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Abstract

The natural occurrence of Tollmien-Schlichting (TS) waves has so far only been observed in bound-
ary layers subjected to moderate levels of free stream turbulence (Tit < 1%), due to the difficulty
in detecting small-amplitude waves in highly perturbed boundary layers. By introducing con-
trolled oscillations with a vibrating ribbon, it is possible to study small amplitude waves using
phase-selective filtering techniques. In the present work, the effect of TS-waves on the transition is
studied at Tu = 1.5%. It is demonstrated that TS-waves can exist and develop in a similar way as
in an undisturbed boundary layer. It is also found that TS-waves with quite small amplitudes are
involved in nonlinear interactions which lead to a regeneration of TS-waves in the whole unstable
frequency band. This results »A a significant increase in the number of turbulent spots, which
promote the onset of turbulen «

1 Introduction

'Natural' TS-waves induced V / / ee stream turbulence (FST) were first identified by Schubauer &
Skramstad (1948), who disui 7. d the free stream by placing a rope grid in the settling chamber of
their wind tunnel. As conij; xl to the undisturbed free stream case, this gave a visible increase
in the wave activity, whic' i astened the development of pre-transitional structures and turbulent
spots. The boundary laye) l .^dually becomes turbulent as both the number and in size of turbulent
spots increase downstream

The role of TS-waves h transition induced by FST has become a subject of discussion only
recently. Some authors (e.g. Morkovin, 1984; Suder, O'Brian fc Reshotko, 1988) claim that at FST
levels above 1%, TS-waves \ '.ay no role in transition, and suggest that some other, as yet unknown
mechanism is at work, term*. I by them 'by-pass' mechanism. However, the usefulness of this concept
is limited, since the authors do not specify the characteristic features of the postulated mechanism.
More insight may instead be gained by comparing experimental observations in the boundary layer
under FST to phenomena known from basic studies on transition, in order to identify the active
mechanism(s), and relate them to the external conditions. A brief overview of known transition
scenarios and receptivity conditions is therefore given in the following subsections.



The purpose of the present experiments is to investigate the behaviour of TS-waves at Tu > 1%.
At this levels of FST, TS-waves are difficult to identify because of the large level of fluctuations
inside the boundary layer, which increase both with Reynolds number and with Tu. The present
experiments are an extension of a series of studies by Grek, Kozlov & Ramazanov (1987, 1990a
and b, 1991; in the following referred to as GKR), performed under similar conditions in the T-324
wind tunnel of Institute of Theoretical and Applied Mechanics of the Russian Academy of Science
in Novosibirsk. GKR studied a boundary layer subjected to grid-generated FST with Tu = 1.35%.
TS-waves were excited by means of a vibrating ribbon placed inside the boundary layer, and their
downstream development was followed using analog filtering. TS-waves and turbulent spots were
seen to co-exist in the boundary layer, without visibly affecting each other. Controlled TS-waves
were found to develop in a similar way both in the absence and in the presence of FST. In the
presence of FST, they were seen to amplify linearly, but at a lower amplification rate than in the
undisturbed boundary layer. The ribbon-generated TS-wave was also found to induce energy in
a broad band of frequencies for which TS-waves are unstable, and the number of turbulent spots
increased with increasing ribbon amplitude. Similar observations were also made in an accelerating
boundary layer. The observations by GKR are confirmed and extended in the present study, using
improved methods of wave detection.

Section 2 gives a brief description of the experimental set-up (further details can be found in
Part I of the present report and in Klingmann et al., 1993). The signal processing procedure used to
separate TS-waves from other boundary layer perturbations is described in section 3. In section 4 it
is shown that TS-waves can be excited by a vibrating ribbon inside the highly perturbed boundary
layer in the presence of FST, and that waves which remain coherent during their downstream travel
amplify due to the linear instability mechanism. However, amplitude-dependent (i.e. nonlinear)
effects can be observed even at quite small wave amplitudes. These observations are presented in
section 5, and provide a basis for the discussion of the role of TS-waves in FST-induced transition
in section 6.

1.1 Some notes on recept ivi ty

FST excites at least two types of motions in the boundary layer: TS-waves in the form of randomly
occurring wave packets, and low frequency fluctuations, which start to develop from the leading
edge of the plate, and account for the major part of the rms velocity fluctuations ( u m J ) inside
the boundary layer. The relative importance of these two motions depends on the efficiency of the
forcing and on conditions favouring their development in the boundary layer (receptivity). Their
role in transition may also depend on possible interactions between them.

In a flow visualization by Gulyaev et al. (1989), it can be observed how vortices from the free
stream impinge onto the boundary layer and there develop into packets of streaky flow structures
which are carried downstream by the flow. The low frequency fluctuations observed in hot-wire
measurements are thought to be caused by the random occurrence of such streak packets. As shown
in part I of the present work, the intensity of the low frequency motion grows downstream at a rate
proportional to the Reynolds number (R), and attains levels of 5-13% of the free stream velocity
(Uo) before transition occurs. In general, the growth rate increases with Tu. However, the intensity
of the low-frequency rms at the onset of transition differs widely between different experiments,
even between experiments carried out at similar levels of Tu. This means that the transition point
can not be directly inferred from the intensity of the streaks, and their precise role in the transition
process is not clear.

'Natural' TS-waves have been observed at low levels of FST by (among others) Arnal & Juillcn



(1978), Suder et al. (1988), Kendall (1985, 1990, 1991) and Kosorygin & Polyakov (1990). In all
cases, TS-wave packets similar to those found by Schubauer & Skramstad (1948) were observed.
Kosorygin k Polyakov studied the downstream development of these wave packets, and found that
they amplify at the same rate as 2D TS-waves in the undisturbed boundary layer. Kendall, on
the other hand found that their growth rate depends on Tu, and may exceed amplification rates
in the undisturbed boundary layer. In the experiments by Kosorygin & Polyakov, the growth was
simply defined from the downstream increase of energy in the spectral components corresponding
to unstable TS-wave frequencies, whereas Kendall used a more sophisticated method to separate
TS-waves from the background fluctuations. Wave packets were detected by using pressure sensors,
where each sensor was connected to the wall by a pair of orifices. By choosing the orifice spacing
to about half a TS-wave length, the sensitivity to TS-waves was high while fluctuations with other
wave lengths were rejected. It should be noted that the growth rates measured by Kosorygin &
Polyakov and by Kendall represent the overall increase in the number and size of TS-wave packets,
rather than the amplitude growth within a packet. Whether this growth is due to a continuous
downstream forcing from the free stream, or to processes developing inside the boundary layer is
difficult to distinguish. This can only be achieved by introducing controlled TS-waves, as in the
experiments by GKR. They found that TS-waves amplify at a lower rate than in the undisturbed
boundary layer. To what extent TS-waves play a role in a given practical situation, may depend on
a number of circumstances, such as the efficiency with which they are triggered from the free stream,
the relevant Reynolds number range, pressure gradients and leading edge conditions. The effect of
the leading edge flow on the stability of TS-waves in an undisturbed environment was demonstrated
by Klingmann et al. (1993). At low Tu, Kendall (1991) found that TS-waves are more efficiently
excited when the leading edge is blunt, or when the model is placed at a positive angle of attack.
However, inappropriate leading edge conditions may also cause transition far upstream of the point
where TS-waves become unstable. This seems to have been the case in the experiments by Suder
et al. (1988), and was also observed in the present experiment, when the leading edge flow was
intentionally deteriorated (see part I).

It is well known that pressure gradients along the chord strongly affect the amplification of TS-
waves. The low frequency fluctuations induced by FST, however, seem to be insensitive to pressure
gradients (see Kendall, 1991; V.E. Kozlov et al., 1990). It is therefore noteworthy that Blair (1992),
in an experiment at Tu = 2%, observed a significant delay of the onset of transition when the flow
acceleration was increased, so that the boundary layer became stable with respect to TS-waves. If
the observations made by Kendall and V.E. Kozlov et al. are generally valid, the effect observed by
Blair must be the result of an efficient suppression of TS-waves by the negative pressure gradient.
This gives an indication of the important role TS-waves may play in the transition of a flat plate
boundary layer also at high levels of FST.

1.2 Mechanisms of transition

The most thoroughly studied transition scenario starts with the linear amplification of TS-waves
in an otherwise undisturbed boundary layer. The waves grow up to a point where non-linear mech-
anisms lead to a resonant amplification of three-dimensional (3D) wave pairs. These intensify and
form characteristic A-shaped structures consisting of inclined high-shear layers, which subsequently
break down to turbulence. Depending on the forcing conditions, the nonlinear interactions may be
either of fundamental (K) or subharmonic (N) type. Forcing at a well defined frequency (e.g. by
sound) favours the K-type, whereas subharmonic resonances occur at smaller wave amplitudes and
may be expected under most 'natural' conditions.



The effect of FST on the laminar boundary layer may be seen as a continuous forcing by
impulsive, localized disturbances. Useful information for understanding the transition process may
therefore be obtained from experiments on the development of such disturbances. With the aim
of modelling 'natural' TS-wave transition, Gäster k Grant (1975) studied the development of a
TS-wave packet from a transient disturbance in the form of an air pulse from a small hole in
the wall. Later studies (cf. Konzelmann, 1990; Fasel, 1990; Cohen, Breuer k Haritonidis, 1991)
revealed the detailed structure of the wave packet inside the boundary layer. It consists of a core of
narrow, intense streaks surrounded by warped wave fronts. The subharmonic route to transition was
observed by both Konzelmann and by Cohen et al. Since the streak packet propagates faster than
the waves, it may travel ahead of the wave packet and develop separately (see Breuer k Haritonidis,
1990). It decays if the initial disturbance is weak, and only if the initial forcing exceeds a certain
threshold, the streak packet can develop into a turbulent spot without involving the amplification
of TS-waves (see Grek, Kozlov k Ramazanov, 1985, 1990b; Klingmann, 1992; Fonningson et al.,
1993). The arrow-head shape of the streak packet is similar to A-structures resulting from TS-wave
interactions, and transition is preceded by the formation of high-shear layers like those observed
at the late stage of TS-wave transition. This is seen most strikingly in the visualization by Grek
et al. These phenomena have also been observed in transition induced by FST. Visualizations by
Kendall (1985) in the cross stream plane show how the streaks lift up into pairs of inclined shear
layers, and begin to roll up into streamwise vortices. A recent numerical simulation by Rai k Moin
(1991) gives a clear example of the development of high-shear layers and other phenomena which
can be identified with events known to occur both in N- and K-transition and in the transition
caused directly by transient disturbances. This emphasizes the need to examine the development
prior to the emergence of A-structures and high-shear layers, in order to asses the critical conditions
causing them.

Whereas the evolution of large scale structures in the boundary layer is rather slow and un-
dramatic even at rms-levels around 10% of Uo, TS-waves can develop nonlinear interactions at
amplitudes below 1%, leading to a resonant 3D amplification and rapid transition to turbulence.
Such interactions may be favoured by the disorder caused by large scale structures. Possible interac-
tions between TS-waves and large scale structures resulting from an impulsive 3D source have been
studied by Grek et al. (1991) and Grek k Kozlov (1992). Transient disturbances were introduced
in different ways, both from the wall and from the free stream, and triggered the development of
large scale structures, which the authors termed 'puffs' (a puff is essentially identical to the above
mentioned streak packets studied by Breuer k Haritonidis, 1990, and Klingmann, 1992). TS-waves
were excited using a vibrating ribbon, and the interaction between the two was found to result in
a nonlinear wave packet, which developed into a turbulent spot. This process was observed also
under circumstances where both the puff and the TS-waves would decay if they were generated
separately. Such interactions may also be expected in boundary layers subjected to FST.

2 Experimental set-up and measurement technique

The experiments were performed in the MTL (Minimum Turbulence Level) wind tunnel at the
Royal Institute of Technology, Stockholm, Sweden. A general sketch of the set-up is shown in
figure 1. The boundary layer over a flat plate with zero pressure gradient was studied. Near
isotropic FST with a level of Tu = 1.5% was generated by a square mesh grid, installed in the test
section 1.5 m upstream of the plate (Tu is here defined as the rms-value of the streamwise velocity
measured outside the boundary layer near the leading edge of the plate, normalized with Uo).

The streamwise velocity was measured with a constant-temperature hot-wire anemometer, using
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Figure 1: Experimental set-up.

single wires made of 5 /«n platinum with a sensing length of 1 mm. Further details on the set-up,
and a description of the free stream characteristics can be found in Part I of the present work. Most
of the measurements were performed in set-up I, which is identical to that used by Klingmann et
al. (1993), except for the presence of the grid - in fact some of the measurements were carried out
simultaneously.

A major concern in the present experiment was the flow near the leading edge, since the pressure
distribution there may affect the receptivity of the boundary layer with respect to both TS-waves,
and may also favour the generation of turbulent spots. A flow which smoothly accelerates from
the stagnation line was achieved by a special design of the leading edge in combination with a
trailing edge flap for adjustment of the stagnation point. This arrangement is similar to that in the
experiments by GKR, who used a leading edge with a shape of an asymmetric dual ellipse with a
high-aspect-ratio. In some of their early experiments, turbulent spots occurred due to leading edge
effects. To a minor extent, this was also the case in the present experiments. When inserting the
grid, the pressure distribution was slightly affected in a region 25 mm from the leading edge. It
would have been possible to entirely eliminate this effect by changing the stagnation point slightly
towards the working side of the plate. However, for the sake of comparison with the data obtained
by Klingmann et al. (1993) in the undisturbed boundary layer, it was judged more convenient not
to readjust the leading edge flow.

Periodic waves were excited by a vibrating ribbon positioned 120 mm downstream the leading
edge. The ribbon was placed in the magnetic field of a permanent magnet mounted in a hollow
on the reverse side of the plate, and was brought into vibration by feeding it with an electric
current of desired amplitude and frequency. This was controlled by a function generator via an
audio amplifier, an 8 W resistor and a 220/33V transformer. The hot wire signal and the signal
feeding the vibrating ribbon were sampled simultaneously by a MacADIOS-adio A/D converter
connected to a Macintosh SE/30. Care was taken to minimize possible channel interference in the
A/D converter. For this purpose, the signal from the frequency generator was attenuated through
a variable potentiometer before it was passed to the A/D converter. Special tests were performed
to ensure that the contributions from channel leakage were at least 102 - 10* times smaller than
the measured wave amplitudes.



The streamwise, wall-normal and spanwise directions are denoted by x, y and z respectively.
Measurements were undertaken in the region from x = 150 to 1000 mm from the leading edge
(z = 0), at free stream speeds between 4 and 8 m/s. The Reynolds number is defined as R =
l.72y/Rex, where Rex = Uox/v, and the frequency parameter F = 106 • UV/UQ, where u is the
angular frequency, and v the kinematic viscosity.

3 Signal processing

When the boundary layer fluctuations (limu) are not too large, TS-waves can be readily detected
due to the fact that their maximum amplitude occurs close to the wall, where the overall boundary
layer perturbations give only minor contributions at the typical TS-wave frequencies. In general,
t in» increases with Tu and R, and at some point the waves can no longer be detected by merely
looking at oscilloscope traces or power spectra. By generating TS-waves in a controlled manner,
their frequency and phase are well defined, which greatly facilitates the study of their mode shape
and downstream evolution. In the experiments of GKR, controlled TS-waves were examined at
Tu = 1.35%. The waves were extracted from the background perturbations with an analog spec-
trum analyzer by narrow band pass filtering close to the generator frequency, and contributions
from turbulent spots were sorted out 'by eye'. In the present study, the experimental set-up and
approach are similar, but a refined technique was used to study the waves.
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Figure 2: Profiles of u'p at different ribbon amplitudes; (o),
mm (R = 890).

; (•), G2; (o), 6'3. F = 100, x = 500

Figure 2 shows profiles of narrow band filtered nns-fluctuations (u'F), when the ribbon is op-
erated at 70 Hz with different amplitudes (G,G\ < G2 < G3). The measurement was made at
x = 500 mm (R = 890). The forcing frequency (F = 100), is within the range of unstable frequen-
cies for TS-waves in a Blasius boundary (F = 70-150 at R — 890). The outer maximum in the
profiles in figure 2 is due to background disturbances, which for F = 100 have their maximum far
out in the boundary layer (see also figure 12 in part I of the present work). The near wall maximum,
which for the highest amplitude (£3) amounts to 0.35% of Uo, contains contributions both from
the triggered waves and from other boundary layer fluctuations with the same frequency. Typical
hot wire signals obtained at the near wall maximum, are shown in figure 3, where the lowest ribbon



amplitude (GO was used. The waves, which are riding on large scale background structures, appear
more clearly when the signal is high-pass filtered. In order to separate the waves from random-
phase contributions with the same frequency, a phase-selective filtering technique was used which
will be described below.

A large number (N, typically 100) of sampling records, each containing 512 samples, were
collected using sampling frequencies between 360 and 720 Hz. Each record was then phase aligned
with respect to the generator source. By ensemble averaging the phase-aligned records, only that
part of the signal which is phase-coherent with the frequency generator will contribute to the
ensemble average, whereas contributions with random phase are attenuated when N is large. A
straightforward and efficient method of phase alignment is to trigger the start of the sampling
sequence from the signal controlling the ribbon. For technical reasons, however, a different method
was used in the present study. In each record the phase of the spectral component corresponding
to the generator frequency was compared with the phase of the generator, whereupon the spectra
were phase shifted with the calculated phase difference. The procedure can be described as follows:
If the ribbon is operated by a generator signal with an angular frequency ug,

the u;9-component of the signal acquired at a given x- and y-position can be assumed to consist of
a wave component

and random-phase contributions

at the same frequency. (Here U> represents the time it takes for the wave to travel downstream to the
point of measurement, and a is the wave number). All Fourier components of the measured signal
were multiplied with the complex conjugate of the generator signal, and after ensemble averaging,
the following quantity is extracted from the u/s-component:

-t T Re*»"

In this way, the ensemble average contains only the phase coherent part of the w9-component,
whereas for large enough N, fluctuations with other frequencies or phases are cancelled out in the
averaging process. In order to avoid end effects, the generator frequency was carefully matched to
the discrete sampling frequency. The final values of amplitude and phase were obtained after an
additional 4 Hz wide Gaussian filtering.

This method provides a possibility to extract the amplitude and phase distributions also in the
outer parts of the boundary layer, where fluctuations with random phase give the main contributions
to the energy at u)g. Figure 4 demonstrates how the method works. Power spectra and phase-
averaged spectra are shown at two different y-positions, corresponding to the near wall TS-wave
maximum (a and c) and the boundary layer edge (b and d). Waves were forced at 70 Hz (F =
100), and the signals were collected at x - 500 mm (R = 890). Near the wall, the wave is
clearly visible in the spectrum (figure 4a), but its true amplitude is obscured by contributions from
other boundary layer perturbations. In the corresponding phase-aligned spectrum (figure 4c), the
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unphased contributions have been reduced giving only half the amplitude in the 70 Hz component.
At the boundary layer edge, the generated wave is completely invisible in the spectrum (figure
4b), due to the high level of background disturbances near the frequency of interest, and phase
alignment is here necessary to detect the wave. A large number of records is required in order to
reduce the unphased contributions, and insufficient averaging easily results in an over-estimate of
the true amplitude of the wave. Because of the downstream growth of the total tirnu-level, the
extraction becomes more difficult as the wave is followed downstream. However, it was possible to
extract and follow TS-waves with amplitudes as small as 0.02% of Uo-

Records which were affected by the passage of a turbulent spot were sorted out using a simple
threshold criterion on du/dt. If the velocity increased by more than 0.35(/o between two consecu-
tive samples, the sampled record was discarded, and a new record was collected. This procedure
eliminated the influence of intermittent turbulent spots on the measured spectra, and also gave
the possibility to estimate and compare the number of spots observed at different z-positions and
forcing amplitudes.

4 Linear development of TS-waves

A TS-wave is here denned as a small-amplitude wave, characterized by its amplitude and phase
distribution through the boundary layer, as well as the propagation speed and amplification rate.
This can be predicted by linear stability theory at any given frequency and Reynolds number. The
neutral stability curve obtained from linear parallel theory is shown in figure 5. It encloses the region
where 2D TS-waves are amplified, and the left and right parts of the curve are denoted branch I
and branch II respectively. In the absence of the grid, neutral points in good agreement with this
curve were obtained in the present set-up, also at frequencies near F = 200 (see Klingmann et al.,
1993). The working points at which the present study was conducted are also shown in figure 5.

300

200

100

1500

Figure 5: Neutral stability diagram for TS-waves in the Blasius boundary layer (linear parallel
theory). Symbols show working points for profile measurements, lines the region where amplification
was measured.

The spatial evolution of phase and amplitude of the waves was studied using a growth criterion
based on the near-wall maximum of the TS-wave amplitude profile. This amplitude was determined



at each i-position by traversing over a few points near the location of the maximum. It will in the
following bt given in percent of UQ, and is denoted by B in the presence of the grid, and by A in
its absence. The integrated amplification (N) at a given station z is defined as

N = l n ( - ^ r ) without the grid,

or

N = w i t n t h e

The subscript o refers to the amplitude measured at branch I. The TS-wave amplitude measured
in the absence of the grid at branch II of the neutral stability curve will be denoted by An.

The linear stability calculations were based on the spatial formulation of the Orr-Sommerfeld
equation, which gives an eigenvalue problem for the determination of the complex wave number a.
The growth or decay of the wave is then obtained as the imaginary part of the wave number, ait

and N is calculated as

/-<
10

The eigenvalue problem was solved using an iterative shooting method, where the eigenfunctions
are computed by integrating the equation. The solution is accepted when the eigenfunction fullfills
the imposed boundary conditions. A four point Runge-Kutta scheme with orthogonalization was
used for the integration, and the boundary conditions at infinity were obtained from the asymptotic
solution of the equation as U -» UQ.

4.1 Stability characteristics of the disturbed mean flow

It is well known from linear stability theory that even small changes in the mean profile can
cause significant changes in the amplification rate of TS-waves. It is plausible to expect that the
modification of the mean velocity profile in the presence of FST would affect the TS-wave growth.
The deviations of the mean velocity from a Blasius profile (AI/)> measured at 800 mm (R = 1125),
are shown in figure 6a as a function of the boundary layer coordinate y/6* (6* is the measured
displacement thickness). In Part I of the present work, it was found that the shape of this profile is
selfsimilar, whereas its magnitude increases downstream, giving a continuous decrease in the shape
factor (H) (at x = 800 mm, H = 2.43). The predicted TS-wave amplification rate is highly sensitive
to minor changes in U" (the second y derivative of U), and the profiles can not be measured with an
accuracy high enough to correctly estimate this quantity. Any curve fit will therefore be somewhat
arbitrary. In the present case, a curve fit to the measured values of U was constructed by fitting a
high order polynomial to AU(y/6*), and this function was then added to the Blasius profile. The
curvefit shown in figure 6a (solid line) was chosen not only for a best fit to the data, but also to
give first and second derivatives resembling those of the Blasius profile, avoiding artificial inflection
points. U" is shown in figure 6b. The fitted profile has a negative U" at all y-positions, but its
magnitude is smaller and the maximum is closer to the wall in comparison to the Blasius profile.
For comparison, AC/ and U" for a Falkner-Skan profile with H — 2.43 are also shown in figures
6a and b (dashed lines). Although qualitatively similar to the measured data, the details in the
Falkner-Skan profile are different, (e.g. it gives a larger wall shear stress than the measured data).

10
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Figure 6: (a) Mean velocity deviation from the Blasius profile, (b) second derivative of the mean
velocity profile, (o), experiment; (—), polynomial curve fit to the experimental data; (---) Falkner-
Skan flow; (• • •) Blasius flow, x = 800 mm fR = 1125), H = 2.43.

Using the curve fit approximation of the measured velocity profile as an input to linear, parallel
stability calculations gave a damped eigcnmode with Qj = +0.0033 for F = 100 and R - 1125.
With the Falkner-Skan profile, an even stronger damping is predicted {an = +0.0070). For reference,
the Blasius profile gives an unstable mode with a* = -0.0025. Since AU is selfsimilar, the same
procedure could easily be repeated at other x-positions by simply adjusting the amplitude of the
fitted curve to the measured shape factor. At all positions, the stability calculation predicted
damped waves. In summary, the modification of the mean profile by the FST may be expected
to stabilize TS-waves. If a 'nice' curve fit is applied to the measured profiles, linear stability
calculations predict damping for F = 100 at all Reynolds numbers studied here.
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4.2 Charac ter i s t ics of TS-waves in t h e presence of FST

Figure 7 shows amplitude and phase distributions of ribbon-induced waves, extracted with the
filtering technique described in section 3. The location of the working points with respect to the
neutral stability curve for TS-waves is shown in figure 5. Figure 7a compares profiles measured
with and without grid at F = 200. The free stream velocity was 4 m/s, and the value of Urms/Uo
in the middle of the boundary layer was 5% at the most downstream position. The data were
obtained by phase-averaging 100 records at each y-position. The three x-positions shown are close
to the ribbon (x = 150 mm, R = 345), close to branch I of the neutral stability curve (x = 350
mm, R = 525) and close to branch II (x = 650 mm, R = 715). Worth mentioning is the short
downstream distance required to set up a TS-wave, which can be seen at x = 150 mm, i.e. a
distance less than a TS-wave length downstream of the vibrating ribbon (XJS = 48 mm). At
all three positions, the wave extracted in the presence of the grid shows the same characteristic
features as a TS-wave in an undisturbed boundary layer. The near-wall maximum, followed by
a 180° phase shift and a second outer maximum can clearly be seen. One can also observe the
downstream changes in the wave shape, which are due to the fact that the shape of the TS-wave
is not self-similar with the growing boundary layer. The inner maximum as well as the phase shift
are slowly displaced towards the wall, both with and without the grid. At the more downstream
positions, the contributions from random fluctuations increase, giving a considerable scatter in the
data points if the number of averaged records is not large enough. This is particularly obvious close
to the amplitude minimum and the corresponding phase shift.
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Figure 7: Amplitude and phase profiles of ribbon-excited TS waves in the presence of FST (a)
F = 200, Uo = 4 m/s; (a) , x = 150 mm (R = 345); (A), x = 350 mm (R = 525); (o), x = 650
mm (Ä = 715); dots show profiles measured without the grid, (b) F = 100, UQ = 8 m/s; (o),
x = 500 mm (R = 890); (•), x = 1000 mm (R = 1260); solid lines show profiles obtained from
linear stability theory.

Figure 7b shows amplitude and phase profiles for F = 100. The free stream velocity was 8 m/s,
and the two downstream positions shown are x = 500 and 1000 mm (R = 890 and 1260). Each
profile is constructed from the phase-average of 50 records at each y-position. Also shown are the
corresponding TS-wave profiles calculated for the Blasius boundary layer. Tor the latter, R = 890 is
at the beginning of the unstable region, and R = 1260 is just downstream of branch II. With the grid
inserted, this position can still be considered as upstream of the onset of transition, and turbulent
spots appeared only occasionally. When introducing controlled TS-waves, the number of spots
increased significantly, an observation which will be further discussed in the following section. The
maximum in Urmi/Uo with respect to y was 7.5% at R = 890 and 11% at R = 1260. Nevertheless, it
was possible to extract a phase coherent wave with an amplitude and phase distribution resembling
a TS-wave, although the agreement is not as good as in figure 7a. Both the inner and the outer
maximum as well as the amplitude minimum are clearly visible in the profile, but their locations
and magnitudes differ from that of an undisturbed TS-wave. The large amplitude of the outer
maximum is at least partly due to insufficient averaging. The phase shift is not as distinct as it
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should be for a TS-wave, but varies more smoothly. Despite these differences, it is clear that the
generated wave survives at far downstream distances and maintains its TS-like character in a highly
disturbed (but still laminar) boundary layer.

The downstream phase evolutions are plotted versus x in figure 8, for F = 100 and 200. The
phase speed, evaluated from the slope of the straight linos through the data points, is indistinguish-
able for the cases with and without the grid - it is 0A05Uo for F = 100 and O.37(/o for F = 200.
The amplitude evolution of the extracted wave is shown in figure 9 for F = 100, 150 and 200,
together with the corresponding amplification curves for TS-waves measured in the absence of the
grid. As observed, the waves extracted in the presence of the grid follow an amplification curve
similar to the curve obtained without the grid, but the measured amplification rate is lower, and
damping sets in further upstream than in the unperturbed boundary layer.

0 1200

Figure 8: Phase evolutions for F = 100, (o), with and (•) . without the grid; F = 200, (a) , with
and (+), without the grid.

The downstream evolution of the extracted wave was independent of the ribbon amplitude. This
is shown in figure 10 for F = 100. The ribbon amplitudes were chosen from measurements without
the turbulence generating grid, whereupon the grid was installed and the same output signal was
fed to the ribbon. The relation between the forcing of the ribbon and the maximum measured wave
amplitudes is given in Table 1. In the absence of the grid, the waves attain their highest amplitude
at R = 1220, where, for the three ribbon amplitudes Gu G2 and G3, the values of An are 0.4%,
1% and » 1% respectively. With the grid inserted, the maximum value of B occurred further
upstream, and was 0.15%, 0.35% and 0.65% respectively, i.e. about three times smaller than in
the absence of the grid. The amplification curves in figure 10 are normalized at R = 550, and
the curves for all three amplitudes are seen to coincide (to within experimental scatter), showing
that the development of the extracted wave is amplitude independent. Thus, the extracted waves
amplify due to a linear mechanism.

So far we have seen that it is possible to generate and detect waves with TS-like characteristics
in a highly disturbed boundary layer. Such waves may exist in boundary layers subjected to high
levels of FST, even if they are not directly visible in oscilloscope traces or power spectra. The
measured amplitude and phase distributions exhibit typical TS-wave features. Phase coherent
waves with such characteristics can be detected all the way to the beginning of transition. They
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Figure 9: Amplitude evolutions with and without the grid, (a) F = 200, (b) F = 150 and (c)
F = 100. (•), with the grid; (o), without the grid.

travel downstream at the same speed as undisturbed TS-waves, but appear to amplify less. These
results confirm the previous findings by GKR that TS-like waves can exist and develop despite the
high level of disturbances in the boundary layer.

A possible explanation for the lower amplification rate lies in the measured mean velocity profile,
which was found to be stable with respect to TS-waves. However, the experimental results show
that the waves amplify. Hence, the stability characteristics of the boundary layer subjected to FST
can not be derived merely from the mean modifications of the boundary layer profile, but requires
a more sophisticated analysis. If the large scale perturbations are considered as randomly moving
streak packets, the boundary layer may be considered locally as a spanwise-modulated flow, and
the local velocity profiles may be quite different from the measured mean velocity profile. Model
experiments on the stability of spanwise-modulated boundary layers (see Kachanov k Tararykin,
1987; Bakchinov et al., 1993) show that TS-waves in the strict sense of the word can not be
expected in this kind of flow, and observed TS-like waves have mode shapes, phase velocities and
amplification rates which depend on the intensity and spanwise scale of the modulation. From
this point of view, the present finding, that the waves extracted in the presence of FST have clear
TS-wave characteristics, is quite remarkable .
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Figure 10: Amplitude evolution for waves excited with different ribbon amplitudes. With the grid:
(x), d ; (+), G2; (o), G3. (o), without the grid. F = 100.

Output voltage to the ribbon 3.85 V 9.5 V 18.5 V
Maximum wave amplitude for F=100

without the grid {An) 0.4% 1.0% » 1 %
with the grid {B) 0.15% 0.35% 0.65%

Table 1: Relation between ribbon forcing and measured wave amplitudes.

5 The effect of TS-waves on transition

Even though the measured TS-wave amplitudes are well below 1% of Co, different observations give
at hand that the waves are involved in nonlinear interactions which greatly affect the transition
to turbulence. In the following, we will try to obtain more information about the nature of the
nonlinear phenomena.

5.1 Response to varying forcing amplitudes

During the measurements reported above, it was observed that the introduced TS-waves affect
the transition process, most easily recognized from the increased number of transitional structures
and turbulent spots detected during the data acquisition. The intermittency increased with the
ribbon amplitude, and at the largest amplitude, the number of spots increased explosively. This
was also observed in the previous studies by GKR. The dependence of this phenomenon on the
ribbon amplitude indicates that the formation of turbulent spots is due to nonlinear interactions
in which TS-waves are involved. By looking at oscilloscope traces at a far downstream position,
qualitative observations can be made, which give some hints about the nature of these interaction».

Figure lla-c show selected oscilloscope traces, obtained at a y-position near the inner amplitude
maximum of the TS-wave, for F = 100 and R = 1260. Each plot also contains the same signal
high-pass filtered above 35 Hz. For the lowest ribbon amplitude shown in figure l la (G\) the
generated waves appear to be superimposed on the large scale structures which have a time scale of
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Figure 11: Selected hot wire traces (full signal and high-passed filtered above 30 Hz). Ribbon forced
at F = 100 with amplitude (a) G\, (b) G2, (c) G3. x = 1000 mm (R = 1260), y near TS-wave
maximum.

the order of 100 ms (10 Hz), sometimes interrupted by transitional structures or incipient turbulent
spots with much larger amplitudes. It is interesting to note that almost identical structures, with
a time scale of the order of 10 ms, were observed repeatedly. This indicates that they develop in
a deterministic way, although their appearance in time and space is random. Figure l i b shows
oscilloscope traces for the moderate amplitude (G^)- The generated TS-wave is clearly visible,
and the wave length can easily be estimated from the graph. At this amplitude the transitional
structures become more frequent, but developed turbulent spots are still rare. When looking at
the wave just in the vicinity of the transitional structures, a distinct frequency modulation is seen,
resulting in approximately twice the wave length of the fundamental TS-wave. This observation
may indicate subharmonic interactions of the type occurring in the AT-regime of transition. The
last set of traces, shown in Fig. l ie, are measured with the highest ribbon amplitude (G3). With
this amplitude, the signal shows a strong intermittency with many turbulent spots. A subharmonic
modulation is discernible also in this case, however, it is not as clear as for the moderate amplitude.

In the corresponding measurements without the grid, R = 1260 is just downstream of branch
II in the stability diagram. In this case, the wave amplitude was considerably higher than in the
presence of the grid, and nonlinear phenomena associated with the N- and K-routes to transition
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were observed. For the lowest ribbon amplitude, the undisturbed TS-wave reached a maximum
{An = 0.4%) at branch II of the neutral stability curve, followed by a linear damping of the wave.
With the moderate initial amplitude (An = 1%), a decrease in the amplification rate indicated the
nonlinear redistribution of energy to the 3D subharmonic components, which were also observed in
the spectrum. For the largest amplitude, 3D phenomena pertaining to the K-route to transition were
observed. In this case, the value of An is ambiguous, because the wave front is three-dimensional
and its amplitude varies along the span.

In summary, the observations with and without grid are quite different, and the nonlinear
phenomena observed in the presence of FST can not readily be identified with neither the K- nor
N-transition regime. At the stage where transitional structures appear, subharmonic interactions
seem to be important, and the appearance of turbulent spots at high forcing amplitudes may be
the result of such interactions.

5.2 Spanwise coherence of the wave fronts

The general impression gained from the above observations is that the waves become significantly
modified as they develop downstream. Although the ribbon initially sets up a 2D wave front,
interplays with randomly moving large scale structures may lead to 3D deformations of the wave
fronts, which can cause local changes in both frequency and phase. Such waves are not captured by
the phase-selective filtering technique used in section 4, which therefore only measures the linear
wave amplification, and ignores contributions from nonlinearly modified waves.

One way of assessing to what extent the wave is two-dimensional, is to measure the correlation
(RUU,F) between two probes which are displaced in the spanwise direction, in the frequency band
corresponding to the generator frequency. The phase-selective filtering method described in chapter
3 was not used in this measurement, so that the degree of phase-coherence with respect to the ribbon
would not affect the measured correlation. Neither would a redistribution of the wave energy to
other spectral components reduce the value of Ruu,F, since the cross-product between the two
channels is normalized with both channels' rms in the selected frequency band, which will be
reduced with the same magnitude. However, if the wave angle varies in a random instationary way,
this will result in a varying phase difference between the probes, and consequently a reduction of
Ruu,F-

Figure 12 shows the absolute value of RUU,F in a narrow band near F = 100, when the ribbon
was forced with an amplitude slightly higher than G\. The j/-position was close to the inner
maximum of the TS-wave, and the spanwise probe separation (Az) spanned a distance of about
half a TS-wavelength. In the grid-absent case, it can be seen that the correlation is equal to one,
as expected when the oscillation is caused by a pure two-dimensional wave. The solid symbols
show the same measurement in the presence of the grid, measured at two downstream positions.
At R — 890, Ruu,F shows a constant value of 0.8 for all Az above 4 mm. Further downstream
(R = 1260) this value decreases to about 0.4.

It should be noted that the observed decrease in Ruu,F is not due to an increased contribution
from FST-induced random fluctuations. The total energy in the frequency component correspond-
ing to F — 100 is almost the same at the two z-positions. An estimate of the TS-wave contribution
can be obtained from the amplification curve in figure 10. Due to the earlier decay of the amplitude
in the presence of FST, the TS-wave amplitude at R = 1260 has decreased to a value close to the
amplitude measured at R = 890. Thus the ratio between the TS-wave energy and the total energy
in the studied frequency band is about the same at both x-positions. Consequently, the downstream
decrease in RUU,F is only associated with the TS-wave part of the signal, and shows that the wave
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Figure 12: Spanwise correlations in a narrow band near the forcing frequency, F = 100; (o), without
the grid; (A), with the grid, R = 890; (•) with the grid, R = 1260.

fronts become distorted during the downstream development of the wave.

5.3 Non-linearly induced TS-waves

The above observations give at hand that different kinds of non-linear interactions are present,
which transfer energy between the waves, or between large scale flow structures and waves. Some
indications on the nature of these interactions may be obtained by analyzing power spectra obtained
at different forcing amplitudes.

The distributions presented in figure 13 represent energy spectrum integrated in the near wall
region (y/6* < 1), and normalized with the free stream velocity,

E-
S'US

jv!}{y)dy

where, vIp denotes the fluctuation energy within a 12 Hz square band close to the frequency F.
Each spectrum is the average of 50 sampling records, constructed without phase-alignment. Records
containing turbulent spots were sorted out using the gradient criterion described in section 2. The
ribbon was forced at a frequency of F = 100, using different amplitudes (Gi, Gi and G3). The
ribbon-generated wave gives a frequency peak which is well visible at R = 890 (figure 13a), but is
difficult to distinguish at R = 1260 (figure 13b), because of an increase of the energy in a broad
band which includes the ribbon-generated wave. Upon increasing the ribbon amplitude, the energy
growth is enhanced, and occurs within a wider frequency range. This dependence on the forcing
amplitude shows that the induced wave packet is the result of nonlinear interactions, which involves
the ribbon-controlled TS-wave.

During the measurements, it was observed that the number of turbulent spots and transitional
flow structures at R = 1260 increased drastically with ribbon amplitude. For the highest ribbon
amplitude (G3), 90% of the collected records were considered to be affected by intermittent tur-
bulence. These records are not included in the data presented in figures 13. The observed energy
growth is therefore not a mere reflection of an increase in the intermittency, but represents an
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increase of random fluctuations in the quiescent flow portions between the turbulent spots, and
therefore contains information about the mechanism(s) by which new spots are created.

The nonlinear energy growth can be observed even more clearly at a ^-position close to the
y-maximum in the TS-wave profile. In figure 14a-d, each plot compares u'F obtained at two x-
positions, x = 500 mm and 1000 mm {R = 890 and 1260), for a given forcing amplitude. Figure
14a shows the spectrum when the generator is switched off. The downstream changes are rather
small, and the perturbations actually decrease in the frequency band 30 < F < 70 (this can also be
seen when the energy is integrated over y, cf. figure 13 in part I). Figure 14b shows the spectrum
when the ribbon is forced with an amplitude close to G\. The energy is now seen to increase in a
broad band between F = 60 and 120, which falls within the frequency range where TS-waves are
unstable (see figure 5). The width of this band increases with G. For the highest forcing amplitude
(G3, figure 14d), waves within the unstable range are induced already upstream of 71 = 890, and
between R = 890 and 1260 the energy increases for all frequencies.

The assumption that the nonlinearly induced wave packet consists of TS-waves is also supported
by the y-profiles of u'F. Figure 15 compares profiles at R = 890 and 1260, filtered in 4 Hz bands
centred at F = 70,100 and 130, when the ribbon is operated at F = 100 with the amplitude G2. All
profiles have an outer maximum at y/6* = 2-2.5, which is also present without forcing the ribbon.
For F = 100, there is also a near wall maximum at y/6' = 0.5, which is due to the TS-wave excited
by the ribbon. For F = 70 and 130, the profiles have a near-wall maximum only at downstream
position (filled symbols in figure 15), but not at the upstream position, which means that TS-waves
are induced between the two positions. For frequencies above F > 150 (not shown), the profiles of
u'F do not have any maximum at y/6* = 0.5. For F < 70, contributions from other boundary layer
perturbations are too large to allow an identification of a near wall maximum. Unfortunately, this
makes it difficult to detect the subharmonic of the original TS-wave.

From the data presented in figure 13, the energy growth for 70 < F < 130 can be estimated
to be by a factor of 2 for the lowest ribbon amplitude, and 10 for the highest amplitude. The
corresponding amplitude growth would then give a JV-factor below 1.2. Similar estimates based on
the spectra at y/6* = 0.5 give amplification factors between 2 (TV = 0.35) and 25 {N = 1.6), for
G and G3 respectively. Hence, the observed nonlinear energy growth does not exceed the linear
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amplification of TS-waves in the absence of the grid (N = 1.8 for F = 100, cf. figure 9). Even
for the highest ribbon amplitude (G3), the amplitude of the coherent part of the wave (B) never
exceeded 0.65% of UQ, and also the total value of u'F was below 1%. It is therefore evident that
in the presence of FST, TS-waves become 'dangerous' at much smaller amplitudes than in the
undisturbed boundary layer.

6 Summary and discussion

The present observations can be summarized as follows:
(i) It is possible to generate and detect TS-like waves in a boundary layer subjected to FST

with a level of at least 1.5%. The waves have mode shapes and phase velocities in close agreement
with those of TS-waves in the absence of FST. They move downstream as coherent wave trains,
and amplify due to a linear mechanism. Their amplification rate is lower than in the undisturbed
Blasius boundary layer, but higher than would be expected from the stability characteristics of the
measured mean velocity profile.

(ii) During their downstream development, the wave fronts become increasingly three-dimensional,
and loose part of their streamwise and spanwise coherence. New TS-waves are induced, giving an
energy growth in a wide band corresponding to unstable TS-wave frequencies. Since this process is
enhanced when the ribbon amplitude is increased, the mechanism which generates new TS-waves
is obviously nonlinear.

(iii) The presence of small amplitude TS-waves strongly promotes the onset of transition, and
gives an increase in the number of turbulent spots. Nonlinear interactions become important
already at small wave amplitudes (less than 0.2%), and seem to be of subharmonic rather than of
fundamental type.

The picture emerging from these observations lends itself to the following interpretation: Ini-
tially two-dimensional waves, riding on top of the large scale streaky structures, are gradually
deformed due to diffraction-like interactions with the inhomogeneous background. This results into
local changes in the phase and/or frequency of the wave. The distorted waves may continue to
grow linearly, and as R increases, lower frequencies will amplify more rapidly. This scenario would
favour subharmonic wave interactions, by which 3D waves can be rapidly amplified. This process
may be expected to occur also when TS-waves are induced naturally by FST, since naturally oc-
curring wave packets are 3D from the beginning. If this process occurs randomly in time and space,
turbulence will not appear gradually along an ordered line, but in the form of localized turbulent
spots.

It is necessary to make a distinction between the linear growth rate of any single wave, and the
energy growth resulting from nonlinearly induced waves. The phase selective filtering technique
used to obtain the amplification rates of controlled TS-waves only takes into account waves which
maintain both their frequency and phase during their downstream development, and therefore
only measures the linear amplification. The total energy growth in the TS-wave band is larger,
and it depends on the amplitude of the input forcing. None of these two growth measures can be
compared to the growth rates obtained by Kosorygin & Polyakov (1990) or Kendall (1990,1991) for
naturally exited TS-waves, since in their case an increase of the TS-wave activity due to continuous
downstream forcing (receptivity) is also included in the measured amplification rate. In the present
study, both the linear and the nonlinear growth rates were found to be below the growth rate of
TS-waves in an undisturbed boundary layer. Despite this, the waves play an important role in the
transition to turbulence, in that they clearly promote the appearance of turbulent spots.
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The question how the induced waves develop might be a key question to solve in order to better
understand transition in the presence of FST. The fact that the described energy transfer occurs
at rather low amplitudes of the fundamental input wave (< 0.2% of Co) indicates that it is not a
question of ordinary K- or N-transition, but more probably an interaction between TS-waves and
other boundary layer perturbations. If superharmonics were generated in an assumed K-route to
transition, these harmonics should certainly have been observed in the power spectra. Subharmonics
would be more difficult to detect in the power spectra, since the broad band of nonlinearly induced
waves also includes the subharmonic to the input TS-wave frequency. As pointed out earlier in
the discussion of the hot-wire traces shown in figure 11, a subharmonic modulation of the signal
occurs in the vicinity of the transitional structures that appear at downstream positions. This
is most obvious for the moderate forcing amplitude of the ribbon. It therefore seems likely that
subharmonics are involved in the present transition process, although the mechanism may be quite
different from that of pure N-transition.

The present observations are similar to those made by Grek et al. (1991) and Grek & Kozlov
(1992), concerning interactions between TS-waves and so-called 'puffs'. Puffs are boundary layer
structures excited by transient 3D disturbances. They consist of narrow longitudinal streaks, which
elongate in the downstream direction, and the perturbation has its maximum amplitude approxi-
mately in the middle of the boundary layer. These features are also observed in the boundary layer
subjected to FST. In fact, the low frequency boundary layer fluctuations observed in the presence
of FST are most probably due to the passage of puff-structures, exited by turbulent eddies in the
free stream. In the experiment of Grek et al., different interactions were observed, depending on the
amplitude of the TS-wave. When the the TS-wave amplitude was small, the interaction generated a
wave packet with a central frequency close to the subharmonic of the TS-wave, which further down-
stream developed into a turbulent spot. The present results are not sufficient to allow any further
conclusions about transition mechanisms. However, model experiments of this type can give im-
portant clues for understanding the nonlinear processes preceding transition. Further experiments
of this type are planned within the present Swedish-Russian research cooperation program.
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