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Nomenclature

Chapter 2

fh ： Frequency of Helmholtz resonance

fo ： Frequency of organ-pipe resonance

d1 ： Inner diameter of conduit pipe of pressure probe

d2 ： Diameter of space in flare of pressure probe

c0 ： Speed of sound

l1 ： Length of conduit pipe of pressure probe

l2 ： Thickness of gap between surface of microphone

and edge of conduit pipe

M ： Amplitude ratio

ϕ ： Phase difference

p1 ： Amplitude of pressure signal of reference microphone

ϕ1 ： Phase difference of pressure signal of reference microphone

p2 ： Amplitude of pressure signal of microphone in pressure probe

ϕ2 ： Phase difference of microphone in pressure probe

C
(m)
n ： nth complex Fourier coefficients

fn ： Frequency of nth Fourier component

j ： Imaginary unit

Mn ： Amplitude ratio obtained by the test of frequency response

ϕn ： Phase difference obtained by the test of frequency response

p(ref) ： Amplitude of pressure signal of reference microphone

ϕ(ref) ： Phase difference of pressure signal of reference microphone

p(m) ： Amplitude of pressure signal of microphone in pressure probe

ϕ(m) ： Phase difference of microphone in pressure probe

()f=fn
： Value when f is fn (subscript)

U0 ： Mean streamwise velocity at nozzle exit

α ： Yaw angle of pressure probe to flow direction (streamwise direction)

Pα ： Mean static pressure when yaw angle is α

Cp ： Pressure coefficient

p0 ： Mean static pressure when yaw angle is 0

ρ ： Density of air
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pf ： Measured pressure fluctuation in dynamic calibration

uf ： Measured streamwise velocity fluctuation in dynamic calibration

uc ： Convection velocity of disturbance in dynamic calibration

dc ： Diameter of a circular cylinder in dynamic calibration

x1 ： Axial (streamwise) coordinate

x2 ： Vertical (cross-streamwise) coordinate

x3 ： Spanwise coordinate

U ： Streamwise velocity

V ： Cross-streamwise velocity

W ： Spanwise velocity

u ： Streamwise velocity fluctuation

v ： Cross-streamwise velocity fluctuation

w ： Spanwise velocity fluctuation

d ： Height of skimmer exit of a plane jet

l ： Width of skimmer exit of a plane jet

ν ： Kinematic viscosity

s1 ： Gap between hot-wire and side wall of pressure probe

s2 ： Gap between hot-wire and tip of pressure probe

b ： Half-width of cross-streamwise profile of mean streamwise velocity

τ ： Time delay

E∗∗ ： Power spectrum of fluctuating value *

k1 ： Axial wavenumber

η ： Kolmogorov microscale

ϵ ： Turbulent energy dissipation

E(k) ： Three-dimensional power spectrum of u

E1(k1) ： One-dimensional power spectrum of u

k ： Turbulent energy

D(t) ： Discriminant function

D̂(t) ： Criterion function

I(t) ： Intermittency function

TuI ： Integral time scale of streamwise velocity u

Rvp ： Velocity-pressure cross-correlation coefficient

∗̇∗ ： First-order time derivative of **

∗̈∗ ： Second-order time derivative of **

∗∗ ： Mean (time averaged) value of **

∗∗′ ： RMS value of fluctuating signal ** (superscript)

∗∗c ： Value of ** at jet centerline (subscript)
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Chapter 3

x1 ： Axial (streamwise) coordinate

x2 ： Vertical (cross-streamwise) coordinate

x3 ： Spanwise coordinate

U ： Streamwise velocity

V ： Cross-streamwise velocity

W ： Spanwise velocity

u ： Streamwise velocity fluctuation

v ： Cross-streamwise velocity fluctuation

w ： Spanwise velocity fluctuation

d ： Height of skimmer exit of a plane jet

l ： Width of skimmer exit of a plane jet

b ： Half-width of cross-streamwise profile of mean streamwise velocity

ν ： Kinematic viscosity

γ ： Intermittency factor

I(t) ： Intermittency function

T ν
kij ： Viscous diffusion term

T p
kij ： Pressure diffusion term

T u
kij ： Turbulent diffusion term

CsDH ： Model constant of Daly & Harlow model

CsSH ： Model constant of Shir model

ϵ ： Turbulent energy dissipation

k ： Turbulent energy

T p
S ： Slow term in pressure diffusion term

T p
R ： Rapid term in pressure diffusion term

lm ： Length scale vector

γnl
m ： third lank tensor

∗∗ ： Mean (time averaged) value of **

∗∗′ ： RMS value of fluctuating signal ** (superscript)

∗∗T ： Value of ** when flow state is turbulent (subscript)

∗∗NT ： Value of ** when flow state is non-turbulent (subscript)
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Chapter 4

x1 ： Axial (streamwise) coordinate

x2 ： Vertical (cross-streamwise) coordinate

x3 ： Spanwise coordinate

U ： Streamwise velocity

V ： Cross-streamwise velocity

W ： Spanwise velocity

u ： Streamwise velocity fluctuation

v ： Cross-streamwise velocity fluctuation

w ： Spanwise velocity fluctuation

d ： Height of skimmer exit of a plane jet

b ： Half-width of cross-streamwise profile of mean streamwise velocity

l ： Width of skimmer exit of a plane jet

ν ： Kinematic viscosity

γ ： Intermittency factor

I(t) ： Intermittency function

Id(t) ： Intermittency function of detector

Ic(t) ： Intermittency function of combined probe

td ： Time when detector detects the interface

ϵ ： Turbulent energy dissipation

k ： Turbulent energy

∗∗ ： Mean (time averaged) value of **

∗∗′ ： RMS value of fluctuating signal ** (superscript)

∗∗con ： Value of ** at td (subscript)
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Chapter 5

U∞ ： Free stream velocity in test section

uR ： RMS value of the streamwise velocity fluctuation

x ： Axial (streamwise) coordinate

y ： Vertical (cross-streamwise) coordinate

z ： Spanwise coordinate

δ99 ： Laminar boundary layer thickness

δ∗ ： Displacement thickness of boundary layer

û(t) ： Random component

ûR(t) ： Intensity of random component

U(t) ： Instantaneous streamwise velocity

U ： Time-averaged streamwise velocity

Ũ(t) ： Ensemble-averaged streamwise velocity

ũ(t) ： Periodic streamwise velocity fluctuation

N ： Number of realizations in the ensemble-averaging

Cp ： Pressure coefficient

P ： Static pressure at each streamwise location

P0 ： Static pressure at x = 0

ρ ： Density of fluid

η ： Normalized height from a flat plate

based on laminar boundary layer thickness

y+ ： Normalized height from a flat plate

based on turbulent boundary layer thickness

ν ： Kinematic viscosity

T ： Actuator activating period

Uint ： Traveling speed of the interface

Uτ ： Averaged friction velocity
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Chapter 6

x1 ： Axial (streamwise) coordinate

x2 ： Vertical (cross-streamwise) coordinate

x3 ： Spanwise coordinate

U ： Streamwise velocity

Û ： Phase-averaged streamwise velocity

V ： Cross-streamwise velocity

W ： Spanwise velocity

u ： Streamwise velocity fluctuation

û ： Phase-averaged streamwise velocity fluctuation

v ： Cross-streamwise velocity fluctuation

v̂ ： Phase-averaged cross-streamwise velocity fluctuation

w ： Spanwise velocity fluctuation

p ： Pressure fluctuation

p̂ ： Phase-averaged pressure fluctuation

d ： Height of skimmer exit of a plane jet

l ： Width of skimmer exit of a plane jet

b ： Half-width of cross-streamwise profile of mean streamwise velocity

ν ： Kinematic viscosity

ϵ ： Turbulent energy dissipation

k ： Turbulent energy

fp ： Frequency of flapping motion

St ： Strouhal number

w∗(t) ： Real parts of wavelet component

D(t) ： Detection function

I(t) ： Intermittency function

If(t) ： Flapping intermittency function

Tp ： Flapping period

α ： Scale parameter

β ： Time parameter

s(t) ： Time series signal

i ： Imaginary unit

ϕ(t) ： Gabor function

σ ： Parameter to decide the frequency resolution and the time resolution

∗∗ ： Mean (time averaged) value of **

∗∗′ ： RMS value of fluctuating signal ** (superscript)

∗∗con ： Value of ** at td (subscript)
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Chapter 1

Introduction

1.1 Background and purpose

The understanding and controlling of turbulent flows are a long-held dream of many

researchers all over the world because turbulent flows are strongly related to the fluid ma-

chinery, transport machinery, oceanographic science, meteorology, chemical engineering,

construction engineering, and so on. Here, take a fluid machinery as an example: the

unsteady turbulent flow pattern caused by vortices around the tip (as shown in Figure

1.1) influences the efficiency of the machine [1]. Further, take a transport machinery also

as an example: fluctuating velocity by turbulent flow behind the tail vehicle (as shown

in Figure 1.2) causes its lateral and vertical vibrations [2]. Therefore, the achievement

of the understanding and controlling of turbulent flows is needed and very useful for the

developing of these engineerings and sciences.

From this background, many experimental studies on turbulent flows have been widely

conducted up to date. In these studies, various themes were set as the target of the

study, and a lot of quantities (e.g., velocity, temperature, concentration and pressure) were

investigated with the development of measurement techniques to understand the turbulent

flow. In particular, the development of the hot-wire anemometer [3][4] made a big impact

on the study of turbulent flow and it gave us the progressing of the understanding of

turbulent flow because the hot-wire anemometer has a large dynamic response by very

small thermal inertia of hot-wire and its compensation of the circuit in the anemometer

[5], and it enabled us to measure the velocity fluctuation accurately in a turbulent flow

whose characteristics are unsteadiness, randomness, and irregularity.

There are various subjects in the experimental study related to turbulence even in the

basic turbulent flows. The examples are as follows; (1): mixing and diffusion, (2): entrain-

ment, (3): turbulent transition and re-laminarization, (4): separation and re-attachment.

In this study, from many turbulent phenomena related to the targets described above, the
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following three subjects, which can be observed in a turbulent jet and a boundary layer,

are focused on and experimentally investigated.

(a) Turbulent/non-turbulent intermittency

(b) Interface between turbulent/non-turbulent region

(c) Large-scale coherent vortex structure

In the subject (a), for the more understanding of the flow characteristics in the turbulent/non-

turbulent intermittent region, the entrainment process and the validity of the turbulence

models for the pressure diffusion process in the intermittent region of a plane jet are

investigated by the simultaneous measurement of the velocity and pressure. Firstly, a

new combined probe for the simultaneous measurement of the velocity and pressure in

turbulent flows is developed. Then the simultaneous measurement of them in a plane jet

is performed and the results are discussed, mainly placing the focus on those of the inter-

mittent region. Further, the entrainment process of the jet is discussed on the basis of the

turbulent energy budget and the time variation of the velocity-pressure cross-correlation

coefficients in the entrainment or ejection process. In addition, the validity of turbulence

models is investigated, using the data obtained by the simultaneous measurement.

In the subject (b), to clarify and understand the flow phenomena near the interface

between the turbulent and the non-turbulent (laminar) region, the velocity and pressure

fields near the cross-streamwise interface of a plane jet, and the velocity field near the

streamwise interfaces of an isolated turbulent region excited into a laminar boundary layer

are measured and discussed. The velocity and pressure field near the cross-streamwise

interface of a plane jet are measured by means of a combined probe described above. The

velocity fields near the streamwise interfaces of an isolated turbulent region are measured

by using a single-type hot-wire probe and a rake with six individual hot-wire probes.

The measurement data are analyzed by using an ensemble-averaging technique, and the

ensemble-averaged data near the interface are discussed.

In the subject (c), the characteristics of the flapping phenomenon, which is one of the

large-scale vortex coherent structures in a plane jet and can be observed intermittently

in the self-preserving region, are investigated by the simultaneous measurement of the

velocity and pressure. The simultaneous measurement is also performed by means of

a combined probe described above. The measurement data are analyzed by using a

conditional sampling technique and the ensemble-averaging technique, on the basis of an

intermittency function, which determines whether the jet is in the flapping motion or not.
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This intermittency function is obtained by performing a continuous wavelet transform

to the measurement results of two hot-wire probes set in the opposite side of the self-

preserving region of the jet which is symmetrical to the jet centerline.

In the following, these three phenomena are called “Intermittent flow phenomena,”

collectively.

1.2 Previous studies related to the thesis

In this section, previous studies related to the intermittent flow phenomena are de-

scribed.

Firstly, previous studies related to the turbulent/non-turbulent intermittency and in-

terface (related to the subjects (a) and (b)) are shown in particular placing focus on the

wall-free shear flow and the wall-bounded shear flow. Secondly, the studies on the turbu-

lence models (related to the subject (a)) for the pressure diffusion term in the Reynolds-

stress transport equation are described mainly about the gradient-diffusion-model and

the model of rapid/slow term. Thirdly, the studies on the simultaneous measurement of

the velocity and pressure (related to subjects (a), (b), and (c)) are shown. Fourthly, the

studies on the large-scale coherent vortex structure are shown especially placing the focus

on that observed in a plane jet (related to the subject (c)).

1.2.1 Turbulent/non-turbulent intermittency and interface

Nearly parallel shear flows are divided into two classes: wall-free shear flows and wall-

bounded shear flows [6]. For the former flows, such as jet, wake and separated flows,

the flow phenomena, characteristics, entrainment process and vortex structures in the

intermittent region and the interface between the turbulent/non-turbulent region have

been investigated experimentally and numerically. For the latter flows, such as turbulent

boundary layer and turbulent spot, the flow phenomena, characteristics, growth/decay

mechanism of turbulent region and vortex structures in the intermittent region and near

the interface of turbulent/non-turbulent region have been also investigated in various

ways.

Wall-free shear flow

At the interface between the turbulent/non-turbulent region in the wall-free shear flow

observed in jets and wakes, the entrainment of the non-turbulent fluid into the turbulent
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region and the sticking out (nibbling) of the turbulent region into the ambient non-

turbulent region arise. These phenomena are very interesting from academic and indus-

trial viewpoints because they are related to the mixing and diffusion processes of the fluid

and scalar.

The first study involving the interface of the turbulent and the non-turbulent region in

the wall-free turbulent flow was conducted by Corssin et al. [7]. From the experimental

results of turbulent round jet, it was found that there was a thin layer referred to as

“laminar super layer,” which is shown in Figure 1.3, between the turbulent and the non-

turbulent region, and the thickness of this layer was almost the same as the Kolmogorov

microscale of the turbulent region. It was also found that the laminar super layer was

involved in the propagation of the vorticity into the potential field.

The vortex structure in the intermittent region of a self-preserving round free jet was

investigated by Komori et al. [8]. From the measurement results of Laser Doppler Ve-

locimetry (LDV), they showed the existence of large-scale coherent vortex structures in

the intermittent region that were similar to the coherent vortex structures observed by

Yule [9] near the jet exit which is shown in Figure 1.4.

Koso et al. [10] investigated the shape of the interface between the turbulent and the

non-turbulent region in a co-flowing turbulent free jet through the multi-point simulta-

neous measurement of the interface using a rake of hot-wire probes. They indicated that

the tip of the turbulent edge bulge moved slower than the co-flowing free stream; this

effect was attributed to the large-scale eddy motions in the intermittent region.

In recent researches, the interface between the turbulent and the non-turbulent region

was investigated from another point of view. Westerweel et al. [11] indicated that the

turbulent/non-turbulent interface was very sharp and that the physical quantities such as

the mean streamwise velocity, the Reynolds stress and the temperature, sharply changed

at the interface; these findings were based on combined LIF (Laser Induced Fluores-

cence)/PIV (Particle Image Velocimetry) measurements in the far field of a submerged

self-similar turbulent jet. It was also found that a layer of irrotational velocity fluctuations

exists outside the turbulent region.

In association with the study by Westerweel et al. [11], Bisset et al. [12] investigated

the turbulent/non-turbulent interface in the velocity fields of a turbulent wake behind

a flat plate obtained from direct numerical simulations (DNS). They indicated that the

thickness of the continuous interface which exhibited rapidly changing physical quantities,

shown by the experiment of Westerweel et al. [11] was less than 0.1 times the half-width

of the wake and was almost the same as the Taylor’s microscale in the turbulent region.
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In addition, Silva, et al. [13] performed DNS to investigate the invariants of the velocity

gradient, rate-of-strain and rate-of-rotation tensors across the turbulent/non-turbulent

interface of the jet.

Wall-bounded shear flow

The interface between the turbulent and the non-turbulent region was also investigated

with regard to the turbulent boundary layer. In association with the study by Corssin et al.

[7], Imaki investigated the intermittent turbulent region near the outer edge of a turbulent

boundary layer with zero pressure gradient using constant temperature linearized hot-wire

anemometers [14]. The author presented momentary pictures of the super layer obtained

by recording signals, and the passing time of a turbulent lump was measured.

Ichimiya et al. experimentally investigated the time-averaged structure at the interface

of the turbulent and the non-turbulent region of the turbulent wedge generated by a small

rod [15]. Based on the time-averaged data obtained by the hot-wire anemometers, they

found that a pair of streamwise vortices existed at the interface.

Inasawa et al. investigated the flow structure at the spanwise edge of the spreading

turbulent region in a laminar flat-plate boundary layer generated by bi-morph type piezo-

ceramic actuators set on the flat plate [16]. They found that the turbulent region was

constantly sticking out into the laminar region at the middle height of the boundary layer,

and a pair of streamwise vortices aligned in the wall-normal direction were found at the

interface as shown in Figure 1.5. They also found that the flow induced by these vortices

pushed turbulent fluid into the laminar region, and the mechanism by which the turbulent

region expands in the spanwise direction was demonstrated.

Then, the studies on a turbulent spot are described. Turbulent spot was first ob-

served experimentally in a boundary layer undergoing the transition process by Emmons

[17]. It has been investigated by many researchers to understand the flow phenomena,

gowth/shrink mechanisms, and structures near the interface between the turbulent and

the non-turbulent region.

Schbauer et al. [18] introduced turbulent spots intermittently into a laminar boundary

layer and measured the velocity signals and celerities associated with the spot. They

reported the existence of a so-called calmed region that immediately follows the turbulent

spot and that was more stable than the surrounding flow.

Coles et al. [19] investigated the velocity field around the turbulent spot by conditional

sampling techniques. They focused on the streamline pattern in the center plane of the
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spot and suggested that the spot grows not only by entraining laminar fluid from the free

stream, but also by entraining fluid from the ambient laminar boundary layer.

Wygnanski et al. [20] also used the conditional sampling technique to investigate the

average shape of turbulent spots and the mean flow field in its vicinity. They showed

that the fluid deep in the laminar boundary layer travelled faster than the rear interface

of the turbulent spot and it was entrained into the spot. Conversely, the fluid outside

the boundary layer was passed by the ridge of the spot and was entrained through the

leading interface.

In their experiment using a heated rod, Gad-el-hak et al. [21] demonstrated that the

growth rate of the turbulent wedge in the spanwise direction was an order of magnitude

greater than that in the wall-normal direction, and they concluded that a process other

than entrainment contributes to the spanwise growth. They refer to this other process as

the destabilization process. Here, a figure of a turbulent spot visualized by them is shown

in Figure 1.6.

These researches mentioned above indicated how the turbulent region expanded into

the laminar region. Further, it was also revealed that the entrainment process occurring

at the leading edge of the turbulent spot plays an important role for the expansion of the

turbulent region.

In recent years, a turbulent spot under particular flow conditions have been also inves-

tigated by many researchers.

Katz et al. [22] investigated a turbulent spot in an accelerating laminar boundary layer

flow. From the measured data, they pointed out that the growth rate of the spot was sig-

nificantly decreased by the favorable pressure gradients in all three directions (streamwise,

wall-normal, and spanwise). They also pointed out that the turbulent spot became much

shorter and narrower in comparison with similar spots generated in a Blasius boundary

layer at comparable distances from its origin and at comparable Reynolds numbers.

Seifert et al. [23] experimentally investigated the characteristics of a turbulent spot

propagating in a laminar boundary layer subjected to a self-similar adverse pressure gra-

dient. They indicated that the rate of spanwise spreading of the spot was affected most

significantly by the pressure gradient. They also indicated that the interaction of the spot

with the wave packet existing beyond its tip was enhanced by the adverse pressure gra-

dient, because the Reynolds number of the surrounding boundary layer was supercritical

everywhere. In addition, they concluded that the maximum linear amplification rate in

their case was approximately four times greater than that in a Blasius flow.

Some experiments have been performed by focusing on the leading or trailing edge
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of the turbulent spot. Using a rake of miniature thermocouples, Gutmark et al. [24]

experimentally investigated a turbulent spot generated artificially in a heated boundary

layer. They indicated that the length of the leading edge of the spot increased linearly with

the downstream distance. They also indicated that the overhanging region of the leading

edge was caused by the upstream turbulence initially closer to the wall but eventually

ejected into the free stream. This description was consistent with the study by Smith

[25].

Further, the trailing or calmed region of the spot has been investigated by many re-

searchers, and the presence of higher momentum fluid near the wall was revealed (e.g.

Antonia et al. [26], Gostelow et al. [27] and Chong et al. [28]). In addition, this charac-

teristic was captured by a theoretical model that was proposed by Brown et al. [29].

In related studies, Schröder et al. [30] investigated the trailing edge of a turbulent spot

by using multi-plane stereo particle image velocimetry. They indicated that low-speed

streaks in a spot, which were extended into the calmed region, were closely related to

hairpin vortices. They also pointed out that these hairpin vortices were most active at

the interface between the body and the calmed region of the spot and that this was the

main mechanism for turbulence generation at the interface.

1.2.2 Turbulence models for pressure diffusion process

The numerical simulations of turbulent flows are requisite to understand the flow phe-

nomena in detail because it gives us the enormous temporal and spatial information of

the flow field. Therefore, many simulation methods have been proposed and a lot of

simulations have been performed up to date. Since Reynolds-Averaged Navier-Stokes

(RANS) involves the solution of the Reynolds equations to determine the mean velocity

field, it is one of the useful methods to simulate the flow field [31]. The Reynolds stresses,

which appear as the unknown in the Reynolds equations, are determined by a turbulence

model, either via the turbulent-viscosity hypothesis or more directly from the modeled

Reynolds-stress transport equations. The former is reffered to as the turbulent-viscosity

model, and the latter Reynolds-stress model.

Turbulent viscosity models are based on the turbulent-viscosity hypothesis. The most

famous turbulent viscosity model is the k-ϵ model. This model belongs to the class of

two-equation models, in which model transport equations are solved for two turbulence

quantities k and ϵ. This model is the most widely used complete turbulence model, and it

is incorporated in most commercial CFD codes. As is the case with all turbulence models,
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both the concepts and the details evolved over time.

Significant earlier studies on the k-ϵ model were conducted by Davidov [32], Harlow

et al. [33], Hanjalić [34] and others cited by Launder et al. [35]. After their earlier

contributions, Jones et al. [36] developed the standard k-ϵ model and Launder et al. [37]

provided improved values of their model constants.

In Reynolds-stress models, model transport equations are solved for the individual

Reynolds stress uiuj and for the dissipation ϵ (or for another quantity). Therefore,

the turbulent-viscosity hypothesis is not needed; thus one of the major defects of the

turbulent-viscosity models is eliminated in this model.

The exact transport equation for the Reynolds stresses is obtained from the Navier-

Stokes equations and expressed as follows.

D

Dt
uiuj +

∂

∂xk

Tkij = Pij +Rij − ϵij (1.1)

where, Tkij is the Reynolds-stress-flux, Pij the production tensor, Rij the pressure-rate-

of-strain tensor, and ϵij the dissipation tensor. Reynolds-stress-flux Tkij is expressed as

follows.

Tkij = T ν
kij + T p

kij + T u
kij (1.2)

Here, T ν
kij, T

p
kij, and T u

kij are the viscous diffusion term, the pressure diffusion term, and

the turbulent diffusion term, respectively. In the Reynolds-stress model, ϵij, Rij, and

Tkij are required. Consequently, some models of these terms were proposed in previous

studies. However, the validity of these models related to the pressure fluctuation in

turbulent flows is neither clarified nor understood up to date because the measurement

of pressure fluctuations in turbulent flows is not easy. Further, recently, it was shown in

some studies [38] that the contribution of the pressure diffusion in the turbulent energy

diffusion process was significant and could not be neglected. From this background, to

investigate the validity of the proposed models including the pressure diffusion term, the

simultaneous measurement of the velocity and pressure is performed in a plane jet in this

study. In the following, some models related to the pressure diffusion term are described.

The fluctuating pressure appears in the Reynolds-stress equation most directly as the

velocity-pressure-gradient tensor as follows.

Πij ≡ −1

ρ

⟨
ui

∂p

∂xj

+ uj
∂p

∂xi

⟩
(1.3)

Equation (1.3) can be decomposed into the pressure diffusion term PDT and the pressure-

rate-of-strain tensor Rij as follows.

PDT =
∂T p

kij

∂xk

(1.4)
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Rij ≡
⟨
p

ρ

(
∂ui

∂xj

+
∂uj

∂xi

)⟩
(1.5)

As observed by Lumley [39], the decomposition of the velocity-pressure-gradient tensor

Πij into a redistribution term and a transport term is not unique. For example, an

alternative decomposition is expressed as follows.

Πij = Ra
ij −

∂

∂xl

(
2

3
δijT

p
l

)
(1.6)

where, Ra
ij and T p

l are defined as follows.

Ra
ij ≡ Πij −

1

3
Πllδij (1.7)

T p
l ≡ ulp/ρ (1.8)

With the velocity-pressure-gradient tensor Πij decomposed according to Equations (1.3)

and (1.6), the exact equation for the evolution of Reynolds stress is expressed as follows.

D

Dt
uiuj +

∂

∂xk

(
T ν
kij + T p

kij + T u
kij

)
= Pij +Ra

ij − ϵij (1.9)

where, T ν
kij, T

p
kij, and T u

kij are the viscous diffusion term, the pressure diffusion term, and

the turbulent diffusion term, respectively, and defined as follows.

T ν
kij = −ν

∂uiuj

∂xk

(1.10)

T p
kij =

2

3
δijukp/ρ (1.11)

T u
kij = uiujuk (1.12)

It should be noted that the viscous diffusion term T ν
kij is negligible except in the viscous

wall region.

In the following, we focus on the models related to the pressure diffusion term T p
kij

named “Gradient-diffusion-model” and the model for the rapid/slow term in the pressure

diffusion term, which are described in detail.

Gradient-diffusion-model

The simplest gradient-diffusion-model for T ′
kij = T u

kij + T p
kij is proposed by Shir [40] and

expressed as follows.

T ′
kij = −Cs

k2

ϵ

∂uiuj

∂xk

(1.13)
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Here, Cs is a model constant. Shir developed this model to study an atmospheric tur-

bulence in the planetary boundary layer. Shir indicated that the turbulent and pressure

diffusion terms which transport the turbulent stresses from one place to another were usu-

ally small near the solid surface, but became prominent away from the surface. Then these

two terms were treated together and assumed to be of the “gradient-diffusion type” de-

scribed earlier. It had been argued that the turbulent and pressure diffusion terms should

be of hyperbolic type due to the diffusion by large eddies (called “hyperbolic-diffusion

type”) [41]. In a neutral flow, both approaches (“gradient-diffusion type” or “hyperbolic-

diffusion type”) may be equally realistic. However, the effective diffusion velocity of the

large eddy motion used in the hyperbolic-diffusion type approach should be determined

empirically. Further, it was valuable that a more complex approach which calculates the

turbulent and pressure diffusion terms by the dynamic equation of triple correlation was

not necessary in this case. Therefore, the gradient-diffusion type was adopted for his

calculation.

Daly et al. [42] developed a model in general use, which uses the generalized gradient

diffusion hypothesis for the triple correlation as follows.

T ′
kij = −Cs

k

ϵ
ukul

∂uiuj

∂xl

(1.14)

They derived the transport equations, which describe the dynamics of transient flow of an

incompressible fluid in arbitrary geometry so as to incorporate the principles of invariance

and universality. Then, applicability of the equations was demonstrated by comparing

their solutions with experiments on turbulence distortion on the turbulence in the flow

between flat plates. In their model, the pressure-diffusion term was modeled by a simple

form with reference to the model proposed by Donaldson [43]. However, eventually they

neglected the modeled-pressure diffusion term and assumed that it could be modeled into

the turbulent diffusion term, which was modeled as an expression shown in Equation

(1.14). Regarding this model, Launder [44] suggests the value of Cs equals to 0.22.

In most Reynolds-stress models, the pressure diffusion term is either neglected or mod-

eled together with the turbulent diffusion term, as described above, because the contribu-

tion of the pressure diffusion term is considered to be small and it is difficult to model the

pressure diffusion term accurately due to the lack of the measurement data of pressure

fluctuation in turbulent flows.
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Model of rapid/slow term in pressure diffusion process

In the models described in the previous section, there were no models which include

the model for the pressure diffusion process explicitly; its effects were considered to be

able to be modeled altogether with the turbulent diffusion process. Consequently, these

models were usually calibrated empirically, so that the pressure diffusion may be effectively

included. However, on the basis of an analysis of nearly homogeneous turbulence, Lumley

[45] proposed separate models for each process: pressure diffusion, and turbulent diffusion.

Lumley’s pressure diffusion model was derived from considering realizability conditions

to a part of the pressure diffusion including the triple moment expressed as follows.

1

ρ
uip = −1

5
uiujuk (1.15)

This model was called a “slow part” of the pressure diffusion process. This slow pressure

diffusion process can be modeled as a sub-process of the turbulent diffusion. On the other

hand, the pressure diffusion term includes another part consisting of mean strain which

is called a “rapid part”.

In related to the studies on pressure diffusion process, Demuren et al. [46] examined the

rapid term and slow term in pressure diffusion separately by using DNS data and proposed

models for each term. Further, Straatman et al. [47] evaluated the models for the diffusion

process in zero-mean-shear turbulence and the validity of Lumley’s model (the slow part

of pressure diffusion term) was confirmed. This was because the zero-mean-shear flow has

no mean shear and the rapid term could be neglected.

In the previous studies described above, the slow part in the pressure diffusion process

was mainly focused on. However, recently, the effects of mean strain on the pressure-

velocity correlation has been discussed, and a model form has been proposed, where the

mean shear is explicitly included into the turbulence energy equation [48]. Furthermore,

another attempt for the modeling of the rapid part of the pressure-diffusion term by the

same modeling strategy as that for constructing the two-component-limit (TCL) realizable

second moment closure (SMC) of the UMIST group [49][50] was discussed by Suga [51].

1.2.3 Simultaneous measurement of velocity and pressure

In the present study, the simultaneous measurement of velocity and pressure is per-

formed to investigate the research subjects shown in the previous sections. Here, the

previous studies related to the pressure measurement in turbulent flows and the simulta-

neous measurement of the velocity and pressure are described.
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Pressure measurement in turbulent flows

The pioneering experiments to measure the joint statistics of velocity and pressure in a

turbulent flow were performed by Kobashi [52] and Kobashi et al. [53]. In these experi-

ments, the pressure fluctuations behind a circular cylinder set in a flow were measured by

using a condenser microphone as a pressure sensor. The schematic view of the pressure

pick-up developed by Kobashi [52] is shown in Figure 1.7.

Pressure fluctuations that occur within the turbulent flow of the lower atmospheric

boundary layer were measured by Elliott [54]. This measurement was performed using an

instrument called the “University of British Columbia system”, developed by him. This

instrument consists of a thin streamlined circular disk at the end of a long stem, which was

developed empirically through wind tunnel studies. From the measured results such as

power spectra, cross-spectra, coherence, and phase, it was found that the pressure spectra

has a well-defined shape that is independent of the height above the surface, while the

spectra exhibited a power law behavior with a mean slope of -1.7 at higher frequencies.

Fuchs [55] discussed the possibilities and limitations on direct measurements of the

pressure fluctuations in turbulent flows. He analytically investigated several measure-

ment error mechanisms caused by the insertion of a pressure probe into a flow. The

experiments using standard condenser microphones in the potential core of circular air

jets were performed. They concluded that ordinary condenser microphones with suitably

shaped nose curvatures could be used for the measurement of the fluctuating pressure in

a turbulent jet. In addition, together with Siddon’s important contribution [56] to this

problem, it seemed to be well established that the knowledge of turbulence structure in

various flows could be extended by employing static pressure devices as a supplement to

the widely used hot-wire technique.

Jones et al. [57] measured one-dimensional power spectra for turbulent pressure fluc-

tuations in the driven mixing layer of a circular subsonic jet and then examined them for

evidence of spectral similarity. When a large-scale flow on the centerline of the mixing

layer is self-preserving, spectral similarity is obtained at a low wavenumber range. In

addition, the similarity laws for the power spectra of the turbulent pressure fluctuations

were investigated by application of dimensional analysis in the limit of a large turbulent

Reynolds number.

George et al. [58] developed spectral models for turbulent pressure fluctuations by

direct Fourier transformation of the integral solution into the Poisson equation for a

homogeneous constant mean shear flow. From the models they developed and the results

measured in the mixing layer of an axisymmetric jet, it was found that the interaction
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of turbulence with turbulence obeyed the seven-thirds power law in the inertial subrange

and dominated in the high wavenumber region. It was also found that the contribution

of turbulence to the mean shear was dominant in the energy containing range and fell off

as the eleven-thirds power law in the inertial subrange.

On the basis of the techniques developed by Kobashi [52] and Kobashi et al. [53], Toyoda

et al. [59] developed a more advanced type of pressure probe. This probe had a sharp

conical tip for reducing the cross-flow error (the error in the measurement which arises

when the pressure probe has some attack angle.) and a smaller condenser microphone

(0.25-inch diamter) as a pressure sensor as shown in Figure 1.8.

In recent years, techniques for the measurement of pressure in turbulent flows are still

being developed and many important data are being collected. A new type of very small

pressure probe was developed by Kupferschmied et al. [60] using the new technologies

derived from microelectronics and micromechanics. The diameter of the tip of this new

probe was 0.84 mm or 1.80 mm with one sensor or three sensors, respectively. These probes

were tested in full-sized turbomachinery under industrial conditions and confirmed the

potential of the probes was confirmed. Further, the pressure fluctuations between the

blades of a sirocco fan in a car air-conditioning system were measured by Sakai et al. [61].

In order to measure the pressure fluctuations between the narrow blades of the sirocco

fan, another new type of pressure probe was developed that comprised an L-type pressure

probe (with 0.5 mm outer diameter and 0.34 mm inner diameter) and a semiconductor

transducer. From the measured results and the formula of Ribner [62][63], the intensity

of the sound source was determined from the second derivative of the phase-averaged

pressure fluctuation signals.

Simultaneous measurement of velocity and pressure in turbulent flows

A simultaneous measurement of the fluctuating velocity and pressure in a turbulent

mixing layer was performed by Naka et al. [64] using an X-type hot-wire probe together

with a pressure probe, which is similar to that developed by Toyoda et al. [59]. The

diameter of the static pressure probe was 1.0 mm, and it had four static holes (each

with a diameter of 0.4 mm). A condenser microphone was used as a pressure sensor.

Employing this instrument, the velocity-pressure correlation in a turbulent mixing layer

was investigated.

Tsuji et al. [65] investigated the pressure statistics and their scaling in turbulent bound-

ary layer at a large Reynolds number by simultaneous measurements of velocity and pres-
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sure. The measurement of pressure was again performed with a pressure probe, which is

similar to that developed by Toyoda et al. [59]. However, a small piezoresistive trans-

ducer, whose frequency response was from DC to 150 kHz, was used as a pressure sensor,

in addition to the condenser microphone used in the previous studies, because the con-

denser microphone was unable to measure low-frequency pressure fluctuations with high

accuracy.

A simultaneous measurement of velocity and pressure in a plane jet was performed by

Sakai et al. [66] using an I-type hot-wire probe together with a static pressure probe, which

was similar to that used by Naka et al. [64]. The pressure probe had eight static holes

on its sidewall and a piezoresistive transducer was used as its pressure sensor. Moreover,

the characteristics of the frequency response and cross-flow error of this pressure probe

were carefully investigated. The results of the simultaneous measurement were almost

the same as those measured separately using hot-wire probe or the pressure probe. From

these results, the validity of the simultaneous measurement was confirmed. In addition,

the vortex coherent structures in a self-preserving region of the jet were determined from

the velocity-pressure cross-correlation.

The simultaneous measurement of velocity and pressure in a wing-tip vortex was per-

formed by Naka et al. [67] using an X-type hot-wire probe together with the pressure

probe used in their previous study (Naka et al. [64]). The X-type hot-wire probe and the

pressure probe were set downstream of a half wing to measure velocity and pressure data.

From the measured results, it was found that the velocity-pressure correlation profiles had

distinct peaks near the vortex center. Moreover, it was also found that the gradient of

the velocity-pressure correlation contributes significantly to the balance of the turbulence

properties.

It should be noted here that a non-intrusive (i.e., without the intrusion of a measurement

probe in flow) technique for measuring the instantaneous spatial pressure distribution over

a simple area in a flow field were developed by Liu et al. [68]. They used a four-exposure

PIV system for measuring the distribution of material acceleration by comparing the

velocities of the same group of particles at different times and then integrating them

to obtain the pressure distribution. Their validation tests of principles of the technique

using synthetic images of rotating and stagnation point flows showed that the standard

deviation of the measured pressure from the exact value is about 1.0 %. Further, they

measured the instantaneous pressure and acceleration distributions of a two-dimensional

cavity water flow field and results were shown.



CHAPTER 1 INTRODUCTION 21

1.2.4 Coherent structure

In this study, the characteristics of a flapping phenomenon, which is one of the coherent

structures in a plane jet as well as an intermittent phenomenon, are investigated by

simultaneous measurement of velocity and pressure in a plane jet.

The coherent structure is defined as the large-scale identifiable structure of a turbulent

event, which depends on the type of flow. These structures are deduced from spatial cor-

relation measurements, a certain amount of imagination, and plenty of flow visualization

results. Many studies on the coherent structure were conducted after the visualization of

the near-wall structure in a turbulent boundary layer with usage of hydrogen bubbles by

Kline et al., which is shown in Figure 1.9 [69]. They showed that the inner part of the

wall layer in the range 5 ≤ y+ ≤ 70 was not at all passive, as one might think.

In the following, the previous studies related to the coherent structure of a plane jet

will be described.

Coherent structure in the near field of a plane jet

A jet is a basic shear flow and its characteristics have been investigated by many

researchers to date [70][71][72]. Based on the previous researches, the flow field of a plane

jet is separated into two main regions. One is the region near the nozzle exit, while the

other the region far from the exit. They are called the “near field” and the “far field”,

respectively. First at all, here, the previous studies related to a coherent structure in the

near filed of a plane jet are described.

In the near field of a plane jet, mixing layers and two-dimensional vortex structures are

formed on both sides of the shear layer, and the sign of vorticity of these two-dimensional

vortex structures becomes opposite. The dependence of their evolution on the velocity

profile at the nozzle exit was investigated by Sato [73], Rockwell et al. [74], and Thomas

et al. [75]. Their experimental results were consistent with the linear-stability-analysis

by Mattingly et al. [76].

These two shear layers gradually spread with the entrainment of the ambient fluid and

their interaction arises about four to five times the height of nozzle exit downstream of the

jet exit. Hussain [77] indicated that these interactions arose at the edge of the potential

core of the jet. Consequently, in general, the near field of a plane jet is also separated

to two fields and discussed. One is the region where these interactions arise which called

“Interaction region”, and the other is the region where the potential core remains which

called “Potential-core region”.
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Weir et al. [78] investigated the structural changes that occur when two shear layers

interact in the potential-core region of a plane jet as shown in Figure 1.10. Their experi-

mental results showed that significant changes in turbulence structure occurred, at least

in the region near the center-line where the interaction between the two mixing layers was

strongest and the triple products (correlations) were most affected in contrast to the sit-

uation in a plane duct [79]. However, mainly because the shear stress near the center-line

was small, the results of calculations using a method optimized for a single mixing layer

in the “time-sharing” superposition analysis proposed by Bradshaw et al. [80] were fairly

satisfactory even for large distances from the nozzle.

Browne, et al. [81] measured all three velocity fluctuations and the temperature fluctu-

ation in a slightly heated turbulent plane jet in the interaction region, which was situated

between the location where the two shear layers nominally merged and that which cor-

responded to approximate self-preservation shown in Figure 1.11. Experimental results

showed that the mixing-layer structures were symmetrical with respect to the centerline,

and when they met in the interaction region the redistribution of turbulence quantities

was dramatic. Moreover, the evolution, on the centerline, of probability density functions

of temperature fluctuations and their associated moments, and the streamwise evolution

of profiles of the Reynolds shear stress, average heat fluxes, and turbulent Prandtl number

indicated a non-monotonic approach to the state of self-preservation.

Coherent structure in the far field of a plane jet

In a far field of a plane jet, the similarity law [71] of the statistical value of the flow field

is realized and the region is called “self-preserving region”. In the self-preserving region,

instantaneous flow structure or vortex structure in a far filed is very complicated. So that,

superimposed vortex structures consist of small scale homogeneous vortex structure and

large-scale coherent vortex structure can be observed [82].

The first report of the coherent structures in a self-preserving region of a plane jet was

conducted by Goldschmidt et al. [83]. They indicated that there was a flapping which

may add a new dimension to the interpretation of a plane turbulent jet. The experimental

results casted some doubt on those of Wygnanski et al. [84] who suggested that there was

no flapping in a plane jet. The term “flapping” was named from the visual image of this

phenomenon that the jet flaps as a flag does.

Everitt et al. [85] investigated the structure and development of a plane turbulent jet in

still air and moving streams. They indicated that the flapping motion (large-scale vortex
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structure) was not revealed in a jet in a moving stream although it could be described in

a jet in still air by the correlation measurements.

Cervantes et al. [86] measured four types of correlations in the self-preserving region of

a turbulent plane jet. They indicated that the negative correlations were noted between

the two halves of the jet and an apparent flapping like motion was exhibited. Further,

they showed that the flapping motion was self-preserving and most likely attributed to

the presence of large-scale coherent structures.

Oler et al. [87] generated the mean velocity profiles and entrainment rates in the

self-preserving region of a plane jet by using a simple superposition of Rankine vortices

arranged to represent a vortex street in numerical simulation shown in Figure 1.12. The

spacing between the vortex centres, their two-dimensional offsets from the jet centerline,

as well as the core radii and circulation strengths, were all governed by similarity rela-

tionships and based upon experimental data. The calculated results indicated that the

hypothesized structure could be realized of giving virtually exact representations of the

velocity decay rate, mean-velocity profiles, and the Reynolds-stress distribution. In ad-

dition, it was shown that the key feature of the vortex-street model was the inclusion of

the effects of global flow development on locally measured or calculated turbulent flow

properties. Further, they indicated that the essential mechanism for the production of

Reynolds stress and entrainment appears to be the non-symmetric influence of the up-

stream and downstream large-scale vortex structures as they diffused and were convected

past a particular point of interest.

Antonia et al. [88] performed the measurements of space-time correlations of longitudi-

nal and normal velocity fluctuations and of temperature fluctuations. The experimental

results supported that the existence of counter-rotating spanwise structures appearing

alternately on opposite sides of the jet centerline in the self-preserving region of the flow.

The frequency of these structures closely satisfied the self-preservation. The asymmetric

arrangement of the structures was first observed downstream of the position where the jet

mixing layers nominally merge but upstream of the onset of self-preservation. Further,

closer to the jet exit, the space-time correlations indicated that the existence of spanwise

structures that were symmetrical about the centerline.

Mumford [89] measured velocity fluctuations in the fully developed region of a plane

turbulent jet by means of arrays of hot-wire anemometers. The measured data was pro-

cessed to extract information about the structure of the large eddies within the flow.

Firstly, they evaluated a selection of the two-point velocity correlation functions, and dia-

grams of the contours of constant correlation for the streamwise velocity component were
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constructed. Then, an iterative procedure similar to the techniques generally described

as “pattern recognition and image enhancement” was used to form ensemble averages of

the two-dimensional patterns of the streamwise velocity component associated with the

large vortex structures. The experimental results showed that the large eddies in the fully

developed turbulent region were roller-like structures with aligned approximately either

with the direction of the strain associated with the mean-velocity gradient or with the

direction of homogeneity combinations.

Thomas et al. [90] investigated the large-scale vortex structural patterns in the self-

preserving region of a plane turbulent jet. The experimental results of the two-point

correlation and coherence-based measurements obtained from both longitudinal and lat-

eral component velocity fluctuations were supportive of the existence of an antisymmetric

array of counterrotating vortices in the region. Further, they indicated that the structural

array propagated at 60 % of the mean streamwise velocity on the jet centerline.

In recent years, the statistical analysis, such as POD (Proper Orthogonal Decompo-

sition) analysis, and extracting of the coherent structures in a plane turbulent jet was

performed.

Gordeyev et al. [91] investigated the coherent structure in the self-preserving region

of the plane turbulent jet experimentally by applying POD. In the measurement, twin

cross-stream rakes of X-wire probes were used to take cross-spectral measurements with

different spanwise separations between the rakes and at several locations throughout the

self-preserving region. The measurement results suggested that the flow supported a pla-

nar structure aligned in the spanwise direction as well as an essentially three-dimensional

structure with asymmetrical shape in the cross-stream direction and pseudo-periodically

distributed in the spanwise direction.

Sakai et al. [92] performed the simultaneous measurement of the main streamwise

velocity and the KL (Karhunen-Loève) expansion was applied to the measured data to

extract and clarify the coherent structure in a plane turbulent jet. The measurements of

the velocity were performed at 21 points in the self-preserving region of a turbulent plane

jet by an array of I-type hot-wire probes. They indicated that the low-numbered (ener-

getic) modes represented the large-scale (coherent) structure, the middle-numbered modes

represented the finer (small-scale) random structure, and the higher-numbered modes con-

tributed mainly to the intermittent structure in the outer region from the investigation of

the random coefficients and the eigen functions (modes). Further, they also showed that

there existed a pair of fluid lumps with the positive and negative streamwise velocity fluc-

tuation on the opposite sides of the jet centerline, and the signs of velocity fluctuation for
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those fluid lumps changed alternately as time proceeds from the spatio-temporal velocity

field reconstructed by the first KL mode. Moreover, these characteristics were consistent

with the flapping phenomenon.

1.3 Outline of the thesis

The contents of the thesis consist of seven chapters and two appendixes as outlined

below.

Chapter 1 is the present introduction, which describes the background and purpose of

the study and the review of previous related studies.

In Chapter 2, the newly developed combined probe for the simultaneous measurement

of velocity and pressure in turbulent flows are described. The combined probe consisted of

a pressure probe placed between two hot-wires that comprised an X-type hot-wire probe,

and the tip of the pressure probe is reduced to a smaller size by reshaping. At first, the

measurement accuracy of the pressure fluctuation in turbulent flows is investigated by

using the new pressure probe with reference to the previous studies. Then, the effect of

the spatial arrangement of the hot-wire probe and the pressure probe is carefully exam-

ined in order to decrease the interference between these probes during the simultaneous

measurements of velocity and pressure. The measurement accuracy of the new combined

probe is also investigated by comparing the data of measurements taken in a plane jet us-

ing the new combined probe with those taken using the previous type of combined probe.

In addition, the turbulent energy budget and the cross-correlation coefficient of velocity

and pressure in the intermittent region of the plane jet are estimated.

In Chapter 3, the results of the simultaneous measurement of velocity and pressure

in a plane jet by using a combined probe shown in Chapter 2 are described. In the

experiment, firstly, the conditional ensemble-averaged statics are investigated on the basis

of the intermittency function obtained from the velocity signal by the hot-wire sensor set

in the intermittent region of a plane jet to understand the intermittent flow phenomena.

Secondly, the validity of the turbulence models for diffusion process and the models for the

rapid/slow part of the pressure diffusion term are discussed by the obtained data mainly

placing the focus on the relation between the validity of the models and the intermittency.

In Chapter 4, the flow characteristics and vortex structure near the turbulent/non-

turbulent interface in a self-preserving region of a plane jet are shown on the basis of

the results of simultaneous measurement of velocity and pressure. The measurements

are also performed using a combined probe shown in Chapter 2. The measurement data
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are analyzed by the conditional sampling technique and an ensemble-averaging technique

on the basis of the intermittency function for the turbulent/non-turbulent decision. In

addition, the turbulent energy budget near the turbulent/non-turbulent interface is also

discussed.

In Chapter 5, the results of the investigation of the streamwise interfaces of an isolated

turbulent region in a flat plate boundary layer are described. The investigation is per-

formed by a wind tunnel experiment. In the experiment, a turbulent region is periodically

generated in a laminar boundary layer by periodically activating bimorph-type piezoce-

ramic actuator that raises its trailing end from the wall. For an understanding of the

mechanism by which the turbulent region spreads in the streamwise direction, the results

are discussed particularly from the perspective of the transport of the turbulent/laminar

fluid through the interfaces.

In Chapter 6, the characteristics of a plane jet in the flapping motion, such as the

velocity field, pressure field, turbulent energy budget, interval of arising of the flapping,

and its duration are investigated and discussed. The measurements are performed by

using a combined probe shown in Chapter 2. The measured data are analyzed by using

a conditional sampling technique and the ensemble-averaging technique, on the basis of

an intermittency function which is used to determine whether the jet is in the flapping

or not. The intermittency function is obtained by the newly proposed method using the

continuous wavelet transform with the Gabor mother wavelet.

Chapter 7 summarizes the conclusions drawn from each of the previous chapters.

Finally, as an Appendix A, a study on the characteristics of the constant temperature

anemometer (CTA) used in this study are shown. Further, as an Appendix B, the influence

of the cross-flow on the measurement accuracy of the pressure probe used in this study is

also shown.
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Leakage vortex
Horseshoe vortex

Horseshoe vortex

Figure 1.1 Flow pattern and vortices around the tip [1].

Figure 1.2 Instantaneous velocity magnitude behind the tail car of the Shinkansen model

[2].
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Sketch (a)

Sketch (b)
Figure 1.3 Concept of the super layer (Sketch (a)) and the total shear drop from values

characteristic of fully turbulent flow to practically zero (Sketch (b)) [7].

Figure 1.4 Physical structure of a transitional round jet [9].
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Figure 1.5 Three-dimensional view of iso-surfaces of conditionally averaged streamwise

vorticity fluctuations [16].

Figure 1.6 A plane view of a turbulent spot [21].
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Figure 1.7 Schematic view of pressure pick-up [52]. Part A in the figure is a condenser

microphone and Part B the system of pressure duct.

Figure 1.8 Schematic view of the pressure probe with a conical tip [59].
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Figure 1.9 Top view of near-wall structure in a turbulent boundary layer [69].

Figure 1.10 Schematic diagram of test region (not to scale) [78].
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Figure 1.11 Simplified view of the vortex structure in a plane jet [81].

Figure 1.12 A vortex-street representation of a plane jet [87].
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Chapter 2

Development of a combined probe
[93][94][95][96]

2.1 Introduction

The experimental study of turbulent flows by the measurement of velocity fluctuation

has been actively pursued over the years because the coherent structures in turbulent

flows are very closely related to the vibration, aeroacoustic, and mixing enhancements of

turbulent flows. However, to understand these physical characteristics, joint statistics for

the velocity and pressure are needed, because the fundamental equations that describe

turbulent flows (e.g., the incompressible Navier-Stokes equation) contain both the velocity

fluctuation and the pressure fluctuation terms. In addition, pressure fluctuations in tur-

bulent flows play a very important role in the behavior of inhomogeneous and anisotropic

turbulence [31]. From these points of view, several experiments have been performed so

far to measure the pressure statistics or the joint statistics of the velocity and pressure as

described in Chapter 1.

In previous studies, the techniques for measuring pressure fluctuation and for simul-

taneously measuring the velocity and pressure in turbulent flows have been improved

or advanced. However, some problems to acquire highly accurate data of simultaneous

measurements remain to be solved.

One of such problems is the measurement accuracy of the pressure fluctuation in tur-

bulent flows that is measured using a pressure probe. Therefore, recently a new non-

intrusive technique, which does not require the probe installation has been developed for

measuring the instantaneous spatial pressure distribution in a simple water flow [68]. The

non-intrusive technique seems to be highly prospective but still under development.

Another problem is the spatial arrangement of the hot-wire probe and the pressure

probe. In past studies [64][65][66], the hot-wire probe was placed beside the static pres-

sure hole on the sidewall of the pressure probe and the gap between the hot-wire sensor
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and the static pressure hole was ranged from 1.0 mm to 2.5 mm. This was because the

measurement accuracy of each probe would be reduced by the velocity or pressure distur-

bances caused by the other probe if the gap was too small. The relative positions of the

hot-wire probe and the pressure probe were slightly different for the cross-streamwise (or

spanwise) direction, so that no improvement of the spatial resolution of the simultaneous

measurement could be expected for such a spatial arrangement.

In the present study, a new combined probe is developed to improve the spatial reso-

lution and measurement accuracy in the simultaneous measurement of the velocity and

pressure. The combined probe consists of a pressure probe placed between two hot wires

that comprised an X-type hot-wire probe, and the tip of the pressure probe is reduced

to a smaller size by reshaping. First, the measurement accuracy of the pressure fluctua-

tion in turbulent flows is investigated by using the new pressure probe with reference to

previous studies [55][58][59]. Then, the effect of the spatial arrangement of the hot-wire

probe and the pressure probe is carefully examined in order to decrease the interference

between these probes during the simultaneous measurements of the velocity and pressure.

The measurement accuracy of the new probe is also investigated by comparing the data

of measurements taken in a plane jet using the new combined probe with those taken

using the previous type of combined probe. In addition, the turbulent energy budget and

the velocity-pressure cross-correlation coefficient in the intermittent region of the plane

jet are estimated.

2.2 Improvement of the combined probe for simulta-

neous measurement

2.2.1 Miniaturization of pressure probe

For miniaturization of the pressure probe, the tip shape of the pressure probe is altered.

The schematic views of the new pressure probe and the previous pressure probe [97][98]

are shown in Figures 2.1 and 2.2, respectively. The shape of the tip of new pressure probe

is hemispherical, like that of a pitot tube. The external diameter and the internal diameter

of the pressure probe are 0.5 mm and 0.34 mm, respectively. There are eight pressure

holes on the sidewall of the pressure probe, and the diameter of each pressure hole is 0.2

mm. As shown in Figure 2.1, four of these holes are located at 0.75 mm from the tip of the

pressure probe, whereas the others are located at 1.25 mm from the tip of the pressure

probe and are inclined at 45◦ to the first (tip side) four holes. A 0.1-inch miniature
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microphone, which acts as a pressure sensor, is embedded within the flare of the pressure

probe. The sensitivity of the microphone is 16 mV/Pa, and it has a flat frequency response

from 20 Hz to 10,000 Hz. The modulation of the amplitude and the phase difference of the

pressure fluctuation signal, which are caused by the Helmholtz resonance and organ-pipe

resonance, arise in the pressure probe. Theoretically, the frequencies of the Helmholtz

resonance, fh and organ-pipe resonance, fo are 3,600 Hz and 17,000 Hz, respectively, for

this pressure probe. These resonance frequencies were estimated from the equation used

in a previous study [66].

fh =
c0
2π

d1
d2

√
1

Nl1l2
(2.1)

Here, d1 and d2 are the inner diameters of the conduit pipe (0.34 mm) and the diameter of

the space in the flare where the microphone is embedded (2.6 mm), respectively. Further,

c0 is the sound speed, l1 is the length of the conduit pipe of the pressure probe (10 mm),

and l2 is the thickness of the gap between the surface of the microphone and the edge of

the conduit pipe (assumed to be approximately 0.3 mm and shown by dot-line in Figure

2.1), N is expressed as

N = 1 +
8d1
3πl1

(2.2)

The frequency of the organ-pipe resonance is given by

fo =
c0
2l1

(2.3)

　The experimental apparatus used in the test of frequency response is shown in Figure

2.3. A new pressure probe (with 0.1-inch microphone) is placed with its pressure holes

(first four holes) located approximately at 50 mm away from a speaker, while a similar

0.1-inch (reference) microphone is placed with its sensing surface located at 50 mm from

the speaker. A sinusoidal wave in the range from 100 Hz to 10,000 Hz is generated by

an oscillator, amplified by an audio-amplifier, and radiated as sound from the speaker.

The sound signals measured by the microphone in the pressure probe and the reference

microphone are both transformed into voltage signals and stored on the hard disk of

a computer via an A/D converter. From the measured data, the amplitude ratio and

the phase difference of the signals obtained by these microphones are estimated. The

amplitude ratio M and phase difference φ are defined as

M ≡ p2/p1 (2.4)

φ ≡ φ2 − φ1 (2.5)
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Here, p1 and φ1 are the amplitude and the phase of the signals measured by the reference

microphone, respectively. Similarly, p2 and φ2 are the amplitude and the phase of the

signals measured by the microphone in the pressure probe, respectively.

The amplitude ratio M and the phase difference φ are shown in Figures 2.4 and 2.5,

respectively. In the plots shown in these figures, the resonance frequency is observed at

approximately 5,500 Hz. This frequency is obtained when gap l2 in Equation (2.1) is

approximately set to 0.13 mm. Note that the difference between the predicted Helmholtz

resonance frequency (3,600 Hz) and that measured (5,500 Hz) is caused by the error of

assuming firstly the thickness of the gap l2 to be 0.3 mm.

The Helmholtz resonance frequency (5,500 Hz) of the new pressure probe is less than

that of the previous pressure probe (12,000 Hz [66]) because the inner diameter of the

pressure probe, d1 is smaller than that of the previous probe. This means the results

of spectral analysis of the pressure fluctuations have errors when the Nyquist frequency

is greater than 5,500 Hz (i.e., when the sampling frequency is greater than 11,000 Hz).

Therefore, in this study, the modulations of the amplitude and the phase difference are

digitally corrected following the previous study [97][98]. The true pressure signal p(t) is

obtained as

p(t) =
nmax∑
n=0

(
C

(m)
n

Mn

exp {−j (2πfnt− φn)}

)
(2.6)

where, C
(m)
n denotes the nth complex Fourier coefficients of the signal measured by the

pressure probe, fn is the frequency of the nth Fourier component, and j is the imaginary

unit. Mn and φn are the amplitude ratio and the phase difference obtained by the test of

frequency response. Here, these are expressed as:

Mn =
(
p(m)/p(ref)

)
f=fn

(2.7)

φn =
(
φ(m)/φ(ref)

)
f=fn

(2.8)

where, p(ref) and φ(ref) are the amplitude and the phase obtained by the reference micro-

phone whereas p(m) and φ(m) are those obtained by the microphone in the pressure probe.

The notation ( )f=fn denotes the value when the frequency f is equal to fn. The corrected

pressure signals can be obtained by this modulation method.

The experimental apparatus used to check the cross-flow error of the pressure probe is

shown in Figure 2.6. During the experiment, a wind tunnel with a square exit (80 mm

× 80 mm) is used, and the pressure probe is placed in a uniform main stream with a
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nozzle exit velocity U0 of 10 m/s or 20 m/s and with a yaw angle α that ranged from

-30◦ to +30◦. The pressure at each yaw angle α is measured by a micromanometer. The

measured pressure Pα is normalized by the following equation:

Cp =
Pα − P0

(ρU2
0 )/2

(2.9)

where, p0 is the mean pressure at α = 0◦ and ρ is the density of the air.

Figures 2.7 and 2.8 show the cross-flow error of the pressure probe at U0 = 10 m/s and 20

m/s, respectively. The filled circles show the results measured by the new pressure probe

(Figure 2.1), and the open circles show those measured by the previous probe (Figure

2.2). Figures 2.7 and 2.8 also show that the cross-flow error of the new pressure probe is

less than approximately 0.05 (5 %) to the dynamic pressure ρU2
0 )/2 at such yaw angles

(-10◦ ≤ α ≤ +10◦), and nearly the same as that of the previous pressure probe. This

cross-flow error will be also corrected for the pressure signals on the basis of instantaneous

flow angle data as explained later (in section 2.2.2).

2.2.2 Measurement accuracy of new pressure probe

In this study, the pressure probe is installed in a flow to measure pressure fluctuation

and this technique has been widely used in previous studies. However, this technique is

intrusive because the probe itself has some volume. Therefore, the measurement accuracy

of the pressure probe is validated using a calibration by referring to previous studies

[55][58][59].

The calibration is performed in the wake of a circular cylinder. The true pressure is

predicted with the measured velocity by the following equation [55][59]:

pf = −ρ(U − uc)uf (2.10)

where pf and uf are the pressure and streamwise velocity fluctuation, ρ is the density of

fluid, U is the mean velocity, and uc is the convection velocity of disturbance. Here, it

should be noted that Equation (2.10) was deduced from the inviscid momentum equation.

Therefore, pf and uf must be measured in the potential flow region outside the Karman

vortices behind the circular cylinder.

The apparatus used for the calibration is shown in Figure 2.9. A wind tunnel with a

square exit (80 mm × 80 mm) is used. The coordinate system is as follows: the axial

(streamwise) coordinate is x1, the vertical (cross-streamwise) coordinate is x2, and the

origin of the coordinate is set at the center of the nozzle exit. A circular cylinder with
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a diameter dc (0.5, 1.0, 3.0, 6.0 mm) is set at the origin of the coordinate and the flow

velocity at nozzle exit U0 is set at 5, 10, or 20 m/s. The frequencies of the vortex shedding

fc are in the range of 166 - 2,000 Hz. The measurements are performed at x1/dc = 1.80

and x2/dc = 1.25.

Figure 2.10 shows the ratio of the RMS (Root Mean Square) value of the measured

pressure fluctuation p′ and that of the predicted value p′f . The ordinate is p′/p′f and the

abscissa is fc. Here, p′/p′f = 1.0 means the measurement error is equal to zero. Figure

2.10 indicates that the maximum measurement error of the pressure fluctuation is 10 %,

which is much smaller than the value of 18 % obtained in a previous study [59].

2.2.3 Spatial arrangement of combined probe

The spatial arrangement of the pressure probe and the hot-wire probe, particularly the

gap between the probes, is very important for the accuracy of the simultaneous mea-

surement of the velocity and pressure in turbulent flows, because in some cases, the

disturbances caused by one probe influence the measurement accuracy of the other probe.

Therefore, the influence of this gap between the pressure probe and the hot-wire probe

on the measurement accuracy is investigated. This investigation is indispensable for the

optimization of the spatial arrangement of each probe.

In this study, the investigation is performed in a plane jet. The reason why a plane jet

is chosen is that a plane jet is a basic classical flow and there are plenty of past measured

results to be compared with. Figure 2.11 shows a schematic view of the experimental

apparatus and coordinate system of the present plane jet. A skimmer is installed ap-

proximately 1.0 mm downstream of the nozzle exit in order to eliminate the boundary

layer that developed along the contraction wall of the nozzle. Height d and width l of the

skimmer exit are 12 mm and 236 mm, respectively. Velocity U0 at the skimmer exit is 27.5

m/s, and the Reynolds number Re (=U0d/ν, ν is kinematic viscosity) is 22,000. Further,

the sidewall is set vertically in the test section in order to inhibit entrainment from the

surroundings on each side. Using the skimmer and the sidewall, a uniform velocity profile

at the skimmer exit and a good two-dimensional flow field in the test section are realized.

The coordinate system is as follows: the axial (streamwise) coordinate is x1, the vertical

(cross-streamwise) coordinate is x2, the spanwise coordinate is x3, and the origin of the

coordinate is set at the center of the nozzle exit. The sampling frequency of the pressure

probe and the hot-wire probe is 10 kHz, and the number of sampling is 262,144. In the

preliminary experiments, it was confirmed that the sampling length is adequate to obtain
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Table 2.1 Combinations of s1 and s2 for the investigation.

No.　　　 s1 (mm) 　　　　　 s2 (mm)

1 　　　 0.25 　　　　　 0.0

2 　　　 0.40 　　　　　 0.0

3 　　　 0.50 　　　　　 0.0

4 　　　 0.25 　　　　　 1.0

5 　　　 0.40 　　　　　 1.0

6 　　　 0.50 　　　　　 1.0

7 　　　 0.25 　　　　　 2.0

8 　　　 0.40 　　　　　 2.0

9 　　　 0.50 　　　　　 2.0

the reliable turbulence statistics. The measured data are stored on the hard disk of a

personal computer via an A/D converter, and then the data are statistically analyzed.

In this study, to estimate the degree of interference between the hot-wire sensor and

the pressure probe, firstly the preliminary experiments have been performed by using the

I-type hot-wire probe and the pressure probe that are shown in Figure 2.12. The hot-wire,

of diameter 5.0 µm and length 1.0 mm, is connected to a self-made constant temperature

anemometer. The coordinate directions shown in Figure 2.12 correspond to those of the

plane jet shown in Figure 2.11. The gap between the hot-wire and the sidewall of the

pressure probe is denoted by s1, and the gap between the hot-wire and the tip of the

pressure probe is denoted by s2. The influence of gaps s1 and s2 on the measurement

accuracy of the pressure probe and the I-type hot-wire probe is investigated for several

combinations of s1 and s2 as shown in Table 1, and the best combination of s1 and s2 (for

minimal influence) is determined. In practice, the influence is estimated by comparing

the results measured by the combined probe with those measured individually by either

the pressure probe or the hot-wire probe alone.

Figure 2.13 shows the axial variations of the streamwise mean velocity in the cases

of s1 = 0.25 mm, 0.40 mm, and 0.50 mm when s2 is fixed to 0.0 mm. The ordinate

is Uc/U0, and the abscissa is x1/d, where Uc is the streamwise mean velocity on the jet

centerline, U0 is the streamwise mean velocity at the skimmer exit, and d is the height

of the skimmer exit. The solid line shows the results measured by the I-type hot-wire

probe alone (i.e., without the pressure probe). The open squares, open triangles, and open

downward triangles in Figure 2.13 shows the results measured for s1 = 0.25 mm, 0.40 mm,
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and 0.50 mm, respectively. As seen in Figure 2.13, the results (denoted by symbols) decay

more slowly than those measured by the I-type hot-wire probe alone (solid line), even in

the case of s1 = 0.50 mm (denoted by downward triangle in Figure 2.13). The maximum

measurement errors in this case are 14 % (s1 = 0.25 mm), 8.8 % (s1 = 0.40 mm), and

3.3 % (s1 = 0.50 mm). This illustrates the blockage effect caused by the presence of the

pressure probe near the hot-wire and implies that the velocity measured by the hot-wire

is influenced by the pressure probe.

Figure 2.14 shows the axial variations of the streamwise mean velocity for s1 = 0.25

mm, 0.40 mm, and 0.50 mm when s2 is fixed to 1.0 mm. The ordinate, abscissa, solid

lines, and symbols have the same definitions as in Figure 2.13. The results shown in

Figure 2.14 (denoted by symbols) show a faster decay than those shown in Figure 2.13.

The maximum measurement errors in this case are 8.2 % (s1 = 0.25 mm), 5.7 % (s1 =

0.40 mm), and 3.6 % (s1 = 0.50 mm). However, these results differ only slightly from the

results obtained using an I-type hot-wire probe alone. This indicates that the problem of

the blockage effect caused by the presence of the pressure probe remains unsolved even in

this arrangement.

Figure 2.15 shows the axial variations of the streamwise mean velocity in the cases of

s1 = 0.25 mm, 0.40 mm, and 0.50 mm when s2 is fixed to 2.0 mm. The definitions of the

ordinate and abscissa as well as the meanings of the solid line and symbols, are the same

as those in Figure 2.13. As seen in Figure 2.15, all the results (denoted by symbols) are

in good agreement with those measured by the I-type hot-wire probe alone (solid line).

The maximum measurement errors in this case are 3.1 % (s1 = 0.25 mm), 2.6 % (s1 =

0.40 mm), and 1.2 % (s1 = 0.50 mm). Therefore, there is almost no blockage effect from

the pressure probe. This means that the streamwise spatial gap s2 becomes an essential

parameter for avoiding the blockage effect caused by the pressure probe.

Figure 2.16 shows the cross-streamwise profiles of the RMS values of the streamwise

velocity fluctuation u′ in the cases of s1 = 0.25 mm and 0.50 mm when s2 is fixed to

2.0 mm. The abscissa is x2/b, and the ordinate is u′/u′
c, where u′

c is the RMS value of

the streamwise velocity fluctuation on the jet centerline and b is the half-width of the

cross-streamwise profile of the mean streamwise velocity. (Note that the variation of the

half-width b was given in a previous paper (Sakai et al. 2006)). A solid line denotes the

results measured by the I-type hot-wire probe alone. Figure 2.16 shows that the results

(denoted by symbols) are in good agreement with those measured by the I-type hot-wire

probe alone. The maximum measurement errors in this case are 1.3 % (s1 = 0.25 mm)

and 1.2 % (s1 = 0.50 mm) for the inner region of the jet (-1.4 ≤ x2/b ≤ 1.4). Therefore,
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the effect of gap s1 is very small in case s1 = 0.50 mm.

Figure 2.17 shows the cross-streamwise profiles of the RMS values of the pressure fluc-

tuation p′ in the case of s1 = 0.25 mm and 0.50 mm when s2 is fixed to 2.0 mm. The

abscissa is x2/b, and the ordinate is p′/p′c, where p
′
c is the RMS value of the pressure fluc-

tuation on the jet centerline. The solid line shows the results measured by the pressure

probe alone (i.e., without an I-type hot-wire probe). As seen in Figure 2.17, the results

(denoted by symbols) are in good agreement with those measured by the pressure probe

alone. The maximum measurement errors in this case are 1.9 % (s1 = 0.25 mm) and 1.8

% (s1 = 0.50 mm) for the inner region of the jet (-1.4 ≤ x2/b ≤ 1.4).

From the above preliminary experiments, it is concluded that no noticeable interference

is found between the signals observed by the pressure probe and the I-type hot-wire probe

with s1 = 0.50 mm and s2 = 2.0 mm. On the basis of these results, the newly arranged

combined probe is designed, as shown in Figure 2.18 and Figure 2.19. The pressure

probe is placed between two hot-wires that comprise the X-type hot-wire sensor for the

measurement of two velocity components. The diameter of the hot-wire is 5.0 µm, and

its length is 1.0 mm. Note that in contrast with the previous combined probe, shown in

Figure 2.20 (Sakai et al. 2010), the measurement points of the pressure probe and X-type

hot-wire probe are strictly at the same location in the spanwise (x3) direction. From this

configuration of the combined probe, the spanwise spatial error of the measurement can

be removed.

However, there is still a slight gap (s2 in Figure 2.12) in the streamwise direction;

therefore, the pressure fluctuation signal measured by the pressure probe has a slight

time lag with respect to the velocity fluctuation signal measured by the X-type hot-wire

probe. Therefore, the pressure fluctuation signal is corrected using Taylor’s hypothesis

given as

τ =
s2 + s3
U(t)

=
0.00325

U(t)
(2.11)

where τ is the time delay between the pressure fluctuation signal and the velocity fluc-

tuation signal, U(t) is the instantaneous streamwise velocity measured by the X-type

hot-wire probe, and s3 is the distance (1.25 mm) between the tip of the pressure probe

and the pressure holes on the downstream side (see Figure 2.1).

In addition, the measurement error of the pressure fluctuation caused by the cross-flow

error (see Figures 2.7 and 2.8) is completely corrected on the basis of flow angle data

obtained from the instantaneous velocity measured by using the X-type hot-wire probe,

except for the error caused by the cross flow provided by the spanwise (x3) velocity.
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However, the time variation RMS value of the cross-flow angle provided by these velocities

in this plane jet is less than 6◦. Therefore, the measurement error caused by the cross

flow is considered to be less than 8 %.

In the following section, the results measured using the new combined probe are de-

scribed and discussed for the plane jet, as shown in Figure 2.11. The resolution of this

combined probe is noteworthy. In previous experiments, for the same plane jet [66], the

Taylor transverse and Kolmogorov microscales in the jet’s self-preserving region were ap-

proximated to be 3.0 mm and 0.1 mm, respectively. Therefore, on the basis of the diameter

and arrangement of this combined probe, the spatial resolution for measurements of the

velocity and pressure fluctuations is considered to be larger than the Kolmogorov mi-

croscale but smaller than the Taylor transverse microscale. This consideration is derived

by using George’s approach [58], which estimated the spatial resolution of the pressure

probe to be the distance of the sensing holes from the tip of the tube or five times the

probe diameter.

2.3 Simultaneous measurement of velocity and pres-

sure in a plane jet

2.3.1 Velocity and pressure fileds

Figure 2.21 shows the cross-streamwise profiles of the mean streamwise velocity U . The

abscissa is x2/b, and the ordinate is U/Uc, where Uc is the mean streamwise velocity on

the jet centerline (x2/b = 0). The measurements are performed at x1/d = 20, 30, and 40.

The solid line indicates the Gaussian Profile.

Figure 2.22 shows the cross-streamwise profiles of the RMS values of the streamwise

velocity fluctuation u′. The abscissa is x2/b, and the ordinate is u′/u′
c, where u

′
c is the RMS

value of the streamwise velocity fluctuation on the jet centerline. These measurements are

performed at x1/d = 20, 30, and 40. The solid line indicates the measured results (x1/d

= 40) obtained by Sakai et al. [97][98], who performed the simultaneous measurement of

pressure and two velocity components (i.e., streamwise and cross-streamwise components)

using the previous combined probe shown in Figure 2.20.

Figure 2.23 shows the cross-streamwise profiles of the RMS values of the pressure fluc-

tuation p′. The ordinate is p′/p′c, and the abscissa and the meaning of the solid line are

the same as those in Figure 2.22. The measurements are performed at x1/d = 20, 30, and

40.
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Figure 2.24 shows the cross-streamwise profiles of the Reynolds stress -uv. The ordinate

is the Reynolds stress normalized by the product of u′
c and v′c, where v

′
c is the RMS value

of the cross-streamwise velocity fluctuation on the jet centerline. The abscissa and the

meaning of the solid line are the same as those in Figure 2.22. The measurements are

performed at x1/d = 20, 30, and 40.

The downstream variations of the spectrum Euu of the streamwise velocity fluctuation

u at x2/b = 1.0 are shown in Figure 2.25. The ordinate is normalized by the turbulent

energy dissipation ε per unit mass and the kinematic viscosity ν. The abscissa is the axial

wavenumber k1 normalized by the Kolmogorov microscale η. It should be noted that ε

and η are estimated on the basis of the assumption of isotropic turbulence, as follows.

ε = 2ν

∫ ∞

0

k2E(k)dk (2.12)

η =
(ν3

ε

) 1
4 (2.13)

where E(k) is the three-dimensional power spectrum of u, which is calculated from the

one-dimensional power spectrum E1(k1) as

E(k) =
1

2

[
k3
1

d

dk1

{
1

k1

d

dk1
E1(k1)

}]
k1=k

(2.14)

E1(k1) is calculated from the one-dimensional Eulerian frequency spectrum E1(f) by

using Taylor’s hypothesis. The measurements are performed at x1/d = 20, 30, and 40. It

should be noted that the upper limit of the frequency shown in the spectrum distribution

corresponds to the Nyquist frequency of 5 kHz. Figure 2.25 shows the region that obeys

Kolmogorov’s five-thirds power law.

The downstream variations of the spectrum Epp of the pressure fluctuation p at x2/b

= 1.0 are shown in Figure 2.26. The ordinate is normalized by the turbulent energy

dissipation ε per unit mass, the kinematic viscosity ν, and the density ρ of the air. The

abscissa is the same as that shown in Figure 2.25, but E(k) in Equation (2.12) is the

power spectrum of p. The measurements are performed at x1/d = 20, 30, and 40. Figure

2.26 clearly shows the region with the seven-thirds power law.

From the measured results discussed above (Figures 2.21-2.26), it is found that the data

obtained by the new combined probe are in good agreement with the previous results of

Sakai et al. [97][98]. Therefore, the validity of the measurement apparatus is confirmed.
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2.3.2 Estimation of the turbulent energy budget

The transport equation of the turbulent energy for a plane jet can be written as follows.

U
∂k

∂x1

+ V
∂k

∂x2

+ uv
∂U

∂x2

+ (u2 − v2)
∂U

∂x1

(2.15)

+ε̂+
∂

∂x2

(
1

2
vq2 +

1

ρ
vp) = 0

where, k and ε̂ are given by

k =
q2

2
=

1

2
u · u =

1

2
(u2 + v2 + w2) (2.16)

ε̂ = ν
∂ui

∂xj

2

=
1

2
(εi + εj + εk) (2.17)

εi = 2ν(
∂ui

∂x1

2

+
∂ui

∂x2

2

+
∂ui

∂x3

2

) (2.18)

Each subscript of εi (i = 1, 2, 3) corresponds to a component of the velocity fluctuation

(i.e., u, v, and w). Moreover, the diffusion term in Equation (2.15) is expressed as

∂

∂x2

(
1

2
vq2 +

1

ρ
vp) =

∂

∂x2

(
u2v + v3 + vw2

2
) +

∂

∂x2

(
1

ρ
vp) (2.19)

where the first term is the turbulent diffusion term, and the second term is the pressure

diffusion term. The triple correlation vw2 in the turbulent diffusion term can be measured

by rotating the combined probe, as shown in Figure 2.27. In particular, by the rotating

the combined probe through 45◦ around the streamwise axis (x1), the output of the X-type

hot-wire probe is made proportional to (v+w)/
√
2 [99], and then vw2 can be estimated

as

vw2 =
(v + w)3 − v3

3
(2.20)

on the assumption that w is equal to zero. Furthermore, the turbulent energy k is calcu-

lated from Equation (2.21) on the assumption that vw is equal to zero.

k =
u2

2
+

(v + w)2

2
(2.21)

Obviously, this rotation method of measurement has become useful only by miniaturizing

the pressure probe and changing the spatial arrangement of the combined probe. By
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this method, all terms of Equation (2.15) except the dissipation rate ϵ̂ can be measured

directly. In this study, ϵ̂ can be estimated as the residual of Equation (2.15).

Figure 2.28 shows the cross-streamwise profiles of the RMS values of the streamwise,

cross-streamwise, and spanwise velocity fluctuations u′, v′, and w′ at x1/d = 40. The

abscissa is x2/b, and the ordinates are u′/u′
c, v

′/v′c, and w′/w′
c, where, w

′
c is the RMS

value of the spanwise velocity fluctuation on the jet centerline. The results measured at

the self-preserving region of the jet are denoted by a solid line and dashed line for x1/d

= 40 [100] and by a dot-dashed line for x1/d = 102 [101]. As seen in Figure 2.28, the

results measured by the new combined probe are in good agreement with those measured

in previous studies. Therefore, the validity of this method of measurement is confirmed.

Figure 2.29 shows the turbulent energy budget of a plane jet at x1/d = 40. The

meanings of the symbols in Figure 2.29 are as follows; open circle denotes the convection

term, which is the summation of the first and second terms in Equation (2.15); open

triangle denotes the production term, which is the summation of the third and fourth

terms in Equation (2.15); open diamond denotes the dissipation term, which is the fifth

term in Equation (2.15); and open downward triangle denotes the diffusion term, which

is the sixth term in Equation (2.15). The abscissa is x2/b, and the ordinate is the value

of each term normalized by Uc
3
/b. The solid and the dashed lines indicate the convection

and the production terms estimated by Sakai et al. [97][98]), respectively. Figure 2.29

shows that the convection term (open circle) and the production term (open triangle) are

in good agreement with the results measured by Sakai et al. [97][98].

Figure 2.30 shows only the dissipation and the diffusion term in Equation (2.15) at

x1/d = 40. The meanings of the symbols in Figure 2.30 are the same those in Figure 2.29.

The solid and the dashed line indicate the dissipation and the diffusion terms estimated

by Sakai et al. [97][98], respectively, and the dash-dot and the dash-dot-dot line indicate

the dissipation and the diffusion terms estimated by Bradbury [102], respectively. Figure

2.30 shows that the diffusion term (open downward triangle) has a minimum within 0.5

≤ x2/b ≤ 0.6 and a maximum at x2/b = 1.5; therefore, although some quantitative

difference can be still observed, the profile of the diffusion term is more similar to that of

Bradbury (1965) than that of Sakai et al. [97][98]. Because of the difference in the profile

of the diffusion term (open downward triangle), the profile of the dissipation term (open

diamond) also changes and is more similar to that of Bradbury [102] than that of Sakai

et al. [97][98].

For further discussion, the turbulent diffusion term and the pressure diffusion term in

Equation (2.15) are estimated separately and compared with the data obtained by Sakai
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et al. [97][98]. The results are shown in Figure 2.31. The meanings of the symbols in

Figure 2.31 are as follows; open rightward triangle denotes the turbulent diffusion term,

which is the first term in Equation (2.19); open leftward triangle denotes the pressure

diffusion term, which is the second term in Equation (2.19); and open downward triangle

denotes the total diffusion term, which is the summation of the turbulent diffusion term

and the pressure diffusion term. The solid line indicates the turbulent diffusion term, and

the dashed line indicates the pressure diffusion term which were estimated by Sakai et

al. [97][98]. As seen in Figure 2.31, the pressure diffusion term (open leftward triangle)

agrees with that of Sakai et al. [97][98]. However, the profile of the turbulent diffusion

term (open rightward triangle) has a minimum at x2/b = 0.5 and a maximum at x2/b

= 1.5 and thus differs from that of Sakai et al. [97][98]. Therefore, the difference in

the distribution of the total diffusion term is due to the difference in the profile of the

turbulent diffusion term. Furthermore, the integrated value of the diffusion term (i.e., the

summation of the diffusion of the turbulent energy), which theoretically should be zero

[102], is estimated over the cross section as follows.

b

U3
c

∫ ∞

0

∂

∂x2

(
1

2
vq2 +

1

ρ
vp)dx2 (2.22)

The integrated value of the diffusion term in the present study is -0.037 and is thus closer

to zero than that in the previous study (-0.081 [97][98]). From these results mentioned

above, it is concluded that a highly accurate estimate of the turbulent energy budget can

be achieved with the newly arranged combined probe.

2.3.3 Cross-correlation coefficient in the intermittent region

Velocity and pressure are simultaneously measured in the intermittent region of a plane

jet to obtain more understanding of the entrainment process. In this experiment, an I-

type hot-wire probe (hereafter called a “detector”) is installed in the intermittent region

(x2/b = 1.315) of the jet to distinguish the flow state of the region, and the velocity and

pressure are simultaneously measured at x2/b = 1.3 using our combined probe, as shown

in Figure 2.32.

The flow state is distinguished by applying the method proposed with reference to

Hedley et al. [103] and Koso et al. [10] to the signal obtained by the detector. First, we

calculate the first-order time derivative of the velocity data U(t) obtained by using the
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detector.

| U̇(t) |=| ∂

∂t
(U(t)) | (2.23)

Next, we calculate the second-order time derivative as follows.

| Ü(t) |=| ∂

∂t
| U̇(t) || (2.24)

The phase of the second-order time derivative is then shifted 90◦ and the sum of the

first-order and second-order time derivatives is obtained as follows. The sum is defined

as a discriminant function D(t).

D(t) =
1

2
(| U̇(t) | +

√
U̇(t)

2√
Ü(t)

2
) (2.25)

Next, we smoothen the discriminant functionD(t) by applying a 500-Hz low-pass filter and

obtain the criterion function defined as D̂(t). Finally, we determined the intermittency

function I(t) (0: Non-turbulent state, 1: Turbulent state) using D̂(t) to have a threshold

of 0.05 m/s2. The functioning of the low-pass filter and the threshold measurement are

validated by comparing the intermittency factor obtained by I(t) with that obtained in

a previous study [101].

Figures 2.33 and 2.34 show the cross-correlation coefficient Rvp1 and Rvp2 between the

fluctuating cross-streamwise velocity v and the pressure p at x1/d = 40, respectively. The

cross-correlation coefficient Rvp1 and Rvp2 are defined by using the following equations:

Rvp1 = v(t1)p(t1 + τ)/(v′cp
′
c) (2.26)

Rvp2 = v(t2)p(t2 + τ)/(v′cp
′
c) (2.27)

where the over-bar and prime symbol (’) denote the ensemble average and RMS value,

respectively. t1 is the time that I(t) changes from 0 to 1 and t2 is the time that I(t)

changes from 1 to 0. The time delay τ is normalized by the integral time scale TuI of the

streamwise velocity u. Here, a negative value of τ indicates that t1 or t2 has elapsed and

a positive value of τ indicates that t1 or t2 has not elapsed.

Figure 2.33 shows that the sign of p changes at around t1. By considering the sign of v

at t1 to be positive (owing to the ejection of turbulent fluid to the outer region), it can be

seen that the sign of p will be negative at τ > 0 and positive at τ < 0. Further, Figure

2.34 shows that the sign of p changes around time t2. As considering the sign of v is
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negative (owing to the entrainment of non-turbulent fluid to the inner region), it is seen

that the sign of p will be negative at τ < 0 and positive at τ > 0.

These results support the model of the vortex structure suggested in previous studies

(Browne et al. [81], Tanaka et al. [104], Sakai et al. [66]), which is shown in Figure 2.35.

2.4 Conclusions

In this chapter a new combined probe for measuring instantaneous pressure and two

velocity components simultaneously was developed. The combined probe consists of an

X-type hot-wire and a newly devised pressure probe. The pressure probe was minia-

turized by using a 0.1-inch microphone and the tip of the pressure probe was shaped

into a hemisphere similar to that of the pitot tube. First, we checked the accuracy of

the pressure fluctuation in turbulent flows by using the new pressure probe. Then, we

carefully examined the effect of the spatial arrangement of the hot-wire probe and the

pressure probe, and investigated the measurement accuracy of the new combined probe in

a plane jet. Finally, we estimated the turbulent energy budget and the velocity-pressure

cross-correlation coefficient in the intermittent region of the plane jet. The results are

summarized as follows.

1. When the newly devised pressure probe was used, the measurement errors of the

pressure fluctuation were 0 % - 10 % for a uniform flow.

2. No noticeable interference was observed between the signals with the pressure probe

and the hot-wire sensor when the lateral distance (cross-streamwise distance) be-

tween the hot-wire sensor and the side wall of the pressure probe was set to 0.5 mm

and when the longitudinal distance (streamwise distance) between the hot-wire sen-

sor and the tip of the pressure probe was set to 2.0 mm. These values corresponded

to approximately 0.17 times and 0.67 times the Taylor transverse microscale in the

presently considered plane jet.

3. The results obtained by using the combined probe and the signal processing system

were in good agreement with the reliable results obtained previously. Therefore,

we conclude that this newly developed combined probe and the signal processing

system were useful for the simultaneous measurements of the velocity and pressure.

4. The integral value of the total diffusion term (which should theoretically be equal

to zero) was shown to be closer to zero compared with results reported previously
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by Bradbury [102]. This is because the proposed combined probe and the signal

processing system could measure the pressure diffusion vp and the triple correlation

vw2 more accurately and directly than the probes used in previous studies.

5. The time-variation of the cross-correlation coefficient in the intermittent region

supported the vortex structure model suggested by the results of previous stud-

ies (Browne et al. [81], Tanaka et al. [104], Sakai et al. [66]).



CHAPTER 2 DEVELOPMENT OF A COMBINED PROBE 50

(l1)

l2

.

Figure 2.1 Schematic view of the new pressure probe (unit:mm).
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Figure 2.2 Schematic view of the previous pressure probe (unit:mm) [97][98].
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OscillatorAudio Amplifier Speaker 50mm A/D converterOscilloscope620mm～ ） ） ～） Microphone (Reference)Pressure probe Strut50mm

Figure 2.3 Experimental apparatus in the test of frequency response.
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Figure 2.4 Amplitude ratio M in the test of frequency response.
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Figure 2.5 Phase difference φ in the test of frequency response.

α
Flow (10 m/s, 20 m/s)Nozzle exit of the wind tunnel
(-30º to +30º)

Jet centerline

Figure 2.6 Experimental apparatus to check the cross-flow error of the pressure probe

(not to scale).
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-30 -20 -10 0 10 20 30-0.4-0.3-0.2-0.10
 Previous pressure probe New pressure probeCp=(Pα-P

0)/(ρU02 /2)
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Figure 2.7 Cross-flow error of the pressure probe (U0 = 10 m/s).

-30 -20 -10 0 10 20 30-0.4-0.3-0.2-0.10
 Previous pressure probe New pressure probeCp=(Pα-

P0)/(ρU0
2 /2)

Yaw angle [°]
Figure 2.8 Cross-flow error of the pressure probe (U0 = 20 m/s).
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Figure 2.9 Measurement apparatus for the calibration.
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Figure 2.10 Ratio of the RMS value of the measured pressure fluctuation p′ and that of

predicted value p′f .
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Figure 2.11 Experimental apparatus of plane jet (unit:mm).
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Figure 2.12 Schematic view of the I-type hot-wire probe and the new pressure probe

(unit:mm).
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Figure 2.13 Axial variation of the jet centerline mean streamwise velocity Uc. s1 = 0.25,

0.40, and 0.50 mm, and s2 is fixed to 0.0 mm. The solid line shows the results measured

by the I-type hot-wire probe alone.
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Figure 2.14 Axial variation of the jet centerline mean streamwise velocity U c/U0. s1
= 0.25, 0.40, and 0.50 mm, and s2 is fixed to 1.0 mm. The solid line shows the results

measured by the I-type hot-wire probe alone.
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Figure 2.15 Axial variation of the jet centerline mean streamwise velocity Uc. s1 = 0.25,

0.40, and 0.50 mm, and s2 is fixed to 2.0 mm. The solid line shows the results measured

by the I-type hot-wire probe alone.
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Figure 2.16 Cross-streamwise profiles of u′. s1 = 0.25 mm and 0.50 mm, and s2 is fixed

to 2.0 mm. The solid line shows the results measured by the I-type hot-wire probe alone.
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Figure 2.17 Cross-streamwise profiles of p′. s1 = 0.25 mm and 0.50 mm, and s2 is fixed

to 2.0 mm. The solid line shows the results measured by the pressure probe alone.
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Measurement Volume1.5 mm × 0.7 mm × 0.7 mm

Flow

Figure 2.18 Schematic view of the newly arranged combined probe (Diagrammatic er-

spective view. unit:mm).
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Figure 2.19 Schematic view of the newly arranged combined probe (Top view and front

view. unit:mm).
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Figure 2.20 Schematic view of the previous combined probe (unit:mm) [97][98].
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Figure 2.21 Cross-streamwise profiles of the mean streamwise velocity U .
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Figure 2.22 Cross-streamwise profiles of the RMS values of the streamwise velocity fluc-

tuation u′.



CHAPTER 2 DEVELOPMENT OF A COMBINED PROBE 61

x2 / b

p’
/p

’ c

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

2.0

x1 / d =
x1 / d =
x1 / d = 40
Sakai et al. 2010 ( = 40)

20
30

x1 / d

Figure 2.23 Cross-streamwise profiles of the RMS values of the pressure fluctuation p′.
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Figure 2.24 Cross-streamwise profiles of the Reynolds stress -uv.
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Figure 2.25 The downstream variation of the spectrum Euu of the streamwise velocity

fluctuation u at x2/b=1.0.
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Figure 2.26 The downstream variation of the spectrum Epp of the pressure fluctuation p

at x2/b=1.0.
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(a) Horizontal position (b) Tilted position (45 degrees)
Figure 2.27 Front view of the combined probe, (a) horizontal position and (b) tilted

position.
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Figure 2.28 Cross-streamwise profiles of the RMS values of the streamwise, cross-

streamwise, and spanwise velocity fluctuation at x1/d=40.
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Figure 2.29 Turbulent energy budget at x1/d=40.
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Figure 2.30 Dissipation and diffusion term at x1/d=40.
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Figure 2.31 Diffusion terms in the turbulent energy budget at x1/d=40.
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Figure 2.32 Spatial arrangement of combined probe and detector.
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Figure 2.33 Cross-correlation coefficient Rvp1 (I(t): 0 → 1).
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Figure 2.34 Cross-correlation coefficient Rvp2 (I(t): 1 → 0).
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Figure 2.35 A model for the vortex structure of a plane jet (Browne et al. [81], Tanaka

et al. [104], Sakai et al. [66]).
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Chapter 3

Estimation of conditional averaged
value and diffusion term in the
intermittent region of a plane jet [105]

3.1 Introduction

In Chapter 2, a newly-devised combined probe for the simultaneous measurement of

two components of the velocity and pressure in a plane jet was developed. Further, the

turbulent energy budget of a plane jet was estimated and it was found that the accuracy

of the simultaneous measurement was improved. In this chapter, with using the combined

probe developed in Chapter 2, the simultaneous measurement of the velocity and pressure

in a plane jet is performed again and the measured results are discussed from another

point of view.

Firstly, for the more detail understanding of the flow phenomena in the intermittent

region of a plane jet, the conditional ensemble-averaged statistics are investigated on the

basis of the intermittency function obtained from the velocity signal by the hot-wire sensor

set in the intermittent region of a plane jet. In the discussions, the changes of the profiles

of the mean velocity, velocity fluctuation, Reynolds stress and pressure fluctuation are

mainly placing the focus on. Further, the turbulent energy budget of a plane jet is also

discussed.

Secondly, the validity of the models for the diffusion term is investigated. In this

chapter, the validity of the Daly’s model [42] and Shir’s model [40] are investigated with

using the data obtained by the combined probe. Further, the validation of the models

for the rapid term [51] and the slow term [39] of the pressure diffusion process are also

investigated.
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3.2 Experimental setup and procedure

3.2.1 Experimental apparatus and conditions

The experiment is performed in a plane jet shown in Figure 2.11. The experimental

apparatus, coordinate system and experiment conditions are the same with the experiment

described in Chapter 2.

In this study, to obtain the conditional ensemble-averaged statistics, an I-type hot-wire

probe (hereafter called as “detector”) is installed in the intermittent region of the jet

to distinguish the flow state of the region. Further, the velocity and pressure near the

detector are simultaneously measured by the combined probe which was shown in Figure

2.32 in the previous chapter. The minimum gap between the hot-wire of the detector

and the outer wall of the pressure probe is 0.5 mm. This value was determined in the

preliminary experiment. The position of the combined probe is controlled by the traverse

system which can make the positioning accuracy less than ± 0.1 mm (See Figure 3.1).

The sampling frequency of the combined probe and detector is 20 kHz and the number of

sampling is 262,144 (about 13 seconds). In the preliminary experiments, it was confirmed

that the sampling length is adequate to obtain the reliable turbulence statistics. The

measured data are stored on the hard disk of a personal computer via an A/D converter

and then the data are statistically analyzed.

3.2.2 Turbulent/non-turbulent decision

In this study, to distinguish the turbulent region from the non-turbulent region, the

method proposed with reference to Hedley et al. [103] and Koso et al. [10] is applied to

the signal obtained by the detector. The detail of the method was described in Chapter

2. So that only the image of the signal processing for turbulent or non-turbulent decision

is shown in Figure 3.2.

3.3 Results and discussions

3.3.1 Base flow

The cross-streamwise profiles of the streamwise mean velocity U , the RMS value of

the streamwise velocity fluctuation u′, the RMS value of the pressure fluctuation p′, and

the Reynolds stress -uv were shown in Figures 2.21, 2.22, 2.23, and 2.24 in Chapter 2,
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respectively.

Figure 3.3 shows the cross-streamwise profiles of the intermittency factor γ. The or-

dinate indicates γ determined on the basis of the intermittency function I(t) and the

abscissa is the same as that in Figure 2.21. The solid line indicates the intermittency

factor obtained by Heskestad [101]. The measurements are performed at x1/d = 20, 30,

and 40. In Figure 3.3, only the profile in the range x2/b ≤ 0 is shown because in the

preliminary experiment (shown in Chapter 2), it was found that the velocity and pres-

sure fields were symmetrical to x2/b = 0. Figure 3.3 shows the similarity of the profiles

and the profile corresponds with the result of Heskestad at x1/d = 40. Therefore, the

functioning of the low-pass filter and the threshold value in the turbulent/non-turbulent

decision process are validated. Further, in the following, the detector is set at x2/b = 1.7

where γ equals to 0.5.

3.3.2 Conditional ensemble-averaged statistics

Velocity and pressure field

Figure 3.4 shows the conditional ensemble-averaged value in the range x2/b ≤ 0. Fig-

ure 3.4 (a) shows the mean streamwise velocity, Figures 3.4 (b)-(e) show the RMS value

of streamwise velocity fluctuation, cross-streamwise velocity fluctuation, spanwise veloc-

ity fluctuation and pressure fluctuation, respectively. Further, Figure 3.4 (f) shows the

Reynolds stress. In these figures, the ordinate indicates the value normalized by the value

on the jet centerline and the abscissa indicates x2/b. The subscript of “T” and “NT”

means the value when the flow state at the position of the detector is turbulent state and

non-turbulent state, respectively. Measurements are performed at x1/d = 40, 0 ≤ x2/b

≤ 2.5 and x3 = 0. Spatial interval of the measurements is 0.05 times x2/b. The spanwise

velocity fluctuation w is obtained by rotating the combined probe 90 degrees on the jet

centerline. The solid line, dashed line, and dot-dash line indicate the whole time averaged

value, the conditional ensemble-averaged value when I(t) = 1 (denoted by the subscript of

T) and the conditional ensemble-averaged value when I(t) = 0 (denoted by the subscript

of NT), respectively.

Figure 3.4 shows that the profiles of the conditional ensemble-averaged value differ in

the range 1.0 ≤ x2/b ≤ 2.5. The differences can be clearly found especially in the profile

of the RMS value of the streamwise velocity fluctuation u′ (Figure 3.4 (b)), spanwise

velocity fluctuation w′ (Figure 3.4 (d)), and Reynolds stress -uv (Figure 3.4 (f)).
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Turbulent energy budget

The turbulent energy budget in a plane jet which was estimated in the last chapter is

estimated again with using the conditional ensemble-averaged value. The estimation is

performed in the same process described in the previous chapter.

Figures 3.5 (a)-(c) show the cross-streamwise profiles of convection term (sum of the

first and second term in Equation (2.15)), production term (sum of the third and fourth

term in Equation (2.15)), diffusion term (sixth term in Equation (2.15)), respectively. In

this estimation, convection term (CT), production term (PT), and diffusion term (DT)

are estimated as follows.

CT = U∗
∂k∗
∂x1

+ V∗
∂k∗
∂x2

(3.1)

The production term (PT) is estimated by next equation.

PT = u∗v∗
∂U∗

∂x2

+ (u2
∗ − v2∗)

∂U∗

∂x1

(3.2)

The diffusion term (DT) is estimated by next equation.

DT =
∂

∂x2

(v∗k∗ +
1

ρ
v∗p∗) (3.3)

Here, subscript of * shows the flow state T or NT. The ordinate indicates the value of

each term normalized by Uc
3
/b and the abscissa indicates x2/b. The solid line, dashed

line, and dot-dash line indicate the whole time averaged value, the conditional ensemble-

averaged value when I(t) = 1 (T) and the conditional ensemble-averaged value when I(t)

= 0 (NT), respectively.

Figure 3.5 (a) shows that the profiles of the convection term whose role is the injection

of the turbulent energy from the outer side of the jet to the inner side have difference

in the range x2/b ≥ 1.0. When I(t) = 1, the injection of the turbulent energy can be

observed in the wider area than that when I(t) = 0. Further, the profiles of the convection

term are almost the same in the range x2/b ≤ 0.6. Therefore, it can be concluded that

the constant injection of the turbulent energy to the inner side of the jet (which does not

depend on the flow state of the intermittent region) takes place in this region.

Figure 3.5 (b) shows that the profiles of the production term whose role is the production

of the turbulent energy have difference in the range 0 ≤ x2/b ≤ 2.0. Especially, the

difference of positive peak value of the profiles around x2/b = 0.7 is noticeable. The peak

when the flow state is turbulent is higher than that when the flow state is non-turbulent.

However, the integrated value of the production term to x2 direction is almost the same
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in these cases. Therefore, it can be concluded that the profile of the production term

depends on the flow state in the intermittent region but the integrated value of the profile

does not strongly depend on it.

Figure 3.5 (c) shows that the profiles of the diffusion term whose role is the trans-

portation of the turbulent energy have difference in the range 0.8 ≤ x2/b ≤ 2.0. The

transportation of the turbulent energy to the outer region of the jet is enhanced when

the flow state in the intermittent region is turbulent and it becomes small when the flow

state is non-turbulent.

Figure 3.6 (a)-(c) show the cross-streamwise profiles of dissipation term, turbulent dif-

fusion term, pressure diffusion term, respectively. In this estimation, turbulent diffusion

term is estimated as the first term of the diffusion term shown in Equation (3.3) and

pressure diffusion term is estimated as the second term of it. Then, the dissipation term

is estimated as a residual. The meanings of the ordinate, abscissa, solid line, dashed line,

and dot-dash line are the same with Figure 3.5.

Figure 3.6 (a) shows that the dissipation of the turbulent energy in x2/b ≤ 1.0 becomes

large when the flow state in the intermittent region is turbulent and it becomes small when

the state is non-turbulent. Further, Figure 3.6 (b) shows that the profiles of turbulent

diffusion show some difference which depends on whether the flow state in the intermittent

region is turbulent or not. The transportation of the turbulent energy by turbulent

diffusion is enhanced in the range x2/b ≤ 1.0 when the flow state is turbulent and it

decreases when the flow state is non-turbulent as with the diffusion term shown in Figure

3.5 (c). On the other hand, Figure 3.6 (c) shows that the pressure diffusion has a little

different characteristics and it does not strongly depend on the flow state. Therefore, the

difference observed in Figure 3.5 (c) is caused by the difference of the turbulent diffusion.

In addition, from the results shown above, it can be concluded that the transport of

the turbulent energy from outer region of the jet to the inner region by the pressure

diffusion does not depend on the flow state strongly. This may because the turbulent

energy transport by the pressure diffusion mainly depends on the large-scale coherent

vortex structures near the jet centerline but the ejection or entrainment which dominates

the flow state in the intermittent region.
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3.3.3 Validation of the turbulence models

Gradient diffusion model

The study on the models for the diffusion term included in the Reynolds stress transport

equation and momentum equation have been performed by Rotta [106][107] and many

researchers up to date.

In this study, the validity of the Gradient-Diffusion-Models which are one of the models

for the diffusion process proposed by Daly & Harlow [42] and Shir [40] is discussed by

using the measurement results of two velocity components and pressure in a plane jet.

The details of the Gradient-Diffusion-Models will be shown in the following.

The exact equation for the evolution of Reynolds stress is expressed again as follows.

D

Dt
uiuj +

∂

∂xk

(
T ν
kij + T p

kij + T u
kij

)
= Pij +Ra

ij − ϵij (3.4)

Here, T ν
kij, T

p
kij, and T u

kij are viscous diffusion term, pressure diffusion term, and turbulent

diffusion term, respectively and expressed as follows.

T ν
kij = −ν

∂uiuj

∂xk

(3.5)

T p
kij =

2

3
δijukp/ρ (3.6)

T u
kij = uiujuk (3.7)

It should be noted that the viscous diffusion term T ν
kij is negligible except in the viscous

wall region.

Daly & Harlow [42] developed a model which uses the generalized gradient diffusion

hypothesis for the triple correlation as follows.

T ′
kij = T p

kij + T u
kij = −CsDH

k

ϵ
ukul

∂uiuj

∂xl

(3.8)

Here, CsDH is a model constant, k is turbulent energy, ϵ is dissipation energy of turbulent

energy per unit mass. k and ϵ are expressed as follows.

k ≡ q2

2
=

1

2
u · u =

1

2
(u2 + v2 + w2) (3.9)

ε = ε̂+ ν
∂uiuj

∂xi∂xj

(3.10)

ε̂ = ν
∂ui

∂xj

2

=
1

2
(εu + εv + εw) (3.11)
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They derived the transport equations, which describing the dynamics of transient flow

of an incompressible fluid in arbitrary geometry in such a manner as to incorporate the

principles of invariance and universality. Then, the applicability of the equations was

demonstrated by comparison of solutions with experiments on turbulence distortion on

the turbulence in the flow between flat plates. In their model, it was assumed that the

effect of pressure diffusion term could be modeled into turbulent diffusion which was

modeled as an expression shown in Equation (3.8). In related to this model, Launder [44]

suggests the value of CsDH equals to 0.22. In addition, the simplest gradient-diffusion-

model for T ′
kij due to Shir [40] is expressed as follows.

T ′
kij = −CsSH

k2

ϵ

∂uiuj

∂xk

(3.12)

Here, CsSH is a model constant. Shir developed this model to study atmospheric turbulence

in the planetary boundary layer.

In this study, the model constants CsDH and CsSH can be estimated directly by using

measurement results of the velocity and pressure. Therefore, the cross-streamwise profile

of each model constant is estimated and the validation of the gradient-diffusion-model is

investigated.

Figure 3.7 shows the cross-streamwise profile of the model constant CsDH and CsSH

measured at x1/d = 40. The ordinate shows the value of model constant CsDH or CsSH

and the abscissa shows x2/b.

Figure 3.7 shows that CsDH is not equal to 0.22 which Launder proposed but it is almost

constant in the range 0 ≤ x2 ≤ 0.8. Therefore, CsDH can be assumed as a model constant

in the inner region of the jet. One of the reasons for CsDH is not to be constant in the

outer region of the jet (0.8 ≤ x2/b) is that the contribution of the pressure diffusion to

the diffusion process in the outer region becomes large (See Figure 3.5, 3.6) but Daly &

Harlow model neglected the effect of the pressure diffusion.

Figure 3.7 also shows that CsSH is almost constant in the range 0.4 ≤ x2/b ≤ 1.2 but it

is not constant x2/b ≤ 0.4 and x2/b ≥ 1.2. The reason for CsSH to be relatively constant

in the outer region of the jet where CsDH is not constant is that Shir model included the

effect of pressure diffusion process explicitly. On the other hand, the reason for CsDH

not to be constant in the range x2/b ≤ 0.4 and x2/b ≥ 1.2 is considered to be the effect

of the pressure diffusion process which is relatively weak near the jet centerline and the

turbulent intermittency in the outer region of the jet.

From the results described above, it can be concluded that Daly & Harlow model is

adequate for the flow filed where the effect of the pressure diffusion process is weak.
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Further, Shir model is adequate for the flow field where the effect of the pressure diffusion

process is relatively strong and the turbulent intermittency is small.

Models for rapid/slow term

In this section, the results of the validation of the models for the rapid/slow term of

the pressure diffusion term is described.

In general, the velocity-pressure correlation term ulp included in the pressure diffusion

term T p
kij is divided into two parts named the rapid term and slow term [51].

ulp/ρ =
1

2π

∂um

∂xn

∫
V

∂unul

∂rm

dV

|r|
+

1

4π

∫
V

∂2umunul

∂rn∂rm

dV

|r|
(3.13)

Here, the first term in the right hand side of Equation (3.13) is the rapid term (hereafter,

called as T p
R), the second term is the slow term (hereafter, called as T p

S ). T p
R is modeled

by Suga [51] as a linear function of both the Reynolds stress and a length-scale vector lm

expressed as follows.

T p
R =

∂um

∂xn

γnl
m(unul, lm) (3.14)

Here, γnl
m is the third rank tensor whose general form satisfies the symmetry in the indexes

n and l. Further, by applying the continuity and the TCL turbulence conditions, the

Equation (3.14) can be written as follows.

∂um

∂xn

β1k

(
lmδln −

1

4
(lnδlm + llδmn) +

3

2
lmaln −

3

8
lo(anoδlm + aloδmn)

)
(3.15)

In addition, T p
S is modeled as a linear expression of the triple moments to satisfy the

realizability conditions expressed as follows [45][51].

T p
S = −umumul

5
(3.16)

In the following, the validity of these models shown above is examined by comparing ulp

with T p
R and T p

S .

Figure 3.8 (a) shows the cross-streamwise profile of up/ρU
3

c, T
p
R, T

p
S , and sum of T p

R

and T p
S . The ordinate shows the value of each term and the abscissa shows x2/b. The

solid, dashed, dot-dashed, dotted line indicates up/ρU
3

c, T
p
R, T

p
R, and sum of T p

R and T p
S ,

respectively. It is found that the profile of up/ρU
3

c shows some difference from the profile

of T p
S especially in the region near the jet centerline. However, the profile of sum of T p

R

and T p
S is closer to the profile of up/ρU

3

c than that of T p
S .
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Figure 3.8 (b) shows the cross-streamwise profile of vp/ρU
3

c, T
p
R, T

p
S , and sum of T p

R and

T p
S . The meanings of the ordinate, abscissa and lines are the same with those of Figure

3.8 (a). It is found that the profile of vp/ρU
3

c shows some difference from the profile of

T p
S in the range x2/b ≤ 1.2. However, the profile of sum of T p

R and T p
S is almost the same

with the profile of up/ρU
3

c.

From the results described above, it can be concluded that the pressure diffusion pro-

cess can not be modeled only by the slow term and the modeling of the pressure diffusion

process by both rapid and slow term can achieve the improvement of the modeling accu-

racy.

3.4 Conclusions

In this chapter, by using the combined probe developed in Chapter 2, the simultane-

ous measurement of the velocity and pressure in a plane jet is performed again and the

measured results are discussed from another point of view. Firstly, for the more detail

understanding of the flow phenomena in the intermittent region of a plane jet, the con-

ditional ensemble-averaged statistics are investigated on the basis of the intermittency

function obtained from the velocity signal by the hot-wire sensor set in the intermittent

region of a plane jet. Secondly, the validity of the models for the turbulent and pressure

diffusion term such as Daly & Harlow model, Shir model and the model for the rapid/slow

term is investigated. The results are summarized as follows.

1. Estimated results of the turbulent energy budget of the turbulent energy transport

equation shows that the profiles of the convection term, production term and diffu-

sion term depend on the flow state in the intermittent region of the jet. When the

flow state is turbulent, the convection of the turbulent energy to the inner region

of the jet and the production profile of the turbulent energy extends to the outer

region becomes large. Further, the diffusion of the turbulent energy to the outer

region of the jet is enhanced.

2. Estimated results of the turbulent energy budget of the turbulent energy transport

equation also shows that the profile of the turbulent diffusion term depends on

the flow state in the intermittent region but the pressure diffusion term does not

strongly depend on it. Therefore, the dependence of the diffusion process on the

flow state is caused of that of the turbulent diffusion process. Further, the pressure

diffusion of the turbulent energy to the inner side of the jet observed in the previous
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studies is not caused by the entrainment/ejection process which strongly relates to

the turbulent intermittency.

3. Daly & Harlow model is adequate for the flow filed where the effect of the pressure

diffusion process is weak and the turbulent intermittency is small and Shir model

is adequate for the flow field where the effect of the pressure diffusion process is

relatively strong and the turbulent intermittency is small.

4. The pressure diffusion process can not be modeled only by the slow term and the

modeling of the pressure diffusion process by both of the rapid and the slow term

can achieve the improvement of the modeling accuracy.
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Figure 3.1 Schematic view of the combined probe and detector in a plane jet.
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Figure 3.2 Signal processing for turbulent/non-turbulent decision.
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Figure 3.3 Cross-streamwise profiles of intermittency factor γ.
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Figure 3.4 Cross-streamwise profiles of (a) mean streamwise velocity U , (b) RMS value

of the streamwise velocity fluctuation u′, (c) RMS value of the cross-streamwise velocity

fluctuation v′, (d) RMS value of the spanwise velocity fluctuation w′, (e) RMS value of

the static pressure fluctuation p′, and (f) Reynolds stress -uv.
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Figure 3.5 Cross-streamwise profiles of (a) convection term, (b) production term, and

(c) diffusion term in turbulent energy transport equation.
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Figure 3.6 Cross-streamwise profiles of (a) dissipation term, (b) turbulent-diffusion term,

and (c) pressure-diffusion term in turbulent energy transport equation.
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Chapter 4

Study on the interfacial layer
between turbulent/non-turbulent
region in a plane jet [108][109]

4.1 Introduction

In Chapter 3, the conditional ensemble-averaged statistics were investigated on the basis

of the intermittency function in the intermittent region of a plane jet. Further, the validity

of the models for the turbulent and pressure diffusion term (Daly & Harlow model and

Shir model), and the model for the rapid/slow term was investigated. However, the flow

characteristics and vortex structure just near the turbulent/non-turbulent interface have

not been clarified. Moreover, at the interface between the turbulent and non-turbulent

region in the free shear flow observed in the jets and wakes, the entrainment of the non-

turbulent fluid into the turbulent fluid and the sticking out (nibbling) of the turbulent

region into the non-turbulent region arise and these phenomena are very interesting from

academic and industrial viewpoints because they relate to the mixing and the diffusion

of the fluid and the scalar.

From these backgrounds, in this chapter, the measurement of the velocity and pressure

field near the interface between the turbulent and the non-turbulent region is conducted

in a plane jet in order to clarify the flow characteristics and vortex structure just near

the turbulent/non-turbulent interface on the basis of the experiment method and results

obtained in Chapter 3. The velocity and the pressure field are measured simultaneously

using a combined probe shown in previous chapters. The measurement data are analyzed

by using the conditional sampling technique and an ensemble-averaged technique on the

basis of the intermittency function for the turbulent/non-turbulent decision, and the

results are discussed.
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4.2 Experimental setup and procedure

4.2.1 Experimental apparatus and conditions

The experiment is performed in a plane jet shown in Figure 2.11. The experimental

apparatus, coordinate system and conditions are the same with the experiment described

in Chapter 3.

4.2.2 Detection of the interface

In this study, the cross-streamwise profile of the velocity and pressure near the interface

between the turbulent and non-turbulent region of a plane jet shown in Figure 4.1. The

measurement is performed by means of a combined probe to measure two-components of

the velocity and pressure simultaneously, and a detector to detect the interface. The com-

bined probe, the detector and their spatial arrangement are the same as the experiment

described in Chapter 3.

The process of the detection of the interface is proposed with reference to the study

by Inasawa et al. [16] as follows. Firstly, the detector is installed at x2/b = 1.7, x1/d

= 40. Next, we traverse the combined probe around the detector in the range 1.4 ≤
x2/b ≤ 2.0 at x1/d = 40 and measure two-components of the velocity and pressure by

the combined probe and the streamwise velocity by the detector, simultaneously. Next,

obtain the intermittency function I(t) from measured data by applying the same method

described in section 2.3.3 (I(t) = 0: Non turbulent, I(t) = 1: Turbulent). Finally, the

time when the intermittency function of the detector Id(t) changes from 0 to 1, and the

intermittency function of the combined probe Ic(t) is 1 (x2/b ≤ 1.7) and 0 (x2/b ≥ 1.7)

is determined as the time when the detector detects the interface (hereafter this time is

denoted as td) as shown in Figure 4.2.

4.3 Results and discussions

4.3.1 Base flow

The cross-streamwise profiles of the streamwise mean velocity U , the RMS value of

the streamwise velocity fluctuation u′, the RMS value of the pressure fluctuation p′, the

Reynolds stress -uv, and the intermittency factor γ were shown in Figures 2.21, 2.22, 2.23,

2.24, and 3.3 in Chapters 2 and 3, respectively.
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4.3.2 Conditional ensemble-averaged statistics

Velocity and pressure field

Figure 4.3 (a) shows the cross-streamwise profile of conditional ensemble-averaged

streamwise velocity Ucon, the RMS value of the streamwise velocity fluctuation u′
con, and

the cross-streamwise velocity fluctuation v′con. In this estimation, Ucon, u
′
con, and v′con are

defined as follows and conditional ensemble-averaged value is the ensemble-averaged value

when detector detects the interface (t = td).

Ucon =
1

N

N∑
i=1

Ucon,i (4.1)

u′
con =

√√√√ 1

N

N∑
i=1

(ucon,i)2 =

√√√√ 1

N

N∑
i=1

(Ucon,i − U)2 (4.2)

v′con =

√√√√ 1

N

N∑
i=1

(vcon,i)2 =

√√√√ 1

N

N∑
i=1

(Vcon,i − V )2 (4.3)

Here, Ucon and Vcon are the streamwise and the cross-streamwise velocity at td, respec-

tively. N is the number of realization in the ensemble-averaging and it is almost 2,000

in this study. The ordinate shows Ucon/Uc, u
′
con/u

′
c, v

′
con/v

′
c and the abscissa shows x2/b.

The symbols in the figure show the measurement point with respect to each of two mea-

surement points (i.e., the space interval of the measurement is x2/b = 0.01). It is found

that Ucon, u
′
con, and v′con change near the interface (x2/b = 1.7) rapidly and they change

in the range 1.62 ≤ x2/b ≤ 1.7. Hereafter, this region is called as “interfacial layer”. The

thickness of the interfacial layer is about 0.08 b which corresponds to the 1.0 - 1.1 times

the Taylor microscale at the measurement position. DNS results by Bisset et al. [12]

indicated that the thickness of the interfacial layer is almost the same with the Taylor

microscale at the measurement position. Therefore, it can be concluded that the results

of present study are consistent with the results of their results.

Figure 4.3 (b) shows the cross-streamwise profile of the Reynolds stress -uconvcon and

the turbulent energy kcon. Here, uconvcon and kcon are defined as follows.

uconvcon =
1

N

N∑
i=1

(ucon,ivcon,i) (4.4)

kcon =
1

2
(u2

con + v2con + w2
con) (4.5)
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The ordinate shows -uconvcon/u
′
cv

′
c and kcon/kc. The abscissa and the meanings of the

symbols in the figure are the same with Figure 4.3 (a). It is found that -uconvcon and kcon

also change near the interface. Further, -uconvcon becomes almost zero in the non-turbulent

region (x2/b≥1.7).

Figure 4.3 (c) shows the cross-streamwise profile of ucon, vcon and pcon. Here, pcon is

expressed as follows.

pcon =
1

N

N∑
i=1

(pcon,i) (4.6)

where pcon is pressure fluctuation at td. The ordinate shows ucon/u
′
c, vcon/v

′
c, and pcon/p

′
c.

The abscissa and the meanings of the symbols in the figure are the same with Figure 4.3

(a). It is found that ucon, vcon, and pcon also change near the interface. In addition, the

sign of ucon and vcon change across the interfacial layer. Further, there is a local minimum

of the static pressure at the middle of the interfacial layer, represented by the circle in

Figure 4.3 (c). Figure 4.3 (c) implies that the vortex exists in the interfacial layer as

illustrated in Figure 4.4.

Turbulent energy budget

In my previous studies shown in the previous chapters, the turbulent energy budget of

the turbulent energy transport equation for a plane jet was estimated. With reference to

the previous studies, the profile of the convection term, production term, and diffusion

term near the interface are estimated in this section.

Figure 4.5 shows the cross-streamwise profile of the convection term, production term,

and diffusion term near the interface. In this estimation, the convection term is estimated

by the next equation.

CT = Ucon
∂kcon
∂x1

+ Vcon
∂kcon
∂x2

(4.7)

The production term is estimated by next equation.

PT = uconvcon
∂Ucon

∂x2

+ (u2
con − v2con)

∂Ucon

∂x1

(4.8)

The diffusion is estimated by next equation.

DT =
∂

∂x2

(vconkcon +
1

ρ
vconpcon) (4.9)

The ordinate shows the value of the convection term, production term, diffusion term

and the abscissa shows x2/b. The meanings of the symbols in the figure are as follows;
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�: Convection term, △: Production term, and ▽: Diffusion term. It is found that the

convection of the turbulent energy near the interface is very small and the production

of the turbulent energy rapidly decreases across the interface. Further, the loss of the

turbulent energy by the diffusion process arises in the middle of the interfacial layer and

the gain of the energy arises in the inner and the outer side of the layer. These results

imply that the produced turbulent energy near the interface transported to the inner side

of the interface and the outer “non-terbulent region”.

Figure 4.6 shows the cross-streamwise profile of the total diffusion term (sum of the

turbulent diffusion term and pressure diffusion term), turbulent diffusion term, and pres-

sure diffusion term near the interface. Here, the turbulent diffusion term is the first term

in Equation (4.9) and the pressure diffusion term is its second term. The ordinate shows

the value of the total diffusion term, turbulent diffusion term, pressure diffusion term and

the abscissa shows x2/b. The solid line, dashed line, and dot-dash line show the total

diffusion term, turbulent diffusion term, and pressure diffusion term, respectively. It is

found that the turbulent energy is transported to the inner side of the interface and no

diffusion can be observed into the outer side of the interface in turbulent diffusion process.

It is also found that the loss of the turbulent energy in the inner side of the interface arises

and a little transport of the turbulent energy can be observed into the outer side of the

interface by the pressure diffusion process. These results indicate that the transport of

the turbulent energy to the inner side of the interface is caused by turbulent diffusion, and

that to the “non-turbulent region” (the outer side of the interface) is caused by pressure

diffusion. If this transportation of the turbulent energy contributes to the transition of

the non-turbulent fluid (to the turbulent fluid), it must be concluded that the existence of

the interfacial layer is very important to the transition of the non-turbulent fluid because

the transportation of the turbulent energy to the non-turbulent region is determined by

the pressure diffusion, and it is caused by the existence of the interfacial layer.

Pressure field in outer side of interface

Based on the above results, there is a possibility that the turbulent energy is transported

from the inner side and the inside of the interfacial layer to the outer non-turbulent region,

and this energy transport is caused by the existence of the interfacial layer. In this section,

the cross-streamwise profile of RMS value of pressure fluctuation at the outer side of the

interfacial layer (the non-turbulent region) is investigated.

The measurements for the investigation is performed by using the detector (set at x1/d
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= 40, x2/b = 1.7) and the combined probe which is set at x1/d = 40 and x2/b ≥ 1.7. The

measurement data are analyzed according to a conditional ensemble-averaging technique

on the basis of the intermittency function Ic(t) and Id(t). The time td is defined as t1,

and expressed by the normalized spatial distance Li (= U1.7 ti/b, U1.7 is time-averaged

streamwise velocity at x2/b = 1.7). In this investigation, the cross-streamwise profile of

RMS value of pressuer fluctuation p′con at 0.0 (L1), -0.055 (L2), and -0.110 (L3) whose

relation to Id(t) is shown in Figure 4.7 are estimated.

Figure 4.8 shows the cross-streamwise profiles of the RMS value of the pressure fluc-

tuation p′con at L1, L2, and L3. The ordinate shows p′con/p
′
c and the abscissa shows x2/b.

The solid, dashed, and dot-dash line show the profile of L1, L2, and L3, respectively. It is

found that p′con at the outer side (x2≥1.7) of the interface becomes large as the interface

approaches to the detector.

These results shown above indicate that the turbulent energy (pressure energy) of the

non-turbulent fluid in the outer side of the interface increases as a result of the approach

of the interface to the non-turbulent fluid: and also, the results support the assertion,

mentioned in the previous sections that the turbulent energy is transported to the non-

turbulent region by the pressure diffusion process.

4.4 Conclusions

In this study, the measurement of the velocity and pressure field near the interface of

the turbulent and non-turbulent region is conducted in a plane jet in order to clarify the

flow characteristics and vortex structure just near the turbulent/non-turbulent interface

on the basis of the experiment method and obtained results in Chapter 3. The velocity

and the pressure field are measured simultaneously using a combined probe comprising

an X-type hot-wire and a static pressure tube. The measurement data are analyzed using

the conditional sampling technique and an ensemble-averaged technique on the basis of

the intermittency function for the turbulent/non-turbulent decision, and the results are

discussed. The results are summarized as follows.

1. It is found that there is a thin interfacial layer between the turbulent and the non-

turbulent region accompanied with the rapidly changing of the physical values, such

as the streamwise velocity.

2. The thickness of the interfacial layer is 0.08 times the half-widh of the cross-

streamwise profile of the mean streamwise velocity and almost the same as Taylor
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transverse micro scale of the turbulent fluid at the measurement position.

3. The velocity and pressure field near the interfacial layer indicate the existence of

vorticity at the middle of the interfacial layer.

4. From the separated estimation of the diffusion term in the transport equation of

the turbulent energy, it is found that the turbulent energy is transported from the

inner side and the inside of the interfacial layer to the outer non-turbulent region

by the pressure diffusion. In addition, this transportation of the turbulent energy

is caused by the existence of the interfacial layer.

5. There is a possibility that the existence of the interfacial layer is one of the processes

for the transition of the non-turbulent fluid to the turbulent fluid, because the

existence of the interfacial layer and the approach of the interfacial layer to the non-

turbulent region cause the transportation of turbulent energy to the non-turbulent

fluid.
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Figure 4.2 Definition of the time when the detector detects the interface (td).
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Chapter 5

Streamwise interfaces of an isolated
turbulent region in a laminar
boundary layer [110][111][112][113]

5.1 Introduction

In chapter 4, the flow characteristics and vortex structure near the cross-streamwise in-

terface of turbulent/non-turbulent region in a plane jet were investigated. In this chapter,

the interface between the turbulent/non-turbulent (laminar) region is investigated again

in an isolated turbulent region excited into a laminar boundary layer.

The objective of the present study is to understand the flow phenomenon at the stream-

wise interfaces between the turbulent and laminar regions, which is independent of the

influence of the spanwise interfaces. A turbulent region is periodically generated in a lam-

inar boundary layer by periodically activating bimorph-type piezoceramic actuator that

raises its trailing end from the wall. The shape of a turbulent region generated by the

piezoceramic actuator becomes trapezoidal and the interference of the spanwise interfaces

with the streamwise interfaces can be substantially reduced. Therefore, the streamwise

interfaces become more pure. In the experiment, the velocity fields at the leading or trail-

ing end of the turbulent region are measured by a single-type hot-wire probe and a rake

with six individual hot-wire probes is connected to a constant temperature anemometer

(CTA). The measured data are analyzed using an ensemble-averaging technique. For an

understanding of the mechanism by which the turbulent region spreads in the streamwise

direction, the results are discussed particularly from the perspective of the transport of

the turbulent/laminar fluid through the interfaces.
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5.2 Experimental setup and procedure

5.2.1 Experimental setup

Wind tunnel and flat plate

The experiment is performed in a blowout-type wind tunnel shown in Figure 5.1. The

contraction ratio of the nozzle is 9:1 and a closed-type test section is connected to the

contraction nozzle. The length of the test section is 2,000 mm in the streamwise direction

and its cross section is a square of 500 × 500 mm2. The ceiling of the test section is

adjustable to realize zero pressure gradient in the streamwise direction. The free stream

velocity U∞ is set at 5.0 m/s and the RMS value of the streamwise velocity fluctuation uR

in the free stream is less than 0.25% of U∞ (i.e., turbulent intensity uR/U∞ ≤ 0.0025). A

flat plate with piezoceramic actuator (described in the next subsection) is set in the test

section and periodically activated to excite a series of isolated turbulent regions within a

laminar boundary layer.

The schematic view of the flat plate with a piezoceramic actuator used is shown in Figure

5.2. The plate is 1,800 mm long, 490 mm wide, and 10 mm thick, and is horizontally

mounted 200 mm above the floor of the test section. An elliptical leading edge with the

radius ratio 24:1 is attached to the plate, and a flap with a 190 mm chord is attached

at the downstream end to adjust the stagnation point at the leading edge. The origin

of the coordinate system is located at the center of the leading edge of the plate. The

streamwise, wall-normal and spanwise coordinates are x, y, and z, respectively.

Piezoceramic actuator

To excite a widely spreading turbulent region periodically in the laminar boundary

layer, a pair of piezoceramic actuator is used. The characteristics of the piezoceramic

piece are described in the following paragraphs.

A piezoceramic piece has the capability to produce an electrical voltage when a me-

chanical stress is imposed on it. The piezoceramic piece also exhibits the opposite effect,

called the converse piezoelectric effect, in which an electrical field creates a mechanical

stress (i.e., deformation or distortion) in the crystal. This transducing effect is called the

piezoelectric effect. The negative ions move toward the positive electrode when voltage

is applied. Therefore, a piezoceramic piece can be expanded or contracted because the

crystals in the piezoceramic piece have self-polarization.

There are two types of piezoceramics: one is the unimorph type and the other is the
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bimorph type, as shown in Figure 5.3. The unimorph type is made from only one piezo-

ceramic piece, which expands by positive voltage and contracts by negative voltage. The

bimorph type is made from two piezoceramic pieces, which deform in opposite directions.

Therefore, it can perform a bending motion. In the previous studies, the unimorph type

was used to excite the streamwise velocity fluctuations in a boundary layer by supplying

alternating current to the piezoceramic pieces (Fukunishi et al. [114]), and the bimorph

type was used to generate the turbulent wedge in a laminar boundary layer (Inasawa et

al. [16]).

In this study, two bimorph-type piezoceramic pieces are used as an actuator, as shown

in Figure 5.2. Each piezoceramic piece is 150 mm long, 40 mm wide, and 0.5 mm thick.

The downstream ends of both piezoceramic pieces are located at x = 350 mm. The piezo-

ceramic pieces are fixed horizontally on the flat plate using double-faced tapes at 200 mm

≤ x ≤ 230 mm (i.e., only upstream-side 30 mm of the piezoceramic pieces are glued).

Therefore, the downstream ends can be moved upward by supplying voltage to the piezo-

ceramic pieces. Dummy pieces made of rigid polyvinyl chloride fill the spacing between

the spanwise ends of the piezoceramic pair and the side walls, in order to maintain the

two-dimensionality of the flow. When a voltage of 80 DC V is applied to the piezoceramic

pieces, the downstream end is raised 2.0 mm from the wall surface. The height (2.0 mm)

corresponds to 39% of the laminar boundary layer thickness δ99 and 113% of the displace-

ment thickness δ∗ at the downstream end location (x = 350 mm). In the experiment,

80 DC V is applied for a duration of 0.04 s every second. Hence, the turbulent region is

excited in the laminar boundary layer at an interval of one second. The voltage signal

used in activating the piezoceramic pieces is shown in Figure 5.4. This method has an

advantage in generating a turbulent region of a preferred size, compared to other methods

used for generation of turbulent spots, where jet ejection through a tiny hole is commonly

used.

Definition of the turbulent region

In order to investigate the interface between the turbulent region and the laminar

region, it is necessary to define the turbulent region. In the previous studies (Hedley et

al. [103], Gad-el-hak et al. [21], Wygnanski et al. [115], Gostelow et al. [27], and Chong et

al.[116]), many methods have been proposed. In this study, the random component of the

streamwise velocity signal is used to define a turbulent region. The random component is

defined as the difference between the randomly fluctuating value (e.g., streamwise velocity
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fluctuation) and the ensemble-averaged value. Here, the random component û(t) and the

intensity of the random component ûR(t) are respectively given by the following equations:

U(t) = U + ũ(t) + û(t) = Ũ(t) + û(t) (5.1)

ûR(t) =

√√√√ 1

N

N∑
i=1

(ûi(t))2 (5.2)

where, U(t) is the instantaneous streamwise velocity, U is the time-averaged stream-

wise velocity, ũ(t) is the periodic streamwise velocity fluctuation that corresponds to the

ensemble-averaged fluctuation, Ũ(t) (= U + ũ(t)) is the ensemble-averaged streamwise

velocity, and N is the number of realizations in the ensemble-averaging (N = 120). In this

study, the region where ûR/U∞ is greater than 0.02 is defined as the turbulent region.

Here, U∞ is the free stream velocity in the test section. By using this index, turbu-

lent and laminar regions are distinguished more clearly, because the large irregularity of

the streamwise velocity fluctuation, which is shown by the large intensity of the random

component, is one of the properties of the turbulent region. In addition, the streamwise

velocity fluctuation u(t) is defined in this study by the following equation.

u(t) = ũ(t) + û(t) (5.3)

5.3 Results and discussion

5.3.1 Base flow

The x profile of the pressure coefficient Cp in the test section is shown in Figure 5.6. The

abscissa indicates the streamwise location x and the ordinate is the pressure coefficient

-Cp which is defined as follows:

−Cp =
−P + P0

ρU2
∞/2

(5.4)

where P is the static pressure at each streamwise location (0, 200, 400, 600, 800, and

1000 mm), P0 is the static pressure at x = 0 and ρ is the density of the fluid. The static

pressure is measured by a manometer through holes set on the sidewall of the test section.

Figure 5.6 shows that variation Cp is less than 0.002 at each streamwise location which

is much smaller than the dynamic pressure of the flow (= ρU2
∞/2). Therefore, it can be

concluded that there is almost no pressure gradient in the test section.

Figure 5.7 shows the wall-normal profiles of U at x = 400, 500, 600, 700, 800, 900

mm, and z = 0. The abscissa is the normalized height from a flat plate η, the ordinate
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is U/U∞, and the solid line indicates the Blasius profile. Here, η is equal to y
√
U∞/νx

and ν is kinematic viscosity. Figure 5.7 indicates that the measured results are in good

agreement with the Blasius profile, showing that the boundary layer on the flat plate

when the actuator is not activated is a laminar Blasius boundary layer.

Figure 5.8 shows the wall-normal profiles of the RMS value of the streamwise velocity

fluctuation uR in a laminar boundary layer (i.e., the actuator is not activated). The

abscissa is the same as that in Figure 5.7 and the ordinate is uR/U∞. Figure 5.8 indicates

that the turbulent intensity uR/U∞ is less than 0.006 in the laminar boundary layer. This

value is much lower than 0.02, which is the threshold to identify the flow states (laminar

or turbulent), and it is much lower than the intensity of the free stream turbulence that

influences the characteristics of the turbulent spot investigated in some previous studies

(e.g., Fransson et al. [117]).

5.3.2 Excited turbulent region

First, we measured the flow field keeping the actuator always activated (i.e., DC power

was continuously supplied to the actuator). For the profiles of the mean streamwise veloc-

ity and RMS value of the streamwise velocity fluctuation, one should refer to the previous

study (Inasawa et al. [16]). Figure 5.9 shows the power spectrum of the streamwise ve-

locity fluctuation at various distances from the wall, namely η = 1.6, 2.6, 3.6, 4.6, 5.6 at

x = 750 mm, and z = 0. The abscissa is the frequency and the ordinate is the power of

the streamwise velocity fluctuation Eu normalized by the square of its RMS value u2
R. As

seen in Figure 5.9, the broadband spectra similar to a fully developed turbulent flow is

obtained.

Waveform of the streamwise velocity fluctuation

Figure 5.10 shows a waveform of the streamwise velocity fluctuation u(t) at x = 750

mm, η = 2.0, and z = 0. The abscissa is time t normalized by the actuator activating

period T and the ordinate is velocity u(t) normalized by free stream velocity U∞. In

the figure, it can be found that the waveform is disturbed periodically, corresponding to

the actuation of the piezoceramic actuator. The result indicates that isolated turbulent

regions are generated within the laminar boundary layer as intended.

A close-up view of the waveform for one excited period is shown in Figure 5.11. In the

figure, it is found that the streamwise velocity increase rapidly with high irregularity for
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2.32 ≤ t/T ≤ 2.44, while the velocity decreases gradually and the flow returns to original

(laminar) state at t/T=2.6.

Figure 5.12 shows the time histories of the streamwise velocity fluctuation ũ(t) and the

intensity of the random component ûR(t) measured at (a) η = 0.7, 1.6, 2.6 and (b) η =

3.6, 4.6, 5.6. This measurement is performed by using a hot-wire rake, which is shown in

Figure 5.5. The abscissas are t/T , while the ordinates are ũ(t)/U∞ and ûR(t)/U∞. The

dash-dotted lines in the figures show the threshold used to determine the turbulent region

(ûR(t)/U∞ = 0.02). As seen in Figure 5.12, at the leading end of the turbulent region

(t/T = 0.25 − 0.30), ũ and ûR change rapidly at all wall-normal positions. However, ũ

gradually approaches zero at different timings depending on the η position (i.e., η = 5.6

→ 0.7) after the trailing end of the turbulent region passes (t/T = 0.4 − 0.5). In other

words, the streamwise velocity fluctuation ũ maintains a high value even after the high

frequency velocity fluctuation pattern associated with the turbulent region disappears.

Ensemble-averaged image of the turbulent region

Figure 5.13 shows contour maps of ûR(t) in the xz-plane of y = 2.0 mm at t/T = 0.33

(Figure 5.13 (a)) and t/T = 0.65 (Figure 5.13 (b)). In each figure, abscissa is x and the

ordinate is z. The bright region indicates the non-turbulent region (ûR(t)/U∞ ≤ 0.02)

and the dark region indicates the turbulent region (ûR(t)/U∞ ≥ 0.02). Only z ≥ 0 is

shown in Figure 5.13, because in the preliminary experiment and in the previous studies

(Inasawa et al.[16]), it was found that the turbulent region develops symmetrically with

respect to z = 0. A turbulent region spreading in the spanwise direction can be found in

Figure 5.13. Furthermore, it is found that the leading end (downstream end) and trailing

end (upstream end) of the turbulent region are almost uniform in the spanwise direction.

In other words, the excited turbulent region is widely spread in the spanwise direction

and maintains the two-dimensionality.

Figures 5.14 (a) - 5.14 (d) show contour maps of the intensity of the random component

ûR(t) in the xη-plane at z = 0 at t/T = 0.31, 0.35, 0.45, and 0.53, respectively. The

abscissas are x and the ordinates are η. The contour levels in Figure 5.14 are same as

those in Figure 5.13. Dashed lines indicate |ũ(t)/U∞| = 0.02. As shown in Figure 5.14,

the turbulent region moves downstream spreading in the streamwise and wall-normal

directions. In the figure, it can be found that the region which has high intensity random

component (ûR(t)) coincides with the region of high streamwise velocity fluctuation (ũ(t)),

except at the trailing end of the turbulent region. This indicates that the characteristics
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at the trailing end of the turbulent region are different from the rest. The characteristics

of the region behind the trailing end of the turbulent region are similar to those of the

calmed regions that are observed behind a turbulent spot (e.g., Schubauer et al.[18]).

5.3.3 Detailed observations of streamwise interfaces

In this section, transfer of fluid through laminar/turbulent interfaces is discussed. The

transfer of fluid through the interfaces is estimated by comparing the traveling speed of

the interfaces Uint with the ensemble-averaged streamwise velocity Ũ locations on the

interfaces. In this study, the traveling speeds of the interfaces are estimated in a manner

similar to the previous studies (e.g., Gad-el-hak et al. [21]).

Traveling speed of streamwise interfaces

Traveling speed of the streamwise interfaces is estimated from each (leading or trailing

end) interface’s arrival time to several streamwise stations. Arrival time at each stream-

wise station is plotted in Figure 5.15, where time at x = 750 mm t750 is used as a reference.

The symbols in Figure 5.15 are as follows: � denotes the leading end interface of η = 0.6;

� denotes the trailing end at η = 0.6; N denotes the leading end at η = 1.4; △ denotes the

trailing end at η = 1.4; H denotes the leading end at η = 3.0; and ▽ denotes the trailing

end at η = 3.0. The measurements are performed at x = 750, 770, 790, 810, 830, 850,

870, 890, 910, 930, and 950 mm stations. Figure 5.15 shows that the travelling speeds

of the interfaces are constant. The traveling speed of the leading end is about 0.8 − 0.9

times the free stream velocity U∞ while that of the trailing end is 0.3 U∞ − 0.5 U∞. The

leading and trailing end speeds of the turbulent spot were approximately 0.8 U∞ − 0.9

U∞ and 0.5 U∞ − 0.6 U∞ (Wygnanski, et al. [115], Zhong et al. [118]). The present

results agree with these values, though the speed of the trailing end is slightly slower.

Entrainment and relaminarization through the interfaces

The amount of fluid going through the streamwise interfaces is estimated by comparing

the traveling speed of the interfaces Uint to the ensemble-averaged streamwise velocities

measured at the interface locations Ũ .

Figure 5.16 shows the wall-normal profiles of the traveling speeds of the interfaces Uint

and the ensemble-averaged streamwise velocities Ũ at the interface. Figures 5.16 (a)

and 5.16 (b) show the values measured at the leading and trailing end of the turbulent
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region, respectively. The measurements are performed at x = 750 mm and z = 0. The

abscissas are the traveling speeds of the streamwise interface Uint/U∞ or the ensemble-

averaged streamwise velocities Ũ/U∞. The ordinates are the wall-normal distance η. The

meanings of the symbols in Figure 5.16 are as follows: � denotes the traveling speed

of the leading end; � denotes the ensemble-averaged streamwise velocity measured at

the leading end; △ denotes the traveling speed of the trailing end; and N denotes the

ensemble-averaged streamwise velocity measured at the trailing end. The dashed line in

Figure 5.16 (b) indicates η = 1.3.

As seen in Figure 5.16 (a), the traveling speed of the leading end (�) is faster than the

ensemble-averaged streamwise velocities (�) at all wall-normal positions. This indicates

that the leading end of the turbulent region moves downstream faster than the convection

speed of fluid element. Therefore, the laminar fluid entrained and the fluid that used to

be laminar turned turbulent passing through the interface. On the other hand, as seen

in Figure 5.16 (b), the traveling speed of the trailing end of the turbulent region (△) is

faster or slower than the ensemble-averaged streamwise velocity (N) depending on the

distance from the wall η. The critical distance from the wall where the traveling speed

of the interface coincide with that of fluid element is found to be at η = 1.3. At η >

1.3, because the fluid’s speed (N) exceeds the traveling speed of the trailing end (△), a

laminar-to-turbulent transition takes place. However, at η < 1.3, because the traveling

speed of the trailing end (△) exceeds the fluid’s speed (N), a reverse transition from a

turbulent state to a laminar state takes place. This is indicated in Figure 5.17. Thus, near

the wall region of the trailing end, a relaminarization (turbulent to laminar transition) is

taking place.

Next, the normalized height y+ that corresponds to η = 1.3 is estimated. Here, y+ is

defined by

y+ =
yUτ

ν
(5.5)

where Uτ is an averaged friction velocity.

Figure 5.18 shows the profiles of friction velocity Uτ (t) and y+1.3(t), which is defined by

y+1.3(t) =
yη=1.3Uτ (t)

ν
(5.6)

In the equation, yη=1.3 is the y value that corresponds to η = 1.3. The abscissas are

t/T , while the ordinates are Uτ (t)/U∞ (first axis) and y+1.3(t) (second axis). Figure 5.18

indicates that y+1.3 is roughly in the range of 10.0 to 11.0, which is equivalent to the height

of the viscous sublayer of a fully-developed turbulent boundary layer. The average value

of y+1.3 within the turbulent region (t/T = 0.40 − 0.43) is 10.7. It should be noted that
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this time corresponds to the time when the velocity gradient between y = 0.47 mm and

y = 0 becomes maximum (See Figure 5.19). Therefore, it should be pointed out that the

relaminarization of turbulent fluid at the trailing end of the turbulent region takes place

at the region corresponding to the viscous sublayer of the turbulent region.

5.4 Conclusions

In order to better understand the flow phenomenon at the streamwise interfaces between

turbulent and laminar regions, isolated turbulent regions were periodically generated in

a laminar boundary layer by activating bimorph-type piezoceramic actuator. The results

obtained in this study are summarized as follows:

1. Using the piezoceramic actuator, trapezoidal turbulent region with a large spanwise

width could be periodically generated in a boundary layer as intended.

2. The experimental results showed that the streamwise velocity fluctuation and the

intensity of the random component both changed rapidly at the leading end of the

turbulent region. On the other hand, the streamwise velocity fluctuation remained

high after the intensity of the random component vanished at the trailing end of

the turbulent region, which is the calmed region.

3. The traveling speed of the trapezoidal turbulent region was almost the same as

those of the turbulent spots with an arrow-head shape. Therefore, it was found that

the spanwise interfaces have little influence on the growth of an isolated turbulent

region in a laminar boundary layer.

4. From the comparison between the traveling speed of the interface and the local

velocity of the same location, it was found that the laminar fluid is entrained into

the turbulent region through the interface at the leading interface regardless of the

wall-normal position.

5. On the other hand, in the near-wall region, η < 1.3 at the trailing interface of the

turbulent region, it was found that the turbulent fluid was crossing the interface,

provoking relaminarization.

6. The critical wall-normal distance of η = 1.3, which was the limit of the relaminar-

ization process, corresponded to 10.7 in wall unit (y+). This result suggested that

the relaminarization process was taking place in the viscous sublayer.
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Figure 5.2 Schematic view of the flat plate with piezoceramic actuator. (Unit:mm)



CHAPTER 5 STREAMWISE INTERFACES OF AN ISOLATED TURBULENT REGION IN A

LAMINAR BOUNDARY LAYER 104

Lift

Down(b) Bimorph type

(a) Unimorph type
Power Supply Change with the direction of supply voltage

Contraction

Expansion
Contraction

Expansion

Contraction
ExpansionChange with the direction of supply voltage

Piezoceramic 1
Piezoceramic 2

Power Supply

Piezoceramic

Figure 5.3 Schematic sketches of deformation of piezoceramic pieces. (a) Unimorph type

and (b) bimorph type.

Time [sec]

V
ol

ta
ge

0.0 1.0 2.0 3.0
-10

0

10

20

30

40

50

60

70

80

90

100

[V
]

Figure 5.4 The voltage signal input to the piezoceramic pieces.
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Figure 5.6 The x profile of the pressure coefficient Cp in the test section. Measurements

are performed at x = 200, 400, 600, 800, and 1,000 mm. The actuator is not activated.
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Figure 5.7 Wall-normal profiles of U/U∞ at x = 400, 500, 600, 700, 800, 900 mm, and z

= 0. The actuator is not activated. The solid line shows the Blasius profile.
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Figure 5.8 Wall-normal profiles of the RMS value of the streamwise velocity fluctuation

uR/U∞ at x = 650, 750, 900 mm, and z = 0. The actuator is not activated.
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Figure 5.10 Waveform of the streamwise velocity fluctuation u(t)/U∞ at x = 750 mm, η

= 2.0, and z = 0.
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/

0.00 0.25 0.50 0.75 1.00
0.0

0.1

0.2

t / T

u
t

U
∞

η= 2.6

= 0.7η
= 1.6η

Threshold
U∞

R

u R

(
)

〈

〈

/ = 0.02( )t

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

u
t

(a)

η= 2.6

= 0.7η
= 1.6η

U
∞

(
)/

∼

0.00 0.25 0.50 0.75 1.00
0.0

0.1

0.2

t / T

= 0.02
Threshold

U∞u t

η = 5.6

= 3.6η
= 4.6η

/

(
)

u
t

/U
∞

R

R

〈

〈

( )

-0.2

-0.1

0.0

0.1

0.2

u
t

/ U
∞

η = 5.6

= 3.6η
= 4.6η

(b)

(
)

∼

Figure 5.12 Time histories of the ensemble-averaged streamwise velocity fluctuation

ũ(t)/U∞ and the intensity of the random component ûR(t)/U∞ measured at (a) η =

0.7, 1.6, 2.6 and (b) η = 3.6, 4.6, 5.6.
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Figure 5.14 Contour maps of the intensity of the random component ûR(t)/U∞ in the

xη-plane of z = 0.0. The dashed-lines indicate |ũ(t)/U∞| = 0.02. (a) t/T = 0.31, (b) t/T
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Figure 5.15 The arrival time at each streamwise station, leading end (LE) and trailing

end (TE).
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Figure 5.16 Wall-normal profiles of the traveling speeds of the interfaces Uint/U∞ and the

ensemble-averaged streamwise velocities Ũ/U∞. (a) and (b) show the values measured at

the leading and trailing end of the turbulent region, respectively. The measurement is

performed at x = 750 mm and z = 0.
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Figure 5.17 A sketch of phenomena take place at the trailing end of the turbulent region.
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113

Chapter 6

Characteristics of a plane jet in
flapping motion [119][120][121][122]

6.1 Introduction

In Chapters 3 to 5, the subjects (a) and (b) shown in Chapter 1 were investigated

experimentally. Therefore, finally, the experiment results related to the subject (c) are

described in this chapter.

The flapping motion is one of the large-scale coherent vortex structure in the self-

preserving region of a plane jet [83][88][87]. The term “flapping” was named from the

visual image of this phenomenon that the jet flaps as a flag does. There were almost

no researches by which the entity of the flapping motion could be captured until the

multi-point simultaneous measurement of the velocity in a plane jet by Sakai et al. [92].

The measured velocity field by Sakai et al. showed that there existed a pair of fluid

lumps with the positive and negative streamwise velocity fluctuation on the opposite

sides of the jet centerline, and the signs of the fluid lumps changed alternately as time

proceeds. Furthermore, on the basis of the result of Karhumen-Loève (KL) expansion, a

new interpretation of the coherent structure model in the self-preserving region of a plane

jet was given from the combination of “flapping motion” and “puffing motion” [104].

However, the characteristics of the flapping phenomena are still not clear.

From this point of view, in this study, the detail characteristics of the flapping mo-

tion are investigated. Firstly, the new method to discriminate the flapping motion and

determine the intermittency function about the arising of the flapping motion by using

the continuous wavelet transform with Gabor mother wavelet is developed. Secondly,

the ensemble-averaged velocity and the pressure field on the basis of the intermittency

function obtained by the present new method is confirmed. Thirdly, the turbulent energy

budget of a plane jet in the flapping motion is estimated. Finally, the interval time and

the duration time of the flapping motion are estimated.
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6.2 Experiment setup and procedure

6.2.1 Experiment setup

The experiment is performed in a plane jet shown in Figure 2.11. The experimental

apparatus, coordinate system and conditions are same with the experiment described in

Chapter 3.

In this study, two I-type hot-wire probes (hereafter called “detectors”) are set at the

intermittent region (x1/d = 40) to detect the flapping motion as shown in Figure 6.1. In

addition, the combined probe shown in Figure 2.18 for the simultaneous measurement of

the velocity and pressure which is connected to the traverse system is set in the measure-

ment region. By use of the stepping motor to move the traverse system, the high accurate

spatial measurement is realized (accuracy of positioning is less than ± 0.1 mm).

6.2.2 Determination of flapping frequency

Several techniques to determine the frequency of the flapping motion (fp) in the self-

preserving region of a plane jet have been suggested. In this study, we estimate fp by

the peak frequency of the power spectrum of the cross-streamwise velocity fluctuation

on the jet centerline because the damping characteristic of the flapping frequency toward

streamwise direction can be evaluated more accurately than other methods. Here, the

damping characteristic of the flapping frequency toward the streamwise direction means

that the flapping frequency is proportional to the - 3/2 power law [123] for the dimen-

sionless value of the streamwise location (x1/d, defined as X). This characteristic can be

derived by some characteristics of the jet in the following; (1) the downstream variation

of the half width of the cross-streamwise profile of the mean streamwise velocity b, i.e.,

b is proportional to X (b ∝ X); (2) the downstream variation of the streamwise velocity

on the jet centerline, i.e., U c is proportional to X−0.5 (U c ∝ X−0.5); (3) Strouhal number

St, which defined as fpb/Uc, in the self-preserving region is constant (St = Const.).

6.2.3 Extraction of flapping motion

In the previous study [92], the existence of the flapping motion was confirmed by the

multi-point simultaneous measurement of the velocity. However, in the previous study,

the flapping motion was captured visually. Therefore, it was difficult to analyze the

phenomenon statistically because the visual capturing of the phenomenon was involved
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in the subjective view by the observer. From this point of view, the new method to extract

the flapping motion by using the continuous wavelet transform with Gabor mother wavelet

is developed to eliminate the subjective view of the observer in the determination of the

time which the flapping motion is arising.

The procedure by the present new method is shown in the following and Figure 6.2.

Firstly, the frequency of the flapping motion fp at the measurement point (x1/d = 40) is

estimated as the peak frequency of the power spectrum of the cross-streamwise velocity

fluctuation on the jet centerline. Secondly, by applying the continuous wavelet transform

with Gabor mother wavelet (see Equations (6.1) and (6.2)) to the signals of streamwise

velocity fluctuations measured by two I-type hot-wire probes (u1(t) and u2(t) in Figure 6.2

(1)), the real parts of the wavelet component which corresponds to the flapping frequency

fp (defined as w1(t) and w2(t) in Figure 6.2 (2)) are extracted. Thirdly, the product

of w1(t) and w2(t) which is defined as the detection function D(t) (shown in Figure 6.2

(3)) is calculated, then the intermittency function I(t) is decided by the suitable negative

threshold. Finally, from the signs of u1(t) and u2(t) and the periodicity of I(t), the flapping

intermittency function If(t) is obtained. In this study, if the interval of the central time

when I(t) becomes 1 is in the range 0.35 - 0.65 times Tp (hereafter, this range is called

“periodicity range”, and Tp is inverse of fp which is named the flapping period), jet is

judged as being in the flapping motion. Further, the “negative threshold” is chosen so

as for the ratio of the turbulent intensity in the flapping motion to that in the total

measurement time to become 23 %. This ratio is equal to the energy contribution ratio

of the first mode of the KL expansion investigated by Sakai et al. [100]. In this study,

the continuous wavelet transform with Gabor mother wavelet as follows is used,

W (α, β) =
1√
α

∫
ϕ(

t− β

α
)s(t)dt (6.1)

ϕ(t) =
1

2
√
πσ

exp(− t2

σ2
) exp(−it) (6.2)

where, α: scale parameter, β: time parameter, s(t): time series signal, i: imaginary

unit, ϕ(t): Gabor function, σ: parameter to decide the frequency resolution and the time

resolution.



CHAPTER 6 CHARACTERISTICS OF A PLANE JET IN FLAPPING MOTION 116

6.3 Results and discussions

6.3.1 Base flow

The cross-streamwise profiles of the streamwise mean velocity U , the RMS value of

the streamwise velocity fluctuation u′, the RMS value of the pressure fluctuation p′, and

the Reynolds stress -uv were shown in Figures 2.21, 2.22, 2.23, and 2.24 in Chapter 2,

respectively.

6.3.2 Frequency of flapping motion

The frequency of the flapping motion at x1/d = 40 which is estimated by the method

described above is shown in Figure 6.3. The ordinate shows the normalized flapping

frequency St (= fpb/U c) and the abscissa shows x2/b. The dash-dot-dot line in Figure

6.3 indicates the normalized flapping frequency StP0 which is estimated by using the peak

frequency of the power spectrum of the pressure fluctuation on the jet centerline fpP0.

It is found that St is almost constant in the range 0 ≤ x2/b ≤ 0.7 and its value is 0.146.

Further, it is also found that the StP0 equals to St except for the outer region of the jet.

Here, it can be assumed that fpP0 shows the frequency of the passing of vortex on the jet

centerline because the point which has local minimum value of the pressure corresponds

to the vortex core [124][125]. Therefore, obtained results express the vortex structure

model of the flapping motion presented in the previous study by Sakai et al. [92] shown

in Figure 6.4. Further, it is also found that the estimated flapping frequency is valid. In

the following investigations, the normalized flapping frequency St is set as 0.146.

6.3.3 Velocity and pressure field in flapping motion

Figure 6.5 shows the contour map of the phase-averaged streamwise mean velocity Û .

The contrasting density in the figure shows the Û normalized by U c, the ordinate shows

x2/b, and the abscissa shows the time from the time when the flapping motion starts (i.e.,

t = 0 means the time when the flapping phenomenon starts) normalized by the flapping

period Tp.

Figure 6.6 shows the contour map of the phase-averaged streamwise velocity fluctuation

û. The contrasting density in the figure shows the û normalized by u′
c, the ordinate and

abscissa are the same as those in Figure 6.5.

Figure 6.7 shows the contour map of the phase-averaged cross-streamwise velocity fluc-
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tuation v̂. The contrasting density in the figure shows the v̂ normalized by v′c, the ordinate

and abscissa are the same as those in Figure 6.5.

From the results of Figures 6.5 - 6.7, the following characteristics of the flapping motion

are verified; (1) a pair of fluid lumps with the positive and negative streamwise velocity

fluctuation exists on the opposite side of the jet centerline; (2) the signs of the velocity

fluctuation of those fluid lumps change alternately as the time advances (t becomes large).

Therefore, it is confirmed that the present method is available to extract the flapping

motion by use of the continuous wavelet transform and the suitable negative threshold.

Figure 6.8 shows the contour map of the phase-averaged pressure fluctuation p̂. The

contrasting density in the figure shows the p̂ normalized by p′c, the ordinate and abscissa

are the same as those in Figure 6.5. On the basis of the assumption by Bradshaw et

al. [124] and Shirahama et al. [125], it is found that the phase-averaged pressure field

during the flapping motion indicates the presence of a vortex structure, interpreted as a

combination of the flapping and the puffing motion in the self-preserving region of a plane

jet.

6.3.4 Turbulent energy budget in flapping motion

In this section, the influence of the arising of the flapping motion on the flow character-

istics is investigated by estimating the turbulent energy budget. Firstly, it is estimated by

using the phase-averaged velocity and pressure field when t/Tp = 0.20 at which the high

speed fluid passes, and 0.70 at which low speed fluid passes. Secondly, it is estimated by

using averaged velocity and pressure field while the flapping motion is arising (t/Tp = 0.0

- 1.0).

Turbulent energy budget of t/Tp = 0.20 and 0.70

Figure 6.9 shows the cross-streamwise profiles of the convection term at t/Tp = 0.20

and 0.70. In the following, only the profiles in the range x2/b ≥ 0 will be shown because

it was found that the averaged velocity and the pressure filed were symmetrical to the

jet center line in previous chapters. The ordinate shows the value of the convection term

normalized by U
3

c/b and the abscissa shows x2/b. The solid, dashed, and dot-dash line

show the profile of t/Tp = 0.20, 0.70 and the whole time averaged value shown in Chapter

2, respectively. It is found that the convection of the turbulent energy is enhanced when

t/Tp = 0.20 at which the high speed fluid passes and reduced when t/Tp = 0.70 at which

low speed fluid passes.
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Figure 6.10 shows the cross-streamwise profiles of the production term at t/Tp = 0.20

and 0.70. The ordinate shows the value of the production term normalized by U
3

c/b. The

abscissa and the meaning of the lines are same with those in Figure 6.10. It is found that

the production of turbulent energy is enhanced when t/Tp = 0.20. However, it is almost

same with the profile of whole time averaged value when t/Tp = 0.70 except for the inner

side of the jet (x2/b ≤ 0.5).

Figure 6.11 shows the cross-streamwise profiles of the diffusion term at t/Tp = 0.20

and 0.70. The ordinate shows the value of the diffusion term normalized by U
3

c/b. The

abscissa and the meaning of the lines are same with those in Figure 6.10. It is found that

the diffusion of the turbulent energy from the inner side of the jet (0 ≤ x2/b ≤ 0.65) to the

outer region is enhanced when t/Tp = 0.20 and this turbulent energy diffusion from the

inner side to outer side also can be observed when t/Tp = 0.70. However, the turbulent

energy diffusion from the outer side to near the jet centerline which can be observed in

the whole time averaged profile is not observed in those profiles.

Figure 6.12 shows the cross-streamwise profiles of the turbulent diffusion term at t/Tp

= 0.20 and 0.70. The ordinate shows the value of the turbulent diffusion term normalized

by U
3

c/b. The abscissa and the meaning of the lines are same with those in Figure 6.10.

It is found that there is a big difference between the profile of t/Tp = 0.20 and 0.70.

Further, it can be observed in both profiles that the diffusion of the turbulent energy

from the inner side of the jet to the outer region arising.

Figure 6.13 shows the cross-streamwise profiles of the pressure diffusion term at t/Tp

= 0.20 and 0.70. The ordinate shows the value of the pressure diffusion term normalized

by U
3

c/b. The abscissa and the meaning of the lines are same with those in Figure 6.10.

It is found that the profile of pressure diffusion term strongly depends on the flow state

caused by the flapping motion. The turbulent energy is diffused from the outer side of

the jet to inner side. The quantity of the turbulent energy diffusion by pressure diffusion

is smaller than whole time averaged value both in t/Tp = 0.20 and 0.70.

Turbulent energy budget for the duration of t/Tp = 0.0 - 1.0

Figure 6.14 shows the cross-streamwise profiles of convection term while the flapping

motion is arising. The ordinate shows the value of convection term normalized by U
3

c/b

and the abscissa shows x2/b. The solid line and the dash-dot-dot lines show the profile of

convection term while the flapping motion is arising and the whole time averaged value

shown in Chapter 2, respectively. It is found that the profile of the convection term
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while the flapping motion is almost consistent with that of whole time averaged profile.

Therefore, the arising of the flapping motion have no big influence on the convection of

the turbulent energy.

Figure 6.15 shows the cross-streamwise profiles of production term while the flapping

motion is arising. The ordinate shows the value of production term normalized by U
3

c/b.

The abscissa and the meaning of the solid line and the dash-dot-dot line are same as

in Figure 6.14. The dashed-line shows the profile of production term while no flapping

motion is arising. From Figure 6.15, it is found that the profile of the production term

while the flapping motion arising is bigger than those of the whole time averaged profile

and while the flapping motion is not arising in the range x2/b ≥ 0.5. Therefore, it can

be concluded that the arising of the flapping enhances the production of the turbulent

energy especially in the outer region of the jet.

Figure 6.16 shows the cross-streamwise profiles of diffusion term while the flapping

motion is arising. The ordinate shows the value of diffusion term normalized by U
3

c/b.

The abscissa and the meaning of the solid line, dash-dot-dot line are same with Figure

6.14. It can observed that the diffusion of the turbulent energy is enhanced while the

flapping motion is arising. It also can be found that the turbulent energy is transported

to more outer region of the jet while the flapping motion is arising.

Figure 6.17 shows the cross-streamwise profiles of the turbulent diffusion term while

the flapping motion is arising. The ordinate shows the value of turbulent diffusion term

normalized by U
3

c/b. The abscissa and the meaning of the solid line, dash-dot-dot line, and

dashed-line are same with Figure 6.15. It is found that the turbulent energy is transported

to more outer region of the jet while the flapping motion is arising. Further, the loss of

the turbulent energy in the inner side of the jet is enhanced while the jet is not flapping.

Therefore, it is concluded that the flapping motion has a role to transport the turbulent

energy to the outer region of the jet by the turbulent diffusion process and it makes the

loss of the turbulent energy in the inner side of the jet small.

Figure 6.18 shows the cross-streamwise profiles of the pressure diffusion term while

the flapping motion is arising. The ordinate shows the value of pressure diffusion term

normalized by U
3

c/b. The abscissa and the meaning of the solid line, dash-dot-dot line,

and dashed-line are same with Figure 6.15. The transport of the turbulent energy to the

inner side of the jet becomes small while the jet is flapping. In addition, it is enhanced

while the jet is not flapping.

From Figures 6.16 to 6.18, it can be concluded about the diffusion process of the

turbulent energy that the arising of the flapping motion enhances the transport of the
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turbulent energy to the outer region of the jet by the combination of the increasing of

the transport to the outer region by the turbulent diffusion, and the decreasing of the

transport to the inner region of the jet by the pressure diffusion.

6.3.5 Interval and duration time of flapping motion

Figure 6.19 shows the interval time between the arising of one flapping motion and

next arising. The ordinate indicates the relative number of each interval time in the

whole measurement time (about 262 seconds) and the abscissa indicates the interval time

of the flapping motion T normalized by the flapping frequency fp. The meaning of symbols

in the figure are as follows; �: σ = 6, N: σ = 1, and H: σ = 4.

Figure 6.20 shows the dependence of estimated interval time on the periodicity range.

The ordinate and the abscissa are same with those in Figure 6.19. The solid, dashed, and

dot-dash line indicate condition 1 (the periodicity range is 0.35 - 0.65 times Tp, default),

condition 2 (the periodicity range is 0.40 - 0.60 times Tp), and condition 3 (the periodicity

range is 0.45 - 0.55 times Tp), respectively.

From Figures 6.19 and 6.20, it is found that the average interval time of the flapping

motion is about 6.7 times the flapping period (which correspond to 0.24 seconds) and

it arises at random. Further, the profiles are almost same qualitatively for various σ

and periodicity range. Therefore, the estimated results do not strongly depend on those

parameters.

Figure 6.21 shows the duration time of one flapping motion. The ordinate indicates the

relative number of each duration time in the whole measurement time and the abscissa

indicates the duration time normalized by the flapping frequency fp. The meaning of

symbols in the figure are the same as those in Figure 6.19.

Figure 6.22 shows the dependence of estimated duration time on the periodicity range.

The ordinate and the abscissa are same with those in Figure 6.21. The meaning of the

lines are same with those in Figure 6.20.

From Figures 6.21 and 6.22, it is found that the most part of the flapping motion

continued only 1.0 or 1.5 times the flapping period Tp and the one that continues over 3.0

times the flapping period is very few. Further, the average duration time of the flapping

motion is about 1.7 times the flapping period Tp. In addition, it is also found that the

estimated results do not strongly depend on σ and the periodicity range.

Figure 6.23 shows the relation between the duration time of one flapping motion and the

arising interval of the flapping motion. If the plot in the figure is at (duration, interval)
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= (1.0 Tp, 60 Tp), it means the flapping motion continues 1.0 Tp and next flapping arises

after 60 Tp. The ordinate shows the interval time and the abscissa shows the duration

time. Figure 6.23 indicates that there is a negative correlation between the interval time

and duration time. Therefore, it can be concluded that the next flapping starts soon

after long duration time of flapping and the long interval time is observed only after short

duration.

Finally, we investigate the two-points velocity correlation by use of the detectors. It is

found that the value of two-points correlation is equal to -0.15. Note that this negative

sign of the correlation is one of the characteristics of a plane jet observed by previous

studies. On the other hand, it is equal to -0.33 during the time which the flapping motion

is arising and -0.09 during the time which the flapping motion is not arising. These results

indicate that the flapping motion plays an important role to the properties of a plane jet

although it is rare phenomenon.

6.4 Conclusions

In this chapter, the detail characteristics of the flapping motion are investigated. Firstly,

the new method to discriminate the flapping motion and determine the intermittency

function about the arising of the flapping motion by using the continuous wavelet trans-

form with Gabor mother wavelet is developed. Secondly, the ensemble-averaged velocity

and pressure field on the basis of the intermittency function obtained by the present new

method is confirmed. Thirdly, the turbulent energy budget of a plane jet in the flapping

motion is estimated. Finally, the interval time and the duration time of the arising of the

flapping motion are estimated. The results are summarized as follows.

1. The new method to extract the flapping motion is developed by using continuous

wavelet transform and the validity of this new method is confirmed.

2. The phase-averaged pressure field during the flapping motion indicates the existence

of a coherent vortex structure, interpreted as a combination of flapping and puffing

motion in the self-preserving region of the jet.

3. The arising of flapping motion enhances the production of the turbulent energy

especially in the outer region of the jet and transportation of the turbulent energy

to the outer region.

4. The enhancing of the transportation of the turbulent energy to the outer region is
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caused by the increasing of the transportation of the turbulent energy to the outer

region by turbulent diffusion process and the decreasing of it to the inner side by

pressure diffusion process.

5. The flapping motion arises at random and the average interval time of the arising

of it is about 6.7 times the flapping period.

6. The average duration time of a flapping motion is about 1.7 times the flapping

period and the one that continues over 3.0 times the flapping period is very few.
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Figure 6.3 Cross-streamwise profile of Strouhal number St.

Figure 6.4 First mode model of vortex structure by the KL expansion in the self-

preserving region of plane jet [92].
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Figure 6.5 Contour map of phase-averaged streamwise velocity Û .

Figure 6.6 Contour map of phase-averaged streamwise velocity fluctuation û.
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Figure 6.7 Contour map of phase-averaged cross-streamwise velocity fluctuation v̂.

Figure 6.8 Contour map of phase-averaged pressure fluctuation p̂.
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Figure 6.9 Cross-streamwise profiles of convection term at t/Tp = 0.20 and 0.70.
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Figure 6.10 Cross-streamwise profiles of production term at t/Tp = 0.20 and 0.70.
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Figure 6.11 Cross-streamwise profiles of diffusion term at t/Tp = 0.20 and 0.70.
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Figure 6.12 Cross-streamwise profiles of turbulent diffusion term at t/Tp = 0.20 and 0.70.
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Figure 6.13 Cross-streamwise profiles of pressure diffusion term at t/Tp = 0.20 and 0.70.
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Figure 6.14 Cross-streamwise profiles of convection term while flapping motion arising

(t/Tp = 0.0 - 1.0).
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Figure 6.15 Cross-streamwise profiles of production term while flapping motion arising

(t/Tp = 0.0 - 1.0).
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Figure 6.16 Cross-streamwise profiles of diffusion term while flapping motion arising

(t/Tp = 0.0 - 1.0).
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Figure 6.17 Cross-streamwise profiles of turbulent diffusion term while flapping motion

arising (t/Tp = 0.0 - 1.0).
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Figure 6.18 Cross-streamwise profiles of pressure diffusion term while flapping motion

arising (t/Tp = 0.0 - 1.0).
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Figure 6.19 Interval time of the flapping motion.
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Figure 6.20 Dependence of estimated interval time on the periodicity range. Condition

1, 2, and 3 means 0.35 - 0.65 Tp, 0.40 - 0.60 Tp, and 0.45 - 0.55 Tp, respectively.
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Chapter 7

Conclusions

In this study, from many turbulent phenomena, mainly three subjects, which can be

observed in a turbulent jet and a boundary layer, are focused on and experimentally

investigated. They are as follows:

(a) Turbulent/non-turbulent intermittency (Chapters 2 and 3)

(b) Interface between turbulent/non-turbulent region (Chapters 4 and 5)

(c) Large-scale coherent vortex structure (Chapter 6)

The results obtained in this study are summarized in the following.

Chapter 2

In Chapter 2, a new combined probe for measuring instantaneous pressure and two

velocity components simultaneously was developed. The combined probe consists of an

X-type hot-wire and a newly devised pressure probe. The pressure probe was miniaturized

by using a 0.1-inch microphone, and the tip of the pressure probe was shaped into a

hemisphere, which is similar to that of the pitot tube. First, we checked the accuracy of

the pressure fluctuations in turbulent flows by using the new pressure probe. Then, we

carefully examined the effects of the spatial arrangement of the hot-wire probe and the

pressure probe on, and investigated the measurement accuracy of the new combined probe

in a plane jet. Finally, we estimated the turbulent energy budget and the velocity-pressure

cross-correlation coefficient in the intermittent region of the plane jet. The results are

summarized as follows.

1. When the newly devised pressure probe was used, the measurement errors of pres-

sure fluctuations were 0 % - 10 % for a uniform flow.
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2. No noticeable interference was observed between the signals of the pressure probe

and the hot-wire sensor when the lateral distance (cross-streamwise distance) be-

tween the hot-wire sensor and the side wall of the pressure probe was set to 0.5 mm

and the longitudinal distance (streamwise distance) between the hot-wire sensor and

the tip of the pressure probe was set to 2.0 mm. These values correspond to approx-

imately 0.17 times and 0.67 times the Taylor transverse microscale, respectively in

the plane jet considered here.

3. The results obtained by using the combined probe and the signal processing system

were in good agreement with the reliable results obtained previously. Therefore,

we conclude that this newly developed combined probe and the signal processing

system were useful for the simultaneous measurements of velocity and pressure.

4. The integral value of the total diffusion term (which should theoretically be equal to

zero) was shown to be closer to zero compared with the results reported previously

by Bradbury [102]. This is because the proposed combined probe and the signal

processing system could measure the pressure diffusion vp and the triple correlation

vw2 more accurately and directly than the probes used in previous studies.

5. The time-variation of the cross-correlation coefficient in the intermittent region sup-

ported the vortex structure model suggested from the results of previous studies

(Browne et al. [81], Tanaka et al. [104], and Sakai et al. [66]).

Chapter 3

In Chapter 3, by using the combined probe developed in Chapter 2, the simultaneous

measurement of velocity and pressure in a plane jet is performed again, and the measured

results were discussed from another point of view. Firstly, for more detailed understanding

of the flow phenomena in the intermittent region of a plane jet, the conditional ensemble-

averaged statistics were investigated on the basis of the intermittency function obtained

from the velocity signal by the hot-wire sensor set in the intermittent region of a plane

jet. Secondly, the validity of the models for the turbulent and pressure diffusion term

such as Daly & Harlow model, Shir model and the model for the rapid/slow term was

investigated. The results are summarized as follows.

1. Estimation of the turbulent energy budget based on the turbulent energy transport

equation showed that the profiles of the convection term, production term and



CHAPTER 7 CONCLUSIONS 137

diffusion term depended on the flow state in the intermittent region of the jet. When

the flow state was turbulent, the convection of the turbulent energy to the inner

region of the jet became large, and the region where the turbulent energy producted

also became large and extended to the outer region of the jet. Furthermore, the

diffusion of the turbulent energy to the outer region of the jet was enhanced.

2. Estimation of the turbulent energy budget based on the turbulent energy transport

equation also showed that the profile of the turbulent diffusion term depended on

the flow state in the intermittent region, but the pressure diffusion term did not

strongly depend on it. Therefore, the dependence of the diffusion process on the

flow state was mainly caused by that of the turbulent diffusion process. Further,

the pressure diffusion of the turbulent energy to the inner side of the jet observed

in the previous studies was not caused by the entrainment/ejection process, which

is strongly related to the turbulent intermittency.

3. Daly & Harlow model was adequate for the flow filed where the effect of the pressure

diffusion process was weak and the turbulent intermittency was small, while Shir

model was adequate for the flow field where the effect of the pressure diffusion

process was relatively strong and the turbulent intermittency was small.

4. The pressure diffusion process could not be modeled only by the slow term, and the

modeling of the pressure diffusion process by both rapid term and slow term could

achieve an improvement of the modeling accuracy.

Chapter 4

In Chapter 4, in order to clarify the structure of the “interfacial layer” between the

turbulent and the non-turbulent region, the measurement of velocity and pressure fields

near the interface of the turbulent and the non-turbulent region is conducted in a plane

jet. The velocity and pressure fields are measured simultaneously using a combined probe

comprising an X-type hot-wire and a static pressure tube. The measurement data are

analyzed using the conditional sampling technique and an ensemble-averaging technique

on the basis of the intermittency function for the turbulent/non-turbulent decision, and

the results are discussed. The results are summarized as follows.

1. It is found that there is a thin interfacial layer between the turbulent and the non-

turbulent region accompanied by a rapid change in the physical quantities, such as
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the streamwise velocity.

2. The thickness of the interfacial layer is 0.08 times the half-widh of the cross-

streamwise profile of the mean streamwise velocity and almost the same as Taylor

transverse micro scale of the turbulent flow at the measurement location.

3. The velocity and pressure fields near the interfacial layer indicate the existence of

vorticities in the middle of the interfacial layer.

4. From the separated estimation of the diffusion term in the transport equation of

the turbulent energy, it is found that the turbulent energy is transported from the

inner side and the inside of the interfacial layer to the outer non-turbulent region

by the pressure diffusion. In addition, this transportation of the turbulent energy

is caused by the existence of the interfacial layer.

5. There is a possibility that the existence of the interfacial layer is one of the processes

for the transition of the non-turbulent fluid to the turbulent fluid, because the

existence of the interfacial layer and the approach of the interfacial layer to the non-

turbulent region cause the transportation of turbulent energy to the non-turbulent

fluid.

Chapter 5

In Chapter 5, in order to better understand the flow phenomena at the streamwise

interfaces between the turbulent and the laminar regions, isolated turbulent regions were

periodically generated in a laminar boundary layer by activating a bimorph-type piezo-

ceramic actuator. The results obtained in this study are summarized as follows:

1. Using the piezoceramic actuator, a trapezoidal turbulent region with a large span-

wise width could be periodically generated in a boundary layer as intended.

2. The experimental results showed that both the streamwise velocity fluctuations and

the intensity of the random component (RMS value of the random component)

rapidly changed at the leading end of the turbulent region. On the other hand, the

streamwise velocity fluctuations remained high after the intensity of the random

component vanishes at the trailing end of the turbulent region.

3. The traveling speed of the trapezoidal turbulent region was almost the same as

those of the turbulent spots with an arrow-head shape. Therefore, it was found that
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the spanwise interfaces have little influence on the growth of an isolated turbulent

region in a laminar boundary layer.

4. From the comparison between the traveling speed of the interface and the local

velocity of the same location, it was found that the laminar fluid is entrained into

the turbulent region through the interface at the leading interface regardless of the

wall-normal position.

5. On the other hand, in the near-wall region with η < 1.3 at the trailing interface of

the turbulent region, it was found that the turbulent fluid was crossing the interface,

provoking relaminarization.

6. The critical wall-normal distance of η = 1.3, which was the limit of the relaminar-

ization process, corresponds to y+ = 10.7 in the wall unit. This result suggests that

the relaminarization process was taking place in the viscous sublayer.

Chapter 6

In Chapter 6, the characteristics of the flapping motion are investigated in detail.

Firstly, a new method to discriminate the flapping motion and determine the intermit-

tency function about the arising of the flapping motion by using the continuous wavelet

transform with Gabor mother wavelet was developed. Secondly, the ensemble-averaged

velocity and pressure field on the basis of the intermittency function obtained by the

present new method is confirmed. Thirdly, the turbulent energy budget of a plane jet in

the flapping motion is estimated. Finally, the interval and the duration of the arising of

the flapping motion are estimated. The results are summarized as follows.

1. The new method to extract the flapping motion was developed by using the contin-

uous wavelet transform, and the validity of this new method is confirmed.

2. The phase-averaged pressure field during the flapping motion indicated the existence

of a coherent vortex structure, which is interpreted as a combination of flapping and

puffing motion in the self-preserving region of the jet.

3. The arising of flapping motion enhances production of the turbulent energy espe-

cially in the outer region of the jet and transportation of the turbulent energy to

the outer region.
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4. Estimation in the transportation of the turbulent energy to the outer region was

caused by increase in the transportation of the turbulent energy to the outer region

by turbulent diffusion process and decrease in the transportation of the turbulent

energy to the inner side by pressure diffusion process.

5. The flapping motion arises at random, and its average interval was about 6.7 times

the flapping period.

6. The average duration of a flapping motion was about 1.7 times the flapping period,

and the flapping motion that lasts more than 3.0 times the flapping period is very

rare.
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Appendix A

Study on the characteristics of
hot-wire anemometer [126]

A constant temperature anemometer (CTA) is a useful instrument for measuring the

velocity fluctuations in turbulent flow. The actual frequency response of a typical CTA

used in my studies shown in previous chapters is no more than 5 kHz under normal

laboratory conditions: for example, the diameter of the hot wire is 5 µm and the free

stream velocity is 20 m/s. However, in some cases, a typical CTA is not enough to

measure accurately turbulent velocity fluctuations for fine scale structures.

In this Appendix, the details of the design of the CTA and its characteristics are

described. Further, a rearranged CTA circuit to obtain a faster frequency response so

that in turn fine-scale structures can be more accurately investigated are also shown.

A.1 Introduction

Hot-wire anemometers which use a very thin heated wire as a sensor, are widely used

to measure velocity fluctuations in turbulent flows [5]. The advantage of using a hot-wire

anemometer is that it has a large dynamic response to the turbulent velocity fluctuation.

This large dynamic response is achieved by a very small thermal inertia of hot wire and

its compensation by the circuit in the anemometer.

There are several types of hot-wire anemometers which have different operation meth-

ods. One of them is a constant temperature anemometer (CTA), which heats up a thin

wire and keeps the wire’s temperature constant by using a feedback loop in the CTA

circuit and automatically compensating for the thermal inertia of the wire. Constant

temperature anemometers are widely used to measure velocity fluctuations in turbulent

flows because they are easy to handle and they have a higher frequency response to the

velocity fluctuations than other types of anemometers. However, the actual frequency
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response of a typical CTA is no more than 5 kHz under normal laboratory conditions:

for example, the diameter of the hot wire is 5 µm and the free stream velocity is 20 m/s.

Therefore, in some cases, a CTA is not accurate enough to correctly measure turbulent

velocity fluctuations in fine-scale structures.

To solve this lack of accuracy, we developed, with reference to previous studies [127][128][129],

a rearrangement circuit for a CTA that has a faster frequency response than a typical

CTA circuit so that fine-scale structures can be better investigated.

A.2 CTA circuit

A.2.1 Typical CTA circuit

An example of a typical CTA circuit is shown in Figure A.1. Hereafter, this circuit

is called ”Circuit 1.” Circuit 1 consists of a Wheatstone bridge circuit and a feedback

circuit to compensate for the thermal inertia of the hot wire. The resistance of the thin

wire without heating is denoted as Rw and the variable resistance is denoted as V R. The

bridge resistance ratio R1/R2 was set to 10 and the overheat ratio of thin wire was set by

adjusting the resistance R3. The operational amplifier used in the feedback circuit was

an OP37 (Analog Devices, Inc.). The gain-bandwidth product of an OP37 is 63 MHz and

the slew rate is 17 V/ s.

In Circuit 1, the roll-off frequency ω0 of the circuit is expressed by Equation (A.1) [3][4].

ω2
0
∼=

K0

Mµ
(A.1)

Here, M is the time constant of the hot wire and µ is the time constant of the feedback

circuit. In addition, K0 is expressed by Equation (A.2).

K0 =
2awA0R̃w

R̃w +R1

(A.2)

Here, aw is the overheat ratio, A0 is the amplification factor, R̃w is the operating resistance

of the hot wire, and R1 is the resistance in the bridge circuit.

A.2.2 Rearranged CTA circuit

From Equations (A.1) and (A.2) in the previous section, we chose two methods to

increase ω0. One method was to decrease µ by changing the operational amplifier and the

other method was to increase K0 by decreasing the resistance R1.
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Table A.1 Experiment conditions in frequency response test.

Case　　　 CTA circuit 　　　　　 Diameter of the wire (Rw)

1 　　　 Circuit 1 　　　　　 5 µm (4.5 Ω)

2 　　　 Circuit 2 　　　　　 5 µm (4.5 Ω)

3 　　　 Circuit 1 　　　　　 3 µm (7.4 Ω)

4 　　　 Circuit 2 　　　　　 3 µm (7.4 Ω)

The rearranged CTA circuit is shown in Figure A.2. Hereafter, this circuit is called

”Circuit 2.” In Circuit 2, three operational amplifiers are used in the feedback circuit.

Two of them were AD797s (Analog Devices, Inc.), which have a gain-bandwidth product

of 110 MHz and a slew rate of 20 V/ s. Here, it should be noted that the OP37 in Circuit

2 was used as the final stage amplifier in the feedback circuit to adjust the bridge balance.

Further, R1 was changed from 100 Ω to 10 Ω and the bridge ratio was set to 1.

A.3 Experimental results and discussions

A.3.1 Frequency response test

A frequency response test for Circuit 1 and Circuit 2 was conducted to estimate the

roll-off frequency ω0. The test was conducted at the nozzle exit of a square jet. The size

of the nozzle exit of the jet was 80 mm × 80 mm. The velocity at the nozzle exit was

20 m/s. The estimation was performed by applying a sine-wave heating current to the

bridge from the node number 1 in the bridge circuit (see Figures A.1 and A.2) by means

of a function-generator. Then, the RMS value of the fluctuating voltage at node 1 (e1)

and that at bridge out (e0) were measured. In this test, e1 was set to less than 1 V and

the overheat ratio was set at 1.5. Experiment conditions are shown in Table A.1. The

length of the hot wire was 1.0 mm in all the experiment conditions.

The results of the frequency response test are shown in Figure A.3. The abscissa shows

the frequency of the sine-wave heating current ω and the ordinate shows the relative gain

in decibel form RG which is expressed by Equation (A.3) [3][4].

RG =
| e0/e1 |

| 1 + jωM |
(A.3)

Here, it should be noted that the time constant M was estimated from the gradient (in

actual time scale) of the region where | e0/e1 | increases with the ratio of 20 dB/decade
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[3][4]. The meanings of the symbols in Figure A.3 are as follows: ▽: Case 1, △: Case 2,

�: Case 3, and ⃝: Case 4. Figure A.3 shows that there is a distinct peak at 10 kHz and

14 kHz in Case 1 and Case 3, respectively. It is found that the frequency range where

RG equals zero, which means the CTA circuit is accurately responding to the sine-wave

heating current, is less than 5 kHz in Case 1 and 6 kHz in Case 3. However, in Case 2

and Case 4, there is no distinct peak and the frequency range where RG equals zero is

more than 20 kHz in Case 2 and 40 kHz in Case 4. Therefore, it can be concluded that

the frequency response of the CTA can be improved by altering the circuit.

A.3.2 Velocity measurement in a plane jet

Velocity fluctuations in a plane jet were measured using the rearranged CTA circuit.

This plane jet was described in previous chapters (See Figure 2.11). The apparatus to

create the plane jet consisted of a contraction nozzle, a skimmer, and side walls. The

skimmer was placed just after the nozzle exit in order to eliminate the boundary layer,

which develops along the wall of the contraction nozzle. The height and width of the

skimmer exit were 12 mm and 236 mm, respectively. The velocity U0 at the skimmer

exit was approximately 27.5 m/s and the Reynolds number Re (defined as U0d/ν, ν is

kinematic viscosity and d is the height of the nozzle exit) was 22,000. Furthermore, the

side wall was set vertically in the test section in order to inhibit the entrainment from the

side surroundings. By using the skimmer and the side wall, a uniform velocity profile at

the skimmer exit and a good two dimensional flow field in the test section was obtained.

The coordinate system was as follows: the axial (streamwise) coordinate was x1, the

vertical (cross-streamwise) coordinate was x2, the spanwise coordinate was x3, and the

origin of the coordinates was set at the center of the nozzle exit.

Figure A.4 shows the power spectrum of streamwise velocity fluctuation at x1/d = 20

and x2/b = 1.0 in Case 1, Case 2, and Case 4. The meanings of ordinate and abscissa are

the same as in Figure 2.25. The meanings of the symbols are as follows: ▽: Case 1, △:

Case 2 and ⃝: Case 4. The long-dashed straight line has a -5/3 slope and the red line

indicates the profiles obtained numerically by a LDIA theory which shows an excellent

agreement with many measurements of various kinds of real turbulence (See, Kida et al.

[130]). Here, it should be noted that the Taylor microscale λ was 3.2 mm and the Tyalor-

scale Reynolds number Reλ was 440 at this measurement point. Figure A.4 shows that

the power spectra in Case 2 and Case 4 agree well with the profile by a LDIA theory [130]

in the range κ1η < 0.5. However, the power spectrum in Case 1 agrees with the profile
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by a LDIA theory only in the range κ1η < 0.2. Therefore, it can be concluded that the

high accuracy measurement of velocity fluctuation in a plane turbulent jet is achieved by

using the present rearranged CTA circuit.

Velocity fluctuations in a square jet used for the frequency response test mentioned in

previous section were measured using the rearranged CTA circuit.

Figure A.5 shows a schematic view of the experimental apparatus and coordinate system

of the square jet. The height and width of nozzle exit d was 80 mm. The velocity at the

nozzle exit U0 was 35 m/s and the Reynolds number Re (= U0d/ν) was 180,000. The

coordinate system was as follows: the axial (streamwise) coordinate was x1, the vertical

(cross-streamwise) coordinate was x2, the spanwise coordinate was x3, and the origin of

the coordinates was set at the center of the nozzle exit.

Figure A.6 shows the mean streamwise velocity at x1/d = 2.0. The ordinate shows the

mean streamwise velocity U normalized by Uc. The abscissa shows x2/b. Here, b is the

half-width of cross-streamwise profile of mean streamwise velocity. Figure A.6 shows that

the jet has a potential core at this measurement point.

Figure A.7 shows the RMS value of the streamwise velocity fluctuation at x1/d = 2.0.

The ordinate shows u′ normalized by u′
c. The abscissa shows x2/b. Figure A.6 shows that

u′ has a peak value at x2/b = ± 1.0.

Figure A.8 shows the power spectrum of streamwise velocity fluctuation at x1/d = 2.0

and x2/b = 1.0 in Case 1, Case 2, and Case 4. The meanings of ordinate and abscissa

and the same as in Figure A.4. The meanings of symbols are as follows: ▽: Case 1, △:

Case 2, and ⃝: Case 4. The long-dashed straight line has -5/3 slope and the red line

shows the profile obtained by a LDIA theory [130]. Here, it should be noted that the

Taylor microscale λ was 6.3 mm and the Taylor-scale Reynolds number Reλ was 1,720 at

this measurement point. Figure A.8 shows that the power spectrum obeys the profile by

the LDIA theory [130] in the range κ1η < 0.08 (Case 1), κ1η < 0.2 (Case 2), and κ1η <

0.5 (Case 4). Further, it can be clearly seen that there is a resonance point at κ1η = 0.3

(Case 1) and κ1η = 0.5 (Case 2). Therefore, it is concluded that the frequency response

of a CTA can be improved by rearranging the CTA circuit.

A.4 Conclusions

In this appendix, a rearranged CTA circuit is developed. The rearranged CTA circuit

has a faster frequency response than a typical CTA circuit. This faster frequency re-

sponse enables the accurate investigation of fine-scale structures in turbulent flow. The
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experimental results are summarized as follows:

1. A rearranged CTA circuit has been proposed. In the circuit, the ratio of the electrical

resistance of the Wheatstone bridge is set to 1 and two operational amplifiers, whose

gain-bandwidth product and slew rate are 110 MHz and 20 V/ s, respectively, are

used in the feedback circuit. The rearranged CTA circuit can respond to velocity

fluctuations quickly.

2. The roll-off frequency of the rearranged CTA circuit can be improved from 5 kHz

to 20 kHz for a 5 µm hot wire and from 6 kHz to 40 kHz for a 3 µm hot wire when

used in a flow with a free stream velocity of 20 m/s.

3. Measurements taken in a plane turbulent jet and square jet using the rearranged

CTA circuit show that the power spectrum obeys the reliable numerical profile

derived by a LDIA theory over a much wider non-dimensional wave number range

in comparison with the results obtained using a typical CTA circuit.
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Figure A.2 Block diagram of rearranged CTA circuit.
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Figure A.3 Results of frequency response test.

κ1η
10-3 10-2 10-1 100

10-2

10-1

100

101

102

103

104

105

Case 1
Case 2
Case 4
Profile obtained by a LDIA theory
-5/3 slope

(
)/

κ
ε

ν5
/4

1/
4

1
E

uu

Figure A.4 Power spectra of streamwise velocity fluctuation at x1/d = 20 and x2/b =

1.0.



APPENDIX A STUDY ON THE CHARACTERISTICS OF HOT-WIRE ANEMOMETER 150

x
xx

2
13縮流部

80
80200

200 x
xx

2
13縮流部

80
80200

200
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Appendix B

Influence of the cross-flow on the

measurement accuracy of pressure

probe

In my study described in the previous chapters, the pressure fluctuation in a plane tur-

bulent jet was measured and discussed. However, the pressure probe has a measurement

error caused by the cross-flow. Therefore, the estimation of the measurement error caused

by cross-flow is important and needed. Based on the background, the measurement error

caused by cross-flow is estimated and the results are shown in this appendix.

B.1 Estimation of the measurement error

B.1.1 Estimation based on the time-variation of flow angle

Firstly, the time-variation of flow angle (which determines the cross-flow angle) in

present plane jet was investigated and the measurement error was estimated. Experi-

mental apparatus and coordinate system of present plane jet is shown in Figure 2.11.

The instantaneous streamwise velocity U(t), cross-streamwise velocity V (t), and spanwise

velocity W (t) were measured simultaneously at x1/d = 40 by using two X-type hot-wire

probes and one pressure probe shown in Figure B.1. It was confirmed that the measure-

ment error of the probes were little in previous study [131]. Then, the time-variation of

flow angle ϕ(t) (pitch angle, composed by U(t) and V (t)) and γ(t) (yaw angle, composed

by U(t) and W (t)) were estimated.

Figure B.2 shows the cross-streamwise profiles of RMS value of ϕ(t) (denoted by ϕ’) and

γ(t) (denoted by γ’). The ordinate shows ϕ’ or γ’ and the abscissa shows x2/b. Here, b is

the half-width of the cross-streamwise profile of the mean streamwise velocity. The filled
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square and filled triangle shows ϕ’ and γ’, respectively. Figure B.2 indicates that ϕ’ is less

than 2◦ and γ’ is less than 6◦ in the range -2.0 < x2/b < 2.0. Therefore, from Figure 2.7

and 2.8, the measurement error caused by the cross-flow is less than 4 % for the pitch angle

ϕ and 8 % for the yaw angle γ. However, as described in Chapter 2, the measurement

error caused by the pitch angle ϕ(t) is corrected by the instantaneous streamwise velocity

U and V measured by X-type hot-wire probe. Therefore, the measurement error caused

by the cross-flow is considered to be 8 % in this measurement. Further, by considering

the result shown in Figure 2.10 together, the measurement error of the pressure in this

experiment is considered to be in the range -8 % - +18 %.

B.1.2 Estimation based on the previous studies

Next, the measurement error caused by the cross-flow was estimated in another point

of view based on the previous studies by George et al. [58][132]. In their studies, the

measurement error caused by the cross-flow was predicted using the Equation (B.1).

[pm − p] = ρB
[(

v2 − v2
)
+
(
w2 − w2

)]
(B.1)

Here, ρ is the density of fluid, pm is the measured pressure fluctuation by means of pressure

probe, p is the true pressure fluctuation (without the pressure probe), v is the cross-

streamwise velocity fluctuation, v2 is the square of the RMS value of the cross-streamwise

velocity fluctuation, w is the spanwise velocity fluctuation, and w2 is the square of the

RMS value of the spanwise velocity fluctuation. B is the constant determined by the

shape and the size of the pressure probe and George et al. showed that this value was

-0.15 for their multihole pressure probe [58].

Figure B.3 shows the cross-streamwise profile of RMS value of [pm − p] denoted by

[pm − p]’ at x1/d = 40. [pm − p]’ is estimated from the RMS value of
(
v2 − v2

)
+(

w2 − w2
)
, ρ, and B. Cross-streamwise velocity fluctuation v and spanwise velocity

fluctuation w were measured by using the probes shown in Figure B.1. The ordinate is

[pm − p]’ normalized by the RMS value of the pressure fluctuation on jet center line pc’

and the abscissa is x2/b. In this estimation, B is set equal to -0.15. Figure B.3 indicates

that the maximum measurement error is 17 %. Here it should be noted that the constant

B is determined by the size of the probe and the present pressure probe (See, Figure 2.1)

is much smaller than George’s probe. In the present probe, the diameter of the probe was

1/6.35 times and the diameter of the static-pressure hole was approximately 1/5 times of

George’s probe, respectively. Therefore, in the present probe, the absolute value of B was
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considered to be less than 0.15 and the maximum measurement error was less than 17 %.

B.1.3 Estimation based on the predicted value by the inviscid

momentum equation

As mentioned in Chapter 2, the measurement error estimated by the ratio of the mea-

sured pressure fluctuation and predicted value was in the range 0 - 10 % (See, Figure

2.10). Here, in addition, the measurement error of pressure fluctuation by the pressure

probe in the cross-flow was investigated by comparing the predicted value and the mea-

sured value when the probe is inclined to the free stream. The measurement apparatus

for the experiment is the same as one shown in Figure 2.9. The coordinate system, the

origin, and the experiment condition are the same as the experiment shown in section

2.2.2. In this experiment, the pressure probe was installed in the measurement position

(x1/dc = 1.80 and x2/dc = 1.25, dc is the diamter of the cylinder) with yaw angles α (0◦

- 10◦) and measured pressure fluctuation. The definition of the yaw angle α was shown

in Figure 2.9.

Figure B.4 shows the profiles of p’/pf ’ for different yaw angles. The ordinate and

abscissa are the same as those in Figure 2.10. The open squares, open triangles, and open

downward triangles in Figure B.4 shows the results measured with yaw angle α = 0◦, 5◦,

and 10◦, respectively. Figure B.4 indicates that the measurement error is in the range ±

10 % for these yaw angles.

Therefore, from Figures B.2 and B.4, it can be found that there is some measurement

error in the measurement of present pressure probe, but it is at most in the range -5 %

to +10 %.

B.2 Conclusions

In this appendix, the measurement error of the present pressure probe caused by the

cross-flow is estimated by three different ways. The results are summarized as follows:

1. The time-variation of flow angle in the present plane jet and static investigation of

the cross-flow error indicated that the measurement error was considered to be 3 %.

2. The estimation of the measurement error with reference to the previous studies

showed that the maximum measurement error was less than 17 %.

3. It was found that the measurement error caused by the cross-flow was in the range
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-5 % to +10 % from the estimation based on the predicted value by the inviscid

momentum equation.
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