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Abstract

Flow control to reduce skin-friction drag of wall-turbulence is worth study-
ing not only from the scientific point of view, but also the industrial one.
The objective of this thesis is to clarify the skin-friction drag reduction
mechanism of a traveling wave-like blowing/suction control (Min et al.,
2006) in a fully developed laminar and turbulent channel flows by means
of numerical analysis. This control is very simple, while it induces a large
amount of drag reduction without using any sensors.

For the laminar flow, an employed linear analysis perfectly reproduces
Min et al’s result: the skin-friction drag decreases and increases when
the wave travels to upstream and downstream directions, respectively. A
detailed phase analysis reveals the drag reduction mechanism. An analogy
between the present control and Stokes’ second problem is also found. The
mechanism and analogy are confirmed for wider range of parameters.

Direct numerical simulation is performed to investigate the effect of trav-
eling wave in a low Reynolds number turbulent flow. When an upstream
traveling wave decreases the skin-friction drag, a negative Reynolds shear
stress appears in the region near the wall. The generation mechanism of
this negative Reynolds shear stress is revealed by a three component de-
composition and a phase analysis: the similar explanation to the lami-
nar flow control applies also for the turbulent flow. The control effect is
compared with an opposition control, a suboptimal control and a travel-
ing wave-like wall-normal forcing. Additionally, a numerical scheme for
computation of Reynolds stress budget which is consistent with a second
order energy conservative finite difference method is also proposed.

The control effect is also investigated in relatively high Reynolds number
turbulent flows by means of large eddy simulation with the coherent struc-
ture model (Kobayashi, 2005). The effectiveness of skin-drag reduction of
the control is found to decrease as increasing the Reynolds number.
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Chapter 1

Introduction

1.1 Background

Motion of turbulent flow has been on of the central issues in science and engineering
for about 500 years. Since its inherent properties (i.e., unsteady, non-linearity, and
three dimensional motion) induce strong diffusion, strong mixing, chaotic behavior,
etc. , it is difficult to understand, predict, and control turbulent flows (Kasagi, 2009),
although these have been remarkably challenging issues in the meantime. These diffi-
culties need to be overcome not only in a scientific fields, but also in industrial fields.

When the fluid motion interacts with a rigid body or its surface, drag force is in-
duced to prevent the flow. Drag force usually consists of contributions from pressure
and skin-friction, referred to as pressure drag and skin-friction drag, respectively. Gen-
erally speaking, control of flow is required to decrease such drags. For pressure drag,
a streamline shape obtained by optimization techniques is well known. Tripping wires
or dimples of a golf ball are also able to decrease pressure, through delaying flow
separation by inducing turbulent flow.

On the other hand, control to reduce skin-friction drag is also an interesting is-
sue. Gad-el-Hak (1994) indicates the importance of skin-friction drag reduction which
contributes energy utilization: the friction drag is e.g., about 50, 90, and 100 % of
the total drag in commercial aircrafts, underwater vehicles, and pipelines, respectively.
Skin-friction drag is known to significantly increase under the turbulent flow due to
a so-called coherent structure. Because the coherent structure is inherent motion of
wall-turbulence, a skin-friction drag reduction control should be designed to modify it.



2 1. INTRODUCTION

1.2 Numerical simulation of channel flow

In our real world, problems originated from flow motion are quite complex. A basic
research for turbulent flow, however, considers canonical geometries in order to sim-
plify the problems. For an incompressible fully developed channel flow, which is one
of the canonical flows considered in this thesis, theoretical framework is relatively well
established because of the following merits:

» Homogeneous in streamwise and spanwise directions: periodic boundary condi-
tions can be employed in those directions;

Flow has already been fully developed;

Wall turbulence appears;

No pressure drag (if there is no obstacle);

Internal flow:;

Cartesian coordinates can be used.

The abovementioned advantages allow us to clarify the control effect and the mech-
anism without being bothered by other effects like a spatial development a boundary
layer flow, for example.

Owing to development of the digital computers, direct numerical simulation (DNS)
and large eddy simulation (LES) have become handy tools to investigate fundamental
turbulent flow behavior. Especially, contribution from DNS is significant since it can
provide accurate data without introducing any turbulence models. The first DNS was
made by Orszag and Patterson (1972) for a homogeneous isotropic turbulence. The
pioneering DNS for a incompressible turbulent channel flow presented by Kim et al.
(1987) at Re ~ 180, where Reis the friction Reynolds number defined as,&e%f*.

u;, 0%, andv* are the friction velocity, the channel half-width, and the kinematic
viscosity, respectively. While this low Reynolds number indicates an initial stage of
transition from a laminar to a turbulent flow, the resultant turbulent statistics were
in good agreement with experimental data. Mansour et al. (1988) usecKas

data in order to analyze the transport equations of Reynolds stress (RS) and turbulent
kinetic energy (TKE) (hereafter referred to as the RS budget and the TKE budget,
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respectively). The RS and TKE are fundamental indicators of turbulence. Therefore,
this analysis is also useful to quantify of the dynamics of turbulent flow. It used be
and still is the central issue of turbulence modeling (Cambon and Scott, 1999; Launder
etal., 1975); itis also a fundamental tool to clarify the cause of turbulence modification
by active control (Fukagata and Kasagi, 2003; Kasagi et al., 2009b).

While early DNS employed a spectral method, which had been the sole method to
stably and accurately simulate turbulent flows without introducing upwinding (which
introduces numerical diffusion), flow geometry is limited to some canonical flows.
Thus, a stable and non-diffusive (i.e., energy-conservative) finite difference method
(FDM) had been explored for a long time. Although the energy-conservative second-
order FDM on a uniform grid had been proposed as early as 1960’s (Harlow and Welch,
1965; Piacsek and Williams, 1970), we had to wait for 30 years for such FDM to
be extended to more practical numerical configurations (such as higher order FDMs,
nonuniform grid, etc.). Morinishi et al. (1998) presented a class of energy-conservative
FDMs on uniform Cartesian grids including generalization to higher order FDMs. Ka-
jishima (1999a) (also Bewley (1999); Ham et al. (2002)) extended its second-order
version to a nonuniform Cartesian grid. To date, energy-conservative FDM has been
extended to, e.g., the cylindrical coordinates (Fukagata and Kasagi, 2002; Morinishi
et al., 2004), arbitrary orthogonal curvilinear coordinates (Nikitin, 2006) and the low
Mach number approximation (Desjardins et al., 2008).

Analysis of the transport equations for the Reynolds stress and the turbulent ki-
netic energy is useful for the quantification of different dynamical contributions in
turbulence (Mansour et al., 1988). For FDM on the staggered grid, however, it is not
straightforward to compute each term in RS and TKE budgets. The quantities com-
posing each term are defined at different locations; thus, interpolation is required. In
order to perform a reliable analysis, such interpolation should be consistent with the
discretized Navier-Stokes equation.

A consistent scheme for computation of RS and TKE budgets in Cartesian coor-
dinates was proposed by Suzuki and Kawamura (1994) and Kawamura (1995). They
considered the second-order central FDM on a uniform staggered grid and presented
a relevant interpolation scheme for the computation of each term in RS and TKE bud-
gets. Although their scheme had much higher consistency than intuitive interpolation
schemes, some issues were left: 1) the turbulent diffusion term was left inconsistent;
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2) strictly speaking, their scheme is consistent only on a uniform grid. This is natural
because, as introduced above, the general framework of energy-conservative FDM had
not been developed by the time Suzuki and Kawamura (1994) proposed this scheme.
By now, the energy-conservative FDM has become mature: it is now possible to con-
struct a consistent scheme resolving the abovementioned issues.

1.3 Structure of wall turbulence

Owing to integration of DNS databases and a development of visualization methods,
spatial structures of wall turbulence have been revealed. Streaky structures with al-
ternating high- and low-speed flows expand in the streamwise direction. Smith and
Metzler (1983) found that the streamwise length of the low-speed streak is about 1000
wall-units and the spanwise spacing between them is about 100 wall-units. Here, the
wall-units is defined as

uyX*
X+ — #, (11)
U*
U+ - E (12)
T

Jimenez and Moin (1991) presented a minimum channel unit: the domain size wider
than 100 wall units in a spanwise direction sustains turbulence whereas the narrower
box cannot sustain it. Hamilton et al. (1994) proposed a regeneration cycle among
streaky structures, streamwise-dependent disturbances, and streamwise vortices, in
the minimum channel flow. Due to the development of high performance comput-
ers, higher Reynolds number turbulent flows are investigated by means of the DNS
(reviewed in Smits et al. (2011)): Moser et al. (1999); Re590; Abe et al. (2004),
Rer ~ 1020; lwamoto et al. (2004), Rex 1160; Hoyas and Jimenez (2006),;Re
2000; Iwamoto et al. (2005), Rex 2320. A large-scale structure is also clearly ob-
served in such high Reynolds number flows.

The DNS reveals a vortical structure of a flow by using isosurface of the second
invariant of velocity deformation tensor, i.e., so-call@dalue. Figure 1.1 visualizes
in the lower half of the fully developed channel flow, where the mean flow is directed
from left to right. A lot of vortices are found in the region near the wall, which are
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the so-called quasi streamwise vortices (QSV). The diameter of QSV-s3P5vall-

units and the streamwise length is 15800 wall-units (Kasagi et al., 1995). This
QSV exists in the buffer layer, where the peak of TKE production appears (Robinson,
1991).

A QSV is known to increase skin-friction drag dramatically. Figure 1.2 explains the
mechanism, wherg andV' denote the fluctuations of the streamwise and wall-normal
velocities, respectively. Due to a no-slip condition for the velocity on the wall, a fluid
in the far-wall region has a higher momentum than that in the near-wall region. In a
turbulent flow, the QSV exists in the region near the wall. Therefore, the downward
rush ¢ < 0) induced by the rotation of the QSV brings the high momentum fluid
from the far-wall region to the near-wall region, whereas the upward nash Q)
brings the low momentum fluid from the near-wall region into the far-wall region.
Namely, the skin-friction drag is sustained at a higher level than that in the laminar
flow. Qualitatively, the strength of momentum exchange is evaluated by the Reynolds
shear stress{Uu'v: referred to as RSS), which is a shear component of the Reynolds
stress. In fact, Fukagata et al. (2002) derived an identity equation between the RSS and
the skin-friction drag, as explained in the next section.

1.4 Identity equation for skin-friction drag

Related to the dynamics of QSV, there is a mathematical relationship between the skin-
friction drag and the RSS. Fukagata et al. (2002) (see also Bewley and Aamo, 2004)
derived an identity equation between the skin-friction coefficient and the RSS from the
Reynolds averaged Navier-Stokes equation (RANS). The skin-friction drag coefficient
in a fully developed channel flow under a constant flow rate can be decomposed into
the laminar and the turbulent contributions:

12 2 _
_ _ v
cf_Reo+12/o 2(1-y) (~uVv)dy, (1.3)
where Rg is the Reynolds number defined as
2u: 0%
Re, = Lf . (1.4)

Here,u; is a bulk mean velocity. The contribution from the turbulent behavior is the
second term of RHS of this equation, which is described ag-theighted integration
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of the RSS. This indicates that the contribution of the near-wall RSS to the skin-friction
drag is more significant than that of far-wall RSS. Namely, it is implied that an effective
control for the skin-friction drag reduction should be designed to modify the near-wall
turbulence. Moreover, this equation implies that the skin-friction drag can be sustained
below the laminar level if a negative RSS is created in the region near the wall. Using
an idealized body force (Fukagata et al., 2005b) or traveling wave-like blowing/suction
(Min et al., 2006), a skin-friction drag below the laminar level is confirmed (discuss
later).

In addition, a general form of the identity equation (1.3) in an internal flow is
proposed by Sbragaglia and Sugiyama (2007), i.e., the weighted fungtiery) in
Eq. (1.3), corresponds to the velocity gradient of the creeping flow. This identity equa-
tion is extend to a boundary layer flow (Fukagata et al., 2002; lwamoto et al., 2009),
and to a compressible flow (Gomez et al., 2009). According to the same derivation
process, a turbulent heat transfer can be described by a integration of a turbulent heat
flux, —v'T’ (Fukagata et al., 2005a; Higashi et al., in press; Kasagi et al., 2012).

1.5 Control for skin-friction drag reduction

A turbulent flow control for a reduction of a skin-friction drag has been extensively
studied as reviewed in Moin and Bewley (1994),Gad-el-Hak (1996), and Kasagi et al.
(2009b).

Figure 1.5 shows a classification of flow control strategies according to Gad-el-Hak
(1994). In the following, we overview this classification for a skin-friction drag reduc-
tion control in wall turbulence. The first classification is whether the control requires
an external energy input for actuation or not: passive controls and active controls.
Changing boundary condition is a passive control e.g., riblets (Choi et al., 1993; Walsh,
1983), which are the surface-mounted longitudinal grooves, compliant surfaces (e.g.,
Endo and Himeno, 2002; Fukagata et al., 2008; Xu et al., 2003), a structured rough-
ness (e.g., Sirovich and Karlsson, 1997), and a superhydrophobic surface (Martell
et al., 2009, 2010; Rothstein, 2009). Using additives can also be considered as a pas-
sive controt e.g., an adding polymer (White and Mungal, 2008), surfactants (Li et al.,
2008) and micro bubbles (Oishi et al., 2009). While an advantage of these is that they
does not to require the energy for actuation, the disadvantages are that the additives



1.5 Control for skin-friction drag reduction 7

have an impact to environment and the riblets can decrease the skin-friction drag only
few percents.

An active control, however, can reduce a skin-friction drag larger than that by a
passive control. It can be substituted into an interactive control and a predetermined
control according to whether it requires a sensors or not. A predetermined control,
mainly focused in this thesis, is e.g., a traveling wave-like blowing/suction (Min et al.,
2006, discussed later), a spatial and temporal wall oscillation (Quadrio et al., 2007),
using a buoyancy force (Yoon et al., 2006). The major drawback of this predetermined
control is that it requires much energy for actuation than the other control strategies.

An interactive control, which requires any sensors, is subdivided into a feedfor-
ward and a feedback strategies. The most famous feedback control is the so-called
opposition control presented by Choi et al. (1994): a transpiration is added from a
wall to cancel a QSV based on information detected at a sensing plane. The perfor-
mance of this control is further investigated numerically (Chang et al., 2002; Chung
and Talha, 2011; Fukagata and Kasagi, 2003; Hammond et al., 1998; lwamoto et al.,
2002; Le Dauphin and Fukagata, 2011) and experimentally (Rebbeck and Choi, 2006).
This control strategy is extend for using wall deformation (Endo et al., 2000; Kang and
Choi, 2000). The opposition control strategy, however, is difficult to use in practice
because a sensor should be as small as the QSV and put into a flow. Furthermore, the
opposition control strategy is extended by using the modern control theory (Abergel
and Temam, 1990) as reviewed in Kim (2011), i.e., an adaptive control, using a neural
network (Lee et al. (1997)), and an optimal (Bewley et al. (2001)) and a suboptimal
controls (Fukagata and Kasagi, 2004; Lee et al., 1998; Takada, 2010). As an experi-
mental study, Yoshino et al. (2008) proposed an experimental feedback control system,
which induces wall-deformation to decrease the QSV.

1.5.1 Control effect at high Reynolds number flow

Control effect at a high Reynolds number flow is also an interesting issue. While
DNS of a high Reynolds number turbulent channel flow has been investigated, a high
performance computer resource is required to resolve turbulent behavior. Thus, LES

1This is sometimes classified as an active predetermined control because it requires energy to supply
additives.
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has been a handy tool to simulate such a higher Reynolds number flow. Smagorin-
sky (1963) pioneered LES, which used an eddy viscosity model (called as Constant
Smagorinsky model: CSM). This model is extended to a dynamical model proposed
by Germano et al. (1991) and Lilly (1992) (called as Dynamic Smagorinsky model:
DSM).

As an attempt to investigate an ordinary control effect at a high Reynolds number
flow, Collis et al. (2000) studied the Reynolds number dependency of the feedback
control, namely opposition and optimal controls, by DSM-LES at £0Re; < 590.

Wider range of the Reynolds number, 8Re; < 720, for the opposition control is
studied by Chang et al. (2002). Iwamoto et al. (2002) reveals the control effect by the
opposition control at Re= 110— 650 by means of the DNS. These results reported
that the effectiveness of this feedback control decreases with increasing the Reynolds
number.

While DSM is attractive because it is possible to capture the laminar flow behavior
contained in a turbulent flow and a special treatment for the near-wall behavior, i.e.,
dumping function, is not required. The computational cost, however, increases due to
the use of a test filtering procedure in order to determine the Smagorinsky constant.
Recently, Kobayashi (2005) presented a new model for LES based on the coherent
structure (i.e., the coherent structure Smagorinsky model, referred as CSSM). This
model has been validated in canonical flow geometries. Because this model determines
the Smagorinsky constant instantaneously and locally, it is expected to be suitable for
computation of a controlled flow at a high Reynolds number.

1.6 Traveling wave-like blowing/suction control

Min et al. (2006) proposed a novel predetermined control in an incompressible fully
developed channel flow: a traveling wave-like blowing/suction control. The channel
flow, driven by the pressure gradient when the flow rate is kept constant, is subject to
blowing/suction from wall surface in the form of a traveling wave. The schematic of
this control is shown in Fig. 1.5 and the wall-normal velocity on the surface of the wall
is given as

Vit = Facos(k(x—ct)), (1.5)
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wherex andt denote the streamwise coordinate and a time, respectively. The param-
eters,a, k, andc, represent the amplitude, wavenumber, and wavespeed of the travel-
ing wave. The skin-friction drag reduction effect is investigated in a laminar flow by
means of a linear analysis: the solution of the linearized Navier-Stokes equation and
the identity equation (1.3). They revealed that the upstream traveling wave (viz., the
wave travels to the opposite direction to the base flow) can sustain the drag below the
laminar level, while the upstream traveling wave increases the skin-friction drag. The
resultant drag reduction effect by the downstream traveling wave-like blowing/suction
is confirmed in a two dimensional flow geometry. Furthermore, they performed DNS
in a three dimensional geometry in order to investigate the control effect in the turbu-
lent channel flow.

While a major drawback of the feedback control lie in difficulty in realizing the
sensors which needs to be small and detect high frequency when Reynolds number
increases (Kasagi et al., 2009b), a predetermined control does not require such sensors.
Thus, Min et al. (2006) gave a great impact for a community of turbulent flow control
because this control advantages:

* is a predetermined control,

* has a large drag reduction effect (sublaminar drag),

* obtained positive efficiency,

* is a counter-evidence for Bewley’s conjecture (discuss later).

Major contributions inspired by Min et al. (2006) are illustrated in Fig. 1.4.
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Figure 1.1: Visualization of vortical structure of channel flow at lower-half region
without any controls at Re~ 180. An isosurface o™ = —0.03 is demonstrated.

W >0 —u'v' >0
v'<0(‘ ‘>v'>0
—u'V >0 u' <0

Figure 1.2: Schematic of the mechanism of increasing RSS due to rotation of a QSV
in the near-wall region.
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Figure 1.3: Classification of flow control strategies (Gad-el-Hak, 1994).
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Figure 1.4: The history of the previous studied related to the traveling wave-like control (Min et al., 2006).
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Wave propagation

Figure 1.5: The traveling wave-like blowing/suction control.

1.6.1 Conjecture and theorem for limitation

Min et al. (2006) showed that the upstream traveling wave on a turbulent channel flow
at Re = 2000 (based on the laminar centerline velocity) sustained the skin-friction
drag below the laminar level (i.e., sublaminar drag). It is because the negative RSS is
generated in the region near the wall, which contributes to decrease the skin-friction
drag according to Eq. (1.3). This sublaminar drag had been conjectured to be impossi-
ble by Bewley (2001) (referred as Bewley’s conjecture, hereafter):

the lowest sustainable drag of an incompressible constant mass-flux chan-
nel flow, in either 2D or 3D, when controlled via a distribution of zero-net
mass-flux blowing/suction over the channel walls, is exactly that of the
laminar flow.

The first contribution of Miret al’s work produced an evidence against this conjecture.
Not only the drag reduction effect, but also the obtained efficiency is positive. Another
counter-evidence is given by Fukagata et al. (2005b), who assumed a feedback body
force so as to make a negative RSS.

Fukagata et al. (2009) (see also Bewley, 2009) gave a mathematical theorem for the
limitation of the power balance instead of the skin-friction drag in the fully developed
duct flow:

the lowest net power required to drive an incompressible constant mass-
flux flow in a periodic duct having arbitrary constant-shape cross-section,
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Figure 1.6: The power balance and its limitation for the channel flow.

when controlled via a distribution of zero-net mass-flux blowing/suction
over the no-slip channel walls or via any body forces, is exactly that of the
Stokes flow.

Figure 1.6 shows the schematic of the limitation of the power balance in a fully devel-
oped channel flow under constant flow rate according to this theorem. We denote the
pumping energy under uncontrolled turbulent channel flowWgs Due to the drag
reduction control, the pumping pow#&l,, decreases while the actuation power input
appears a#\. If the efficiency is positiveW, +W; < Wy. However, the abovemen-
tioned theorem tells that the limitation of the total energy input equals to the pumping
power for driving the laminar flow under the same flow rate. Therefore, itis impossible
that the total power input achieves beldy aminar- Furthermore, it is worth nothing to
control the laminar flow to reduce the skin-friction drag because the total power input
cannot be below the uncontrolled level (i¥; jaminar) €ven if the drag reduction can

be obtained.

1.6.2 Mechanism of drag reduction

The mechanism of the drag reduction by the traveling wave-like blowing/suction con-
trol is an interesting issue. Min et al. (2006), themselves, discussed the mechanism in
a two-dimensional simulation of a channel flow under zero mean pressure gradient. It
was found that the net mass flux in the streamwise direction was induced by the up-
stream traveling wave, which is, as pointed out by Marusic et al. (2007), equivalent to
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the skin-friction drag reduction in the channel flow under a constant mass flow rate.
This net mass flux was reported to be induced by the RSS caused by the positive phase
shift of streamwise velocity disturbance: the phase of streamwise velocity disturbance
induced by the traveling wave is found to shift from that by the standing wave, while
the phase of wall-normal velocity disturbance remains unchanged.

Luchini (2008) found that a drag reduction can be induced by an upstream trav-
eling wave because an actuation pumps a mean flow to a downstream direction. He
concluded fhot drag, but thrustand pointed out a relation with a well-known stream-
ing phenomena (Lighthill, 1978; Riley, 2001). This thrust appeared as “a pumping
effect” in a two dimensional channel flow without imposing a mean pressure gradient
presented by Hoepffner and Fukagata (2009), who revealed that a traveling wave-like
blowing/suction pumps in a backward direction, while the similar deformation (i.e.,
peristalsis) pumps in a forward direction. Very recently, Woodcock et al. (2012) de-
rived an asymptotic behavior of an induced bulk flow by a traveling wave-like blow-
ing/suction.

A mechanism of the skin-friction drag reduction is explored in a two dimensional
channel flow by means of linear analysis in Chap. 2 of this thesis. A linear analysis
perfectly reproduced Min et al. (2006)’s result and a wider range of parameters for
not only a varicose mode but also a sinuous mode is studied: the varicose and sinuous
modes mean the wave-like wall transpiration on the bottom and top walls in the oppo-
site and the same sign, respectively. The detailed phase analysis reveals how a negative
RSS is generated in the region near the wall in laminar Poiseuille flow, while Min et al.
(2006) revealed it in a zero mean pressure gradient channel flow. In order to determine
the phase shift of the streamwise velocity disturbance induced by the traveling wave,
Min et al. (2006) defined its origin as that induced by the standing wave under zero
mean pressure gradient. On the other hand, in this thesis we define the origin as the
phase of an inviscid velocity disturbance.

Additionally, Quadrio et al. (2007), although not inspired by Min et al. (2006),
showed that a standing wave with a sinuous mode decrease skin-friction drag when the
wavelength is shorter than 300 wall units and an amplitude7isvall units.
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1.6.3 Stability of the flow

The major drawback of Min et al. (2006)’s control may be a smaller gain (i.e., more
expensive control cost) than that of the existing feedback control schemes (Kasagi
etal., 2009a; Luchini, 2008). Under a constant flow rate condition, the gain of upstream
traveling wave control is on the order of-110, while that of an existing feedback
control schemes is on the order of 200000. According to a recent study, the gain

of the upstream traveling wave control can be even smaller under a constant pressure
gradient condition instead of constant flow rate. A plausible reason for the small gain
is that the upstream traveling wave does not stabilize the flow.

Lee et al. (2008) performed a stability analysis for Minal’s control: the up-
stream and downstream traveling waves destabilize and stabilize the flow, while the
skin-friction drag decreases and increases, respectively. However, the downstream
traveling wave, when the wave speed is 40 % of the bulk velocity, induces the flow un-
stable dramatically, which is due to a critical layer effect as pointed out by Hoepffner
and Fukagata (2009).

The traveling wave-like blowing/suction control is used to prevent to an onset of a
turbulent flow from a laminar flow, as demonstrated by DNS of Moarref and Jovanovic
(2010) and the receptivity analysis of Lieu et al. (2010). They revealed that the positive
net gain was obtained when the wave travels to the downstream direction. Furthermore,
this wave could relaminarize the turbulent flow in a fixed pressure gradient channel
flow.

1.6.4 Related studies

A traveling wave-like control is investigated from some different points of view. Due

to a similarity between the transport equations of velocity and temperature i.e., a so-
called “Reynolds analogy” (White, 2006), it is known to be difficult to achieve a skin-
friction drag reduction and a heat transfer enhancement simultaneously. Hasegawa and
Kasagi (2011) derived a suboptimal control law designed to achieve drag reduction and
heat transfer enhancement simultaneously under a constant flow rate and an uniform
heat generation, which achieved heat enhancement with suppression of skin-friction
drag increase. Moreover, the resultant control input of the suboptimal control law was
found to be similar to a downstream traveling wave-like blowing/suction. Higashi et al.
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(in press) performed a linear analysis and DNS of a channel flow with a predetermined
traveling wave-like blowing/suction. They found that the upstream traveling wave-like
blowing/suction breaks the similarities under constant temperature difference between
walls or uniform heat generation when the flow rate is kept constant.

Instead of using the traveling wave-like blowing/suction, a wall deformation can
be expected to induce a similar drag reduction effect. Taneda and Tomonari (1973)
pioneered to experimentally investigate effect of the traveling wave-like wall defor-
mation inspired by the swimming motion of fish, and revealed that the motion of the
flexible wall decreases the velocity fluctuations. In the last decade, Shen et al. (2003)
and Yang and Shen (2009) explored a turbulent channel flow over a smooth wavy wall
with transverse motion in the form of a streamwise travelling wave. They considered a
channel flow geometry with a lower and an upper walls of wavy form and slip-velocity,
respectively. Again, Hoepffner and Fukagata (2009) considered a zero mean pressure
gradient channel flow under a wavy surface for upper and lower walls in the varicose
mode. As an extension of Hoepffner and Fukagata (2009), Nakanishi et al. (accepted)
studied the traveling wave-like wall deformation in a fully developed turbulent channel
flow. When the drag is reduced by the downstream traveling wave (which is an oppo-
site direction to that of the blowing/suction case), they confirmed three states: ordinary
drag reduction, re-laminarization, and a periodic cycle between high and low drags.

Drag reduction effect of flow over an oscillating wall is well-known (Karniadakis
and Choi, 2003). Quadrio et al. (2009) imposed a spanwise wall velocity which travels
to a downstream or an upstream direction. Whether the drag increases or decreases
depends on the wavespeed, which is confirmed by an experimental investigation pre-
sented by Auteri et al. (2010). The oscillation of the spanwise Lorenz force is also
known to reduce the skin-friction drag as presented by Du and Karniadakis (2000) and
Du et al. (2002).

Effect of Lorenz force is studied by means of a DNS by Berger et al. (2000), who
studied both a closed-loop and a open-loop controls. As a possibility for realization of
such a body force, use of a plasma actuator (Cattafesta Ill and Sheplak, 2011; Corke
et al., 2009; Fukagata et al., 2010) is proposed. Murai and Fukagata (2011) performed
DNS to study the control effect an opposed-plasma actuator which induces blowing
from the wall in a fully developed channel flow. They assumed a simple model pre-
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sented by Shyy et al. (2002): a plasma exists only a triangle area where the body force
is induced, while the real behavior of ionized particle motion is quite complex.

1.7 Motivation and objective

The traveling wave-like blowing/suction control is still attractive for realization of ac-
tive turbulent drag reduction: large amount of drag reduction (i.e., sublaminar drag),
positive efficiency, simple control strategy, etc. Additionally, the control does not re-
guire massive micro-sensors (Fukagata, 2011; Kasagi et al., 2009b), which is one of the
biggest hurdles for a feedback control to be applied in reality. The main objective of
this thesis is to investigate the control effect by the traveling wave-like blowing/suction
and to discuss its mechanism. This control is not realized straightforwardly since the
existing device hardly induces such a traveling wave. However, consideration of the
control effect and the mechanism of the drag reduction is expected to be a first step
and to design such a flow control device.

In the following, motivation and targets in each chapter are listed.

* Chap. 2, control of laminar flow

— Min etal’s linear analysis is extended for a wider range of parameter:
wavenumber, wavespeed, and varicose or sinuous modes. An unified scal-
ing will be shown according to Stokes’ second problem. Detailed phase
analysis is employed to explore the mechanism of generation of a skin-
friction drag increment.

» Chap. 3, control of low Reynolds number turbulent flow

— An interpolation scheme is proposed to use for the computation of the
Reynolds stress budget, which holds consistency with the employed second-
order energy conservative FDM.

— Direct numerical simulation is performed to investigate the control effect
by a traveling wave-like blowing/suction. It is validated whether the mech-
anism discussed in Chap. 2 can explain the effect in turbulent channel flow
or not. As a comparison, the control effect induced by the traveling wave-
like wall-normal forcing, i.e., idealized Lorenz force, is considered.
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» Chap. 4, control of higher Reynolds number turbulent flow

— Large eddy simulation with the Coherent Structure model (Kobayashi, 2005)
is performed at Rg ~ 177, 395, and 595. After validation and verification
of an uncontrolled flow, a control effect of the opposition control (Choi
etal., 1994) is investigated in order to confirm the usefulness of this model.
Finally, the control effect by a traveling wave-like blowing/suction at such
Reynolds numbers is demonstrated.

» Chap. 5, the achievement of this thesis is summarized and a direction of future
research is indicated.
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Chapter 2

Laminar flow

The control effect by the traveling wave-like control in a two-dimensional laminar
Poiseuille flow are considered. The investigation is done by solving the linearized
Navier-Stokes equation and by using the identity equation (1.3). The phase relation-
ship between the streamwise and the wall-normal velocity disturbances is mainly fo-
cused. It has been known that a traveling wave creates a hon-quadrature between the
velocity disturbances and generates the positive phase shift of the streamwise velocity
disturbance in the case of a skin-friction drag reduction. The present analysis further
reveals that this non-quadrature consists of an inviscid base phase relationship and a
near-wall phase shiftinduced by the viscosity. The analogy between the present control
and Stokes’ second problem is also discussed. The thickness of the near-wall region in
which the viscous phase shift takes place is found to be scaled similarly to the Stokes’
second problem.

2.1 Motivation

Here, we will discuss the mechanism of a drag reduction when the base flow is a
laminar-Poiseuille profile by means of a linear analysis and coupling the identity equa-
tion (1.3). This analysis for laminar flow is an extension of the studies of Min et al.
(2006) and Hoepffner and Fukagata (2009). In order to obtain a unified explanation
on the drag reduction effect by the traveling wave-like blowing/suction in a laminar
channel flow, wide ranges of control parameters (Reynolds number, wavenumber, and

21
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wavespeed) are examined and analyzed through a detailed phase analysis. As will be
shown later, these effects can be scaled similarly to the Stokes’ second problem. In
order to demonstrate the validity of this scaling in a different control mode, we also
consider the sinuous mode in addition to the varicose mode which has been considered
by Min et al. (2006) and Hoepffner and Fukagata (2009).

It is also worth noting that drag reduction control of a laminar channel flow does
not make sense from the practical viewpoint. Bewley (2009) and Fukagata et al. (2009)
mathematically proved that under a constant flow rate the lower bound of driving power
(i.,e. sum of pumping and actuation powers) is the pumping power of the laminar
channel flow. Namely, the total power can never be saved when control is applied to
a laminar channel flow even if a sublaminar drag is achieved. Nevertheless, we study
the mechanism of Min et al. (2006)’s control using a laminar flow as an important step
toward the comprehensive understanding of control effects in turbulent flows. The use
of laminar flow may be justified by the following reasons: (1) the primary effect of
control, i.e., production of the “negative” Reynolds shear stress (or, in other words,
pumping from the walls (Hoepffner and Fukagata (2009))), is considered common to
laminar and turbulent flows; and of course, (2) it is simpler than a turbulent flow.

2.2 Numerical procedure

A two-dimensional channel flow is considered. The governing equations are two-
dimensional and incompressible continuity and Navier-Stokes equations. Figure 2.1
shows the flow geometry, the coordinate systems, and the control input. All quan-
tities are made dimensionless by using the centerline velddityand the channel
half-height,8. The velocity components in theé (streamwise) ang* (wall-normal)
directions are denoted asandv, respectively. The pressure is denotedpasThe
asterisk denotes the fixed coordinates in contrast to the moving coordinates introduced
later. The base flow), is set to be the laminar Poiseuille profile, il¢.= 1—y*2.

According to these reference variables, the identity equation (1.3) for the skin-
friction coefficient relating to the RSS are rewritten as

3 ! v
D—EZ/-I—ERe/_l(—y) (—uVv)dy, (2.1)
lam ~~ ~

AD
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Figure 2.1: Flow geometry and schematic of control input.
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Figure 2.2: Schematic of the system matrix equation with the boundary conditions.
The blocks correspond to the discretized version of Egs. (2.7)-(2.9).

The LHS on this equatio), means the dimensionless skin-friction drag defined as

1/ oU
DZE(a—v ) 2

Here, the Reynolds number is RdJ:d/v, On the RHS, the laminar contribution and
the drag increment af@|,, = 2 andAD, respectively.
The periodic boundary condition is employed in the streamwise direction. The no-

_
ady

y=-1
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slip condition is imposed for the streamwise velocity at the wall. As a control input,
the wall-normal velocity at the wall is given as a traveling wave-like blowing/suction.
Two wave modes are considered for the traveling wave: the varicose mode and the
sinuous mode. The varicose mode corresponds to two solid lines in Fig. 2.1, which
reads (Min et al., 2006)

Vit = Facos(k(x* —ct*)), (2.3)

wherev,, andv,_ are the wall-normal velocity at the upper and the lower walls,
respectively. Namely, the surface wall-normal velocities are in phase with opposite
sign. In contrast, the sinuous mode is the combination of the solid line at the lower
wall and the dotted line at the upper wall in Fig. 2.1, which reads

Ve = tacos(k(X* —ct")). (2.4)

The surface wall-normal velocities are in phase.

The problem can be reduced into a steady problem by introducing a coordinate
transformation from the fixed coordinates to the coordinates traveling with the wave,
e, X=X —ctfy:=y* t:=t* (Javanovic et al., 2006). The boundary conditions
(Egs. (2.3) and (2.4)) in the moving coordinates read

acos(kx) Varicose mod
VW:I::{ Facos(ky) £ (2.5)

+acos(kx) Sinuous mode
The unsteady term of incompressible Navier-Stokes equation is transformed as

0 0 7]

Because the flow is steady due to the steady boundary condition, the first term in the
right hand side of Eq. (2.6) vanishes.

The governing equations are linearizad=U +u, v=Vv andp=P+p are
substituted into the governing equations and the high order terms of disturbance are
neglected. Herd) andP denote the velocity and pressure of the base flow, respec-
tively, and the prime denotes the disturbance component. The linearized disturbance
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equations read

ou oV

W—i_d_y = 0, (2.7)
ou ou ,0U op 1 _,,
—Caﬁ—uw—i—\/d—y = —W—i—R—eD u, (2.8)
N v ap 1,

Equation (2.7)-(2.9) are discretized by using the Fourier transformation in the
streamwise direction and the Chebyshev collocation method in the wall-normal direc-
tion. These equations can be expressed as a system matrix equation; thus, the solution
can easily be obtained.

Due to the periodic boundary condition assumed in the streamwise direction, the
Fourier transformation can be applied for the state variable vegter(u’,v',p’)7, as

q’ = Real(q(y)exp(ikx)). (2.10)

In the wall-normal direction, the Fourier coefficients are discretized by using the Cheby-
shev collocation point method: the Chebyshev differentiation matrix of a MATLAB
function, chebdif.m provided by Weidman and Reddy (2000), is applied for yhe
derivative operators to obtain the discretized state vector,

A

q=(0,9,p)". (2.11)

As a result of these transformations, Egs. (2.7)-(2.9) are expressed as a system matrix
equation,

A =Db, (2.12)
of which concrete form is graphically shown in Fig. 2.2, where the opelatoeads

L1:ik(U—cI)—Rie(D2—k2I), (2.13)

andD; andD» are the Chebyshev first and second order differentiation matrices, re-
spectively, and is the unit matrix. The boundary conditions read

(2.14)

o ] Fa Varicose modge
W=7\ +a Sinuous mode
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The boundary conditions are included in the system makixand the right hand
side,b, as shown in Fig. 2.2. Thus, the solution of the matrix equation can be simply
obtained by

q=A"1b, (2.15)

and spatial distributions af, vV, andp’ are computed by the inversed Fourier transform
to the solution. FinallyAD is computed by using Eg. (2.1).

According to the amplitude expansion of flow quantities, the drag effect appears
as the second order solution that can equivalently be expressed as the product of two
first order solutiony/ andVv (see, e.g., Eq. (A2) of Hoepffner and Fukagata (2009)).
Therefore, when the flow response is well described by the linear solution, we can
predict the drag by substituting the first order solution in to Eq. (2.1). Namely, we
can predict the drag incremefD, (which is essentially the nonlinear effect) from the
linear solution. The results obtained by these calculations are linear solutions so that
the disturbance components are scaled by the wave amplgude,

While the Orr-Sommerfeld (OS) operator formulation used by Min et al. (2006) is
usually preferred to study this kind of problem (Drazin and Reid (1981) and Schmid
and Hennningson (2000)), here we use the alternative formulation based on the prim-
itive variables. Although these two formulations are mathematically equivalent, the
present formulation has an advantage that it can be easily extended to include control
inputs other than blowing and suction, e.g., body forces due to local heating and cool-
ing (Yoon et al. (2006) and Mamori et al. (2009)), MHD (Du and Karniadakis (2000)),
or plasma actuators (e.g., Shyy et al. (2002)), which may be more realistic control input
than blowing/suction. All we have to do is to add the terms of these effects, we do not
need to play with algebra beforehand. The result obtained with the same number of
nodes should be more accurate than that with the OS formulation because the OS has
a fourth order derivative whereas the derivative in the presented formulation is at high-
est second order. Increase of computational cost is subtle with the current computer
power.

Figure 2.3 shows the dependency of the computed amount of drag reduction on the
number of Chebyshev nodes. The difference between the values obtained with 128
nodes (used throughout the present study) and 512 nodes was less thafolboth
cases presented in Fig. 2.3.
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Figure 2.3: Node number dependencyMif/a? for k = 0.5, c = —2, and Re= 2000:
circle, varicose mode; cross, sinuous mode.

2.3 Result and discussion

2.3.1 Varicose mode

Figure 2.4 shows the drag incremefD), as a function of the wavespeed of the trav-
eling wavec, computed at Re- 2000 under different wavenumbeks= 0.5, 10, 1.5,

and 20. It confirms that the present method perfectly reproduces the results of Min
et al. (2006). For the upstream traveling wave as shown in Fig. 2.4(a), the drag de-
creases/D < 0) by the faster traveling wave (i.e., the case of lafggr The amount

of drag reduction is larger for smaller wavenumbers. For the downstream traveling
wave as shown in Fig. 2.4()\D is found to be positive. The drag is nearly unchanged

in the range ot > 1, wheread\D becomes extremely large in the range 6f @ < 1.

Figure 2.5 showaD as a function ot for k = 0.5 under different Reynolds num-
bers, Re= 20, 200, 2000, and 10000. At all Reynolds numbers, the drag is decreased
by the faster upstream traveling wave. As increasing the Reynolds number, the effect
of control becomes larger.

Two explanations can be made for the extremely large vald®ajbserved around
c = 0.4. One is the existence of a critical layer Hoepffner and Fukagata (2009), which
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Figure 2.4: Normalized drag incrememtD /a?, as a function of the wavespeed,
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downstream traveling waves;> 0.
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Figure 2.5: Normalized drag incrememD/a?, as a function ofc at different Re
(k= 0.5, varicose mode): (a) upstream traveling wave<0; (b) downstream traveling
waves, > 0.

moves at the same speed of the wavespeed of traveling wave as illustrated in Fig. 2.6.
This layer is a singular point in the inviscid limit and the singular-like behavior still
remains also in the viscous flow; thus, the velocity fluctuatiohandV, are strongly
amplified. Another is the quasi-resonance between the forcing at the wall and the least
stable mode of the governing equations. As has been shown by Lee et al. (2008), the
growth rate of the least stable mode takes the maximum aroen@ 4.

Figure 2.7(a) shows the RSS distributionsées —1.5 and Re= 2000, under dif-
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Figure 2.6: Schematic of a critical layer.

ferent wavenumberg&,= 0.5, 10, 15, and 20. It is clearly observed that the negative

and positive RSSs are produced in the region near the lower and upper walls, respec-
tively. According to Eq. (2.1), the skin-friction drag is tii@veighted integration of the

RSS: the drag reductioAD < 0, observed above is due to the negative RSS induced in
the region near the walls. Moreover, the zoom-up of the near wall region in Fig. 2.7(a)
shows that the peak of the RSS decreases as increasing the wavenumber. In this fig-
ure, we define an influence layer thickness of the traveling wave-like blowing/suction,
dy/s» Which is the height from the lower wall to the point of maximyimuV|. This
influence layer thicknessgy, 5, is also found to decrease as increasing the wavenumber.

Figure 2.7(b) shows the RSS distributions éor —1.5 andk = 0.5 under differ-
ent Reynolds numbers, Re 20, 200, 2000, and 10000. As increasing the Reynolds
number, increase of maximum RSS and decreagg,efre observed.

These results imply that there is a relationship among the influence layer thickness,
the wavenumber, and the Reynolds numbers. From the similarity of the problems, it
may be natural to assume an analogy between the present flow and the Stokes’ sec-
ond problem. The Stokes’ second problem is the steady oscillation of the wall under
stationary fluid. The Stokes’ layer thickness, scales as

ds vV wRe~ const, (2.16)
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Figure 2.7: Profile of the RSS induced by the varicose mode and the upsiteam (
—1.5) traveling wave: (a) for differerk, (Re= 2000); (b) for different Re= 0.5).

where,w is the angular frequency of the wall oscillation. We apply Eq. (2.16) to the
case of traveling wave-like blowing/suction, i.e., by substituting: |c|k,

d/s V/ |clkRe~ const, (2.17)

where the left hand side of this equation (2.17) is referred hereafter as the scaled influ-
ence layer thickness.

This scaling is similar to that used for the analysis of skin-friction drag reduction
induced by spanwise wall oscillations (e.g., Karniadakis and Choi (2003)), although
the detailed mechanism is somewhat different: in the spanwise oscillation the existing
RSS is suppressed in the Stokes layer through the disruption of near-wall turbulence-
production cycle (Choi et al., 2002; Ricco and Quadrio, 2008); while in the present
case the RSS is actively produced in this layer.

Figure 2.8(a) shows the scaled influence layer thickness as functia®odif-
ferent wavenumberg, The scaled influence layer thickness is found to be unchanged
in the range ot < —0.4 andc > 1.0, whereas it deviates from the constant value in
the range where the critical layer effect is significant. The sub-figure shows scaled
influence layer thickness in wider range of the vertical axis.

Figure 2.8(b) shows the scaled influence layer thickness at different Reynolds num-
bers. For the cases of Re200, 2000, and 10000, the scaled influence layer thickness
is kept constant except foe| < 1. The value for Re= 20 are slightly lower than that
for the other cases.
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Figure 2.8: The scaled influence layer thicknégs, 1/|c|kRe, as a function af (vari-
cose mode): (a) for differekt(Re= 2000); (b) for different Rek = 0.5).
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Figure 2.9: Schematic of the scaled influence layer thickness: thick gray line, effect of
bounded domain only; thin black line, actual behavior.

A schematic of the behavior of scaled influence layer thickness is shown in Fig. 2.9.
The main reason for more peculiar behavior aroured0, where Stokes’ analogy is
not valid, may be threefold: (1) whete| approaches zera),s does not infinitely
increase due to the bounded domain; (2) in the range<ot&< 1 the effect of critical
layer (or quasi-resonance) appears; (3) araurd—0.34 the meaning of the defined
influence layer thickness becomes ambiguous, where the RSS profile has double peaks
(positive and negative) as exemplified in Fig. 2.10.
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In the followings, a phase analysis is made to discuss the mechanism of the drag
reduction in the range afwhere the above analogy holds. The RSS can be expressed
as the product of the absolute value of the Fourier coefficients and the phase difference,
i.e.,

v —%m\ 9lsin(@), (2.18)
whereg is the phase difference betwedrandv/,
@ = argi—argy+ 7—2T (2.19)

According to Eq. (2.18), non-zero RSS is created wheandV' depart from the
quadrature¢@ = 0 or ¢ = +).
The sign ofAD is determined byp. Namely the drag decreases when
O<p<mnm (-1l<y<O0),

—-n<p<0 (0<y<1l), (2.20)
and the drag increases when
—-n<@p<0 (-1<y<0), (2.21)

O<p<m (O<y<l).
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Figure 2.11: Profiles of phases of the Fourier coefficients for viscous and inviscid
disturbances in drag reducing case by the upstream traveling Wave.b,c= —1.5,
Re= 2000, and varicose mode).

Again, this near-wall phase shift produces the RSS according to Egs. (2.18)-(2.21).

Figure 2.11 shows the phase relationship betweandV'in the lower half of the
channel at the case of the maximum drag reduction. Hereafter, the ordinary phase
relationship is defined as “viscous” phase relationship. The phase difference,
found to be in the regions near the walls, and contributes the drag reduction according
to Eq. (2.20). This non-quadrature is generated by the positive phase shjft.ef,
argv= 0 but argi™# —71/2 in the region near the wall, as was pointed out by Min et al.
(2006).

Figure 2.11 also shows the phases computed from the inviscid linear equations
(Schmid and Hennningson, 2000), i.e., Egs. (2.8)-(2.9) without the viscosity term, de-
fined as “inviscid” phases. The inviscid phase relationship is found to be in quadra-
ture. The viscous and inviscid phase relationships are similar except for the near-wall
regions (hereafter which is defined as the “base phase relationship.” ) In the region
near the wall, arg (viscous) is found to lead atgfinviscid), defined as the “near-wall
phase shift”. This viscous and inviscid comparison clearly shows that the near-wall
phase shift is caused by the viscosity effect in the region near the wall. This region is
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Figure 2.12: Disturbance fields: (#)/a, (b) U'/a, (c) —u'V'/a®. The same condition
as Fig. 2.11.

the influence layer which is affected by the blowing/suction.

Figure 2.12 shows the disturbance fields of wall-normal veloditgtreamwise ve-

locity, U, and their product-u'V/, respectively, ak = 0.5, c = —1.5, and Re= 2000.

As shown in Fig. 2.12(a), the wall-normal velocity, induced by the traveling wave-

like blowing/suction is antisymmetric due to the varicose control input. Figure 2.12(b)
shows symmetrie/ generated as a response of the system. Due to the subtle phase
shift of U’ near the wally' andv’ become non-quadrature and non-zero valuesuy

are created in the region near the wall as shown in Fig. 2.12(c).-Tidig is antisym-
metric: negative and positive values appear more frequently near the lower and upper
walls, respectively.

For comparison, the inviscid disturbance fields (computed by the inversed Fourier
transformation of the solution of the inviscid linear equations) are depicted in Fig. 2.13.
Again, the inviscid disturbance fields are found to be identical to the viscous distur-
bance fields except the region near the wall. Figure 2.14 shows the zoom-up view of
in the region near the wall. The near-wall phase shift of visadus clearly observed
in the region near the wall. These results indicate that the base phase relationship is
determined by the inviscid solution, whereas the near-wall phase shift, positive or neg-
ative, of streamwise velocity disturbance is induced by the viscosity in the region near
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Figure 2.14: Zoom-up view ofl/ in the region near the wall: (a) viscous case
(Fig. 2.12(b)), (b) inviscid case (Fig. 2.13(b)).

the wall and generates the non-quadrature betweandV'.

The effect of the downstream traveling wave is also investigated. Figure 2.15 shows
the RSS profile under= 1.5 and Re= 2000 for differenk. The RSS profile is found
to be positive and negative in the region near the lower and upper walls, respectively,
which produces the drag increa&®) > 0, according to Eq. (2.1).

Figure 2.16 shows the viscous and inviscid phase relationships of the drag increase
case k= 0.5, c= 1.5, and Re= 2000). It is clear that the drag increase can be ex-
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Figure 2.15: Profile of the RSS induced by downstrear (L.5) traveling wave for
differentk (Re= 2000 and varicose mode).
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Figure 2.16: Profiles of phases of the Fourier coefficients for viscous and inviscid
disturbances in drag increasing case by the downstream traveling kave.%, c =
1.5, Re= 2000, and varicose mode).

plained by exactly the same argument (but with the opposite sign) as that made for
drag reduction.

2.3.2 Sinuous Mode

Figure 2.17 shows the drag incremefD, as a function ot, for the sinuous mode
traveling wave. We obtain drag reductiotlY < 0) by the upstream traveling wave
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wavespeedc (sinuous mode): (a) for differert (Re=2000); (b) for different Re

(k=15).

for k= 1.0, 15, and 20. HoweverAD is found to be positive in the case kbt 0.5.
Similarly to the varicose mod@&D is found to be positive by the downstream traveling
wave. A large drag increase is observed in the range<otG< 0.5 due to the critical
layer and the flow instability. For the faster traveling wawe; 0.5, AD is found to
approach zero.

Figure 2.18 shows that the scaled influence layer thickriss,/|ckRe, is kept
constant in the range &€| > 1 regardless of. The case of the Re 20 gives slightly
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entk (c= —0.5 and Re= 2000).

lower values than the other cases of R€00. This trend is common to the varicose
mode.

Figure 2.19 shows the RSS profile under differkesit c = —0.5 and Re= 2000.

The RSS fork = 0.5 andk = 1.0 is found to be negative and positive in the region
near the upper and lower walls, respectively, which corresponds to the drag increase.
As increasing the wavenumber, the peak of the RSS is found to decrease and becomes
negative which leads to the drag reduction.

The phase relationships in the lower half of channellkfer 0.5 andk = 2.0 are
shown in Fig. 2.20(a) and (b), respectively. In both cases, non-quadrature appears in
the region near the wall due to the positive phase shift ofuafgscous). Whereas
the non-quadrature ik= 2.0 results in drag reduction similar to that in the varicose
mode, that folkk = 0.5 leads to the drag increase. This is due to the difference of the
base phase relationship, i.e.="—m/2 for k = 2.0 (similarly to the varicose mode),
argu = /2 for k= 0.5 (opposite to the varicose mode). This difference can better be
understood by the streamlines, as shown in Fig. 2.21. Whereas the blowing from both
walls (i.e., varicose mode) accelerate the bulk flow similarly to a contraction, blowing
and suction from each wall (i.e., the sinuous mode) laterally displaces the fluid to result
in deceleration (acceleration) of the bulk flow on the blowing (suction) side.

The distributions of velocity disturbances and their productsfer0.5 are shown
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Figure 2.20: Profile of the phase of the Fourier coefficients for viscous and inviscid
disturbance induced by the sinuous mode traveling wave {1.5 and Re= 2000):
(@) k=0.5; (b)k=2.0.
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Figure 2.21: Streamline by the wave of (a) varicose mode, (b) sinuous rked8.5,
c= —15, and Re= 2000).

in Fig. 2.22. Large’ appears in the center region of the channel as shown in Fig. 2.22(a)
because the wall-normal velocity blown from the lower (upper) directly penetrates into
the upper (suction) region due to the small wavenumbket, 0.5 (i.e., long wave-
length). The vertical fluid motion induce&sas shown in Fig. 2.22(b). Unlike the cases

of varicose mode (Figs. 2.12 and 2.13) and the cases of sinuous mode at higher wave
numbers (Fig. 2.23), the base phase/odelays and leads/2 from that ofV in the

upper and lower half region, respectively. Although, the near-wall phase shifiirof

the region near the wall is induced in exactly the same manner as that for the varicose
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Figure 2.22: Disturbance fields lat= 0.5 (sinuous mode; = —1.5, and Re= 2000):
(@)V/a; (b) U /a; (c) —u'V /a2

mode, the difference in the base phase relationship results in the dominance of positive
—Uu'V (Fig. 2.22(c)) and the drag increase.

2.3.3 Parametric study

The scaled influence layer thickness and the phase relationship are computed for wider
range of parameters. We compute about 500,000 cases for the varicose and the sinuous
modes, in the range of @1 < k < 5 and—5 < ¢ < 5. The intervals ok andc are set

to be Q01.

Figures 2.24(a) and (b) show the maps of the scaled influence layer thickness by the
varicose and sinuous mode traveling waves, respectively. The scaled influence layer
thickness is found to be constant, except for the regioneead, which confirms that
the analogy between present control and Stokes’ second problem holds in wider ranges
of parameters.

In the previous subsections, the phase analysis explains the mechanism: the non-
guadrature between velocity disturbances creates the RSS which geddvatébe
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Sl & S S

Figure 2.23: Disturbance fields lat= 2.0 (sinuous mode; = —1.5, and Re= 2000):
(@)V/a; (b) U /a; (c) —u'V /a2

non-quadrature appears as the phase differemde,order to make a unified explana-
tion for all cases studied, we propose the following decompositign of

p=>+a. (2.22)

Here, @ is the base phase difference defined as the departure from quadrature deter-
mined by the inviscid disturbance, i.e.,

® = argu (inviscid) — argv (inviscid) + 7—2T, (2.23)

anda is the near-wall phase shift, which is defined as the difference between thne arg ~
(viscous) and the arg(inviscid), i.e.,

o = argu (viscoug — argu (inviscid). (2.24)

This decomposition enables us to easily overview the effect of the base and the near-
wall phase relationship on the drag for different parameter setsoélk. For conve-
nience, the base phase differende,and the near-wall phase shitt, are computed
where| — U'V/| takes maximum value in the lower half of the channel.
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Figure 2.24: Map of the scaled influence layer thickness=R&900): (a) varicose
mode; (b) sinuous mode.

Figure 2.25 shows the distributions @ a, andAD by the varicose and sinuous
modes traveling wave at Re 2000. The left column on this figure shows the results
by the varicose mode. The phase adl are normalized byt anda?, respectively.
Figure 2.25 shows tha® is zero in the most region in accordance with Fig. 2.11.

Figure 2.25(middle, left) shows the distribution of the near-wall phase shjft;
the upstream traveling wave & 0) creates the positive phase shift of streamwise
velocity as visualized in Fig. 2.12 and the downstream traveling waweQ) induces
negative phase shift. The sign @f i does not depend dn The phase difference,
which consists ofp anda, results in

O<p<m(c<O0), (2.25)
—n<@e<0(c>0), (2.26)

in the lower half region of the channel. According to Egs. (2.20)-(2.21), the drag
reduction and increase are obtained by the upstream and the downstream traveling
waves, respectively, as confirmed by Fig. 2.25(bottom, left).

The phase relationship asD in the case of sinuous mode traveling wave are
shown in Fig. 2.25 (right column). Although the phase relationshipsnd a, are
basically similar to those of the varicose mode, a regio® 6ft = 1 is found for small
k andc < 0. This is due to the penetration of wall-normal velocity as observed in
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Fig. 2.22. Accordingly, the phase differenge becomes

O0< @< m(c<0O,smallk), (2.27)
—1< @ < 0 (otherwisg, (2.28)

in the lower half region of the channel. Thepdead the drag reduction and increase
as shown in Fig. 2.25 (bottom, right), respectively.

2.4 Summary

The skin-friction drag reduction mechanism by the traveling wave-like blowing/suction
control of Min et al. (2006) is investigated in the two-dimensional laminar Poiseuille
flow. The velocity disturbances are computed by the linear analysis with the Cheby-
shev collocation points method. The drag increment by the control input is predicted by
using the identity equation between the skin-friction drag increment and the Reynolds
shear stress (Bewley and Aamo, 2004; Fukagata et al., 2002).

Itis confirmed that the analogy between the present control and the Stokes’ second
problem holds. The scaled influence layer thickness is found to be constant, for differ-
ent parameterg, ¢, and Re, and the wavemodes (the varicose and the sinuous modes).
This scaling is similar to that used for the analysis of drag reduction by spanwise wall
oscillation.

The phase analysis shows the mechanism of the drag reduction and increase. The
Reynolds shear stress, which contributes to the drag increment from the laminar level,
is induced by the non-quadrature between velocity disturbances. This non-quadrature
is decomposed to the base phase relationship and near-wall phase shift. The base phase
relationship agrees with that by the solution of the inviscid disturbance equations. For
the case of the varicose mode, the base phase relationship is found to be independent of
wavenumber, i.eV leadsrt/2 from U’ in the lower half region of the channel. For the
sinuous mode, the phase reversallas observed at the small wavenumbers (i.e., long
wavelength). In the region near the walls, the viscosity induces the near-wall phase
shift. The upstream and downstream traveling waves induce the negative and positive
phase shift of streamwise velocity, respectively, for the both wavemodes.
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Chapter 3

Low Reynolds number turbulent flow

The control effect in a fully developed channel flow under the traveling wave-like blow-
ing/suction control is studied by means of a direct numerical simulation a4Re0.

The control performance, i.e., drag reduction and net saving rates, is investigated. The
mechanism of the drag reduction is revealed by using three component decomposition
and a phase analysis. Traveling wave-like wall-normal forcing is also considered to
compare to the blowing/suction control.

3.1 Direct numerical simulation

A DNS is the simulation without using any turbulence model; namely, the mesh size
should be set as small as the Kolmogorov scale. The governing equations are the
continuity and Navier-Stokes equations, which read for an incompressible flow, re-

spectively,
Jun
— =0 3.1
0Xn 9 ( )
aUn (?Un (9p 1 azun
- _ F 3.2
ot Yo, ox | Reyaxax ™ (3.2)

whereF, denotes a body force (considered in Chap. 3.3). The reference length and
velocity are the channel half-widtd;", and the twice bulk-mean velocity2, respec-
tively. The bulk Reynolds number is defined ag,Re2u;6*/v*, where the kinematic
viscosity isv*. The asterisk denotes the dimensional variable.

45
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Table 3.1: Specification of the DNS code for the channel flow.

Time integration Low storage 3rd order RK scheme
Advection term Energy conservative second order finite difference method
Diffusion term Second order Crank-Nicolson method
Poisson solver for pressure homogeneous directions: fast Fourier transform
wall-normal direction: tridiagonal matrix solver
Coupling method for velocity and pressure SMAC method
AX i1p2 » u
Ax; Axiy f
. - . > 1%
1 : [ P
j+3/2 f f
1 1 ‘
i i >
jrl--- - - - | <
| | ual
1 1 \E
* * 4 T
j+12 =
> [\
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T4
y | |
— i—12 0 w12 i+l i+3/2
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Figure 3.1: Nonuniform staggered grid system (two-dimensional view).

The employed DNS code is based on the energy conservative FDM. The original
code was developed for a pipe flow (Fukagata and Kasagi, 2002) and modified for
the channel flow (Fukagata et al., 2006). The specification of this code is tabulated in

Table 3.1.

Figure 3.1 shows the schematic of the nonuniform staggered grid system (two-
dimensional view, for simplicity). The velocities and the pressure are defined at the

cell surface and the cell center, respectively. The first and second derivatives are dis-
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cretized, e.g., as

6v} Vij+1/2k — Vi,j—1/2.k

| = A LIYEL (3.3)

{53/ i.j.k Ay;

[ 5% ] _ 1 <Vi,j+3/2,k “Vij+12k - Vij+1/2k— Vi,j1/2,k>

oyody Li+1/2K Ayj 12 Ayj i1 Ay;j 7
(3.4)

where the subscripts j, andk denote the stencils ix y, andz directions, respectively.
Equations (3.1) and (3.2) discretized by using the second-order energy-conservative
FDM (Bewley, 1999; Ham et al., 2002; Kajishima, 1999a) then read

OUn

& = O (3.5)
S Sluwt op 1 S @
ot X 0%, Reoxdx '

Here, the overbar anfl} denote the arithmetic and volume-flux averages (Fukagata
and Kasagi, 2002), respectively. These are defined, e.g., as

Uit1/2j+1k T Uit1/2j k

oy _
Ui1/2j11/2k = > ; (3.7)
and
Uit1/2jk T Ui-1/2jk
W = EE 3.8
uy A2k FAY U2k (3.8)
i+1/2,j+1/2k Ayj 1+ Ayj ’

where the superscriptg,(y, andz) denote the direction of interpolation.

The discretized advection term has been verified (Bewley, 1999; Ham et al., 2002;
Kajishima, 1999a) to be momentum- and energy-conservative (strictly speaking, squared-
value-conservative) given that the discretized continuity equation is satisfied. Thus, the
discretized equations (3.5) and (3.6) conserve not only the mass and momentum but
also the total kinetic energy in the inviscid limit.

Figure 3.2 shows the flow configuration. The computational domaigxd_y x L.

The mean flow is driven by the mean pressure gradient to keep a constant flow rate.
All simulations are run at Re= 5600, which corresponds to Rer 180, and they
started from the velocity field of the uncontrolled fully developed channel flow. As a
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Constant flow rate

Figure 3.2: Flow configuration and coordinate system of the channel flow.

Table 3.2: Grid dependency of the uncontrolled channel flow gER8600

LuxLyxLz  NexNyx N, Axt, Ayt Az* D
Casel 2Zrx2x35 128x96x128 869,0096, 242 7554+0.21
Case 1W 4rx2x35 256x96x 128 869, 0096,242 743+0.56
Case?2 2Zrx2x35 256x96x128 424,0096,242 7444+0.76
Case3 2Zrx2x35 128x96x256 869,0096,121 750+0.30
Cased4 2Zrx2x35 256x96x256 424,0096,121 7.35+0.30
Caseb 2Zrx2x35 128x192x128 869,0024,242 751+0.10

verification of this computational code, the skin-friction drag for the different number

of grid points and the computational domain is tabulated in Table 3.2, where major
dependency on the grid or the domain size is not found. As a validation of this code,
the statistics of Case 1W are presented in Fig 3.3, which shows an excellent agreement
with the spectral DNS data of Moser et al. (1999).

Figure 3.4 visualizes the instantaneous fiel& iy plane in the region near the
wall. The streamwise vortical structure can be identified by the low pressure fluctuation
and the negativ® value: the core of vortex exists at ~ 320 andy™ ~ 20. Due to the
counter rotating motion of this vortex, the low speed fluil< 0) is ejected upward
and the high speed fluid/(> 0) is swept downward to the wall region, therefore the
RSS is generated around of this vortex. TQealue is the second invariant of the
strain rate tensor:

Q= (WjWj —S;Sj) (3.9)

NI =
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Figure 3.3: Comparison between the present DNS and the result of Moser et al. (1999):
(a) mean velocity; (b) rms value of velocity fluctuations; (c) RSS and velocity gradient;
(b) rms of vorticity fluctuations; (e) mean pressure; (f) rms of pressure fluctuation.

whereS; andW; are

1 /0u  du;
3= §<0_Xj+0_xi)’

1 /0u dy;
i = z(a_‘a—)

(3.10)

(3.11)
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Figure 3.4: Instantaneous view of the cross sectzony plane) in the region near the
wall. The color are pressure fluctuation (left, toR)value (middle),u’ (bottom),Q2
event of the RS < 0 andV' > 0) (right, top);Q4 event (/ > 0 andv’ < 0) (middle);
the RSS (bottom). The line indicates pressure fluctuation: black,0; white,p’ < 0.
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3.2 Transport equation of Reynolds Stress and turbu-
lent kinetic energy

The second moment of the velocity fluctuations is called the Reynolds stiegs,
(referred to as RS, hereafter) which is an indicator of turbulent flow behavior (Mansour
et al., 1988). The derivation process of the transport equation of the RS budget in the
continuous space can be summarized as follows: 1) apply the Reynolds decomposition
to the velocity and pressure, i.e, =Up+ U, andp = P+ p’ (where the capital letter
denotes the mean value) and substitute them into Eq. (3.2); 2) subtract the transport
equation for mean velocities; 3) multiply/2 and 4) take the ensemble average.
The transport equation of the RS is expressed as
!
a<ugl:m>a 4 Com = Pt Tam-+ Wi+ Grm - D+ Enme (3.12)
where the angle bracket with subscrgpdenotes the ensemble average. The first and
second terms in the left-hand-side (LHS) are the unsteady term and the mean con-
vection term(C,n), respectively. The right-hand-side (RHS) terms are the production
(Pam), turbulent diffusion(T,m), pressure diffusiof¥,m), pressure strai®nm), vis-
cous diffusion(Dpm), and viscous dissipatiofgnm), i.€.,

(UpUm)a
_ 1
ou ou
Pm = —<u§nu’k>aa—x:—(u;,u|’()aﬁ—x';, (3.14)
. /
Tom = _—0<“$*)$“”>a, (3.15)
- d(ump)a  9(upp)a
Yom = — ox  oxn (3.16)
ou. ou,
Pym = <p’ “> +<p’—m>, (3.17)
nm 0%m/ 4 0% / 4
1 ‘32<U;1U;n>a
Doim = R—em, (3.18)
2 /adu,ou,

where Einstein’s summation convention holds for the dummy ikdex
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The TKE is a sum of Reynolds normal stresses, i.e.,

1
K =3 ((Uup)a+ (Uath)a+ (Usls)a) . (3.20)

and the TKE budget reads

K
¢ G = Rt Tie + W+ P+ Dic + & (3.21)

Each term in RHS is a half of the summation of the three normal components of the
corresponding term in the RS budget, eRy.~ 353 _; Pan.

3.2.1 Discretization of Reynolds stress and turbulent kinetic en-
ergy budget

We define the Reynolds normal stress compon@niuf), n= 1...3) on each cell sur-
face where the velocity componeamtis defined. Hereafter, we omit the angle bracket
of the ensemble average for notational simplicity.

The discretized terms composing the RS budget can be derived in the same manner
as we derived the RS budget in the continuous space. Bjss multiplied to the
discretizedx,-momentum equation. Tha,-multiplied terms are then divided and/or
merged to have the similar mathematical forms as those in the continuous space. At
this step, the relevant interpolation schemes are used so that unwanted terms properly
vanishes under the discretized continuity.

We show the detailed derivation process of the present consistent scheme. For
brevity, we take the production and turbulent diffusion terms in RS budget for exam-
ple. We also assume two-dimensional flowxin y plane for notational simplicity. Ex-
tension to three dimensional case is straightforward and the other terms can be derived
in the similar manner. The Reynolds decomposition=U + U, v= V) is applied to
the convective term of Eq. (3.6). By multiplying the twice fluctuation of streamwise

velocity, A¥ 2 reads
Xy XY xipY
[_Zulé{\c/si} _ {—Zu’é{\/%] + [—2u'5{‘/%] . (3.22)
Yo livaya Yo livazj Yo s

where the index for stencik] is omitted.
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First, the production term is considered. The first term of RHS of Eq. (3.22) be-

comes

{_2 /

! S{Vyu’
oy

} i+1/2,

- 2u|+1/21A <[{V,}XU ]|+1/2,j+1/2_ [{\/}XUy]iJrl/Z,jfl/Z)’

2u|+1/2 i

Ty T —y i
= —ij <{V'}Xi+1/2,juiy+1/2,j+1/2—{V’}XiH/Z’jUiy+1/27j_l/2)

2u/
+1/2, —
IA—yJ/J ( <{\/}|+1/2 j+1/2— {\/}?(+1/2,j—1/2> Uiy+1/2,j+1/2

1 X
+§<{\/}i+1/27j+1/2 V}ia2- 1/2) ?/+1/2J 1/2)
oy S{V}¥

Ty
—~ {—2u’Wy5i} [ 20T } ,
Oy Jit1/2,] oY lit1/2

o{v}*

Y
= [—Zu’{v’}xyai} + [—ZU/U }
OY Jit1/2,] oY lit1/2

O(Ay?), (3.23)

where the identity equations, e.g.,

{‘/}ix+1/2, j+1/2

{\/}?(H/z, j—1/2

.y 1
Va2 +5 <{V,}ix+1/2,j+1/2 - {V,}ix+1/2,j71/2> , (3.24)

—y 1
WYz t35 <{‘/}ix+1/2,j—1/2 - {\/};(+1/27j+1/2) -(3.29)

have been used. The first term of Eqg. (3.23) is the production term. The second term

vanishes due to the continuity in two cells sandwichinrgl/2, j because a similar

term (i.e.,[-20US{u'}Y/dX]i;1/2 ;) is derived from thex-derivative component of the

advection term.

Second, the turbulent diffusion term is considered. The second term of RHS of
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Eq. (3.22) becomes

/5{\/}XUy xyY xu”
[—ZU— ZUH_]_/ZJA ([{ } :|I+l/2,j+]_/2_ |:{V,} u i|i+1/27j_1/2> ’

B 2 [, S Ui1/211 T Uiz,
Y Uir12 iV 2412 >

u 4 :
i+1/2,] i+1/2,j—1
U105 V12 172 ( 5 )) ;

1
B _A_Yj ({\/}iXJrl/Z,J'Jrl/Z ui,+1/2,j+1ui/+1/2,j

~~

oy ] i+1/2,]

T 1n
i+1/2,j+1/2

X / /
~VHir2i 122U 1/2,j-1)

g

Wiy+1/2j71/2
1
_Ay, I+1/2] <{\/}|+1/2 j+1/2 {\/}|+1/21 1/2>

B [_ S{V YUY ] . { 23V ]
oy i+1/2,] oy i+1/2,]
The first term of RHS is the turbulent diffusion term; the second term vanishes due to

the continuity similarly to above.
As the result, the consistent discretization of RS budget can be expressed as

(3.26)

5u’ u’
Con = {Upo«Zntn 3.27
nn { } 5Xk b ( )
_ //—XnXk5Un
Pin 2u{u } o (3.28)
o) — X
T = _5—Xk{u’k}"”u{1u§] « (3.29)
0 —x,
LI',rm == —25—XnU§1 p/, (330)
o
Oy = 2p/5_x: : (3.31)
1 &%
D = — n 3.32
2 / /
&n = ——%% ) (3.33)
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where the tilde and the hat denote the squared value and volume weighted average
defined, e.g., 4%

%?@y 12,k - A_; (fi/+1/2,j+l.,kgi/+l/2,j,k_ fi/+1/2,j71,kgi/+1/2,j7k> , (3.34)
and
v _ AYjabiy1z ikt A Uis1/2,jk (3.35)
i+1/2,j+1/2,k Dy 1+ Dy,

The f’ andgd’ are arbitrary values. It should be noted that the volume weighted average
(3.35) is different from the volume-flux average (3.8): the former uses the weight of
volume regardless of the directions of velocity and interpolation, while the latter does
not. Note that the viscous diffusion and dissipation terms, Egs. (3.32) and (3.33), are
identical to those presented by Kajishima (1999b).

The discretized TKE has conventionally (Ham et al., 2002; Morinishi et al., 1998)
been defined by the arithmetic average at the center of the cell, i.e.,

1—
K= éugu;f", (3.36)

where the summation convention holds for the dummy index

We define the Reynolds shear stress (R$3,m) on the center of the cell. The

discretized time derivative term is expressed as

Xn

dulur, s OU, ~ % O
- Uu n / m 3.37
ot [; ™ ot g N ot g (3.37)

Here, the first and second terms in RHS represents the contributionsiframdu,-
momentum equations, respectively. The discretized RSS budget based on Eq. (3.37)
can be expressed as
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— —

—~—~— Xk Xn
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Xi . = &
Com = ({uk}Xn 0 U +{uk}Xkaiu;nufnx“k ) (3.38)
OXk OXk
I s 5u X
Pm = —U/ ({ k}x . nk ) - n <{ k}x e ) ) (3.39)
1 5 — Xk Xn/\xmxk —X m = Xn
T = 5 (e PTG+ (G 3.40)
0 =Xnn—x, 0 =X m—x,
Yim = —z U P —5—u'n Al (3.41)
el 50\
o —7%n u/rn —7Xm u/n
®ym = (p’ 5% ) +(IO’ 5Xm> ) (3.42)
1 Axn/\xm
Dhm = R_e<5xk5x n / ) (3.43)
y Xn o Xm //\Xm /Xn %
e = 50, 84, Olm . (3.44)
Re % OXy Xk 5Xk

Because the energy-conservative FDM ensures the conservation of the TKE (i.e.,
K) but not of RSS commutation errors remain in convective, the turbulent diffusion,
the viscous diffusion, and the viscous dissipation terms. While the different definitions
of the RSS can be considered due to the staggered grid system, we found that with the

other definitions induce the residual which is larger than that by the presented scheme.
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3.2.2 Existing schemes

The consistent scheme proposed by Suzuki and Kawamura scheme (Suzuki and Kawa-
mura, 1994) reads

X
%, OU
o ITAMITAMT
Tnn = %ka, (346)
5u—,Xn /
W = -2 J”an, (3.47)
ETTA
O = —2pen (3.48)
n
1 &% (uhup)
D = ————" 4
nn Re 5Xk5Xk ’ (3 9)
o 23hen” (350
M = Redx ox '

where the RS is defined on the cell surface. Note that the turbulent diffusion term,
Eq. (3.46), does not hold a consistency even on the uniform mesh. The TKE is com-
puted by using arithmetic average at the center of the cell similarly to Eq. (3.36).

They also proposed the consistent scheme for RSS defined at the cell center reads

Xm

~—Am n5 Xk e _m6U Xk
P = U Sl SRS (3:51)
o Xk——=x Xk
T ATAT A
T, = — n m 3.52
nm 6Xk 9 ( )
— - Xm— —Xn—
W = oup P Sy P (3.53)
nm 3¥m Oxq '
—v—Xm ———Xn
e OUL T U™
_ 7Xm UUn Xn OUm 4
5 1 (u_;f%x’“) .
™ = Re oxdx (5:59)
— —x Xk
2 7Xn s Km
Enm = 2 Oty O (3.56)

" Re OXx  OXg
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The intuitive scheme (Suzuki and Kawamura, 1994) reads

7 Xk i
7 Xn X 5 U m —/Xm—,Xk 5 U n

T ——x X
VAT
Tom = % : (3.58)
—XnApl _XmAp/
Mom = —up A_Xn_u{ﬂ A_Xn’ (3.59)
1 &° (U_ﬁxnu_énxm)
Dim = ————% 3.60
nm Re oxO0xx (3.60)
——Xn——Xm
2 ( Ay, Au,
- _Z = Tfm 3.61
&nm Re(Axk Axe |’ (3.61)
where the differential operator is defined, e.g., as
AP Plhajk— Pk (3.62)
AX i,j,k 2AX| ’ '

and the RS is defined at the cell center. Because they presented the pressure-oriented
terms altogether as the velocity-pressure gradient @) ,we instead used Eq. (3.30)

and (3.31) for computation of the pressure diffusion and the pressure strain terms of
Fig. 3.5. The TKE is simply defined as the summation of Reynolds normal stresses
defined at the center of the cell.

3.2.3 Numerical test

Validity of the proposed scheme is examined in a fully development turbulent channel
flow under a constant mass flow rate simulated by using the DNS code of Fukagata
et al. (2006). The temporal average is taken in the period of 0 tot* ~ 4000
(about 4000 samples), where the subscriptafenotes the wall unit.

Figure 3.5 shows the profiles of different terms in the RS and TKE budgets com-
puted by using the present scheme (top), Suzuki and Kawamura (SK) scheme (Suzuki
and Kawamura, 1994) (middle), and the intuitive scheme (Suzuki and Kawamura,
1994) (bottom). SK scheme is the consistent scheme on the uniform and staggered
grid system. The intuitive scheme is a scheme with “intuitive” discretization. The
symbol represents the budgets computed using the spectral DNS data (Moser et al.,
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1999). Due to this flow geometry, the convective term and the gradient of homoge-
neous directions in Egs. (3.27)-(3.33) vanish. As is clear from the figure, the budgets
computed by the present scheme agrees well with those of the spectral method. The
intuitive scheme results in non-negligible residual due to the inconsistency. The resid-
ual of the present and the SK schemes are found to be negligibly small in the Reynolds
normal stress and the TKE budget (Figs.3.5(a)-(d)). Because the mesh expansion rate
in the wall-normal direction used in the present DNS is small, the difference between
these two results are small. Figure 3.5(e) shows the RSS budget. The budget computed
by the present scheme are in reasonable agreement with that computed by the spectral
method. The residual found to be slightly smaller than that by the SK and the intuitive
schemes.
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Figure 3.5: RS and TKE budgets in fully developed channel flow atR&80: P, pro-
duction; T, turbulent diffusion;W¥, pressure diffusionp, pressure strair), viscous
diffusion; €, viscous dissipation. The solid lines represent: (top) the present scheme;
(middle) Suzuki and Kawamura scheme; and (bottom) the intuitive scheme. The sym-
bols represent the results by the spectral method (Moser et al., 1999). The red thick
lines and> are the residuals computed by these schemes and the spectral method,
respectively.
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Figure 3.5: Continued.
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3.2.4 Energy transport in channel flow

Figure 3.6 illustrates the transport RS. The number in red is the percentage of the
amount of RS normalized by that afu’. The numbers in blue and green are also
percentages of the each term of the budget of the RS equations for normal and shear
components normalized by the production term{éi’),, and(—u'V'),,, respectively.

The budget of RS is computed by using consistent scheme.

The source of energy is the pumping work by the mean pressure gradient, which is
fed into the mean streamwise component. Most of the energy of the mean component
is converted to the streamwise fluctuating componght, through the production
term of /U’ and slightly dissipated. Generally speaking, the magnitude relation of the
amount of the Reynolds normal stress (RNSJ,is, > Wy,s > Vims Since the streamwise
component only has a production term while the other components are re-distributed
from it through the pressure-strain term. Additionally, the wall-normal velocity is
strongly damped due to the walls. On the right hand side, the transport of RSS is also
shown. The RSS is generated through the production term, which inolude#t is
disrupted by the pressure-strain term more than the dissipation term. This mechanism
is explained by Kasagi et al. (1995) who reveals that the RSS is generated around the
QSV. It is disrupted at the high pressure fluctuation region, which is induced by the
ejection and sweep motion due to the rotation of QSV. The amount of RSS is related
to the production term offu/. Moreover, it is also connected to the mean pressure
gradient through the identity equation for the skin-friction coefficient of Eq. (1.3). Note
that the production term and the sum of the pressure-strain and dissipation terms are not
perfectly balanced for the RSS because the discretization is not perfectly consistent.
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Figure 3.6: Transport of Reynolds Stress in turbulent channel flow at-R&7. Note

that there is no redistribution betweenr’ andw'w' components for uncontrolled flow
(broken arrow). Red arrows indicate relationships between the Reynolds stress and
production term or mean pressure work.
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3.3 Traveling wave-like blowing/suction control

Here, we consider the control effect obtained by the traveling wave-like surface blow-
ing/suction in a fully developed channel flow. The form of this control input, the
transpiration from the walls distributed sinusoidally, is defined as

v(X,0,z,t) = asin(k(x—ct)), (3.63)
v(x,2,zt) = -—asin(k(x—ct)) (3.64)

The wavespeed;, indicates the wave direction; namely the wave travels to the up-
stream direction (i.e., opposite direction of the bulk flow) or the downstream directions
(i.e., same direction of the bulk flow) when< 0 andc > 0O, respectively. The param-
etersk anda denote the wavenumber and the amplitude of the wave. The amplitude is
fixed ata= 0.1 and only the varicose mode is investigated.

3.3.1 Control performance

The indices of control performance are defined according to Kasagi et al. (2009a): the
drag reduction rateR, is

Wyo —W,
R=—2>_"P 3.65
W (3.65)
where the pumping powers ald,, is defined as
oP Cs

The subscript of “0” denotes the uncontrolled value. The uncontrolled pumping power
corresponds to the total dissipation under the constant flow rate. Pdgiindicates
skin-friction drag reduction rate. The net saving rate (i.e., energy efficieGcygads

S )

(3.67)
whereW; is the actuation power calculated by

1 (b rlz/1
W, = / / <—V§V+ vaW> dxdz (3.68)
LxLz Jo 0 2
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Table 3.3: Grid and domain dependency of the drag reduction rate and the net saving

rate under control by the traveling wave-like blowing/suction g R&600

Ly x Ly x Ly Ny < Ny x N, a C k R S
2mx2x35 128x96x128 Q1 -5 1 026 012
2nmx2x35 256x96x128 Q1 -5 1 026 014
2nmx2x35 128x96x256 Q1 -5 1 025 010
2mx2x35 256x96x256 Q1 -5 1 026 012
2nmx2x35 128x192x128 Q1 -5 1 025 012
dmx2x35 256x96%x128 Q1 -5 1 026 019
2nmx2x35 128x96x128 Q1 4 1 -049 -084
2nmx2x35 256x96x128 Q1 4 1 -049 -0.80
2mx2x35 128x96x256 Q1 4 1 -0.47 -082
2mx2x35 256x96x256 Q1 4 1 -051 -0.83
2nmx2x35 128x192x128 Q1 4 1 -0.47 -0.80
dmx2x35 256x96%x128 Q1 4 1 -050 -0.70
2nmx2x35 128x96x128 Q1 -5 4 014 -022
2nmx2x35 256x96x128 Q1 -5 4 012 -024
2nmx2x35 128x96x128 Q1 -5 8 007 -051
2mx2x35 256x96x128 Q1 -5 8 003 -0.56
2nmx2x35 128x96x128 Q1 -5 16 Q02 -0.88
2mx2x35 256x96x128 Q1 -5 16 Q05 -0.81

Positive efficiency is obtained whe®i> 0. This definition allowsA, < O if vy < O
or pwvw < 0, which means the control actuator can recover the power while a realized
actuator can not.

Verification is made by changing the domain size and the number of grids, as tabu-
lated in Table 3.3: the number of grid is doubled in each direction and the streamwise
length is also doubled. Far= —5 orc =4 atk = 1, major dependency on them is not
found. As increasing wavenumberat —5, a slight difference is found iR andS,
while it is tiny value compared to that &f= 1.0.

Figure 3.7 shows the time trace of skin-friction dr&y,for different wavespeeds
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Figure 3.7: Time trace of skin-friction &t= 0.5 anda = 0.1 for different wavespeeds.

atk = 0.5 anda= 0.1, whereD is defined as

4 ([ dP
D= e (—&) . (3.69)

According this definition, the laminar value ¥,y = 2. Att* < 30, the skin-friction
drag rapidly increases for all wavespeeds. It is because the large scale control input,
i.e., traveling wave-like blowing/suction, breaks the coherent structure and the energy
are more dissipated. For the upstream traveling wave, the skin-friction achieves the
steady state at" > 600. For the downstream traveling wave, the skin-friction drag
gradually decreases after the initial large peak and it achieves the steady state at
300.

Figure 3.8 shows the drag reduction and net saving rates as a function of the
wavespeed for different wavenumbeks<{ 0.5 andk = 1.0) ata= 0.1. Drag reduction
(i.,e., R> 0) is obtained when the wave travels to the upstream directionixe():
R for k = 0.5 is larger than that fok = 1.0. While the downstream traveling wave
increases the drag, the drag increment is similar for the larger wavespeed. Positive net
saving rate (i.e.5> 0) is also obtained by the upstream traveling wave. The optimal
wavespeed is = —2 in this figure. The positive net saving rate is found at 0 and
k= 0.5 whileR < 0, because dl; < 0.

Figure 3.9 shows the RSS profile for the upstream and downstream traveling wave
at k = 0.5. Decrease of the RSS, which is lower than that of uncontrolled case, is
observed at < 0. Moreover, the negative RSS is found in the region near the wall
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Figure 3.9: RSS profile for the upstream (left) and downstream (right) traveling wave
ata=0.1 andk = 0.5.

atc = —5. On the other hand, for the downstream traveling wave, the RSS increases
significantly, which leads to the drag increase. The double peaks are observed in very
near wall-region angt™ ~ 25

Figure 3.10 visualizes the vortical structureaat 0.1, c = —5, andk = 0.5. The
top figure shows the isosurface @f = —0.03, which is the same value of that of the
uncontrolled flow as shown in Fig. 1.1. The QSV is found to disappear. The bottom
figure displays the isosurface QfF = —0.01, which visualizes QSV more clearly than
Q" = —0.03. This figure implies that the QSV is sucked into the suction part of the
wave and moved from the wall above the blowing part. Hence, the region where the
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Figure 3.10: Visualization of vortical structure at= —5 andk = 0.5 (top, Q" =
—0.03; bottom, Q" = —0.01).

QSV disappears is observed.

Figure 3.11 shows the instantaneous distribution of the RSS-ip planes az =
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L,/2 forc=—2,k= 0.5, anda= 0.1. In order to exclude the periodic component of
the velocity, the velocity fluctuation is defined as

L,
(xyz) = fxyzt) - ¢ [ 1oyzodz (3.70)
z

This figure shows the distribution efu” v with a velocity vector for different time.

As the time advances, decrease of the RSS is observed. In addition, the streamwise
velocity is found to be accelerated above the blowing part of the wave, which indicates
the so-called pumping effect (Hoepffner and Fukagata, 2009).
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3.3.2 Comparison with existing control

In order to confirm the advantage of the present control, the control effect by different
control scheme is shown together: the opposition control (Choi et al., 1994) and the
suboptimal control (Lee et al., 1998). Concepts of these control schemes are sketched
in Fig. 3.12: a QSV is canceled by a transpiration from the wall, which is determined
based on the detected velocity. Thieontrol, a.k.a. the opposition control, proposed

by Choi et al. (1994) is a typical and most simple feedback control for the skin-friction
drag reduction. Namely, the wall-normal velocity on the wall is input to cancel the
downward and upward rushes that are generated by the rotation of the QSV. The wall-
normal velocity is detected at a sensing locatigpy, thus, the mathematical form of
thev-control reads

Viw = —V(y* =Yg)- (3.71)

The optimal sensing location is known toygEz 15 at Rgg ~ 177 (Hammond et al.,
1998).

On the other hand, the concept of the suboptimal control is illustrated in Fig. 3.12.
Lee et al. (1998) determined the control law for the wall transpiration, which minimizes
the wall-normal velocity gradient of the spanwise velocity that is enhanced by the QSV.
Thus, a cost function], is set as

y+At y+Ot
ZSAt// jdtds- 2sm// (

where S denotes the surface of a channel axids a short time duration. The first

term of the RHS of abovementioned equation represents a cost of control input and
the second term represents the spanwise wall shear stress. With this cost function , the
wall-normal velocity as a control input is mathematically derived in the form of the
Fourier coefficientyy, as (Lee et al., 1998)

) dtds (3.72)

W_C?a_y (3.73)

whereky andk; are the wavenumbers in the streamwise and spanwise directions, re-
spectively, ank = /kZ + k2. The sole parameteg,, is set toC = 0.01. This control
law indicates that the control input is determined based on the spanwise wall shear
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stress which is the measurable data. Since the major drawback of the opposition con-
trol is the need of sensors in the flow, the suboptimal control input is more practical
than the opposition control in that sense.

Figure 3.13 shows the time history of the normalized skin-friction coefficient un-
der the upstream traveling wave-like blowing/suction yoentrol, and the suboptimal
control at Rgg ~ 177. The parameters of these control are: the traveling veavé). 1,
c= -5, andk = 0.5; thev—control,yglr ~ 15; the suboptimal contro = 0.01. The
skin-friction coefficient is found to be modified akOt* < 1000, we call this sequence
as “transitional stage”. In this transitional stage for the upstream traveling wave-like
control, the skin-friction drag rapidly and significantly increases. It is because the trav-
eling wave-like control breaks the coherent structure and the turbulent kinetic energy
is dissipated significantly. The skin-friction drag, however, subsequently decreases to
approach the steady state. While the skin-friction slightly increases at the early tran-
sitional stage for the-control, it gradually decreases after that. For the suboptimal
control, the skin-friction is found to gradually decreases in this transition stage. When
the drag reaches to the steady state, the maximum drag reduction is obtained by the
upstream traveling wave.

Figure 3.13 also shows that the RSS for these control schemes. Only for the trav-
eling wave control, the RSS is found to be negative in the region near the wall, which
induces the significant drag reduction. It is also found to be sustained below the un-
controlled RSS in the far-wall region. For threcontrol and the suboptimal control,
however, despite the decrease of the RSS, it is sustained to be positive. In these con-
trols, the virtual wall appears gt ~ 8, where the exchange of momentum between
the near-wall region and the far-wall region is prevented, as pointed out by Hammond
et al. (1998).
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Figure 3.13: Left, time history of the skin-friction coefficient normalized by the un-
controlled value at Rg ~ 177. Right, RSS profile in wall units. Color indicates differ-
ent control schemes: blue line, traveling wave-like blowing/suction cordrel .1,

¢ = —5, andk = 0.5); black line,v-control (yaL ~ 15); red line, suboptimal control
(C =0.01); thin line, uncontrolled flow.
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3.3.3 Drag reduction mechanism

Due to the traveling wave-like control input, the flow is expected to have the scale that
depends on that of the traveling wave. Linear analysis presented in Chap. 2 shows that
the periodic velocity induces the negative-RSS which sustains the sub-laminar skin-
friction drag. Therefore the periodic component is focused in also this turbulent flow.
Here, three component decomposition (Hussain and Reynolds, 1970) is employed in
order to distinguish the contributions from this periodic component. The definition of
this three component decomposition is

f=F4+f+f" (3.74)

where the bar, the tilde, and the double-prime denote the mean, spatially periodic in
the streamwise direction, and random components, respectively. The Suandff”
is equivalent tof’. The averaging procedures are expressed as

1 eyt 1%
Moy = o5 L) Q&lﬁg%u@+zmwum)dwz (3.75)
1 r2n

) = o) (Ddg (3.76)
fla.y) = (f)—T, (3.77)

where ¢ is the phase of the wave in the streamwise direction, defined<ingd <
2. In the following, the spatially periodic component is referred as a “periodic ”
component for simplicity.

According to the abovementioned decomposition, the RNS can be decomposed as

uu =au+u'y’. (3.78)
The RSS can be also decomposed as
—UuV = —-W—u'V, (3.79)

The first and second terms at the RHS are labeled as “periodic-RSS” and “random-
RSS”, respectively. Here, the correlation between the periodic and random components
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are supposed to be zero, i.@ = 0. By substituting Eqg. (3.79) into Eq. (1.3), the
skin-friction coefficient can be rewritten as (Yakeno et al., 2010)

12 1 = ! v
Ct = @JFEZ/O 2(1—vy) <—uv) di/+12/0 2(1-y) (-u'v )di/ (3.80)

' '

Cf, periodic Cf, random

Namely, the turbulent contribution can be divided into those from the periodic-RSS
and the random-RSS.

Figure 3.14 depicts the profile of the rms value of the random velocity component,
Urns (labeled as “random-rms value”) and the RSS profile-at—5 andk = 0.5, which
decreases the skin-friction by 40% compared to the uncontrolled case. As shown in
Fig. 3.14(a), all the random-rms values are found to decrease compared to “total-rms
value” of the uncontrolled flow (vizyry,o), which indicates decrease of the turbulent
kinetic energy. As seen before, the total-RSS under this control is negative in the
region near the wall and decreases far from the wall. According to three component
decomposition, this total-RSS profile consists of the negative periodic-RSS and the
decreased random-RSS as shown in Fig. 3.14. The periodic-RSS is negative in the
region near the wall and zero far from the wall, which is similar trend to that obtained
by the linear analysis in the previous chapter; so this profile is expected to be explained
by the phase relationship (discussed later). The random-RSS is found to be positive in
whole channel because this component reflects the motion of the QSV, which always
works to make the RSS positive.

Once the skin-friction drag is reduced by the negative periodic-RSS, the mean pres-
sure gradient is also reduced due to the constraint of constant flow rate. Accordingly,
the energy supply from the pressure work decreases and the random-RSS decreases
due to reduced production of random velocity components. We refer this mechanism
as “indirect effect”.

Figure 3.15 illustrates the distribution of the periodic- and the random-velocities.
For the periodic component, the cellular structures akin to those observed in laminar
flow shown in Fig. 2.12 are found. Especially, the zoom-up view of the distribution of
the near-walliv reveals that the non-zetw is found due to the subtle phase shifof
For the random components, the fluctuationless region is found to appear in the region
near the wall.



3.3 Traveling wave-like blowing/suction control 77

—— periodic-RSS

3 j j j —— random-RSS
0.8r ' —total-RSS ]

—N/C

0 50 , 100 150 0420 a0 60 80 ) 100 120 140 160
y

Figure 3.14: Left, the rms value of the random components of the velocities; right, the

profile of the RSS a4 = 0.1,c = —5, andk = 0.5.

The streamlines of the mean and periodic velocities are shown in Fig. 3.16. The
blue line indicates the streamline of the mean velocity. Due to the blowing/suction
from the wall, the mean flow is induced in the region from the blowing to the suction
parts of the wave, whereas it is expanded in the region from the suction to the blowing.
On the other hand, the black line denotes the injected and sucked flow motion by the
blowing/suction from the wall. The reason of the existing a fluctuationless region (i.e.,
no random-velocity component area) confirmed in Fig. 3.15 is that the laminar flow is
injected from the blowing part of the wave.

The quadrant analysis of RSS is known to provide the detailed information of the
contribution to the RSS (Kim et al., 1987). This analysis is applied for the periodic-
RSS, i.e.,

Ql : U>0,V>0, (3.81)
Q2 : u<O0,v>0, (3.82)
Q3 : u<0,v<O, (3.83)
Q4 : u>0v<O. (3.84)

Q2 andQ4 contribute to the increase of RSS, wher€dsandQ3 contribute to the
decrease of that. Generally, in the quadrant analysis for the random-compd@2nts;
andQ4 events indicate so-called ejection and sweep motions, respectively. Figure 3.17
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Figure 3.15: Distributions of the periodic and the random-velocities-at-5, k= 0.5,
anda=0.1. Left column shows the periodic components: Qeconddy; third, —uv;
bottom, the zoom-up view of uv. Right column shows the random components: top,
u’u’; secondy”’V’; third, w'w”’; bottom,—u"v".
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Figure 3.16: Streamlines of mean and periodic velocities at—5 andk = 0.5:
the blue and the black lines indicate the streamline due to the mean and the blow-
ing/suction.

shows that the sum of the period@t andQ3 almost balances to that of the periodic-
Q2 andQ4. However, the negative contribution is slightly larger than the positive one
in the region near the wall.

According to the phase analysis by Chap. 2, the RSS in a laminar flow is generated
by a non-quadrature between the streamwise and wall-normal velocities fluctuations.

In order to apply this analysis for the turbulent flow, the Fourier transform is employed,
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Figure 3.17: Quadrant decomposed periodic-RS5-a0.1,c = —5.0, andk = 0.5.

which is defined as

N .
f=5S foe kX, (3.85)
K=0
where the hat denotes the Fourier coefficient. The phase difference between the Fourier
coefficients of the streamwise and wall-normal velocities is

Q= argﬁk — arg%k + g , (3.86)

where the wavenumber of the Fourier coefficients is chosédh -atk, which corre-
sponds to the input wavenumber of the traveling wave.

Figure 3.18 shows the phase profile of the Fourier coefficignty,, and the dif-
ference of themg. The non-quadraturep # O, appears in the region near the wall,
which contributes to generation of the negative RSS according Eq. (2.19). This non-
quadrature due to the phase shift of the streamwise component has the same trend as
that observed in the analysis of the laminar flow.

The control effect by the downstream traveling wave also is investigated=at
4 andk = 0.5. Figure 3.19(a) shows the profiles of the “total-”, “periodic-", and
“random-" RSSs. The total-RSS remarkably increases due to the increasing random-
and periodic-RSS, which produces large skin-friction drag. The periodic-RSS in-
creases in the region near the wall and it is slightly negative argtind 20 while
it is zero far from the wall. The random-RSS is found to increase, which indicates en-
hancement of the QSV by the control. The phase analysis for the periodic component
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Figure 3.18: Profiles of phases of the Fourier coefficients atk in drag reducing
case by the upstream traveling wave in turbulent flaw: (0.1, k = 0.5 andc = —5).
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Figure 3.19: Left, RSS profile compared with the uncontrolled channel flow; right,
phase profile for the periodic component for the downstream traveling wave @1,
c=4, andk=0.5.

is also displayed in Fig. 3.19. The negative phase difference, which contributes to the
increase of skin-friction drag, is found in the region near the wall becausehas a

phase lag (i.e., negative phase shift). This phenomena corresponds to the observation
in Chap. 2.

Figure 3.20 displays the distribution of the periodic and random-velocities and the
products. For the periodic-component, the cellular structure is also observed. Because
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Figure 3.20: Left column is the distributions of the periodic velocities: ¥ppgecond,
u; third, —uv; bottom, the zoom-up view of-uv. Right column is the distribution
of the random velocity components: tog,u”’; secondV’V’; third, w’w’; bottom,
—u"V'. The parameters ae= 4,k = 0.5, anda=0.1.

the pumping effect works to drive the flow to the upstream direction, the backward
flow is found in the region near the wall. It is also found that the random-component
increases significantly.

Figure 3.21 gives an explanation of the instability of the flow by the upstream
traveling wave. Due to the pumping effect (Hoepffner and Fukagata, 2009), backward
flow is induced in the region near the wall. Therefore, an inflection point appears in
the mean streamwise velocity, which triggers instability of the flow. In other word, the
gradient of the mean velocity, which is included in the production term, increases.

In order to analyze the transport of the energy among three components, the trans-
port equation of the TKE budget is considered here. In the same manner as the three
component decomposition, the transport equation of the periodic-ﬁéE,%Uiﬁi,
reads

0— ﬁ{p_ﬁkpr_gk+@7 (3.87)
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Figure 3.21: Schematic of the velocity profile when the wave travels in the downstream
direction.

and that of the random-TKEK” = Ju’u’, reads
0=P)" + PF,),r — & + Oy, (3.88)

whereP, g, andd denote the production, dissipation, and diffusion terms, respectively.
Three production terms appear in the above equations:

PP —UVZ—} (3.89)
pPr _UHV/IZ_;I’ (3.90)
Pmr _ ﬁau

= _UVEW (3.91)

whereP™P, PP' andP™" indicate the TKE transfer from the mean to periodic compo-
nents, from the periodic to random components, and from the mean to random compo-
nents, respectively. Note that only non-zero term is displayed here when averaged in
the homogeneous directions.

Figure 3.22 shows the profiles of these production terms under the control of trav-
eling wave-like blowing/suction together with that of the uncontrolled flow. For the
upstream traveling wavé&P" andP™" are found to remarkably decrease wH#&P is
largely negative in the region near the wall. The transfer of the TKE from the peri-
odic to random components is suppressed. Moreover, the ne@itivanplies the
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backward transfer of the TKE from the periodic to random components. For the down-
stream traveling wave, all the production terms are found to be positive and increase;
namely the random-TKE is remarkably increased. The schematic of this energy trans-
fer is shown in Fig. 3.23: the direction of energy transfer from the mean to periodic
components is opposed to each other.
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Figure 3.22: Production terms decomposed into three comporeest9.(): left, the
upstream traveling wave at= —5 andk = 0.5; right, the downstream traveling wave
atc=4 andk = 0.5.
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Figure 3.23: Schematic of the energy chart for the upstream traveling wave (left) and
the downstream traveling wave (right).
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Figure 3.24: Actuation and pumping power normalized by the pumping power of the
uncontrolled flow. The black and red lines indicate the actuation and pumping works,
respectively. The parameters &re 0.5 anda=0.1.
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Figure 3.25: Left, RSS profile; right, phase profile for the periodic component for the
upstream traveling wave at=0.1,c = —2, andk = 0.5.

The skin-friction drag reduction due to the decrease of the periodic-RSS can be
explained by the detailed phase analysis. Here, we consider the flow controlled by the
upstream traveling wave at= —2.0 which induces the maximum net saving rate at
k=0.5.

The net saving rate is calculated by the actuation and pumping powers as defined
in EqQ. (3.67). Figure 3.24 shows the actuation and pumping powers normalized by the
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Figure 3.26: Production terms decomposed into three componeats tl,c = —2
andk = 0.5.

pumping power of the uncontrolled flow as a function of wavespedd=a0.5. The
actuation power is positive &< —2 orc > 1 and the drag is decreasedcat —1.
Since|W,| is found to be minimum with drag reduction@at —2.0, the maximum net
saving rate is obtained. The net saving rate becomes poor at faster upstream traveling
wave due to increasinyVy|.

Figure 3.25 shows the RSS profilekat 0.5 andc = —2.0. The total-RSS is found
to decrease and it almost corresponds to the random-RSS, i.e., the periodic-RSS is very
small. The phase profiles of Fourier coefficient and the difference of them are also
shown. Since the phase difference is almost zero which indicates that the velocities
are in quadrature, the periodic-RSS is almost zero in the whole channel. The actuation
power is deduced to be required to induce the periodic-RSS. Therefore, the maximum
net saving rate is obtained@t& —2.0 because the periodic-RSS is very small.

The decrease of this random-RSS can be explained by the indirect and stabilization
effects. Strictly speaking, the periodic-RSS is found to be slightly negative, which
decreases the random-RSS due to the indirect effect. Moreover, the profile of this
phase difference is similar to that of the downstream traveling wave (Lee et al., 2008;
Lieu et al., 2010; Moarref and Jovanovic, 2010).

Figure 3.26 shows the three component decomposed production teea0ab and
c= —2.0. The production ternrP™P, is very small while that at = —5.0 is negative in
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the region near the wall. On the other haRtlf andPP" are found to decrease, which
are lower than that at= —5.0.
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3.3.4 Parametric study
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Figure 3.27: Left, normalized skin-friction coefficief; /Cfo; right, net saving rate,
S(a=0.1 and Rg = 5600).

A parametric study is made for a rangekof 0.5, 2, 4, 8, 12, and 1& = —5, —2,
4, 8, and 12; namely, 30 parameter sets are simulatee-d1.1 and Reg ~ 177.

Figure 3.27 shows the normalized skin-friction coefficie®t/Cs,, and the net
saving rate,S as a function of the wavenumber and wavespeed. Skin-friction drag
decreases for < 0 whereas it increases for> 0. As increasing, the increment of
skin-friction drag from the uncontrolled level is found to decrease. This trend is similar
to the result of the varicose mode of the laminar flow confirmed in Fig. 2.25. For the net
saving rate, it is possible to have a positive value in such a fully turbulent channel flow,
whereas it is impossible in a laminar flow in accordance with a mathematical proof by
Fukagata et al. (2009) and Bewley (2009). ActuaBy; O is obtained by < 0 and
k > 0 while S< 0 for the other parameter sets. The p8@ due to a massive actuation
power required.

Again, Eqg. (3.80) indicates that the drag increment from the laminar level consists
of the periodic and random components. The contributions of them are mapped in
Fig. 3.28. The periodic contribution is negative @« 0 and positive foc > 0, which
is a consistent with laminar flow. The random contribution is found to be positive for
all parameters because it reflects the QSV, which induces positive random-RSS.

Figure 3.29 displays the volume averagetand the random-TKE in the channel
domain, i.e.& f, Gldvandy f, u"u”dv. For the small wavenumbe}, f,, titidvis found
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Figure 3.28: Contribution to skin-friction drag coefficient: left, periodic contribution
(Ct, periodic/Cto); right, random contributionQs, randony/Cto)-

to be large regardless of the wavespeed, which indicates that the periodic component
dominates the flow at low wavenumbers. The random-TKE is found to decrease except
the parameter set which enhances the drag. Because a decreased random-TKE is ob-
served for the larger wavenumber, the traveling wave-like control potentially decreases
the QSV. In other words, it would have an effect of stabilization of flow.

Figure 3.30 shows the scaled influence layer thicknégs,\/|c/kRe,, and the
phase shifta. The definition of an influence layer thickness;s, is the same as that
in Chap. 2, i.e., the peak location of the periodic-RSS. The resultant scaled influence
layer thickness exhibits an almost constant value regardless of the control input except
for c < 0 andk < 2. Roughly speaking, an analogy with the Stokes’ problem is found
to hold in turbulent channel flows, too.

The phase shifty, is determined by using the phase of the wall-normal velocity of
the periodic-component as

a = arguy — (—g), (3.92)

where the peak of the periodic-RSS exists in the lower half of the channel. Since the
phase relationship under an inviscid flow with a traveling wave-like blowing/suction is
not compared with that under a viscous flow, the phase shift is defined as the difference
between argy and—7 in contrast to Eq. (2.24).
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Figure 3.29: Left, volume averagadl; right, random-TKE normalized by uncon-
trolled one.
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Figure 3.30: Left, scaled influence layer thicknéég/S w/|c|kReo>; right, phase shift
(o).

Since arglk = 0 and only varicose mode is considered, the phase differemce,
which decides the profile of the periodic-RSS, is expressed as

Qo = argﬁ“k — arg%k + n , (3.93)
= aq. (3.94)

According to Egs. (2.20)-(2.21), the drag reduction and increase of the periodic com-
ponents are obtained by the upstream and downstream traveling waves, respectively,
as confirmed by Fig. 3.28. This explanation is in accordance of that for the laminar
flow.
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3.4 Wall-normal Lorenz force

The traveling wave-like blowing/suction control sustains the sublaminar drag since it
induces the negative RSS in the region near the wall. The three component decompo-
sition showed that the periodic-RSS is possible to be negative in the region near the
wall whereas the random-RSS is always positive.

In order to discuss this negative RSS, the traveling wave-like wall-normal Lorenz
force is also investigated in this section. This control, shown later, is found to de-
crease the skin-friction drag at= 0 and generate the negative RSS in the region near
the wall. While the boundary condition and the control input are different from the
blowing/suction case, it is worth to discuss the generation of the negative-RSS by the
wall-normal Lorenz force.

As a control input, the traveling wave-like Lorenz force distribution is considered
instead of the blowing/suction. The mathematical form of this traveling wave-like
wall-normal Lorenz force, which ig; in Eqg. (3.2), is

FX — FZ — O,

R = Iexp(—X—i) cos(k(x—ct)), (3.95)

in the lower half of the channel. The opposed sign of this profile is applied in the upper
half region of the channel. HereandA™ are the amplitude and penetration length of
the Lorentz force, respectively. The wall-normal body force is distributed sinusoidally
in the streamwise direction and damping in the wall-normal direction (Berger et al.,
2000). The superscript of denotes the wall units. The wavenumber and wavespeed
are denoted dsandc, respectively.

Figure 3.31 shows the drag reduction rate as a function of the wavespeed for dif-
ferent wavenumbers. The penetration length and amplitude are fixed-at10 and
| =1.0. The drag reduction rate is found to be positive (i.e., the drag reduction) at
c=0and it is almost zero or negative when the wave travels. Namely, only the stand-
ing wave decreases the skin-friction drag in contrast to the case of blowing/suction
(Min et al., 2006).

Figure 3.32(a) shows the drag reduction rate by the standing wave as a function
of wavenumber for two different penetration lengths. The maximum drag reduction
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Figure 3.31: Drag reduction rate as a function of wavespeed for different wavenumber
(I =1.0andA™ = 10).

is obtained ak = 8 for both penetration lengths. Figure 3.32(b) shows the net saving
rate,S, as a function of wavenumber. Here, the actuation wakk, is defined as

Wy = /F.vidv (3.96)
\

The net saving rate, however, is found to be poor or negative for considered parame-
ters because the body force requires larger amount of actuation power than the blow-
ing/suction does. In the following, a parameter setef (l,c=0,k=8, andA™ = 10),

which induces the maximum drag reduction, is chosen as a reference case.

Figure 3.33 visualizes the vortex cores in the lower half of the channel in the ref-
erence case achieving 35% drag reduction. While the QSV is found to disappear, the
spanwise roller-like vortex is observed. Such spanwise roller-like vortex is known to
induce the slip velocity and lead to drag reduction (Bewley, 2001; Fukagata et al.,
2005b; Koumoutsakos, 1998).

In the following, three component decomposition is introduced to analyze the span-
wise roller-like vortex. Figure 3.34 shows the rms values of the random velocity com-
ponentin the reference case compared with the total rms value in the uncontrolled case.
The peak of the streamwise component in the reference case is found to shift toward
the wall, while it is below the uncontrolled one, i.g!, > 18. The other components
in the reference case are also found to decrease.
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Figure 3.32: (a) Drag reduction rate and (b) net saving rate by the standing wave as a
function of wavenumber for different penetration lengths-(1.0).

Figure 3.33: Visualization of vortical structure®{ = —0.05) in the lower half of
the channel: top, uncontrolled flow; bottom, controlled by wall-normal Lorentz force
(reference casd:= 1.0,A" =5,k = 8.0, andc = 0.0).

Figure 3.35(a) shows the profiles of these RSSs in the reference case. The RSS
is found to be negative in the region near the wall due to the negative phase-RSS in
0 <y" < 40. The random-RSS is found to decrease but kept positive. This tendency is
similar to that of the blowing/suction case. Figure 3.35(b) shows the phase relationship
among the phase averaged velocities and the phase difference where the wavenumber
of the Fourier coefficient is chosen at that of the input traveling wave. Non-quadrature
(i.e.,@+0o0rm/2) appears in X y < 0.1, which corresponds to the layer of negative
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Figure 3.34. Rms values of random velocity component on the reference case (thick
line) compared with the total rms value on the uncontrolled case (thin line): Black,
streamwise; red, wall-normal; blue, spanwise components.
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Figure 3.35: (a) Reynolds shear stress; (b) phase of the Fourier coefficients of velocities
and body force.

phase-RSS. This non-quadrature is due to the phase revetsal thie"region near the
wall.

Figure 3.36(a) shows the distribution of wall-normal Lorenz Force together with
the phase-averaged velocity vector in the region near the wall. Spanwise roller-like
vortices appear in the region where the Lorenz force is positive, while the flow is
expanded in the negative body force region. Figure 3.36(b) shows the distribution of
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Figure 3.36: (a) Body force (the standing wave-like wall-normal Lorenz force); (b)
product of the phase velocities,uv, with velocity vector in the region near the wall

of the reference case. The domain for the streamwise direction is extended for twice.
The color of red and blue indicates the positive and negative value, respectively.

the product of the phase velocities(iv. The negative and positive regions are found
around and inside the spanwise roller-like vortices, which contributegifo< 0 as
shown in Fig. 3.35(a).

The quadrant decomposition for the periodic-RSS are shown in Fig. 3.37. Here, the
same manner of the quadrant analysis defined in Eqgs. (3.81)-(3.84) is employed. Large
Q1 andQ3 events, which contribute to decrease the skin-friction drag, are observed
upstream and inside of the spanwise roller-like vortex, respectively. On the other hand,
Q2 andQ4 events, which increase the skin-friction drag, are observed inside and down-
stream of the spanwise roller-like vortex.

Figure 3.38 explains the mechanism how the negative phase-RSS is produced around
the spanwise roller-like vortex. The positive and negathi@& are generated inside
this vortex due to the rotation of vortex, whare<0. Above this spanwise roller-like
vortex, the fluid is accelerated because this vortex induces a slip velocity on the sur-
face of the vortex and the bulk velocity is kept constant at any streamwise positions.
Therefore, the fluid particle, labeled as “Fluid 1” , brings-0 and travels into the
region near the wall due to the downward rusk<(0) of the roller-like vortex, where
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Figure 3.37: Decomposition of periodic-RSS: top, Q1; second, Q2; third, Q3; bottom,
Q4.
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Figure 3.38: Mechanism how the phase RSS is generated around and inside the span-
wise roller-like vortex.

—0V > 0 is generated. After the convection of “Fluid 1” in the downstream direction, it

is pushed up by the upward rush induced by the rotation of the spanwise roller-like vor-
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Figure 3.39: Profile of the quadrant decomposed periodic-RSS.

tex; thus,— 0V < O is generated. Because the mean velocity is imposed, mdre: 0
is generated thar (v > 0.

Figure 3.39 shows the profile of the streamwise aver&de®4 against the wall-
normal coordinate. The contribution from t@d andQ3 overcomes that of th@2 and
Q4 in the region near the wall, whereas these are cancelled each other in the far-wall
region. Consequently, the skin-friction drag reduction is obtained.

3.4.1 Comparison with linear analysis

In the fully developed turbulent channel flow, the negative phase-RSS is generated
by the spanwise roller-like vortex induced by the forcing in the region near the wall.
Here, the phase-averaged velocity is compared with the laminar flow case of the same
input parameters. The controlled laminar velocity field is obtained by using the linear
analysis presented in Sec. 2.

The governing equations are two-dimensional and linearizedt+ U, v =V, and
p = P+ p are substituted into the continuity and a Navier-Stokes equations and the
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higher-order terms of phase component are neglected, i.e.,

Ju ov

axtay = © (3.97)
90 du  9p 1 9«

Tox "oy = “ox ' Reoxan (3.98)
oV 9P, 1 W

Yox T _d_y+@o"xkdxk+|:y' (3.99)

Here, the flow is steady because the control input is steady. Since the flow in this case
is not turbulent, the laminar Poiseuille flow profile is employed for the base flow under
the same Reynolds number, Re 5600. These equations are solved by using the
Fourier transform for the streamwise direction and the Chebyshev collocation method
for the wall-normal direction. As a control input, the same form of the wall-normal
Lorenz force is added as the body force term of Eq. (3.99). The control parameters are
set the same as those of the reference case of the turbulent flow.

Figure 3.40(a) shows the comparison between the phase-R8&%f the laminar
and turbulent flows. In both cases, negative RSS is obtained in the region near the
wall, while the negative peak in the turbulent flow is lager than that in the laminar flow.
Figure 3.40(b) shows the phase profile of the Fourier coefficient, which is identical to
that of the turbulent flow. Figure 3.41 shows that the distribution of the body force and
the product ofu andV (with the velocity vector) are also similar to the results of the
turbulent flow. Therefore, it can be concluded that the spanwise roller-like vortex is
well described by the linearized Navier-stokes equation.
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Figure 3.40: (a) Comparison of phase-RSS in the turbulent and laminar flows. (b)

Phase profiles of the Fourier coefficient of the velocities and the body force in the
laminar flow.

Figure 3.41: (a) Body force and (b) product of phase velocities/, with the velocity

vector in the laminar flow. The control parameter is set to the same as the reference
case.
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3.5 Comparison between blowing/suction and wall-normal
forcing

Table 3.4 summarizes a comparison between the traveling wave-like blowing/suction
control and standing wave-like wall-normal forcing. For both controls, skin-friction
drag reduction is obtained not only by the decrease of RSS below the uncontrolled
level, but also the generation of the negative RSS. The blowing/suction control de-
creases the drag when the wave travels to the upstream direction while the wall-normal
forcing control decreases the drag when the wave stands. The reason of this difference
is originated from the control input and the boundary condition for the velocities. For
the blowing/suction case, the input wall-normal velocity from the wall induces non-
guadrature between the streamwise and wall-normal velocities, which contributes to
the increment of the skin-friction drag of the periodic component. This non-quadrature
is found to be maximum on the wall. On the other hand, for the wall-normal forcing
case, the body force is applied instead of the wall transpiration; namely the no-slip
condition for the velocity is imposed on the wall. The spanwise roller-like structure
appears and induces non-quadrature in the region near the wall, i.e., not on the wall.
Actually, quadrature is held on the wall due to the no-slip condition.

In term of efficiency, the wall-normal forcing does not induce positive gain because
the generation of the fluid motion by the body force requires more energy than the
applying the wall velocity directly.
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3.6 Summary

A series of direct numerical simulations is performed an fully developed turbulent
channel flows. The mean flow is driven by a mean pressure gradient in order to keep
the constant flow rate at Re- 5600 that corresponds to Re: 177.

First, validation and verification of the employed DNS code are presented without
any control. The statistics, i.e., the mean velocity, Reynolds stress component and
budget of the transport equation of the Reynolds stress are in excellent agreement with
the data obtained by the spectral method.

Second, the flows subjected to the traveling wave-like blowing/suction were in-
vestigated. The upstream traveling wave not only decreases skin-friction drag but
also gains positive efficiency, whereas the downstream traveling wave increases skin-
friction drag. Negative RSS appears in the region near the wall, which contributes to
the significant drag reduction due to the traveling wave control, while it is not gener-
ated for the opposition control and the suboptimal control. Actually, the skin-friction
drag is more reduced by the upstream traveling wave than the opposition and the sub-
optimal control.

The three-component decomposition (i.e., mean, periodic, and random component)
is employed to discuss the mechanism of the drag reduction effect. When the wave
travels to the upstream direction, the periodic RSS is found to be negative in the region
near the wall but zero in the far wall region. The random-RSS, however, is positive
in the whole channel, while the profile is below the uncontrolled level. Not only the
random-RSS, but also the random-RNS is found to be decreased by the upstream trav-
eling wave. The decrease of this random component can be explained by the indirect
effect. The phase analysis introduced in Chap. 2 explains the mechanism for the nega-
tive periodic-RSS: the non-quadrature between the streamwise and wall-normal veloc-
ities of the periodic component contributes to generate the negative RSS profile in the
region near the wall. This explanation is confirmed for the wider range of wavespeed
and wavenumber. The periodic-RSS is almost zero when the wavespeed is small and
negative (e.g¢ = —2 for k= 0.5), which induces the maximum net saving rate due to
the actuation work is very small. The decrease of the random components in this case
can be explained by the indirect effect due to the constraint of constant flow rate and
the stabilization effect.
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Finally, the control effect of the traveling wave-like wall-normal forcing is consid-
ered inspired by the blowing/suction control. The flow behavior in the region near the
wall is expected to similar to that induced by the blowing/suction control. The standing
wave (i.e.,c = 0) is found to decrease the skin-friction drag in contrast to the blow-
ing/suction case, while the positive efficiency is not obtained. Due to the wave-like
wall-normal forcing, the spanwise roller-like vortical structure appears, which gener-
ates negative RSS in the region near the wall. The resultant phase relationship between
the velocity component of the periodic component is similar to that of the linear anal-
ysis.
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Chapter 4

Higher Reynolds number turbulent
flow

Control effect at a relatively higher Reynolds number fully developed turbulent channel
flow is studied by means of large eddy simulation (LES). As a preliminary, a mathe-
matical background of the LES with the coherent structure Smagorinsky model pro-
posed by Kobayashi (2005) is introduced. These simulation results are compared with
the DNS database at Re: 177, 395, 595 and 1020. Second, a control effects of
the opposition control are compared with Chang et al. (2002) in order to validate this
model. Third, the control effect by the traveling wave-like blowing/suction control and
Reynolds number dependency of drag reduction rate is shown.

4.1 Large eddy simulation

While DNS can provide accurate data of a flow, flow analysis using DNS is limited
to low Reynolds numbers due to the computational resources: the number of grid
points,N, requiring for DNS, which can resolve the scale of the Kolmogorov length,
is estimated as

N = O(Re”4). (4.1)

This equation indicates that a huge number of grid points is required to resolve in
the high Reynolds number flow i.e., a computational cost increases. Actually, DNS at

105
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such Reynolds number is investigated by only some research groups to best of authors’
knowledge. On the other hand, large eddy simulation (LES) is one of the handy tools
to simulate such a higher Reynolds number flow, because it is possible to decrease a
computational cost i.e., a lot of control parameter sets can be investigated. While the
LES cannot provide the accurate data due to use turbulence models, the tendency of a
drag reduction rate and a net saving rate for the input parameter can be obtained.

The concept of LES is that the vortex scales is divided into the grid scale (hereafter
referred to as GS) and the sub-grid scale (SGS). The GS vortex is computed directly
and the SGS vortex is modeled. In the following, the Smagorinsky model, which is
the most popular SGS model (Smagorinsky, 1963), is explained following Kajishima’s
monograph (Kajishima, 1999b).

In order to separate GS and SGS scales, we define a filtering procedure as

0= [ oW tx-y)ay @2)

whereG(y) is a filter function, which satisfies

LwG(y)dy: 1 (4.3)

The bar denotes the grid filter operator, which indicates GS component. The sub-grid
scale (SGS) component/, is defined as difference between instantanebasd f,
which reads

fl=f_T. (4.4)

The filtered continuity and Navier-Stokes equations are, respectively,

ouf

o = ° (4.5)
oy 9 —  1dp° 0 -
oY - _Ed_ﬁ+0_x}‘<zv ). (4.6)

where the GS strain tens@*j, is

1(ox om
S = 2 <0x]-‘ + 0)(?) @.7)
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The asterisk denotes the dimensional variable. In Eq. (di’fﬁq, is an unknown vari-
able. This equation is rewritten as follows:

du_i* J - 1dp* 0 U — U U *SE
gt ok N T o T U L) VS (4.8)
Tf]

ol—

Then, GS componentsT;‘(, p*) are obtained as the solution of the filtered equations (4.5)
and (4.8) with an eddy viscosity model foy.

Equations (4.5) and (4.8) are nondimensionalized by the channel half-witth,
and the bulk velocity, i.e.,

U

w =0 (4.9)
oG J __ op 0 1 du;
— +—Uuily = ——F— | =—— —Tj; 4.1
at ax; ax 9x; (ReO 0x; T")’ (4.10)

Here, we apply the eddy viscosity model gy as
Tij = —2uSj, (4.11)

where v, is eddy viscosity. From the dimension analysis and the assumption of lo-
cal equilibrium between GS and SGS energies, the eddy viscesityy Eq. (4.11)
becomes

v = (CA)?|S;1, (4.12)

whereCs is the Smagorinsky constant aAds the grid width.
In order to determin€s, the simplest way is to use the constant Smagorinsky model
(CSM). Lilly (1967) estimates from the statistical theory as

Cs = 0.2350%/%, (4.13)

wherea is the Kormogrov constanty = 1.5. The disadvantage of the CSM are fol-
lowing (Kobayashi, 2005): (1) this value is not universal, viz., it depends on the flow
field, (2) the wall-dumping functionfs,

— y+

fs= 1—epr,

(4.14)
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should be used to suppress the near-wall eddy viscosity (Wieiethe dimensionless
constantAt ~ 25), (3) the laminarization cannot be captured.

On the other hand, Germano et al. (1991) proposed a new idea to improve the draw-
backs of the CSM, i.e., the dynamic Smagorinsky model (DSM). In the DSM (Ger-
mano et al., 1991; Lilly, 1992), the Smagorinsky constant is computed by using a test
filter, but assuming not constant value @y ThereforeCs is determined locally and
temporally. The other problems, however, appear: (1) the computational instability ap-
pears because negative valu€Cgfwhich induces inverse energy cascade, can appear.
(2) the cost of the computation increases due to the test filtering procedure.

Kobayashi (2005) proposed a new model, in whighs determined based on the
coherent structure in the region near the wall. According to this coherent structure
Smagorinsky model (CSSM), the Smagorinsky constant for a channel flow can be de-
termined as

3/2
C=C El (4.15)
whereC; is a constaniC; = %), andQ andE are defined as
1
Q = E(V\Iij\ﬂijSij). (4.16)
1
E = S (WW-S;S)). (4.17)
The velocity-strain and vorticity tensor are defined, respectively, as
1 /0duj du
R e BT | 4.1
Si 2<0Xi +(3Xj)’ (4.18)
-1 /0du; du

Equation (4.15) assumes that the turbulent kinetic energy is dissipated around the near-
wall vortex. The Smagorinsky constant is computed depending on the instantaneous
flow field; namely the damping function is not necessary and the relaminarization can
be captured. The computational cost does not increase because we do not apply the
test filtering procedure. Thus, this model is expected to be suitable to simulate the
controlled high Reynolds number flows.
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4.2 Validation and verification

Validation and verification of the uncontrolled flow under the constant flow rate com-
puted by the CSSM-LES are presented. The numerical conditions are tabulated in
Table 4.1.

Figure 4.1 shows the statistics of the flow: the mean velocity, shear balance, and
rms value for velocity fluctuations at different friction Reynolds numbers i.e;,ARe
177, 395, 595, 1020. The size of computational domain and number of grid points
are those of Case 3, 7, and 9 at;Re177, 395, and 595, respectively, in Table 4.1.
The mean velocity and the shear balance computed by the CSSM-LES are in a good
agreement with those of DNS data. Whereas the rms of streamwise velocity fluctuation
is overestimated as compared to the DNS results, that of the wall-normal and spanwise
velocities are underestimated. This trend was reported in the original paper of the
CSSM-LES by Kobayashi (2005). This is because the pressure-strain term, which
redistributes energy among different velocity directions, is not modeled, while the RSS
is modeled by using the eddy viscosity. The same trend is also observed for the DSM-
LES.

The number of grid points in the wall-normal direction is enough Wgh= 96
according to the simulation of the uncontrolled flow. Kobayashi (2005) Nsee 64
to simulate the uncontrolled channel flow and obtained the result which had a good
agreement on the mean velocity ang with the DNS result. However, the simulation
for the controlled flow requires a higher resolution in the region near the wall, since
the transpiration is applied from the wall. In fact, Chang et al. (2002), who studied the
Reynolds number dependency of the effect of opposition control by means of the DSM-
LES, used\y = 149 at Re ~ 590. Additionally, the filtering procedure of Eq. (4.3)
is applied only in the homogeneous directions, not to inhomogeneous direction i.e.,
y. Thus, the number of grid points in the wall-normal direction is set thijpe 192
and 288 at Re= 395 and 595, respectively, for the simulation of the flow under the
opposition and the traveling wave-like blowing/suction controls in this thesis. This
number of grid points is approximately equal to that used in DNS atR£30.

Figure 4.2 displays the profile of the rms values and the RSS for different Reynolds
number as a function of. As increasing the Reynolds number, their peaks are shifted
toward the wall. The RSS is shown in Fig. 4.6 as a functiory'af According to
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Eq. (1.3), the turbulent contribution for the skin-friction drag coefficient is the integra-
tion of the RSS. Therefore, it is confirmed that the RSS in the far-wall region has a
large contribution in a high Reynolds number flow.
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Figure 4.1: Profiles of mean velocity (left), rms values of the velocity fluctuations
(center), and shear balance (right). The Reynolds number is 177 (top) in Case 3, 395
(second) in Case 5, 595 (third) in Case 7, and 1020 (bottom). The profiles are compared
with the DNS data for Rg ~ 177, 395, 595 and 1020, denoted by symbols.
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Figure 4.2: Reynolds number dependency of the rms velocities (left) and the RSS
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Figure 4.3: Reynolds shear stress as a function of as a functiph of
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4.3 Opposition control
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Figure 4.4: Drag reduction rate as a function of detection plane height for different bulk

Reynolds numbers: top left, Rex 177; top right, Rey ~ 395; top left, Rgp ~ 595.

The control effect due to the-control, (Choi et al., 1994) defined in Eq. (3.73)
is investigated by means of CSSM-LES at;Res 180, 395, and 595. The size of
computational domain size and the number of grid points are tabulated in Table 4.1.
Figure 4.4 shows the drag reduction rate as a function of the sensing location. At
Rer ~ 180, the optimal sensing location in Case 1 is found tty;beﬁ 15, which is in
accordance with the DNS result. The value of optiRahowever, is larger than that in
DNS. In Case 2, the optimal sensing location is similar to that of DNS, but it is below
that of the DNS. At Re~ 395 and 595, the present LES predicts higRe¢han that
of the DSM-LES by Chang et al. (2002). The optimal sensing location is shifted away
from the wall as increasing Reynolds number, while Chang et al. (2002) showed that
it becomes closer to the wall.
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Figure 4.5: RSS profile for different Reynolds numbers uneeontrol.
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Figure 4.6: The maximum drag reduction rate as a function of the Reynolds number.

Figure 4.5 shows the RSS profile under theontrol for different Reynolds num-
bers. The so-called virtual wall, whereu'v' =~ 0, appears in the region near the
wall. Figure 4.6 also represents the maximum drag reduction rate as a function of
the Reynolds number. The effectiveness of the drag reduction decreases as increas-
ing the Reynolds numbers because the contribution from the far-wall region becomes
much larger as shown in Fig. 4.5.
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4.4 Traveling wave-like blowing/suction

The control effects by the traveling wave-like blowing/suction at Rel77, 395,

and 595 are studied by means of CSSM-LES. The form of this control is identical
to Eq. (3.64); therefore, the input parameters are the waveamplitude, wavenumber and
wavespeed normalized by the channel half-width and the twice bulk mean velocity.

Figure 4.7 shows the drag reduction rate and the net saving rate as a function of
wavespeed. Reasonable agreements in the resiltantd S are confirmed between
LES and DNS for each Reynolds numberkat 1.0 anda=0.1: R> 0 andS> 0
for the upstream traveling wave while< 0 andS < 0 for the downstream traveling
wave. When the wave travels to the upstream direciis almost unchanged for each
Reynolds number. The net saving rate gradually decreases as increasing wavespeed at
Rerp~ 180, while it is almost unchanged at 8e- 395 and 595. Apparent dependency
for the number of grid points is not found at 8ex 177. The drag reduction rate is
positive in Case 4, while it is negative for Cases 5 and 6 ag Re395, which implies
that the flow is sensitive in the range eR < ¢ < 0. The similar trend is also found
for Repg ~ 595.

Figure 4.8 shows the mean streamwise velocity, the rms value of the velocity fluc-
tuations, and the RSS under the upstream traveling wave for different numbers of grid
points compared with controlled and uncontrolled DNS data. The reasonable agree-
ments are obtained between LES and DNS: the mean streamwise velocity decreases in
the buffer layery™ = 10); the rms values are significantly increased; the RSS is found
to decrease in the far-wall region, while it slightly increases in the region near the wall.

Figure 4.9 represents the Reynolds number dependeitgudS. The drag reduc-
tion rate,R, is found to almost be unchangedcat —5.0, while it gradually decreases
as increasing the Reynolds numbercat —3.0. On the other hands is improved
as increasing the Reynolds number for both wavenumbers because the definition of
actuation work permit8\,;, < 0 as described in Eg. (3.68). In fact, the negathgis
observed for Re~ 395 and 595 as shown in Fig. 4.10.
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Figure 4.7: Drag reduction rate (left) and net saving rate (right) as a function of
wavespeed: top, Re~ 177; middle, Rgy ~ 395; bottom, Regy ~ 595.
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Figure 4.8: Mean streamwise velocity (top, left); rms value of velocity fluctuations

(top, right), Reynolds shear stress (bottom, left); zoom-up view of the near-wall RSS
(bottom, right). The input parameters are —2.0,k=1.0, anda= 0.1 at Re ~ 180.
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Figure 4.9: Drag reduction rate (tofy, and net saving rate (botton8,as a function

of friction Re

ynolds number: lefg = —5.0 andk = 1.0; right,c = —3.0 andk = 1.0.
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Figure 4.10: Normalized actuation wolkh /W0, as a function of friction Reynolds

number: leftc = —5.0 andk = 1.0; right,c = —3.0 andk = 1.0.
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Figure 4.11: Reynolds number dependency of mean streamwise velocity (top, left),
rms value of velocity fluctuations (top, right), Reynolds shear stress (bottom, left), and
zoom-up view of the near-wall RSS (bottom, right): solid line,; Re180; broken

line, Re =~ 395; dashed-dotted line, Re: 595. The input parameters are= —5.0,
k=1.0, anda=0.1.

Figure 4.11 shows the statistics@t —5.0, k = 1.0, anda = 0.1 computed by
using Case 1 for Rg ~ 180, Case 4 for Rg ~ 395, and Case 7 for Rg~ 595. As
increasing the Reynolds number, the near-wall velocity decreases in the buffer layer
and the rms value of velocity fluctuations is found to increase. All RSS are found to
decrease compared with uncontrolled RSS as shown in Fig. 4.6. The negative RSS
appears in the region near the wall at;Re: 180, while it is positive at Rg ~ 395
and 595. Because the contribution from the far-wall region increases as increasing the
Reynolds number, the drag reduction rate is almost unchanged, i.e., the sum of RSS

anddU /dyis approximately B aty™ = 0.
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4.5 Summary

A series of the large eddy simulation with the coherent structure Smagorinsky model
(Kobayashi, 2005) is presented for a fully developed turbulent channel flows at rela-
tively high Reynolds numbers. The Reynolds number is set a Rel77, 395, and

595, and 1020.

Validation of the CSSM-LES code is made for the uncontrolled case. The mean
velocity and shear balance are in reasonable agreement with the DNS data, while the
rms velocity is not. This trend is due to the lack of modeling for the pressure-strain
term.

As for the control effect of the-control, the resultant maximum drag reduction rate
is overestimated as compared to that of the DSM-LES. The maximum drag reduction
rate, however, is found to decrease as increasing the Reynolds number.

As for the control effect of the traveling wave-like blowing/suction, the similar
trend to the DNS result of Chap. 3 is obtained: the drag decreases by the upstream
traveling wave, while it increases by the downstream traveling wave. The drag reduc-
tion rate is found to slightly decrease as increasing the Reynold number.

As increasing the Reynolds number, the contribution in the far-wall region to the
skin-friction drag increases. Because the considered controls, i.esdbetrol and
traveling wave-like blowing/suction, modify only the turbulence in the near-wall re-
gion, the effectiveness of drag reduction drops as increasing the Reynolds number.
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Chapter 5

Conclusions

A series of numerical analyses for a traveling wave-like blowing/suction in a fully
developed channel flow is presented. The effects due to this control are studied in a
laminar flow, a turbulent flow at low and relatively high Reynolds numbers. Here, the
important findings and major contributions of the present study are summarized.

5.1 Achievements

5.1.1 Laminar flow

The present linear analysis perfectly reproduced Min et al. (2006)’s results on the lam-
inar channel flow. The detailed phase analysis and parametric study for wider range of
input parameters revealed the mechanism of skin-friction drag reduction as follows:

1. the base phase relationship between the streamwise and wall-normal velocities
agrees with that of the solution of inviscid flow;

2. the viscosity in the region near the wall induces phase shift of the streamwise
velocity fluctuations and the sign of phase shift depends on the wave direction;

3. non-quadrature appears due to the combination of the base phase relationship
and near-wall phase shift;

4. non-zero (negative) RSS is generated due to this non-quadrature;

123
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5. the drag increment from the laminar value occurs because it is the integration of
they-weighted RSS.

The presented drag reduction mechanism is closer to the actual phenomena than that
pointed out by Min et al. (2006). Additionally, the analogy with Stokes’ problem is
confirmed: the scaled influence layer thickness is kept constant regardless of the wave
mode, wavenumber, wavespeed, and Reynolds number.

5.1.2 Turbulent flow at a low Reynolds number

An investigation is done by mean of direct numerical simulation of a fully developed
turbulent channel flow under a constant flow rate afgRe177. The traveling wave-

like blowing/suction is applied. It is found that the upstream traveling wave reduces
skin-friction drag, whereas the downstream traveling wave increases it.

The upstream traveling wave decreases skin-friction drag and induces positive ef-
ficiency, while the downstream traveling wave does not. The upstream traveling wave
creates the negative RSS in the region near the wall. The three-component decompo-
sition reveals that the periodic-RSS is negative in the region near the wall and zero
at far-wall region, while the random-RSS is positive in the whole channel but de-
creases below the uncontrolled level. The generation of this negative periodic-RSS is
explained by the similar mechanism to that in Chap. 3. This mechanism is confirmed
for wider range of parameter. On the other hand, the decrease of the random-RSS can
be explained by the indirect effect due to the constraint of constant flow rate and the
stabilization effect.

The traveling wave-like wall-normal forcing control is also considered. The stand-
ing wave is found to decrease the skin-friction drag in contrast to the traveling wave-
like blowing/suction. This standing wave generates the spanwise roller-like vortex,
which induces the negative periodic-RSS in the region near the wall. This spanwise
roller-like vortex is observed not only in the turbulent flow, but also in the laminar flow.

5.1.3 Turbulent flow at higher Reynolds number

The control effect in relatively high Reynolds number turbulent flows is investigated
by mean of large eddy simulation with the coherent structure Smagorinsky model
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(Kobayashi, 2005) at Rg~ 177, 395, 595, and 1020. The resultant mean velocity
and shear balance of the uncontrolled flow are found to be reasonable agreement with
those of DNS, while the rms of velocity fluctuations is underestimated.

For thev-control, the maximum drag reduction rate is found to be larger than that
presented by the dynamic Smagorinsky model (Chang et al., 2002). The maximum
drag reduction rate decreases as increasing the Reynolds number, which is in accor-
dance with the result of DSM-LES. For the traveling wave-like blowing/suction, a
similar trend to that of DNS is obtained: skin-friction drag decreases (increases) by
the upstream (downstream) traveling waves. The drag reduction rate by the upstream
traveling wave is found to slightly decrease as increasing the Reynold number.

5.2 Direction for future research

Although the traveling wave-like blowing/suction control is attractive due to the large
amount of drag reduction, positive efficiency, and simple control scheme, realization
of this control is considered difficult. Actually, the existing devices induce blow-
ing/suction in the traveling-wave form. At least, not only numerical studies but also ex-
perimental studies are needed. In that sense, the traveling wave-like wall-deformation
control (Hoepffner and Fukagata, 2009; Nakanishi et al., accepted) has a possibility
for realization. Very recently, Urano et al. (2011) studied the drag reduction effect in
a channel, in which one side wall is vibrating in a traveling wave form, while another
side is a plane wall. Another possibility is the wall-normal forcing by using a plasma
actuator. In fact, DNS performed by Murai and Fukagata (2011) confirmed the drag
reduction effect of the blowing device by using the opposed plasma actuator. This
control effect is expected to be confirmed experimentally.

While we have only considered a channel flow, which is a one of internal flows
investigation of the traveling wave-like control should be extended for an external flow.
For example, Kametani (2009) studied the control effect by the traveling wave-like
blowing/suction in a boundary layer flow: the resultant drag reduction effect, however,
is found to be very small compared to the that of the uniform blowing (Kametani and
Fukagata, 2011).
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Large eddy simulation is a handy tool to investigate a high Reynolds number tur-
bulent flow. The rms of velocities, however, is found to be overestimated or under-
estimated. This trend is the common both in the constant and dynamic Smagorinsky
models. Because the pressure-strain term is not modeled, while only the SGS stress
is modeled by the eddy viscosity, redistribution of energy among each velocity com-
ponent can not be captured. This point should be mentioned in order to improve the
existing model in the future. Additionally, a model which can predict controlled flows
should be developed.

As increasing the Reynolds number, effectiveness of drag reduction by the consid-
ered control is found to decrease because the contribution to the skin-friction drag from
Reynolds shear stress in the far-wall region increases. Therefore, control should be de-
signed to modify turbulence not only in the near-wall region but also in the far-wall
region.
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