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Abstract Spatial evolution of a small amplitude localized
disturbance introduced into the laminar boundary layer
of a flat plate has been studied experimentally using the
particle image velocimetry (PIV) technique. PIV data
have been acquired in the spanwise and wall normal
planes. Long and well defined high and low speed
streaks are seen in the spanwise plane. The number of
streaks are found to increase in the downstream direc-
tion. Breathing mode type oscillation of the boundary
layer is observed. Associated with the streaks and akin
to the bypass transition, ‘backward’ and ‘forward’ jet
like structures of the fluctuating velocity components are
observed.

1 Introduction

In order to understand the breakdown of a laminar
boundary layer, many investigations have been carried
out in the past with artificial disturbances introduced
into the boundary layer. Gaster and Grant (1975) have
studied the evolution of small amplitude disturbance in a
laminar boundary layer and observed growing wave
packets. Artificial turbulent spots, which are created by
large amplitude disturbances, have been studied by
many investigators (e. g., Schubauer and Klebanoff
1955; Wygnanski et al. 1982; Gutmark and Blackwelder
1987, to name a few). Amini and Lespinard (1982) have
studied the propagation characteristics of an incipient
spot in a constant pressure boundary layer. The distur-
bance studied by these authors lay somewhere in be-
tween those causing the formation of wave packets and
turbulent spots, so as to enable them to study the dis-
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turbance preceding the turbulent spot. The characteris-
tics of an incipient spot studied by Amini and Lespinard
(1982) are: the maximum amplitude of the disturbance
occurs away from the wall, and the spanwise envelope of
the propagating disturbance is contained within an apex
angle of =10°, compared to the ~22° apex angle of
turbulent spots (Wygnanski et al. 1982). Breuer and
Haritonidis (1990) have studied the evolution of small
amplitude disturbance in a laminar boundary layer.
These authors show that a small amplitude disturbance
contains a dispersive and transient component. Their
measurements, which agree qualitatively with their
inviscid theory, show a rapid formation of induced shear
layer in the boundary layer. Downstream the transient
component of the disturbance decays owing to the vis-
cous effect, but the linearly unstable dispersive part
makes a dispersive wave packet. Westin et al. (1998)
have studied the propagation of a localized disturbance
introduced upstream of the flat plate leading edge. The
disturbance so introduced is found by them to produce
streaks in the downstream direction. Boiko et al. (2002)
pointed out that the main feature during the develop-
ment of a disturbance generated at the wall is similar due
to the disturbance introduced in the freestream. In the
case of freestream induced transition, the presence of the
spanwise streaks is well established by the recent
experimental study of Matsubara and Alfredsson (2001)
and the DNS results of Jacobs and Durbin (2001).
Compared to the available literature on turbulent spots,
the studies on incipient spots are scarce, although suc-
cessive incipient spots also cause flow breakdown; in
fact, more work is needed in this regard, as pointed out
by Amini and Lespinard (1982). In this paper we report
the results of our study made using the particle image
velocimetry (PIV) technique on the propagation of an
incipient spot in a constant pressure boundary layer.
Schréder and Kompenhans (2004) have studied the de-
tails of mixing and sub-structures in a turbulent spot
using the multi-plane stereo particle image velocimetry
technique, which has made it possible to make such
detail studies.
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2 Experimental details

The experiments were carried out in the low turbulence
wind tunnel available at the Department of Aerospace
Engineering. Briefly, this was an open circuit tunnel with
a square test section of dimensions 500x500x3,000 mm;
a sketch of the tunnel is available in Vasudevan et al.
(2001). The settling chamber ahead of the contraction
had a smooth entry section with honeycomb and screens
(four screens; 8 mesh/cm). The contraction ratio was
14:1, and its shape ensured a monotonic velocity in-
crease. The tunnel had a short diffuser which was iso-
lated from the rest of the tunnel by a flexible rubber
band to minimize the transmission of vibrations to the
test section. The tunnel speed was controlled by a speed
controller that regulated a 5 kW DC motor, which drove
the fan at the diffuser end.

The measurements in a constant pressure boundary
layer were made on a flat plate that was placed hori-
zontally in the mid-plane of the test section. The plate
leading edge was of super-ellipse shape (Narasimha and
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Fig. 2 Streamwise pressure distribution in the tunnel test section

Prasad 1994), which merged smoothly with the plate;
this shape had been used in many earlier constant
pressure experiments (Narasimha et al. 1984; Vasud-
evan et al. 2001). Since the plate was made of alu-
minium, the reflection of the laser sheet from the plate
was not desirable as it contaminated the measurements.
A smooth black sticker of 0.1 mm thickness was
wrapped around the entire flat plate to reduce the
reflection of the laser sheet from the plate surface. Both
the hot-wire and the PIV measurements reported here
were made on this smooth black surface stuck to the
flat plate. As shown in Fig. 1, the streamwise, the wall
normal, and the spanwise distances are denoted by x, y,
and z, respectively; x=0 corresponds to the flat plate
leading edge. Ax and Az in this figure denotes the
streamwise and spanwise distances of the PIV mea-
surement regions. At x,=285 mm from the plate
leading edge and in the central plane (z=0), a loud-
speaker driven disturbance was introduced through a
1 mm hole on the plate. The downstream evolution of
this disturbance was measured at x — x,=11, 170, 440,
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Fig. 3 Laminar base flow compared with the Blasius profile
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and 740 mm locations. The hole diameter was the same
as that of Amini and Lespinard (1982). Breuer and
Haritonidis (1990) used a rectangular membrane that
was mounted flush with wall. We will see below that,
inspite of the different form of the initial disturbances,
the present measurements also capture the early part of
the disturbance shape reported by Breuer and Hari-
tonidis (1990).

A constant-temperature hot-wire was used. The sin-
gle sensing tungsten wire was of 5 pm diameter and was
welded to two prongs (length-to-diameter ratio was
about 800) of the probe. The overheat ratio was set as
1.5. The hot-wire data were acquired at 2 kHz.

Based on the hot-wire measurement of the fluctuating
streamwise velocity component in the freestream, the
turbulence level at x =0 was found to be less than 0.05%
for the freestream speed of U, < 10 m/s. The streamwise
distribution of C,=1 — (Uo/Ug)?, in Fig. 2, shows that
the streamwise pressure is constant; Uy is the reference
freestream velocity at x=500 mm. The measurements
reported below were made at a freestream velocity of
Uy=4 m/s.

The PIV unit (M/S IDTpiv, USA) consisted of a
double cavity Nd:YAG laser (New Wave Res,
100 mJ), a CCD camera (Sharpvision 1400DE;
1,360x1,036 pixel resolution) and the associated data
processing software, proVISION. This data processing
software was based on a second-order accurate mesh
free algorithm of Lourenco and Krothapalli (2000). In
the double exposer mode, the camera could capture
five image pairs per second. The flow was seeded by
smoke particles (~1 um; EUROLITE smoke fluid)
generated by a commercial fog generator (HP Line),
which was placed at about 3,000 mm ahead of the
tunnel entry. A laser sheet of around 2 mm thick was
used to illuminate the measurement zone; in Fig. I,
this zone in the spanwise plane is depicted by
Ax=47 mm and Az=35mm. The thickness of the
laser sheet was comparable with the 2 mm thick laser
sheet used by Kostas et al. (2002). We may note that
at x — x;,=11 mm, the PIV measurements also cov-
ered about 8.5 mm upstream of x; (at which the dis-
turbance was introduced). The same measurement
zone was used in the wall normal plane.

A square TTL pulse of 23 ms duration and of 1 Hz
frequency was fed to an audio amplifier, which drove
the loudspeaker. The loudspeaker was kept outside the
tunnel and was connected to the plate by a flexible
tube. The same 5 V TTL pulse from the oscillator was
fed into the PIV trigger unit to activate both the laser
and camera simultaneously. From the hot-wire data at
/0=0.5, the time (47) taken by the disturbance to
travel from the instant of its introduction to a given x
— x;, location was measured with respect to a refer-
ence TTL pulse; 6 is the boundary layer thickness
corresponding to 0.99U,. The values of AT at x —
x,=11, 170, 440, and 740 mm locations were AT=46,
112, 187, and 288 millisecond, respectively. In order to
ensure that the propagating disturbance was captured
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Fig. 4 Twenty ensembles averaged streamwise fluctuating velocity
signals at x — x;, =170, 440, and 740 mm locations

by the PIV, it was phase-locked using a time delay of
AT, i.e., the TTL pulse triggered both the camera and
laser simultaneously after a delay of AT.



Fig. 5 Contour plots of

instantaneous streamwise
velocity at y/0=0.5 by PIV. The
arrow indicates the position of
the hole through which the
disturbance was introduced.
Numbers indicate the contour
level of instantaneous
streamwise velocity Uy

3 Results and discussions

Initially, hot-wire measurements were made in the lami-
nar boundary layer to establish the Blasius flow and the
incipient spot reported by Amini and Lespinard (1982).
For the hot-wire measurements, the location of the wall
(»=0) was determined following Westin et al. (1994).
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Fig. 6 Spanwise u.,s profiles at different downstream locations by
PIV

Using a Mitutoyo traverse, the hot-wire was moved
vertically at small equidistant points. y =0 location was
then found by linearly extrapolating the near wall mean
velocity data. The streamwise velocity, Ug, of the
undisturbed laminar boundary layer was established as
the Blasius at x — x;,=170, 440, 740 mm locations, as
shown in Fig. 3. The PIV measurements of the laminar
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Fig. 7 Spanwise u,,s profiles for two different correlation windows
at x — x, =440 mm
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Fig. 8 Mean velocity vectors in the PIV measurement region at
three stations. The vertical arrow in the top frame indicates the
location at which the disturbance is introduced. The scale is same in
all three frames

boundary layer also reproduced the Blasius boundary
layer (Mandal 2005). In the following, 8", 0, and H =4"/6
will denote the displacement thickness, the momentum
thickness, and the shape parameter, respectively. The
measured values of 0 at x — x,=11, 170, 440, and
740 mm are 0.69, 0.87, 1.08, and 1.29 mm respectively;
the corresponding values of Ry (= U, 0/v) are: 178, 224,
276, and 330, respectively. The measured values of
H=2.58,2.58, 2.55, and 2.55 at these stations compare
very well with the Blasius value of 2.59.

By adjusting the loudspeaker amplitude from the
amplifier, an incipient spot, identified following Amini
and Lespinard (1982), was established. The spanwise
spread angle was found to be about 12°. The measured
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Fig. 9 Mean vorticity in the PIV measurement zone at two
stations. The vertical arrow in the top frame indicates the location
at which the disturbance is introduced. Numbers indicate the
contour level of (2))mean
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Fig. 10 Contours of R,, from the PIV data in the spanwise plane.
The arrow in the top frame indicates the location at which the
disturbance is introduced

hot-wire signals at different y locations in the boundary
layer are shown in Fig. 4. It can be seen that these
are typical of the incipient spot reported by Amini and
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Lespinard (1982) in the sense that the disturbance
amplitude is spiky away from the wall. As it can be
seen in this figure, the flow has become more complex at
x — x;=740 mm. It may be noted that, the critical
Reynolds number for the Blasius flow being (Rg)c.i¢ = 200,
as predicted by the linear stability theory, the disturbance
introduced was at a sub-critical Reynolds number.

At each measurement station, 400 PIV realizations
were acquired. As the PIV processing software, “pro-
VISION™, was based on a mesh free environment,
100x100 mesh had been used to get 10,000 vectors per
frame with 24x24 correlation window. The interpolation
limit was five vectors per 10,000 vectors. Hence, the
frames which showed more than five vectors interpola-
tion had been skipped. The number of PIV realizations
so skipped were about 4-5. That is, the actual number of
the PIV realizations considered were 395-396.

For the PIV data, the streamwise instantaneous, the
mean, and the fluctuating velocity components are de-
noted by Uy, U, and u = Uy — U, respectively. Similarly,
in the wall normal direction, V;, ¥ and v =V — V de-
note the instantaneous, mean and fluctuating velocities,
respectively. u.,s and v, are the root-mean-squared
values of u and v, respectively. The mean quantities are
based on the 395/396 PIV realizations.

3.1 PIV results: spanwise plane

The PIV measurements in the spanwise plane were made
at y/0=0.5. The spanwise distribution of U, is shown in
Fig. 5. The instantaneous frame at x — x,=11 mm
shows that, slightly downstream of the point where
the disturbance is introduced (indicated by an arrow),
a single streak like structure appears. Further down-
stream, multiple streaks appear at x — x;,=170 and
X —Xx,=440 mm, and finally the streaky structure
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Fig. 11 Plots of the correlation co-efficient in the spanwise
direction
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appears to have broken down at x — x;, =740 mm. The
spanwise variations of u, s at x — x, =11, 170, 440 and
740 mm locations are shown in Fig. 6. Consistent with
the instantaneous picture in Fig. 5, the u.,, profiles
show that the sharp single peak at x — x,=11 mm
evolves with more peaks in the downstream direction,
corresponding to the number of streaks. The difference
among the local maxima and minima in the ., fluc-
tuations are seen to decrease in the downstream direc-
tion, and the envelope of the u,,s profile has increased
considerably in the spanwise direction at x —
x;, =740 mm. Since, the disturbance propagates within a

mm

Fig. 12 Instantaneous velocity vectors in the background of
instantaneous streamwise velocity. a, b x — x,=17 mm; ¢, d x —
x, =170 mm; e, f x — x;, =440 mm. The vertical arrow indicates

spanwise envelope of 12° included angle, the non-zero
values of u.,s/Uy outside this zone is attributed to the
PIV noise. As Christensen (2004) points out, the PIV
measurements are not free from the random and bias
errors. He further suggests that the random error can be
reduced by taking an average of large ensemble. With
this in mind, the mean values from the PIV data re-
ported here are based on the entire 395/396 PIV real-
izations, as mentioned earlier. The interrogation window
size is also important (Foucaut et al. 2004). As an
example, we have considered a 48x48 pixels interroga-
tion window for the data at x — x;, =440 mm. Compared

mm

the position at which the disturbance was introduced. Numbers
indicate the contour level of the instantaneous streamwise velocity
U



to 24x24 pixels window, the u,,s/Uy data show a slight
reduction for —8 mm < Az < 8 mm and beyond
Az= +14 mm, as shown in Fig. 7. However, a larger
window size leads to a bad signal-to-noise ratio (Fou-
caut et al. 2004). We may note that, except for com-
parison, we have not used 48x48 pixels interrogation
window. Apart from the PIV noise, the propagating
disturbance may create instability outside its propaga-
tion cone, as in the case of a turbulent spot where the
Tollmien-Schlichting waves are seen near the wing tips
(Wygnanski et al. 1979).

Since we are interested in the evolution of the incip-
ient spot prior to its breakdown, we consider the results
at x — x,=11, 170, and 440 mm locations only, in the
following.

The spanwise variation of U at different stations are
shown in term of the velocity vectors in Fig. 8. The
vertical arrow in the top frame for x — x,=11 mm
indicates the point at which the disturbance was intro-
duced. Only a single velocity deficit is seen in the early
stage at x — x,=11 mm. It can be verified that the
spread angle is about 12°. The velocity deficit seems to
show up at Ax~ 15 mm. Since these measurements are
at y/0=0.5, the effect of the disturbance introduced at x;,
is not felt at this boundary layer location till at Ax ~
15 mm. Downstream, the flow develops a wavy pattern
at x — x, =170 mm that persists further downstream at
X — Xx;=440 mm, but at a reduced amplitude. Effec-
tively, this spanwise variation of U implies the presence
of low and high speed streaks. Although, Amini and
Lespinard (1982) also observed similar waviness, their
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hot-wire measurements do not report the early devel-
opment like the one reported here at x — x,=11 mm,
nor any streak like structure over such a large spatial
extent. The wavy structure seen here is similar to the the
pattern in the x—¢ plane reported by Breuer and Hari-
tonidis (1990). The mean Q, vorticity is shown in Fig. 9.
Both positive and negative Q, appear in pair about
Az =0 (which corresponds to z=0). Also, the number of
vorticity streaks increase in the downstream direction. In
studying turbulent spot, Schréder and Kompenhans
(2004) mention that the presence of positive and nega-
tive vorticity streaks inside the spot may cause the cen-
ter-line symmetry. The positive and negative vorticity
streaks in Fig. 9 thus suggest the observed symmetry of
the propagating disturbance.

In order to find the coherent structure, the two-point
spatial correlation, R,,, of the fluctuating streamwise
velocity component u is estimated:

u(xg, zo, t)u(xo + dx, zo + dz, ¢)
\/uz(xo,zo)\/uz(xo,zo)

where (xg, zg) is the reference point. The correlation
contours at x — x,=11, 170, and 440 mm are shown in
Fig. 10. This figure also confirms the downstream
development of the streaky pattern. The iso-contours at
x — x;,=11 mm show a remarkable similarity with that
of Breuer and Haritonidis (1990), inspite of the fact
that their initial disturbance is different from that used
in the present study. These authors have reported the
disturbance shape in a frozen time scale in the sense

Ruu(x07207 dx? dZ) =

Fig. 13 Contours of R,, in the
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Fig. 14 Spatial correlation contours of the fluctuating wall normal
velocity component at two stations

that the downstream shape does not change consider-
ably. Compared to this, the long streaky structures at
x — x,=170 and 440 mm locations (Fig. 10) are
different. These streaks are similar to those reported by
other investigators with different disturbance sources,

introduced either in the freestream or at the wall (see
Boiko et al. 2002). The streamwise periodicity of the
disturbance seen at x — x,=11 mm in Fig. 10 is
attributed to the following fact. The loudspeaker
during its upstroke pushes fluid away from the wall,
and sucks fluid during its downstroke. These events
cause both low and high speed regions, whose signa-
ture exhibits the periodic feature in the early stage at
x — x,=11 mm. The streak spacing has been calcu-
lated from Fig. 11, which shows the variation of R,,
with 4z. The distance between the origin and the point
of the minimum value of R,, in Fig. 11 can be inter-
preted as half the dominating spanwise wavelength of
high and low speed streaks. It is found that the streak
spacing ranges from 0.86 to 16 and does not scale with
the boundary layer thickness, as reported by Bakchinov
et al. (1994), who have observed streaks for puff
introduced upstream of the plate leading edge, as in the
experiment of Westin et al. (1998).

3.2 PIV results: wall normal plane along z = 0

Due to the difficulty in placing the camera in the x — y
plane at x — x,=11 mm, the measurements were
made at x — x;,=17 mm downstream of x; Ii.e.,
about 6 mm downstream of the measurement station at
x — x,=11 mm. The PIV measurements in the wall
normal plane have revealed that the boundary layer
oscillates. The oscillation, however, is small at x —
xp,=17 mm. Some representative instantaneous PIV
frames at x — x,=17, 170 and 440 mm depict this
aspect in Fig. 12. The vertical arrows in Fig. 12a and b

Fig. 15 Correlation contours of
the Reynolds stress in the wall 4r
normal plane at two stations
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indicate the location at which the disturbance Using the measured U (from 395/396 PIV realiza-

was introduced. Compared to the PIV frames at
x — x;=17 mm (Fig. 12a, b), the oscillation of the
boundary layer is more pronounced in Fig. 12¢ and f,
for x — x,=440 mm location. While similar boundary
layer oscillations are also seen in the simulation of the
bypass transition by Jacobs and Durbin (2001), the
oscillation of the boundary layer in the presence of an
incipient spot is not yet reported in the available lit-
erature, or has been ignored. These oscillations are
possibly due to the spanwise modulation of the streaky
structures in the boundary layer.

tions), 0 and 8" were estimated. The measured values of
H=4"/0at x — x,=170 and 440 mm were 2.04 and 2.10,
respectively. The reduced value of H, compared to the
Blasius value of 2.59, indicates the presence of stream-
wise pressure gradient. However, the freestream velocity
being constant at 4 m/s, this reduction in H is attributed
to the generation of the Reynolds stress (Westin et al.
1994), as also confirmed from the downstream growth of
ums/Up seen in Fig. 6.

In the wall normal plane, the spatial correlations of u,
v, and the Reynolds stress have been estimated:
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Fig. 17 Variation of tms/tyms With y/8° compared with Luchini’s
theory
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two different correlation windows
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where (xo, o) is the reference point. The contours of R,
in Fig. 13 show an inclined and stretched structures; for
clarity the contour levels are shown for R,,, > 0.2. In the
downstream direction, the flow has undergone a notice-
able stretching and thickening at x — x;, =440 mm. The
R,, contours, on the other hand, has a frozen and

coherent structure, as shown in Fig. 14; for clarity the
contour levels are shown for R,, > 0.2. We may note that
the peak value of v, is found to be about 30% of the
peak value of wu,,s. This suggests that the streamwise
fluctuation is more dominant. The frozen R,, contours
(in Fig. 14) possibly imply that the propagating distur-
bance does not cause a significant Reynolds stress pro-
duction. The R,, ,, contours in Fig. 15 show a frozen
structure in the same region as in the case of R,, (in
Fig. 14). In addition, downstream of this frozen region,
highly correlated R,,,, contours appear in the region
1I9mm < Ax <20.5 mm at x — x,=440 mm. In tur-
bulent flows, the quadrant analysis of the fluctuating
velocity components provide an insight into the Rey-
nolds stress production via the ejection and sweep events.
In turbulent spots, the quadrant analysis by Schréder
and Kompenhans (2004) has revealed important flow
structures involving the ejection and sweep events. Fol-
lowing Wallace et al. (1972), we have carried out the
quadrant analysis at x — x;, =440 mm; in terms of Ax (see
Fig. 1), the PIV data are at Ax/2. The mean boundary
layer thickness at this location is 6 =10.3 mm. Various
events are defined as: ejection, u <0, v>0; sweep, u>0,
v<0; outward interaction, u >0, v>0; inward interac-
tion, u <0, v<0. For these events, the average of the PIV

realizations of the quantity uv is denoted by (uv),. Var-
ious events thus identified are shown in Fig. 16a; as in
Wallace et al. (1972), —@E is normalized by —uv. Since
the measured —uv/ Ug in the boundary layer is found to

fluctuate till y/0~0.35, as shown in Fig. 16b, the inter-
pretation of the events in Fig. 16a becomes difficult, ex-
cept that various events seen in turbulent flows are also
seen here. For instance, the sweep event is more than the
ejection event for 0.15 < p/6 < 0.25and 0.3 < y/o <
0.4 in Fig. 16a. One important result in Fig. 16b is that
the Reynolds stress is maximum at y/0~0.5, i.e., it is
away from the wall. When (uv), is normalized by U?j,
various events displayed in Fig. 16c show similarity with
those observed by Wallace et al. (1972) in turbulent
flows. For example, the sweep event is more important
for y/6 < 0.35 and the ejection event becomes dominant
thereafter. The interacting events in Fig. 16¢ are also
similar to those of Wallace et al. (1972). However, the
meaning of the quantity —(uv),/UZ is not the same as

that of —(uv),/ — uv. Also, since our measurements are
only along z=0, we cannot infer the flow topology in

terms of the ejection and sweep events, as carried out by
Schréder and Kompenhans (2004) in turbulent spots
using multi-plane stereo PIV. (These analyses follow
from the suggestion of an anonymous referee, and we
thank him.)

The streaky structures of low and high speed fluids
seen in the spanwise plane in Fig. 5 resembles those in
bypass transition (Jacobs and Durbin 2001; Matsubara
and Alfredsson 2001). Luchini (2000) has proposed that
Urms/Urms, max Nas a self-similar structure when plotted
against y/6 . Independently, Andersson et al. (1999)



Fig. 19 Three instantaneous
PIV frames of fluctuating
velocity vectors in the
background of instantaneous
vorticity at x — x, =170 mm
location. Darker region within
boundary layer indicates high
negative instantaneous vorticity
Q.
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have proposed the same self-similar feature. The mea-
sured Uyms/Urms, max Profiles at x — x;, =170 and 440 mm present over a large portion of the boundary layer. The
are compared with the theory of Luchini (2000) in difference, however, is expected in view of the fact that

Fig. 20 Mean vorticity of entire
PIV realizations at x —

x;, =17 mm location in the wall
normal plane. Lifted high shear
layer in 8.5 < 4x < 20.
Numbers indicate the contour
level of (2.)mean

Fig. 17. It can be seen that some self-similarity feature is
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streaks develop near the leading edge in bypass transi-
tion, compared to the present study. One can see in this
figure that #,;g/tms, max 1S non-zero outside the
boundary layer. This non-zero value may in part be
attributed to the PIV noise. Also, although a black
sticker was used to reduce the reflection of the laser
sheet, the reflection was not completely eliminated.
Thus, a part of the noise could be due to this reflection in
the wall normal plane. We also find that a larger inter-
rogation window of 48x48 pixels reduces this noise
without affecting the values within the boundary layer,
as shown in Fig. 18 for x — x;,=440 mm, as an example.
Jacobs and Durbin’s (2001) DNS results of bypass
transition clearly show the presence of spanwise low and
high speed streaks and both ‘backward’ and ‘forward’
jets of the fluctuating velocity components (¢ and v).
Similar jet-like structures are also observed by us at x —
x;, =170 and 440 mm, where streaks are quite developed.
As an example, three instantaneous frames depicting
such jet-like structures at x — x, =170 mm are shown in
Fig. 19, where the fluctuating velocity vectors are dis-
played in the background of the instantaneous 2. vor-
ticity (darker region). One observes in this figure some
concentrated positive and negative fluctuations. Similar
fluctuations are also seen in the experimental study of
bypass transition (Mandal 2005). Figure 19a and b also
show some high intensity fluctuations in the freestream
in the region 6 mm < Ay <9 mm and 25 mm £ Ax
< 26.5 mm; the value of ¢ at this station is 9.2 mm. A
frame by frame analysis of the PIV realizations has re-
vealed that, occasionally the flow near the boundary
layer edge gets detached from the tip of the inclined
shear layer. This detached flow appears as fluctuations
in the freestream. Mean Q. vorticity at x — x;,=17 mm
is shown in Fig. 20. A tilted high shear region can be
seen. Since, the development of streaks is associated with
the lift-up effect (Boiko et al. 2002), the lift-up of high
shear layer in Fig. 20 is expected, as also suggested by
Breuer and Haritonidis (1990).

4 Conclusions

The PIV technique has been used to study the spatial
evolution of an incipient spot triggered by a small
amplitude disturbance that is introduced into a constant
pressure boundary layer. Well defined high and low speed
streaks are observed in the spanwise plane. Compared to
the hot-wire measurements, the PIV measurements have
enabled to observe these streaks over large spanwise and
streamwise extent without invoking the propagation
velocity of the spot. From the spatial correlations of the
fluctuating velocity components in the wall normal plane
we conclude that the structure of the streamwise com-
ponent is stretched one, but that of the wall normal
component is frozen in space. An incipient spot is found
to cause the boundary layer oscillation and the ‘forward’
and ‘backward’ jet-like structures of the fluctuating
velocity components; these results are not yet reported in

the available literature. These jet-like structures are sim-
ilar to those seen in the simulation of the bypass transi-
tion. On the whole, an incipient spot bears some features
of the bypass transition.
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