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An experimental study of oblique transition in a Blasius boundary layer flow
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Abstract — Transition initiated by a pair of oblique waves was investigated experimentally in a Blasius boundary layer flow by using hot-wire
measurements and flow visualisation. The oblique waves were generated by periodic blowing and suction through an array of pipes connecting to
the flow through a transverse slit in the flat plate model. The structure of the flow field is described and the amplitude of individual frequency-spanwise
wave number modes was determined from Fourier transforms of the disturbance velocity. In contrast to results from investigations of obl@ue transit

at subcritical flow conditions, the transition process at the present conditions suggests the combined effect of non-modal growth of streaksdand a sec
stage with exponential growth of oblique waves to initiate the final breakdown $§fa2@00 Editions scientifiques et médicales Elsevier SAS
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1. Introduction

The importance of three-dimensional disturbances in the transition process has been recognized since the
boundary layer measurements by Klebanoff, Tidstrom and Sargent [1], who found it necessary to control
the three-dimensionality in their experiments by placing strips of tape below the vibrating ribbon used
for generating wave disturbances. The secondary instability scenario considers initially two-dimensional
(Tollmien—Schlichting or TS) waves which grow in amplitude and develop into a three-dimensional stage. Two
different three-dimensional stages have been identified, one in whighaped structures appear in an aligned
pattern and another stage wheteshaped structures are seen in a staggered pattern. Transition involving the
former is usually denoted K-type (after the first investigation by Klebanoff et al. [1]) or fundamental transition,
whereas the staggered structures are part of the transition scenario denoted H-type, N-type or subharmonic. The
first experimental observation of subharmonic transition was made by Kachanov, Kozlov and Levchenko [2]
and the transition scenario has later been carefully investigated by, e.g., Corke and Mangano [3] with the use
of controlled two- and three-dimensional waves.

The secondary instability theory was put forward by Orszag and Patera [4] and Herbert [5]. Further
information on the concept of secondary instability can be found in the review by Herbert [6]. Experimental
studies on the breakdown mechanisms of boundary layer flows are described by Kachanov [7] and information
on numerical investigations is presented in the review by Kleiser and Zang [8].

Results both from experiments with forced TS-waves and Direct Numerical Simulations (DNS) have indeed
been in close agreement with the secondary instability theory. In this study we use wave disturbances to study
a different type of breakdown, as compared to the standard TS-wave scenario, by using two interacting oblique
waves of small amplitude. This is the so-called oblique transition scenario (see Schmid and Henningson [9]).
It is important to recognize that once the amplitude of the oblique waves in the subharmonic transition
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scenario becomes large, similar conditions exist as for the initial stage in oblique transition and the downstream
development may therefore have some similarities. On the other hand the initial growth of streaky structures
in the oblique transition scenario resembles some types of by-pass transition, as, for instance, the transition
induced by free stream turbulence. It is therefore also a suitable way to model this type of by-pass transition
through well described initial conditions.

1.1. Oblique transition

Oblique transition originates from the nonlinear interaction between a pair of oblique waves with wave angles
of equal magnitude but opposite sign. Nonlinear interaction distributes disturbance energy among various wave
numbers, and in particular to small streamwise wave numbers which can experience a strong non-modal growth
(sometimes called ‘transient growth’). If the amplitude of the streamwise streaks reaches above a threshold the
streaks may become unstable with respect to low amplitude time-dependent disturbances and the flow may
break down. Non-modal growth is operative also at low Reynolds numbers, and this implies that transition can
occur at subcriticaRe.

The first study of oblique transition in an incompressible flow was the direct numerical simulations by
Schmid and Henningson [9]. They used a pair of finite amplitude oblique waves as initial conditions in temporal
simulations of transition in plane Poiseuille flow at subcritical Reynolds numbers. The use of oblique waves
resulted in a rapid growth of disturbance energy followed by breakdown. This growth was identified as resulting
from a linear mechanism and the dominating structure was a streamwise independent structure with twice the
spanwise wavenumber of the original oblique waves. When compared with the traditional secondary instability
scenario starting with similar initial disturbance energy, oblique transition was found to be considerably faster.

Other investigations of oblique transition are the calculations using PSE (Parabolic Stability Equations)
theory and spatial DNS by Joslin, Streett and Chang [10] and the spatial DNS by Berlin, Lundbladh and
Henningson [11]. Both of these studies dealt with oblique transition in a boundary layer flow at zero pressure
gradient. Joslin et al. did not reach a fully developed turbulent stage despite a longer computational box and a
higher Re at the inflow. It was suggested that the reason for this was a difference in inflow conditions. Berlin
et al. used Orr—Sommerfeld modes where the normal vorticity was excluded whereas Joslin et al. made use of
complete eigenmodes.

In the study by Berlin et al. [11] it was conjectured that oblique transition in shear flows involves three stages.
Firstly, a nonlinear generation of streamwise vortices by the oblique waves; secondly, generation of streaks
through the ‘lift-up’ effect; and thirdly, breakdown due to a secondary instability operating on the streaks.

Elofsson and Alfredsson [12,13] made experiments on oblique transition in plane Poiseuille flow, where the
pair of waves were generated by two vibrating ribbons mounted at opposite channel walls. For initial wave
amplitudes in a lower range, elongated streamwise structures slowly decayed after an initial growth. For higher
wave amplitudes, disturbances with a fundamental or superharmonic frequency to the initial waves increased
in amplitude and breakdown eventually occurred. The experimental findings confirmed the results from the
previous numerical simulations.

An experimental investigation of oblique transition in a flat plate boundary layer was carried out at
DLR in Géttingen by Wiegel [14]. He used particle image velocimetry (P1V) and hot-wire anemometry to
document the flow field obtained by controlled forcing with a wave generator using blowing and suction. These
measurements showed the flow structure and provided information about the growth in streak amplitude and
u,,s in various frequency bands. A comparison between the measurements of Wiegel and direct numerical
simulations was made by Berlin, Wiegel and Henningson [15]. The closest agreement was obtained when
the experimental wave generator was modelled in detail by prescribing the boundary conditions for the wall-
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normal disturbance velocity at the wall in a step-wise fashion, and by using different amplitudes for positive
and negative disturbance velocity. By imposing a pressure gradient in the simulations, the initial agreement
with the experimental data was further improved. Berlin et al. also described the similarities between oblique
transition and the two transition scenarios that are described with the secondary instability theory (K- and
N-type transition).

The importance of a pair of oblique waves has also been recognized in other flow situations, thus indicating a
generality of the transition scenario. For a flat plate boundary layer at low supersonic Mach numbers, the most
unstable modes are oblique. This fact makes the oblique transition concept perhaps even more interesting
in compressible flows. Fasel, Thumm and Bestek [16] investigated two different transition scenarios in a
compressible boundary layer at a Mach number of 1.6 with the aid of direct numerical simulations. Despite
a lower initial amplitude, the simulation with a pair of oblique waves as boundary conditions resulted in
much faster breakdown than for their simulation of fundamental transition (i.e. transition initiated by a two-
dimensional wave and a pair of oblique waves with a fundamental frequency). Similar results were obtained
by Chang and Malik [17] who used nonlinear PSE calculations to compare oblique and subharmonic transition
at a Mach number of 1.6. They found that transition originating from a pair of oblique waves required lower
initial amplitudes than for the secondary instability of subharmonic type.

Other studies of oblique transition are those of Gathmann, Si-Ameur and Mathey [18] in a supersonic shear
layer and Sandham, Adams and Kleiser [19] in a compressible flat plate boundary layer at a Mach number of 2.

1.2. Non-modal growth

The second stage in the oblique transition scenario is the generation and non-modal growth of streaks, where
the growth results from an inviscid algebraic instability (see Ellingsen and Palm [20] and Landahl [21]).

One of the first studies which showed the existence of non-modal growth in a viscous flow was the
work by Hultgren and Gustavsson [22]. They investigated the temporal development of three-dimensional
disturbances in a parallel boundary layer flow and found an initial linear growth followed by a viscous decay.
Later investigations have been able to quantify the growth in different flow situations and also to determine
the optimal disturbance type. Some examples of such studies are Boberg and Brosa [23], Gustavsson [24],
Butler and Farrell [25], Klingmann [26] and Trefethen et al. [27]. For further references see the review by
Henningson [28].

Recent work on the spatial instability in Blasius flows have shown that the largest spatial energy growth
occurs for streamwise vortices near the leading edge which evolves into streamwise streaks further downstream.
Luchini [29] used a Reynolds number independent formulation and found that the maximum spatial growth
occurred for vortices with a spanwise wavenumbergéf= 0.45 (8 = 27 /1, where A, is the spanwise
wavelength andd = /vx/Up). The same value of the optimal spanwise wavenumber was also found by
Andersson, Berggren and Henningson [30] Ry, = 10° and larger. In addition to these results they also
proposed a simple model for prediction of the transition location. The model involved a single constant which
was found to correlate well with experimental data on transition at free stream turbulence levels ranging from
1% to 5%.

1.3. Breakdown of streaks

During the last stage in the oblique transition scenario the streaks break down due to a secondary instability.
For streaks initiated either by streamwise vortices directly or by vortices generated from a pair of oblique waves,
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Reddy et al. [31] found that the threshold energy for transition in channel flows through streak breakdown is at
least two orders of magnitude lower than for transition initiated by TS-waves at subcritical Reynolds numbers.

An experimental work by Elofsson, Kawakami and Alfredsson [32] on streak instability in plane Poiseuille
flow showed that growth rates for the secondary instability increased linearly with the streak amplitude and that
the most unstable mode was sinuous (or anti-symmetric). The streaks were generated by continuous suction
and the secondary instability was studied by using controlled forcing from an earphone or a pair of earphones.

It can be noticed that since the range of amplified frequencies is rather wide, the frequencies seen in the
breakdown stage of oblique transition will rather be the harmonics of the initial waves which are in the amplified
range and not the specific frequency which experiences the largest growth. This is in contrast to the situation
where streak breakdown is initiated by random background disturbances.

In the work by Waleffe [33,34], streak breakdown was identified as one element in a self-sustaining process
for shear flow instability. Waleffe also hypothesized that this process occurs in the near-wall region of turbulent
shear flows.

Bakchinov et al. [35] observed streak breakdown in an experimental work in a Blasius boundary layer flow.
Streamwise vortices were generated by elongated roughness elements and the breakdown of the streaks were
investigated both at unforced conditions and for the case with controlled excitation of wave disturbances by a
vibrating ribbon. The instability of the spanwise modulated mean flow was found to be similar to the sinuous
mode observed in Gortler flows.

The experimental setup is described in section 2 with special emphasis on the method used for generating
the wave disturbances. In section 3 the flow quality is adressed, both by describing the characteristics of the
mean flow and by comparing experimental results for single waves with stability theory. Experimental results
on oblique transition are presented in section 4, and section 5 contains some further discussion and concluding
remarks.

2. Experimental arrangement

The measurements were made in the MTL wind tunnel at the Department of Mechanics, KTH. This is a
closed return tunnel with a streamwise turbulence intensity in the empty test-section of les®©#%rirOthe
velocity range 16- 60 m/s (see Johansson [36]). A flat plate model was installed horizontally in the 7 m long
test section (cross section 0.8 by 1.2)nThe model is equipped with a trailing edge flap and has an asymmetric
leading edge which results in a short pressure gradient region at the leading edge. A fine-meshed screen was
installed 50 mm upstream of the hinge for the trailing edge flap. The combination of the screen and the flap
was used to adjust the flow at the leading edge to compensate for the extra blockage below the plate due to the
pipes and tubes for the disturbance generation, (without the screen a flap angle of &bmatitilhave been
required). The experimental setup is showfigure 1(a)

A co-ordinate system is used with theaxis in the streamwise direction, theaxis is normal to the flat plate
and thez-axis is in the spanwise direction. The origin is located on the centreline at the leading edge and the
y-position is the distance from the surface of the plate. The velocities associated with the) co-ordinate
system aréu, v, w).

The streamwise velocity component was measured wihugn platinum single wire probes using an AN-
1003 constant temperature anemometer. The variation in the wind tunnel air temperature during measurements
was within£0.1° and no temperature corrections of the anemometer signal was therefore deemed necessary.
The hot-wire probe was positioned with a 5-axis traversing system controlled by a Macintosh Q950. This
computer also controlled the National Instruments cards that were used for data acquisition and waveform
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Figure 1. Experimental arrangement: (a) side-view of part of the test section with external equipment; (b) plug containing smoke slit and disturbance
source; (c) cut-view. All measurements in millimeters.

generation. In order to avoid aliasing problems, the hot-wire signal was low-pass filtered before it was acquired
with a 16-bit A—D converter. Two different methods were used during the measurement sessions, either the
filter built into the anemometer or an external programmable filter with a linear phase (Kemo VBF10).

For the flow visualisation studies, a thin sheet metal was placed on top of the flat plate model in the region
downstream of the disturbance source. The sheet metal (with a thickness of 0.5 mm) was painted black and its
upstream end was chamfered to give a smooth junction to the surface of the flat plate model. A homogeneous
smoke layer was introduced inside the boundary layer through a transverse slit located 212 mm downstream of
the leading edge. The smoke produced by a fog-generator entered a tank which was connected to the smoke
slit in the flat plate. To control the thickness of the smoke layer, the tank was equipped with a variable pressure
blower and a valve at the outlet. Optical access for the camera was through a hole in the ceiling of the wind
tunnel and light was provided by a flashlight mounted downstream the camera but inside the test section.

2.1. Generation of wave disturbances

Controlled wave disturbances are generated through a transverse slit located 189 mm downstream the leading
edge. The slit has a spanwise length of 330 mm, a streamwise width of 0.8 mm and is 10 mm deep. An insert,
consisting of 40 pipes equidistantly spaced in the spanwise direction, is mounted below the slit. The pipe outlets
that face the bottom of the slit have been flattened to give a rectangular cross section and the other end of the
pipes are connected to loudspeakers (diamet254 mm, 100 W) with flexible tubes. Details of the disturbance
source are shown ifigure 1together with an overview of the experimental setup. Inserts with different cross
sections and spanwise spacing were manufactured; however the measurements reported were made with a pipe
cross section of 0.8 mm by 6.0 mm and a spanwise spacing of 8.0 mm, unless otherwise stated. By changing
the loudspeaker signals and the connection pattern of the tubes, it was possible to generate two-dimensional
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Table I. Forcing signals for one wavelength ap = 60°.

Pipe no. n=0 1 2 3 4 5
Pair of waves 2sin(wt) sin(wt) —sin(wr) —2sin(wt) —sin(wt) sin(wt)
Single wave sin(wt + )

and/or oblique waves and also to control the spanwise wavelength (in discrete steps) of the oblique waves. The
method used for disturbance generation is similar to the one reported by Bake, Kachanov and Fernholz [37]
and originally described by Gaponenko and Kachanov [38].

At maximum six loudspeakers were used in the present measurements. The signals for the loudspeakers
were generated with a 6 channel D—A board and audio amplifiers were used for driving the loudspeakers. A
connector box equipped with precision potentiometers allowed fine adjustment of the amplitude of separate
loudspeakers. Each loudspeaker was fitted with a cover plate from which flexible tubes connected to the pipes
of the disturbance source.

The experiments were focused on measurements of transition initiated by a pair of oblique waves with equal
streamwise wavenumbers and spanwise wavenumbers of equal magnitude but opposite sign. In addition to the
studies of oblique transition initial measurements were also made on single oblique waves.

A single oblique wave is obtained if the following signal is used for the loudspeaker driving the pipe with
indexn

A, = Asin(wt +nAg),

where A is the amplitudew is the angular frequency amtly is the phase shift between consecutive pipes.
Using the same notation, the loudspeaker signal required when generating a pair of oblique waves can be
written as

A, = Asin(wt + nAgp) + Asin(wt —nAg)
= 2A sin(wt) coOnAg).

As an examplé¢able |compares the signals required for a single wave and for a pair of waves when the phase
shift between individual pipes is 60T his case corresponds to the conditions used for most of the measurements
and it results in a spanwise wavelength of 48 mm. From the table it can be seen that for the generation of a
single oblique wave six different signals are needed for each spanwise wavelength, whereas only four unique
signals are required when a pair of oblique waves are being forced.

The loudspeaker voltages were carefully adjusted at a reference level. Since the loudspeakers were operated
in their linear range, different wave amplitudes could easily be generated by adjusting the speaker voltages to
values obtained by multiplying all the reference voltages by the same factor. The spanwise uniformity in wave
amplitude was always better than 1%, whereas the variation in phase across the span was le¥s Maie O
that for the case with a pair of oblique waves, the uniformity in amplitude applies to the amplitude at peaks and
the uniformity in phase is within the regions between the°I8tase shifts.

2.2. Experimental conditions and procedure

Most of the measurements were made with free stream velocitidg ef 8.2 m/s or 9.1 m/s. Initial
measurements with a single oblique wave were also made at lower velocities and the flow visualisations
were made for velocities ranging from about 4 m/s up to 10 m/s. Wave frequencies rang¢ @38 Hz to
f =80 Hz and they are usually expressed as the non-dimensional frequency paidmet2t fv - 10°/ U2).
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Measurements of length are expressed in millimeters in horizontal planes whereas wall-normal distances are
either given in mm or as the non-dimensional Blasius co-orditate y./Upy/vx).

To describe the measurement results we decompose the velocity/ field, z, ¢) in a time averaged and
a fluctuating part:,

Ux,y,z,t) =U(x,y,2) +u(x,y,z,1). 1)
As a measure of the strength of the stationary disturbance field w&udefined as

Z

Tay oz, ®)

Uix,y,2)=U(x,y,2) —
21 —20 20

wherezg andz; are the spanwise limits of the measurement region. For the fluctuating disturbance field we
either use the amplitude (half the peak-to-peak value) or the root mean square of the streamwise disturbance
velocity. These measures are denotédand u,,,,, respectively. The notation’ is connected to a single
frequency component (usually the generated frequency), whergais the sum over all frequencies unless a
specific frequency is stated,,, ;.

The structure of the flow was mapped out by traversing the hot-wire probe and measuring sets of data
triggered by a reference signal from the waveform generation. Data was obtained in the following ways: by
measuring wall-normal profiles at a fixed spanwise location for various streamwise positjiopkaiie); by
traversing the probe in the spanwise direction at a fixéokr various streamwise positionsz-plane); and by
measurements of wall-normal profiles at a fixed streamwise location for various spanwise positiplasé).

In addition to these measurements in complete planes, numerous profiles were measured at single locations.
Besides the measurements of the perturbed flow, wall-normal profiles were also measured at fully laminar
(unperturbed) conditions. These profiles were used for obtaining the wall-normal position.

Each measurement position typically involved 20 triggered sets of 4096 points acquired with a sampling
frequency in the range between 3.5 kHz and 5 kHz. The frequency was adjusted so that each set contained
an integer number of periods of the generated wave. The laminar measurements involved fewer (untriggered)
samples acquired with a lower frequency.

3. Flow quality

Information about the flow quality in the setup is presented by showing the pressure distribution along the
flat plate model and also by comparing measurements for a single oblique wave with results from stability
calculations.

Figure 2shows the pressure distributions above the plate, obtained from hot-wire measurements outside the
boundary layer edge and then calculated:as- 1 — (u/u,.r)?. Local peaks are observed in the streamwise
distribution ofc, nearx =120 andx = 160 mm. The former is probably caused by a sealed stita85 mm,
which was used in a previous experiment, whereas the latter peak is at the leading edge junction. The spanwise
distribution atx = 120 mm shows a minimum at= 0 and an increasing value of, to the sides. This is
probably a result of the blockage from the tubes of the disturbance source, which ex&hohm below the
plate at a position of 190 mm from the leading edge. However, this effect is not observed in the measurements
atx =500 mm.

The variation in the shape factoH{,) was found to be withint0.5% from measurements, on several
occasions, at five spanwise positions over a regiop €f+150 mm for every 100 mm in the streamwise
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Figure 2. Pressure distribution obtained from hot-wire measurementsUtpe= 7.0 m/s: (a) Streamwise distribution, reference position is at
x =400 mm; (b) spanwise distributions.at= 120 and 500 mm.

direction. However, the mean value wHs, = 2.63 which is slightly above the theoretical value for a Blasius
boundary layer. The reason for this deviation is not clear, but may be due to an inaccuracy in the determination
of the y = 0 position.

3.1. Comparison with stability theory

In order to verify the quality of the disturbance source, measurements were also made when a single oblique
wave was generated and the results were compared with PSE calculations.

Figure 3 shows wall-normal profiles of amplitude and phase at the frequency of the generated oblique
wave. Results from measurements wifh = 8.2 m/s andF = 106 at three different streamwise positions
are compared with stability theory. The amplitudes have been normalised with their maximum (the largest
amplitude from the measurements was- 1.0% atx = 210 mm) and the phase profiles were uniformly shifted
to match in the outer part of the boundary layer. Both the amplitude and the phase profiles are in agreement
with theoretical distributions at = 510 mm, but the deviation between measurements and PSE calculations is
larger closer to the disturbance source. One can note that the first amplitude and phase profiles were measured
at a position located only 20 mm downstream of the slit. This distance should be related to the streamwise
wavelength at these conditions whichrisd1l mm.

The streamwise evolution of the maximum of a measured amplitude is compared with PSE rdigults i
These experimental data were obtained by traversing the hot-wire probe through the amplitude maximum
at conditions for whichUy = 8.2 m/s and F = 59. Streamwise coordinates are expressed/&z, and
the amplitude from measurements and calculations have been normalised with their respective values at the
first measurement position/(Re, = 330). The measured amplitude maximum initially decays less than the
calculated, but downstream ¢fRe, = 400 the measurements indicate a lower amplitude. One explanation for
the deviation between measurements and theory may be the relatively high initial amplitude, which is required if
one should be able to measure the amplitude downstream at these damped conditions. The maximum amplitude
at the first streamwise position was~ 1.6%.
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Figure 4. Amplitude evolution:o, measurements; ——, PSE calculation by A. Harfifi= 59, Ug = 8.2 m/s andg = 131 m L,

Another aspect which is important to consider when evaluating the quality of a disturbance generator is the
spanwise uniformity of the generated waves. With the technique used in the present experiment, the spanwise
uniformity is mainly governed by the similarity of the individual pipes and how the loudspeaker amplitudes
have been adjusted. For the test measurements with a single oblique wave, one iteration with adjustments of
the loudspeaker amplitudes was usually considered sufficient. The uniformity obtained after such a coarse
adjustment is shown ifigure 5 This figure shows the spanwise distribution of wave amplitude and phase
obtained by traversing the hot-wire probe at a constant height 20 mm downstream of the wave generator. The
deviation from the average wave amplitude is within 9 % at this streamwise position, however, further away
from the disturbance source the uniformity is improved.
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Figure 5. Oblique wave af” = 200,Ug = 6.0m/s andg = 131 n1: (a) Spanwise profile of amplitude; (b) corresponding phase profile. Measurements
atx =210 mm nean = 1.5.

4. Oblique transition results
4.1. Flow structure

A dominating feature of the oblique transition scenario is the formation of large amplitude longitudinal
structures.

The photo infigure 6shows a top view of the flow. A dimensional forcing frequencyfof 51 Hz was used
and the velocity i)y = 7.0 m/s giving F = 97. The photo displays a streamwise length of 422 mm starting
40 mm downstream of the slit from which the disturbances are generated. The spanwise distance is 229 mm
at the upstream side of the photo (the flow is from left to right in the figures) and 206 mm at the downstream
end. For constant free stream and forcing conditions, the breakdown position can be altered by changing the
amount of smoke seeped into the boundary layer. This was utilized in the figure to allow the whole transition
scenario to be observed at one camera position. A wave field is observed in the left part of the photo and further
downstreamA -shaped structures appear in a staggered pattern. Breakdown is seen in the downstream end of
the photo. One should note that the streamwise position at which the flow breaks down in the visualisation is
farther upstream than for the hot-wire measurements.

Figure 7 shows contours o/, andu’ in a streamwise-spanwise planenat 1.55 for a high-amplitude
forcing. The notation high-amplitude forcing corresponds to a maximum initial amplitude 5% in the
fundamental frequency when measuredvat 210 mm, whereas forcing at 30% lower speaker voltages is
denoted low-amplitude. The spanwise extent of the figure represengs 2ind the streamwise region covers
the distance from the position where the forcing is applied te 1520 mm.U, is characterized by narrow
elongated regions of positive and negative values with a spanwise wavelength /@ (seefigure 7(a)
note that thez-axis is stretched relative to theaxis). After an initial growth in amplitudel/, stays almost
constant betweem = 400 mm andx = 1200 mm. Starting at ~ 1200 mm both the amplitude and the

1 The spanwise wave length of the oblique waves is denbted
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Figure 7. Contour plots in a streamwise-spanwise plang at1.55 with a high-amplitude forcing foF = 43, U = 9.1 m/s andfg = 131 m L.
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dominating spanwise wavelength is seen to increase downstream. The wave amgliseefigure 7(b)

decays downstream of the disturbance source, and at the same time the spanwise positions of the maxima
change from the centre of low-speed streaks to regions between low- and high-speed streakda@tmm.

Nearx = 1200 mm the amplitude starts to grow and downstream~f1300 mm maxima ofi” are located at
spanwise positions between low- and high-speed regions.

The formation of the streaks and how their spanwise positions relate to the forcing are illustrated by
figure 8 which shows spanwise profiles of amplitude and phase at the fundamental frequency afig. also
At x = 210 mm, which is about 20 mm downstream of the wave generator, the maximum amplitude of the
wave disturbance is approximately 7.5% and the phase changes batl&fch position where the amplitude
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figure 7.

goes to zero. The streaks are not fully developed at this position but a cosine shaped distribution can be observed
with minima in U, at spanwise positions where the wave amplitude attains maxima. However, at the second
streamwise positiotV, has increased to a value of abdtf% while the wave amplitude has decayet~ 2%)

and changed its structure. Maximaudhare now connected to spanwise positions located at the zero-crossings of
U,, which is the result of a higher amplitude in the spanwise wavenungaghan in the original wavenumber

Po.

Figure 9shows contours ol/, in cross-stream planes. In order to illustrate the increase of disturbance size
with the streamwise direction, the wall-normal coordinate is presented here in dimensional units. For reference,
the boundary layer edge & 5) andn = 2 are indicated by horizontal dotted lines at each streamwise position.

A wall normal position ofy = 2 is approximately where the maximum streak amplitude is located and also
where so-called Klebanoff modéshave their maximum amplitude. When comparing the figures-at410,

x =610 andx = 1210 mm f{igure 9(a)—(c) the maximum amplitude is observed to be similar, and also the
spanwise position of the streaks is constant. It can be observed that the streaks extend across the full boundary
layer at allx, i.e. the streaks grow in the wall-normal direction at the same rate as the boundary layer. However,
the disturbance does not deform the boundary layer edge significantly in contrast to, e.g., the vortex dominated
Gortler flow. This indicates that the cross stream velocity is weak in the present cAse. = 1610 mm

2 Klebanoff modes are, e.g., observed in Blasius flows subjected to elevated levels of free stream turbulence (described in Kendall [39]).

3In the experiment by Elofsson and Alfredsson [13] on oblique transition in channel flow, they tried to determine the cross stream velocity related
to the streaks, but concluded that it was too small% of the centreline velocity) to be measured with the hot-wire technique employed. In their
Appendix they show that the initial interaction of the two waves gives rise to streamwise vorticity responsible for the formation of streaksthewever
non-modal growth of streaks does not require streamwise vorticity.
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(figure 9(d) the picture is quite different. Both the streak positions and the spanwise wavelength have now
changed and the amplitude has increased from its value=at210 mm.

The corresponding contours of are shown irfigure 10 At x = 410 mm the structure is dominated by
amplitude maxima located at~ 1.5 mm and at spanwise positions between the streaks. Maxima with a slightly
lower amplitude are also observed further out from the wall at spanwise positions Whieraeegative. These
maxima grow in amplitude and move closer to the wall at the next measurement sta#@10 mm), whereas
the amplitude maxima associated with spanwise gradient§, ihave decayed at this positioRigure 10(c)
displays contours at = 1210 mm where a larger spanwise wavelength is observed together with an increased
peak amplitude. Yet a larger amplitude appears 4t1610 mm where the structure bears some resemblance
with the one at the first streamwise position, though extended in the wall-normal direction and slightly shifted
along thez-axis. When forcing with a 20% lower amplitude the structure will look in a similar way except for
x =610 mm, where only the maxima associated with low-speed regions are visible.
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4.2. Spectral representation

Information about the behaviour of individual frequency-wavenumber modes was obtained by applying
Fourier transforms to the measured data. The analysis was made with the aid of Matlab scripts. Data sets
were multiplied with a Kaiser—Bessel type window before time sequences were Fourier transformed and the
resulting amplitudes were corrected for the window functions. The amplitudes were recalculated to correspond
to amplitudes in frequency bands of 1 Hz before being plotted. No windowing was used for the spanwise
Fourier transform.

Figure 11 shows the streamwise evolution of the amplitude ®f £)-modes for two different forcing
amplitudes. A frequency-wavenumber decomposition was made at 10 heights through the boundary layer, and
for each mode the maximum amplitude was plotted. The data was measured over a distance of one spanwise
wavelength of the original wave with a separation of 2 mm between the points. From the two figures it can
be seen that the difference in forcing amplitude does not influence the general character. For a higher initial
amplitude figure 11(b), the mode amplitudes are higher and the growth of modes with higher frequencies sets
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Figure 11. Amplitude of (w, 8)-modes normalized by = 9.1 m/s for different forcing amplitudes witlt = 43 andpgg = 131 nml, (a) Low-
amplitude forcing; (b) high-amplitude forcing.

in at an earlier streamwise position than for the lower initial amplitddgie 11(a). Initially the modes of

highest amplitude are the (1,1) and the (0,2), where the former initially decays and the amplitude of the latter
is almost constant after = 400 mm. The initial decay of the (1,1) mode ceases near600 mm and the

mode starts to grow downstream, which can be understood by comparing with the conditions for zero growth.
For a growing boundary layer at the conditionsfigiure 11 (for the obligue mode in questioA = 43 and

Bo = 131 nT1), branch | is located near= 680 and branch Il near = 1360 mm. A strong growth of modes

with non-zero frequencies sets inxats 1200 mm for the lower initial amplitude and further upstream for the
higher. One can also note that the (0,1) mode grows to a large amplitude at the last measurement positions,
which was also seen as a change in the streak spacfiguie 7(a) A similar distribution of mode-amplitudes

at the first streamwise positions was also obtained from a decomposition of measurements extending over two
spanwise wavelengths at a constant boundary layer height=df.55.

Wall-normal profiles of some of the most important modes are presenfigiia 12for various streamwise
positions. The figures are based on the same data as was dgpderil During the measurements the main
interest was in capturing the streak amplitude and therefore information is lacking in the region closest to
the wall. Profiles of the (0,2)-mode have similar shape at all streamwise positions with the maximum located
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conditions as irffigure 11(a)

nearn = 2.2, while the amplitude maximum of the other stationary mode appears at an increasing height with
increasingx (if the two first streamwise positions are excluded).

Figure 13shows amplitude spectra measured at different streamwise positions for & faret spanwise
position. A reference level is indicated to the right of each spectrum. Besides the generated frequency and
its harmonics, additional peaks are observed at the first streamwise positions. These elevations above the
background level are believed to originate from probe vibrations caused by vortex shedding from the midsection
of the boundary layer probe. When proceeding downstream transition is first observed as an increase in the
amplitude of harmonics, later followed by a distributed elevation of the amplitude at all frequencies. One can
note the rapid increase in the amplitude of higher frequencies occurring betwe&860 andx = 1510 mm,

a distance of approximately two streamwise wavelengths of the initial oblique waves. Spectra measured at
z = 24.7 mm (not shown) had a narrower range of frequencies that were elevated above the background level.
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Figure 13. Amplitude spectra for a low-amplitude forcing &t = 9.1 m/s andF = 43. Measurements gt= 1.5, z = 29.2 mm andx = 210, 610,
1010, 1210, 1310, 1360, 1410, 1460 and 1510 mm. Consecutive spectra are shifted 20 Hz and multipfi&d by 10

For this case the rapid growth started a bit further downstream than for the spanwise position digpwe ir3
however, spectra measured at the two most downstream positions were similar for both cases.

4.3. Time representation

Phase-averaged velocity data from streamwise positions near the disturbance generator are shown in
figure 14 Each figure shows contours sfover three periods in time from a region covering two spanwise
wavelengths of the oblique waves. The data is the average of 25 sets of triggered velocity traces measured at
129 equidistant spanwise positions. Since the horizontal axes display the time, a spatial representation of the
fields is obtained by assuming that the flow is from right to left. The first figure shows the field 210 mm
where a regular wave pattern is seen. Further downstreashaped regions of positive or negative deviations
from the time average are observed in a staggered pattern. At the streamwise positions shown in this figure, the
amplitude of the time dependent disturbances decays (as the stationary streaks increase in amplitude).

Characteristic velocity traces from three streamwise positions are shofiguia 15for 6 periods of the
initial waves. The traces are grouped after which height in the boundary layer they were measured at, and the
traces within each group represents from bottom toitepl410, 1510 and 1610 mm. All traces were measured
for a high-amplitude forcing a = —12 mm, which corresponds to a position between a low- and high-speed
streak. Aty = 1.4 andx = 1510 mm a high-frequency motion of low amplitude is seen over a few periods and
at the last streamwise position the amplitude of higher frequencies have increased substantially and can now
be observed at all three wall-normal positions.pAt 2.7, x = 1610 mm the signal indicates the presence of
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so called ‘spikes’. Spikes are normally seen at the peak-position, however because of lack of data we cannot
confirm that such spikes also occur there for the present case.

5. Summary and discussion

Results from an experimental investigation of oblique transition in a Blasius boundary layer have been reported,
where wave disturbances were generated with periodic blowing and suction through a spanwise array of pipes.
The disturbance generating system was found to give waves which develop in agreement with linear theory.
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Figure 16. Amplitude of (w, 8)-modes normalized by/g = 9.1 m/s for a high-amplitude forcing with' = 43 andfy = 163 L

The forcing of two oblique waves resulted in an interaction and the formation of streamwise streaks. The
streaks were found to grow initially until they saturate and then their amplitude stays nearly constant over a
streamwise distance of about 800 mm. When viewed in cross-stream planes, the streaks were seen to be located
inside the boundary layer with their maximum amplitude at a wall-normal positionmned.

The breakdown of the streaks occurs through the growth of higher harmonics of the initial waves and from
a decomposition of the disturbance amplitude into individual frequency-wavenumber modes, the streamwise
evolution of the amplitude in«f, 8) modes could be followed. The decomposition also allowed wall-normal
profiles to be plotted. Other features seen in the transition process was the appearance at upstream positions of
A-shaped structures in a staggered pattern, which is similar to subharmonic or N-breakdown (see the discussion
in [15]).

Results from flow visualizations, where a smoke-layer was introduced near the flat plate surface, showed
oblique waves which interact to give streaky structures, followed by elongatsttuctures and finally
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breakdown. Structures with a short streamwise wavelength were observed on the sides of the low-speed regions
prior to breakdown.

From studies on optimal transient growth it is known that the largest growth occurs for a specific value
of the spanwise wavenumbgr. We investigated two different spanwise wavelengths figuke 16 shows
the amplitude growth for a smaller wavelength (a higher valug)ahan infigure 11 The major difference
compared with the smallet is that starting fromx ~ 1200 mm the dominating stationary disturbance is now
the (0,1)-mode instead of the (0,2). This can probably be explained by comparing wightliae gives the
largest transient growth. Butler and Farrell [25] found the optimal spanwise wavelength A6* ke 0.65
at Res- = 1000 for a parallel Blasius flow, whe& = 1.72(vx/Ug)¥?. This can be compared with the
experimental values of the fundamental spanwise wavenumber whig$are 0.37 for the standard spacing
and 8§* = 0.46 for the narrow spacing at= 1610. The corresponding values for the (0,2) mode are twice
as large and at the last streamwise position for the narrow gafee, (0,1) is closer to the optimal spanwise
wavenumber than (0,2). However, according to the investigation by Andersson et al. [30] on spatial optimal
disturbances in a growing boundary layer, the optifhalould rather beds = 0.45 or 8§* = 0.77. Their
calculations determined the disturbance at the leading edge which experienced the largest spatial energy growth
when observed at a downstream position

In the present investigation of oblique transition, a general picture of the transition scenario can be described
as follows: a rapid growth of streamwise streaks together with a decay in the amplitude of the initial oblique
waves, a second stage where the streak amplitude is constant and a growth of the oblique waves which might
be governed by linear stability, followed by the final stage where both stationary and time-dependent modes
grow, eventually evolving into a turbulent state.

The amplitude of the streaks in the first stage depends on the wave amplitude, the decay rate of the oblique
waves, the spanwise wavenumber and the Reynolds number at the disturbance source. The non-modal growth
is governed by the latter two, whereas the first two determine the input to the streamwise vortices through a
nonlinear interaction. For the conditions presented in this report a streak ampittgeof ~ +5% of Uy was
reached near = 800 mm. From measurements at a higligerwhere the initial decay of the oblique waves
is smaller, a streak amplitude of abahi3% of Uy was reached (see alsable Il). Despite the larger streak
amplitude in this case, the location for the transition onset did move upstream with less than 100 mm. The
growth of the waves in the second stage is motivated by the observations made in connectiigureithl,
where it was found that the growth of the (1,1) mode started at the location of branch | for the present conditions.
In the final stage, the mode which has the highest amplitude will depend on the specific conditions. In particular,
the effect of the initial amplitude and the spanwise wavenumber was shown in section 4.2.

Berlin et al. [15] reported on measurements and direct numerical simulatidis=atl2 m/s andF = 59.
The measurements indicated the appearance of high-frequency fluctuations approximately 350 mm downstream
of the disturbance source. A similar development could be obtained in the direct numerical simulations by
a detailed modelling of the disturbance source. The growth observed in the DNS was quite sensitive to the

Table Il. Experimental conditions and results for some of the investigated @M\e maximum amplitude of the two oblique waves at 210 mm.
116 andAU are given as percent éfp.

Uo F B ug AU(x = 1000 mm)
9.1m/s 43 131 ml 8.5% +5%
9.1m/s 43 131 m?t 6.3% +3.5%
9.1m/s 43 163 mt 9.5% +2.5%

8.2m/s 59 131 ml 9.0% +13%
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method used for modelling the disturbances and the method which was finally chosen resulted in the most
rapid development. It can be hypothesized that the forcing method used in the present experiments, where
disturbances from individual pipes are mixed in a common slit before entering the boundary layer, results in a
different transition location than for the wave generator used in the measurements reported by Berlin et al. They
used separate slits for each spanwise position and the edge effects of these slits may result in disturbance energy
also in smaller spanwise scales. However, the main reason for the difference with the present investigation is
probably the conditions that determine the non-modal growth of the streaks, and thereby the conditions for
streak instability.

In an experimental investigation of oblique transition in plane Poiseuille flow at a subcritical Reynolds
number (Elofsson and Alfredsson [13]), transition only occurred if the streak amplitude reached above a
threshold level. For the present study in a Blasius flow, there is a second chance for transition to occur even if
the streak amplitude at the initial stage is not sufficiently high to directly trigger a streak instability. Initially
the generated oblique waves are damped, but as the wave travels downstream it reaches the unstable region and
starts to grow, whereafter the final stage shows a strong growth of both stationary and time-dependent modes.

Finally we would like to point out that although the oblique transition scenario is of interest by itself, it has
relevance also for other types of transition scenarios. First of all it is an excellent way to introduce well defined
streaky structures into the flow, which subsequently grow and break down. Streak growth and breakdown are
known to occur for transition under elevated levels of free stream turbulence. Oblique wave interaction may also
occur when wave packets (Gaster-type) interact and this could possibly give rise to similar streaky structures.
It is interesting to note that in the standard scenarios (K- and N-breakdown) the importance of the 2D wave
is mainly to provide the breeding ground for the oblique waves, whereas the latter dominate the breakdown
process.
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