
analysis is performed between x/c¼ 0.158–0.35, and the resulting
wedge width (W) evolution is shown in Figs. 3(b), 3(d), and 3(f). The
origin of the turbulent wedge is identified as the first chord location
for which W is larger than 1.5D. This representative value is chosen in
similarity to the wedge geometry analysis proposed in previous works5

investigating the flow field incurred by an isolated element in a 2D
boundary layer. The proposed procedure is based on the symmetric
flow features of the developing turbulent wedge, and as such, it would
be not applicable to the present case. However, the choice of the 1.5D
as a threshold allows for the initial development of the ensuing

FIG. 2. (a) Time-averaged HWA velocity field for Rek2 at x/c¼ 0.2. Velocity isolines plotted every 20% of �U1 (gray lines); element location (black rectangle); limits of the per-
turbed flow region (vertical -. lines). Comparison between (b) HWA (�) and numerical (-) BL evolution along y extracted at x/c¼ 0.2; (c) chordwise evolution of BL parameters
computed from HWA (�) and numerical BL profiles (-).

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 084113 (2022); doi: 10.1063/5.0101187 34, 084113-5

VC Author(s) 2022

https://scitation.org/journal/phf


disturbances in the element vicinity, in agreement with the observation
of a finite distance between the wedge origin and the element location
reported in the literature.21 Moreover, such a threshold is also consis-
tent with the anticipation of unsteady disturbances and turbulent
structures development due to the increase in Rek (e.g., Refs. 1
and 21). In fact, the resulting wedge origin distance from the element
location is Dx0/c¼ 0.03 and 0.05 for Rek1 and Rek2 , respectively, while
it reflects the milder disturbance effects introduced in the Rek3 case,
evolving for almost 12% chord before laminar breakdown occurs.
These results agree well with previous works dedicated to isolated
roughness elements in 2D BL flows, indicating that also in the present
case the instabilities driving the transitional process are initiated in the
recirculation region developing aft of the roughness element.5,7,21

Overall, cases Rek1 and Rek2 show strong similarities, featuring
wedge opening angle of approximately 8� and 9�, respectively, while
Rek3 features a higher opening angle of about 12

�. The obtained values
compare well with previous 2D boundary layer investigations.35

However, for the current configurations, the traditional wedge
spreading half angle definition21 cannot be applied since the typical
symmetry of wedges in 2D boundary layers is lost. Consequently, by
computing the spanwise location of the wedge center along the chord

(full black lines in Fig. 3), the angle between the wedge development
axis and the X direction (hereafter called askew) is estimated, represent-
ing a measure of the overall skewness. Its values for the considered
cases lay between 6� and 8�, which are angles comparable to the ones
developing between the X direction and classical crossflow vortices
observed in similar experimental setups, but at higher RecX num-
bers.7,30,36 The sensitivity of askew to the temperature threshold chosen
for the wedge edges identification is considered as well. Few represen-
tative threshold values are selected, associating turbulent flow regions
to temperature values lower than 0.85, 0.90, or 0.95Tlam. Absolute
modifications of askew on the order of 1 to 0.5� (i.e., 10%–5%) are
registered, respectively, for the lower and higher threshold chosen,
leaving the identified askew values in a range comparable to the CFI
orientation.

A comparable procedure is applied to estimate the width of the
wedge from the collected HWA velocity fields. In particular, the wedge
evolution can be estimated at each scanned x/c location from a span-
wise velocity profile extracted at a fixed y-location close to the wall.
The region of velocity drop with respect to the boundary layer velocity
values at the same y is identified, giving an estimate of the wedge width
also reported in Figs. 3(b), 3(d), and 3(f). Despite the different

FIG. 3. (a), (c), and (e) IR thermography fields forced by roughness element at x/c¼ 0.15 and (a) Rek1 ¼ 251, (c) Rek2 ¼ 222, (e) Rek3 ¼ 198. Flow comes from the left,
wedge middle point (- line); linear interpolation of the wedge limits (-. lines); wedge origin distance from the element (Dx0/c). (b), (d), and (f) Estimation of wedge width (W) evo-
lution along wing chord for different forced flow cases: element location x/c¼ 0.15 and (b) Rek1 , (d) Rek2 , and (f) Rek3 . Values collected form post-processing of HWA (�) and
IR (�) data.
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measurement and processing techniques, the wedge evolution is com-
parable at all tested Rek confirming the ability of infrared thermogra-
phy to properly describe the developing changes in the boundary
layer. The HWA-estimated wedge width appears to be overestimated
at downstream locations (i.e., x/c¼ 0.25, 0.3), possibly due to the lower
spanwise resolution when compared to the IR acquisitions.
Confirming previous observations, Rek3 features a wider chordwise
region characterized by a slowly varying wedge width.

B. Steady disturbances

The base flow analysis corroborates that the base flow features in
the present work compare well with those of previous studies (e.g.,
Refs. 3, 8, 22, 26, and 28). Based on these similarities, the stationary
disturbances introduced by the roughness element are further ana-
lyzed, considering the HWA time-averaged velocity fields.

Figure 4 shows the disturbance velocity fields [computed as
�U ðX; zÞ � �Ubðy=�d

� ¼ 1:7Þ] collected for the three Rek at a constant
y/�d
�¼1.7 distance from the wing surface. As suggested by the IR fields,

an asymmetric wake is identifiable downstream of the roughness ele-
ment, accompanied by the development of high- and low-speed struc-
tures, approximately aligned to the X direction. For all three cases, a
low momentum region forms aft of the element,22 with a couple of
alternating high- and low-speed streaks developing on both sides adja-
cent to the element’s wake.12,17,18,22,26 The low momentum region per-
sists in the wake core, up to the merging of the outer high-speed
streaks. This occurs earlier for the higher Rek considered, rapidly lead-
ing to the development of the turbulent wedge, as previously identified
in the IR images (Fig. 3). The asymmetric development of the turbu-
lent flow region is clearly evident in the largely differing behavior of
the streaks located on the inboard (i.e., toward lower Z/�d

�
values) and

outboard (i.e., toward higher Z/�d
�
values) sides of the wake region in

the Xz plane. Specifically, the inboard high-speed streak forms shortly
downstream of the element location, as shown in Fig. 4, and develops
along the wake’s inboard side. Once initiated, such streak structure is
sustained along the downstream direction, being most likely induced
by a vortex that is co-rotating with the baseflow crossflow. By contrast,
the high-speed streak on the outboard side of the wake is attenuated
and substituted by a large and intense low-speed streak similarly to
what was described in previous works.10

These considerations are confirmed and detailed by the distur-
bance flow fields extracted from the HWA scans in the zy plane,

reported in Fig. 5. The low momentum region (L1) is clearly visible in
correspondence of the element’s wake (L1, Refs. 5, 12, 22, and 45) as
are the two weaker low-speed streaks developing on the element sides.
The inboard low-speed region is quickly decaying and is substituted
by a strong high-speed streak (H1). The outboard low-speed streak
(L2) instead grows while moving downstream, accompanied by the
dampening of the outboard high-speed structures (H2), as observed in
Fig. 4. Two high-speed regions are identified on the side of the low
momentum wake region shortly downstream of the element location.
They initially grow individually in the element vicinity, while they
merge further downstream (forming the high-speed region named
HM) replacing the low momentum region developing in the element
wake, comparably to the behavior observed in 2D boundary layer
configurations.20

To further characterize the dominant stationary structures and
their corresponding amplitudes, the disturbance velocity fields are
masked based on a threshold disturbance value. This allows for isolat-
ing the two dominant low-speed regions (L1 and L2) and two high-
speed regions (H1 and H2) developing downstream of the element
(Fig. 5). The local absolute amplitude is estimated as the maximum
and minimum disturbance velocity within the high-speed and
low-speed masked regions, respectively (Fig. 6), and reflects the flow
features described beforehand. The amplitude of the low-speed regions
in the wake and on the inboard side of the element rapidly drops to 0,
while the high-speed structures’ amplitude grows prior to their merg-
ing. Further downstream, the merged high-speed region grows up to a
saturation amplitude level indicative of turbulence onset.12,15,18,20,26

In addition to localized absolute amplitude estimations,
Andersson et al.2 proposed a relative streak amplitude metric, that is,
AAndðxÞ ¼ 0:5 � ½maxð�U � �UbÞ �minð�U � �UbÞ�. Based on this cri-
terion, for the present investigation, the maximum disturbance ampli-
tude in the element vicinity is estimated to be 0.29 �U1, 0.28 �U1, and
0.25 �U1, respectively, for decaying Rek. For 2D boundary layers, a
critical streak amplitude of 0.2 �U1 is identified as a sufficient condi-
tion for the laminar breakdown of the developing velocity streaks.
Hence, the streak amplitude values resulting from the present study
indicate a similar transitional process is dominating the considered 3D
setup. This indicates that the isolated element is introducing flow per-
turbations that rapidly develop in the element’s wake and initiate a
transitional process guided by the breakdown of the high-/low-speed
streak structures. However, based on the observations reported so far

FIG. 4. Time-averaged HWA disturbance velocity fields acquired at constant wall-normal distance y/�d
�¼1.7 for Rek1¼251, Rek2¼222, and Rek3¼198.
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in this work, classical crossflow instabilities are largely absent, as the
element wake is dominated by the developing system of low- and high-
speed streaks. The role of baseflow crossflow appears limited to the intro-
duction of asymmetry observed in the topology of the turbulent wedge.

IV. UNSTEADY PERTURBATIONS CHARACTERISTICS

Despite giving relevant insights on the dominant flow structures
developing in the downstream vicinity of the element, the stationary
disturbance analysis does not fully characterize the transitional

FIG. 5. Time-averaged disturbance velocity fields computed from HWA for the three Rek at different x/c locations. Low-speed region in the elements’ wake (L1;�), outboard
low-speed region (L2;�), inboard high-speed region (H1, - - line), outboard high-speed region (H2;(), and merged high-speed region (HM, full red line). Velocity isolines plot-
ted every 20% of the freestream speed (gray lines) and element location (black rectangle).

FIG. 6. Amplitude estimation of near-element flow structures for Rek1 ¼ 251, Rek2 ¼ 222, and Rek3 ¼ 198. Colors and symbols are identifying structures as in Fig. 5, AAnd
2

amplitude definition (X).
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process. To identify the path toward turbulence onset and to further
clarify the nature of the developing instabilities, the unsteady distur-
bance fields are considered hereafter.

Andersson et al.2 identify two main types of unsteady structures
supported by the developing stationary streaks in the downstream vicin-
ity of an isolated roughness element in 2D flow. Based on the aforemen-
tioned relative amplitude metric (AAnd), they determine streak
amplitudes higher than 0.26 �U1 as sufficient to develop streak break-
down due to so-called sinuous modes associated with the stationary
spanwise shear in the element wake. Instead, for a streak amplitude
larger than 0.37 �U1, the varicose mode resulting from a three-
dimensional shear layer instability is dominating the disturbance field.
Instabilities dominated by varicose symmetry are found to be amplified
in the wake flow of roughness elements in many 2D configurations,
even when, according to linear stability theory, the dominant flow insta-
bility mode is of sinuous nature.8,9 However, the roughness configura-
tions considered by Bucci et al.,8,9 all feature a shear ratio of
approximately 1.5–2, which is much higher than the cases presented in
this work (i.e., 0.85–0.9). The single-point HWA measurements per-
formed in the current investigation prevent the extraction of informa-
tion regarding the relative phase of developing unsteady disturbances.
As a consequence, the collected set of data cannot provide a conclusive
characterization of the nature of the vortex shedding occurring aft of the
roughness element. Nonetheless, based on the works discussed before-
hand by Andersson et al., Bucci et al., Loiseau et al., and considering the
streak amplitude thresholds,2 the element aspect ratio (k/D ’ 0.08)26

and the element shear ratio (k/d� ’ 0.85–0.9)9 of the current setup, sin-
uous type of instabilities could dominate the shedding in the element’s
wake. Nevertheless, the aforementioned works are DNS computations
performed on Blasius boundary layers; hence, they do not take into
account the combined effect of the wing sweep angle and the chordwise
variation of the pressure gradient, both affecting the local boundary
layer flow stability, possibly modifying the nature and growth process of
the developing instabilities. In the following section, an examination of
the stationary velocity gradients and related shear layers is provided, to
incur a more reliable estimation of the developing instabilities’ nature.

A. Unsteady perturbation fields

To localize the flow field regions characterized by high fluctua-
tions, the standard deviation of the point-wise time-dependent

hot-wire velocity signal (U 0) is considered. The U 0 fields computed
from the HWA measurements in the Xz plane are reported in Fig. 7.
For all three Rek cases, the velocity fluctuations are concentrated in the
flow region corresponding to the element’s direct wake and to the later
development of turbulent flow, in agreement with the orientation and
configuration of the steady flow structures previously observed (Fig.
4). Similar to what was reported by previous works (e.g., Refs. 5, 22,
and 26), the areas of higher fluctuations develop in correspondence to
the low-speed streaks, hosting the turbulent portion of the flow.
Moving downstream, the opening of the wedge region is accompanied
by a corresponding spatial (spanwise) spreading and an overall
increased level of unsteady fluctuations. This effect is less visible in the
Rek3 case, for which the developing instabilities are relatively weaker
and the laminar breakdown occurs at more downstream chordwise
locations.

Comparable flow features can be identified in the zy planes
reported in Fig. 8 for the near-wake flow and Fig. 9 further down-
stream. From the near-wake flow fields, a region of intense velocity
fluctuations on top of the element can be recognized. In previous
investigations,1,7,21 this flow region is identified as responsible for the
origin of the cylinder eddy shedding, which induces an increased level
of unsteadiness in correspondence to the element’s wake. A region of
weaker unsteadiness is located on the inboard side of the roughness
element, while almost no significant fluctuations are present in the rest
of the flow field. As evolving downstream, the unsteady region located
on top of the element expands on its flanks, possibly guided by the
horseshoe vortex legs development.3,26 On the other hand, the fluctua-
tion region located on the inboard element side rapidly decays.
Further downstream, for the Rek1 and Rek2 cases, the stationary high-
and low-speed streak alternation develops and the unsteady core
broadens and covers a wider portion of the BL both in the z and y
directions. The Rek3 case is characterized by comparable flow evolu-
tion, even if the overall fluctuations are weaker and the broadening
due to turbulence onset is visible at relatively more downstream chord
locations.

Similar to previous analysis,16 the wall-normal and spanwise gra-
dients of the stationary velocity field are investigated, providing inter-
esting insights regarding the nature of the dominating unsteady
instability. For the considered configuration, the wall-normal mean
velocity gradients (acting on the local boundary layer velocity profile

FIG. 7. Standard deviation of the HWA velocity signal acquired at constant wall-normal distance y/�d
� ’ 1.7 for Rek1 ¼ 251, Rek2 ¼ 222, and Rek3 ¼ 198. Points of highest std

(þ) computed at the same chord location of the acquired zy planes. The gray circle represents the top view of the element.
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and on the small length scale of the element height) are considered to
have a stronger effect on the flow with respect to their spanwise coun-
terparts (acting on a larger length scale associated with the wedge
width). Therefore, the wall-normal gradient @ �U=@y is first considered
and computed at each spanwise location.

An inflection point in the boundary layer velocity profile is a
typical source of inviscid instabilities. Inflection points are weakly
identifiable on the �U profiles; however, they correspond to a local
maximum or minimum of the wall-normal gradient of the mean
velocity profile, as well as to a null value of the mean velocity profile

secondary derivative in y. Therefore, Figs. 10(a)–10(c) report the
�U ; @ �U=@y, and @2 �U=@y2 profiles for the three Rek cases extracted
at a fixed chord location of x/c¼ 0.162 and a spanwise position
located inside the wake of the element (i.e., z/�d

�¼19.5). The corre-
sponding profiles of the standard deviation of velocity fluctuations
are also reported in these graphs and multiplied by a factor of 10 to
ease visualization. It is evident that for the considered chord loca-
tion, the @ �U=@y maximum coincides with the U 0 maximum.
Accordingly, the same y-location corresponds to the null value of
the secondary derivative profile, that is, @2 �U=@y2, thus identifying

FIG. 8. Standard deviation of the HWA velocity signal at different x/c location and Rek. Velocity isolines plotted every 20% of the freestream speed (full lines); mean velocity
wall-normal gradient maximum (i.e., inflection point) (white— dotted line); maximum fluctuation amplitude location on top of the element at which spectra (Fig. 11) are extracted
(þ); maximum fluctuation amplitude location on the side of the element (X) at x/c¼ 0.158.

FIG. 9. Standard deviation of the HWA velocity signal at different x/c location and Rek. Velocity isolines plotted every 20% of the freestream speed (full lines).
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an inflection point of the �U profiles. Similar behavior is observed at
most spanwise locations where inflectional points appear within the
wake. Such inflection points are not directly visible in the boundary
layer profiles reported in Fig. 10; however, their wall-normal loca-
tion is shown by the white dashed line reported in the contours of
Fig. 8. The observed correspondence suggests that the development
of the dominant instabilities strongly relates to the wall-normal
shear layer evolution.16 The extracted fluctuation spectra at these
locations (Fig. 11) further confirm this connection, showing the
presence of a main high-amplitude peak and increasingly amplified
harmonics as Rek is increased. Hence, the inflectional boundary
layer profile inherently contributes to the instabilities sustainment
and growth process; however, in the considered near-critical ampli-
tude range, a different mechanism is responsible for initiating the
unsteady disturbances (as further discussed in Sec. IV B). The corre-
spondence between the fluctuation amplitude local maxima and the
gradient maxima is lost at more downstream locations as the flow
becomes turbulent. This is already visible at x/c¼ 0.17 for case Rek1
(Fig. 8); therefore, the maximum gradient location is not reported
in the flow fields of Fig. 9 for the sake of clarity.

A similar analysis can be performed for the spanwise gradients of
the mean velocity field. The standard deviation fields, along with the
already discussed @ �U=@y, show that the region of higher fluctuations

lies at a wall-normal location of y/�d
� ’ 1 in the element vicinity.

Therefore, to visualize the @ �U=@z gradient profile, the spanwise mean
velocity and fluctuation standard deviation profiles are extracted at the
same y-location. The @ �U=@z is then computed for these velocity pro-
files. The results are reported in Figs. 10(d)–10(f) for x/c¼ 0.162 at all
three Rek numbers measured. The spanwise gradient behavior con-
firms that the low-speed streaks are the regions containing higher
unsteady fluctuations. As stated previously and in agreement with pre-
vious works (e.g., Refs. 5, 22, and 26), the minimum of the velocity
appears to be aligned with the maximum of the fluctuation amplitude.

Considering the reported results, the developing instabilities
strongly relate to the region of inflectional velocity fields in the ele-
ment’s wake and the related shear layers, similar to the results of
numerical and experimental investigations dedicated to isolated
roughness elements in 2D BL. This behavior suggests that, in anal-
ogy with the 2D cases, shedding phenomena near the element play
a dominant role. Additional information to further ascertain these
dominant instabilities’ nature can be inferred by analyzing the fea-
tures of the frequency spectra extracted from the time-resolved
velocity signals. Further confirming the observations from the
analysis of the stationary disturbance fields, locally generated
crossflow instabilities do not appear to manifest or influence the
near-element flow development.7,24

FIG. 10. (a)–(c) Time-averaged velocity profile, @�U=@y gradient profile, @2�U=@y2 profile, and fluctuation amplitude profile extracted at z/�d
� ¼ 19.5, x/c¼ 0.162 for (a)

Rek1 ¼ 251, (b) Rek2¼ 222, and (c) Rek3¼198. Maximum of @�U=@y gradient profile (red �) and maximum of fluctuation amplitude profile (blue �); inflection point of
@2�U=@y2 profile (black �). (d)–(f) Time-averaged velocity profile, @�U=@z gradient profile, and standard deviation profile extracted at y/�d

� ’ 1, x/c¼ 0.162 for (d) Rek1 ¼ 251,
(e) Rek2 ¼ 222, and (f) Rek3 ¼ 198.
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B. Spectral and intermittency analysis

The time-dependent velocity signal is analyzed to extract the fre-
quency spectra in correspondence to the maximum velocity fluctua-
tion loci, which indicated with the black cross in Fig. 8. The velocity
signal power spectral density (PSD) is computed through a Welch42

periodogram procedure implemented in MATLAB, resulting in a final
frequency resolution of 25Hz. The extracted spectra are collected in
Fig. 11 and clearly show the higher amplitude of fluctuations present
in the element wake with respect to the freestream flow regions (gray
lines in the plots).5,23 The near-wake flow is characterized by a strongly
tonal behavior, with PSD peaks identifying dominant frequencies in
the 1.4–1.9 kHz bandwidth. Specifically, the peak frequency (f1) mono-
tonically decreases with Rek, corresponding to 1.85, 1.65, and 1.45 kHz
for the three Rek cases. Moreover, harmonics of f1 are also well defined
between x/c¼ 0.162 and x/c¼ 0.17 for Rek1 and Rek2 , while they per-
sist even more downstream for Rek3 . At more downstream locations
(x/c > 0.17), the spectra are characterized by overall higher fluctua-
tions level, which is spread over a broader frequency range without
identifying a clear spectral peak. This behavior is indicative of the

laminar structure breakdown and is observed with a 3% chord delay
for Rek3 , in agreement with the results discussed beforehand and con-
firming that the instabilities developing in this lower Rek case are
milder. The observed spectral behavior bears strong similarity to 2D
boundary layer transition cases, thus indicating that the crossflow
velocity component has limited effect on the unsteady disturbance
onset. This agrees well with the comparable 2D and 3D boundary layer
flow topology observed by Kurz and Kloker,24 and is first confirmed
experimentally by the presented investigation.

In particular, the comparability between the two boundary layer
scenarios lends some useful observations for the present cases. In a
typical 2D boundary layer configuration, the tonal behavior observed
in the element vicinity can either be driven by the amplification of a
local instability mode,8 or by the quasi-resonance of a marginally sta-
ble mode, originating from background noise or external disturbances
and enhanced by the roughness element.9 Past investigations
highlighted that the occurring behavior is strongly related to multiple
geometrical and freestream parameters, in which Rek, k/D, k/d

�, and
Tu.

8 In 3D boundary layers, the pressure gradient and sweep angle

FIG. 11. (a)–(c) Frequency spectra extracted for different Rek in correspondence to the maximum fluctuation amplitude region for each chord location acquired. For visualiza-
tion purposes, the spectra pertaining to each chord location are offset by a decade. Freestream flow frequency spectra extracted at x/c¼ 0.158 (gray horizontal line); spectral
peak (blue dotted line). (a) Rek1 ¼ 251, (b) Rek2 ¼ 222, (c) Rek3 ¼ 198. (d) Stk and Std� extracted for different Rek and chord locations at the location of maximum std.
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may also play an additional and relevant role, as they significantly
affect the local boundary layer stability and evolution. In the current
work, a direct comparison between the experimentally identified dom-
inant instabilities and the dominant modes identified by a numerical
stability solution is not available. Therefore, it is not possible to provide
conclusive proof regarding the nature of the roughness element behav-
ior. Nonetheless, the extremely low level of freestream turbulence
characterizing the wind tunnel flow in the present investigation
(Tu¼ 0.025 �U1,

36 much lower than that considered in 2D investiga-
tions8) tends to limit the role of the resonating behavior of the rough-
ness element. This, in turn, would point toward the amplification of
instability modes as the main mechanism responsible for the unsteadi-
ness development. Such behavior would agree with the fact that the
transitional flow scenario of the current setup is dominated by the
rapid amplification of convective instabilities, which are typically
enhanced by the roughness element.28 Additionally, as visible from
the spectra reported in Fig. 11, the dominant frequency peak is
relatively broad. Accordingly, in the element vicinity, a small range
of frequencies can be excited, inducing a range of instability modes
initially growing due to non-modal interactions and transient
phenomena.8,40,41,44 Further sustaining this hypothesis, recent investi-
gations46 showed that transient phenomena can be relevant in the ini-
tial phases of the receptivity process of a roughness element applied in
a 3D boundary layer. These observations do not exclude the possibility
of exciting weaker modes by means of the roughness resonant behav-
ior; nonetheless, this mechanism would play a less relevant role in the
transitional process.

Toward confirming that the identified tonal behavior can be
associated with the amplification of boundary layer instabilities, the
extracted dominant frequencies are compared to those pertaining to
the element shedding,21,22 by estimating the local Strouhal number.
For this analysis, the Strouhal number is defined as St�d� ¼ f 1�d�/jukj,
or as Stk ¼ f 1�k=jukj, where k is the element height and jukj is the
unperturbed boundary layer velocity at height k extracted from the BL
numerical solution for the three considered Rek.

1,12,21 The former defi-
nition (St�d� ) proved helpful in comparing the spectral characteristics
within a universal frame,21 while the Stk is strongly dependent on the
Rek as it also accounts for the local boundary layer development and
its relation to the element geometry. Both St number definitions are
based on the reference frequency corresponding to the maximum of
the PSD spectra at each chord location considered and are collected in

Fig. 11. The tonal behavior outlined by the reported spectra reflects in
the St�d� values, which retain an almost constant value in the range of
0.12–0.13 throughout all the cases considered. On the other hand, the
Stk values are weakly scaling with the Rek. A direct comparison
between the St numbers extracted in the present work with cases pre-
sented in literature is difficult to achieve, as due to the 3D nature of
the considered boundary layer, the Rek and k/D considered herein lay
outside of the typical parameter range explored in 2D boundary layer
investigations.12,21,22 Nonetheless, in the element vicinity, the Stk val-
ues fall within the range of values generally associated with cylinder
shedding,21,22 namely, Stk ’ 0.09–0.12. This further suggests that the
instability onset process is initiated and dominated by the element
shedding. Nonetheless, the St number definition loses its relevance
once turbulence begins to play an important role in the BL, as the tonal
behavior and shedding are overcome by the increased level of broad-
band fluctuations. As such, St values are only reported for the chord
locations characterized by spectra with a clearly identified frequency
peak (i.e., upstream of x/c¼ 0.2).

The performed Welch’s periodogram analysis additionally pro-
vides the spectral power of the acquired point-wise velocity signal.
Hence, the spectral power values corresponding to each frequency can
be integrated into the zy plane to obtain an estimate of the associated
integral energy (hereafter named EPS and non-dimensionalized by
�U 2
1) and its location in the frequency space. The contours of the

resulting integrated energy are reported in Fig. 12, using a logarithmic
color scale for visualization purposes. The strong tonal behavior is
confirmed for all three Rek in the element vicinity. In particular, local
energy peaks corresponding to the dominant frequency and its har-
monics can be identified. The chordwise instability growth is initially
accompanied by an energy growth of the sole dominant frequencies,
while a global energy increase spread over the whole considered fre-
quency bandwidth occurs with the turbulence onset. The spreading of
spectral energy occurs more downstream for the lower Rek cases, in
agreement with the results previously reported.

Finally, the velocity signal intermittency (c) is estimated.22,31 The
resulting contours are reported in Fig. 13 for a set of chord locations
between x/c¼ 0.17–0.25. More upstream chord locations are not
reported as they show no or little relevant region of intermittency; that
is, c is approximately zero in the whole domain. Nonetheless, the well-
developed c ’ 1 regions characterizing the Rek1 case are indicative of
the early development of the turbulent wedge observed for this

FIG. 12. Contour plots of integral energy (EPS/�U
2
1) extracted from the integration of the spectral power computed through the Welch periodogram.
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super-critical case. The Rek2 case closely follows this behavior, display-
ing a highly turbulent region quickly extending in both the spanwise
and wall-normal directions as moving downstream. Minor turbulence
spreading is observed for the Rek3 case, in agreement with all other
observations reported for this case. The analysis of the intermittency
highlights the asymmetric development of the turbulent flow region.
Especially considering the Rek3 case, thanks to the slower turbulence
spreading, the turbulent structure is observed to shift toward negative
z coordinates while moving downstream, in agreement with the asym-
metrical wedge opening observed in Fig. 3. Moreover, it is also possible
to identify the overhang effect of the turbulent region; that is, the sides
of the c > 0 region always appear to be separated from the wall by a
thin laminar layer. Overall, the c evolution confirms how the higher
fluctuation region is initially located in the element wake, while all
three Rek show a turbulent region spreading in the spanwise and wall
normal directions at x/c¼ 0.25, with high c values characterizing a
wider portion of the domain.

In conclusion, the collected results indicate that the developing
near-element instabilities are strongly related to the wall-normal shear
layer evolution, and are effectively sustained by the inflectional nature
of the boundary layer velocity profile. In fact, the analysis of the stan-
dard deviation and gradient peaks allows for the identification of an
inflection point that coincides with the y-location of maximum fluctu-
ations developing on top of the element. Based also on the observed

dominant frequency, the developing instabilities are initiated by the
shedding process occurring on the element top. The introduced insta-
bilities persist and grow in the element’s wake, influencing a wider
region of the acquired domain and leading to the formation of a turbu-
lent wedge. Overall, the near-element flow development and the insta-
bility onset process are considered to be qualitatively comparable to
the one observed in 2D boundary layer studies, confirming that classi-
cal modal crossflow instabilities are not dominating the present transi-
tional scenario. Nonetheless, the presence of the crossflow velocity
component in the boundary layer baseflow fundamentally conditions
the downstream flow development in the 3D boundary layer scenario,
introducing a flow asymmetry affecting the evolution of both steady
and unsteady flow features.

V. CONCLUSIONS

The present study investigates the transitional process of a 3D
boundary layer forced by an isolated cylindrical roughness element
applied on the surface of a swept wing model. By varying the free-
stream velocity, the flow is investigated at super-critical (i.e., Rek1 ,
causing flow tripping aft of the element location) and two critical (i.e.,
Rek2 , Rek3 ) conditions through infrared thermography and hot-wire
anemometry. Detailed geometrical parameters of the measured config-
urations are reported in Table II.

FIG. 13. Intermittency contours estimated for three different Rek at the indicated chord locations.
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The current setup develops a base flow topology comparable to
the dominant flow features identified in 2D boundary layers, sugges-
ting that roughness-induced crossflow instabilities are not dominant
in the considered 3D boundary layer. This can be traced back to the
relatively high amplitude of the applied isolated element, which intro-
duces steady and unsteady disturbances that rapidly develop and cause
flow tripping. Nonetheless, notable differences between isolated rough-
ness transition in 2D and 3D boundary layers are identified. These
mostly derive from the presence of the crossflow velocity component
in the boundary layer base flow, which induces asymmetric down-
stream development of the identified near-element flow features.

Specifically, the turbulent flow region forms at a finite dis-
tance from the element location (i.e., Dx0/c¼ 0.03–0.12 for
decreasing Rek)

21 and evolves following an inboard-tilted trajec-
tory. This is described by the parameter askew, which is found to
correspond to the trajectory of classical modal crossflow vortices
developing in the same geometry at higher Re (i.e., a 6�–8� angle
with respect to the X direction).38

Additionally, the stationary near-element flow topology features
one main low-speed flow region developing aft of the element in corre-
spondence to its wake. This is accompanied by the alternation of two
high-/low-speed streaks on its inboard and outboard sides. The high-
speed structures evolve individually in the element’s vicinity; however,
they merge further downstream and substitute the low-speed wake
streak. This high-speed region localizes in correspondence to the tur-
bulent wedge region, growing asymmetrically up to saturation.

On the other hand, the crossflow velocity component has limited
effect on the unsteady instabilities onset and dominant frequencies. In
fact, detailed analysis of the unsteady velocity signal suggests that the
unsteady instabilities are initiated by the shedding process occurring
on top of the element. This compares well with previously investigated
2D boundary layer scenarios and is first confirmed for a 3D boundary
layer configuration in the present work. Additionally, the y-location of
the maximum fluctuation region corresponds to the wall-normal gra-
dient maximum, indicating that the inflectional boundary layer profile
inherently contributes to the unsteady instabilities sustainment and
growth process. Furthermore, the spectral analysis of the time-
dependent velocity signal shows a tonal behavior dominating the near-
element flow development (upstream of the onset of turbulence), with
dominant frequency monotonically varying with Rek. The definition
of the Strouhal number based on the identified frequency peak pro-
vides values that lay within the shedding range identified in the litera-
ture (namely, St�d� ’ 0.12–0.13 and Stk ’ 0.09–0.12).1,12,21 However,
despite the similarities observed in the near-element flow region, the
baseflow crossflow component actively conditions the instabilities
downstream development and the entire transition topology. This is
confirmed by the asymmetric spanwise and wall-normal broadening
of the high-fluctuations region and of the area of elevated intermit-
tency (representative for the turbulent flow region).
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