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transition induced by a cylinder wake
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Boundary layer transition induced by the wake of a circular cylinder in the free stream
has been investigated using the particle image velocimetry technique. Some differences
between simulation and experimental studies have been reported in the literature,
and these have motivated the present study. The appearance of spanwise vortices in
the early stage is further confirmed here. A spanwise vortex appears to evolve into
a 3/hairpin vortex; the flow statistics also confirm such vortices. With increasing
Reynolds number, based on the cylinder diameter, and with decreasing cylinder height
from the plate, the physical size of these hairpin-like structures is found to decrease.
Some mean flow characteristics, including the streamwise growth of the disturbance
energy, in a wake-induced transition resemble those in bypass transition induced by
free stream turbulence. Streamwise velocity streaks that are eventually generated in
the late stage often undergo sinuous-type oscillations. Similar to other transitional
flows, an inclined shear layer in the wall-normal plane is often seen to oscillate
and shed vortices. The normalized shedding frequency of these vortices, estimated
from the spatial spacing and the convection velocity of these vortices, is found to
be independent of the Reynolds number, similar to that in ribbon-induced transition.
Although the nature of free stream disturbance in a wake-induced transition and that in
a bypass transition are different, the late-stage features including the flow breakdown
characteristics of these two transitions appear to be similar.
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1. Introduction
The Tollmein–Schlichting instability process during boundary layer breakdown in a

quiet environment is absent in bypass transition induced by free stream turbulence
(Morkovin 1969) and in wake-induced transition caused by periodically passing
unsteady wakes in the free stream (Mayle 1991). The wake-induced transition scenario
is often encountered in practice; for example, wakes from an upstream aerofoil in a
multi-element high-lift device interact with the downstream aerofoil boundary layer; in
gas turbine blades, the upstream blade wake interacts with the downstream aerofoil
boundary layer, which in turn affects machine performance in terms of flow losses
and heat transfer to the turbine blade (Liu & Rodi 1991). A better understanding of
this process is thus important in the design of high-lift devices and in improving gas
turbine performance. Broadly classified, wake–boundary layer interactions are either
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Wake-induced boundary layer transition 61

strong or weak types (see the review by Squire 1989). The former type occurs when
the initial vortex sheet persists and the two shear layers merge; a weak interaction
case is when the wake is far from the boundary layer and is fully developed before
it merges with the boundary layer. The study of Savill & Zhou (1983) on a flat plate
boundary layer with various types of wake – such as a wake from a circular cylinder,
an aerofoil, and a flat plate in the free stream – suggests interchange of vortices
between the two layers and large-scale motion from the wake into the boundary layer.
Zhou & Squire (1985), who studied the interaction of a single aerofoil wake with the
flat plate boundary layer, propose that a potential core can exist in the initial stage of
boundary layer development and a merging zone further downstream, where the main
changes are confined to the inner half of the wake and the outer part of the boundary
layer.

A simple representation that retains the essential physics of wake and boundary
layer interactions in practical flows is the cylinder–plate combination (Ovchinnikov,
Piomelli & Choudhari 2006). In order to investigate strong wake-induced transition in
a flat plate boundary layer, Kyriakides et al. (1996) placed a circular cylinder above
the plate, and upstream of the leading edge. Their experimental study revealed that
transition depends on the free stream velocity, cylinder position with respect to the
plate, cylinder diameter, drag coefficient and the minimum velocity in the developing
wake at the streamwise position of the onset of the boundary layer transition. In their
later study on the flow structure during transition (Kyriakides et al. 1999), they find
a secondary structure of positive vorticity in the near-wall region being induced by a
negative Kármán vortex in the free stream. This was based on the cross-correlation
analysis of the free stream and the boundary layer measurements. Several theoretical
studies (e.g. Doligalski & Walker 1984; Doligalski, Smith & Walker 1994; Pellerin &
Giovannini 1999) suggest that a vortex convected above a solid wall can induce similar
secondary vortex through an inviscid–viscous interaction in the form of boundary layer
eruption. However, a cylinder wake generated downstream of the plate leading edge
can cause boundary layer separation both upstream and downstream of the cylinder or
no separation, depending on the gap between the cylinder and the plate (Price et al.
2002); a large-eddy simulation of this flow by Sarkar & Sarkar (2009) reveals a rapid
transition to turbulence, similar to bypass transition, for a large gap between cylinder
and wall.

By direct numerical simulation and large-eddy simulation, Ovchinnikov et al. (2006)
suggest that, a short distance downstream of a cylinder placed above the leading
edge, spanwise rollers that are shed from the cylinder develop spanwise-periodic
deformations, which inject external wake momentum into the boundary layer. Because
of this external wake momentum, streamwise velocity streaks are formed and lead
to transition at higher Reynolds numbers. Interestingly, they find some features of
bypass transition induced by free stream turbulence, like the distribution of urms

(where u is the streamwise fluctuating velocity component) and the low-frequency
spectrum of the streamwise velocity in the boundary layer even in a wake-induced
transition. This is in spite of the fact that free stream disturbances are different in
these two transitions. While the free stream disturbance is coherent and anisotropic in
wake-induced transition, it is nearly isotropic in the case of bypass transition induced
by free stream turbulence. However, in contrast to the streak spacing, of the order
of the boundary layer thickness in bypass transition, Ovchinnikov et al. (2006) find
the streak spacing, based on the deformation scale of the primary rollers, to be
independent of the Reynolds numbers cases studied by them. The recent study by Pan
et al. (2008) in a water channel suggests that a wake-induced boundary layer transition

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

01
1.

27
0 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2011.270


62 A. C. Mandal and J. Dey

is different from the low-frequency driven Klebanoff mode of transition induced by
free stream turbulence. Their experimental study at a fixed Reynolds number (based on
the cylinder diameter) of 2000 was based on the hydrogen bubble flow visualization
technique and digital image processing of these hydrogen bubble images. Pan et al.
(2008) find that a spanwise vortex is induced in the boundary layer due to the external
Kármán wake. We may note that this feature was not reported by Ovchinnikov et al.
(2006). Soon after the formation of a spanwise vortex, a secondary instability develops
on this spanwise vortex, resulting in hairpin-like structures. Low-speed streaks that
always follow a hairpin packet are generated by continuous lift-up inducement by the
legs of a hairpin packet. Contrary to the observation by Ovchinnikov et al. (2006),
Pan et al. (2008) do not find self-similar urms profiles. Furthermore, Pan et al. (2008)
speculate that the peak urms movement towards the wall during transition is due to the
movement of the hairpin leg towards the wall.

In view of the above-mentioned different viewpoints, further studies on the
cylinder–plate combination are worth while. One such study is reported in this
paper. Although Pan et al. (2008) measured the velocities in the wall-normal plane,
the fluctuating velocity field associated with hairpin vortices and its contribution
to the total urms were not reported by them. Also, the similarity, if any, in the
flow randomization characteristics during transition with other transition processes is
considered here. The particle image velocimetry (PIV) technique was used to measure
the flow field in both the wall-normal plane and the spanwise plane over a wide
Reynolds number range. The measurements being quantitative, attempts were often
made to substantiate the instantaneous observations by some statistical analyses of the
data.

The paper is organized as follows. The experimental details and the measurement
techniques are described in § 2. The results are presented in § 3, followed by a
discussion in § 4. The results are summarized in § 5.

2. Experimental details
The measurements reported here were carried out in a low-speed wind tunnel (for

tunnel details, see Mandal, Venkatakrishnan & Dey 2010; Mandal 2010). A smooth
circular cylinder was placed upstream and parallel to the plate leading edge to generate
a Kármán wake in the free stream. Briefly, the open circuit tunnel had a contraction
ratio of 14:1 and a square test section (500 mm × 500 mm × 3000 mm); the settling
chamber ahead of the contraction had a smooth entry section with honeycomb and
screens (four screens; 8 mesh cm−1). The side-wall divergence of about 1/487 over
3 m in the test section was provided to correct for the side-wall boundary layer
growth. The fan was at the end of a short diffuser, which was isolated from the rest
of the tunnel to minimize the transmission of vibration. The tunnel speed, controlled
by a speed controller, could reach a maximum of about 22 m s−1. The free stream
streamwise turbulence intensity was 0.1 % and both the cross-flow turbulent intensities
were 0.05 % at 15 m s−1, as measured using a cross-wire probe in two different planes.
An aluminium flat plate with super-ellipse shaped leading edge (e.g. Narasimha et al.
1984; Narasimha & Prasad 1994) was placed horizontally in the mid-plane of the
test section; the plate was 4 mm thick and 2090 mm long. The reflection of the
laser sheet from the plate was reduced by sticking a smooth black sticker of 0.1 mm
thickness to the plate and covering the leading edge (Banerjee, Mandal & Dey 2006;
Mandal et al. 2010). Both the hot-wire and the PIV measurements were made in the
boundary layer that developed on this smooth black surface. A schematic diagram

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

01
1.

27
0 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2011.270


Wake-induced boundary layer transition 63

Circular cylinder of diameter d
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FIGURE 1. A schematic diagram of the setup and the PIV measurement zone.

of the measurement setup in the test section is shown in figure 1. The streamwise,
the wall-normal and the spanwise distances are denoted by x, y and z, respectively;
the plate leading edge is at x = 0; z = 0 is the plate centre-line. Two smooth circular
cylinders of diameters d = 9 mm and 19 mm were used to generate wake in the free
stream; hereafter, these two cases are designated as d1 and d2, respectively. In both
these cases, the upstream position of the cylinder (figure 1) was fixed at xp/d = −1
and the wall-normal position, yp/d, was varied between 3 and 4. We may note that
the xp and yp distances were measured from the tip of the super-elliptical leading edge,
which was slightly below the plane surface of the flat plate. The free stream velocity
is denoted by U0, and the mean velocity by U; Red (=U0d/ν) denotes the Reynolds
number based on the cylinder diameter. The instantaneous velocity components in the
x, y and z directions are UI , VI and WI , respectively; the corresponding fluctuating
components are u (=UI − U), v (= VI − V) and w (=WI − W), respectively. Two
free stream velocities of U0 = 1.6 and 2.7 m s−1 were chosen. The corresponding Red

values were Red = 929 and 1568 for the cylinder d1 and Red = 1961 and 3310 for the
cylinder d2. We may mention that, for yp/d = 5, the boundary layer in these flows did
not undergo transition in the domain of our investigation.

The wake frequency, f0, behind a cylinder was measured using a constant-
temperature hot-wire anemometer (5 µm tungsten wire and length-to-diameter ratio
of ∼300); the hot-wire data were acquired at 2 kHz. The Strouhal frequencies, f0d/U0,
for the cylinder d1 at yp/d = 3 and 4 were 0.235 and 0.22, respectively; for the
cylinder d2 at yp/d = 3 and 3.5, these were 0.22 and 0.21, respectively. The present
Strouhal number values of 0.22 and 0.21 are comparable with the value of 0.215 for
y/d = 3.5 given by Ovchinnikov et al. (2006). A slight increase seen in the Strouhal
frequency at lower yp/d values is due to the closeness of the cylinder to the wall
(Angrill, Bergamaschi & Cossalter 1982).

The PIV unit (IDTpiv, USA) consisted of a double cavity Nd:YAG laser (New Wave
Research), laser sheet optics, a charge-coupled device (CCD) camera (1360 × 1036
pixels) and the associated data processing software (proVISION II). The CCD camera,
which was equipped with a 50 mm focal length lens, could capture five image pairs
per second. A light sheet of 2 mm thickness, comparable with other studies (e.g.
Kostas, Soria & Chong 2002), was used to illuminate the flow field. The processing
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software was based on a mesh-free second-order accurate algorithm (Lourenco &
Krothapalli 2000). The maximum PIV measurement zone (1x × 1z in figure 1;
1x ×1y in the wall-normal plane) was approximately 60 mm × 46 mm. The distance
of the centre of the PIV measurement zone from the leading edge is denoted by x1.
Sides of an image with lower intensity were not considered. Using an interrogation
window size of 24 × 24 pixels, the acquired images were processed with a 100 × 100
rectangular mesh in the spanwise plane and 100 × 200 mesh in the wall-normal plane
to cover the entire image. The limit of the interpolated vectors was set as 20 in 20 000
vectors per frame, i.e. frames showing more than 20 interpolated vectors were skipped.
The spatial resolution of the measurements in terms of the correlation window size
was approximately 1 mm in both the wall-normal plane and the spanwise plane; these
parameters are similar to our previous studies (Banerjee et al. 2006; Mandal et al.
2010).

Blasius flow was established at x1 = 250 mm with U0 = 1.6 and 2.7 m s−1, as
shown in figure 2(a); the displacement thickness, δ∗, at x1 is denoted by δ∗0 . Various
quantities in the turbulent wake were measured behind the cylinder d1, which was
held parallel to the leading edge at location x = 100 mm and y = 120 mm in the free
stream. The Red value was 929. In the absence of any data corresponding to Red = 929
in the literature, the present measurements are compared with the turbulent-wake data
of Ong & Wallace (1996) at x/d = 3 and Red = 3900 in figure 2(b–f ). The measured
variations of the mean velocities, urms and vrms and the Reynolds shear stress, uv, show
reasonable agreement with the data of Ong & Wallace (1996); the differences seen
may be attributed to the Reynolds number effect.

3. Results
The PIV measurements presented in this section were carried out by centring

the camera at x1 = 150, 250 and 350 mm. The spanwise plane measurements were
approximately made at the wall-normal distance y, corresponding to the peak urms,
except for the Red = 929 and 1961 cases at x1 = 150 mm, for which the measurement
planes were at y/δ0 ≈ 0.1 and 0.2, respectively.

3.1. Spanwise structure in the boundary layer
Some typical instantaneous PIV realizations at x1 = 150 mm, for the cylinder d2 at
yp/d = 3, shown in figure 3 depict the early stage of the boundary layer flow at
two different Reynolds numbers. For Red = 1961, figures 3(a) and 3(c) correspond
to the wall-normal plane and the spanwise plane, respectively; similarly figures 3(b)
and 3(d) correspond to these two planes, respectively, for Red = 3310. Arrows in
figures 3(a) and 3(b) are the instantaneous velocity vectors in the foreground of
the normalized instantaneous spanwise vorticity, Ωzδ0/U0, viewed by an observer
moving at 0.8U0; arrows in figures 3(c) and 3(d) are the fluctuating velocity vectors
over the instantaneous streamwise velocity contours, UI/U0. Spanwise vortices are
seen to be the early-stage flow feature. Since negative vortices (clockwise) in the
boundary layer are often accompanied by positive vortices (anticlockwise) in the free
stream (see figure 3a,b), negative spanwise vortices in the boundary layer are perhaps
induced by positive wake vortices in the free stream. The elongated low- and high-
velocity regions in the spanwise plane (figure 3c) most probably correspond to the
spanwise vortices in the boundary layer. Since a spanwise vortex brings comparatively
high-speed fluid from the outer part of the boundary layer and pumps out low-
speed fluid from the near-wall region, a cross-section in the spanwise plane will
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FIGURE 2. Validation of the PIV measurements. (a) Comparison of the measured mean
velocity with the Blasius profile (—): ©, U0 = 1.6 m s−1; �, U0 = 2.7 m s−1. (b–f )
Comparison of various measured quantities (–4–) in the wake of the cylinder d1 at x/d = 3
and Red = 929 with the data (N) of Ong & Wallace (1996) at x/d = 3 and Red = 3900.

depict high- and low-velocity regions. At a higher Reynolds number of Red = 3310,
3-shaped structures are often seen to appear in the flow, as illustrated in figure 3(d).
Therefore, the spanwise vortex in figure 3(b), along with an inclined shear layer,
corresponds to a 3 structure, which is often found to be associated with an inclined
shear layer in the wall-normal plane (e.g. Zhou et al. 1999). Compared to the mean
velocity, a lower instantaneous velocity inside a 3 structure and a higher velocity
outside of it can be seen in figure 3(d). Here a 3 structure is identified from the
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FIGURE 3. Instantaneous flow features depicting spanwise and 3 vortices, for the cylinder
d2 at yp/d = 3: (a,c) for Red = 1961; and (b,d) for Red = 3310. Arrows in (a, b) are
instantaneous velocity vectors in the wall-normal plane seen by an observer moving at
0.80U0; contours are of Ωzδ0/U0. Arrows in (c,d) are the fluctuating velocity vectors of u
and w in the spanwise plane over the contours of UI/U0.

associated 3-type velocity field; this is not unusual in view of the similar deduction
by Schröder (2001), for example, in his study of controlled boundary layer transition
using stereo-particle image velocimetry (see his figures 25 and 26). Flow visualization
in a water channel by Pan et al. (2008) also revealed the existence of spanwise
vortices, which subsequently evolve into a hairpin-like structure due to the secondary
instability. Figure 3(d) shows similar aspects, in the sense that an initial spanwise
vortex is seen to evolve into a 3 structure. The present quantitative measurements thus
further confirm the results of Pan et al. (2008). Horseshoe, 3, omega-shaped vortices
and their deformed versions, being variations of a common basic flow structure at
different stages of evolution, are often recognized as hairpin vortices (e.g. Adrian,
Meinhart & Tomkins 2000; Pan et al. 2008), as is also considered here.

The physical size of these downstream evolving vortices depends on the Reynolds
number and the upstream cylinder position. As an example, a bigger 3 can be seen
in figure 4(a) for the yp/d = 3 and Red = 1961 case, compared to the yp/d = 3
and Red = 3310 case in figure 3(d); similarly, when the cylinder position is raised
to yp/d = 3.5, a larger 3 structure appears at the same Red = 3310 (figure 4b).
Sometimes streaks are also seen to accompany these 3 vortices (for example, see
the z/d 6 −1 region in figure 4a). Furthermore, the staggered pattern of hairpin
vortices, as in figure 4(b), was often found in several PIV realizations. Corresponding
to the flows in figures 3(a) and 4(a), the power spectra (of the hot-wire signal in
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FIGURE 4. Larger 3 structures at x1 = 250 mm: (a) yp/d = 3 and Red = 1961; and
(b) yp/d = 3.5 and Red = 3310. Fluctuations of u and w are shown as vectors over UI/U0
contours.

P
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(a)
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FIGURE 5. Power spectra of hot-wire traces at y/δ0 ≈ 0.4 in the boundary layer for the
cylinder d2 at yp/d = 3 and Red = 1961: (a) spectrum at x1 = 150 mm; and (b) spectrum at
x1 = 250 mm.

the boundary layer) are displayed in figures 5(a) and 5(b), respectively; P denotes the
power in an arbitrary scale, and the frequency, f , is normalized by the wake Strouhal
frequency, f0. The peak at the shedding frequency of the cylinder, along with a small
harmonic peak and a slightly broad-band quasi-subharmonic peak (figure 5a), which
diminishes downstream (figure 5b), are similar to the results reported by others (e.g.
Kyriakides et al. 1996; Ovchinnikov et al. 2006; Pan et al. 2008). Ovchinnikov et al.
(2006) suggest that the peak at the Strouhal frequency is due to the instant propagation
of wake unsteadiness through pressure. On the other hand, Pan et al. (2008) attribute
this (f /f0 = 1) to the periodic generation of secondary transverse vortices, which is
seen to be so here, as well (figure 3a,c). Figure 3(d) clearly shows that the evolution
of 3 vortices from a two-dimensional spanwise vortex is a major sequence in a wake-
induced transition. These 3 vortices appear in a staggered pattern (figure 4), similar
to those seen in other boundary layer transitions (see, for example, Gad-el-Hak et al.
1984; Bake, Fernholz & Kachanov 2000; Liu, Zaki & Durbin 2008), although the
generation process is different in all these cases. The staggered pattern of 3 vortices in
figure 4 at x1 = 250 mm may therefore be traced back to the subharmonic disturbance
seen in the spectrum at x1 = 150 mm (figure 5a).
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FIGURE 6. Conditional flow structures in the spanwise plane given a negative u velocity
event, for the cylinder d2 at yp/d = 3. (a,b) In terms of fluctuating velocity vectors at
x1 = 150 mm (Red = 3310) and x1 = 250 mm (Red = 1961), respectively. (c,d) Only for u
velocity component, for flows in (a,b), respectively.

The 3/hairpin vortices discussed above are the common flow feature in
wake-induced transition in boundary layers. Therefore, if such flow features are
consistent with the majority of PIV realizations, their signature should also be evident
in the flow statistics. As a hairpin vortex accumulates low-velocity fluid inside it
by its counter-rotating legs, a conditional average structure may be sought with a
given negative u velocity event. The estimate is expressed as 〈v(x′)|u(x)〉, where
v = (u,w) and x = (x, z). Because direct computation of this conditional average is
difficult, a linear stochastic estimate can provide the conditional average of a process
with unconditional data (Adrian 2007; Christensen & Adrian 2001). We estimated
the conditional average of the fluctuating velocity field following Tomkins & Adrian
(2003), with a given negative u velocity event,

〈vj(x′)|u(x)〉 ≈ Aju(x). (3.1)

Here, the kernel Aj is determined by minimizing the mean-square error of the estimate,
which yields

〈vj(x′)|u(x)〉 ≈ 〈u(x)vj(x′)〉
〈u(x)u(x)〉 u(x). (3.2)

Thus an estimate of the conditional average can be approximated by the unconditional
two-point correlation, and the fluctuating velocity behaviour on an average basis can
be obtained with a given negative u(x). The conditional structures so obtained for the
flows in figures 3(d) and 4(a) are shown in figure 6. We used 296 PIV realizations,
whereas Tomkins & Adrian (2003) used 201 realizations in a similar analysis. In terms
of the fluctuating velocity vectors of u and w, the hairpin signature, that is, a strong
negative velocity region, along with two counter-rotating vortices in figure 6(a,b),
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Cylinder xp/d yp/d Red x1 (mm) δ0 (mm) δ∗0 (mm) H Reθ Sn

d1 −1 3.0 929 150 9.4 2.35 2.02 120 400
d1 −1 3.0 929 250 14.0 2.39 1.94 127 488
d1 −1 3.0 1568 150 8.0 1.73 1.92 157 309
d1 −1 3.0 1568 250 10.5 1.69 1.82 162 408
d1 −1 4.0 1568 150 5.7 2.02 2.64 133 359
d1 −1 4.0 1568 250 8.4 2.32 2.19 185 407
d1 −1 4.0 1568 350 10.0 2.64 2.06 223 212
d2 −1 3.0 1961 150 7.0 2.50 2.53 102 400
d2 −1 3.0 1961 250 12.5 2.80 2.00 143 300
d2 −1 3.0 3310 150 8.5 1.88 2.11 155 323
d2 −1 3.5 3310 150 5.7 2.08 2.60 139 399
d2 −1 3.5 3310 350 9.5 2.62 2.26 202 329

TABLE 1. Different flow cases and the boundary layer parameters at x1.

0 2 4 6

0.5

1.0

U Ue

_

y *0

FIGURE 7. Comparison of the mean velocity profiles with the Blasius profile (—). Case d1
and Red = 929: I, x/d = 16.6 (yp/d = 4); N, x/d = 27.7 (yp/d = 3). Case d1 and Red = 1568:
O, x/d = 16.6 (yp/d = 4); H, x/d = 27.7 (yp/d = 4). Case d2 and Red = 1961: C, x/d = 7.9
(yp/d = 3); �, x/d = 13.2 (yp/d = 3); ©, x/d = 7.9 (yp/d = 4).

is similar to that of Tomkins & Adrian (2003) in a turbulent boundary layer flow.
Figures 6(c) and 6(d), based on a single velocity component, u, show a reduced length
scale at a higher Red, for the same yp/d = 3, as was also observed in our instantaneous
PIV realizations.

3.2. Mean flow
The boundary layer integral parameters in table 1 are based on the effective free
stream velocity, Ue, which, following Ovchinnikov et al. (2006), is the maximum
free stream velocity between the wake and the wall. Here Sn is the number of PIV
realizations used in ensemble averaging. The boundary layer thickness, δ, corresponds
to 0.99Ue, and its value at the measurement location x1 is denoted by δ0; the shape
factor (δ∗0/θ ) is denoted by H, where θ is the momentum thickness at x1.

Figure 7 shows a comparison of the measured mean velocity profiles in the
boundary layer for different flows with the Blasius profile. The instantaneous PIV
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FIGURE 8. (a,b) Instantaneous PIV realizations at x1 = 250 mm depicting typical inflectional
and fuller velocity profiles, respectively. Cylinder d2 at yp/d = 3 and Red = 1961. Arrows
are instantaneous velocity vectors over the contours of Ωzδ0/U0. (c,d) Comparison of the
instantaneous velocity profiles (4) at about x/d ≈ 13 in (a, b) with the Blasius profile (—),
respectively.

realizations at x1 = 150 mm showed spanwise vortices for the flow parameters:
yp/d = 4, Red = 1568, for the cylinder d1; and yp/d = 3, Red = 1961, for cylinder
d2. However, no such spanwise vortex was seen for yp/d = 4 and Red = 929 (for
d1) and 1961 (for d2) cases. Figure 7 shows that the presence of a spanwise vortex
does not significantly distort the mean velocity profiles at x1 = 150 mm from the
Blasius one. Also, the velocity profiles in the presence of hairpin vortices and streaks
at x1 = 250 mm are independent of the cylinder size, and resemble those in bypass
transition induced by free stream turbulence (see, for example, Westin et al. 1994;
Matsubara & Alfredsson 2001) in the sense that there is a velocity gain in the inner
part of the boundary layer and a deficit in the outer part. The measured profile shapes
are similar to those simulated by Ovchinnikov et al. (2006), who, however, do not
report any spanwise vortex. Pan et al. (2008) find only velocity deficit, irrespective
of the spanwise vortex near the leading edge. They also suggest that a secondary
transverse vortex contributes to the mean velocity deficit inside the boundary layer
due to the eruption of low-speed fluid. However, a spanwise vortex in the boundary
layer not only ejects low-speed fluid from the wall region to the outer part of the
boundary layer but also brings in high-speed fluid from the outer part of the boundary
layer to the near-wall region. Here we find that mainly two types of instantaneous
velocity fields, as shown in figure 8(a,b), for yp/d = 3 and Red = 1961 (same flow as
in figure 4a), contribute to the velocity deficit and gain, respectively. Arrows in this
figure are instantaneous velocity vectors over the contours of normalized instantaneous
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FIGURE 9. (a) Distribution and (b) self-similarity of urms profiles across the boundary layer
for cylinder d2 (open symbols, yp/d = 3 and Red = 1961) and cylinder d1 (filled symbols,
yp/d = 4 and Red = 1568): 4, x/d = 6.5; ©, x/d = 8.3; O, x/d = 9.4; C, x/d = 12.5; �,
x/d = 13.4; N, x/d = 14; •, x/d = 16.6; H, x/d = 19.5; J, x/d = 27.5; � , x/d = 40. The
full curve in (b) is from Luchini (2000).

spanwise vorticity, Ωzδ0/U0. Figure 8(a) shows highly inflectional velocity profiles,
along with an inclined shear layer. This is better seen in figure 8(c), where the present
data at x/d ≈ 13 are compared with the Blasius profile. Similarly, figures 8(b) and 8(d)
show fuller velocity profiles. Manifestation of these low- and high-velocity regions,
compared to the mean velocity, may be attributed to hairpin vortices, which pump
low-velocity fluid inside and bring high-velocity fluid from outside, as mentioned in
the previous section.

The measured urms profiles in the boundary layers at various streamwise locations
are shown in figure 9(a); for the cylinder d1, yp/d = 4 and Red = 1568; and for the
cylinder d2, yp/d = 3 and Red = 1961. During the initial growth phase, the peak in the
urms profiles occurs at about y/δ∗ ≈ 1.2, and it moves towards the wall at downstream
locations. These compare well with other studies (e.g. Ovchinnikov et al. 2006; Pan
et al. 2008). The urms peak at y/δ∗ ≈ 1.2 is close to y/δ∗ ≈ 1.3 in bypass transition
induced by free stream turbulence (e.g. Westin et al. 1994; Matsubara & Alfredsson
2001). In the early growth stage, near self-similarity of urms that closely follows the
non-modal distribution of Luchini (2000) is shown in figure 9(b), where urms/urms,max

is plotted against y/δ∗; data in this figure correspond to those for x/d < 20, for
d1, and to x/d < 10, for d2, in figure 9(a). This self-similarity is in agreement with
Ovchinnikov et al. (2006), but differs from the finding of Pan et al. (2008); the
reason for this difference may be due to the fact that Pan et al. (2008) used hydrogen
bubbles as seeding particles rather than the conventional seeding particles for PIV
measurements.

The measured streamwise growth of the disturbance energy is compared with other
previous studies in figure 10(a). We may note that the present yp/d is not exactly
the same as y/d (distance from the plate surface) considered by other investigators.
It can be seen that a small initial slow growth region is followed by a rapid linear
growth of the disturbance energy. Compared to the lower growth rate reported by Pan
et al. (2008), the present measurements show a similar energy growth rate as simulated
by Ovchinnikov et al. (2006). Also, one can see a close agreement between the
present case of Red = 1961 and yp/d = 3 with the Red = 1155 and y/d = 3.5 case of
Ovchinnikov et al. (2006). However, the results of Pan et al. (2008), although showing
nearly linear energy growth, are different. In bypass transition induced by free stream
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FIGURE 10. (a) Streamwise growth and (b) rescaled streamwise growth of the peak
disturbance energy, u2

rms,max/U
2
0 . Ovchinnikov et al. (2006): · · · · ·, Red = 385 and y/d = 3.5;

− · − · −, Red = 1155 and y/d = 3.5. Pan et al. (2008): –�–, Red = 2000 and y/d = 3.25;
–O–, Red = 2000 and y/d = 4. Present: –4–, Red = 1961 and yp/d = 3 (cylinder d2); –N–,
Red = 1568 and yp/d = 4 (cylinder d1). The data of Pan et al. (2008) are not shown in (b).
(Rex, urms,max = 0.1U0) is the Rex value corresponding to urms,max = 0.1U0. Data of Kyriakides
et al. (1996) (©, y/d = 2.5 and Red = 3500) and present study (�, cylinder d2 at yp/d = 3.5
and Red = 1961) are also shown in (b).

turbulence, the distance over which the discrepant free stream and boundary layer
length scales adjust may correspond to the initial slow energy growth region (Fransson,
Matsubara & Alfredsson 2005; Ovchinnikov, Choudhari & Piomelli 2008). In the case
of wake-induced transition, however, the slow initial growth region may correspond
to the onset of the spanwise vortex in the boundary layer. Interestingly, we find that,
except for the data of Pan et al. (2008), the other data in the rapidly growing linear
stage in figure 10(a) collapse when, following Fransson et al. (2005), the streamwise
Reynolds number, Rex, is scaled with the Rex value corresponding to urms,max = 0.1U0.
This is elucidated in figure 10(b), where the data from Kyriakides et al. (1996) are
also displayed. In terms of this scale, Fransson et al. (2005) find the linear growth
of urms,max for a wide range of free stream turbulence intensity; however, the growth
rate in figure 10(b) is steeper than that reported by Fransson et al. (2005) (see their
figure 10b). Therefore, it seems that only the initial slow growth of the disturbance
is influenced by the cylinder diameter and its upstream position in wake-induced
transitions. Also, the near non-modal distribution of the urms profiles and the rapid
linear growth stage suggest that, at some stage of the disturbance development (most
likely while a spanwise vortex deforms to create hairpin structures and streaks), even a
wake-induced transition may undergo algebraic growth.

3.2.1. Conditional urms

On an average basis, urms is a measure of fluctuation amplitude in a perturbed
boundary layer. Nonetheless, simultaneous fluctuations over a spatial domain may
also reveal some coherent patterns of these fluctuations, which are of interest
in understanding the flow (e.g. Jacobs & Durbin 2001). Corresponding to the
instantaneous realizations at x1 = 250 mm shown in figure 8(a,b), the velocity
fluctuations are displayed (by vectors of u and v) in figures 11(a) and 11(b),
respectively, over Ωzδ0/U0 contours. Figure 11(a) depicts negative u fluctuations in the
inclined shear layer, while figure 11(b) shows positive u fluctuations in the high-shear
layer near the wall. These are typical fluctuations in wake-induced transition cases
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(b)

12.0 12.5 13.0 13.5 14.0
0

0.5

1.0

1.5

(a) z 0 U0

x d x d

y d

12.0 12.5 13.0 13.5 14.0

–2.0 –1.5 –1.0 –0.5 0.5 1.0 1.5 2.0

FIGURE 11. Typical instantaneous (a) negative u fluctuations in the lifted-up shear and
(b) positive u fluctuations near the wall in the wall-normal plane. Cylinder d2 at yp/d = 3,
x1 = 250 mm and Red = 1961. Grey levels: normalized instantaneous vorticity. Arrows:
fluctuating velocity vectors.

reported here. Interestingly, these features are also seen in bypass transition induced
by free stream turbulence (Jacobs & Durbin 2001; Mandal et al. 2010). We may also
mention that a hairpin vortex is associated with an inclined shear layer and negative
streamwise velocity fluctuations (e.g. Zhou et al. 1999; Bake et al. 2000).

While transition progresses in the downstream direction, the peak of urms moves
towards the wall, as shown in figure 9(a). Pan et al. (2008) speculate that this shift
is due to the wall-ward movement of the hairpin leg and suggest further studies in
this regard. In order to assess the individual contributions of positive and negative
fluctuations to the total urms, we separated these fluctuations by conditional sampling
(Mandal et al. 2010), as follows. In each PIV realization, data points showing positive
and negative u fluctuations and their magnitude at those points were found first. We
then used the magnitude and the sign criteria to pick up a particular u fluctuation.
For either positive or negative u fluctuation, if the magnitude of that u fluctuation
exceeded 5 % of the free stream velocity at large numbers of data points than other
u fluctuations, it was considered for processing. For example, a positive u fluctuation
showing u/U0 > 5 % over 20–30 % of the total data points and smaller fluctuations at
other data points in the same PIV realization were considered. We may note that the
free stream fluctuation due to the wake was excluded by considering the wall-normal
extent of about (6–7)δ∗. Denoting the r.m.s. of positive u fluctuations by urms,p, and
negative u fluctuations by urms,n, their distributions for both the cylinders at yp/d = 3
are shown in figure 12(a,b), for Red = 1961 and 929, respectively. It can be seen
that the urms,p peak is more towards the wall, whereas the urms,n peak is away from
the wall, as in bypass transition induced by free stream turbulence; two peaks in
the urms,n profile could be due to the prevalence of hairpin structures (e.g. Acarlar
& Smith 1987). A linear combination (Mandal et al. 2010) of urms,p and urms,n, i.e.
urms,a ≈ 0.44(urms,p + urms,n), shown in the inset in figure 12, can closely represent
the total urms profile. Therefore, the wall-ward movement of the urms peak could be
attributed to positive u fluctuations associated with the high-velocity region near the
wall.

3.3. Boundary layer streaks
Boundary layer streaks are important coherent structures in bypass transition induced
by free stream turbulence. Simulation by Ovchinnikov et al. (2006) also show
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FIGURE 12. Average and conditional r.m.s. profiles associated with positive and negative u
fluctuations at x1 = 250 mm. Symbols: �, urms,p; 4, urms,n; ©, urms,a; •, urms. (a) Cylinder d2;
yp/d = 3 and Red = 1961 case. (b) Cylinder d1; yp/d = 3 and Red = 929 case.

boundary layer streaks in wake-induced transition. Typical instantaneous low- and
high-velocity streaks shown in figure 13(a–d), for both the cylinders at yp/d = 3,
further confirm this; fluctuating velocity vectors of u and w are shown over the
contours of UI/U0. The fluctuation pattern of small w and large u is typical of that
in bypass transition (e.g. Jacobs & Durbin 2001; Mandal et al. 2010). We also find
that there are some triangular-shaped low-velocity regions connected to each other
(figure 13b). Since the upstream flow is populated with hairpin vortices (see yp/d = 3
and Red = 3310 case, for example), it may be expected that these low-velocity streaks
have arisen due to the mean shear stretching and due to the upwelling of low-speed
fluid by the legs of hairpin vortices. Also, compared to the varicose-type streak
oscillation reported by Pan et al. (2008) from their flow visualizations, the present
low-speed streaks often show sinuous-type oscillation, as illustrated in figure 13(c,d),
for the cylinder d1. Similar sinuous oscillations of low-speed streaks are also observed
in other transitional flows (e.g. Swearingen & Blackwelder 1987; Konishi & Asai
2010). The streamwise wavelength of these oscillations varied approximately to within
(10–15)δ∗0 , in close agreement with that in bypass transition (e.g. Schlatter et al. 2008).
We may mention that streaks were seen to appear at x1 = 150 mm, for the cylinder d1

at yp/d = 3 and Red = 929, compared to the d2 case. This is perhaps due to the fact
that, because the physical distance of the cylinder d1 above the leading edge is shorter,
a Kármán wake starts interacting with the boundary layer upstream of x1 = 150 mm
with eventual formation of streaks at x1 = 150 mm.

Streaks were found to appear randomly within the measurement window in the
spanwise plane and their average spacing was estimated using the spatial correlation
function (e.g. Jacobs & Durbin 2001), Ruu (=u(z)u(z+ dz)/u2(z)), as shown in
figure 14. The spanwise distance is normalized by the cylinder diameter, d, and
by the boundary layer thickness, δ0, in figures 14(a) and 14(b), respectively. The
distance between the origin and the point of minimum of Ruu in figure 14(a,b) is
taken as half the dominating spanwise wavelength of high- and low-speed streaks. The
streak spacing so obtained is approximately 2.2d for Red = 929, and it reduces with
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FIGURE 13. Instantaneous streamwise velocity streaks at x1 = 250 mm for yp/d = 3. Arrows:
fluctuating velocity vectors. Grey levels: normalized instantaneous velocity. (a) Cylinder d1
and Red = 929; (b) cylinder d2 and Red = 3310; (c,d) cylinder d1 and Red = 1568.

increasing Red. This is in agreement with Ovchinnikov et al. (2006), who find the
average streak spacing to be ∼2.5d, and it drops while turbulence sets in. In terms of
the local boundary layer thickness, δ0, the streak spacing is within (1–3)δ0 (figure 14b),
somewhat similar to that in bypass transition (e.g. Matsubara & Alfredsson 2001).

Although streaks can be generated by various means, their breakdown may not
be too sensitive to the means of their generation (Elofsson & Alfredsson 1998). In
a streaky boundary layer, secondary instability of a streak has often been suggested
as a route to turbulence in several studies (e.g. Swearingen & Blackwelder 1987;
Andersson et al. 2001; Mans, de Lange & van Steenhoven 2007; Schlatter et al.
2008). Since the streak amplitude (based on the difference of maximum and minimum
velocities) is important in the secondary disturbance growth on streaks, we consider
the streak amplitude, following Andersson et al. (2001), as,

A= 1
2 [maxz,Sn(UI − U)−minz,Sn(UI − U)]. (3.3)

Figure 15 shows the streak amplitude, A× 100/U0, for yp/d = 3 and Red = 929, 1568,
3310 and 6129 cases. We may note that, for the cylinder d2, the Red = 6129 case
(at x1 = 350 mm) was nearly turbulent (shape factor, H = 1.53). With an initial streak
amplitude of ∼43 % of the free stream velocity, the streak amplitude can be seen
to saturate at ∼35 % of the free stream velocity, for both the cylinders. Since the
secondary instability of the streak begins at such a level of streak amplitude (e.g.
Elofsson, Kawakami & Alfredsson 1999; Andersson et al. 2001), a similar instability
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FIGURE 14. Spanwise correlation function, Ruu, for different Red, and yp/d = 3. Spanwise
distance is normalized by the cylinder diameter in (a) and by the boundary layer
thickness in (b). Cylinder d1: �, x1 = 150 mm and Red = 929; �, x1 = 250 mm and
Red = 929; •, x1 = 250 mm and Red = 1568. Cylinder d2: B, x1 = 250 mm and Red = 3310;
N, x1 = 350 mm and Red = 6129.
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FIGURE 15. Streamwise variation of streak amplitude for different Reynolds numbers.
Cylinder d1: 4, Red = 929; ©, Red = 1568. Cylinder d2: �, Red = 3310; � , Red = 6129.
Here yp/d = 3 for all the data.

mechanism may also exist in even wake-induced boundary layer transition. A careful
examination of the PIV realizations in the spanwise plane revealed some sinuous
oscillations of low-speed streaks, which show a growing tendency in space; all streaks
need not show this feature because of nonlinear saturation. One such low-speed streak
is shown in the marked region in figure 16(a), and its zoomed view in figure 16(b),
respectively; the contour line in figure 16(b) corresponds to UI/U0 = 0.46. Streamwise
growth and staggered array of vortices in the sides of the low-speed streak are
clearly visible; vortices, identified by the swirling strength, λci (imaginary part of
the complex eigenvalue of the local velocity gradient tensor), following Zhou et al.
(1999), are shown by the line contours in figure 16(a). The flow simulation in the
presence of streaks by Brandt & Henningson (2002) shows a staggered pattern of
quasi-streamwise vortices on the flanks of sinuous low-speed streaks, both inclined
away from the wall and tilted in the downstream direction. Vortices in figures 16(a)
may be the cross-sections of such inclined and tilted quasi-streamwise vortices. The
recent PIV measurements of controlled subharmonic sinuous streaks in the boundary
layer by Konishi & Asai (2010) also reveal similar quasi-streamwise vortices in
the flanks of exponentially growing sinuous low-speed streaks. They also find that
these quasi-streamwise vortices developing along the neighbouring low-speed streaks
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FIGURE 16. Instantaneous realizations depicting a spatially growing sinuous low-speed
streak for the cylinder d1 at yp/d = 3 and for Red = 1568. Measurements at x1 = 250 mm.
Grey levels: normalized instantaneous velocity; vectors are fluctuating velocity vectors.
(a) Spatially growing low-speed streak (see selected region). (b) Zoomed view of the selected
streak in (a). (c) Spatial growth of the amplitude. (d) Oscillating streak in the process of
generating new low-speed streaks.

strongly interact with each other in each cycle and cause horseshoe vortices to develop
in a staggered array, as was also reported by Schlatter et al. (2008) from their
simulation. However, defining the undulation amplitude, |K|, as the distance from
the zero-crossing line of a wavy streak to its crest (see figure 16b), we find the
growth of |K| to be nearly exponential, as shown in figure 16(c); |K0| is the initial
value of |K|. Such an exponential growth is noteworthy in wake-induced transition.
Furthermore, Konishi & Asai (2010) find that the streak instability process in the
nonlinear saturation stage generates wall-turbulent structures through the generation
of new low-speed streaks (see their figure 10). A similar scenario may be seen in
figure 16(d) even in the case of wake-induced transition.

3.4. Secondary vortices and flow randomization
A lifted-up shear layer, most likely to be associated with a 3/hairpin vortex herein (as
in figure 11a, for example), was often found to oscillate and shed several vortices, as
shown in figure 17(a,b), for the cylinder d1 at yp/d = 4 and Red = 1568 case; vectors
over grey levels are those viewed by an observer moving at a convection velocity, Uc,
of vortices. Vortices are also identified by the swirling strength, λci (line contours).
The primary vortex, P, in the inclined shear layer is followed by several secondary
vortices, S. It can also be seen that the spacing between two shed vortices does not
change much with the downstream distance. Similar secondary vortices are also seen
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FIGURE 17. (a,b) Instantaneous secondary shedding in the wall-normal plane at x1 =
250 mm and 350 mm, respectively. Cylinder d1 at yp/d = 4 and Red = 1568 case. Grey
levels are normalized instantaneous vorticity; contour line is the swirl strength, λci; arrows are
instantaneous velocity vectors viewed by an observer moving at Uc. (c) Conditional average
showing imprint of shed vortices; cylinder d2 at yp/d = 3 and Red = 1961; x1 = 250 mm;
vectors scaled by their respective magnitude.

in several transitional flows (e.g. Reuter & Rempfer 2004; Pan et al. 2008; Durbin, Liu
& Zaki 2009). Following Christensen & Adrian (2001), a conditional average of the
fluctuating velocity field with a given λci > 0 is estimated as

〈vj(x′)|λci(x)〉 ≈ 〈λci(x)vj(x′)〉
〈λci(x)λci(x)〉λci(x). (3.4)

This estimate reveals the statistical evidence of secondary vortices, as illustrated in
figure 17(c) for the cylinder d2 at yp/d = 3 and Red = 1961; vectors are normalized by
their magnitudes to show all the swirling motions clearly. It can be seen that almost
equally spaced multiple vortices appear at an angle of approximately 10◦ to the flat
plate. These multiple vortices seen here in a Galilean reference frame may be part of a
hairpin packet usually seen in a turbulent boundary layer (e.g. Zhou et al. 1999).

Since the generation of several vortices from an inclined shear layer is important in
the emergence of turbulence in a variety of flows (e.g. Nishioka, Asai & Iida 1981;
Rist & Fasel 1995; Reuter & Rempfer 2004), it may be of interest to characterize the
vortex shedding frequency. This is estimated from the spatial PIV data by following
pairs of successive shed vortices (e.g. Svizher & Cohen 2006; Perret 2009). By
separating those PIV realizations containing only the shed vortices from a hairpin
vortex, we estimated the vortex shedding frequency as fh = Uc/λ; λ is the distance
between two shed vortices. The convection velocity, Uc, is considered to be constant
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FIGURE 18. Vortex shedding frequency versus Reynolds number for both the cylinders: � ,
d1 at yp/d = 3; N, d1 at yp/d = 4; H, d2 at yp/d = 3; I, d2 at yp/d = 3.25; •, d2 at yp/d = 3.5.
Error bars indicate one standard deviation. Line is a fit to the data.

over λ; this is justified, as shed vortices in a particular frame maintain circular
streamlines around the swirling strength contour while convecting at a particular Uc

(see figure 17a,b, for example). We find that the normalized frequency, fhδ
∗
0/Ue, so

estimated is nearly independent of the flow Reynolds number (Reδ∗ = Ueδ
∗
0/ν) and the

cylinder diameter, as shown in figure 18; the scatter may be attributed to the presence
of a wake above the boundary layer, and the approximation made in estimating the
frequency. This result is similar to that of Klebanoff, Tidstrom & Sargent (1962) in
a controlled boundary layer transition. Although transition initiation can be different,
some late-stage features may be expected to be similar but not yet explored fully.
One such is the Reynolds number invariance of the vortex shedding frequency in both
wake-induced and controlled boundary layer transitions.

While an inclined shear layer sheds negative vortices (clockwise), positive vortices
(anticlockwise) were often seen to appear near the wall, along with clockwise vortices.
This is elucidated in figure 19, for both the cylinders; fluctuating velocity vectors are
shown over the spanwise vorticity contours (grey levels) and the swirling strength
(line). These positive vortices were found to convect nearly at the local mean velocity.
Thus, a positive vortex can be identified from fluctuations, as is also captured by the
swirling strength contour (figure 19a,b). Similar structures with positive and negative
vortices are also seen in the late stage of controlled boundary layer transition, with
spikes between a pair of counter-rotating vortices due to the intersection of toroidal
vortices in the x–y plane with the axis of symmetry in the streamwise direction
(see Kachanov 1994, and his figure 31). Lee & Wu (2008) have reviewed several
experimental results on boundary layer transition and find similar flow features even
with different initial disturbance conditions. The 3 vortex, secondary vortex loops and
the chain of ring vortices are of fundamental importance in understanding transitional
wall-bounded flows. They also suggest that the interaction between a secondary vortex
loop and a 3 vortex plays a key role in the generation of a high-frequency chain
of ring vortices. From their simulation of controlled boundary layer transition, Rist
& Fasel (1995) suggest that some vorticity lumps that are generated during the
breakdown of the high-shear layer move towards the wall and merge with the region
of high wall shear, while other vorticity lumps propagate away from the wall. Here,
positive vortices associated with negative vortices resemble those of Rist & Fasel
(1995). One may also notice that the fluctuating velocity vectors below the positive
vortices in figure 19(a,b) show positive u fluctuations near the wall, and negative
u fluctuations above these positive u fluctuations, along with detached vorticity. The
maximum value of u/U0 is about ±30 %, as can be seen in the u/U0 contours in
figure 19(c). These characteristics are seen in an incipient turbulent spot (Singer 1996)
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FIGURE 19. Instantaneous realizations depicting a positive vortex associated with a negative
shed vortex at x1 = 250 mm: (a) cylinder d2 at yp/d = 3, Red = 1961; and (b,c) cylinder d1 at
yp/d = 4, Red = 1568. The u fluctuations in (b) are shown as contours of u/U0 in (c). Arrows
are fluctuating velocity vectors over the contour of normalized instantaneous vorticity.

and in bypass transition induced by free stream turbulence (Mandal et al. 2010).
Therefore, the flow randomization is the same even in the case of a wake-induced
boundary layer transition.

4. Discussion
The present study on wake-induced transition is mainly motivated by the reported

differences between simulation (Ovchinnikov et al. 2006) and experimental (Pan et al.
2008) results. While Ovchinnikov et al. (2006) find some aspects of bypass transition
in a wake-induced transition, Pan et al. (2008) suggest transition through the growth
of hairpin structures generated due to the secondary instability of a spanwise vortex
induced by a Kármán vortex street in the free stream.

Although the presence of spanwise vortices and hairpin-like structures observed
by Pan et al. (2008) in their hydrogen bubble flow visualizations is confirmed
here, several features of bypass transition are also seen in the present quantitative
measurements. For example, the self-similarity of urms profiles in the initial growth
phase, as reported by Ovchinnikov et al. (2006), and the linear energy growth are
similar to those in bypass transition. Low- and high-speed streaks and their instability
are the main features of bypass transition (e.g. Jacobs & Durbin 2001; Matsubara
& Alfredsson 2001). Here, streaks are also observed in the late stages of wake-
induced transition. While both varicose- and sinuous-like oscillations prevail in bypass
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transition (e.g. Brandt, Schlatter & Henningson 2004; Mans et al. 2005; Mandal
et al. 2010), the sinuous-like oscillation is seen to be more common in the present
wake-induced transition case compared to only the varicose oscillation reported by Pan
et al. (2008). The comparable wavelength of these oscillations (≈(10–15)δ∗0 ) with that
in bypass transition (e.g. Schlatter et al. 2008) and the streak amplitude of about 35 %
of the free stream speed in the late stage, similar to the streak instability results of
Andersson et al. (2001) and Elofsson et al. (1999), support the streak feature in a
wake-induced transition.

Transition through the generation of hairpin vortices in the late stage is generally
seen in controlled boundary layer transition (e.g. Klebanoff et al. 1962; Bake et al.
2000). Pan et al. (2008) suggest a similar transition process even in the case of a
wake-induced transition, as is also seen in the present study (see figures 17 and 19).
However, the present study also reveals the possibility of a streak secondary instability
process (see figure 16), as in bypass transition induced by free stream turbulence (e.g.
Schlatter et al. 2008). The existence of both these transition scenarios is also reported
for other transitional flows (e.g. Brandt et al. 2004; Gavarini, Bottaro & Nieuwstad
2004). The experimental study on the boundary layer transition in a concave wall by
Swearingen & Blackwelder (1987) also suggests the simultaneous existence of both
the hairpin vortex mode and the lateral sinuous mode transition (see their figure 14).

5. Summary
Wake-induced boundary layer transition has been investigated using the PIV

technique. In the early stage, wake induces spanwise vortices, which subsequently
generate 3 structures (hairpin vortices), as reported by Pan et al. (2008). The physical
size of these structures depends on the Reynolds number, Red, and the upstream
position of the wake generating cylinder, as is also substantiated by some statistical
analysis of the data. In the spanwise plane, these 3 vortices appear in a somewhat
staggered manner. The quasi-subharmonic peak at about half the Strouhal frequency of
the cylinder wake (in the power spectrum of the hot-wire signal), as was also reported
by Pan et al. (2008), may be responsible for this staggered arrangement.

The self-similar urms profiles and the rapid linear energy growth suggest that even
a wake-induced transition may undergo algebraic growth at some stage of disturbance
development (most likely, while spanwise vortices deform to create hairpin vortices
and streaks). Inclined shear layers, typical in transition, are found to be associated
with a pattern of negative streamwise velocity fluctuations and a vortical structure
atop the shear layer indicating the lifted-up hairpin structure (e.g. Adrian et al. 2000).
Positive u fluctuations, which are associated with high-velocity regions, appear along
with high-shear layers near the wall. By conditional averaging of these positive and
negative u fluctuations, it is shown that the peak urms movement towards the wall is
due to positive u fluctuations. Also, the total urms can be represented reasonably well
by a linear combination of the respective r.m.s. of positive and negative u fluctuations.

Streamwise velocity streaks with an average spanwise spacing comparable to the
simulation results of Ovchinnikov et al. (2006) undergo oscillations more like the
sinuous type. Irrespective of the cylinder size and location, the streak amplitude is
found to saturate at ∼35 % of the free stream speed. According to controlled studies
(Elofsson et al. 1999; Andersson et al. 2001), secondary instability on streak may
set in at such an amplitude. Interestingly, the undulation amplitude of some sinuous
streaks exhibits nearly exponential growth, which indicates that a secondary instability
process may play an important role in the streak breakdown process.
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A hairpin vortex while growing downstream sheds vortices. The normalized
shedding frequency of these vortices is shown here to be independent of the
Reynolds number (Ueδ

∗
0/ν), similar to that inferred by Klebanoff et al. (1962) in

controlled boundary layer transition. While a hairpin sheds vortices, a negative shed
vortex (clockwise) is often accompanied by a positive vortex (anticlockwise) having
convection velocity nearly equal to the local mean flow velocity. It is suggested
that this process contributes to the flow randomization, as was also seen in bypass
transition induced by free stream turbulence (Mandal et al. 2010).

On the whole, though they have both similar and dissimilar events, the late-
stage process seems to be the same in wake-induced boundary layer transition and
bypass transition. Also, a wake-induced boundary layer transition seems to undergo
breakdown via the appearance of a hairpin vortex, which shed vortices, and streak
instability process, as well.
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