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Control of laminar-turbulent transition in boundary layers is one of key
technologies to reduce aerodynamic drag of aircraft. Lots of theoretical, ex-
perimental and computational studies have been conducted and our knowl-
edge on the mechanism of boundary-layer transition has been much im-
proved for the last few decades. However, some fundamental problems have
still remained open to control the transition process. The present thesis deals
with some problems related to drag reduction and the underlying mecha-
nisms. The main objective of this thesis is to clarify effects of riblets which
are often used for drag reduction of wall turbulence on the instability and
transition of boundary layer. Detailed experiments were conducted on the
Blasius boundary layer with zero pressure gradient in a low turbulence wind
tunnel and a low turbulence channel flow equipment. The thesis consists of
five chapters.

Chapter 1 describes the background and objective of the present study,
the related work on the boundary-layer instability and transition, and recent
studies on wall turbulence and drag reduction by riblets.

Chapter 2 discusses the experimental work on influence of small-sized ri-
blets on the streamwise growth of Tollmien-Schlichting (T-S) waves, which
was conducted in a channel flow. Riblets having triangular ridges and trape-
zoidal valleys, with a height-to-width ratio of 0.5, were used. The result
showed that the streamwise riblets had a strong destabilizing effect and re-
duced the critical Reynolds number for the linear instability by more than
25%. It was also found that when the riblets were inclined to the streamwise
direction, the critical Reynolds number increased as the oblique angle φ of
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riblets. For φ ≥ 45◦, the riblets had no noticeable influence on the structure
of T-S wave and the growth rates were the same as those in the smooth-wall
case.

Chapter 3 describes the experimental work on influences of streamwise
riblets on the lateral growth of turbulent region localized in span in a bound-
ary layer. The optimal-geometry riblets with drag-reducing size in wall tur-
bulence were used. The lateral spreading angle of the outer edge of laminar-
turbulent interface, which approached about 10◦ in the downstream over the
smooth wall, was reduced only by 0.5◦ by riblets, despite of the destabilizing
effect of riblets mentioned in Chapter 2. Thus, the effect of riblets was weak
on the lateral turbulent contamination.

Chapter 4 discusses the mechanism of wall turbulence through the exper-
iment on instability and breakdown of a low-speed streak initially forced by
disturbances whose frequency-spectrum was similar to that of wall turbu-
lence. Turbulent velocity fluctuations having various spanwise coherencies
were used as the forcing signals to excite the streak instability. The results
showed that the magnitude of the sinuous instability mode excited was de-
pendent on the initial disturbances, but not very strongly. That is, the magni-
tude of the sinuous instability mode excited by turbulence components was
about 75% of that in the case of anti-symmetric forcing which gave the largest
magnitude. Thus the results strongly suggest that fluctuations existing in
wall turbulence is rather effective for exciting the streak instability.

Chapter 5 summarizes the important findings described in Chapters 2 to
4.
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Chapter 1

Introduction

1.1 Background of transition and turbulent research:

Engineering and scientific aspects

"Wall-bounded shear flows" such as "boundary-layer" and "channel and pipe", are
of typical through-flow system highly dependent on background turbulence
conditions. When the Reynolds number increases, they undergo transition
to turbulence, depending on the intensity, spectrum and other nature distur-
bances existing in the flow. Especially, focusing on the boundary layer on the
aircraft wing, the flow state laminar or turbulent strongly affects the aerody-
namic performance such as aerodynamic drag and maximum lift as well as
aerodynamic noise. Therefore, transition from laminar to turbulent has re-
ceived great interests not only scientifically but also in practical applications,
in aerospace engineering and automotive engineering. As seen in Figure 1.1,
the flow over a wing surface generally includes laminar, transitional and tur-
bulent regimes. Turbulent regime has much larger velocity gradient at the
wall due to very strong mixing by turbulent vortices and much larger wall
shear stress/friction, thus leading to occurrence of very large friction drag
compared to that in the laminar regime. Therefore, in boundary layers on the
airplane wing, transition location from laminar to turbulent is a key factor for
reduction of aerodynamic drag or fuel consumption, bringing economical as
well as environmental benefits.

In natural environments, onset of transition from laminar to turbulent is
affected by multiplicity of factors [1] such as aircraft speed (Mach number,

1



Chapter 1. Introduction

Reynolds number), structural geometry (shape, size of airfoils), surface con-
ditions (waviness, smoothness, imperfections) and flight atmospheric envi-
ronments. Based on understanding of these factors, efforts have been made
to reduce aircraft drag by delaying the transition and thus maintaining lami-
nar flow. Natural Laminar Flow (NLF) technology is one of the most impor-
tant passive drag reduction technologies in which the wing shape is designed
to extend weak favorable-pressure-gradient and zero-pressure-gradient re-
gion toward as far downstream as possible at a cruse condition. Concerning
active drag reduction technologies, on the other hand, Laminar Flow Control
(LFC) such as wall suction, cooling or vibrating have been considered and
applied to the aircraft wing, and some remarkable successes were obtained
in flight experiments and wind tunnel testing. For applications of NLF and
LFC, see series of review papers by author group from NASA Langley Re-
search Center [2–4]. Here, it is emphasized that influences of the complex
impact of environmental factors, e.g. turbulence, noise, sound, icing, insects,
dirt on transition process remains unsolved and is one of the important fluid
dynamics problems in aerospace engineering.

FIGURE 1.1: Boundary-layer transition on a winglet surface
(from Obara (1988) [5]).

Laminar-turbulent transition process in boundary-layer is generally di-
vided into three important phases: receptivity, disturbance amplification due

2



Chapter 1. Introduction

to flow instabilities, and wave breakdown into wall turbulence. Receptiv-
ity is the process by which disturbances in the external environment pen-
etrate into the boundary layer and generate the initial disturbance of the
boundary-layer instability. In second phase, a series of instability stages oc-
curs in a particular path depending on the nature of external disturbances.
When the magnitude (amplitude) of initial disturbances is sufficiently small,
transition begins with a linear instability to 2-D traveling waves (primary
instability waves) known as Tollmien-Schlichting (T-S) waves, followed by
non-linear instability stage with the consecutive formation and breakdown
of 3-D (Λ-shaped) vortical structures (which is recognized as the secondary
instability [6, 7]), and goes to the final stage consisting of the appearance of
near-wall low-speed streaks and their breakdown into wall turbulence struc-
tures. Transition in this path is often called the classical transition and can
be observed in zero-pressure-gradient or weak pressure-gradient boundary
layers under very weak background turbulence (usually with turbulent in-
tensity less than 0.1%). With increasing the intensity of background (free-
stream) disturbances, transition may skips linear instability stage and is di-
rectly caused by occurrence and growth of low-speed streaks right after the
receptivity process in the leading-edge region. Therefore, this type of tran-
sition is referred to the bypass transition. At the next phase of the bypass
transition, low-speed streaks undergo the so-called streak instability causing
an oscillatory motion of low-speed streaks and subsequently breakdown into
quasi-streamwise vortices often leading to formation of turbulent spots.

The brief description above also emphasized important roles of external
disturbances triggering the transition for all the phases of boundary-layer
transition process. The environmental factors include free-stream turbulence
(vortical disturbances), acoustic disturbances such as engine noise, and sur-
face/roughness conditions (see Figure 1.2). Free-stream turbulence is charac-
terized by its intensity, scales and coherence and can be considered not only
as a source of disturbances triggering the initial stage of the transition but
also a factor influencing the instability phenomena in the late stage of the
transition.

Another route in the bypass transition is roughness-induced transition.
Single roughness can directly cause the formation of turbulent wedge if its
size in particular its height is large enough to generate strong vortices di-
rectly behind the roughness. In such a case, the roughness Reynolds num-
ber Rk defined as kUk/ν where k is the roughness height, Uk the velocity of
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FIGURE 1.2: Disturbance environment affecting laminar-
turbulent transition.

boundary layer at the height of the roughness and ν the kinematic viscosity
is considered to be a key parameter: The critical value of Rk for occurrence of
transition is often cited to be 25 [8, 9]. Here, concerning roughness effects on
transition, it should also be mentioned that distributed roughness can delay
or amplify the growth of T-S waves.

The following section will provide more details of boundary-layer transi-
tion process concerning the present study.

1.2 Laminar-turbulent transition in boundary lay-

ers

The well-known pipe-flow experiment by Osborne Reynolds (1883) [10] was
the first of the transition research. He observed that the flow in pipe be-
comes unstable and changes from laminar (non-mixing) motion to highly-
mixing motion (turbulence) at a certain critical value of the parameter, later
defined as Reynolds number, Re = Ud/ν, where U is free-stream velocity,
d the pipe diameter and ν the kinematic viscosity. He also shown that the
critical Reynolds number increased when disturbances in the pipe entrance
was reduced. Theoretically, from 1880 to 1917, Lord Rayleigh studied the sta-
bility of inviscid circular flow between two concentric cylinders [11–15] and
stated that the instability could occur only if an inflectional point appeared
in velocity profile, this statement is called the Rayleigh’s stability criterion,
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but it could not explain the transition in boundary-layer in which the veloc-
ity profile has no inflection point. The effects of viscosity was added in the
equations by Orr (1907) [16] and Sommerfeld (1908) [17] to describe linear
two-dimensional modes of disturbance to a viscous parallel flow. This equa-
tion was latter referred to as the Orr-Sommerfeld equation. Tollmien in 1929
[18] and Schlichting in 1933 [19] first solved that equation to two-dimensional
wave disturbances for the flat-plate boundary-layer and obtained the criti-
cal Reynolds number. The most unstable eigen-mode of the Orr-Sommerfeld
equation was later called Tomien-Schlichting (T-S) wave. In 1940s, Schubauer
& Skramstad [20] verified experimentally the amplification of T-S waves pre-
dicted theoretically in a low-turbulence-level wind tunnel. Importantly, they
introduced a disturbance artificially by using mechanical vibrations into the
boundary-layer along a smooth flat-plate and showed that T-S waves grad-
ually increased in amplitude downstream, leading to the transition to turbu-
lence.

On the other hand, the concept of bypass transition came after Morkovin’s
statement (1969) that "we can bypass the T-S mechanism altogether if we can
replace it with another strongly amplifying mechanism" [21]. Today, more
than a century has passed since the experiment of O. Reynolds, many impor-
tant features to complete the transition process were revealed both for the
classical and bypass transition processes. The detail of such features will be
described in the following subsections.

1.2.1 Transition initially caused by T-S waves

A laminar-to-turbulent transition process in boundary-layer over a flat plate
can be schematically illustrated in Figure 1.3. The basic sketch was intro-
duced by Schlichting in his great book "Boundary Layer Theory" [22] for
transition in a flat-plate boundary-layer. It should also be noted that the
same path of transition also can be observed in a plane channel flow with low
background turbulence [23–25]. This path of transition process is referred to
as path A in review paper by Saric et al. [26]. It generally includes 6 stages as
listed in the caption of Figure 1.3 (number and name of stages of transition
process may be different depending on the viewpoint of researchers).
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FIGURE 1.3: Sketch of laminar-turbulent transition in the
boundary-layer on a flat-plate at zero incidence (from Schlicht-
ing (2000) [22]). (1) Stable laminar flow near leading-edge; (2)
Unstable 2D Tollmien-Schlichting waves; (3) Development of
3D unstable waves (Λ vortices) and "hairpin" eddies; (4) Wave
breakdown at regions of high localized shear and streak forma-
tion; (5) Formation of turbulent spots and lateral contamina-

tion; (6) Fully turbulent flow

As mentioned in Section 1.1, the first stage of the transition is the recep-
tivity process (coined by Morkovin [27]). During this process, external dis-
turbances penetrate into the boundary layer and prepare (produce) the initial
disturbance developing to the eigen-mode of the Orr-Sommerefeld equation
[28]. Receptivity process is the wavelength conversion process in which a
long wavelength external disturbance (such as sound and free-stream dis-
turbances) are converted to a shorter-wavelength T-S wave with the same
frequency. According to Saric et al. [29] "Receptivity has many different
paths through which to introduce a disturbance into the boundary layer.
They include the interaction of freestream turbulence and acoustic distur-
bances (sound) with model vibrations, leading-edge curvature, discontinu-
ities in surface curvature, or surface inhomogeneities". In the case of flat-
plate boundary layer, the important receptivity region is the leading edge
region in which an oscillating Stokes Layer induced by external disturbance
can develop to T-S wave. As for detail in the leading-edge receptivity to
freestream disturbances, see the review paper by Saric, Reed & Kerschen [26].
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FIGURE 1.4: Neutral stability curve for the Blasius boundary
layer (from Boiko (2012) [31]). (•) Experimental data obtained
by Klingmann et. al. (1993) [32]; Solid and dashed line repre-
sent the parallel linear stability theory and non-parallel linear

stability theory of Gaster (1974) [33].

In the instability stage, of importance for the onset of primary instabil-
ity is the critical Reynolds number Recr. For Re < Recr the flow always re-
mains laminar and any disturbance is damped in this case. In flat-plate
boundary-layer, Recr was first theoretically predicted by Tollmien in 1929
[18] and Schlichting in 1933 [19] by solving Orr-Sommerfeld equation. To-
day, under weak disturbance environments, referring to the neutral stability
curve calculated by linear stability theory, we understand that Recr = ReL,δ∗ =

Ueδ
∗/ν ≈ 520 where δ∗ is the displacement thickness and Ue is the freestream

velocity. As mentioned before, the linear stability theory was verified exper-
imentally by Schubauer & Skramstad (1943) [20]. They succeeded to prepare
very good experimental facility/setup and introduced some advanced ex-
perimental techniques. In their experiment, turbulent level at the test section
was only Tu = 0.01− 0.03%, much lower than in any other wind tunnel at
that time. In addition, they introduced well-controlled small-amplitude dis-
turbances with mono-frequency by means of the so-called vibrating-ribbon
technique and performed measurements using hot-wire anemometer. These
techniques have widely been accepted in the society of transition research
even now. Their experiment showed qualitative agreement with the theoret-
ical results by Schlichting [30] and founded a classical basis of the transition
research in boundary layers.

Figure 1.4 illustrates the neutral stability curve for the Blasius boundary
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layer. T-S waves are first damped and then, after reaching the branch I of
the neutral stability curve, T-S waves begin to grow. The amplitude of T-S
wave gradually increases until the T-S wave reaches the branch II and then
T-S wave decays again. Therefore in order to reach the next stage of the tran-
sition, that is, onset of the secondary instability leading to 3-D wave growth,
the T-S wave has to be amplified to some critical (threshold) amplitude be-
tween the branch I and branch II.

The threshold amplitude of T-S wave for onset of the secondary insta-
bility was presented by Herbert (1983) [34] and Orszag & Patera (1983) [7]
theoretically. They considered the streamwise periodic flow produced by
finite-amplitude 2-D T-S wave in plane Poiseuille flow and analyzed its lin-
ear instability to 3-D disturbances using the Floquet theorem. Especially,
Herbert analyzed two kinds of instability modes, i.e., the fundamental mode
leading to the ordered peak-valley wave structure (the ordered array of Λ
vortices in the streamwise direction) and the subharmonic modes (symmet-
ric and anti-symmetric modes) leading to the staggered array of Λ vortices.
Development of the fundamental and subharmonic modes are visualized in
Blasius boundary layer by Saric & Thomas (1984) [35]. Another 3-D mode,
i.e., a resonant triad mode was found by Craik (1971) [36]. These three modes
are called K-type after the detailed experiment of Klebanoff, Tidstrom & Sar-
gent (1962) [37] for a Blasius boundary-layer, H-type after Herbert [34] and
C-type after the theoretical prediction by Craik [36], respectively. Here, the
subharmonic wave growth was first observed experimentally by Kachanov,
Kozlov & Levchenko [38]. These secondary instability modes have different
critical (threshold) amplitudes of 2-D T-S wave above which they can grow,
that is, about 0.7% for K-type mode, about 0.4% for H-type and 0.3% for C-
type, respectively, in terms of maximum rms value of streamwise velocity
fluctuation.

When the three-dimensional wave growth proceeds, the wave breakdown
occurs, as first observed by Klebanoff et al. [37], Hama & Nutant [39] and
Kovasznay, Komoda & Vasudeva [40]. In this stage, the Λ-vortex structure
forms a three-dimensional high-shear layer away from the wall and eventu-
ally breaks down into smaller-scale (high-frequency) hairpin vortices, which
is called the high-frequency secondary instability or the tertiary instability.
Similar stages of the secondary instability and breakdown into hairpin vor-
tices were realized in plane Poiseuille flow and the detailed flow structures
in this transition process were demonstrated by Nishioka, Asai & Iida (1981)
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FIGURE 1.5: Bypass transition under the high-level free-stream
turbulence visualized by smoke at (a) Tu = 1.5% and (b) Tu =
6.6% in a flat plate boundary-layer (from Matsubara & Alfreds-

son (2001) [45]).

[41] and Nishioka & Asai (1984, 1989) [25, 42]. In their observation, the
near-wall activity in the final stage of transition (K-type transition) were also
shown. Later, several authors successfully reproduced these experiments in
direct numerical simulations; for instance, see Sandham & Kleiser (1992) [43]
and Rist & Fasel (1995) [44].

1.2.2 Bypass transition

As stated in the previous section, the transition initiated by amplification of
T-S waves, is only observed when the background turbulence/noise is very
small, usually of the order of or less than 0.1% in terms of the rms value of
streamwise velocity fluctuations. The scenario of boundary-layer transition
caused by higher level of background turbulence is described in this section.
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Figure 1.5 displays visualization pictures manifesting the transition process
under high disturbance environments (taken by Matsubara & Alfredsson
(2001) [45]), in which growth of TS-waves are not observed but many streaky
structures appear in the initial stage of the transition. This type of transi-
tion is called “bypass transition” which skips the growth stage of T-S waves.
With increasing the turbulent intensity in the freestream, streaky structures
break down and subsequently turbulent spots are generated at more up-
stream location and more frequently. The streaky structures or low-speed
streaks are originated from penetration of free-stream vortical disturbances
into the boundary layer, and the penetrated vortical disturbances (particu-
larly the streamwise vorticity component) cause near-wall low-speed fluids
to be lifted up, leading to formation of low-speed streaks. The optimal dis-
turbance with a form of streamwise vortices which causes the largest am-
plification of streaks was analyzed theoretically and numerically by Anders-
son, Berggren & Henningson (1998) [46] and Luchini (2000) [47]. The growth
mechanism of low-speed streaks can be explained by the transient (algebraic)
growth of non-modal disturbances studied by Landahl (1980) [48], Hultgren
& Gustavsson (1981) [49] and Butler & Farrell (1992) [50]. Also see Schmid &
Henningson (2001) [51] and Fransson et al. (2004) [52].

When the low-speed streaks grow and the streak amplitude (of the ve-
locity variation across the low-speed streaks) exceeds a certain value,for in-
stance, by 70% of the freestream velocity (Elofsson, Kawakami & Alfreds-
son 1999) [53], the streak instability set in, leading to the streak breakdown
into a train of quasi-streamwise vortices with alternative sign of vorticity or
hairpin-shaped vortices as visualized by Asai, Minagawa & Nishioka (2002)
[54]. The streak breakdown was also studied experimentally by Konishi &
Asai (2004, 2010) [55, 56], Mans, Kadijk & Lange (2005) [57], Mans, Lange
& Steenhoven (2007) [58], Fransson, Matsubara & Alfredsson (2005) [59] and
Ho, Asai & Takagi (2017) [60]. Direct nymerical simulations on the streak
breakdown were conducted by Brandt & Henningson (2002) [61], Brandt et
al. (2004) [62], Schlatter et al. (2008) [63], Zaki (2013) [64], Hack & Zaki (2014)
[65].
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1.3 Wall turbulence and drag reduction

In order to reduce the friction drag of aircraft which occupies about 50% of
the total drag of civil transport, in addition to application of Laminar Flow
Control (LFC) for the wing boundary layer, management/manipulation of
wall turbulence structures is also required because most of boundary layers
on the main wing and fuselage were governed by turbulent flows. In this
section, studies on drag reduction of wall turbulence related to the present
thesis are reviewed briefly.

1.3.1 Coherent structures in wall turbulence

FIGURE 1.6: Schematic view of coherent structures in near-wall
turbulence (Schoppa & Hussain (1998) [66] adapted from Jeong

et al. (1997) [67]).

In turbulent boundary layer, it is known that there exist two kinds of co-
herent structures, that is, a large-scale motion in the outer region observed
by Falco (1977) [68] and Brown & Thomas (1977) [69], and a streaky structure
with longitudinal low- and high-speed regions aligned laterally in the region
close to the wall observed by Offen & Klein (1974, 1975) [70, 71]. Since their
observations, understanding of wall turbulence has been much progressed
and improved, especially on the near wall coherent structures. Early devel-
opment in wall turbulence research mainly focused on the identification of
coherent vortices dominating inner and outer regions in wall turbulence, as
reviewed by Robinson (1991) [72]. In the near-wall region, one-leg hairpin or
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asymmetric hairpin vortices were identified as the important coherent vor-
tices, while larger-scale horseshoe vortices were dominantly identified away
from the wall.

As for the dynamics of near-wall turbulence, there has been remarkable
progress since 1990s, with the help of development of Computational Fluid
Dynamics (CFD) and experimental tools such as the Particle Image Velocime-
try (PIV) and visualization techniques. Jeong, Hussain, Schoppa & Kim (1997)
[67] analyzed DNS data of near-wall turbulence by using the vortex identi-
fication techniques developed by Jeong & Hussain (1995) [73] and showed
a train of quasi-streamwise vortices of alternative sign of vorticity as the
dominant coherent vortices associated with the low-speed streaks. The co-
herent near-wall vortices deduced by them are shown in Fig. 1.6, which are
now considered to be the most typical near-wall coherent vortices in wall
turbulence. Regeneration cycle of the near-wall coherent vortices was pro-
posed and studied by direct numerical simulations (DNS) by several authors:
Hamilton (1995) [74], Jiménez & Pinelli (1999) [75], Kawahara & Kida (2001)
[76], Itano & Toh (2001) [77], Schoppa & Hussain (2002) [78]. The regenera-
tion cycle consists of generation of low-speed streaks by advection (lift-up)
of low speed fluids adjacent to the wall by streamwise vortices, transient
growth of streaks during the decaying process of streamwise vortices, and
the growth of quasi streamwise vortices due to streak instability. This gen-
eration cycle was observed in DNS at the lowest Reynolds number for min-
imal flow units. As for the growth of quasi streamwise vortices, Schoppa &
Hussain (2002) [78] stressed the importance of transient growth mechanism
rather than the linear streak instability because the flow was exposed by very
high background disturbances in wall turbulence generally.

As for the coherent structures in the outer region, on the other hand,
Adrian et al. (2000) [79] proposed a packet of hairpin vortices as the dom-
inant large scale coherent vertical structure on the basis of their detailed PIV
measurements of wall turbulence.

1.3.2 Drag reduction by riblets

Concerning the reduction of friction drag, both passive and active devices
have been proposed and tested thus far. Among the passive devices, one
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FIGURE 1.7: Drag reduction rates for riblets of various geome-
tries (from Bechert et al. (1997) [80]).

of the most successful passive control of wall turbulence, applicable to aero-
dynamics problems, is surface manipulation of the near-wall structures by
tiny streamwise grooves called riblets. The riblets were considered by Walsh
(1980) [81] on the basis of grooved surface of shark skin. He tested care-
fully the drag-reducing ability of riblets and showed a possibility of several-
percent drag reduction. Since then, many efforts have been devoted to find
the optimal size and geometry of riblets for the largest drag reduction by
laboratory experiments and direct numerical simulations: See the papers by
Walsh (1983, 1990a, 1990b) [82–84], Choi (1989) [85], Bechert & Bartenwerfer
(1989) [86], Bechert et al. (1997) [80], Choi et al. (1993) [87] and García-Mayoral
& Jiménez (2011) [88], Suzuki & Kasagi (1994) [89].

Bechert et al. (1997) [80] examined drag-reducing effects of riblets with
various cross-section-geometries including triangular, scalloped, trapezoidal
and blade riblets and compared the drag-reduction rates, as illustrated in
Fig. 1.7. The figure shows that the optimal height-to-spacing ratio (h/s) was
0.5 for most geometries and the largest drag reduction rate was obtained
with the riblet spacing over the range of 15 to 20 in wall units for all cases.
Among all the cross-section geometries, blade-shape riblets had the largest
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drag-reduction rate of 10%. However, the blade riblets are not practical be-
cause of structural problem. Practically, riblets having a trapezoidal cross-
section with ridge angle of 30◦ and the height-to-spacing ratio of 0.5 are rec-
ommended and they can reduce the friction drag by 8% at most.

1.4 Contents and organization of the thesis

In this thesis, three experimental studies were described. First two experi-
ments deal with flows over riblets. Riblets having a capability of drag reduc-
tion of wall turbulence are applied to the laminar and transitional regimes
in order to clarify the influences of riblets on the linear instability of laminar
flow and on the lateral turbulent contamination related to the development
of turbulent spot or wedge. In third experiment, in order to further improve
our knowledge on the mechanism of transition and turbulence, influences
of disturbance nature on the instability and breakdown of low-speed streak,
which are the key mechanisms/events for generation and sustenance of the
wall-turbulence. This thesis thus is organized as follows:

Chapter 1: Introduction. This chapter describes briefly the background
and objective of the present study, the related work on the boundary-layer
instability and transition, and recent studies on wall turbulence and drag
reduction by riblets.

Chapter 2: Stability of laminar flow in a channel with riblets. This chap-
ter describes details of the experiment on the influences of streamwise and
oblique riblets on the flow instability was described as the main contents,
focusing on dependence of the flow instability on the oblique angle of the
riblet-alignment. In this chapter, the quality of the low-turbulence channel
flow apparatus and the riblet model used in the experiment are also ex-
plained.

Chapter 3: Effects of streamwise riblets on lateral turbulent contamina-
tion in a boundary-layer. This chapter explains details of the experiment on
effects of streamwise riblets on lateral turbulent contamination. The experi-
ment was conducted in a high-quality wind tunnel.

Chapter 4: Dependence of streak breakdown on disturbance nature. This
chapter discusses the mechanism of wall turbulence through the experiment
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on instability and breakdown of a low-speed streak initially forced by signals
of turbulent fluctuations deduced from developed wall turbulence. Particu-
lar focus is on the dependence of streak instability on the spanwise coheren-
cies.

Chapter 5: This chapter summarizes all important findings in the thesis.
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Chapter 2

Stability of laminar flow in a
channel with riblets

2.1 Introduction

Surface manipulation with riblets is one of the most successful passive de-
vices for reducing friction drag in wall turbulence, as has been confirmed
experimentally and numerically by many authors since the pioneering work
by Walsh [81, 82]. See the papers by Walsh [83, 84], Choi [85], Bechert [80, 86],
Choi et al.[87] and García-Mayoral & Jiménez [88]. Various cross-sectional ge-
ometries of riblets such as sawtooth, scalloped, blade and trapezoidal riblets
have been proposed and tested thus far, and the optimal size of the riblet
cross section was found for each riblet-geometry, as summarized by Bechert
[86]. The optimal riblet spacing (distance between neighboring ridges) was
found to lie between 10 and 20 in wall units, with the maximum drag-reduction
rate of 6% – 10%. It is also worth noting that according to re-evaluation of
experimental data for various cross-section geometries by García-Mayoral &
Jiménez [88, 90], the optimal riblet size is well scaled with the square root
of the groove cross-sectional area in wall units (A+

g ), that is, the maximum
drag reduction is obtained with (A+

g )
1/2 ≈ 11 for all the riblet geometries.

The drag reduction rate is linearly proportional to the riblet size for very
small riblets (with the ridge spacing less than 10 in wall units, for instance)
and its mechanism has been explained by analyzing the friction drag of lam-
inar viscous flow over riblets [86, 91]. When the riblet size increases, the
flow adjacent to riblets can interact with near-wall turbulent (streamwise)
vortices, which can also control the drag-reducing mechanism of riblets. The
past experimental observations [85, 89] and direct numerical simulations [87]
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showed that riblets with the optimal spacing or larger could weaken the lat-
eral motion of near-wall vortices and/or interrupt their development, caus-
ing the Reynolds stress and turbulent fluctuations to decrease.

In engineering applications of riblets, such as in aircraft, including on
wing surfaces, our interest also includes the effects of riblets on the flow in-
stability and transition. The present work focuses on the effects of riblets
(longitudinal grooves of viscous scale) on the instability of wall-bounded
shear flows. Regarding the effects of longitudinal grooves or riblets on flow
instability, Luchini & Trombetta [92] analyzed the instability of a 2-D boundary-
layer modified with riblets and showed that riblets could enhance the growth
of T-S waves. Ehrenstein [93] computed linear instability characteristics of
flow in a channel with the lower wall mounted with riblets of semi-circular
scalloped cross-section whose spacing of 50% and 30% of the channel half-
depth h, and showed that the critical Reynolds number was reduced sig-
nificantly, e.g., to about 4500 for grooves with spacing of 0.5h and height
of 0.09h. Recently, Moradi & Floryan [94] analyzed the linear stability of
flow in a channel with streamwise grooves over a wide range of wavenum-
bers from 0.1 to 10 using their accurate stability code, and showed that the
presence of grooves could destabilize the flow when the groove wavenum-
ber was larger than 4.22, whereas grooves with wavenumbers smaller than
this critical value (∼ 4.22) had a stabilizing effect, being not strongly depen-
dent on the cross-sectional geometry of grooves. It was also shown that the
destabilizing effect of streamwise grooves appeared even when the height
of grooves was sufficiently small. Experimentally, Grek, Kozlov & Titarenko
[95] examined influences of triangular riblets with lateral spacing of the order
of the displacement thickness on development of T-S waves and subsequent
three-dimensional development in a laminar boundary layer, and showed
that the streamwise riblets promoted growth of T-S waves more intensively
than the transverse grooves with the same cross-section geometry.

Our interest here is on the destabilized effects of small riblets with much
larger wavenumbers than the critical value (∼ 4.22) mentioned above, by
which the flow is only modified in the vicinity of ribbed surface. The effects
of such small-sized riblets would be important in considering a case in which
optimally-sized riblets (with ridge spacing of 10 – 15 in wall units) leading
to largest turbulent drag reduction are applied to flow regimes not only in
the turbulent stage but also in upstream laminar and transitional regimes. In
the present study, in order to show experimentally how small-sized riblets
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could modify the stability characteristics of laminar flow, a stability experi-
ment was conducted in a channel generating a plane Poiseuille flow, using
small-sized riblets with triangular ridges and trapezoidal valleys which were
typical for turbulent drag reduction in actual flows. The experiment also in-
cluded investigations of the effects of the angle between the riblet alignment
and flow direction on flow instability. When the direction of riblet alignment
is inclined to the streamwise direction beyond a certain inclination angle, the
near wall flow can separate at the riblet-ridges so that the instability charac-
teristics could change significantly. Therefore, it is interesting how the nature
of the instability is dependent on the oblique (inclination) angle of the riblets.
These are motivations of the present study.

In developed wall turbulence, on the other hand, García-Mayoral & Jiménez
[88, 90] pointed out on the basis of their stability analysis that flow near the
grooved surface could be locally unstable due to inflectional velocity profiles
appearing close to the grooved surface as the groove size increases above a
certain critical value (about 7–8 in terms of (A+

g )
1/2), and demonstrated in

direct numerical simulations that a two-dimensional Kelvin-Helmholtz-like
instability close to the grooves/riblets caused spanwise (two-dimensional)
vortices (with typical streamwise wavelengths ∼ 150 in wall units) to de-
velop, weakening the drag-reducing effect of grooves/riblets (that is called
the viscous breakdown) by producing an additional Reynolds stress. In our
experiment, the riblet (groove) height and ridge-spacing were selected to be
about 5.5% and 11% of the channel half-depth. The riblet size (the spacing s)
was the viscous-layer scale and included the critical riblet (groove) size men-
tioned above in terms of (A+

g )
1/2 for the Reynolds numbers over 4000 to 6000.

Thus, we may expect that experiments on the instability of laminar flow over
such small riblets are helpful in elucidating the viscous breakdown of drag
reducing effect of riblets in wall turbulence, too. This is the other motivation
of the present study.

In the following, Section 2.2 describes the experimental setup and the ri-
blet model used in the experiment. Section 2.3 provides the channel flow
quality and the comparisons of the instability characteristics in the smooth-
wall channel between the experiment and the linear stability theory to con-
firm good accuracy of the stability experiment. Sections 2.4 and 2.5 examines
influences of streamwise and oblique riblets on the flow instability, respec-
tively. Close comparisons on the stability characteristics of channel flows
with and without riblets are made. Section 2.6 summarizes the main results
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of the experiment.

2.2 Experimental setup and procedure

The experiment was conducted in a rectangular channel, whose width, height
and length were 400 mm, 15 mm and 6000 mm, respectively. The aspect ra-
tio of the channel cross section (the ratio of width to depth) was 26.7. A
schematic diagram of the wind channel facility is illustrated in Fig. 2.1. The
flow was provided by a sirocco fan. After the diffuser section, four 40-mesh
damping screens and a honeycomb were installed in the settling chamber of
400× 400mm2, and the flow was led to the channel through a smooth two-
dimensional contraction. As shown later, the flow developed sufficiently to a
plane Poiseuille flow in the test section 5000 mm downstream from the chan-
nel inlet and remained laminar even at supercritical Reynolds numbers at
least up to 6500: The Reynolds number Re was defined as Uch/ν where Uc

was the center-line velocity, h the channel half depth and ν the kinematic vis-
cosity. Note that even though disturbance growth occurred in the unstable
frequency range beyond the critical Reynolds number for the linear instabil-
ity, Recr = 5772, it would not cause a transition to turbulence under low back-
ground turbulence because of the finite length of the channel. The schematic
of the channel test section is illustrated in Fig. 2.2. The channel facility was
the same as that used in the recent experiment [96]. The upper and lower
walls of the channel were built with 5-mm-thick glass plates. The surfaces
of the glass walls were sufficiently flat and smooth to conduct the stability
experiment with good accuracy. Here, a slight waviness of the channel walls
(especially long-wavelength waviness), if it existed, could affect the stability
characteristics. Therefore, the flatness of the glass-walls was confirmed by
comparing the stability characteristics to the theoretical ones calculated from
the Orr-Sommerfeld equation; that will be shown in the next section. As for
the coordinate system, x was the streamwise distance, y the normal-to-wall
distance, and z the spanwise distance.

A vibrating ribbon system was employed to excite two-dimensional (2-
D) traveling waves. A phosphor bronze ribbon that was 5 mm wide and
0.05 mm thick was stretched in the spanwise direction, 1.2 mm away from
the lower wall (y/h = −0.84) at a location 5000 mm (≈ 650h) downstream
from the channel inlet (or about 1 m upstream from the channel exit). Twelve
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FIGURE 2.2: Schematic of test section (dimensions in mm, not
in scale).

pieces of permanent magnet made of neodymium were glued on the back
side of the lower glass wall to generate an electro-magnetic force perpendic-
ular to both the ribbon and the normal-to-wall direction when electric cur-
rent was applied to the ribbon. The vibrating ribbon was driven at a single
frequency using a sine-wave generator through a power amplifier. The am-
plitude of the excited disturbance was well controlled by changing the input
current to the ribbon.

The geometry of the riblets used here is illustrated in Fig. 2.3(a). The ri-
blets had triangular ridges with ridge angle of 30◦ and trapezoidal valleys.
The ridge-spacing (s) was 0.83 mm and the height-to-spacing ratio (k/s) was
0.5. Note that the edge thickness of the triangular ridge was 0.005 mm. Ri-
blets were created by coating paint on a thin flexible plastic panel (0.3 mm
thick), and the riblet-sheet was glued to the upper channel wall over the
range of 2000 mm in the downstream test section, while the lower wall was
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FIGURE 2.3: Riblet model. (a) Geometry, (b) photograph (up-
per; top view, lower; cross-section (AA’) view).

flat and smooth. The ribbed wall was connected to the upstream flat wall
in such a way that the tips of riblet-ridges were placed at almost the same
height as the upstream smooth surface. According to a theoretical analysis
of the shear flow over streamwise grooves by Luchini et al. [91], the virtual
wall position where the velocity distribution approaches zero is lower than
the tips of riblets by about 20% of the riblet spacing for the streamwise ri-
blets of the present geometry. Therefore, the center-line velocity (Uc) could
be slightly decreased compared to the upstream flat-wall region for the fixed
mass flow rate, but the difference in Uc between the flat and ribbed regions
would be less than 1% for the present riblet size.

In addition to the experiment with streamwise riblets, investigations were
conducted with oblique riblets whose ridge-alignment was inclined to the
streamwise direction as illustrated in Fig. 2.3(b) in order to examine how
much the nature of the instability is sensitive to the angle φ between the
directions of the riblets and the main flow. In all of the experiments, riblet
sheets with the same size and geometry were used.

The streamwise velocity component, whose time-mean and fluctuation
components were denoted by U and u, respectively, was measured using a
constant temperature hot-wire anemometer. The length of the hot-wire sen-
sor, a tungsten wire of 5 µm in diameter, was 1 mm, which could sense a
streamwise velocity component averaged almost over one riblet spacing (∼
0.83 mm) in the spanwise direction. Calibration of the hot-wire was made us-
ing a calibration function U = (AE2− B)1/0.45, where E is the output voltage
of the hot-wire at velocity U, and A and B are the calibration constants. The
hot-wire probe was inserted from the downstream end of the channel and
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FIGURE 2.4: Velocity profile. (a) y-distribution of U, (b) z-
distribution of U at the center line.

could be traversed in all directions. Hot-wire data were stored in a PC after
16-bit analogue-to-digital conversion with a sampling frequency of 10 kHz,
together with the current input to the vibrating ribbon used as the reference
signal for the phase measurement of the excited T-S waves.

2.3 Base flow and stability characteristics

Before investigating the effect of riblets on the flow instability, we should con-
firm that the stability characteristics of the flow in a channel with a smooth
surface agree well with the prediction of the linear stability theory. First let
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FIGURE 2.5: Comparison of the amplitude (�) and phase distri-
butions (◦) of T-S wave (ω = 0.27) between the experiment and

the linear stability theory (—–) at Re = 6000.

FIGURE 2.6: Development of T-S waves excited with ω = 0.21,
0.24, 0.27, 0.30, 0.33 and 0.36 at Re = 6000.
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FIGURE 2.7: Comparisons of growth rates between the exper-
iment and the linear stability theory at Re = 5000 (◦) and Re =

6000 (4) in smooth-wall case.

us explain the quality of the channel flow. Needless to say, the stability char-
acteristics are very sensitive to the channel flow quality. To realize a fully
developed plane Poiseuille flow experimentally, a long channel without sur-
face imperfections is required. Furthermore, stability experiments require
not only sufficiently weak residual turbulence but also channel walls with
sufficient flatness; slight surface waviness (i.e., small-amplitude waviness), if
it existed, could affect the growth of T-S waves in a channel flow.

As analyzed theoretically by Sadri & Floryan [97] and verified experimen-
tally by Asai & Floryan [98], the deviation of the velocity profile U(y) from
the parabolic flow profile U0(y), ∆U (= U −U0) decays exponentially with
streamwise distance, as ∆U ∝ exp[−28.22(X/h)/Re] where X was measured
from the channel inlet. In the present channel of 800h in length, ∆U was re-
duced to about 1% of the center velocity Uc at the test section (beyond 700h
downstream from the inlet of the channel) at Re = 6000, the highest Reynolds
number in the present experiment. Fig. 2.4(a) compares the velocity pro-
files at Re = 6000 to the parabolic profile. The measurement was done at
a location 780h downstream from the inlet of the channel. The agreement
was quite good. Spanwise variations in the center-line velocity Uc at Re =
4000, 5000 and 6000 are displayed in Fig. 2.4(b), showing that the flow is
two-dimensional except 5 < z/h < 10 where the spanwise variation was at
most 2% in terms of the peak-to-peak value at Re = 6000. In the region of
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−8 < z/h < 4, the magnitude of the variation (peak-to-peak value) was less
than 0.2% and 0.4% at Re = 5000 and 6000, respectively.

The quality of the channel flow was further verified by conducting ex-
periments on the linear stability. Fig. 2.5 illustrates the y-distributions of the
amplitude u′ (r.m.s. value of streamwise velocity fluctuation) and phase θu

of the T-S wave excited by the vibrating ribbon at Re = 6000 by comparing
it to the normal mode of the Orr-Sommerfeld equation of the linear stability
theory, where the amplitude was normalized with its maximum u′m. Here
the vibrating ribbon was forced at a non-dimensional angular frequency ω

(= 2π f h/Uc) = 0.27 where f was the forcing frequency, and the distributions
were measured at x/h = 120 where x was measured from the center of the
vibrating ribbon as illustrated in Fig. 2.2. The agreement between the ex-
periment and the linear stability theory was quite good. Fig. 2.6 displays the
development of T-S waves excited with ω = 0.21, 0.24, 0.27, 0.30, 0.33 and 0.36
at a supercritical Reynolds number Re = 6000 in terms of the amplitude ra-
tio u′m/(u′m)0 where u′m was the maximum of u′ at each x-location and (u′m)0

was u′m at x/h = 90. The disturbances excited exhibited exponential growth
or decay of T-S waves with an almost constant exponent for all the frequen-
cies and thus their spatial growth rates (−αi) could be obtained with good
accuracy. Here, it is noted that in all cases, the amplitudes of T-S waves did
not exceed 0.5% in terms of u′m/Uc, that is, the T-S amplitude was kept less
than the threshold value for the secondary instability (u′m/Uc ' 0.7%) [6, 42].
Indeed, the wave development sufficiently maintained two-dimensionality.
Fig. 2.7 compares the growth rates (−αi) scaled with h to those predicted by
the linear stability theory at Re = 5000 and 6000. We see that the agreement
between the experiment and the linear stability theory was quite good. We
also confirmed that the phase θu at a fixed y varied linearly with x completely
and the wavenumber of T-S wave (scaled with h) αr which was given by the
x-derivative of θu was in good agreement with that by the linear stability
theory: The comparison between the theory and experiment will be shown
later. These results enabled us to examine the effect of riblets on the instabil-
ity characteristics with good accuracy.
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FIGURE 2.8: The y-distribution of U at Re = 6000 in the channel
with streamwise riblets.

2.4 Influences of streamwise riblets on the flow in-

stability

In the experiment with riblets, the channel depth 2h was defined as the dis-
tance between the flat surface of the lower wall and the top of the riblet-
ridges on the upper wall. Therefore, the height (k) and spacing (s) of the
riblet-ridges were 0.055h and 0.11h, respectively, and the non-dimensional
wavenumber of the ridge-spacing 2πh/s was 57. Here, these riblet sizes were
chosen such that they would correspond to those of the drag-reducing riblets
(s+ ∼ 20, k+ ∼ 10) if the flow underwent transition to turbulent with the
same volumetric flow rate as that of the laminar parabolic flow at Re = 5000;
as for the relationship between the laminar and turbulent channel flows, see
the paper [99]. In the laminar flow condition, the riblet height k+, that was
given by (k/h)(2Uch/ν)1/2 for the parabolic flow, was only 5.5 at Re = 5000.
This was comparable with the often-cited critical roughness height (k+ = 5)
for the hydraulic smoothness. It is also worth noting that the square root of
the groove cross-sectional area (A+

g )
1/2 that is the other length scale of riblets

introduced by García-Mayoral & Jiménez [88], was about 7.8 at Re = 5000.

Here, according to the theoretical work by Luchini et al. [91], the so-called
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FIGURE 2.9: Development of T-S waves excited with ω = 0.21,
0.24, 0.27, 0.30, 0.33 and 0.36 at Re = 5000 in the channel with

streamwise riblets.

protrusion height [86] which is an offset between the virtual wall position
and the riblet tip would be about 20% of the riblet spacing for the present
riblet geometry. In order to confirm this, we carefully examined the velocity
distributions over the riblets. Fig. 2.8 compares the velocity distributions in
the upper channel half to the parabolic profile: Note that the hot-wire sensor
(1 mm long) measures the velocity averaged almost over one riblet spacing
(∼ 0.83 mm). The parabolic profile was plotted over −1 ≤ y/h ≤ 1.02,
that is, the virtual wall position on the ribbed surface was taken to be 1.02h,
inside the grooves. Note that the bottom of grooves (the valley of riblets) was
located at y/h = 1.055. The comparison shows that the velocity distribution
coincided with the parabolic profile very well, and thus the distance between
the riblet tip and the virtual wall position, about 40% of the riblet height
(0.055h), was in good agreement with the protrusion height given by Luchini
et al. [91].

Then, we examined effects of streamwise riblets on the flow instability.
Fig. 2.9 displays the streamwise development of T-S waves excited with ω

= 0.21, 0.24, 0.27, 0.30, 0.33 and 0.36 at Re = 5000 in terms of the amplitude
ratio u′m/(u′m)0 where (u′m)0 was u′m at x/h = 90. Here, the measurement
of u′m was conducted in the lower half of the channel (−1 < y/h < 0), i.e.,
in the smooth-wall side, and the amplitude (u′m)0 was kept not to exceed
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FIGURE 2.10: Comparisons of growth rates between riblet and
smooth walls. (a) Re = 5000, (b) Re = 6000. (◦) riblet-wall, (•)
smooth-wall. Solid curve represents the linear stability theory

for the smooth-wall case.
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FIGURE 2.11: Comparisons of wavenumbers between riblet
and smooth walls. (a) Re = 5000, (b) Re = 6000. (◦) riblet-wall,
(�) smooth-wall. Solid curve represents the linear stability the-

ory for the smooth-wall case.
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FIGURE 2.12: Growth rate of the most unstable T-S mode
(−αi)max versus Re in the channel with riblet-wall (◦) and

smooth-wall (�).

0.3% of Uc for all the cases. We see that the T-S waves with ω = 0.27 and
0.30 grow slowly in the streamwise direction. Thus, the riblets destabilized
the otherwise subcritical Poiseuille flow even with the viscous-layer scale of
k+ ∼ 5.5. In order to show the destabilizing effect of riblets more quanti-
tatively, Figs. 2.10(a) and (b) compare the spatial growth rates of T-S waves
(−αi) in the riblet-wall channel to those for the smooth wall case at Re =
5000 and 6000, respectively. The comparisons showed clearly that the unsta-
ble frequency range appeared over ω = 0.24 – 0.31 even at Re = 5000 in the
channel with the riblets. We also see that the riblets caused the most unsta-
ble frequency to shift towards the lower frequency only slightly at both the
Reynolds numbers. Similarly, Figs. 2.11(a) and (b) compare the wavenum-
bers of T-S waves (αr) in the riblet-wall channel to those for the smooth wall
case at Re = 5000 and 6000, respectively. The wavenumber was only slightly
larger than that in the smooth-wall case for all the frequencies.

The development of T-S waves was further examined at lower Reynolds
numbers and the growth rate of the most amplified T-S mode at each Reynolds
number, denoted by (−αi)max, is plotted against the Reynolds number in
Fig. 2.12. Interpolating the experimental data, we found the critical Reynolds
number Recr to be about 4200, which was about 73% of the value for the
smooth-wall channel (Recr = 5772). Here, we refer to the stability analysis by
Moradi & Floryan [94], in which a sinusoidal surface variation represented
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by yw = 1 + Aw cos(βz) was considered as a simple groove model and the
analysis was conducted over β = 0.1–10, with various values of Aw. Their
result showed that the grooves could enhance the flow instability for β >

4.22 and reduced Recr to 5500 for β = 10 (the largest groove wavenumber ex-
amined in their analysis) and 2Aw = 0.06h (almost the same groove height as
the present). Thus, we elucidate that the destabilizing effect of the present
large-wavenumber-riblets with (β = 2πh/s = 57) is much stronger than the
grooves with β = 10. Note that according to their computation [94], the veloc-
ity profiles on the grooves were quite different between β = 10 and 50, though
the stability analysis was not conducted with β = 50.

As shown above, the velocity profile was little affected by the presence
of the small-scale riblets except inside the riblets. Therefore, the destabiliz-
ing effect of the riblets is attributed to the existence of an inflection point in
the mean velocity inside the riblets, although it was difficult to measure the
flow field inside the small riblets experimentally. Then, we examined how
the structure of the instability wave (T-S wave) was changed by the riblets.
Figs. 2.13(a) and (b) display the y-distributions of the amplitude u′/u′mL and
phase θu of the streamwise velocity fluctuation (excited with ω = 0.27) re-
spectively at Re = 6000, where u′mL is the maximum amplitude in the lower
channel half (y < 0). We can see that the peak amplitude on the ribbed sur-
face was by about 15% larger than that on the lower smooth surface. Besides,
the y-position of the amplitude peak shifted towards the ribbed surface by
about 0.04h, without changing the shape of the phase distribution. There-
fore, assuming that the Stokes layer thickness of T-S wave (∼ (ν/ω)1/2) was
unchanged by the presence of riblets, the disturbance velocity no doubt ex-
isted insides the riblets with sufficient intensity. Note that the amplitude
distribution on the ribbed surface could be extrapolated to y/h = 1.04, across
the virtual wall position for the mean velocity profile (y/h = 1.02). Consid-
ering the amplitude and phase distributions were not largely different from
those of the T-S wave in the smooth-wall channel, the disturbance growth
observed was essentially governed by the viscous instability mechanism in
which the energy production due to the Reynolds stress occurs mainly in
the Stokes layer. Even though the near-wall disturbance was strongly influ-
enced by viscosity, the shear layer of the mean flow insides the riblets would
be slightly free from the bottom of riblets, which could cause the flow to be
more unstable than in the smooth-wall case. This was consistent with the
fact that the disturbance appeared inside the grooves across the virtual wall
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FIGURE 2.13: The amplitude (�) and phase (◦) distributions of
T-S wave (ω = 0.27) at Re = 6000 in the channel with streamwise
riblets. Solid curves represent the linear stability theory in the

smooth-wall case.

position of the velocity profile.

In addition, we compared the value of the square root of the groove cross-
sectional area in wall units, (A+

g )
1/2 at the critical Reynolds number to a sta-

bility analysis for a model flow with a piecewise-linear velocity profile over
the grooved wall by García-Mayoral & Jiménez [88] which was conducted
to elucidate a mechanism of viscous breakdown for the drag reducing effect
of riblets in wall turbulence. Their result showed that the critical value of
(A+

g )
1/2 for the onset of the instability was 7–8. In the present stability exper-

iment, on the other hand, the value of (A+
g )

1/2 was about 7.2 at the critical
Reynolds number Recr = 4200. Thus the critical values of (A+

g )
1/2 were close

together in both the cases in spite of the difference in the base flow profile.

2.5 Dependence of the flow instability on the oblique

angle of the riblet-alignment

Next, to see the dependence of the flow instability on the oblique angle (φ)
of the riblet-ridge alignment, we glued a riblet-sheet of the same geometry
and size by inclining it to the streamwise direction at angles of 20◦, 30◦ and
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FIGURE 2.14: Comparisons of growth rates for oblique riblets
[φ = 20◦ (H), 30◦ (�) and 45◦ (4)] to the streamwise-riblet case
(◦) and the smooth-wall case (•) at Re = 6000. Solid curve rep-

resents the linear stability theory for the smooth-wall case.

FIGURE 2.15: The critical Reynolds number (Recr) versus the
oblique angle of riblet alignment (φ). Dotted line denotes the
critical Reynolds number of plane Poiseuille flow (Recr = 5772).
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45◦, and similarly examined streamwise development of T-S wave. Fig. 2.14
plots the growth rates (−αi) against ω at Re = 6000 by comparing them to
the growth rates for the cases of the streamwise alignment (φ = 0◦) and the
smooth wall (without riblets). The comparison clearly shows that the desta-
bilizing effect of the riblets was weakened rapidly as the oblique angle of
the riblets increased. Interestingly, the growth rates of T-S waves closely ap-
proached those of the smooth wall case at φ = 30◦, and became almost the
same as those in the smooth wall case when the riblets were inclined with
φ = 45◦. The similar result was obtained at Re = 5000. In order to show
the dependence of the destabilizing effect on the oblique angle of the riblets
more definitely, we examined the critical Reynolds numbers for each inclina-
tion of the riblets. Fig. 2.15 plots the critical Reynolds number Recr against
the oblique angle of the riblets φ. In the figure, Recr for transverse riblets
with φ = 90◦ where the riblets were aligned perpendicular to the streamwise
direction is also plotted for comparison. Recr increased to about 4750 even
when the riblets were inclined to the streamwise direction at φ = 20◦, and
rapidly increased with further increasing φ until it reached the value for the
plane Poiseiulle flow (Recr = 5772) at φ = 45◦. When the riblets were inclined
up to 90◦, the critical Reynolds number remained at the same value as that in
the smooth wall case. In other words, the transverse riblets which had a very
small spacing of 0.11h (or a large wavenumber of 57) did not work as the
distributed 2-D roughness from the instability viewpoint. Furthermore, we
confirmed that the wavenumbers of the instability waves for these oblique ri-
blets were in between those for the streamwise-riblet and smooth-wall cases.

Here, the result on the transverse riblets with small ridge-spacing is in
contrast to the case of 2-D grooves with larger wavelengths (i.e., lower wavenum-
bers less than 10) examined thus far [100–103] in which 2-D small-amplitude
surface corrugations (or transverse grooves with sinusoidal cross-section) re-
duced the critical Reynolds number for the linear instability significantly. In
the stability analysis by Floryan [101], the 2-D grooves definitely promoted
the growth of T-S waves even with extremely small groove height over the
wide range of groove wavenumbers from 0.1 to 10. Furthermore, Ma’mun
& Asai [104] examined experimentally the effect of oblique corrugations (si-
nusoidal grooves) with the wavenumber of 2–3 times the T-S wavenumber
in a boundary layer and showed that the destabilizing effect was strongest
for 2-D grooves. On the other hand, when the groove wavenumber was
much larger than the wavenumver of T-S waves (∼ 1) like as in the present

35



Chapter 2. Stability of laminar flow in a channel with riblets

experiment, the interaction between 2-D T-S waves and the transverse ri-
blets/grooves would be too weak to influence on the development of long-
wavelength T-S waves. Here, the streamwise wavenumber of the oblique
riblets βx = 2πhsinφ/s were 19.5, 28.5 and 40 for φ = 20◦, 30◦ and 45◦, re-
spectively. Thus, we may say that the interaction between the 2-D T-S wave
(with wavenumber of 1) and the mean flow distortion due to oblique riblets
was not significant for the ratio of the streamwise wavenumber of riblets to
the T-S wavenumber larger than 40.

To further elucidate the difference in the destabilizing effect between the
streamwise and oblique riblets, we examined the structure of the instability
wave on the oblique and transverse riblets. Figs. 2.16(a) and (b) display the
amplitude distributions of the streamwise velocity disturbance (excited at ω

= 0.27) at Re = 5000 in the channel with oblique (45◦) and transverse riblets,
respectively, by comparing to that of the T-S wave in the plane Poiseuille
flow without riblets. In the figure, the mean velocity profile is also plotted.
Here, the measurement was conducted at the mid position of the riblet val-
ley. We can see that the peak amplitudes in the upper and lower channel
halves were the same and the amplitude distribution was almost the same
as that of T-S wave in the smooth-wall channel, without shifting toward the
bottom of riblets, for both the cases. We also examined the amplitude dis-
tributions for φ = 20◦ and 30◦ and found the peak amplitude on the ribbed
surface was larger than that on the smooth surface but the difference in the
peak amplitude observed in the case of the streamwise riblets was reduced
with increasing φ. That is, the difference in the peak amplitude between
the smooth and ribbed surfaces were 6.7% and 2.7% for φ = 20◦ and 30◦,
respectively. The gradual change in the amplitude distribution was in corre-
spondence to the dependence of the destabilizing effect on the oblique angle
of riblet alignment.

2.6 Conclusions

The effect of riblets (longitudinal grooves) on the streamwise growth of T-S
waves was examined experimentally in a channel flow. Riblets having tri-
angular ridges and trapezoidal valleys, with a height-to-width ratio of 0.5,
were glued on the upper channel wall, while the lower wall was sufficiently
smooth. The ridge spacing of riblets (s) was 11% of the channel half-depth (h)
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FIGURE 2.16: The y-distributions of the mean velocity U (◦)
and the amplitude u′ of T-S wave excited with ω = 0.27 (�) at Re
= 5000 in the channel with oblique riblets (φ = 45◦) in (a) and
transverse riblets in (b). Solid and dotted curves represent the
parabolic profile and the amplitude distribution by the linear

stability theory for the smooth-wall case, respectively.
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which gave a non-dimensional wavenumber (2πh/s) of 57, and the height of
the ridges was 0.055h. In terms of the roughness Reynolds number using the
riblet height (k) and the friction velocity (uτ) of the laminar parabolic flow,
uτk/ν, the riblet height was only 4.9 – 6.0 for Re = 4000 – 6000, and therefore
the riblets in the present experiment was considered to be of viscous-sublayer
size. It is also noted that the square root of the groove cross-sectional area
(A+

g )
1/2 (introduced by García-Mayoral & Jiménez [88]) was 7 – 8.5 for Re

= 4000 – 6000. In addition to the flow response to streamwise riblets whose
ridges were aligned in the streamwise direction, the responses to oblique ri-
blets whose ridges were inclined to the streamwise direction were examined
to clarify how the instability characteristics were modified by the riblet align-
ment.

We first showed that the growth of T-S waves was intensified significantly
by the streamwise riblets. Consequently, the critical Reynolds number for
the small-amplitude T-S waves Recr (5772 for the linear instability of plane
Poiseuille flow) was decreased to about 4200. The destabilizing effect of the
present viscous-layer-scale riblets was much stronger than that for lower-
wavenumber (≤ 10) grooves studied by Moradi & Floryan [94] in which the
grooves with wavenumber of 10 and height of 0.06h reduced Recr only to
5500. The present riblets only modified the velocity field very close to and
inside the grooves and the mean flow (base flow) exhibited a parabolic ve-
locity profile with an offset of 0.02h between the virtual wall position and
the riblet tip. Indeed, the amplitude and phase distributions of the instability
wave were almost the same as those of the 2-D T-S wave except in the vicinity
of the ribbed surface where the local maximum in the amplitude distribution
was slightly larger than that for the smooth wall. Nevertheless, an instability
mechanism due to the presence of an inflection point in the velocity profile
inside the grooves worked against the viscous effect and enhanced the insta-
bility of the Poiseuille flow. Thus, the experiment clearly showed that only
a slight change in the near-wall flow due to the presence of small-sized ri-
blets could control the flow instability. Here, (A+

g )
1/2 was 7.2 at the critical

Reynolds number Recr = 4200, which was close to the critical value (for the
onset of the instability of flow over riblets) analyzed by García-Mayoral &
Jiménez [88].

Secondly, we examined the dependence of the instability characteristics
on the oblique (inclination) angle (φ) of riblet alignment and found that as the
oblique angle of the riblet alignment was increased, the destabilizing effect of
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the riblets weakened. The critical Reynolds number increased to about 4750
when the riblets were inclined at φ = 20◦ and approached that in the smooth-
wall case at φ = 45◦. Correspondingly, we found no noticeable difference in
the amplitude and phase distributions of the disturbance velocity from those
in the smooth-wall case in the whole flow region including the vicinity of
the ribbed surface when the riblet alignment was inclined at φ = 45◦. Such
a dependence of the instability characteristics on the oblique angle of riblet
alignment contrasted with the case of grooves with much lower wavenum-
bers where transverse grooves (φ = 0◦) had the strongest destabilizing effect
[94, 101, 104].
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Chapter 3

Effects of streamwise riblets on
lateral turbulent contamination in a
boundary-layer

3.1 Introduction

In chapter 2, the effect of riblets with drag-reducing size (for wall turbulence)
on the linear instability stage concerning growth of Tollmien-Schlichting (T-
S) waves was clarified. When streamwise grooves/riblets are applied in the
flow including laminar and transitional regimes, it is also important to ex-
amine another possible influence on the boundary-layer transition, that is,
effects of riblets on the lateral growth of turbulent spot or wedge. When a
boundary layer is subjected to high free-stream turbulence, the transition is
often caused by transient disturbance growth generating low-speed streaks,
which breakdown due to the streak instability and are followed by the oc-
currence of turbulent spots (Matsubara & Alfredsson (2001) [45]; Asai, Mi-
nagawa & Nishioka (2002) [54]; Mans, Kadijk, de Lange & van Steenhoven
(2007) [58]; Brandt, Schlatter & Henningson (2004) [62]; Asai, Konishi, Oizumi
& Nishioka (2007) [105]; Zaki (2013) [64]; Ho, Asai & Takagi (2017) [60]). On
the other hand, an isolated roughness element such as a small protuberance
or the attachment of a small particle on the surface can directly cause a turbu-
lent wedge to develop if the roughness Reynolds number is above a certain
critical value (Mochizuki (1961) [106], Morkovin (1990) [9]). Thus, in order
to estimate the friction drag in the whole boundary layer including the tran-
sition regime (over riblets), it is important to clarify the influences of riblets
on the lateral growth of localized turbulent region, i.e., the lateral turbulent
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contamination.

Development of a turbulent spot and wedge has been studied by many
researchers since Emmons (1951) [107] first reported occurrence of turbulent
spots in a boundary layer transition: for instance, see Schubauer & Kle-
banoff (1956) [108]; Elder (1960) [109]; Mochizuki (1961) [106]; Wygnanski,
Sokolov & Friedman (1976) [110]; Gad-el-hak, Blackwelder & Riley (1981)
[111]; Perry, Lim & Teh (1981) [112]; Wygnanski & Friedman (1982) [113]; Lin-
deerg, Fahlgren, Alfredsson & Johansson (1985) [114]; Henningson, Spalart
& Kim (1987) [115]; Asai, Sawada & Nishioka (1996) [116]; Jocksch & Kleiser
(2007) [117]; Kuester & White (2016) [118] and Goldstein, Chu & Brown (2017)
[119]. A first detailed experiment by Schubauer & Klebanoff (1956) [108] in-
cluded development of both a turbulence wedge and spot which were gen-
erated artificially by a small sphere and spark, respectively. Results showed
that the turbulent wedge grew laterally with a half vertex angle of 6.4◦ for a
fully turbulent region and 10.6◦ for a region including an intermittent region,
while the turbulent spot grew with the same lateral spreading angle as the
turbulent wedge. Henningson, Spalart & Kim (1987) [115] reproduced devel-
opment of a turbulent spot in a direct numerical simulation and showed that
the spot developed with a self-similar structure downstream at a half-angle
of 7◦ or 10◦ depending on the definition of the edge of the turbulent region.

Several mechanisms have been considered for the growth of a turbu-
lent spot/wedge. Gad-el-hak, Blackwelder & Riley (1981) [111] proposed
a growth mechanism termed growth by destabilization on the basis of their
visualization study of turbulent spots. They considered that turbulent eddies
inside the spot excited instability of the ambient laminar boundary layer,
leading to the new generation of turbulence there. Wygnanski, Sokolov &
Friedman (1976) [110] and Wygnanski & Friedman (1982) [113] generated a
turbulent spot by a spark disturbance and observed that oblique waves ap-
pearing outside the spot broke down to generate new vortices; they consid-
ered that breakdown of the oblique waves, if it occurred, could contribute to
the lateral spreading of the spot. In a direct numerical simulation, Henning-
son, Spalart & Kim (1987) [115] reported the breakdown of oblique waves at
both tips of the spot. For a turbulent wedge, on the other hand, development
and breakdown of oblique waves (like for the spot) have not been reported,
while successive generation of streamwise vortices and related low-speed
streaks has been observed in the ambient laminar boundary layer. They
were considered to be responsible for the lateral contamination, as revealed
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in visualizations by Mochizuki (1961) [106] and Asai, Sawada & Nishioka
(1996) [116]. A recent visualization study by Kuester & White (2016) [118]
and a numerical simulation by Goldstein, Chu & Brown (2017) [119] also
strongly suggested that successive generation of low-speed streaks in a tur-
bulent wedge was a main growth mechanism for the lateral spreading of the
wedge as well as for that of a turbulent spot. Importantly, despite the fact
that the details of turbulence structures in the interface region were not the
same in the spot and wedge, the lateral growth that finally occurred had the
same half-spreading-angle of about 10◦ in both cases, as first reported by
Schubauer & Klebanoff (1956) [108].

Here, our interest is in the influence of streamwise riblets on the lateral
spreading of a turbulent wedge when drag-reducing-sized riblets around s+

= 20 (for the turbulent region) are applied. In this concern, Strand & Gold-
stein (2011) [120] examined growth of a turbulent spot over triangular cross-
section riblets (with height-to-spacing ratio ∼ 1) for Rx ≤ 2× 105 by a direct
numerical simulation and demonstrated that the riblets reduced the lateral
spreading angle of the spot (about 6.3◦ in the absence of riblets) by 14%. In
their result, riblets whose height was 21 in wall units using the averaged fric-
tion velocity inside the spot significantly affected the early stage of turbulent-
spot development, but this influence appeared to weaken in the downstream
development stage. In their simulation, the momentum thickness Reynolds
number of the Blasius boundary layer was only about 145, very close to the
critical Reynolds number (based on the momentum thickness) Rθ ∼ 130 – 150
for the subcritical transition of Blasius flow caused by highly energetic hair-
pin vortices (see Asai & Nishioka, 1995 [121]). We therefore speculate that
the early development of the turbulent spot might be sensitive to the pres-
ence of riblets, but not so much to the developed turbulent wedge/spot. It
remains to be clarified how significantly the lateral turbulent contamination
of the developed turbulent wedge could be influenced by riblets at higher
Reynolds numbers.

We also point out another possible influence. Our recent experiment (Ho
& Asai, 2018 [122]) demonstrated clearly that streamwise riblets of drag-
reducing size could strongly destabilize the laminar flow, and thus such a
destabilizing effect might have some influence on lateral growth when the
Reynolds number increases. On the other hand, riblets generally have the ef-
fect of suppressing near-wall turbulence. The maximum rms value of stream-
wise velocity fluctuations was reduced by about 10% in the near-wall region
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over riblets, compared to that over the smooth surface, in the experiment by
Choi (1989) [85]. In a numerical simulation of a flow over triangular riblets,
Choi, Moin & Kim (1993) [87] found that the normal-to-wall and spanwise
velocity fluctuations were reduced by 10% while the streamwise velocity
fluctuations were lower by 5%. It is interesting to clarify how these oppo-
site effects of riblets (in laminar and turbulent flows) can affect the lateral
contamination at sufficiently high Reynolds numbers.

In the present experimental study, a developed turbulent boundary layer
was produced locally (in span) by cylinder roughness elements placed over
a spanwise portion in a zero-pressure-gradient boundary layer to investigate
the effects of riblets on the lateral growth of developed turbulent wedge, in-
cluding the above-mentioned points. In the following, Section 3.2 describes
the experimental setup and the flow condition in the experiment. Section 3.3
explains lateral growth of the localized turbulent region generated by rough-
ness elements over the smooth surface up to Rx = 6× 105, focusing on the
development of wall turbulence structures in the laminar-turbulent interface
region. Section 3.4 compares lateral growth of the turbulent region to clarify
possible influences of riblets on lateral turbulent contamination. Section 3.5
summarizes the main results.

3.2 Experimental setup and procedure

The whole experiment was conducted in a low turbulence wind tunnel of the
open jet type. Fig. 3.1 display a schematic of the wind tunnel and a photo-
graph of the test section. The wind tunnel had three damping screens span-
ning the diffuser, and five damping screens and a honeycomb in the settling
chamber of 1200 ×1200mm2 in cross section. The area ratio of the contrac-
tion to the test section of 400 ×400mm2 was 9. The maximum flow velocity
in this tunnel was 12 m/s in the test section. As illustrated in Fig. 3.2, the
boundary-layer plate consisted of a 5-mm thick and 300-mm long aluminum
plate with an elliptic nose whose major axis was 20 times the minor axis, fol-
lowed by a 20-mm thick and 900-mm long resin plate. As for the coordinate
system, x was the streamwise distance measured from the leading edge, y
the normal-to-wall distance, and z the spanwise distance.

The experiments were conducted at the free-stream velocity U∞ = 8 and
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FIGURE 3.1: Wind tunnel facility. (a) Schematic of the wind
tunnel (dimensions in mm, not in scale), (b) photograph of the

test section.

11.5 m/s. The free-stream turbulence was less than 0.1% of U∞ at the leading
edge location in terms of the root-mean-square (rms) value of the stream-
wise velocity fluctuations u′. Inside the boundary layer, u′ was gradually in-
creased downstream but the boundary layer was kept laminar up to the most
downstream observation location x = 800 mm at the maximum freestream
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FIGURE 3.2: Boundary-layer plate (dimensions in mm, not in
scale) and the coordinate systems. (a) Flat plate and (b) details

of roughness elements

velocity (U∞ = 11.5 m/s), in the absence of tripping device at an upstream lo-
cation. As shown later, the velocity profiles in the laminar boundary-layer
exhibited the Blasius flow profiles. The displacement-thickness Reynolds
number R∗ = U∞δ∗/ν was about 1120 and 1340 at x = 800 mm at U∞ = 8
and 11.5 m/s, where δ∗ was the displacement thickness of the Blasius flow
on the smooth wall and the ν was the kinematic viscosity. Here, the criti-
cal Reynolds number for the linear instability of the Blasius flow is 520 in
terms of R∗ according to the linear stability analysis (with parallel-flow as-
sumption) and is about 450 according to the direct numerical simulation of
the Navier-Stokes equations by Fasel & Konzelman (1990) [123] and the cal-
culation based on the parabolized stability equations by Bertolotti, Herbert
& Spalart (1992) [124].

In order to examine lateral turbulent contamination, cylinder-roughness-
elements were over some spanwise extent (over z = 142 – 196 mm) of the
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FIGURE 3.3: Riblet model. (a) Geometry (dimensions in mm),
(b) photograph of riblet surface.

boundary layer plate at an upstream location, x = 150 mm. The diameter
(d) and height (k) of the cylinders were both 3 mm, and they were arranged
in a two-row configuration. In each spanwise row, the cylinder spacing was
10 mm, and the two rows (separated by 10 mm in the streamwise direction)
were staggered by 5 mm in the spanwise direction. The roughness Reynolds
number Rk was about 1580 and 2270 for U∞ = 8 m/s and 11.5 m/s, respec-
tively. Downstream of the cylinder roughness elements, a turbulent bound-
ary layer developed with spreading the turbulent area laterally.

The photograph and geometry of the riblets used here are given in Fig. 3.3.
The present riblets were the same as those used in our recent paper (Ho &
Asai, 2018 [122]). The riblets had triangular ridges with ridge angle of 30◦

and trapezoidal valleys. The ridge-spacing (s) was 0.83 mm and the height-
to-spacing ratio (k/s) was 0.5. Note that the edge thickness of the triangular
ridge was 0.005 mm. Riblets were created by coating paint on a thin flexi-
ble plastic panel, and the riblet-sheet was glued to the boundary-layer plate
over the range of x = 300 – 1200 mm. The riblet surface of 900 mm in length
was connected to the upstream flat-surface part in such a way that the tips
of riblet-ridges were 0.15 mm higher than the upstream smooth surface. The
riblet sheet was replaced to a flat plastic plate in the smooth-surface experi-
ment.
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The streamwise velocity component, whose time-mean and fluctuation
components were denoted by U and u, respectively, were measured using a
constant temperature hot-wire anemometer. The length of the hot-wire sen-
sor, a tungsten wire of 5 µm in diameter, was 1mm, which could sense a
streamwise velocity component averaged almost over the riblet-ridge spac-
ing (0.83 mm) in the spanwise direction. Calibration of the hot-wire was
made using a calibration function U = (AE2 − B)1/0.45, where E is the out-
put voltage of the hot-wire at velocity U, and A and B are the calibration
constants. The hot-wire probe could be traversed in all directions. Hot-wire
data were stored in a PC after 16-bit analogue-to-digital conversion. In or-
der to visualize lateral turbulent contamination, PIV measurements as well
as smoke-wire visualization were performed. In PIV measurements, micron-
sized smoke particles were seeded uniformly in the flow from the inlet of
the wind tunnel, and double-pulsed Nd:YAG laser-sheet images were cap-
tured using a CCD camera with 2048 × 2048 pixels. The double-frame im-
ages (more than 800 pairs) were analyzed using the adaptive correlation algo-
rithm (DANTEC Dynamic Studio) with a final interrogation window of 16 ×
16 pixels. The interrogation cells were overlapped by 50% in each direction,
giving 255× 255 velocity vectors with a spatial resolution of 0.55× 0.55 mm2

for the area of 140× 140 mm2 in the (x, y) plane. In the smoke-wire visualiza-
tion, a smoke-wire was stretched in the spanwise direction near the wall and
a sequence of top-view pictures were taken with a digital high-speed video
camera with 1024 × 1024 pixels.

3.3 Lateral turbulent contamination on the smooth

surface

Before focusing on the effects of riblets, we would like to explain lateral
growth of wall turbulence artificially generated locally in span in a laminar
boundary layer over the smooth surface. Fig. 3.4 illustrates velocity profiles
of laminar boundary layer at x = 500, 600 and 700 mm at U∞ = 8 m/s in
the absent of roughness elements triggering the transition by comparing to
the Blasius profiles at the corresponding x-locations. Here, in comparison,
we assumed that the Blasius boundary-layer started at a location 10 mm up-
stream of the leading edge (due to the elliptic leading edge). The velocity
distributions almost completely coincided with the Blasius flow profiles. The
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FIGURE 3.4: The y distribution U at x = 500, 600 and 700 mm in
the laminar boundary layer at U∞ = 8 m/s. Solid curves repre-

sent the profiles of Blasius flow.

displacement thickness δ∗ and the momentum thickness θ were respectively
2.01 mm and 0.770 mm at x = 700 mm. Therefore, the shape factor H exhib-
ited a constant value of 2.61, very close to the value of the Blasius flow (H =
2.59).

Turbulent boundary layer was produced locally in span in this boundary
layer by gluing the cylinder-roughness-elements (mentioned above) over a
short span of z = 142 – 196 mm on the boundary layer plate at an upstream
location, x = 150 mm. The roughness Reynolds number Rk (= U∞k/ν where
k was the height of cylinder-roughness and ν the kinematic viscosity) with
k= 3 mm was about 1580 and 2270 at U∞ = 8 and 11.5 m/s, respectively. The
x-Reynolds number, Rx, was 0.8 × 105 and 1.15 × 105 at the roughness lo-
cation xk= 150 mm, at U∞ = 8 and 11.5 m/s, respectively. Here, according
to an experiment on the relationship between the transition Reynolds num-
ber and the roughness Reynolds number by Mochizuki [106], the Reynolds
number, Rx =0.8× 105 at the roughness location was sufficiently higher than
the critical value at which the turbulent wedge can soon develop with lateral
contamination from the roughness location with Rk = 1580. The detail of the
lateral growth of turbulent region will be explained later. Fig. 3.5 displays the
y-distribution of mean velocity U at x = 800 mm (the furthest downstream
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FIGURE 3.5: The y-distributions of U at x = 800 mm in the de-
veloped turbulent region downstream of roughness elements at

U∞ = 8 m/s and 11.5 m/s.

observation location) in the developed turbulent region (at z = 150 mm) at
U∞ = 8 and 11.5 m/s. The velocity distribution exhibited a log-law (with κ =
0.40) and the turbulent Reynolds number (Rτ) based on the friction velocity
uτ and the boundary-layer thickness δ was about 400 and 520 at U∞ = 8 and
11.5 m/s, respectively. The momentum-thickness Reynolds number (Rθ) at x
= 800 mm was about 940 and 1310, respectively, at U∞ = 8 and 11.5 m/s.

Then, let us explain the lateral turbulent contamination in these cases.
Figs. 3.6(a) to (d) display the distributions of rms value of streamwise veloc-
ity fluctuations u′ in the (y, z) cross-section at x = 350, 500, 650 and 800 mm
(Rx = 1.84, 2.63, 3.42 and 4.21×105), respectively, at U∞ = 8 m/s. Here, u′

was measured by a hot-wire anemometer. The contour maps exhibit a simi-
lar structure of the laminar-turbulent interface, and u′ took a maximum more
than 0.12U∞ near the wall in the interface region at each x-location. As shown
later, the appearance of the local maximum in u′ in the interface region re-
sulted from the fact that a large-scale turbulent motion/structure developed
intermittently at the outer edge of the turbulent region. The similar struc-
ture of the laminar-turbulent interface (in the mean flow field) enabled us to
determine the edge location (zt) of the turbulent region definitely. Fig. 3.7(a)
displays the distribution of u′ in the (x, z) plane near the wall (y = 0.6 mm)
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FIGURE 3.6: Contour maps of the rms value u′/U∞ over
smooth surface in the (y, z) plane at (a) x = 350; (b), 500; (c),
650 and (d), 800 mm at U∞= 8 m/s. The interval of contour

lines is 0.01.
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FIGURE 3.7: Contour maps of the rms value u′/U∞ over
smooth surface in the (x, z) plane at y = 0.6 mm (measured by a
hot-wire). (a) U∞ = 8 m/s and (b) U∞ = 11.5 m/s. The interval

of contour lines is 0.01.

at U∞ = 8 m/s: here, note that u′ took a maximum at and around y = 0.6 mm
at each x-location in the interface region (see Fig. 3.6). The similar measure-
ment was also conducted at U∞ = 11.5 m/s and the result is illustrated in
Fig. 3.7(b). From these figures, we determined the edge of the turbulent re-
gion (including the intermittent region). Below, we defined the edge location
of the turbulent region as the z position at which u′ near the wall (Fig. 3.7)
was decreased down to 30% of the maximum value of u′ at each x-location.
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FIGURE 3.8: Lateral growth and spreading angle (α) of the tur-
bulent region in the smooth-surface case. (a) |zt – zr| vs x at U∞
= 8 m/s (4) and 11.5 m/s (◦); (b) α vs Rx at U∞ = 8 m/s (dotted

curve) and 11.5 m/s (solid curve).

Figure 3.8(a) illustrates the edge location of the turbulent region against x
at U∞ = 8 m/s and 11.5 m/s, in terms of |zt – zr|, in which the distance from
the edge of the roughness area (zr) is 142 mm. Both spreading curves could be
extrapolated to the upstream roughness x-location (x = 150 mm). We could
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FIGURE 3.9: Power spectra of streamwise velocity fluctuations
P( f ) near the wall (y = 0.6 mm) at x = 800 mm at and around

the laminar-turbulent interface region, at U∞ = 8 m/s.

therefore see that the lateral growth of the turbulent region started from the
roughness location in both cases. We could also see that the spreading angle
of the turbulent region depended on the Reynolds number, as seen from the
comparison. The spreading angles were obtained from Fig. 3.8(a), and plot-
ted against the x-Reynolds number Rx in Fig. 3.8(b) to show the dependence
of the Reynolds number on lateral contamination. The lateral spreading an-
gle approached a value slightly larger than 10◦ for Rx > 6× 105, which was
almost the same as the half spreading angle of the turbulent wedge or spot
including an intermittent region (about 10◦ -– 10.6◦) in the experiment by
Schubauer & Klebanoff (1956) [108]. Here, we note that the spreading an-
gle of course depends on the definition of the outer edge of the turbulent
region. When we defined the edge as the z-position at which u′ took a local
maximum in the laminar-turbulence interface region for each x location (see
Fig. 3.7), the spreading angle was found to approach about 7.5◦.

54



Chapter 3. Effects of streamwise riblets on lateral turbulent contamination
in a boundary-layer

FIGURE 3.10: Waveform of u-fluctuations in the laminar-
turbulent interface region over the smooth surface at (x, y) =
(800 mm, 0.6 mm) at U∞ = 8 m/s. (a, b) z = 55 mm, (c) 75 mm,

(d) 95 mm.
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FIGURE 3.11: Instantaneous streamwise-velocity (U + u) in the
(x, z) plane at y = 1.0 mm around the laminar-turbulent inter-

face region, at U∞= 8 m/s.
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Another feature of the laminar-turbulent interface was also found by com-
paring spectra of streamwise velocity fluctuations at various z positions across
the interface. Figure 3.9 displays power spectra P( f ) (scaled with U2

∞) near
the wall (y = 0.6 mm) in the interface region (over z = 45 – 95 mm) at x = 800
mm, at U∞ = 8 m/s; the frequency resolution in the spectral analysis was 1
Hz. Referring to Fig. 3.7, u′ took a maximum value at and around z = 75 mm,
at which the spectrum exhibits growth of low-frequency components below
30 Hz. It is reasonable to speculate that a large packet of turbulent eddies like
a large-scale structure consisting of multiple hairpins in the turbulent bound-
ary layer (Adrian, 2007 [125]; Deng et al., 2018 [126]) intermittently occurred
in the interface region and/or was intermittently carried from the turbulent
region towards the laminar region. Fig. 3.10 displays waveforms of stream-
wise velocity fluctuations (u) in the interface region (at and around z = 75
mm) corresponding to the spectra in Fig. 3.9, and showing that a turbulent
packet (with time-scale of 0.02 – 0.03 s) consisting of high-frequency spike-
like fluctuations (more than 200 Hz) was passing the hot-wire sensor at z =
75 mm intermittently with intervals over 0.05 – 0.1 s (or 10 – 20 Hz).

In order to identify the turbulence structure(s) in the interface between
the laminar and turbulent region, the near-wall flow was visualized using
PIV data. Figure 3.11 shows the instantaneous velocity field near the surface,
including the edge of the turbulent region at U∞= 8 m/s in terms of some typ-
ical pictures of streamwise-velocity contours. Here, a laser sheet illuminated
a (x, z) plane (parallel to the wall) at y ∼ 1 mm, which corresponded to a
height of about δ∗/2 in the laminar region and to about 24 in wall units in the
developed turbulent region. As for the z-location corresponding to the edge
of the turbulent region in average, see Fig. 3.7(a). Low-speed streaks, some
of which exhibited a wavy motion due to streak instability, were observed at
the outer edge of the interface region (see the upper right figure). In addition,
we could see a large-scale structure followed by many low-speed streaks not
unlike a turbulent spot (the lower left figure). Such a turbulent packet has not
been demonstrated in past experiments on the turbulent wedge. The inter-
mittent occurrence of the large-scale turbulent motion at the interface caused
the increase of low-frequency spectral components (below 30 Hz) in Fig. 3.9,
and correspondingly the largest intensity of u′ at the outer edge of turbulent
region became more and more remarkable with x, as seen in Fig. 3.7. Thus,
it seems that the structure of the laminar-turbulent interface observed in the
downstream was rather different from that in the early stage of turbulent
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wedge which was mainly dominated by regeneration of streamwise or hair-
pin vortices (see Smith et al. (1991) [127]; Asai, Sawada & Nishioka (1996)
[116]; Goldstein, Chu & Brown (2017) [119]). Development of such a large-
scale turbulent structure with 10 -– 20 Hz (Figs. 3.9 and 3.10(c)) suggests that
some instability mechanism (such as instability of Kelvin-Helmholtz type in
a turbulent mixing layer) might set in the laminar-turbulent interface region,
although the origin and generation mechanism of the large turbulent packet
were not clarified in this study.

3.4 Effects of riblets on lateral turbulent contami-

nation

In this section, to examine how lateral growth of the turbulent region was
affected by riblets, a riblet sheet (shown in Fig. 3.3) was glued over part of
the boundary-layer plate over x = 300 — 1200 mm. Here, the surface transi-
tion from smooth surface to ribbed surface at x = 300 mm was such that the
tips of the riblet-ridges were about 0.15 mm (about 20% of the ridge spac-
ing of riblets) higher than the upstream smooth surface, taking into account
the virtual wall position of the ribbed surface where the mean velocity dis-
tribution approaches zero according to the theoretical analysis on a laminar
viscous flow over riblets by Luchini, Manzo & Pozzi (1991) [91]. The up-
stream boundary-layer plate with cylinder roughness was the same as in the
smooth-surface experiment and the whole experiment on riblet effects was
conducted under almost the same experimental (air flow and temperature)
conditions as the smooth-wall case so that we could directly compare the lat-
eral growth of the turbulent region to the smooth-wall case (Section 3.3). In
the following, y position over the riblets was measured from the virtual wall
position 0.15 mm below the tips of riblet-ridges.

Figures 3.12(a) and (b) illustrate the distribution of the rms value of u-
fluctuations u′ in the (x, z) plane at y = 0.6 mm and 0.5 mm (where u′ took
a maximum in the interface region) over the riblets at U∞ = 8 m/s and 11.5
m/s, respectively. The value of u′was slightly lower than that for the smooth-
wall case in the laminar-turbulent interface region, but the other features of
the lateral contamination were similar to those of the smooth-wall case. From
these data, we obtained the lateral spreading angles as we did for the smooth
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FIGURE 3.12: Contour maps of the rms value u′/U∞ over ri-
blets in the (x, z) plane at (a) y = 0.6 mm for U∞= 8 m/s and (b)
y = 0.5 mm for 11.5 m/s. Contour lines range from 0.01 to 0.12

with interval of 0.01.

wall case, and compared them. Figure 3.13 compares the lateral growth of
the laminar-turbulent interface, in terms of the edge location (zt) of the in-
termittently turbulent region to that for the smooth-wall case, at U∞ = 11.5
m/s. We see only a small difference in the edge location of the turbulent re-
gion between the smooth surface and riblets. Indeed, taking the derivative
of each curve in Fig. 3.13 similarly to the smooth-surface case, we obtained
the streamwise variation in the spreading angle (α), and compared it to the
smooth-surface case in Fig. 3.14. Note that the ribbed surface started at x =
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FIGURE 3.13: Comparisons of the lateral growth of turbulent
region between the smooth surface and ribbed surface at U∞ =

11.5 m/s.

FIGURE 3.14: Comparisons of the lateral spreading angle be-
tween the smooth surface and ribbed surface at U∞ = 11.5 m/s.

Rk = 2270.

60



Chapter 3. Effects of streamwise riblets on lateral turbulent contamination
in a boundary-layer

FIGURE 3.15: Contour maps of the rms value u′/U∞ in the (x,
z) plane at y = 0.6 mm at U∞= 8 m/s for roughness Reynolds
number Rk = 790. The interval of contour lines is 0.01. (a) flow

over riblets, (b) flow over smooth surface.

300 mm where Rx = 2.4× 105 at U∞ = 11.5 m/s. The figure shows that the
spreading angle over the riblets was slightly smaller than that in the smooth-
surface case: the difference in spreading angle was at most 0.6◦.

We also compared the spreading angle at U∞ = 8 m/s. In addition, to
see how the riblet effect depended on the roughness Reynolds number Rk,
we conducted a similar experiment with a lower roughness Reynolds num-
ber at the same free-stream velocity U∞ = 8 m/s, replacing the 3-mm-height
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FIGURE 3.16: Comparisons of the lateral growth of turbulent
region between the smooth surface (open symbols) and ribbed
surface (solid symbols) at U∞ = 8 m/s for roughness Reynolds
number Rk = 790 (4, N) and 1580 (◦, •). Solid lines represent

approximated curves by third polynomials.

cylinder roughness with 1.5-mm-height cylinder roughness. Rk was 790 and
1580 for k = 1.5 mm and 3 mm, respectively at U∞ = 8 m/s. Figures 3.15(a)
and (b) display contour maps of u′ in the (x, z) plane at y = 0.6 mm at U∞

= 8 m/s for the lower roughness Reynolds number case (Rk = 790), over the
riblets and smooth surface, respectively. It is easy to point out that for these
cases, the lateral growth did not start immediately downstream of the rough-
ness elements but was delayed more than about 100 mm downstream of the
roughness elements. Similar to the results showed for the cases of Rk = 1580
(Fig. 3.7(a) and Fig. 3.12(a)), in the case of lower roughness Reynolds number
(Rk = 790) we see no marked difference in the lateral growth of the interface
region except slightly weak turbulent intensity over the riblets compared to
the smooth surface. In order to show influences of riblets on the lateral con-
tamination more clearly, Fig. 3.16 compares the lateral spreading of turbulent
region at U∞ = 8 m/s, with Rk = 790 and 1580, in terms of the z location (zt) of
the edge of turbulent region. As has been seen in Fig. 3.15(a) and (b), the lat-
eral spreading of turbulent region for the smaller roughness Reynolds num-
ber (Rk = 790) was delayed compared to the case of Rk = 1580 (Fig. 3.7(a) and
Fig. 3.12(a)) and started beyond x = 350 mm. However, in the downstream
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FIGURE 3.17: Comparisons of the lateral spreading angle be-
tween the smooth surface and ribbed surface at U∞ = 8 m/s. Rk

= 1580.

region, it seems that lateral spreading occurred with the same spreading an-
gle at both roughness Reynolds numbers. Importantly, in both cases (Rk =
790 and 1580), the riblets could reduce lateral growth of the turbulent region
but only slightly, similar to the case of U∞ = 11.5 m/s (Fig. 3.13).

Figure 3.17 compares the lateral spreading angles (α) over the smooth sur-
face and riblets for Rk = 1580 (at U∞ = 8 m/s). The reduction in spreading an-
gle by riblets was at most 0.6◦. This was also the case for the lower roughness
Reynolds number Rk = 790. Thus, the effect of riblets on lateral spreading
was not strongly dependent on Rx and Rk, at least for the present experimen-
tal conditions. This was different from the case of early development of the
turbulent spot observed in the numerical simulation by Strand & Goldstein
(2011) [120] where the momentum thickness Reynolds number Rθ was much
lower than in the present experiment: note that Rθ was 145 at the roughness
location in the numerical simulation, while it was about 180 (at U∞ = 8 m/s)
in the present experiment.

The suppression effect on the turbulence fluctuations in the laminar-turbulent
interface region is one possible influence on the lateral turbulent contamina-
tion. Figures 3.18(a) and (b) show the magnitudes of velocity fluctuations in
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FIGURE 3.18: Contour maps of u′/U∞ in the (y, z) plane at x =
800 mm, at U∞ = 8 m/s. (a, c, e) Smooth surface; (b, d, f) riblets.
(a, b) u′/U∞; (c, d) u′1−30/U∞, (e, f) u′30−2000/U∞. Interval of

contour lines is 0.01.

the laminar-turbulence interface region over the smooth surface and riblets,
respectively, in terms of the rms value of streamwise velocity fluctuations
u′/U∞ in the (x, z) plane at x = 800 mm, at U∞ = 8 m/s. The comparison
clearly shows that turbulent intensity (u′) was significantly suppressed in
the interface region by riblets. We have already seen that a large-scale tur-
bulent packet appeared frequently in the laminar-turbulence interface (inter-
mittently turbulent) region, which no doubt corresponded to occurrence of
the largest rms value of velocity fluctuations at and around the intermittent
laminar-turbulent interface (see Fig. 3.7 and 3.12). A slight decrease in the
lateral spreading angle over the riblets is consistent with the fact that riblets
could reduce the intensity of turbulent fluctuations in the intermittent region.
In order to show such a riblet effect in more detail, low-frequency spectral
components (below 30 Hz) and higher frequency components (30 – 2000 Hz)
were extracted by Fourier analyses and their rms values, u′1−30 and u′30−2000
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FIGURE 3.19: Power spectra in the laminar-turbulent interface
region at (x, y) = (800 mm, 0.6 mm) in the flow over riblets at

U∞ = 8 m/s.

over the smooth surface and riblets are compared in Figs. 3.18(c) to (f). In-
terestingly, the distributions of u′1−30 and u′30−2000 separated the intermittent
(laminar-turbulent interface) and developed turbulent regions clearly, and
both components were reduced by about 10% over the riblets.

Another possible influence is the destabilizing effect of riblets in the lam-
inar region. Figure 3.19 displays power spectra of u-fluctuations near the
wall (y = 0.6 mm) in the laminar-turbulent interface region over riblets at
x = 800 m/s (Rx = 4.2× 105) at U∞ = 8 m/s, compared to the spectra for
the smooth-wall case (see Fig. 3.9). Inside the turbulent region including the
intermittent region (z > 65 mm), we find no essential difference between
the smooth surface and riblets. In the laminar boundary layer outside of
the turbulent region (i.e., at z = -5, 35, 55 mm), on the other hand, we can
see growth of spectral components in a range of 40 – 90 Hz. We extracted
the spectral components over 40 – 90 Hz by Fourier analysis, and displayed
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FIGURE 3.20: The waveform and y-distributions of the rms
value of spectral component u′40−90 at x = 800 mm in the flow
over riblets at U∞ = 8 m/s. (a) Waveform at (x, y, z) = (800 mm,

1.8 mm, 35 mm); (b) amplitude distributions.

the waveform in Figs. 3.20(a). We can see rather sinusoidal waves (with a
peak frequency in the spectrum, about 65 Hz), although they were highly
modulated in amplitude. The non-dimensional value of the peak frequency
( f = 65 Hz), F = 2π f ν/U2

∞ × 106, was about 90, which was on the upper
branch of the neutral stability diagram of the Blasius flow (see Fig. 1.4) at
the displacement-thickness Reynolds number R∗ ' 1120 (x = 800 mm). Note
that the frequency on the upper branch is F ∼ 100 at R∗ ∼ 1120. In order
to identify the wave observed, Figs. 3.20(b) illustrates the y-distributions of
the rms value of spectral components ( f = 40 -– 90 Hz), u′40−90 at z = 35, 15
and -5 mm at x = 800 mm in the laminar region adjacent to the interface.
The maximum amplitude (y-maximum) decreased monotonously with the
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FIGURE 3.21: Power spectra in the laminar region at (x, y) =
(800 mm, 2 mm) over (a) smooth surface and (b) riblets, at U∞

= 8 m/s.
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FIGURE 3.22: Smoke-wire visualization of the flow over riblets
at U∞ = 8 m/s. A smoke-wire was stretched at a height of y ≈
1 mm. Time increases from top to bottom, and left to right with

interval of 5 ms.
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increase in the distance from the edge of the turbulent region; the maximum
values of u′40−90 were about 0.60%, 0.33% and 0.14% of U∞ at z = 35, 15 and
-5 mm, respectively, strongly suggesting that these waves were excited in the
interface region. Furthermore, the amplitude distribution took a maximum
at a y-position slightly away from the surface, compared to the amplitude
distribution of two-dimensional T-S wave, suggesting that these waves were
of oblique type.

On the other hand, in the smooth surface, instability waves were not rec-
ognized in the spectra given in Fig. 3.9. However, since the measurement
was conducted at y = 0.6 mm, the amplitude of the instability waves, if they
occurred, might be very small. We therefore examined the wave develop-
ment in the interface and laminar regions over the smooth surface more care-
fully. Figures 3.21(a) and (b) display the power spectra measured at y = 2
mm, around which the amplitude of the oblique wave took a maximum (see
Fig. 3.20(b)) over both the smooth surface and riblets. Comparing the spec-
tral components over 40 – 90 Hz in both cases, the magnitude was one order
of magnitude smaller than over the riblets; that is, in terms of the rms value
u′40−90, the wave amplitude over the smooth surface was less than one-third
that over the riblets.

To clarify the wave development more distinctly, we conducted flow visu-
alization in the interface region by means of the smoke-wire technique. Fig-
ure 3.22 displays a sequence of visualization pictures of the near-wall flow
around the laminar-turbulent interface. Here a smoke-wire was stretched
parallel to the wall at (x, y) = (600 mm, 1 mm), and high-speed video pictures
covered the streamwise distance of x = 600 – 800 mm. Consecutive smoke
pictures show that oblique waves with a small oblique angle (∼ 20◦) could
develop along the edge of the turbulent region. The oblique waves had a
wavelength of about 34 mm and propagated downstream at 0.25U∞. Thus,
the frequency was estimated to be about 60 Hz, which corresponded to that
of the spectral peak in Fig. 3.19 and 3.21(b). Importantly, the rms amplitude
of these waves (u′40−90) was below 1% of U∞ as shown in Fig. 3.20 so that
these waves could not undergo rapid growth due to the secondary instabil-
ity (Herbert, 1988 [128]). We infer that lateral contamination caused by tur-
bulent vortices in the interface region would precede faster than growth of
oblique waves excited by turbulent fluctuations in the interface region, even
if they could grow downstream. Therefore, the oblique waves excited could
not directly contribute to the lateral contamination.
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3.5 Conclusions

Influences of streamwise riblets on the lateral growth of turbulent region
generated locally in span were examined experimentally in a zero-pressure-
gradient boundary layer. Two rows of circular cylinders, the order of the
boundary layer thickness high, were glued over a short span of the bound-
ary layer plate at an upstream location to generate strong disturbance leading
to transition to turbulence just behind the cylinder roughness. The possible
influences of riblets on each of the laminar and turbulent boundary layers
were considered; that is, we considered the destabilizing effect on the lami-
nar region and suppression effect on the near-wall turbulence in the interface
region between the laminar and turbulent regions. The x-Reynolds number
(Rx) in the experiment was up to 6 × 105 where the momentum-thickness
Reynolds number (Rθ) was about 1300 in the laminar boundary layer out-
side the turbulent region.

Riblets in this experiment had triangular ridges with a ridge angle of 30◦

and trapezoidal valleys, with a height-to-width ratio of 0.5. The cross-section
geometry was a typical one used in engineering applications for turbulent
drag reduction. The values of riblet-ridge spacing (or ridge height) were 20
and 28 (or 10 and 14) in wall units using the friction velocity in the developed
turbulent region. Those were close to the optimal riblet size and the up-
per limit of the drag-reducing size, respectively, and thus the present riblets
could be expected to appreciably reduce the activity of near-wall turbulence.
In the laminar region where riblet height is important from the instability
viewpoint, the riblet height (h) was at most half the displacement thickness
(δ∗) of the laminar boundary layer. According to the stability experiment (Ho
& Asai, 2018 [122]), the application of riblets with this height and spacing
could be expected to markedly enhance boundary-layer instability.

The lateral spreading angle was compared at sufficiently large rough-
ness Reynolds numbers (Rk = 1580 and 2270), where turbulent contamina-
tion began at the roughness location. The spreading angle of the turbu-
lent region increased with Rx and tended to a value slightly larger than 10◦

for Rx > 6 × 105 over the smooth surface, which was very close to the
value observed in past experiments and numerical simulations of a turbu-
lent wedge/spot. When the riblets were applied, the intensity of near-wall
turbulence was reduced by about 10% in terms of u′ in the laminar-turbulent
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interface region, and a corresponding decrease was found in the spread-
ing angle compared to the smooth surface. The lateral spreading angle at
Rx = 6 × 105 was about 10◦ over the smooth surface and about 9.4◦ over
the riblets. The reduction in the lateral spreading angle, with almost the
same reduction rate, was also confirmed in the lower-Reynolds-number ex-
periment (Rx = 2− 4× 105). Furthermore, we compared lateral spreading
for a smaller roughness Reynolds number (Rk = 790) with the same laminar
boundary layer condition, and confirmed that there was no distinct differ-
ence in the effect of riblets on the lateral spreading angle between Rk = 790
and 1580, despite the fact that the lateral growth started at a location some
distance downstream from the roughness elements for the lower roughness
Reynolds number Rk = 790.

In the laminar-turbulence interface region, in addition to successive oc-
currence of low-speed streaks (which generally dominated the initial stage
of lateral growth of the turbulent wedge), a large-scale packet of turbulent
eddies followed by many low-speed streaks was frequently observed in the
downstream developed stage in the interface region. The occurrence of such
a large-scale turbulent structure in the interface region became more appre-
ciable which was recognized by increase in the intensity of turbulent fluctua-
tions (mainly consisting of low-frequency spectral components) in the inter-
face region, and could no doubt contribute to the lateral turbulent contami-
nation. We speculate that when the turbulent wedge developed sufficiently
in the downstream, the flow (with the velocity shear ∂U/∂z) in the laminar-
turbulent interface might undergo inflectional instability just like as in a tur-
bulent mixing layer. Further investigations are necessary on the occurrence
and growth of large-scale turbulent structure in the laminar-turbulence inter-
face.

As for the destabilizing effect of streamwise riblets on the laminar bound-
ary layer outside the turbulent region, development of oblique waves (with
a small oblique angle) whose frequency was very close to the most ampli-
fied T-S waves was observed distinctly in the laminar region near the edge of
the intermittent turbulent region over the riblets. In the smooth-surface case,
such waves were much smaller in amplitude than those over the riblets. The
wave amplitude was largest adjacent to the interface region, and decreased
monotonously with spanwise distance from the edge of the turbulent region.
Thus, it was reasonable to consider that the oblique waves were excited by
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turbulence structures in the interface region. Importantly, however, the mag-
nitude of the oblique waves remained small (less than 1% in terms of u′/U∞)
even in the more unstable flow over the riblets. Thus we may say that such
oblique waves did not directly contribute to the lateral turbulent contamina-
tion.
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Dependence of streak breakdown
on disturbance nature

4.1 Introduction

The laminar-to-turbulent transition in boundary layers is caused by a se-
quence of flow instabilities. These instability process are strongly influenced
by the intensity and scales of freestream turbulence (vortical disturbances)
and/or other disturbances such as acoustic disturbances even for the same
flow geometry. Such external disturbances can excite the linear instability
waves known as Tollmien-Schlichting (T-S) waves through a receptivity pro-
cess in the leading-edge region while vortical disturbances in the freestream
do not excite T-S waves but also penetrate into the boundary layer and cause
low-speed streaks to develop by a transient growth mechanism [46–49]. In a
zero-pressure-gradient boundary layer subjected to high-intensity freestream
disturbances, the transition process can skip the amplification stage of T-S
waves, and begin the transient growth of low-speed streaks. They subse-
quently undergo a secondary instability leading to streak breakdown into
energetic coherent vortices such as a train of quasi-streamwise vortices with
alternative sign of vorticity and/or hairpin-shaped vortices [53, 61, 129–132].
This is a prerequisite for the generation of wall turbulence. Streak instability
and breakdown into quasi-streamwise vortices also play an important role in
the regeneration cycle of wall turbulence at least at low Reynolds numbers
[75–78]. The present study focuses on the streak instability and breakdown
caused by disturbances with a spectrum of turbulent fluctuations.

In experiments of bypass boundary-layer transition subjected to freestream
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turbulence, the turbulence level in the freestream has often been controlled
by a turbulence grid installed upstream of the boundary-layer plate [45, 57–
59]. Matsubara & Alfredsson [45] introduced freestream disturbances whose
turbulence level Tu was 1.5%, 2.2% or 6.6% in terms of the rms value of
streamwise velocity fluctuations at the leading edge location. They observed
that some of the low-speed streaks that developed underwent localized oscil-
latory motions leading to turbulent spots, depending on the turbulence level.
Fransson et al. [59] also studied boundary-layer transition under the similar
turbulence levels using active turbulence-generating grids and showed that
the transitional Reynolds number was inversely proportional to Tu. Man et
al. [57, 58] visualized the bypass transition process under high freestream
turbulence in detail, and clarified that the breakdown of low-speed streaks
was caused by sinuous secondary instability, although they sometimes ob-
served local occurrence of varicose instability at very high freestream tur-
bulence (Tu = 6.7%) [57]. Mandal & Dey [133] examined a boundary layer
transition induced by the wake of a circular cylinder in the freestream. Their
results showed that wake-induced transition was essentially similar to that
in the bypass transition under freestream turbulence.

In numerical simulations of bypass boundary-layer transition under freestream
turbulence, disturbances were supplied as an inflow perturbation, i.e., using
a superposition of continuous-spectral modes of the linearized Orr-Sommerfeld
and Squire equations [62, 65]. Brandt et al. [62] conducted computations that
varied energy spectrum of input disturbances with turbulence intensity of
1.7 – 4.7% and showed that an increase in the integral length scale of simu-
lated freestream turbulence caused earlier transition. Andersson et al. [130]
performed secondary instability analyses of optimal low-speed streaks and
obtained a critical streak amplitude (defined as the velocity difference across
each low-speed streak) of about 26% of freestream velocity. Zaki & Durbin
[134], focusing on the interaction between two freestream vortical modes,
showed clearly that the low-frequency component of freestream disturbance
plays a role in the transient growth of low-speed streaks while the high-
frequency component contributes to streak breakdown. For details on the
direct numerical simulations of the bypass transition under freestream tur-
bulence and stability analyses of the secondary instability, see the reviews by
Schlatter et al. [63] and [64].
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On the other hand, Asai et al. [54–56] conducted experiments using well-
controlled low-speed streak(s) to visualize the detailed process of streak in-
stability and breakdown. Their experiments included the sinuous and vari-
cose instabilities of a single low-speed streak [54], and the fundamental and
subharmonic instabilities in spanwise-periodic low-speed streaks [55, 56]. In
these experiments, the low-speed streak(s) were generated artificially in a
laminar boundary layer using a small piece/pieces of screen set normal to the
boundary-layer plate, and the breakdown process of low-speed streak(s) was
triggered by well-controlled sinusoidal disturbances with mono-frequency.
Results showed that sinuous instability could continue to grow downstream
and lead to breakdown into quasi-streamwise vortices not unlike those ob-
served in near-wall turbulence. Furthermore, Asai et al. [105] examined
transient growth and subsequent breakdown of low-speed streaks in a re-
transition caused by suction-surviving residual turbulent fluctuations. In
their experiment, sinuous instability waves with rather selective wavelengths
(close to that of the most unstable linear instability mode [78]) developed be-
fore streak breakdown, despite the disturbances exciting the streak instability
being initially frequency-rich.

In the present study, we aimed to gain further insights into the instability
and breakdown of low-speed streak(s) in natural or turbulent environments
experimentally. A screen-generated low-speed streak was forced by distur-
bances with a continuous spectrum similar to that of developed wall turbu-
lence. We describe how initial disturbances with a frequency spectrum sim-
ilar to that of wall turbulence, but with various spanwise coherences, were
introduced to excite streak instability. We focused particularly on the depen-
dence of breakdown process caused by sinuous instability on the nature of
the disturbances triggering the instability. Through this experiment, we also
sought to recognize characteristic features of velocity fluctuations in near-
wall turbulence from the viewpoint of streak instability.

4.2 Experimental setup and procedure

The experiment was conducted in a low-turbulence wind tunnel with an exit
cross-section of 400× 400 mm2. As illustrated in Fig. 4.1, a boundary-layer
plate, which was 10 mm thick and 1100 mm long, was set parallel to the on-
coming uniform flow in the test section. This setup was the same as that used
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FIGURE 4.1: Schematic of boundary-layer plate (dimensions in
mm, not in scale).

in the experiment by Asai et al. [54]. The freestream velocity U∞ was fixed at
4 m/s throughout the experiment, while the freestream turbulence was less
than 0.1% at the leading-edge location. A single low-speed streak was pro-
duced in a boundary layer using a small piece of 40-mesh screen (wire-gauze)
set normal to the boundary-layer plate at a station 500 mm downstream of
the leading edge; the porosity of the screen was 0.7. Screen height and width
were both 3 mm. Note that the displacement thickness δ∗ of the Blasius
boundary layer was about 2.5 mm at the screen location in the absence of
the screen. The coordinate system was such that x was the streamwise dis-
tance, measured from the leading edge, y the normal-to-wall distance and z
the spanwise distance. The screen location (x = 500 mm) is denoted by x0.

A constant-temperature hot-wire anemometer was used to measure time-
mean and fluctuation velocities in the streamwise direction, U and u. The
hot-wire probe (a tungsten wire 5 µm in diameter) had a sensitive length of
1 mm. A fourth-order polynomial curve was used for the hot-wire calibra-
tion. Room temperature was kept almost constant at 18◦C with a temperature
variation within ±0.5◦C during the experiment. Hot-wire signals were low-
pass-filtered with a cutoff frequency of 5 kHz and then stored in a PC through

76



Chapter 4. Dependence of streak breakdown on disturbance nature

a 16-bit analog-to-digital converter with a sampling frequency of 10 kHz. In
addition, flow visualization was conducted by a smoke-wire technique to
visualize the development of streak instability and eventual breakdown. A
smoke-wire was stretched in the spanwise direction, and time sequences of
top-view pictures were taken with a digital high-speed video camera system.

The laminar streak flow was forced by external disturbances with the
same frequency-spectrum as the velocity fluctuations of developed wall tur-
bulence. They were introduced through two small holes drilled into the wall
symmetrically with respect to the mid-span of the low-speed streak, 6 mm
downstream of the screen, with a spanwise distance of 6 mm. The holes
were connected to two loudspeakers by vinyl hoses. The turbulent signals
used here were obtained by two hot-wires in the buffer region of a turbulent
boundary layer generated in the same freestream condition. By changing
the spanwise distance of the two hot-wire sensors ∆z, we could obtain vari-
ous pairs of turbulent-fluctuation signals with the same frequency-spectrum
but different spanwise coherencies. The minimum distance between the two
hot-wire sensors was 1.8 mm, which corresponded to 24 in wall units for the
turbulent boundary layer at U∞ = 4 m/s. Details on the input disturbances
are described in the next section.

4.3 Base flow and disturbance conditions

First we would like to explain the screen-generated low-speed streak and dis-
turbances that triggered streak instability in the present experiment. Figs. 4.2(a)–
(d) illustrate distributions of the mean velocity U in the (y, z) plane at x− x0

= 60, 100, 140 and 180 mm, respectively. The screen caused a velocity defect
but did not give rise to a reversed flow behind it. The velocity difference
across the low-speed streak ∆U (measured for z-distributions of U at y = 3.5
– 4.0 mm) was about 40%, 35%, 31% and 29% of U∞, at x− x0 = 60, 100, 140
and 180 mm, respectively. The velocity difference ∆U was larger than the
critical value (about 27% of U∞)for the growth of sinuous instability modes
even at x − x0 = 180 mm, according to the result by Andersson et al. [130].
Thus, a distinct streamwise low-speed streak developed downstream of the
screen and maintained a sufficiently large ∆U far downstream. The width of
the low-speed streak (the half width of the z distribution of U) was almost
the same as the screen width (3 mm) at least up to x − x0 = 180 mm. The
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FIGURE 4.2: Distributions of U/U∞ in the (y, z) plane. (a) x−
x0 = 60 mm, (b) 100 mm, (c) 140 mm and (d) 180 mm. Contour

levels range from 0.1 to 0.9.
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TABLE 4.1: Disturbance conditions.

y+ ∆z+ Ct (30–120 Hz) Ct (5–2000 Hz)
Case 1 23 24 0.353 0.469
Case 2 23 49 -0.104 0.019
Case 3 23 77 -0.106 -0.097
Case 4 23 94 -0.067 -0.098
Case 5 23 149 -0.011 -0.053
Case 6 23 — -1.0 -1.0
Case 7 23 — 1.0 1.0
Case 8 40 24 0.561 0.593
Case 9 40 49 0.016 0.144
Case 10 40 94 -0.097 -0.085
Case 11 40 — -1.0 -1.0
Case 12 40 — 1.0 1.0

velocity distribution for |z| > 5 mm was close to the Blasius profile. The rms
value of the u-fluctuation, u′ increased downstream but the maximum value
of u′ was only about 0.5% at x − x0 = 180 mm. In the absence of artificial
disturbances, we confirmed that the low-speed streak maintained a laminar
flow in the observation region up to x− x0 = 250 mm.

In order to excite instability of the laminar low-speed streak, a pair of
forcing signals was supplied to the two loudspeakers, by which normal-to-
wall velocity fluctuations were induced by sucking/blowing air through the
holes behind the screen. The input signals to the loudspeakers were pro-
duced from waveforms of turbulent velocity fluctuations deduced from a
turbulent boundary layer. Here, the turbulent boundary layer was produced
by gluing cylinder-roughness-elements onto the boundary layer plate at an
upstream location, x = 100 mm, under the same freestream velocity U∞ = 4
m/s. The cylinder diameter and height were 3 mm and 10 mm, respectively,
and they were arranged in a two-row configuration. In each spanwise row,
the cylinder spacing was 10 mm, and the two rows (separated by 10 mm in
the streamwise direction) were staggered by 5 mm in the spanwise direction.
The height of cylinder-roughness was three times larger than the boundary-
layer thickness in the absence of roughness (about 3 mm at x = 100 mm), and
a turbulent boundary layer with about 45-mm-thickness developed 800 mm
downstream of the cylinder-roughness (x = 900 mm), where the momentum
thickness Reynolds number was about 1090 and the friction Reynolds num-
ber (Reτ) based on the friction velocity uτ and the boundary-layer thickness
was about 530. Using two hot-wires, we acquired a pair of turbulent fluctu-
ation signals at two z-positions with distance ∆z at x = 900 mm. We chose
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FIGURE 4.3: Waveform and power spectrum of turbulent sig-
nals supplied to the two loudspeakers (Case 1 – 7: Turbulent

signals were obtained at y+ = 23).

several cases for the spanwise distance ∆z, in the range of 24 – 149 in terms
of the wall unit ∆z+ (= ∆zuτ/ν), for two y positions in the buffer region, y+

(= yuτ/ν) = 23 and 40.

Figs. 4.3(a) and (b) display waveform and spectra of the turbulent signal
supplied to the two loudspeakers for Cases 1 – 7. The spectrum exhibited
the f−1 region over 20 – 100 Hz. Here, spectral components below 5 Hz
were filtered out for the input signals to the loudspeakers. Pairs of turbulent
signals had various coherencies as shown in Table 4.1. For turbulence data
measured at y+ = 23, the correlation coefficients (Ct) calculated for a pair
of fluctuation signals over 30 – 120 Hz which was the frequency-range of
growing disturbances for streak instability (as shown later) were about 0.353,
-0.104, -0.106, -0.067 and -0.011 for ∆z+ = 24 (Case 1), 49 (Case 2), 77 (Case 3),
94 (Case 4) and 149 (Case 5), respectively. These values of ∆z+ ranged across
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the mean streak spacing at y+ = 23; according to Smith & Metzler [135], the
mean streak spacing in wall turbulence is about 100, 120, 150 for y+ = 5, 20
and 30, respectively. Here, the correlation coefficient Ct is defined as:

Ct =
uAuB√

(uA)2
√
(uB)2

(4.1)

where uA and uB are the two input turbulent-signals to the loudspeakers
and the overlines denote time-averaging. For turbulence data measured at
y+ = 40 (Cases 8, 9 and 10), the correlation coefficients (Ct) were slightly dif-
ferent from those for the corresponding ∆z+ data at y+ = 23 (Cases 1, 2 and
4) since the streak spacing in wall turbulence gradually increased with y+

(see also [135]). We also considered two other cases. One was anti-symmetric
forcing (Cases 6 and 11) in which two loudspeakers were driven with turbu-
lent signals that were 180◦ out of phase and the other was symmetric forcing
(Cases 7 and 12) in which two loudspeakers were driven with in-phase turbu-
lent signal. Of course, we expected that the anti-symmetric forcing (Ct = −1)
would be the most effective for excitation of sinuous instability modes, while
the symmetric forcing would not excite sinuous instability but varicose in-
stability only. The results were compared to the cases listed in Table 4.1.
Spectra of streamwise velocity fluctuations excited with these signals (mea-
sured at just downstream of the holes) were found to be not so different from
the spectrum of the input signals, as will be shown later.

4.4 Dependence of streak instability and breakdown

on the disturbance condition

Before investigating the frequency-selective growth of disturbances excited
by turbulent spectral components, we obtained the instability characteristics
of the present low-speed streak by driving the loudspeakers at a single fre-
quency. Symmetric and anti-symmetric forcing (using the two loudspeakers)
easily excited the varicose and sinuous instability modes. Figs. 4.4(a) and
(b) illustrate the amplitude distributions of the streamwise velocity fluctua-
tion u (of the forcing frequency) in the (y, z) plane for varicose and sinuous
modes, respectively; they were excited at 110 Hz and 90 Hz which were the
frequencies of the most amplified sinuous and varicose modes, respectively.
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FIGURE 4.4: Distributions of u′/U∞ in the (y, z) plane. (a) Vari-
cose mode of f = 110 Hz at x − x0 = 50 mm. Contour levels
range from 0.002 to 0.018. (b) Sinuous mode of f = 90 Hz at

x− x0 = 100 mm. Contour levels range from 0.005 to 0.035.

The u component of the varicose mode took the maximum amplitude at the
mid-span of the horizontal high-shear layer (at the inflection point in the y-
distribution of U at z = 0), while the u component of the sinuous mode took
two maxima in the right and left vertical shear layers at z = ±1.5 mm (the
inflection points in the z-distribution of U).

Fig. 4.5(a) displays the streamwise development of both the modes in
terms of the maximum rms amplitude u′m. The symmetric, varicose mode
could not continue to grow downstream beyond x− x0 = 60 mm in the present
low-speed streak, because the span width of the horizontal shear layer (∂U/∂y)
away from the wall in the low-speed streak was small compared to the shear-
layer thickness (see Fig. 4.2) due to thickening of the ∂U/∂y-shear by viscous
diffusion. In contrast, the anti-symmetric, sinuous mode continued to grow
downstream with almost constant growth rate for x − x0 ≥ 60 mm until it
reached a nonlinear saturation stage (beyond x − x0 = 180 mm). Fig. 4.5(b)
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FIGURE 4.5: Instability characteristics of low-speed streak. (a)
Streamwise growth of sinuous mode ( f = 90 Hz, N) and vari-
cose mode ( f = 110 Hz, •). (b) Amplification of sinuous mode

from x− x0 = 40 mm to 180 mm. N versus f .

illustrates the frequency selective growth of sinuous disturbances in terms
of N-value defined as N = ln[u′m(x2)/u′m(x1)], where u′m(x1) and u′m(x2)

were the maximum rms value of the u-fluctuation component (at the forc-
ing frequency) at x − x0 = 40 mm, and 180 mm, respectively. Note that the
sinuous mode has already completed its structure at x − x0 = 40 mm. The
maximum amplification of the sinuous mode occurred at and around 100 Hz
in the present streak flow condition.

We then examined responses of the low-speed streak to disturbances with
the turbulence spectrum mentioned above. Figs. 4.6(a) and (b) illustrate
power spectra of u at x− x0 = 10, 60, 100, 140 and 180 mm for Cases 1 and 2,
respectively; they were measured at a vertical shear-layer (∂U/∂z) position
where the disturbance took a maximum in amplitude at each x station. At
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FIGURE 4.6: Power spectra of u at x− x0 = 10 mm, 60 mm, 100
mm, 140 mm and 180 mm. (a) Case 1, (b) Case 2.

x − x0 = 10 mm, immediately downstream of the screen, the spectra were
similar to those of the input signals to the loudspeakers, and the rms value
of u-fluctuations were calculated from the spectra to be about 1.3% of U∞ in
both cases. In the downstream locations, the figures show that disturbances
underwent an intensive growth over a frequency range of 30 – 120 Hz in
both cases, irrespective of the difference in the spanwise coherence of the ini-
tial disturbance. The peak frequency in the spectral growth was 70 – 80 Hz in
both cases, which was slightly lower than the frequency of the most amplified
sinuous mode given in Fig. 4.5(b). This is due to the fact that the spectrum
component of the initial disturbance (Fig. 4.3b) decreased in proportion to
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f−1 over 20 – 100 Hz. In addition, a close comparison of the magnitude of
the spectral peak shows that disturbance growth is larger in Case 2 than in
Case 1, indicating that the disturbance development was clearly dependent
on the coherence of the initial disturbance.

z (mm)

y 
(m
m
)

-6 -4 -2 0 2 4 6
0

2

4

6

8(a)

z (mm)

y 
(m
m
)

-6 -4 -2 0 2 4 6
0

2

4

6

8(d)

z (mm)

y 
(m
m
)

-6 -4 -2 0 2 4 6
0

2

4

6

8(b)

z (mm)

y 
(m
m
)

-6 -4 -2 0 2 4 6
0

2

4

6

8(e)

z (mm)

y 
(m
m
)

-6 -4 -2 0 2 4 6
0

2

4

6

8(c)

z (mm)

y 
(m

m
)

-6 -4 -2 0 2 4 6
0

2

4

6

8(f)

FIGURE 4.7: Distributions of u′/U∞ in the (y, z) plane at x− x0
= 60 mm (a, d), 100 mm (b, e) and 140 mm (c, f). (a) – (c) Case 1.
(d) – (f) Case 2. Contour levels range from 0.0015 to 0.009 in (a)
and (d), from 0.002 to 0.014 in (b) and (e), from 0.003 to 0.021 in

(c) and (f).

Observed differences in these two cases were also distinct in the devel-
opment of the disturbance structure. Figs. 4.7(a) – (f) display the amplitude
distributions of the spectral components over 30 – 120 Hz in the (y, z) plane
at x− x0 = 60, 100 and 140 mm, respectively, in both cases. In Case 1 where
Ct = +0.353, the excited disturbance had a large amplitude in both the hori-
zontal (∂U/∂y) and vertical (∂U/∂z) shear layers at x− x0 = 60 mm, as may
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be seen in Fig. 4.7(a). In the downstream locations, however, it evolved into a
sinuous instability mode whose amplitude distribution was symmetric with
respect to the mid-span (z = 0), and whose amplitude vanished at z = 0 be-
cause it underwent a 180◦-phase-jump across the midspan, as shown in the
distributions at x− x0= 100 mm (Fig. 4.7b) and 140 mm (Fig. 4.7c). In Case 2
where Ct = -0.104, on the other hand, the amplitude distribution already ex-
hibited that of the sinuous mode at x− x0 = 100 mm, as shown in Figs. 4.7(d)
– (f).

To observe the development of sinuous streak instability in the present
initial disturbance condition more clearly, Fig. 4.8 visualizes a sequence of the
disturbance development leading to streak breakdown in Case 2 by means of
the smoke-wire technique. Smoke was released from a smoke wire stretched
at (x, y) = (100 mm, 4.5 mm), and the high-speed digital video pictures cover
the region of x − x0 = 100 – 250 mm. Here, the magnitude of the initial dis-
turbance was set to be 1.5 times larger than that in Figs. 4.6 and 4.7 to ob-
serve the streak breakdown in the region up to x − x0 = 250 mm. The max-
imum rms value u′m attained about 10% of U∞ at x − x0 = 250 mm. We see
a wavy motion of concentrated smoke along the low-speed streak, manifest-
ing development of sinuous streak instability. The instability waves had a
dominant wavelength of about 30 mm and convected at about 2.4 m/s (=
0.6U∞), which corresponded to the frequency-selective disturbance growth
around 80 Hz observed in the spectra. Corresponding to the broadband
spectrum over 30 to 120 Hz, the sinuous instability waves appeared inter-
mittently and took a large amplitude only within a few wavelengths. Fig. 4.9
displays waveforms of velocity (u) fluctuations measured at (y, z) = (4.5 mm,
±1.5 mm) at x − x0 = 180 mm in Case 2, showing that the phase relation of
the u-fluctuations was 180◦ out of phase in most periods. Here, we exam-
ined the correlation coefficient of the two waveforms for 60 s and obtained a
correlation coefficient of -0.95 at x − x0 = 180 mm. Thus, a sinuous instabil-
ity mode was dominantly amplified downstream, although waveforms were
highly modulated in correspondence with the intermittent occurrence of the
sinuous motion of a low-speed streak.

Then, let us compare the responses of the low-speed streak to the input
disturbances (in Table 4.1) to that in the case of anti-symmetric excitation
using the same turbulent signal. Fig. 4.10 illustrates the disturbance amplifi-
cation for the anti-symmetric excitation (Case 6) in terms of the power spec-
tra of u. The frequency-selective growth of 30 – 120 Hz-components were
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FIGURE 4.8: Flow visualization for Case 2. Smoke was released
from a smoke-wire at (x, y) = (100 mm, 4.5 mm). Time increases
from top to bottom. Time interval between pictures is 5.3 ms.
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FIGURE 4.9: Waveforms of u measured at (y, z) = (4.5 mm, ±
1.5 mm) at x− x0 = 180 mm for Case 2. Solid line; z = 1.5 mm,

dotted line; z = -1.5 mm.

more distinguished at the downstream stations in this case, compared to
Cases 1 and 2 (Figs. 4.6(a) and (b)). Fig. 4.11 compares streamwise growth
of the disturbances (over 30 – 120 Hz) in Cases 1 and 2 to that in the case
of anti-symmetric excitation (Case 6) in terms of u′m, the maximum of u′ at
each x-location. In the figure, the result for symmetric excitation (Case 7)
is also plotted for comparison. The disturbance growth in case of the anti-
symmetric excitation was almost similar to that of sinuous mode (normal
mode) excited at a single frequency. In Case 1 (Ct = +0.353), the disturbance
grew more rapidly than that in the anti-symmetric excitation (Case 6) in the
initial stage up to x− x0 = 60 mm. This is due to growth of varicose mode as
well as sinuous mode near the screen where the ∂U/∂y-shear was intense, as
understood from the disturbance growth in the symmetric excitation (Case
7) where only a varicose mode was excited by the forcing. The varicose mode
ceased to grow beyond x − x0 = 60 mm, while the sinuous mode continued
to grow and became dominant beyond x − x0 = 100 mm, where the distur-
bance had almost the same growth rate as that in the case of anti-symmetric
excitation (Case 6). Importantly, the magnitude of disturbance in Case 1 (Ct

= +0.353) was as large as 62% of that in the anti-symmetric excitation (Case
6) beyond x − x0 = 100 mm. In Case 2 where Ct was slightly negative (Ct =
-0.104), the magnitude of disturbance increased to about 78% of that in the
anti-symmetric case. Thus, the spanwise coherence of the initial disturbance
decisively governs the occurrence of streak instability modes.
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FIGURE 4.10: Power spectra of u in case of the anti-symmetric
excitation (Case 6).

Regarding the disturbance development in the case of symmetric exci-
tation with Ct = +1 (Case 7), we should add the following comments. If
completely symmetric disturbances including background turbulence were
provided, the value of u′m would continue decaying downstream because the
sinuous mode would not be excited directly by the forcing. However, the u′m
exhibited non-zero value. This is due to the fact that sinuous mode was ex-
cited by background turbulence and appear after the varicose mode decayed
and vanished in the downstream region.

In order to see the dependence of the growth of sinuous streak instabil-
ity on the spanwise coherence of initial disturbances more quantitatively,
we conducted similar measurements in the other cases given in Table 4.1.
Fig. 4.12 plots the ratio of the maximum rms value (u′m) for each case to that
for the anti-symmetric excitation (u′m)a, against the correlation coefficient Ct.
Here, the magnitudes of the initial disturbance were the same for each set
of disturbances (Cases 1 to 7 for turbulence data at y+ = 23 and Cases 8 to
12 for turbulence data at y+ = 40), and u′m/(u′m)a was calculated over 30 –
120 Hz at x− x0 = 180 mm where the development of the sinuous mode was
completely dominant. The correlation coefficients Ct (for 30 – 120 Hz compo-
nents) were slightly negative (about -0.1) for Cases 2 to 4 and almost zero for
Case 5. We see that the magnitudes of the sinuous instability mode excited
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FIGURE 4.11: Streamwise development of disturbance (30 – 120
Hz) in Case 1 (4), Case 2 (◦), Case 6 (•) and Case 7 (5). u′m/U∞

versus x− x0.

for these cases were more than 75% of that for the anti-symmetric excitation
(Ct = -1). For Case 1 with positive-correlation of 0.353, the ratio u′m/(u′m)a

was decreased but was still over 60%. This was also the case when we used
turbulent-fluctuation data at y+ = 40 as the initial disturbances. That is, the
values of u′m/(u′m)a lied on the same curve for three cases of Ct = +0,561 (Case
8), +0.016 (Case 9) and -0.097 (Case 10), and approached zero as Ct tended to
+1. Thus, the magnitude of streak instability mode excited is well correlated
with the spanwise coherence of the initial disturbance. Here, it is noted that
for the symmetric excitation with Ct = +1 (Cases 7 and 12), the varicose mode
almost vanished at x− x0 = 180 mm but the value of u′m/(u′m)a exhibited 0.15
– 0.2. This is because a sinuous mode originating from background turbu-
lence developed and overcame the varicose mode (excited artificially) after
the varicose mode decayed out.
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FIGURE 4.12: u′m/(u′m)a versus Ct at x− x0 = 180 mm for spec-
tral components over 30 – 120 Hz. ©, Cases 1 to 7; 4, Cases 8

to 12.

4.5 Conclusions

Instability and breakdown of a low-speed streak caused by disturbances whose
frequency-spectrum was similar to that of wall turbulence were examined ex-
perimentally to understand how strongly the streak breakdown depended on
the nature of external disturbances triggering the streak instability. A single
low-speed streak which was almost free of longitudinal vortices was gener-
ated in a laminar boundary layer using a small piece of wire-gauze screen set
normal to the wall, and disturbances were introduced by two loudspeakers
through two small holes behind the screen, as previously done by Asai et al.
[54]. A pair of velocity-fluctuation signals, measured simultaneously at two
different spanwise locations with interval ∆z+ = 24 – 149 in the buffer region
(y+ = 23 and 40) of turbulent boundary layer at Reτ ≈ 530 were used as
the driving signals to the two loudspeakers. The correlation coefficients (Ct)
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between the pair of velocity fluctuations ranged over -0.106 to +0.561. De-
velopment of streak instability for these initial disturbances was compared
to that for anti-symmetric excitation using the same turbulence signal which
was expected to be the most effective for exciting the sinuous streak instabil-
ity.

Frequency-selective growth of the sinuous mode was observed far down-
stream in all cases. Even for the fluctuation signals with positive correla-
tion coefficient, Ct = 0.351, the sinuous instability mode was dominant in the
downstream region; a varicose mode grew more rapidly in the initial stage
but soon turned to decay downstream. Comparison of development of the
dominant sinuous mode showed that even when initial disturbances with a
nearly zero correlation coefficient (Ct ∼ −0.01) was provided, the magni-
tude of the sinuous instability mode was as large as 75% of that for the most
efficient anti-symmetric forcing (Ct = −1.0), in terms of u′m. When the low-
speed streak was forced by turbulent-fluctuation signals with slightly nega-
tive correlation coefficient, Ct ≈ −0.1 (made from velocity fluctuations at two
different z positions with ∆z+ = 45 – 90 in the turbulent boundary layer), the
magnitude of the sinuous mode excited was increased to about 80% of the
value in the case of anti-symmetric excitation. Thus, contrary to our expecta-
tion, dependence of the magnitude of the sinuous mode on the nature of the
initial disturbances was not so strong for −1 ≤ Ct ≤ 0. When a disturbance
with the positive correlation coefficient of Ct = 0.561 (obtained for ∆z+ = 24
and y+ = 40) was introduced, the magnitude of the sinuous mode excited
was still more than 50% of the value of the anti-symmetric excitation. Based
on the present experiment, we may infer that disturbances existing in near-
wall turbulence are rather effective for causing sinuous streak instability and
breakdown into a train of quasi-streamwise vortices.
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Summary

In order to better understand some fundamental aspects of instability events
dominating the boundary-layer transition as well as to clarify the effects
of riblets used for the turbulent drag reduction on the growth of Tollmien-
Schlichting (T-S) waves and the lateral turbulent contamination process re-
sponsible for the lateral growth of turbulent wedge/spot. The main results
presented in the thesis are summarized in this chapter.

First focus was on the influences of riblets on the linear instability mech-
anism causing the amplification of T-S waves. This experiment was carried
out in a low-turbulence laminar channel flow which had the similar instabil-
ity nature as the zero-pressure-gradient boundary layer (Blasius flow). Ri-
blets having triangular ridges (with ridge angle of 30◦) and trapezoidal val-
leys, with a height-to-width ratio of 0.5, were glued on the upper channel
wall. The ridge spacing was 11% of the channel half-depth which gave a
non-dimensional wavenumber of 57. In addition to the effects of stream-
wise riblets, the effects of oblique riblets whose direction was inclined to the
streamwise direction were examined to see how the instability characteris-
tics depended on the riblet alignment. The result showed that the critical
Reynolds number for the linear instability Recr was reduced to about 4200
by the streamwise riblets, while the wavenumber of T-S wave was little in-
fluenced by the presence of riblets. For the present small-sized riblets, the
parabolic velocity profile was modified only in the vicinity of ribbed surface,
with the virtual wall position located inside the riblets. Such a local and small
change in the velocity profile enhanced the instability of plane Poiseuille flow
appreciably. When the riblets were inclined to the streamwise direction, Recr

increased as the oblique angle of riblets φ was increased. For φ ≥ 45◦, the ri-
blets had no noticeable influence on the structure of T-S wave and the growth
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rates were the same as those in the smooth-wall case.

Next experiment included the effects of streamwise riblets on the lat-
eral growth of turbulent region localized in span in a zero-pressure-gradient
boundary-layer. Riblets used here have the same geometry to one used in
the experiment of Chapter 2. The riblet size (ridge spacing) was about 14
or 28 in wall units using the friction velocity in the developed turbulent re-
gion, whereas in the ambient laminar boundary-layer, the height of riblets
was less than one-third the displacement thickness in the Reynolds-number
range Rx = 2− 6× 105. The lateral spreading angle of turbulent region (in-
cluding the intermittent turbulent region) increased with Rx and tended to
a value slightly larger than 10◦ for Rx > 6 × 105 over the smooth surface.
Detailed comparisons showed that riblets weakened the lateral growth of
the turbulent region, with the spreading angle reduced by about 6% com-
pared to the smooth surface in the Reynolds number range examined. The
destabilizing effect of riblets intensified the amplitude of oblique waves de-
veloping outside the laminar-turbulent interface appreciably, but the result
strongly suggested that the development of oblique waves had no decisive
effect on lateral contamination. A large packet of turbulent eddies like a tur-
bulent spot frequently appeared on the outer edge of the turbulent region
in the downstream, and could have contributed to the lateral growth of tur-
bulent region, in addition to the successive occurrence of low-speed streaks
immediately outside the turbulent region. Riblets could have affected these
near-wall turbulent structures in the laminar-turbulent-interface region, with
a 10% reduction of the rms value of streamwise velocity fluctuations.

The third experiment was conducted to examine the instability and break-
down of a low-speed streak, one of the key mechanisms in generation and
sustenance mechanism of the wall turbulence structure. In this study, a sin-
gle low-speed streak was generated using a small piece of screen set normal
to a boundary-layer plate, and disturbances made by two loudspeakers were
introduced through two small holes. Streak instability was artificially excited
by using a pair of forcing signals deduced from turbulent velocity fluctua-
tions of near-wall turbulence with various spanwise coherences to see how
strongly the streak breakdown depended on the nature of disturbances. The
correlation coefficient Ct of the two turbulent signals ranged from -0.11 to
0.56. Both sinuous and varicose modes were excited but the former became
dominant downstream in all cases. The magnitude of the sinuous instability
mode excited was dependent on the initial disturbances, but not strongly for
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−1 ≤ Ct ≤ 0. For instance, the magnitude (the rms value of velocity fluctua-
tions) of the sinuous instability mode for the initial disturbance with Ct ∼ 0
was about 75% of that in the case of anti-symmetric forcing which gave the
largest magnitude.

Thus, the present results improved our knowledge on the instability and
transition as well as effects of riblets, passive device of friction drag reduc-
tion, and no doubt make contributions to development of drag reducing tech-
nology of airfoil boundary layer.
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