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In this work, the free-stream turbulence (FST) induced transition of a flat plate boundary layer is studied using particle
image velocimetry (PIV) under variable Reynolds number (Re), FST intensity and adverse pressure gradient (APG).
Overall, 10 different flow conditions were tested concerning the variation of these parameters. The streak spacing and
the probability density function (PDF) of turbulent spot nucleation are computed for all cases. The streak spacing is
shown to be constant in the transition region once scaled with the turbulent displacement and momentum thickness,
with resulting values of around 3 and 5, respectively. Nucleation events are shown to occur near the position where the
dimensionless streak spacing reaches such constant values. The streamwise position where most of turbulent spots are
formed is strongly influenced by the FST intensity level. Additionally, the PDF of spot nucleation becomes narrower
increasing the APG, while FST has the opposite effect. A common distribution of all the PDFs is provided as a function
of a similarity variable accounting for the streak spacing, the shape factor of the boundary layer and the FST intensity.
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I. INTRODUCTION

The transition of a boundary layer subject to free-stream
turbulence is driven by the growth and the successive breakup
of unsteady streaky structures (see Westin et al. ', Kendall 2).
Streaks develop as longitudinal low-frequency perturbations
in the laminar boundary layer, with a well defined spanwise
scale (see, e.g., Matsubara and Alfredsson3). Once formed,
streaks are amplified and then break down leading to the
generation of turbulent spots (see Emmons*), which con-
vect and merge, causing the transition completion. Due to
the inherent sensitivity of the transition process to the ex-
ternal flow characteristics (FST intensity and integral length
scale, Reynolds number and pressure gradient), the path to
turbulence in a boundary layer subject to FST is an extremely
complex phenomenon (see among others Matsubara and Al-
fredsson 3, Brandt et al. 5, Fransson et al. ®, Nolan and Zaki’,
Fransson and Shahinfar®), which is still to be fully under-
stood.

In the case of FST induced transition, velocity disturbances
penetrate the laminar boundary layer from the free-stream re-
gion according to the shear sheltering mechanism described
in Hunt and Durbin®, Jacob and Durbin!? and Zaki and
Saha'!. High frequency fluctuations are filtered by the bound-
ary layer, while low frequency high amplitude disturbances
penetrate the near wall region (see Wang et al. '2). Sundaram
et al. 13 studied the response of a semi-infinite flat plate BL to
deterministic free-stream excitation, which is different from
other studies concerning the role of FST on transition. The
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flow was shown to be more receptive with higher strength of
disturbance. In the laminar region, the scales of disturbances
are sensibly larger than the boundary layer dimension. As
streaks propagate in the main flow direction, their spanwise
scale becomes comparable with the boundary layer thickness
(see Matsubara and Alfredsson?) and their energy increases.
Kendall 2 and Westin et al. | showed that the energy of stream-
wise fluctuations in the boundary layer grows linearly with x
(being x the main direction of the flow) until breakup occurs
(see also Brandt et al.%).

When streaks reach a certain amplitude, secondary instabil-
ity can occur. Unstable streaks exhibit time dependent fluctu-
ations (Swearingen and Blackwelder '4) which can occur in
both symmetric (varicose) and antisymmetric (sinuous) con-
figurations (see e.g., Andersson et al. !>, Brandt and Henning-
son'®, Asai et al.'7, Mans et al.'® and Schlatter et al. %),
with this latter being the most dangerous one in terms of pro-
moting transition (Andersson et al. 15 Mans et al. 20). Ander-
sson et al. !> found that the critical streak amplitude leading
to the occurrence of sinuous unstable modes is 26% of free-
stream velocity, whereas a value of 37% was observed for the
varicose mode (similar results were found in the more recent
work of Zhang et al.?!). Brandt et al.> performed direct nu-
merical simulations showing that streak instability is driven
by the strong shear associated with the presence of adjacent
high- and low-speed filaments. Inviscid instability is found
to dominate the breakup process, with high frequency modes
forming close to the boundary layer edge. In the more recent
work of Brandt and De Lange 22 the role of streak interac-
tion in the formation of the turbulent spot was inspected us-
ing direct numerical simulations under zero pressure gradient.
The authors demonstrated that the collision of two boundary
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layer streaks can cause their breakup without the addition of
background noise. Mans et al. '® analyzed the sinuous insta-
bility of streaks forming in a flat plate boundary layer at con-
stant Reynolds number and FST intensity. They found that the
streamwise and spanwise wavelengths of sinuous mode insta-
bility scale with the boundary layer thickness (see also Mans
et al.2%). In the more recent paper of Zhang et al.2! the role
of high-frequency free-stream turbulence disturbances in pro-
moting streak secondary instability was discussed in details.
The authors showed that even with weak intensity, streaks
are susceptible to the high-frequency free-stream vortical dis-
turbances. The authors show that streak secondary instabil-
ity is excited by the nonlinear interaction between the high-
frequency free-stream disturbances and the non-parallel streak
base flow. Regardless of the dominant mechanism driving the
breakup process of streaky structures, the secondary instabil-
ity of BL streaks leads to the successive formation of turbulent
spots (see e.g., Emmons*, Brandt and Henningson 16 Mans
et al.2% Nolan and Zaki’, Marxen and Zaki 23). These lat-
ter are known to spread and merge causing transition com-
pletion. Goldstein et al.?* examined the spreading of tur-
bulent spots into a Blasius boundary layer showing that the
spreading mechanism occurs at the edge of the turbulent re-
gion in discrete steps in which new streamwise vortices are
formed. The growth characteristics and the shape of spots in
boundary layer flows depend on the Reynolds number, pres-
sure gradient, surface roughness and free-stream turbulence
level (see the comprehensive work of Lee and Jiang ). Klotz
and Wesfreid 2® performed the experimental study of spatial
and temporal evolution of the transient amplification and sub-
sequent decay of localized spots in plane Couette—Poiseuille
flow. The authors demonstrated that the temporal evolution
of a localized spot triggered by a well-controlled external per-
turbation can be explained by linear theory. However, when
the Reynolds number and/or amplitude are high enough, the
validity of the linear theory is lost.

All the aforementioned works provide a detailed descrip-
tion of the different stages of transition from the receptivity
process leading to streaks formation, to their subsequent am-
plification and their breakup into turbulent spots. However,
the characterization of the entire transition process, at least
from the statistical point of view, and the description of the
combined effects due to the variation of the main influencing
parameters (i.e. Reynolds number, FST and pressure gradi-
ent) is typically provided by comparing different investiga-
tions found in the literature.

The effects due to Reynolds number variation on FST in-
duced transition has not been extensively studied due to the
limited spatial resolution of experiments at elevated Reynolds
numbers and, further, to the high cost of DNS analysis.
Among others, Hernon et al.?” performed hot-wire measure-
ments of transitional boundary layer evolving over a flat plate
for different values of both the Reynolds number and the FST
intensity. The authors found that the penetration depth of dis-
turbances in the boundary layer is inversely proportional to
the local Reynolds number, according to the theoretical re-
sults obtained by Jacobs and Durbin?® based on solutions of
the Orr—Sommerfeld equation. Nolan and Walsh?® showed

that the transition onset position move upstream increasing the
Reynolds number, and the boundary layer becomes more re-
ceptive to free-stream turbulence (see also the previous work
of Jacobs and Durbin 28).

The role of free-stream turbulence characteristics in FST in-
duced transition was studied in detail in the past works of Mat-
subara and Alfredsson?, Brandt et al.>, Fransson et al.® and
in the more recent work of Fransson and Shahinfar®. Brandt
et al.> showed that for a Blasius boundary layer, the span-
wise scale of streaky structures is only slightly affected by the
FST intensity while the increase of its integral length scale
delay transition. Fransson et al.® found that the transitional
Reynolds number is inversely proportional to the energy of
FST, even if for turbulence intensity higher than 2.5% the tran-
sition length increases with the energy of fluctuations. Ruan
etal. 3 performed large eddy simulation of flat plate boundary
layer with impinging wakes at different reduced frequency. At
higher reduced frequency, i.e. increasing the statistical per-
sistence of wake related turbulence, the length of transition
was found to increase. In the recent work of Fransson and
Shahinfar®, the authors performed hot-wire measurements for
a vast range of FST conditions under zero pressure gradient.
The authors showed that depending on the intensity of fluctua-
tions, increasing the integral length scale can lead to higher or
even lower transitional Reynolds number (see also the recent
work of Albiez et al.3! in case of adverse pressure gradient).
Veerasamy et al.>? studied the effects of non-impinging tur-
bulent wake on the laminar-turbulent transition of a flat plate
boundary layer. Reducing the FST experienced by the lam-
inar boundary layer shifts the origin of the streaky structure
downstream, thus delaying transition. Additionally, the span-
wise scale of the streaky structures is found to correlate with
the forcing turbulence characteristics penetrating through the
boundary layer edge.

Zaki and Durbin?? investigated the role of pressure gra-
dient on continuous mode transition using linear theory and
numerical simulations. They found that the adverse pres-
sure gradient promotes the receptivity of the boundary layer
to low frequency disturbances, thus enhancing the formation
of boundary layer streaks. The authors found that early tran-
sition occurs in case of an adverse pressure gradient. Nolan
and Zaki’ computed the probability density function of tur-
bulent spot nucleation for positive, zero and adverse pressure
gradient at constant Reynolds number and FST intensity. The
authors showed that transition is shortened under strong ad-
verse pressure gradient with nucleation events being localized
in a narrow spatial window. Additionally, Zaki>3* showed that
turbulent spots in adverse pressure gradient flows convect at
a lower speed than in accelerated flows, and the spread angle
increases. In the more recent work of Wang et al. > near-wall
streaks were found to be more elongated in the streamwise
direction with wider spanwise spacing in case of favorable
pressure gradient, which leads to an attenuated meandering ef-
fect compared to the zero pressure gradient condition. Surya-
narayanan et al. 3® performed direct numerical simulations of
roughness-induced transition in pressure gradient boundary
layers. The lift-up and the subsequent amplification of the
unsteady perturbations in the BL were found to be mitigated
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by flow acceleration. These works provide an overview of
the effects of the streamwise pressure gradient on transitional
boundary layers, but the combined effects of FST and the flow
Reynolds number on the laminar-turbulent transition are not
discussed.

In order to obtain the statistical description of the transition
process, physical structures evolving from the laminar to the
turbulent region have to be recognized and somehow tracked
(see the comprehensive review of flow structures in transi-
tional and turbulent flows by Lee and Jiang2). In this sense,
discrimination between turbulent and laminar structures is an
important task, thus several different approaches have been
tested in previous literature works. Among others, Veerasamy
and Atkin?’ discussed the problem of subjective selection of
the threshold value for discrimination between laminar and
turbulent flow, proposing an objective approach based on the
assumption that the magnitude of the laminar perturbations re-
mains constant throughout the transition region. Differently,
Nolan and Zaki’ used an Otsu based method (Otsu #) for dis-
criminating between laminar and turbulent events, which is
also adopted in the present work for the identification of tur-
bulent spots nucleation (see also the works of Fransson et al. ©,
Kreilos et al.?°, Lee and Zaki*’, Sengupta et al.*! for an
overview of turbulence detection methods).

The present paper aims at the statistical characterization of
the FST induced transition under variable Reynolds number,
FST intensity level and pressure gradient, showing the effects
due to the combined variation of these three parameters. The
similarity properties of the spanwise scale of boundary layer
streaks in the laminar and the transition region and the stream-
wise distribution of turbulent spot nucleations are investi-
gated using experimental data obtained from time-resolved
PIV measurements. To this end, a turbulent events recogni-
tion technique is implemented, which is shown to capture the
formation of turbulent spots. The statistical characterization
of the main boundary layer structures and of their breakup
process leading to the transition completion is therefore pro-
vided. The paper is organized as follows: in section II, the
experimental setup and the data analysis procedures are pre-
sented, discussing the method used for the detection of tur-
bulent events and turbulent spot nucleation. In sections III
and IV, the time-averaged and instantaneous PIV results are
presented for the different conditions tested to show the time
averaged and the instantaneous response of the boundary layer
to Re, FST intensity and the adverse pressure gradient varia-
tion. In section V, we present the response of the spanwise
and streamwise length scales of streaky structures to the flow
parameters variation as well as their similarity properties. In
section VI, PDFs of turbulent spot nucleations are presented
and a similarity variable is introduced to provide a common
distribution for all cases. Finally, section VII presents the con-
cluding remarks.

TABLE I: Pressure gradient parameter k = U—"Z Ve measured

X
atx/L = 0.3 for all cases.

Re o =5deg aa=9deg a=12deg
70k -5.6E-06 -6.3E-06 -

150k -1.3E-06 -2.2E-06 -3.9E-06
220k -7.1E-07 -1.3E-06 -1.7E-06

Il. EXPERIMENTAL APPARATUS
A. Test section and data matrix

The present experiments were carried out in the open loop
low-speed wind tunnel of the Aerodynamics and Turboma-
chinery Laboratory of the University of Genova. The test sec-
tion consists of a flat plate with elliptic (4:1) leading edge and
a sharp trailing edge. The plate is 300 mm long and 300 mm
wide, and it is installed between two symmetric adjustable
endwalls (figure 1) allowing the modification of the stream-
wise pressure gradient. The top surface of the plate has 51
pressure taps. The test section is equipped with optical ac-
cesses that allow performing PIV measurements in planes ori-
ented both normal and parallel to the plate surface.

The opening angle of the top surface was set to ¢ =5, 9
and 12 degrees for the present experiments, varying the ad-
verse pressure gradient imposed to the boundary layer. Ta-
ble I reports the values of the pressure gradient parameter

= #% measured at x/L = 0.3 for all cases. Due to the
elevated opening angles of the channel, a trip wire was used
to trigger the boundary layer transition on the endwalls in or-
der to avoid boundary layer separation on these surfaces. The
free-stream turbulence intensity (7u) was varied using 3 tur-
bulence generating grids with different geometries. The grids
were located 500 mm upstream of the plate leading edge. The
turbulence level measured at the channel throat varied in the
range 2.5-5% (details of the grids adopted are provided in ta-
ble II). For the highest FST intensity level and all the pres-
sure gradients, 3 Reynolds numbers based on the plate length
and the free-stream velocity at the plate leading edge were
considered (Re=70000, 150000, 220000). The effects due to
FST variation were investigated at Re = 220000 and @ = 5
degrees, since the boundary layer separates at the lower free-
stream turbulence level for the other combinations of Re and
pressure gradient. Overall, 10 flow conditions were examined
concerning the systematic variation of all the aforementioned
parameters (the flow conditions examined are summarized in
table III).

B. Measuring techniques

The boundary layer evolving on the rear part of the plate
was surveyed by means of a Dantec time-resolved PIV sys-
tem (maximum repetition rate of 5 kHz). Two measurement
planes were considered (see figure 1). The first measurement
plane is aligned with the meridional section of the channel,
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CAMERA LAYOUT FOR
WALL-PARALLEL MEASUREMENTS

2

TABLE III: Flow conditions examined: Reynolds number
(Re), endwall opening angle (@), pressure gradient parameter
(k= é%), free-stream turbulence intensity (7u) and
streamwise (L,) and spanwise (L;) integral length scales are
reported.

X |
CAMERA LAYOUT FOR
WALL-NORMAL MEASUREMENTS

FIG. 1: Scheme of the test section and instrumentation layout
(only the top surface is shown). Wall-normal and
wall-parallel PIV measurement planes are depicted with
green color. Pressure taps on the plate leading edge are
highlighted with violet dots.

TABLE II: Turbulence-generating grids characterization:
free-stream turbulence intensity (7u), bars width (d), mesh
size (M), and porosity parameter B = (1 —d/M)>.
Streamwise (L) and spanwise (L;) integral length scales are
reported.

Grid Re Tu[%] d [mm] M [mm] B L,[mm] L, [mm]
LTU 70k 2.5% 2 8 0.64 115 32
HTU 70k 3.5% 036 13.1 4.6

HHTU 70k 5%
LTU 150k 2.5%

4
8 0 .
2 0.64 109 3.1
HTU 150k 3.5% 4
8
2
4
8

0.36  12.0 45
0 14.3 6.1

0.64 10.3 2.8

036 11.1 42
0

HHTU 150k 5%
LTU 220k 2.5%
HTU 220k 3.5%
HHTU 220k 5%

00 00 00 00 00 OO OO O©

extending from the plate surface up to the free-stream region
in the wall-normal direction (see Simoni et al. ). The second
one is oriented parallel to the plate surface, and it is embed-
ded into the boundary layer (see the previous authors’ work
Dellacasagrande et al.**). The extension of the wall-parallel
plane in the spanwise direction was chosen in order to capture
a sufficient number of alternating high- and low-speed streaks
to compute their spanwise periodicity with a high level of ac-
curacy. The streamwise position of the measuring domain was
changed for the different cases in the region 0.3 <x/L < 1, so
that the entire transition process is captured for the different
combinations of the flow parameters.

PIV measurements were performed by seeding the wind
tunnel with vaseline oil droplets (mean diameter of 1.5 um),
which were illuminated by a laser sheet with a 1 mm thick-
ness. The instrumentation adopted is constituted by a dual-
cavity Nd:YLF pulsed laser Litron LDY 300 (energy 30 mJ
per pulse at 1000 Hz repetition rate, 527 nm wavelength). The
light scattered by the seeding particles was recorded on a high
sensitive SpeedSense M340 digital camera with a cooled 2560
x 1600 pixels CMOS matrix. For the present experiments, the
magnification factor was set to about 0.16 for both measure-

Re o [deg] k Tu[%] Ly [mm] L; [mm]

150k 12 -39E-06 5 14.3 6.1
220k 12 -1.7E-06 5 13.1 5.9
70k 9 -63E-06 5 15.1 6.2
150k 9 -22E-06 5 14.3 6.1
220k 9  -13E-06 5 13.1 5.9
70k 5 -56E-06 5 15.1 6.2
150k 5 -13E-06 5 14.3 6.1
220k 5 -7.1E-07 5 13.1 5.9
220k 5 -7.1E-07 35 11.1 42
220k 5 -7.1E-07 25 10.3 2.8

ment planes. The adaptive cross-correlation was performed
using a 16x16 pixels interrogation area with 50% overlap.
This corresponds to a vector grid spacing of 0.43 mm, which
ensures that boundary layer streaks are well resolved even for
the highest Reynolds number. The relative error in the eval-
uation of the instantaneous velocity is expected to be smaller
than 3.0% in the free-stream region, based on the analysis re-
ported in Sciacchitano et al. # and Wieneke **, and it grows to
6% in the boundary layer region for the wall-normal measure-
ments (see also Dellacasagrande et al.*®). The detailed de-
scription of the experimental data and measuring techniques
adopted in this work can be found in Verdoya et al.*’ and Si-
moni et al.*?, where the possibility of using the present data
base for the characterization and modeling of the boundary
layer transition is discussed. For each condition, eight inde-
pendent sets of 2000 instantaneous velocity fields were ac-
quired at a sampling rate of 2 kHz in the wall-normal plane.
Eight sets of 400 images were instead acquired in the wall-
parallel plane with a lower sampling rate of 485 Hz, due to
the larger field of view adopted in this case. With the PIV sys-
tem operating in double frame mode, the time between laser
pulses was chosen in order to achieve a particle displacement
between the first and the second coupling snapshots of 1/4 of
the interrogation region size. For the present cases, the delay
time of the laser pulses was in the range 15 —40us, depending
on the flow Reynolds number. The large amount of PIV data
collected were verified to allow the convergence of the statis-
tical quantities obtained from both the measurement planes.

C. Data analysis

The time-averaged velocity distribution and the root mean
square of velocity fluctuations were computed first for the sta-
tistical characterization of the boundary layer. Additionally,
the instantaneous PIV snapshots collected in the wall-parallel
plane were used to compute the streamwise and the spanwise
wavelengths of boundary layer streaks. The intermittency
function distribution was also computed for the different cases
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based on a turbulent events recognition technique. To this end,
the spatial root mean square (rms) of the spanwise fluctuating
velocity component (w') computed over a cell of 5x5 mea-
suring points was used as detection function (D) for turbulent
events recognition:

k+2 m+42

—p)

(W (Xkris Zm+

D (g, zm) = 25

i=k—2 j=m—2

(€]

where [ is the mean value of w' computed in each cell.
The laminar flow is indeed dominated by velocity fluctua-
tions aligned with the main direction of the flow since they
are mainly due to the presence of ordered streaks (see e.g.,
Kreilos et al.>®). On the other hand, streak breakup leads to
significant cross-flow fluctuations (see, e.g., Nolan and Zaki 7,
Kreilos et al.*). Turbulent regions are therefore character-
ized by high values of the function D, whereas this latter is
almost null in the laminar flow. Once D was computed for
each PIV snapshot, its discrete laminar-turbulent representa-
tion was obtained based on the Otsu’s method (Otsu3%). Ac-
cording to this procedure, the values of the function D are
grouped in two distinct classes that are identified by minimiza-
tion of the variance on each class. As specified in the work
of Otsu 33, there are actually two options to find the threshold
between classes. The first is to minimize the within-class vari-
ance, while the second is to maximize the between-class vari-
ance. Both options were verified to give the same result once
applied to the present data sets. Then, since high values of
the detection function D indicate the occurrence of turbulent
events, D-values that are higher than the so derived threshold
are classified as turbulent (and set equal to 1), whereas lower
values are assumed to be related to laminar events and they
are set equal to 0. The intermittency curve is then computed
by means of integration along the spanwise coordinate and the
temporal one of the binary maps of the detection function D
(0-laminar, 1-turbulent). Figure 2 depicts the successive steps
of this procedure. The top plot shows a PIV vector map of the
perturbation velocity, where red and blue contoured regions of
the streamwise fluctuating velocity highlight the presence of
high- and low-speed streaks, respectively (x/L < 0.6). Down-
stream of x/L = 0.6, the presence of cross-flow fluctuations
and wall-normal vorticity nuclei highlight the occurrence of
breakup events. In the second plot, the contour of the detec-
tion function D is superimposed to the perturbation velocity
vectors for the same PIV realization. The maximum values
of D are detected for x/L > 0.6 , where turbulent events oc-
cur. In the last plot, the discrete laminar-turbulent reduction
of D obtained by means of the Otsu’s method is given. Green
contoured regions indicate turbulent portions of the boundary
layer, while laminar ones are white contoured.

In this work, the probability density function of turbulent
spot nucleation was computed for the entire data set. To this
end, the binary maps obtained by means of the procedure pre-
viously described (see figure 2, bottom plot) are re-ordered
along the statistically homogeneous spanwise direction fol-
lowing the same procedure described in the work of Nolan
and Zaki’ for the analysis of DNS data. This directly pro-
vides the evolution of turbulent events from their inception to

uU, I
-25-19 -14 -08 -.03 .03 .08

14 19 .25
3

FIG. 2: Wall-parallel instantaneous PIV realization showing
perturbation velocity vectors with superimposed the contour
plot of (top) streamwise fluctuating velocity scaled with inlet
free-stream velocity ' /Uy, (middle) detection function D
and (bottom) binarized contour plot of detection function
Dhinary- Streamwise and spanwise coordinates are scaled with
the plate length L.

further downstream locations. More precisely, for each span-
wise coordinate, the binarized values of the detection function
D are plotted for the different streamwise positions as a func-
tion of the time instants at which they are computed. Figure
3 shows an example of such kind of representation for the
present data set. The local maxima of the red line delimiting
the turbulent (grey) and the laminar (white) regions are as-
sociated to the formation of new turbulent spots, which con-
vect and merge at further streamwise positions and time in-
stants. The present procedure therefore allows identifying the
spatio-temporal locations at which spots are actually formed
and to isolate nucleations from turbulent events that formed at
upstream locations and are then convected downstream. The
number of nucleation events (i.e. local maxima of the red line
in figure 3) is then counted for all the streamwise locations to
obtain the probability density function of spot nucleation for
the different cases.

Since the streak scale plays an important role in the bound-
ary layer transition, the streamwise and the spanwise scales
of the streaky structures was computed for all the cases. The
streamwise wavelength of unstable streaks showing sinuous
motions was measured by means of visual inspection of the
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FIG. 3: Binary x —¢ map for z/L = 0 (middle plate) obtained
by means of Otsu’s method. Grey and white contoured
regions refer to turbulent and laminar flow, respectively.
Streamwise coordinate is scaled with the plate length L.

PIV vector maps in both the measurement planes, by aver-
aging over 30 independent samples for all cases (similar to
what was done in Mans et al.?’). The spanwise scale of
streaky structures was computed for each streamwise position
by means of the spanwise auto-correlation function of the in-
stantaneous streamwise velocity component (R, ), following
the same procedure adopted in the work of Matsubara and Al-
fredsson .

lll. TIME-AVERAGED FLOW DATA

The contour plots of the time-averaged streamwise veloc-
ity and the corresponding rms of velocity fluctuations are re-
ported in figures 4-5 for four cases among the overall con-
ditions, describing the effects due to Re, FST intensity and
the pressure gradient on the time-averaged distribution of the
boundary layer.

Figure 4 shows the contour plots of the time-averaged
streamwise velocity scaled with the free-stream value U mea-
sured at x/L = 0.27 and y/L = 0.04. Additionally, time-
averaged velocity vectors are plotted at selected streamwise
locations. In figure 4a the case Re=70000-Tu=5%-0=9deg
is shown, which is taken hereafter as reference. As a conse-
quence of the adverse pressure gradient imposed to the flow,
the boundary layer grows rapidly along the streamwise coor-
dinate (see the black dashed line in the plot). Increasing the
Reynolds number (figure 4b, Re=220000) makes the bound-
ary layer thinner, and its streamwise growth rate is shown to
change at about x/L = 0.52, suggesting that transition may oc-
cur around this position, as shown in the following sections.
For the low pressure gradient (figure 4c) and the low FST (fig-
ure 4d) cases, the boundary layer shows constant growth for
almost the entire PIV domain. In the following sections, the
reduction of the adverse pressure gradient and FST intensity
will be shown to delay the occurrence of breakup events, thus
transition.

Figure 5 shows the rms of the streamwise velocity compo-
nent scaled with the free-stream velocity Uy for the same cases
presented in figure 4. The maximum value of the rms profiles

is found close to the wall for all cases, as expected in the case
of FST induced transition. Figure 5a shows the reference case.
The increase and the successive reduction of the rms of veloc-
ity fluctuations suggest the occurrence of transition (see e.g.,
Matsubara and Alfredsson?). In figure 5b (Re=220000) the
location where the maximum rms of velocity fluctuations oc-
curs is shown to move upstream with respect to the previous
case (compare figures 5a-b), whereas with the lower pressure
gradient the highest rms values are observed further down-
stream (figure 5c). In the last plot of figure 5, the reduction
of the FST intensity moves the maximum rms values down-
stream of x/L = 0.6.

Data shown in figures 4-5 were used for the computation of
the main statistical quantities of the boundary layer, that can
be used to characterize the boundary layer state at different
streamwise positions. Figure 6 shows the streamwise varia-
tion of the intermittency function ¥ (black line) for the refer-
ence case. It is theoretically defined as the ratio between the
time in which the flow is turbulent and the overall period of
observation. As shown in the pioneering work of Narasimha
etal. 8, the intermittency curve is a sigmoid function which is
equal to 0 in the laminar BL and then reaches the unit value in
the fully turbulent one. The maximum energy of streamwise
fluctuations (u,,,,/Us)? is also shown in figure 6, together
with the shape factor (H2) of the boundary layer. This lat-
ter is defined as the ratio between the displacement and the
momentum thickness of the boundary layer. The comparison
of these quantities allows discussing the link between the sta-
tistical parameters obtained from the wall-parallel () and the
wall-normal ((u,,,,,/Us)?, H12) measuring plane. Transition is
shown to start at about x/L ~ 0.5 and it ends at x/L =~ 0.75.
The shape factor of the boundary layer decreases monotoni-
cally from the inlet to the outlet section of the measuring do-
main. Its value is about 2.5 where ¥ = 0 and then decreases
to about 1.8 in the fully turbulent region, which is slightly
higher than the value expected for fully turbulent boundary
layer under zero pressure gradient. This deviation is ascribed
to the strong adverse pressure gradient in the present exper-
iments. The energy of streamwise fluctuations grows lin-
early up to about x/L = 0.54, then saturates and decreases
as the boundary layer approaches the fully turbulent state (see
Westin et al.! and Matsubara and Alfredsson?). The peak
Of (s /U=)? occurs where y < 0.5, which indicates that the
higher streamwise fluctuations occur in the first half of tran-
sition region where ordered streaks are expected to dominate
(in a statistical sense) with respect to breakup events. The
trends discussed in figure 6 for the different quantities pre-
sented were observed for all the cases, but are not depicted
here for brevity.

IV. INSTANTANEOUS FLOW DATA

In this work, time-resolved PIV realizations, such as those
depicted in figure 7 (Multimedia view), were collected in the
wall-normal and the wall-parallel planes for the statistical and
the dynamical characterization of the coherent structures gov-
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FIG. 4: Contour plots of time-averaged streamwise velocity: (a) Re=70000-Tu=5%-a=9deg, (b) Re=220000-Tu=5%-0=9deg,
(¢) Re=220000-Tu=5%-0=5deg, (d) Re=220000-Tu=3.5%-a=>5deg. Data are scaled with the free-stream velocity Uy measured
atx/L =0.27 and y/L = 0.04. Time-averaged boundary layer thickness is indicated with dashed black line. Time-averaged
velocity vectors are reported. Streamwise and wall-normal coordinates are scaled with the plate length L.
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FIG. 5: Contour plots of root mean square of streamwise fluctuations: (a) Re=70000-Tu=5%-a=9deg, (b)
Re=220000-Tu=5%-a=9deg, (c) Re=220000-Tu=5%-a=>5deg, (d) Re=220000-Tu=3.5%-a=5deg. Data are scaled with the
free-stream velocity Uy measured at x/L = 0.27 and y/L = 0.04. Time-averaged boundary layer thickness is indicated with

dashed black line. Contour lines of u},,,/Uy = 0.16, 0.17 and 0.18 are added to the plots. Streamwise and wall-normal
coordinates are scaled with the plate length L.

Publishing

AlP



AlP

Publishing

Statistical characterization of free-stream turbulence induced transition 8

1 L 1 L 1

0.3 0.4 0.5

0.6 0.7 0.8

FIG. 6: Streamwise variation of (—-) energy of streamwise fluctuations scaled with local free-stream velocity (i}, /Us)?,
(—-) shape factor H, and (—-) intermittency function ¥ (ranging between 0 and 1 in the plot).
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FIG. 7: Instantaneous perturbation velocity vectors obtained by the classical Reynolds decomposition superimposed to the
contour plot of u’ /U collected in (top) the wall-normal and (bottom) the wall-parallel plane. Data refer to the case
Re=70000-Tu=5%-0=9deg. Time-averaged boundary layer thickness is indicated with dashed red line in the wall-normal
frame. Coordinates are scaled with plate length L. The number of depicted velocity vectors is reduced to increase the
readability of the plot (Multimedia view).

erning the transition process of the boundary layer.

A. Wall-normal plane data

Figures 8-11 show sequences of PIV realizations collected
in the wall-normal plane for the same cases presented in fig-
ures 4-5, which directly provide a qualitative view of streak
dynamics for different values of the Reynolds number, FST
intensity and the adverse pressure gradient. To better iso-
late ordered streaks and breakup events embedded within the
flow, the snapshots presented herein are filtered by means of
Proper Orthogonal Decomposition*®. Moreover, the contour
plot of the streamwise fluctuations is superimposed to the vec-
tor maps of the instantaneous fluctuating velocity, to highlight
the occurrence of high- and low-speed streaks.

Figure 8 shows three PIV realizations for the reference case
Re=70000-Tu=5%-0=9deg. The top plot shows a low-speed
streak close to the edge of the boundary layer for x/L < 0.55,

with O, events (i.e. ejections, u' <0 and V' > 0, see e.g.,
Nolan et al.*°, Nolan and Walsh??) occurring near this posi-
tion (see the blue circle at about x/L = 0.565). In the succes-
sive realizations, the streak exhibits wall-normal motions. In
the second and the third plots, ejections are strengthened and
vortical structures (blue circles) are observed at x/L = 0.55
and x/L = 0.59, resembling the signatures of hairpin vortices
in this plane (see e.g., Adrian>'). Downstream of x/L = 0.65,
finer scale structures occurring randomly can be observed and
the streak is almost completely disrupted. Note that this is the
position corresponding to ¥ ~ 0.5 (see figure 6), where most
of spot nucleations were found to occur, as discussed in the
following sections.

Figure 9 shows three PIV realizations for the case
Re=220000-Tu=5%-0=9deg. Note that the PIV snapshots are
plotted here for 0.39 < x/L < 0.65, since the field of view was
centered on the maximum value of the rms of the streamwise
velocity (figure 5b). A low-speed streak can be observed in
the first plot of figure 9 for x/L < 0.5, which is thinner than
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FIG. 8: Instantaneous perturbation velocity vectors obtained by the classical Reynolds decomposition superimposed to the
contour plot of u’/Us collected in wall-normal plane. Data refer to the case Re=70000-Tu=5%-=9deg. Time-averaged
boundary layer thickness is indicated with dashed red line. Streamwise and wall-normal coordinates are scaled with plate
length L. The number of depicted velocity vectors is reduced to increase the readability of the plots.

OB

-.200 -143 -.086 -.029 .029 .086 143 .200

y/L

y/L

0.4 0.45 0.5 0.55 x/L 0.6 0.6!

FIG. 9: Instantaneous perturbation velocity vectors obtained by the classical Reynolds decomposition superimposed to the

contour plot of #’ /Us collected in wall-normal plane. Data refer to the case Re=220000-Tu=5%-0=9deg. Time-averaged

boundary layer thickness is indicated with dashed red line. Streamwise and wall-normal coordinates are scaled with plate
length L. The number of depicted velocity vectors is reduced to increase the readability of the plots.

that observed for the low Re case (figure 8) and it is more con- O, events occur in the first plot, while in the successive ones
fined toward the wall. This is ascribed to the change of the the low speed streak exhibits wave-like motion preluding to
time-averaged structure of the boundary layer (i.e. the base streak breakup. Wall-normal fluctuations and streak breakup
flow) due to Reynolds number variation since the other pa- are shown to occur upstream with respect to the low Re case,
rameters are kept the same as in figure 8. At x/L = 0.48,
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FIG. 10: Instantaneous perturbation velocity vectors obtained by the classical Reynolds decomposition superimposed to the
contour plot of #’ /U collected in wall-normal plane. Data refer to the case Re=220000-Tu=5%-0=5deg. Time-averaged
boundary layer thickness is indicated with dashed red line. Streamwise and wall-normal coordinates are scaled with plate

length L. The number of depicted velocity vectors is reduced to increase the readability of the plots.
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FIG. 11: Instantaneous perturbation velocity vectors obtained by the classical Reynolds decomposition superimposed to the
contour plot of #’ /Us collected in wall-normal plane. Data refer to the case Re=220000-Tu=3.5%-0=5deg. Time-averaged
boundary layer thickness is indicated with dashed red line. Streamwise and wall-normal coordinates are scaled with plate
length L. The number of depicted velocity vectors is reduced to increase the readability of the plots.

thus an earlier transition is expected to take place. PIV snap- O, events with spanwise oriented vortices (blue circles) oc-
shots for the case Re=220000-Tu=5%-0=5deg are presented cur. In the third snapshot the signature of hairpin vortices
in figure 10, to highlight the effects due to the pressure gra- and the associated ejection events are clearly observable for

dient variation by comparison with figure 9. A low speed  x/L > 0.6. Comparing figures 9 and 10, one can clearly see
streak can be observed in the first plot for x/L < 0.6, where  that the breakup of the detected streak occurs further down-
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FIG. 12: Instantaneous perturbation velocity vectors obtained by the classical Reynolds decomposition superimposed to the
contour plot of #’ /U collected in wall-parallel plane: (a) Re=70000-Tu=5%-a=9deg, (b) Re=220000-Tu=5%-a=9deg, (c)
Re=220000-Tu=5%-o0=5deg, (d) Re=220000-Tu=3.5%-0=5deg. Streamwise and spanwise coordinates are scaled with plate
length L. The number of depicted velocity vectors is reduced to increase the readability of the plots. The position of
mid-transition (i.e. where ¥ = 0.5) is indicated with vertical dashed line in the first plot of each sequence. The streamwise range
shown in the plots is different for the cases presented according to the different locations at which breakup events occur.
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stream reducing the adverse pressure gradient, as it will be
discussed in details in the following sections. Finally, the
comparison between figures 10 and 11 provides the effects
due to the turbulence intensity variation. In figure 11 the free-
stream turbulence is reduced from 5% to 3.5% and data are
plotted for different streamwise positions due to the signifi-
cant spatial shift required for detecting breakup events. For
the present case, the PIV realizations show a low speed streak
atabout 0.56 < x/L < 0.65 (first plot), which becomes rapidly
unstable in the successive realizations. The signatures of hair-
pin vortices are also observed in this case in the second and
the third plots for x/L > 0.62, thus reducing the free-stream
turbulence delays the occurrence of breakup events.

B. Wall-parallel plane data

PIV realizations performed in the wall-parallel plane for
the same cases shown in figures 8-11 are presented in fig-
ure 12 to highlight the occurrence of alternating high- and
low-speed streaks in the boundary layer. Note that since full-
frame realizations are depicted here, which were acquired at
a lower sampling frequency due to the limitations of the PIV
system adopted, time-resolved observations are provided only
for the low Re cases. The sampling period in this plane is
At = 0.0021sec, which is higher than that adopted in the wall-
normal one (At = 0.0005sec). Additionally, to better highlight
the region of breakup events, the position corresponding to
vy = 0.5 is indicated with vertical dashed line in the first plot
of each snapshot sequence.

The reference case Re=70000-Tu=5%-a=9deg is reported
in figure 12a. The first PIV realization of figure 12a shows
ordered streaks for x/L < 0.65, according to the intermittency
function distribution shown in figure 6. Note that sinuous mo-
tions of boundary layer streaks are recognizable in the PIV
snapshots (see the low-speed streak in the red box). Then,
normal to the wall vorticity nuclei and turbulent events with
smaller scale are observed for x/L > 0.68, according to what
was observed in the wall-normal plane (see figure 8).

In figures 12b-d the effects due to Re, pressure gradient and
FST intensity variation are presented. Figure 12b shows three
PIV realizations for the case Re=220000-Tu=5%-0=9deg.
Comparing figure 12b with figure 12a, boundary layer streaks
are evidently thinner and shorter, due to the reduction of the
boundary layer thickness, as previously observed in figure 4.
For the present case, breakup events are shown to occur just
downstream of x/L > 0.55, where spanwise fluctuations in-
crease significantly. Figure 12c shows the case Re=220000-
Tu=5%-a=>5deg, highlighting the effects due to the pressure
gradient variation by comparison with figure 12b. Cross-flow
fluctuations originating from breakup events are mostly de-
tected downstream of x/L = 0.6, which indicates that streak
instability is delayed at lower adverse pressure gradient (see
also figure 10). Similar effects are observed as a consequence
of the reduction of the free-stream turbulence intensity. Fig-
ure 12d shows PIV realizations for the case Re=220000-
Tu=3.5%-0=5deg. Ordered streaks are observed up to about

x/L = 0.75. Downstream of this position, smaller structures
are observed as a consequence of streak breakup.

V. STREAMWISE AND SPANWISE SCALE OF STREAKY
STRUCTURES

The PIV data collected in the wall-parallel plane are used in
this work for the computation of the spanwise and the stream-
wise wavelength of streaky structures, from the laminar to the
turbulent region of the boundary layer. The aim is to pro-
vide the characterization, in a statistical sense, of the effects
due to Re, FST intensity and pressure gradient variation on
the main structures driving the transition process. Figures 13a
and 13b show the streamwise variation of the minimum of
the spanwise correlation function of streamwise fluctuations
(Azmin), which corresponds to half of the spanwise wavelength
of streaky structures, as discussed in the previous literature
work of Matsubara and Alfredsson>. The curves depicted in
figures 13a and 13b are scaled with the local displacement
(6*) and momentum (0) thickness, respectively, to highlight
the link between the streak scale and the local boundary layer
dimension.

The results presented in figure 13a extend the findings of
the previous literature work of Matsubara and Alfredsson >
for zero pressure gradient. In the laminar region, the streak
spacing is significantly larger than the displacement thickness
of the boundary layer. The greatest effects due to the mod-
ification of the flow parameters are shown in the fore part
of the plate for x/L < 0.5. The quantity Az,;,/d* is shown
to increase in this portion of the plate when increasing the
Reynolds number as well as reducing both the pressure gra-
dient and the free-stream turbulence. Particularly, the higher
values of the dimensionless streak spacing are observed for
the lowest diffusion and the lowest free-stream turbulence
level at high Reynolds number. The parameters considered
herein have been shown to affect the mean structure of the
laminar boundary layer, thus modifying the ratio between the
spanwise length scale of streaky structures and the boundary
layer dimension. Otherwise, the dimensional streak spacing
was found to be only slightly affected by Re and the pres-
sure gradient. Moving towards the end of the PIV domain,
Azpin/8* reduces monotonically for all the cases, and the
curves collapse to a value of about 3 for x/L > 0.65. This
indicates that, at a certain streamwise location, the bound-
ary layer dimension and the spanwise scale of streaky struc-
tures are about the same, regardless of the Reynolds num-
ber, FST intensity and pressure gradient. The present results
therefore highlight how the streak scale matches the boundary
layer thickness even under strong adverse pressure gradient
for different Reynolds numbers and turbulence intensity lev-
els. It should be noted here that reducing both the pressure
gradient and the FST intensity, the quantity Az, /0" reaches
the asymptotic value far downstream with respect to the other
cases. The PIV snapshots reported in figures 10-12 showed
that breakup events are delayed for the lower FST intensity
and pressure gradient conditions, as further discussed in the
following. Therefore, the present results suggest that the lo-
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FIG. 13: Streamwise variation of spanwise distance between high- and low-speed streaky structures obtained from the
spanwise auto-correlation function of PIV snapshots. Streak spacing is scaled with (left) the local displacement thickness and
(right) the local momentum thickness of the boundary layer. Conditions are labeled with the corresponding values of Re, Tu
level and opening angle of the channel (=12, 9, 5 degrees).

12— 12
+ Re=150k-Tu=5%-0=12
b,
@ \ o Re=220k Tu=% -tz | (P
\ & Re=T0K-Tu=5%-0:=9
B 4 Re=150k-Tu=5%-0=9 | 0.8

4 Re=220k-Tu=5%-u=9
© Re=70k-Tu=5%-a=5

2 o4l - Re=150k-Tu=5%-0=5 _| 3 04
14 o Re=220k-Tu=5%-a=5 | &
L o Re=220k-Tu=3.5%-a=5 |
Re=220k-Tu=2.5%-a=5
ol haee . 0

AZ/S*'FI AZ/5*»F1 Az/5 Pt

FIG. 14: Spanwise correlation function of streamwise velocity computed from PIV data at the locations where (a) y = 0.1, (b)
Y=0.2,(c) y=0.3,(d) y=0.4, (e) y= 0.5, (f) max(u,,,). The spanwise coordinate is scaled with the displacement thickness
computed at the location where y = 1 (5;‘:1). Conditions are labeled with the corresponding values of Re, Tu level and opening

angle of the channel (a=5, 9, 12 degrees).
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FIG. 15: Spanwise correlation functions of streamwise velocity computed from PIV data at the locations where (a) Y= 0.1, (b)
Y=0.2,(c) y=0.3,(d) y=0.4, (e) y= 0.5, (f) max(u,,,,). The spanwise coordinate is scaled with the momentum thickness
computed at the location where ¥ = 1 (8,—1). Conditions are labeled with the corresponding values of Re, Tu level and opening
angle of the channel (a=12, 9, 5 degrees).

cation where streak breakup occurs may be linked to the lo-
cal boundary layer scale compared to the streak spacing. The
curves shown in figure 13b (Az,;,/6) show the same trend of
those depicted in figure 13a, but they converge to a value of
about 5 at the end of the PIV domain. Moreover, the effects
due to the flow parameter variation are substantially the same.
As a consequence, both §* and 6 can be used as scaling quan-
tities for the streak spacing.

The superposition of all the curves depicted in figure 13 in
the rear part of the plate, where breakup events were shown to
occur (see figures 8-12), indicates that the integral parameters
of the turbulent boundary layer scale well the spanwise wave-
length of boundary layer streaks. Alternatively, from a dif-
ferent perspective, the mean structure of the turbulent bound-
ary layer is strongly linked to the streak dimension. In order
to better investigate the similarity properties of streaky struc-
tures in the transition region, as well as their link to the time-
averaged structure of the turbulent boundary layer, the dimen-
sionless streak spacing has been compared for the different
cases at fixed positions along the transition process (i.e. for
the same value of the intermittency function). Figures 14 and
15 show the spanwise auto-correlation function of streamwise
fluctuations (Ry,) for y=(0.1,0.2,0.3,0.4,0.5), with the tur-

bulent displacement and momentum thickness used as scal-
ing quantities (indicated as 5;:1 and 6,1, respectively). The
comparison at the location of the absolute maximum i, is
also shown. Interestingly, the minimum of the correlation
function collapses for all the cases in the transition region
once it is scaled with the turbulent values of both 6* and
0, regardless of Re, FST intensity and the pressure gradi-
ent. The spanwise periodicity of the boundary layer streaks,
which formed far upstream in the laminar region, and the
time-averaged structure of the turbulent boundary layer are
therefore strictly linked.

For a complete characterization of the streak wavelengths
and their link to the mean boundary layer structure, the
streamwise wavelength of unstable streaks was also measured
by means of visual inspection of the PIV realizations (simi-
lar to the work of Mans et al.zo), such as those reported in
figures 8-12. More precisely, boundary layer streaks show-
ing sinuous breakup were detected (see e.g, figure 12a). The
corresponding streamwise wavelength was measured for each
case and it was averaged over 30 independent samples. The
streamwise wavelength of streaky structures was scaled with
the displacement thickness of the boundary layer computed
at the position where sinuous instability starts to occur. The
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quantity A,/8* was found to be in the range 9.7 + 14.5 for
all the Reynolds numbers, FST intensity and pressure gradi-
ents. This is in good agreement with the previous literature
works of Brandt et al. 52, Mans et al. 2 and Schlatter et al. '°
for instance, where the streamwise wavelength of unstable
streaks was found to be in the range 12-28 under zero pres-
sure gradient conditions and with different values of FST in-
tensity. Therefore, the present analysis indicates that the quan-
tity A,/0* is only slightly affected by the variation of pressure
gradient and Reynolds number, other than the FST.

VI. TURBULENT SPOT NUCLEATION

Figure 16 shows the PDFs of spot nucleation computed as
described in section II C together with the intermittency func-
tion distribution for different values of the Reynolds number,
Tu level and the adverse pressure gradient. Histograms are
computed in such a way that the sum of the bin values is
equal to 1. Some cases among the overall tested conditions
are shown here to present the effects due to the variation of
these parameters. It should be pointed out that due to the re-
duced thickness of the BL at the beginning of transition (espe-
cially at higher Reynolds numbers), the accuracy in the recog-
nition of turbulent spots nucleation is lower than at further
downstream locations. For this reason, nucleation events in
the region where ¥ < 0.05 (i.e. where a small number of tur-
bulent events occurs) are neglected during the computation of
the PDF. The results presented here show that the region of
maximum spot inception is affected by the flow parameters
variation. Additionally, the PDF peaks move with respect to
the transition onset location, as shown by comparison with the
corresponding intermittency curves.

At fixed pressure gradient and FST intensity, the loca-
tion where the maximum number of nucleation events occur
moves upstream as the Reynolds number increases (top plots
of figure 16, Re increases from left to right). Similar effects
can be observed increasing the adverse pressure gradient at
fixed Reynolds number and FST intensity (middle plots of
figure 16, APG increases from left to right). Under stronger
adverse pressure gradient, the region of maximum spot nu-
cleations moves slightly upstream. The smaller effects due to
APG variation on the location where transition occurs seem
in good agreement with the observations reported in Abu-
Ghannam and Shaw 3. The authors showed that the Reynolds
number based on the momentum thickness at the transition
onset position is unaffected by the pressure gradient variation
for Tu level higher than about 3.5% (as for the present cases).
Otherwise, the standard deviation of the PDF reduces signif-
icantly (see table IV) and the transition region is shortened
when the APG increases (see also Nolan and Zaki’). Inter-
estingly, the PDFs of nucleation events exhibit right skewness
when increasing both the Reynolds number and especially the
APG, indicating that most of the turbulent spots start to form
in a narrow streamwise window, while their production sensi-
bly decreases at further downstream positions.

The bottom plots of figure 16 show the effects due to the
modification of FST intensity (Tu level increases from left

to right). The location corresponding to the highest number
of spot nucleations moves upstream as the free-stream turbu-
lence increases. Moreover, for Tu=2.5% and 3.5%, the high-
est number of spot nucleations occurs where y < 0.3 (with the
PDF being right-skewed), thus breakup events are confined
in a narrow portion of the transition region. On the contrary,
for Tu=5% the peak of the PDF occurs around the location
of mid-transition (i.e. where y =~ 0.5) and the standard devia-
tion of the PDF sensibly increases (bottom-right plot). In this
sense, the free-stream turbulence intensity is the parameter
showing the greatest effect on the PDF variance among those
tested here (see table IV). Brandt and De Lange 22 showed
that under high level of free-stream turbulence, many streaks
are formed randomly in space and time and their interaction,
which occurs randomly as well, plays an important role in the
occurrence of breakup events. This is the reason why at the
highest Tu level, spot nucleation events are observed to occur
in a wider streamwise window with respect to the lower free-
stream turbulence cases, indicating that streak breakup occurs
more randomly in space. Additionally, it should be noted that
for the cases with Tu=5%, the transition length increases (i.e.
the slope of the intermittency function reduces). Similar be-
havior was found in the work of Fransson et al. ¢ for flat plate
boundary layer, where the transition length was found to in-
crease with increasing the FST intensity above 2.5%.

With the aim of analysing the similarity properties of the
PDFs presented here, they were plotted in terms of a newly de-
fined variable which takes into account of the effects due to all
the flow parameters tested in this work. In section V, the ratio
between the local streak spacing and the momentum thick-
ness of the boundary layer was shown to converge to a fixed
value moving toward the transition region, where nucleation
events occur. In this sense, the dimensionless streak wave-
length A;/6 (which is directly linked to the quantity Az,;,/6
shown in figure 13) is supposed to be a good ingredient for
the definition of a proper scaling quantity for the PDF of nu-
cleation events. Moreover, the location where the maximum
number of nucleations occurs, as well as the standard devia-
tion of the corresponding PDFs, were shown to be affected by
the Reynolds number and the pressure gradient. Both these
two parameters affect the streamwise growth and the time-
averaged structure of the boundary layer. For this reason, the
shape factor of the boundary layer H» is also considered for
scaling the PDF distributions reported in figure 16. Then, in
order to account for the relevant effects due to Tu level varia-
tion highlighted in figure 16, this quantity has been also intro-
duced in the definition of a non-dimensional abscissa (Xppr),
defined as:

A
XppF = §H12TM 2

which can be also recast into the following expression:

A, \ Re;.
«vu")ﬂS A~ H12 (3)

fppF = =
U..0 12 Ree

Thus, the non-dimensional abscissa defined in equations (2)-
(3) can be equivalently seen as a combination of a perturba-
tion based Reynolds number (Re;_) and the momentum thick-
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FIG. 16: Probability density function of turbulent spot nucleation with intermittency function (rangig between 0 and 1 in the
plots). Top plots form left to right: Re=70000-Tu=5%-a=9deg, Re=150000-Tu=5%-0=9deg, Re=220000-Tu=5%-0.=9deg.
Middle plots from left to right: Re=220000-Tu=5%-0t=5deg, Re=220000-Tu=5%-a=9deg, Re=220000-Tu=5%-o=12deg.

Bottom plots from left to right: Re=220000-7u=2.5%-0=5deg, Re=220000-Tu=3.5%-a=5deg, Re=220000-Tu=5%-0=5deg.

ness Reynolds number (Reg). Additionally, the term Re;_ap-
pearing in equation 3 can be also linked to the EST Reynolds
number introduced in the recent work of Fransson and Shahin-
far®, where the streak spacing was found to be linked to the
FST characteristics. Figure 17 shows the normalized PDFs
computed for all the cases plotted as a function of the mixed
variable defined in equation (2). Note that the quantity Xppr
is monotonically decreasing, so the flow direction in figure
17 is from the right to the left of the plot. Interestingly, the
PDFs are shown to collapse one to each other, in terms of
both the maximum peak location and their standard deviation,
with a good level of approximation (the higher dispersion is

observed at the beginning of transition). Turbulent spots are
shown to form between £ppr =~ 60 and 200, with the maxi-
mum peak of the scaled PDFs occurring at about £ppr ~ 100.
The parameters used for the definition of the scaling quantity
reported in equation 2 are therefore considered to capture the
response of turbulent spot nucleation to the variation of the
external forcing (i.e Tu level), and to the modification of the
boundary layer structure due to either the Reynolds number
and the adverse pressure gradient variation.

In figure 17, the parametric function previously defined in
the work of Kreilos et al.?® for the prediction of the stream-
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TABLE 1V: Standard deviation of PDF of nucleation events expressed in terms of x/L.

Re—Tu 70000-5% 150000-5% 220000-5% 220000-3.5% 220000-2.5%

o = 12deg - 0.036
o =9deg  0.042 0.040
o =5deg  0.051 0.048

0.033 - -
0.035 - -
0.046 0.032 0.027

T ' T !

Re=70k-Tu=5%-a=5

Re=70k-Tu=5%-a=9

- - - Re=150k-Tu=5%-a=5

- - - Re=150k-Tu=5%-0=9
Re=150k-Tu=5%-0=12 7

— — Re=220k-Tu=5%-0=5

— — Re=220k-Tu=5%-0=9
Re=220k-Tu=5%-a:=12

— - Re=220k-Tu=3.5%-a=5

Re=220k-Tu=2.5%-0=5 —

Nonlinear Fitting

o
@

o o
IS )
I I

Normalized PDF of spot nucleation
o
()
T

FIG. 17: Normalized PDFs of spot nucleations for all
Reynolds numbers, Tu levels and pressure gradients plotted
as a function of the non-dimensional abscissa £ppr = }‘é‘z* Tu.
Conditions are labeled with the corresponding values of Re,
Tu level and opening angle of the channel (a=12, 9, 5
degrees). Fitting curve obtained by means of non-linear fit to
the data is also plotted with solid red line.

wise variation of the spot nucleation rate:

(=DM 2
pe(x) = Mi}%e( o ) =A%)

is also shown (red line), where the coefficient values » = 1.23,
6 =0.0375 and A = 0.117 are obtained here by means of non-
linear fit to the normalized PDFs obtained from the present
experiments (with A set equal to 1 as in Kreilos et al.>?).
It is pointed out here that the coefficient values providing the
minimum mean squared error strongly depend on the coordi-
nate adopted and the quantity to be fitted. The coefficient val-
ues obtained from the present fitting procedure are therefore
significantly different to those obtained by Kreilos et al. >
(r =145, 6 = 1.05 and A = 0.017), where the effects due
to only the Tu level variation were considered. However, it is
worth noticing that the functional shape previously provided
in the work of Kreilos et al. > is able to mimic the overall be-
havior of the scaled PDFs computed in this work. This indi-
cates that further investigations concerning the response of the
fitting coefficients to Reynolds number, pressure gradient and

“

Tu level variation should be carried out considering a wider
range of flow conditions.

VIl. CONCLUSIONS

The free-stream turbulence induced transition of a flat plate
boundary layer has been studied using time-resolved particle
image velocimetry under variable Reynolds number, Tu level
and adverse pressure gradient. The statistical characterization
of the BL structures and the overall transition process has been
provided in terms of the mean streak spacing and the stream-
wise distribution of nucleation events.

The spanwise scale of streaky structures has been computed
at each stremwise position by means of the auto-correlation
function of the streamwise velocity component. Once scaled
with the local displacement and momentum thickness, the
streak spacing has been shown to converge to 3 and 5, re-
spectively, for all cases. Interestingly, the auto-correlation
function of the streamwise velocity component has shown that
the streak spacing in the transition region scales well with the
displacement and the momentum thickness of the turbulent
boundary layer, irrespective of the Reynolds number, Tu level
and streamwise pressure gradient.

The computation of the streamwise PDF of spot nucleations
allowed discussing the effects of the parameters here tested on
the spatial positions where turbulent spots are formed. In this
sense, the FST intensity has been found to be the most in-
fluencing parameter. At the highest Tu level, the region of
highest spot nucleations moves upstream and the PDF width
has been shown to significantly increase. This has been as-
cribed to the elevated number of breakup events occurring as
a consequence of streak interactions, which occur randomly
in space and time at such elevated free-stream turbulence. On
the other hand, when the Reynolds number and the adverse
pressure gradient increase, nucleation events are confined in a
narrower spatial window and the PDFs are right-skewed.

With the aim of providing a common distribution for the
streamwise variation of nucleation events, all the correspond-
ing PDFs have been plotted as function of a newly defined
variable accounting for the local values of the streak spacing
and the shape factor as well as for the Tu level variation. In-
terestingly, the nucleation PDFs have been shown to collapse
once plotted versus the non-dimensional abscissa here pro-
posed with an acceptable level of approximation. The results
discussed in this work suggest that a general shape for the
PDF of spot nucleations may be provided accounting for the
effects of all the main influencing parameters.
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