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The flow states inside the boundary layer can generally be categorized into laminar or turbulent states. The

physical characteristics such as the skin friction and the heat transfer at the wall, are drastically different between
the two. Especially, the laminar state is preferable if the demand is on the reduction of the skin friction at the wall,
which realizes less energy consumption. In order to keep the laminar boundary layer flow area as large as possible
on the body surface, revealing both the transition process and the structure at the interface between the laminar
and turbulent states is important. Furthermore, the novel control technique aimed at suppressing the turbulent
motion is required in the engineering field.

In the present study, the transition process and the interface between the turbulent and laminar states in
boundary layer flows have been studied both experimentally and numerically. The suppression control of the

turbulent region expansion is also attempted through destroying the structure at the interface.

The contents of this thesis consist of six chapters as outlined below.

Chapter 1 is the introduction.

In chapter 2, the instability modes in the three-dimensional boundary layer near the attachment-line region on
the yawed cylinder are studied in detail. The boundary layer on the swept wing, which modern aircrafts adopt in
order to avoid the shock wave formation on the wing surface, bepomes three-dimensional since the direction of
pressure gradient does not coincide with the free stream direction. This imbalance results in the appearance of a
secondary flow, called the cross-flow, inside the boundary layer, perpendicular to the external streamline. The
transition to. turbulence consequently takes place much earlier compared to the Tollmien-Shlichting (T-S) wave
type transition, which is generally observed in two-dimensional boundary layers. This early transition leads to a
rapid increase in the skin friction. The instability modes in the three-dimensional boundary layer have been
studied for a long time aimed at reducing the skin friction, however these studies mainly treated the boundary

layers with the averaged characteristics which cover large portions of swept wings. Where the cross-flow
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instability is found to be dominant instability mode, the boundary layers develop in response to a weak favorable
pressure gradient and a small streamline curvature. On the other hand, in recent years, another instability mode,
called the streamline-curvature instability, was theoretically predicted near the attachment-line region of a swept
wing, where a strong pressure gradient, a large wall-curvature and a large streamline-curvature exist. In spite of its
importance, there were few experimental studies concerned with the streamline-curvature instability, which is
because it is difficult to measure inside such thin boundary layers.

In this chapter, the behavior of the point source disturbance which is introduced into the boundary layer by the
alternating blowing and suction at the wall is studied using a direct numerical simulation (DNS). The instability
modes are identified by studying the characteristics of the velocity fluctuating wave originated from the point
source disturbance. In the low Reynolds number case, the wedge shaped distribution of the velocity fluctuating
region develops downstream. Using the two-dimensional Fast Fourier Transform filtering technique, the velocity
fiuctuating wave is successfully divided into two instability waves, namely, the streamline-curvature instability
wave and the cross-flow instability wave. In the high Reynolds number case, the developed velocity fluctuation
wave deriving from the cross-flow instability is found. With the increase in the frequency of the excitation, the
wall-normal profiles of the amplitude and phase of the velocity fluctuation, which is commonly used for the mode
identification, started to exhibit the features of the T-S wave instability. It is demonstrated that the features of the
wall-normal profiles can change by the direction of the velocity component which is evaluated. The risk of
judging the instability mode using only the wall-normal profiles is pointed out. These findings are important in

identifying the instability mode and are also useful in the designing more efficient wings.

In chapter 3, the breakdown process of the Klebanoff mode, which is found at the lafer stage of the T-S wave
type transition in the flat plate boundary layer, and the start of turbulence, are experimentally studied using a
single type hot-wire probe. The T-S wave type transition has been studied for the last 80 years, so most features
are already disclosed. However, how the flow structures collapse and turbulence starts at the final stage are not
completely clarified yet. This is because both of temporal and spatial scales of the phenomenon occurring at the
final stage are quite small and the phenomena can interact with each other because of its strong non-linearity. So,
detailed investigations of both the temporal and spatial developments are necessary in order to understand the
mechanism of the structure breakdown and the start of turbulence, which has been difficult in both the
experiments and numerical studies.

The T-S wave is excited by a combination of a two-dimensional roughness attached on the flat plate and an- .
acoustic wave in the free stream. The direct excitation of the Klebanoff mode against the T-S wave is attempted
using an array of the uni-morph piezo-electoric actuators, which is also attached on the flat plate. A pair of oblique
waves is successfully excited by driving the array of the piezo-electoric actuators. By exciting both the T-S wave
and the pair of oblique waves, a peak-valley structure whose streamwise and spanwise ratios corrésponded to the
Klebanoff mode, is successfully generated. It is confirmed that the disturbance energy at the peak location grows
faster than at the valley. From the two-dimensional mode analysis, it is found that the elongated structures in the

streeamwise direction grow at the location where the turbulent starts. Another lambda-shaped shear layer, named
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the child shear layer, is found between the lambda vortices (parent shear layers) which are originally excited by
the array of the piezo-electoric actuators. High-frequency instability wave known as the spike is found at the child
shear layer. It is also confirmed that, at the timing the triple spikes appears on the child shear layer, the turbulence
starts at the upstream end of the parent shear layer in the near-wall region. A phenomenon where the turbulence
spreads along the parents shear layer is newly found. The knowledge obtained in this chapter is important in
understanding the physical mechanism of the breakdown process and the start of turbulence, and is useful for the

establishment of a more exact method to predict the transition point.

In chapter 4, the structure at the turbulent/laminar interface is experimentally studied aimed at the-establishing a
more novel technique for a turbulent flow control. In order to reveal the mechanisms how the turbulent region
expands into the laminar region and how the turbulent motion can be sustained, the turbulent spot and the
turbulent wedge have been used as research targets. Usually the growth mechanism of the turbulent region is
explained as an entrainment process, which means that the turbulent region expands by drawing the laminar fluid
inside the turbulent region across the border. However, the spanwise borders are close to each other in the
turbulent spots or in the turbulent wedge, so there are interactions between the two. Furthermore, the structure,
which contributes to the local spanwise expansion of the turbulent region, has not been found yet. Thus, in this
chapter, the structure of the turbulent/laminar interface of the turbulent wedge, whose spanwise scale is
comparably larger than the ordinary one is studied using a rake of the six single probes and two X-wires. The
conditional sampling technique combined with the ensemble-averaged method is used for the analysis. A
verification of the analyzing method is also carried out.

Two bi-morph piezo-electoric actuators are used for the boundary layer tripping. It is confirmed that the
spanwise growth rate of the turbulent region is similar to the previous researches. It is found that in the
intermittent region, the turbulent region is continuously sticking out into the laminar region at the middle height of
the boundary layer. A pair of the streamwise vortices aligned in the wall-normal direction is found at the
turbulent/laminar interface. The flow induced by the vortices is found to be the cause for the turbulent fluid to be
pushed into the laminar region. The mechanism which the turbulent region expands in the spanwise direction is
revealed. This finding implies the possibility of a suppression control of the turbulent region expansion. In
addition this, the risk in using the conditional sampling method is also pointed out. In studies such as the
investigation of the flow structure at the turbulent/laminar interface, the conditional sampling technique is a
powerful tool and very likely the only tool available. However, it is shown that the importance of choosing the
legitimate condition can not be over emphasized, since the conclusion can change depending on the choice of the

condition.

In chanter 5, the suppression control of the turbulent region expansion in the spanwise direction is carried out.
The boundary layer control has been attempted in many researches aimed at reducing the skin friction at the wall.
However, most of them are against fully developed turbulent flows and no practical control techniques have been

established yet. So the suppression of the turbulent motion and keeping the laminar state in the boundary layer
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flow should still be categorized as a dream. On the other hand, from an engineering point of view, to control and
to suppress the expansion of the turbulent region are also very important, since the skin friction or the heat transfer
is strongly affected. In this chapter, the suppression control of the turbulent region expansion is attempted by
destroying the structure at the turbulent/laminar interface found in chapter 4.

For the suppression control, a thin plate whose wall-normal length is approximately one half of the boundary
layer thickness is set parallel to the streamwise direction and normal to the wall near the turbulent/laminar
interface. It is found that the suppression effect of the turbulent region expansion depends on the spanwise
location of the plate setting. The convection velocity of the streamwise vortices, which is responsible for the
induction of the flow from the turbulent region toward the laminar region, is found to be approximately 0.8 of the
free stream velocity. The control to suppress the expansion of the turbulent region is successfully achieved by
destroying the pair of streamwise vortices. From this fact, it can be confirmed again that the pair of streamwise
\;ortices is playing the key role in the expansion of the turbulent region. This technique is not only a new proposal

for the turbulent flow control, but is also a practice one.
Chapter 6 describes the conclusions.

As mentioned above,.in the present thesis, the transition mechanism and the interface between
the turbulent and laminar states in the boundary layer flows are studied and several new features
are revealed. The suppression control of the turbulent region is also conducted. It can be expected
that these findings contribute to the improvement of the efficiency of high speed transportation

systems such as airplanes, cars and high-speed trains.
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