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Summary: Detailed measurements were made on the laminar-turbulent transition of
a two-dimensional wake with three kinds of imposed disturbances, the natural disturbance
in a wind tunnel, a sound of single frequency, and a sound of two frequencies from
outside. In all cases the transition to turbulence is gradual. The production of the
fluctuation energy from the mean motion can be negative in a certain stage of the
transition. When a sound of single frequency is introduced into the wake, the induced
velocity fluctuation is regular and periodic and it persists, resulting in a transition delay.

When a sound of two frequencies (f. and f,) is introduced, two velocity fluctuations
are induced. They grow independently while amplitudes are small. When amplitudes
exceed certain values, two fluctuatoins interact and both amplitudes are reduced. An-
other result is the generation of velocity fluctuations of frequencies of fi—fs, 2(fi—f2),

..y and fi4fs, 2(fi+f2), .... The behavior of a slow, irregular fluctuation found in
the natural transition resembles that of fi—f. component in many respects. Both fluctu-
ations must be generated by the same process. The amplification of randomness in the
transition process may be accomplished by the mutual suppression of amplitudes and by
the generation of low-frequency components from high-frequency components.
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1. INTRODUCTION

A small-amplitude disturbance imposed on a laminar shear flow grows or decays
according to its frequency or wave length. The predition of the linear stability
theory on the growth agrees very well with experimental results in various flows
including the boundary layer along a flat plate, jets and wakes. If the wave
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length of a disturbance lies in the unstable zone of the stability theory, the dis-
turbance grows exponentially in the flow direction. As a result of the selective
amplification an almost sinusoidal velocity fluctuation is produced in the “natural”
transition. When the amplitude of the sinusoidal fluctuation reaches a certain
threshold value, the growth rate becomes less. At the same time, the wave-form
of the fluctuation changes. The linear theory is not valid for such a large-ampli-
tude fluctuation. Second-order terms which are neglected in the linear theory be-
come significant. The basic flow is distorted due to the interaction with the large-
amplitude fluctuation and this distortion, in turn, modifies the growth of the
fluctuation. Interaractions also take place among velocity fluctuations. The
equation of motion is highly nonlinear. Existing nonlinear theories deal with sim-
plified cases. [1][2][3]

Experimental investigations on the transition process have been made in various
flows, and results indicate that the process is very much different for different flows.
For instance, in the boundary layer along a plate a spanwise variation of the am-
plitude of the periodic fluctuation leads to abrupt breakdowns. [4] On the contrary,
in free layers such as jets and wakes, the periodic fluctuation gradually changes into
random turbulence. [5][6][71[81[9]

Among free layers the tr,ansition process of a wake is different from that of a
separated layer. For example, the nonlinear interaction in the separated layer
results in the production of subharmonics—the fluctuation with the frequency
half of the fundamental component. [7][10] On the other hand, no such subhar-
monics have been found in the wake yet. [5] The reason for this difference is not
known.

The structure of a fully-developed turbulence should not depend on the
nature of the disturbance which initiated the transition. But the transition process
is closely related to the initial disturbance. On example is the “turbulent spot”
created in a boundary layer by a finite-amplitude disturbance. The development
of the spot is entirely different from that of a two-dimensional fluctuation initiated
by a vibrating ribbon. These facts suggest that more extensive and more ditailed
experimental investigations are still wanted for a full understanding of the transi-
tion process.

The transition region connects two distinct states. One is the laminar flow
which is deterministic in nature. If initial and boundary conditions are specified,
the laminar flow must be uniquely determined. The other state is the random and
turbulent motions which are not deterministic. Therefore, in the transition the
“randomization process” is included. The abrupt breakdown is one example of
randomization and the gradual change of the wave-form is another. Existing
nonlinear theories are diterministic in nature. Even if complicated nonlinear
equations are used for thories, the ramdomization process is not properly taken
into account. In experimental works the randomization process has not been
clarified.

The purpose of the present experimental investigation is to make a detailed
experiment on the nonlinear inte action of velocity fluctuations as well as to obtain

This document is provided by JAXA.



'®

‘@

/
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informations on the randomization. We have already published several papers on
the transition of free layers, including jet, wake and separated layer. They are
concerned partly with the linear growth of fluctuations and partly with the non-
linear development. In the present work we have made detailed measurements on
the nonlinear interaction in the two-dimensional wake of a flat plate placed parallel
to the uniform flow. Three types of initial disturbance were employed. One is
the “natural” disturbance in the wind-tunnel. The natural transition is initiated
by the natural disturbance. The second experiment is the transition with sound
from a loudspeaker. The sound is a sinusoidal wave with one frecuency. The
effect of the sound on the transition process was investigated. The last case is
with a sound composed of two sinusoidal waves of different frequencies. The
interaction of two discrete velocity fluctuations induced in the wake was investigated.

2. EXPERIMENTAL ARRANGEMENT

The whole experiment was conducted in the No. 2 Low-Turbulence Wind-
Tunnel at the Institute of Space and Aeronautical Science. The wind-tunnel is of
straight, blow-out type and has a test-section of 60 cmX60 cm cross-section and
3m length (Fig. 2-1). The air-intake was specially designed for minimizing
the non-uniformity of the approaching flow to the fan. The cross section of the
settling chamber is 2.4 mX2.4 m and the contraction ratio is 16. Eleven fine-
mesh screens were installed in the settlting chamber for reducing velocity fluctua-
tions. The residual longitudinal fluctuation level in the test-section, ' u? is about
0.04 percent of the free-stream velocity at 10 m/sec. The streamwise distribution
of the static pressure was made uniform within 1 percent of the dynamic pressure
by adjusting two flexible side walls. One of side walls has slits in lateral and
longitudinal directions. A static-pressure probe and a hot-wire anemometer are
mounted on a three-dimensional traversing mechanism and inserted into the test-
section through those slits. Portions of slits not in use are covered.
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Fi1G. 2-1. No. 2 Low-Turbulence Wind-Tunnel. Flow, from left to right.
All dimensions in meters.
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A thin bakelite plate was spanned vertically in the center of the test-section
for producing a two-dimensional wake. The bakelite was found to be better than
metals because it exhibits less elongation and warping due to machining. The
length of the plate is 30 cm and the span is equal to the height of the test section
(60 cm). The maximum thickness of the plate is 3 mm. The leading edge was
machined to form a half of a 10:1 ellipse and the trailing edge was filed to form
a sharp and thin edge (Fig. 22). A compromise was necessary between the
thinness and the straightness of the trailing edge. If the plate is field too thin, the
trailing edge can not be kept straight and the two-dimentionality of the wake is
destroyed. If the trailing dege is too thick, a dead-water region is formed behind
the plate. In our previous work [5], the trailing dege was made as thin as possible
and as a result it was slightly wavy. In the present experiment, we made the
trailing edge as straight as possible with the expense of the thinness. The thick-
ness was about 0.2 mm in contrast to 0.1 mm of our previous work. This dif-
ference seems to result in a small difference in the streamwise development of
the laminar portion of the wake. The plate was aligned to the free stream so that
the velocity distribution at the trailing edge becomes symmetrical with respect
to the center-line. The arrangement of the test-section is shown in Fig. 2-3,

A loudspeaker was placed at the end of the wind-tunnel for introducing a sound
into the wake. A sinusoidal output from an audiofrequency oscillator was fed to
the loudspeaker. Two oscillators were used for producing sound with two fre-
quencies.

The coordinate system has an origin at the center of the trailing edge. The
X-axis is in the flow direction and Y-axis is perpendicular to the plate. The
direction parallel to the trailing edge is taken as Z-axis. Pictures of the test-
section and the traversing mechanism are shown in Fig. 2-4, ,

Measurements of mean- and fluctuating-velocities were made by hot-wire an-
emometers. The velocity component in the flow direction was measured by a
single hot-wire placed parallel to the trailing edge. Components in Y- and Z-
directions were measured by X-array wires. Hot-wire probes are shown in Fig.
2-5. The hot-wire is a tungsten wire of 3.8 microns in diameter and about 1 mm
in length. Both ends of the wire are welded to steel supports. In constructing
X-wires extra care was taken to match two wires and to place two wires as close
as possible. The separation of two wires is about 0.1 mm.
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FiG. 2-2. Dimensions of wake-producing FI1G. 2-3. Test-section arrangement and

plate. All dimensions in millimeters. co-ordinate system.
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A) (B)
FiG. 2-4. Pictures of test-section. (A) Interior of test-section taken from downstream
end. (B) side wall and traversing mechanism.

(A) (B)
Fic. 2-5. (A) Single hot-wire anemometer. (B) X-wire, scale in centimeters.

Hot-wire anemometers were operated in the constant-temperature mode. A
block diagram of the electronic circuit is shown in Fig. 2-6. The hot-wire
amplifiers were dc coupled. The signal from hot-wire was linearized by two
square units. Two independent channels were used for X-wires. A wave analyzer
(RC-feedback band-pass filter) was used for the spectral analysis. The band-
width of the analyzer was proportional to the central frequency. Root-mean-
square values of the output voltage were obtained by a square circuit and recorded
on the Y-axis of an X-Y recorder. The position of the hot-wire anemometer in
the wake was converted into a voltage by a potentiometer and fed to the X-axis of
the recorder.

The static pressure was measured by a small static probe, 1 mm in diameter and
10 mm in length. Four holes are drilled on the cylindrical side of the probe. The
reading of the static pressure is erroneous if there is a large-amplitude velocity
fluctuation. A test was made on the effect of the side wind and the reading of the
static pressure was insensitive to the angle of attack up to 6 degrees. This angle
corresponds to the sidewise velocity component of 10% of the longitudinal
velocity. Both mean- and fluctuation-values of lateral components in the present
experiment are mostly within this limit. Therefore, no corrections were made to
measured values of the static pressure.
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FiG. 2-6. Block diagram of hot-wire system.

All measurements were made at a fixed freestream velocity, 10 m/sec. The
thickness of the boundary layer at the trailing edge with this wind speed is about
2mm. The Reynolds number based on the length of the plate is 2X10° and the
Reynolds number based on the thickness of the boundary layer at the trailing edge
is about 1500.

Two turbulent wedges start from intersections of the leading edge of the wake-
producing plate and the ceiling and the floor of the test-section. The expansion
angle of this “transverse contamination” on the plate was found to be around 11
degrees. The width of the plate is 60 cm and we have a contamination-free region
of more than 15 cm at the furthermost X-station in the experiment, 800 mm from
the trailing edge. All data presented here may hot be influenced by the con-
tamination.

The error of the measurement of the absolute value of #* by a hot-wire an-
emometer may be less than 10%. Errors come mainly from the change of the
calibration curve. Relative values are much more accurate. In measuring -
and w-fluctuations two wires must be matched and properly aligned. Besides
errors due to mismatching and misalignment, the X-wires have a length of about
0.7 mm in Y-direction in which the distribution of % has a large gradient. The
X-wires give averaged values. The error in ¥* measurement may be around 20
percent. The same order-of-magnitude inaccuracy is inherent to the measurement
of w:. When w? is very small compared with ¥ and v?, the error may be larger.
Both mismatching and misalignment of X-wires lead to larger apparent values
of wi.

The reproducibility of the flow field is not good in the natural transition. This
may come from the run-to-run change of the background disturbance in the wind-
tunnel. The intensity and the frequency of observed velocity fluctuations are not
always the same, while relative values are maintained almost unchanged. With
sound from the loudspeaker, the reproducibility is very much improved. It was
noticed, however, that the sound with the same intensity does not produce the
velocity fluctuation with the same amplitude on different days. In order to obtain
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the best reproducibility the sound intensity was adjusted by measuring the ampli-
tude of an induced velocity fluctuation at a monitoring point in the wake.

3. NATURAL TRANSITION

First of all, the mean-velocity distribution of the boundary layer on the plate
was measured. The distribution is of Blasius type on both sides of the plate and
there are no velocity fluctuations in the boundary layer. In the wake, the velocity
distribution near the trailing edge (X=1mm) is still close to the Blasius dis-
tribution as shown in Fig. 3-1. At X=40 mm the velocity on the center-line is
about 40 percent of the freestream velocity, U,. The central velocity increases
until X=100 mm, where it reaches about 0.85 U,. It decreases fom X=100 mm
to 150 mm and at larger X it increases downstream again. Distributions at various
X-stations are almost similar but at X=150 mm, U/ U, at around Y==*6 mm
exceeds unity. These results on the mean-velocity distribution have been already
reported in the previous paper [5]. The streamwise variation of the mean velocity
is clearly shown in Fig. 3-2 in which the non-dimensional central velocity,
U./U,, and the half-value breadth, b, are plotted against X. Both U, and b in-
creases until X=80 mm and then decreases. The half breadth at X=0 is about
I'mm. It stays almost constant untii X=30 mm, reaches a maximum value,
3.5mm at X=80 mm and then decreases down to 2.5 mm at X=120 mm. In
Fig. 3-3 both U, and b are shown in a wider range of X. The central velocity
starts increasing at about X=200 mm and approaches to U, monotonically at
larger X. Decreases of U, and b near X=100 mm must be resulted from a
nonlinear interaction with velocity fluctuations.

Lateral velocity components, ¥ and W were measured and found to be small.
The value of V' does not exceed 3 percent of U, and W is less then that.

Distributions of the static pressure at various X-stations are shown in Fig. 3-4.
The difference of pressures in the wake and in the free stream p—p, is non-
dimensionalized by the dynamic pressure, pU2/2. At X =30 mm the pressure in

o X= 1mm —|
® X= 40mm
A X= 60mm
v X =100mm
v X=150mm
A XI=4OOmm
-8 -4 O 4 8

Y {mm)

FiG. 3-1. Mean-velocity distribution in wake, natural transition,
free-stream velocity, U;=10m/s.
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FiG. 3-4. Static-pressure distribution at five X-stations p: pressure
in wake, po: pressure in free stream. Natural transition.

the wake is the same as the free-stream pressure. At X=60 mm the pressure in
the wake is lower, the difference on the center line being about 3 percent of the
dynamic pressure. The negative static pressure which persists until X=300 mm
is not resulted from the dead-water region behind the plate.

No velocity fluctuations are observed in the boundary layer and just behind the
plate. A small-amplitude fluctuation is found at around X=20 mm. The wave-
form of the fluctuation is almost sinusoidal with the frequency of about 630 Hz.
The amplitude increases in the flow direction. The behavior of the small-
amplitude velocity fluctuation at small X has been thoroughly investigated and
reported in reference 5. Experimental values on the wave-length, phase velocity
and amplitude distribution in Y-direction agreed very well with results of linearized
theory.

Wave-forms of w-fluctuations at various points in the wake are illustrated in
Figs. 3-5 and 3-6 with two different sweep speeds. At X=40 mm, Y =2 mm,
the wave-form is regular and sinusoidal, whereas on the center-line the fluctuation
is composed of second harmonics (1260 Hz) and a slow, irregular fluctuation.
The same is true at X=60 mm and 100 mm. The significance of the slow,
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Fic. 3-5. Wave-forms of u-fluctuation, natural transition. Velocity increases upward.
Time from left to right. Time interval between dots, 5 millisec.
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Fic. 3-6. Wave-forms of u-fluctuation, natural transition. Velocity increases upward.
Time from left to right. Time interval between dots, 1 millisec.

irregular fluctuation will be discussed in Section 8 in connection with the randomi-
zation of regular fluctuations. Wave-forms change gradually into irregular pat-
terns at large X. At X= 500 mm, there are some remaining regularities but at
X=800 mm wave-forms are completely irregular and turbulent. At the edge of
the wake (X=800mm, Y=15mm) fluctuation signals are intermittent. In
Fig. 3-6 with higher sweep speed details of fundamental and harmonic com-
ponents (630 Hz and 1260 Hz) are clearly shown At X=60 mm and X=100,
wave-forms are triangular. This implies the existence of several higher harmonics.
In the transition process, higher harmonics seem to be generated from the funda-
mental component in a regular manner and low-frequency components are pro-
duced rather irregularly as observed in Fig. 3-5.

Wave-forms of v-fluctuation illustrated in Figs 3-7 and 3-8 are different from
those of u-fluctuation. No irregular, slow fluctration is found near the center line.
For instance, at X=60 mm, Y =0 the wave-form is quite regular. Although the
fundamental component is distorted in various fashions, no decisive irregularity
appears until X=800 mm. Distorted wave-forms of v-fluctuation are not neces-
sarily the same as those of u. For instance, at X=800 mm, Y =0 the wave-form
in Fig. 3-8 is like a square wave. We do not observe such a wave-form in u-
fluctuation. The triangular wave-form at X=100 mm, Y =4 mm is similar to that
of u at the same point in Fig. 3-6. The difference in wave-forms or u- and -
fluctuations is equivalent to the difference of distributions of various spectral
components.
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Fic. 3-7. Wave-forms of wv-fluctuation, natural transition. Time interval between
dots, 5 millisec.
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Fic. 3-8. Wave-forms of wv-fluctuation, natural transition. Time interval between
dots, 1 millisec.
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Mean-square values of three components 12, v?, w?, and the cross-correlation
uv are shown in Figs. 3-9~3-16 at eight X-stations. They are all nondimension-
alized by the free-stream velocity, U2. Distributions of u* have two peaks at
small X (X=40, 60,80 mm) and the intensity decreases from X =40 mm down-
stream. The breadth of the distribution increases in the flow direction mono-
tonically. This is in contrast to the streamwise variation of the breadth of the
meanvelocity distribution. At X=100 and 120 mm, distributions have four peaks.
The distribution of ¥ at X =880 mm has a maximum at Y=0. The overall u-
fluctration is composed of several spectral components and distribution of ¥ is
made up by the superposition of distributions of various components. In that
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sense the distribution of each spectral component is of more fundamental im-
portance. The lateral component, 9? is small compared with @ at X =40 mm
and the distribution has single peak at Y=0. At X=60 mm, 2? is larger than 2.
At X =120 mm, the distribution of v* has two off-centered peaks and at X = 800 mm,
w and v are almost equal. Distributions of w? are shown in Figs. 3-9, 3-11
and 3-14. Comparing with other components w? is small but not zero. Measured
values of w? might be larger than real ones, because a small misalignment of hot-
wires leads to an apparently large value of w?.

The behavior of uv is peculiar. Since the flow is symmetrical, uv is zero on the
center-line. At X =40 mm and 60 mm, uv is negative at Y >0, whereas at X=100
and 120 mm, the sign is reversed. At X=800 mm, v is negative at ¥ >0 again.
Experimental results at various X-stations indicate that the negative values of uv at
Y >0 occur at positive dU,/9X. The role of the Reynolds stress, —puv in the
momentum equation and the energy balance will be discussed in Section 7.

Figs. 3-17 and 3-18 show distributions of fundamental (630 Hz) and second
harmonic (1260 Hz) components of u-fluctuation. Between X =20 mm and
150 mm, the amplitude of the fundamental component is almost zero on the
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center line and the phase is antisymmetrical, namely, the phase difference at
two points symmetrical with respect to the center line is 180 degrees. Distribu-
tions of ¥ in Fig. 3-9 and v ETf in Fig. 3-17 are similar except at Y=0. The
slow fluctuation and harmonic components contribute to the finite value of u#
at Y=0. At X=150 mm, the distribution of w* (Fig. 3-14) is rather flat, while
there peaks in 630 Hz-component. Tht breadth of the distribution of fundamental
component increases downstream monotonically. The second harmonic compo-
nent has a maximum at ¥ =0 and two off-centered peaks. The phase is symmetrical
al with respect to the center line. Distributions at various X-stations are almost
similar. The streamwise development of fundamental and harmonic components
are not the same and the relative magnitude of two components are different at
different X and Y. Therefore, distributions of overall #* are not similar at
different X-stations and wave-forms at various points are different.

For v-fluctration, the 630 Hz-component has a maximum amplitude at Y =0
and the phase is symmetrical, while the phase of 1260 Hz-component is anti-
symmetrical. ‘

4. TRANSITION WITH SOUND OF SINGLE FREQUENCY

When a sound is introduced, a small-amplitude velocity fluctuation is induced
in the wake. If the frequency of the fluctuation is in the unstable zone of the
linear stability theory, the fluctuation grows exponentially. If the frequency
is not proper, the induced fluctuation does not grow. The effect of the sound
on the transition process depends on the intensity of sound. If the intensity is
low, the amplitude of the induced velocity fluctuation is smaller than that of
residual turbulence in the wind-tunnel and there is no noticeable effect of sound.
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FiG. 4-1. Mean-velocity distribution with and without sound of 630 Hz,
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Fic. 4-2. Mean-velocity distribution with and without sound of
630 Hz, X=40mm, Uy=10m/s.

When the sound level exceeds a certain threshold, the effect is distinct. The
wave-form of the velocity fluctuation becomes more regular than that in the
natural transition. Even in this case, the amplitude of the fluctuation due to
sound is still so small that we can observe only when it is amplified.

The effect of sound on the mean-velocity distribution is demonstrated in
Figs. 4-1, 4-2, and 4-3 at three X-stations with three sound levels. The input
voltage to the loudspeaker shown in those figures is propotional to the sound
intensity in the wake. The frequency of sound is 630 Hz. This frequency is the
same as that of the natural fluctuation and the fluctuation with the frequency
has a large theoretical linear-growthrate. Sound with different frequency has
less effect and if the frequency is too high or too low, no effect is observed. The
effect on the mean velocity is not observed at X<20 mm. At X=20 mm, the
effect is to increase the velocity on the center-line. The stronger sound has more
effect. The breadth of the wake is not affected. Remarkable effects are shown
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FiG. 4-5. Streamwise variation of half-value breadth, b, with and without
sound of 630 Hz. Uy=10m/s. For legend, see figure 4-4.

in Fig. 4-2 (X=40mm). Distributions with and without around are entirely
different. Not only the central velocity but also the breadth of the distribution
is very much affected. The 0.5 V-sound is very effective and higher sound levels
(1 V and 1.5V) do not result in much difference. At X=150 mm (Fig. 4-3) the
effect of sound is very small again.

The streamwise variation of tht central velocity U, is shown in Fig. 4-4 at
three sound levels. Between X=20 mm and 70 mm U, increases as the sound
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X (mm) -0 '
FIG. 4-6. Streamwise variation of velocity Fic. 4-7. Static-pressure distribution with
on the center line, U,, and half-value sound of 630 Hz. p: pressure in
breadth, b, with and without sound wake, po: pressure in free stream.
of 630 Hz. Uy=10m/s.

level is increased. At X=100 mm the effect is reversed, that is, the higher sound
level results in the smaller U,. And at X=150 mm, effects are very small.
The effect is localized bttween X=20 mm and 100 mm and the sound, roughly
speaking, shifts the X-axis. The variation of the half-breadth, b, is plotted in
Fig. 4-5. Here again the increase of b takes place at smaller X for higher sound
level. At X=100mm and 150 mm there are no effects. In Fig. 4-6 U, and
b are plotted in a wider range of X and the effect of sound at large X is shown
to be extremely small. The effect of sound on the mean velocity should be indirect.
The sound induces velocity fluctuations, and changes in the mean velocity is modi-
fied through an interaction with fluctuations.

The distribution of tht static pressure in presence of 630 Hz-sound is shown
in Fig. 4-7. The lowest static-pressure coefficient with sound is about —0.05 at
X=60mm in contrast to —0.03 in the natural transition. The low-pressure
region starts at X=30 mm. In the natural transition the region starts around
X=40mm. The decrease of the static pressure should be also a result of the
nonlinear interaction.

Wave-forms of u-fluctuation in presence of sound are illustrated in Figs. 4-8
and 4-9 with two different sweep speeds. At the top of each column, the wave-
form of sound is shown. Both figures indicate that wave-forms of velocity
fluctuations at X <500 mm are very regular. The slow irregular wave-form of
u near Y=0 observed in the natural transition (Fig. 3-5) is not present in Fig. 4-8.
Although harmonics are produced in various fashions, the fluctuation is periodic.
At X=500mm, Y=0 a slow, irregular component appears. At X=800 mm,
the wave-form becomes irregular but there are still some periodic components.
This is in contrast to the natural transition in which at X=800 mm the fluctuation
is entirely turbulent. The randomization is delayed by the presence of sound. The
distortion of the wave-form shown in Fig. 4-9 takes place in a complicated manner.
The amplitude and phase of harmonic components have different distributions
in X- and Y-directions.
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Fic. 4-8.

Wave-forms

right.

Time interval between dots, 5 millisec.

of wu-fluctuation with sound of 630 Hz. Time from left to
Velocity increases upward.
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FI16. 4-9. Wave-forms of u-fluctuation with sound of 630 Hz. Time interval between
dots, 1 millisec.
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In Figs. 4-10 and 4-11 wave-forms of v-fluctuation are shown. They are
regular and periodic until X=500 mm. No slow, irregular fluctuations are found
in Fig. 4-10. This lack of low-frequency component in v-fluctuation coincides
with that in the natural transition. Distortions of 630 Hz-component in u- and -
fluctuations are different. Wave-forms of u (Fig. 4-9) are almost triangular
and those of v (Fig. 4-11) are like square waves. This difference exists also in
the natural transition (Fig. 3-6 and 3-8).

The effect of sound on the amplitude of u-fluctuation is illustrated in Figs. 4-12,
and 4-13. At X=40mm, Vi at large Y is larger in presence of sound. Values
at two off-centered peaks are maximum at the speaker input of 0.3 V, not at the
maximum sound intensity. At Y=0, ¥’ with the highest sound level is the

015
Speaker
3 Input
© 0.1V
® 0.3V
® 07V
01 \ —
/ 005
£ |
-8 -4 0 4 8

Y {mm)

Fic. 4-12. Distribution of root-mean-square of u-fluctuation with
and without sound of 630 Hz, X=40 mm.

0.1
s Speaker
Z Input
: ¢
e 035V
® 08V

=10 -5 ¢} 5 10
Y (mm)

Fig. 4-13. Distribution of root-mean-square of w-fluctuation with
and without sound of 630 Hz, X=600 mm.
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smallest. These facts might be due to the difference in the streamwise development
of v for different sound levels. For higher sound level, the maximum value in
the streamwise variation of v/ might occur at smaller X. The apparent decrease
of ¥ at X=40mm is due to the fact that the maximum of v occurs at X
smaller than 40 mm. At X=600mm (Fig. 4-13) the effect of sound is not to
increase the fluctuation amplitude but to change the distribution. Experimental
results indicate that the dip at ¥ =0 in the distribution of v#* at X =40 mm persists
until X=600 mm in presence of sound. The distribution with a dip at Y=0 is
typical for the spectral component of 630 Hz. Wave-forms of u-fluctuation indicate
that the 630 Hz-component still exists at X=600mm. On the other hand, in the
natural transition the distribution of vu? is flat. It suggests that the 630 Hz-
component is no more predominant.

Figs. 4-14 and 4-15 show distributions of v'&? at various X-stations for two
loudspeaker inputs, 0.1V and 0.7 V, respectively. At X=25mm v# with 0.1V
sound (Fig. 4-14) is smaller than that with 0.7 V sound (Fig. 4-15) but distributions
are similar. The dip at Y=0 for higher sound level is more pronounced. The
maximum value of ¥ occurs at X =45 mm for 0.1 V sound and at X =30 mm
for 0.7V sound. We find again that the sound shifts the X-axis. The 630 Hz-
component of u-fluctuation is antisymmetrical ard vanishes at Y=0. The finite
value of V2 at Y=0 is mainly due to the second harmonics, 1260 Hz-component,
which has a maximum value on the center line.

Distributions of u?, »? and @ at various X-stations are shown in Figs. 4-16 ~
4-21. At X=40 mm, the distribution of @/ U? has two off-centered peaks, whereas
that of »*/U: has one maximum on the center-line. The peak value of u? is larger
than that of 2. The distribution of &® is antisymmetrical with respect to the center

Y0/ Uo
0.150 l X=25mm 015 | A X=20mm
2 v X=35mm ¥ ¥ =25mm
&’ ® X=45mm ® X =30mm,
o X=55mm . 0 X=40mm
[\ v X=65mm AAX:ﬁOmm
01 \ f

8 4 8
Y (mm)
F1G. 4-14. Distribution of root-mean-square FiG. 4-15. Distribution of root-mean-square
of u-fluctuation with sound of 630 Hz. of u-fluctuation with sound of 630 Hz.
Input to loudspeaker, 0.1V. Input to loudspeaker, 0.7 V.
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line, and is negative at Y >0. At X=60 mm (Fig. 4-17), v? is much larger than
u? and & is smaller than that at X=40mm. At X =80 mm, ? is much smaller
than v? and the sign of & is reversed. From X=40mm to 80 mm, v* decreases
only a little whereas u? decays down to 10 percent. At X=100 mm, the distribu-
tion of * has four peaks and that of »? shows a minimum at ¥ —=0. These stream-
wise variations of various statistical quantities are similar to those in the natural
transition. The production of fluctuation energy is given by —pouv oU/dy. Itis
positive between X=40mm and 60 mm and negative between X =80 mm and
100 mm. At X=150mm the production is very small and at X =800 mm it is
slightly positive again.

5. TRANSITION WITH SOUND OF Two FREQUENCIES

The interaction of two velocity fluctuations in the wake can be investigated
by introducing two sounds and inducing two fluctuations. If frequencies of
both sounds are properly chosen, both fluctuations may grow independently
as long as amplitudes are small. When amplitudes of two fluctuations reach
certain values, they will interact each other. In the present experimental condi-
tions, the frequency of the natural, selfinduced fluctuation is 630 Hz and the
frequency of first sound was chosen to be the same frequency. The frequency
of the second sound was varied from 400 Hz to 900 Hz. The effect of the
second fluctuation on the first was observed by recording the r.m.s. of 630 Hz-
component while the frequency of second sound was changed. Results with
various levels of second sound are shown in Fig. 5-1. The input of the first
sound to the loudspeaker was fixed at 0.5V and the input of second sound,

T S ———
g SN E.=05V

LN:: ,\/\/ff E.=10V

W\

0
1400 500 600 700 800 900

fa (Hz)

F16. 5-1. Root-mean-square value of 630 Hz-component, v Ef.l,
with second sound of various frequencies. X =40 mm,
Y=2mm, U;=10m/s.

First sound: frequency, f,=630 Hz and input voltage
E;=0.5V.
Second sound: frequency, f; and input voltage E,.
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E, was changed from 0.5 to 1.5V. Actually, two “sounds” were mixed in the
electrical circuit before they were fed to the loudspeaker and we created one
sound with two frequencies. But for smplicity, we may describe, as if there
are two sounds in the test-section.

The amplitude of the 630 Hz-velocity-fluctuation decreases when the second
sound is present. This fact was already described in reference 5 as the “suppres-
sion effect”. When the level of the second sound is 0.5 V, the effect exists in the
frequency range of second sound between 580 and 720 Hz. At the second sound
of 630 Hz, there is actually one sound. The r.m.s. of 630 Hz-component
decreases, because of the increased sound level of that frequency. With second
sound of 1.5V, the nonlinear interaction is more pronounced and the second
sound between 500 and 750 Hz is effective. In this frequency range the induced
velocity fluctuation has an appreciable linear growth-rate. Outside this range
the growth rate is small and the induced velocity fluctuation may not attain
enough amplitude for the nonlinear interaction with the first fluctuation. Small
peaks and valleys in Fig. 5-1 may be resulted from the resonance of sound in the
test-section.

Detailed measurements of the nonlinear interaction were made with the first and
second sound of the frequency, 630 Hz and 700 Hz, respectively. Experimental
results at different frequencies were almost the same. The nature of the nonlinear
interaction depends heavily on the relative amplitudes of two fluctuations. In the
present experiment, two amplitudes were made equal. Since growth rates of two

630 Hz tj:: Sound
O 630Hz

® 630Hz+700Hz

X=40mm
® 630Hz
O 700Hz

-5 5
Y {mm)
\\‘ ) Sound
700Hz E o 700Hz
® 700Hz+630Hz
-10 -5 0 5 10 -5 0 5
Y (mm) Y (mm)

Fie. 5-2. Distributions of root-mean-square FiG. 5-3. Distributions of root-mean-square
values of 630 Hz- and 700 Hz-fluctuation of 630 Hz-, v u_} ,» and 700 Hz-fluctua-
with sound of single frequency. Ordinate tion, v u%,, with sound of single fre-
scale is arbitrary. X=4mm and 100mm. quency and two frequencies. X=20 mm.
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630Hz Sound
© 630Hz
I ® 630Hz
630Hz Sound +700Hz
0 630Hz
® G30Hz+
700Hz
-10 10
700Hz Sound
© 700Hz
®630Hz
+700Hz
-10 -5 0 5 10 ~10 -5 0 5 10
Y (mm) Y (mm)

FiG. 5-4. Distribution of root-mean-square Fic. 5-5. Distributions of root-mean-squares
of 630 Hz-fluctuation with sound of of 630 Hz-, v Eﬁ ,» and 700 Hz-fluctuation,
single frequency (630 Hz) and two fre- v u_“’h, with sound of single frequency
quencies (630 Hz+700 Hz). X=40 mm. and two frequencies. X=100 mm.

Ordinate scale is arbitrary.

components in the linear region are different, levels of two sounds have to be ad-
justed so that amplitudes of two velocity fluctuations were equal. Before introduc-
ing two sounds, the nature of each velocity fluctuation was observed in presence of
single sound. Fig. 5-2 is an example of the distribution of amplitude of each com-
ponent at various X-stations. The ordinate is arbitrary but relative magnitudes of
two components are expressed correctly. Distributions in Y-direction and stream-
wise variations of two components are very much alike.

When two sounds are introduced, two velocity fluctuations interact each other
and the amplitudes of fluctuations are modified as shown in Figs. 5-3, 5-4 and 5-5.
Distributions in the absence and in the presence of the other component are
compared in those figures. At X=20mm (Fig. 5-3) the interaction of both
components (630 Hz and 700 Hz) is very small. This means this X-station is
in the linear region and both components grow almost independently. At
X=40 mm (Fig. 5-4) on the other hand, the 630 Hz-component is suppressed
by the presence of the 700 Hz-component. The same is true for 700 Hz-
component. At this X-station, distributions are still similar to the one in the
linear region (e.g. at X=20mm). At X=100 mm, the distribution has four
peaks (Fig. 5-5) and there is a distinct mutual interaction. The amplitude is
reduced to about 60 percent of the original value. Experimental results at
various X-stations indicate that the reduction of the amplitude is mutual and
equal in amount for both fluctuations when the starting amplitudes of the two
are the same.
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The mean-velocity distribution is not modified much by the addition of the
second sound. Streamwise variations of the central velocity, U., and the half
breadth, b, are shown in Figs. 5-6, 5-7 and 5-8 with two sounds U: reaches
a maximum. At about X=300 mm, U, is a minimum and increases downstream.
The at X=50mm. value of U, at small X is close to that with single sound.
At large X, U, is closer to that of natural transition (Fig. 5-8). The variation of

1.0
(o) R
S
~5 05 y
3
/ i o Natural
® Sound 630H:z
® Sound 630Hz+700H:z
oO 50 100 150

X (mm)

F1G. 5-6. Streamwise variation of velocity on the center line,
U., in three cases. U,=10m/s.

6 T
O Natural
® Sound 630 Hz
-4 w @ Sound 630 Hz+700Hz ____|
E
E C
o o J
0 50 100 150
X {mm)

Fic. 5-7. Streamwise variation of half-value breadth, b, in three
cases. Up=10m/s.
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® Sound 630Hz
® Sound 630Hz+700Hz
0 | |
0 250 500 750 1000
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FI1G. 5-8. Streamwise variation of velocity on the center line,
U. in three cases. U,=100m/s. Arrows indicate
X-stations where wave-forms of velocity fluctuations
become random.
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b at small X shows a difference from both natural and single-sound cases. An
abrupt increase in U, or b is an indication of the onset of the nonlinear interaction.
It takes place at around X =30 mm.

The distribution of the static pressure with two sounds, is almost the same as
that with single sound. The negative pressure on the centerline is at most 5
percent of the dynamic pressure of the free stream.

Wave-forms of velocity fluctuations are illustrated in Figs. 5-9~5-12. At the
top of each column the wave-form of sound is shown. The sound has a beat
of 70 Hz (=700 Hz— 630 Hz) but this does not mean the presence of 70 Hz-sound.
The beat is a result of the linear superposition. The wave-form of u-fluctuation
at X=20 mm, Y=0 (Fig. 5-9) consists of 70 Hz-component and fluctuations with
much higher frequencies. At X=30mm, Y=0 the 70 Hz-component is a little
distorted, round at the top and spiky at the bottom. This suggests the existence
of harmonics of 70 Hz-component. At Y=1mm and 2 mm on the same X-
station wave-forms are entirely different. The frequency of highfrequency com-
ponent at Y=0 is around 1300 Hz. At Y0 the frequency is about 650 Hz.
At X=40 mm, Y=0 the 70 Hz component is like a pulse train and at Y 0 wave-
forms are very much different. At X=60 mm, Y=0 the 70 Hz-component is like
a saw-tooth wave and this regular form is distorted at larger X. At X=200 mm,
Y =0 the saw-tooth wave is no longer regular. Irregularities appear especially at the
top of the wave-form (large value of u). At X=500 mm, Y =0 saw-teeth have all
disintegrated. At X—=800 mm wave-forms are irregular and random. These
various wave-forms at various points in the wake indicate that by several spectral
components with different distributions and streamwise developments are super-
posed.

Details of high-frequency components are shown in Fig. 5-10. Fundamental
components (630 Hz and 700 Hz) are distorted in various fashions and no system-
atic description is possible on the change of wave-forms.

Wave-froms of v-fluctuation show considerable differences. Apparently, at
X=30mm, Y=0 (Fig. 5-11) there is 70 Hz-component but actually, the compo-
nent is just a beat. A spectral analysis revealed that the 70 Hz-component
in v-fluctuation is extremely small. In the wave-form at Y=0, we observe
630 Hz- and 700 Hz-components and no harmonics. This is another contrast to
the u-fluctuation. At larger X the apparent 70 Hz-component is less and funda-
mental components are distorted (for instance at, X=60 mm, Y=2 mm). The
wave-form is quite regular until X=500 mm and suddenly becomes turbulent at
X=800 mm. This is another difference from the u-fluctuation. The wave-from
of » at X=500 mm is more regular than u. These differences seem to be essential
in the transition process. A detailed discussion on this point will be made in
Section 8. Fig. 5-12 with a faster sweep speed shows details of high-frequency
components. Generally speaking, wave-forms in the figure are alike to those in
Fig. 4-11 with single sound.

The effect of two sounds on the intensity of u-fluctuation is shown in Figs. 5-13,
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FIG. 5-9(1).

Wave-forms of u-fluctuation with sound of 630 Hz and 700 Hz. Velocity
increases upward. This from left to right. Time interval between dots,

5 millisec.
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Fi1c. 5-10. Wave-forms of u-fluctuation with sound of 630 Hz and 700 Hz. Time
interval between dots, 1 millisec.
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FiG 5-12. Wave-forms of v-fluctuation with sound of 630 Hz and 700 Hz. Time
interval between dots, 1 millisec.
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3| o Natural s| o Natural
t:: @ Sound | @ Sound
630Hz+700Hz E 630Hz+700Hz
05
-10 -10 -5 0 5 10
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Fi6. 5-13. Distribution of root-mean-square F1G. 5-14. Distribution of root-mean-square
of u-fluctuation, natural and with two of wu-fluctuation, natural and with two
sounds. X =80 mm. sounds. X=150 mm.

5-14 and 5-15. At X=80 mm (Fig.

5-13), v near the axis increases -0 . ]

remarkably when two sounds are : < o Notural i

!

present. Values at |Y|>5 mm remain i~ ® Sound f

S 630Hz +700Hz
almost unchanged. At X=150 mm |

(Fig. 5-14), distributions with and

without sound are different near Y =0.
At X=600 mm (Fig. 5-15), no effect
of sound is observed. The increase
of Vi near Y=0 at X =80 mm and
150 mm is mainly due to the generation
of 70 Hz-component and its harmonics. Fi1G. 5-15. Distribution of root-mean-square
At X=600 mm, 70 Hz-component is of u-fluctuation, natural and with two
no longer predonimant and i is sounds. X =600 mm.

not affected by sounds.

Spectra of u-fluctuations at points from X =40 mm to 300 mm are shown in
Fig. 5-16. On the center line, the 70 Hz-component and its harmonics are very
large. Even fifth harmonics (350 Hz) are found at X=40 mm. At X =60 mm,
Y =0 harmonics of 70 Hz are relatively large in magnitude. This corresponds to
the distorted wave-form in Fig. 5-9. The 1330 Hz-component (sum of 630 Hz and
700 Hz) is present in most of the spectra at Y=0. On the other hand, both 630
Hz- and 700 Hz-components are very small because distributions of these two
fundamental components are antisymmetrical with respect to the center line.
At X =150 mm, harmonics of 70 Hz-component become small and at X =300 mm
third and fourth harmonics are larger than second harmonics. At two off-centered
points (X=40mm, Y=2.5mm and X=100mm, Y =3 mm) 630 Hz- and 700
Hz-components dominate. Thus the u-fluctuation consists of spectral components
with frequencies of 70 Hz, 140 Hz, 210 Hz, - - -, 630 Hz, 700 Hz and 1330 Hz.
Harmonics of 1330 Hz-component must be present but their amplitudes are small.
These spectral components have different distributions in X- and Y- direction.

Y (mm)
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FiG. 5-16. Spectra of u-fluctuation with sound of 630 Hz and 700 Hz. Normalized
by maximum values.

Spectra of v-fluctution lack 70 Hz-component and its harmonics and consist
mostly of 630 Hz, 700 Hz-and 1300 Hz-components.

Distributions of low-frequency components of u-fluctuation in Y-direction are
shown in Figs. 5-17~5-20. Distributions of 70 Hz-component (Fig. 5-17) are
symmetrical with respect to the centerline at all X-stations. The component
starts growing at X=20 mm, becomes maximum at about X=30 mm and then
decreases. Between X=20 mm and 40 mm the distribution has a peak on the
axis and two side peaks of which positions shift outward as X increases. It is now
clear that the central peak of vu? /U, in Fig. 5-13 is mainly due to the 70 Hz-
component. There are about 180 phase shifts at two dips between central and
side peaks. Locations of two side peaks roughly coincide with the position of the
maximum shear in the mean-velocity distribution. At X=60 mm, the distribution
is entirely different and another equilibrium distribution seems to be established
in the region X=80~120 mm. A phase reversal in this distribution takes place
at around Y=+4mm. At X=300mm the central peak becomes large again.
At larger X, the distribution is broad and flat without any clear phase change.
At X =800 mm, the wake is turbulent and there is no distinct 70 Hz-component in
the velocity fluctuation.
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The behaviour of the second harmonic component (140 Hz) is very much
alike to that of 70 Hz-component as shown in Fig. 5-18. The distribution at small
X has three peaks and at X=80~100 mm another equilibrium distribution is
established with a phase reversal at about ¥ =4 mm. At X=800 mm the dis-
tribution has a minimum on the axis and there js no definite phase relation in Y-
direction. This behaviour is the same for third (210 Hz) and fourth (280 Hz)

N I
140Hz t:’ ¥ X=60mm
*) A X= 80mm
O X=100mm

l
FVJOHZ X = 25mm
X=30mm
X=40mm
X=50mm |5 5 0 5 10
¥ {mm) ©X=150mm_
® X=300mm
140Hz A X=500mm’

v X=800mm

2
-8 -4 0 4 8 -10 -5 o) 5 10
Y (mm) Y {mm)
(A) B)

Fi6. 5-18. Distribution of 140 Hz-component with sound of 630 Hz and 700 Hz.
Ordinate scale is arbitrary. Relative values are expressed correctly.

«/ﬁf— 7OHz ]ET

I
TOHz o X=20mm
® X=30mm
v X=40mm
v X=60mm

Yy
-8 ) 0 4 8 -8 -4 (0] 4 8
Y (mm) Y (mm)

A) B)
Fic. 5-17. Distribution of 70 Hz-component with sound of 630 Hz and 700 Hz.
Ordinate scale is arbitraty. Relative values are expressed correctly,
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harmonics as shown in Figs. 5-19 and 5-20. Streamwise developments of these
harmonic components are alike except that higher harmonics start growing at
larger X. For instance, 70 Hz-component has a maximum at around X =30 mm,
whereas 280 Hz-component reaches a maximum value at around X=40 mm.

210Hz

T

v X= 60mm
A X= 80mm
o X=100mm

21OHZ ts ° X=30mm
v X=40mm
A X =50mm
~-10 -5 0 5 10
/\ Y (mm)
T
210Hz E; ® X=300mm
v X=500mm
¥ X=800mm
>
‘H/:AA
-8 -4 0 4 8 -10 -5 0 5 10
Y {mm) Y (mm)
A) (B)

Fic. 5-19. Distribution of 210 Hz-component with sound of 630 Hz and 700 Hz.
Ordinate scale is arbitrary. Relative values are expressed correctly.

v uj
M T
280Hz ® X=30mm
v X =40mm
-8 -4 0 4
Y (mm)
A)

T
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%
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h
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Fi1G. 5-20. Distribution of 280 Hz-component with sound of 630 Hz and 700 Hz.
Ordinate scale is arbitrary. Relative values are expressed correctly.
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FiG. 5-21. Streamwise variations of three low-frequency components
of u-fluctuation with sound of 630 Hz and 700 Hz.

v ﬁmx: maximum of vV u} at each X-station. Ordinate
scale is arbitrary. Relative values are expressed correctly.

Fig. 5-21 shows streamwise variations of maximum value of \/:L;—E; at each X-
station. Three curves for three components show a similar trend. There are
first peaks at X=30~40 mm. Second peaks are found at X =80~100 mm. This
corresponds to the establishment of single-peak distribution of v . at X=80~
100 mm. Third peaks appear at X=300~500 mm. This corresponds to the for-
mation of the double-peak distribution.

Now we can distinguish at least three regions in the process of development of
the low-frequency fluctuations. The first region is characterized by a fast growth
due to the non-linear interaction of two fundamental components. In the second
region (X=40~60mm) the slow fluctuation loses energy due to the energy
transfer to other spectral components or the mean motion. The viscous effect
is very small for these low-frequency (long wave-length) fluctuations. Another
growth takes place between X=60 mm and 100 mm. This growth should be due
to a different mechanism with that in the first region, because the amplitude dis-
tribution in Y-direction is entirely different. The mechanism of growth and decay
at larger X is not known.

Distributions of fundamental components (630 Hz and 700 Hz) are shown in
Figs. 5-22 and 5-23.

They grow between X=20 mm and 30 mm with distributions antisymmetrical
with respect to the center-line. A 180-degree phase jump takes place at Y=0.
From X=40 mm the amplitude decreases downstream. The decrease is so re-
markable that it can not be explained by the viscous dissipation. Since low-
frequency components also decreases in this region, the energy of fluctuations may
be transfered to the mean motion. A detailed discussion on this point will be
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700 Hz t:‘ . ® X=20mm
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FiG.5-22. Distribution of 630 Hz-component

Y (mm}

of u-fluctuation with sound of 630 Hz
Ordinate scale is arbitrary.

and 700 Hz.

Y (mm}

FiG. 5-23. Distribution of 700 Hz-component

of u-fluctuation with sound of 630 Hz
and 700 Hz. Ordinate scale is arbitrary.
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p
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@A)
FiG. 5-24. Distribution of 1330 Hz-component of w-fluctuation with sound of 630 Hz
and 700 Hz. Ordinate scale is arbitrary.

(B)
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Fi1G. 5-25. Distributions of %%, v and 7w FiG. 5-26. Distributions of %%, v* and
with sound of 630 Hz and 700 Hz. with sound of 630 Hz and 700 Hz.
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Fic. 5-27. Distributions of 2, »? and 7w Fic. 5-28. Distributions of 2, v* and 7w
with sound of 630 Hz and 700 Hz. with sound of 630 Hz and 700 Hz.
X =80 mm. X =120 mm.

found in the next section. At X=150 mm an entirely different distribution is
established.

The distribution of 1330 Hz-component is symmetrical with respect to the
center-line as shown in Fig. 5-24. The amplitude increases in the flow direction
between X=20 mm and 40 mm and then gradually decreases downstream. The
decrease is monotonic and there are no repeated growth and decay as low-
frequency components. Distributions between X=30 mm and 60 mm have a
central peak and two side peaks. In this respect, this component is similar to the
70 Hz-component. One difference is that the 70 Hz-component grows at smaller
to the 70 Hz-component. One difference is that the 70 Hz-component grows at
smaller X' than 1330 Hz-component. Locations of two side peaks shift outward
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] , until X=60 mm. At X=100 mm four side peaks and at X=150 mm six side
peaks are found. This feature is also different from that of 70 Hz-component.
Distributions of lateral velocity fluctuations are shown in following several figures.
Fig. 5-25 shows 1, %%, and @& at X=30mm. They are nondimensionalized by
the free-stream velocity, U,. The distribution of i has two peaks and 272 is a little
smaller than ©?. The cross product # is negative for Y >0 and the magnitude is
comparable with &’ and »*. This means that a large amount of energy is transfered
from the mean motion to the fluctuation. The lateral component 2? at X =40 mm
8 is larger than that at X=30 mm as shown in Fig. 5-26. The longitudinal com-
ponent u* neither increases nor decreases. The apperance of a central peak in the
distribution of ¥* at X =40 mm is due to the generation of the 70 Hz-component

B as described before. Two side peaks consist of 630 Hz- and 700 Hz-components.

The value of % is almost the same as that at X =30 mm. Another lateral component

uv w? is small. This figure is to be compared with Fig. 4-16 with sound of single
Hz. frequency. Both figures are alike except a central peak of ¥ in Fig. 5-26. °

? At X =80 mm (Fig. 5-27) the sign of v is reversed. Both % and 7 are smaller

than those at X=40 mm. Since the effect of viscosity is small, the decay of the total
fluctuation energy (1’ + v®+ w?) must be due to the energy transfer. The decrease
of energy is more remarkable in ¥ than in v®. The energy transfer to the mean
motion might take place more in u* than v?. At X=120mm (Fig. 5-28) i
is almost zero. At X=80mm and 120mm ?* is definitely larger than 2.
At X=800mm, & and v are almost equal and & is small, the production of
fluctuation energy being slightly positive. The wake is turbulent at X =800 mm
and distributions in Fig. 5-29 are similar to those found in a usual fully-developed
turbulent wake.

These quantities, 1, ¥?, w* and & are composed of various spectral components.
Important components are with frequencies of 70 Hz, 630 Hz, 700 Hz and 1330 Hz.
S The 70 Hz-component has a very large u-fluctuation as shown in Figs. 5-30, 5-31
and 5-32. At all three X-stations v% and (uv), are extremely small. This fact
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ller Fic. 5-29. Distributions of %2, v? and wv FiG. _5_-30. lzistributions of 70 Hz-components,
with sound of 630 Hz and 700 Hz. u% and v% with sound of 630 Hz and 700
at X =800 mm. Hz. X=30mm. Ordinate scale is arbi-
ard trary.
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FiG. 5-31. Distributions of 70 Hz-components, FiG. 5-32. Distributions of 70 Hz-components,
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Fi16. 5-33. Distributions of 700 Hz-components, FI1G. 5-34. Distributions of 700 Hz-components,

u%, v% and (uv); with sound of 630 Hz 4%, v% and (uv); with sound of 630 Hz
and 700 Hz. X=40mm. Ordinate scale and 700 Hz. X=80mm. Ordinate scale
is arbitrary. is arbitrary.

indicates that the 70 Hz-component is almost a longitudinal wave. In Figs. 5-30
and 5-31, (uv); is too small to be plotted. At X =30 mm and 40 mm distributions
of E‘j: have three peaks, one on the center line and other two at around Y = +2~
3mm. The 700 Hz-component at X =40 mm (Fig. 5-33) has nearly equal amount
of u}, v}, and (uv),. The distribution of «? has a minimum at ¥ =0 and the phase
is antisymmetrical with respect to the center line. The sign of (uv), is different at
X=40mm and X=80mm (Fig. 5-34). Moreover, ﬁ at X=80 mm is much
larger than «2. The nature of 630 Hz-component is the same as 700 Hz-component.
These features coincide with those of overall %, v%, and iv.

Distributions of 1330 Hz-component are shown in Figs. 5-35 and 5-36. At
X =40 mm, 55; is zero on the center-line and the maximum value is a little smaller
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FiG. 5-35. Distributions of 1330 Hz-com- FiG6. 5-36. Distributions of 1330 Hz-com-
ponents, 4% and v% with sound of 630 ponents, u—}, v% and (uv); with sound
Hz and 700 Hz. X=40mm. Ordinate of 630 Hz and 700 Hz. X=80mm.
scale is arbitrary. Ordinate scale is arbitrary.

than u3. Distributions of &% and v% of 1330 Hz-component are alike to those of
70 Hz-component except the relative magnitude of . and v%. At X=80 mm,
the production of fluctuation energy due to 1330 Hz-component is negative.
In most points in the wake the energy of 1330 Hz-component is small compared
with other spectral components.

These experimental results indicate that overall values ¥? and #% include mainly
fundamental components, 630 Hz and 700 Hz. On the other hand, u? consists
mostly of fundamental and low-frequency components.

6. NONLINEAR INTERACTION OF SPECTRAL COMPONENTS

When there are two velocity -fluctuations, the growth of each fluctuation is sup-
pressed by the nonlinear interaction. If amplitudes of two fluctuations are not the
same, the component with smaller amplitude experiences more suppression.
When two sounds (frequencies f, and f») are introduced into the wake and sound
levels are adjusted so that two induced velocity fluctuations have same amplitudes,
the mutual interaction results in the equal amount of suppression and the produc-
tion of spectral components with frequencies, fi—fs, 2(fi—f2), . . . and fi+fs,
2(fr+f2) . . .. The wave length corresponding to high-frequency components
—htfs, 2(fi+f2), . . . —is short and the viscous effect reduces amplitudes of
these components. There fore, roles of high-frequency components in the transi-
tion process may be insignificant. The energy contained in low-frequency com-
ponents—f; —fo, 2(fi—f»), . . . —is appreciable and it is important is the energy
balance in the nonlinear development of velocity fluctuations.

The onset of the nonlinear interaction is characterized by a rapid expansion of
the wake and a non-exponential growth of velocity fluctuation. Theoretically,
both take place when higher-order terms in the equation of motion becomes large.
Streamwise variations of the central velocity, U, and the half-value breadth, b are
shown in Figs. 5-6, 5-7 and 5-8. An unusual feature is the decrease of both U,
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FiG. 6-1. Non-dimensional plot of mean-velocity distribution with
sound of 630 Hz. U,: freestream velocity, U,: velocity
on the center line, b: half-value breadth. Thin full line
represents (Uy—U)/(Up—U,)=exp(—ay?).

A
—a ‘aé Jay
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Fic. 6-2. Non-dimensional plot of mean-velocity distribution with
sound of 630 Hz and 700 Hz.

and b between X=60mm and 120 mm. This occurs in all transition processes
including natural, with sound of single frequency and with sound of two fre-
quencies. The physical process taking place in those three cases must be the same.
The nondimensional mean-velocity distribution at various X-stations are shown in
Figs. 6-1 and 6-2 for sound of single frequency and for two frequencies, respec-
tively. The distribution is nondimensionalized by U, and b. Thin solid lines in
two Figs. indicate the distribution given by,

Uu,—-U

—2 — —exp(—ay?
U—U. p(—ay)

in which a=0.69315 and y=Y/b. Distributions at small X are almost similar.
In general, experimental points in the nonlinear region lie a little above the solid
line for | Y|>1 and below for |[Y|<1. At about X =100 mm points at large Y lies
below abcissa. In other words, the mean-velocity of the wake edge exceeds the
free-stream velocity. This fact was already pointed out in reference 5 and this
over-shoot must be a result of the nonlinear interaction.

The streamwise variations of quantities concerning distributions of two spectral
components, 630 Hz and 70 Hz are shown in Fig. 6-3. The 630 Hz-component
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F1G. 6-3. Streamwise variations of maximum F16. 6-4. Streamwise variations of non-
root-mean-square of spectral components dimensional frequency of three spectral
at each X-station, v % max and of components (70 Hz, 630 Hz and 700 Hz)
breadth of distributions, b,;. b: half- with sound of 630 Hz and 700 Hz.
value breadth of mean-velocity distribu- Thin solid line, neutral frequency for
tion. antisymmetrical fluctuation and broken

line, symmetrical fluctuation. Both by
linear theory with local equilibrium.

of u-fluctuation has two peaks in Y-distribution. The peak value at each X-station
is denoted by v 7 max and the separation of two peaks is denoted by 2b s In the
upper part of the figure, these two quantities and the half-breadth of the wake,

b based on the mean-velocity distribution are plotted against X. At X =35 mm
vz 7 max r€aches a maximum value and decreases downstream. A thin solid line
indicate the exponential growth of the amplitude with the maximum growth rate in
the linear theory (wc;/c,=0.15). Apparently, the growth of V2 % max at X >25 mm
is less than this exponential growth. The amplitude V2 * max SHOWS two maximum
at around X =35 mm and 100 mm, while b, increases monotonically. The variation
of b, is similar to that of b until X =50 mm and at larger X, b decreases while b ’
increases. The distribution of 70 Hz-component has a maximum on the center-line.

The half-value breadth of vi? U} max Was taken as 2b,. At around X=30 mm,

Vi U} max 18 largest. The increase of b, is again monotonic. As far as vu? Uy max and
b, are concerned, both 630 Hz- and 70 Hz-components change in X-direction in a
similar manner.

The streamwise variation of the nondimensional frequency expressed as
Br=2fb/U,— U, is shown in Fig. 6-4. Although the frequency, f does not change
in X-direction, b and U, do change. Therefore, B. changes in X-direction as
indicated. The uppermost thin solid line indicates the theoretical nondimensional
frequency of antisymmetrical u-fluctuation at neutral stability (c;=0). At around
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X=60mm, the 700 Hz-component is close to the curve. In other words, the
component may not grow so much if the linear theory is valid at the X-station.
The experimental fact is that the fluctuation decays at X=60 mm as shown in
Fig. 6-3. A thin broken line indicates B, of the neutral symmetrical u-fluctuation
according to the linear theory.* Since the 70 Hz-component is symmetrical,
triangles showing 70 Hz-component are to be compared with the broken line.
The comparison fails to explain the decay of the 70 Hz-component. If the linear
theory is applicable in the nonlinear region all these three components should grow
in X-direction but actually they decay. It is concluded that the growth or decay of
spectral components in the nonlinear region can not be predicated by the linear
theory, even if it is modified by the nondimensionalization with local values of b
and U,.

The nondimensional wave number, a=2zb/2, 2 being the wave-length of the
velocity fluctuation is shown in Fig. 6-5. The wave-length was obtained experimentally
by measuring the phase change in X-direction. The wave-length of u-fluctuation
was the same as that of v-fluctuation. The phase speed of 630 Hz-component is
around 0.7~0.8 U, almost independent of X, while the phase speed of 70 Hz-
component is around 0.5~0.6 U, and increases in X-direction. Although precise

2 T 02
2 =  Fie. 6-5. Streamwise variations
2 5 of non-dimensional wave
© T 01 = number, «, of two spectral
S 0 630Hz g components (70 Hz and 630
A T7OHz Hz) with sound of 630 Hz
95 =5 Tod and 700 Hz.
X {mm)

0 X=20mm

® X=30mm
v X=40mm
A X =50mm
v X=60mm
\ A X =80mm

X X=100mm
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i o
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Fi1G. 6-6. Non-dimensional plot of distribution of 630 Hz-component
with sound of 630 Hz. Abcissa is non-dimensionalized
by half breadth, » and ordinate is normalized by mean of
two peak values.

* The calculation of linear equation for a symmetrical fluctuation in exp(—ay?-type flow
was made recently by K. Tanaka of our group.
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ALIA

70Hz

Y/b

Fi6. 6-7. Non-dimensional plot of distribution of 70 Hz-component,
with sound of 630 Hz and 700 Hz.

210 Hz

Fi1G. 6-8. Non-dimensional plot of distribution of 210 Hz-component
with sound of 630 Hz and 700 Hz.

measurements of the phase speed in the nonlinear region are difficult due to the
distortion of the wave-form, the phase speed of 70 Hz-component seems to be less
than that of 630 Hz-component.

Amplitude distributions in Y-direction are normalized by the maximum value
and shown in Figs. 6-6~6-10. The Y-axis is nondimensionalized by the half-
breadth, b. With a sound of single-frequency the distribution of 630 Hz-component
(Fig. 6-6) is almost similar from X=20mm to 60 mm. At X=80 mm the dis-
tribution becomes broader and at X=100 mm an entirely different distribution
with two small peaks around |Y/b|= +0.4 is established. The 70 Hz-component
(Fig. 6-7) shows a similarity until X=60 mm at small Y/b. At 1<|Y/b|<2,
small peaks grow until X =40 mm and gradually decay thereafter. The distribution
at X=100 mm is entirely different. Distributions of 210 Hz-component (Fig. 6-8)
are similar to those of 70 Hz-component except at large Y /b. At X =50 mm and
60 mm, 210 Hz-component has two side peaks at around Y /b=1 and 1.5.
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FiG. 6-9. Non-dimensional plot of distribution of 630 Hz-component
with sound of 630 Hz and 700 Hz.
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Fic. 6-10. Non-dimensional plot of distribution of 1330 Hz-component
with sound of 630 Hz and 700 Hz.

At X=80 mm they are slifted outward and at X =100 mm only one side peak is
found. The similarity of distributions of 630 Hz-component with sound of two
frequencies (Fig. 6-9) is not as good as that with single-frequency sound, but the
general tendency is almost the same. At X =100 mm we again find a distribution
with a pair of small peaks near Y /b= +0.3. The 1330 Hz-component in Fig 6-10
shows a gradual outward shift of positions of side peaks at large X. From these
experimental results we conclude that fundamental components (630 Hz and 700 Hz)
exhibit a similar distribution in the nonlinear region until X=60 mm and com-
ponents produced by the nonlinear effect show less similarity. At X =100 mm,
all similarities are lost.

Experimental results on w-fluctuation were shown in several figures in preceding j
Sections. Generally speaking, w? is small compared with u* and »* and distribu-
tions in Y-direction are similar to those of 27 rather than u?. Streamwise variations
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of three velocity components are summarized in Fig. 6-11. Ratios of the maxi-
mum amplitudes of two components at each X-station are shown. Although the
shape of Y-distribution is different, the ratio may roughly represent the _relative
magnitude. In natural transition w” is extremely small (at X =40 mm, vw? _,_ is
less than 5% of 7max) and the ratio vw? max/ v me gradually increases in the
nonlinear region. Since v 7max itself decreases in the flow direction, the increase
of the ratio does not mean the increase of the absolute value of w?. When two
sounds are present, w? is about half of vu? _,, at X=40 mm. This is reasonable
because the nonlinear region starts at smaller X. The ratio Vwt max/ A/ W max iN-
creases in the flow direction and reaches about 70% at X=150mm. When ?? is
very large, the measured values of w? may be larger than real ones. An extremely
small misalignment of X-type hot-wire results in an apparent increase of w?.
At small X, ¥ v* is smaller than ¥ but at around X =50 mm v exceeds Vi
and becomes twice at around X =60~ 80 mm. And then decreeses at larger X.

Relative magnitudes of spectral components are shown in Fig. 6-12, which shows
ratios of maximum amplitudes of spectral components of u,v and w at each
X-station in presence of the sounds. The 70 Hz-components of v and w are
extremely small, whereas v-fluctuation of 630 Hz-component is large. The 70 Hz-
component is composed of only u-fluctuation and v and w? are mostly made up
with 630 Hz- and 700 Hz-components.

The phase distribution of u-fluctuation in Z-direction was measured by traversing
a single hot-wire in Z-direction. The sound was used as a phase standard.
Experimental results indicate a phase variation in Z-direction. As mentioned
earlier, the present flat plate was carefully mechined and aligned to the flow.
And still, the phase difference of 630 Hz-component at X =40 mm, Y =5 mm is as
high as 0.8z in Z between + 80 mm and —80 mm. This value is almost the same
as that reported in reference 5. At X=120 mm we observe nearly the same
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F16. 6-11. Relative magnitudes of maximum
values of */uzﬁ, \/ﬁ, and Yw? at each
X-station. Natural transition and with
sound of 630 Hz and 700 Hz.

Fi16. 6-12. Relative magnitudes of maximum
values of spectral components (70 Hz,
630 Hz and 1330 Hz) at each X-station
with sound of 630 Hz and 700 Hz.
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amount of phase difference. There is no periodicity in the phase distribution in Z.
The phase variation may be due to the residual small spanwise irregularity of
the flow in the wind-tunnel. The magnitude of u’ is constant in Z-direction.
This indicates that the process of three-dimensionalization in the transition region
of the wake is different from that in the boundary layer. The non-uniform dis-
tribution of #? in Z-direction characterizes the nonlinear region of the boundary
: layer. In the wake there is no “peak” or “valley” section. Moreover, there are
| no adrupt “breakdowns”.

7. BALANCE OF MOMENTUM AND ENERGY

The continuity equation for the mean motion is, neglecting W,

Using this equation we can estimate V' from experimental data of U. Since the
wake is symmetrical, V=0 at Y =0 and the maximum of V is found around Y =b.
Therefore, a rough estimate of V_,, at each X-station is given by —b(@U,/dX).
The largest value of dU,./9X in the present experiment is about 0.3 m/sec/mm.
Then V,,, is 0.6 m/s. This is only 6 percent of the free-stream Velocity. The
mean flow can be considered parallel. This is in contrast to the jet, of which
inclination of the flow near the edge is very large and the mean flow is far from
being parallel.
The velocity fluctuation in the region, 20 mm < X <150 mm, is decomposed as

u= 3 uy(X,Y)sin (a;,X +w;t+0,) (7-2)
V= ; (X, Y) sin (o;X + 0 t+¢;) (7-3)

in which j denotes each spectral component, «; and o, are the wave number and
the frequency, respectively, u; and v; are amplitude distribution as functions of
X and Y. Phase angles 6, and ¢, are assumed to be constant. Since w-fluctuation
is small, it can be neglected. Each spectral component of u and v must satisfy
the continuity equation as

2 2
(=) =
=0,+t *[---—“’”f ] 7-5
¢y =0+ tan du,/0X 73

In general, large «; corresponds to large w; because the phase speed, w,/«; is in
the order of the free-stream velocity. For fluctuations with large «; the second
term in equation (7-4) is larger than the first term and
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This means that v; is large for high-frequency components.

When «; is small, the second term is small and the first term dominates.
Then du;/0X = —dv,/dY. These simple relations agree with experimental results
on amplitudes of spectral components. For instance, v% of 70 Hz-component
(«; and o,, small) is much smaller than u%. Since (uv), can not exceed v/ 7’;
Vv, (uv,) is also small compared with u%.  On the other hand, v} and (wv), of
1330 Hz-components («; and o,, large) are comparable with ul.

The equation of motion of a two-dimensional flow with fluctuation is given by

U , 3@  om _ 1 oP (aZU a’U)
v =1 7-6
oy tax Ty o ox o Toy) (79

U aU
oX

F1% oV  omw | ot 1 oP (aW an)
U 1% = 7-7)
ox ar Vax Yoy T oy e Taw) ¢

Since there is no solid boundary in the flow, the Reynolds stress might be larger
than the viscous stress everywhere in the flow. This may be true not only in the
fully developed turbulent wake but also in the region with fluctuations of appreciable
amplitude. Neglecting viscous terms, equation (7-7) becomes

vV | oww , @ (VZ — P)
U Y v+ ) =o 7-8
ox T ox Tarlz tUT 0 (7-8)

Integrating this equation between ¥ =0 and oo, we have

Pe __& (7-9)
0

where subscript ¢ denotes the value on the center line and the static pressure at
Y =0 is taken to be zero. Dividing both sides by 1/2- U2

P, zvﬁ

1/2.005 U

Cpe= (7-10)
Experimental values for the static pressure coefficient ¢,. and 20/ U} in natural
transition are shown in fig. 7-1. They agree well for X< 60 mm but at larger X
they show an appreciable discrepancy.

Equation (7-6) at Y =0 is, neglecting viscous terms,

9 _
—_— — ..1
Y "”)m 0 (7-11)

% 5 )+
— u —c
AR + U + p +
Trigs Pc 2
Substituting =—1?
o
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Fic. 7-1. Static-pressure coefficient on the center line, direct
measurement and estimate from V2. Natural transition.

oU 0 /3 7 0 —
U, Y 4 9 @ (__ ) ~0 7-12
ox T ox T ey s, (7-12)
Since i? is close to 2, this becomes approximately,
oU 0 _)
U —£=— 7-13
oX (aY ok P (7-13)

This is one of the most important relation in the region of nonlinear interaction,
where 9U,/dX can be either positive or negative as shown in, for example, fig.
5-6. Experimental values for both terms in (7-13) are shown in Table 7-1.
Both have the same sign, in other words, at the X-station where U, increases in
flow direction the derivative of v is negative. The calculated values of the second
term are, smaller than those of the first term. It may due to an experimental error
because both terms include graphical differentiations. The validity of (7-13) is

TaABLE 7-1.
U (3U./Us _o (@
() Uo( ) 7 U3>
) (Xx10-2/cm) (X10-2/cm)
Natural transition
40 4.8 3.0
60 8.0 3.4
80 0.6 <0
100 —0.6 -0.9
120 —-0.9 —0.5
150 —0.4 —0.2
400 0.05 <0
With sound of 630 Hz and 700 Hz
30 11 6
40 12 7
80 — 2.7 —1.2
120 <0 <0
800 0.2 0.06

Stress balance on the center line. Natural transition
and with sound of 630 Hz and 700 Hz.
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approcimately verified. The intergration of equation (7-6) in Y direction from 0
to oo gives

d9 - d [~
a9, d ("« 4y __f C.dY =0 7-14
“ax T dx J U tax ) 7 (7-14)

where @ is the half momentum thickness defined as

o= f (1—_—)dY

An integration of (7-14) in X direction gives the conservation of the momintum
flux as,

H—ZJW%dY—wade:const. (7-15)
0 0 0

o av Natural Transition Each term in this equation can be calcu-

e A v Sound 630Hz i i

oav Sound 630Hz+700Hz lated from experimental data as shown in
fig. 7-2 for three cases. In all cases

6
- o /l, @ is largest and the streamwise variation

of 4 is almost balanced by the pressure term.
The normal stress is very small and the
total momentum flux is nearly constant.
It is obvious that the negative static pressure

- “de"Y in the wake should be properly taken in

~4 50 0050 account in understanding the mechanism of
X (mm) _ the nonlinear interaction. This decrease of

Fic. 7-2. Three terms of momentum the static pressure was observed also in the

flux calculated from experimental transition process of a jet (reference 6).
date. Natural transition, with

sound of 630 Hz and with sound The energy equation for the fluctuations
of 630 Hz and 700 Hz. is, neglecting w and 9/0z, expressed as

oq* aq U |, o 0U =0V | ogu , oq

vl 20 2u 20

aX+a + Y + 6X+ 6Y+6X+8Y
20pu 2090 _ P¢ TG 4 g (7-16)
o X p Y aX? VE

where @ denotes the viscous dissipation due to the velocity fluctuation and
g@=u*+v'. The viscous dissipation due to the mean motion is neglected.
Derivatives of fluctuating quantities in X-direction is small and can be neglected,
that is,

oq'u_, 2 9pu _DBZZP —0
0X p 90X aX?
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j Integrating remaining terms in Y-direction from — oo to + oo we obtain in a non-
‘ dimensional form

— 2 ?+W.Ldy_2f*[@__&;_
xJ_ U U, ) Luvz ay U,
w—9t U 1] 1 fm
O oy =—"_| ody
U: X U, usJd_

The first term corresponds to the convection of the fluctuation energy by U,
the second term is the production of fluctuation energy and the right-hand side
is the viscous dissipation. Two terms in the left-hand side can be calculated from
experimental data as shown in Fig. 7-3.- The difference of two terms is the
dissipation which was not measured. The negative production is clearly shown
between X=6 mm and 120 mm. The positive production is maximum at about
X=30mm and the convection term varies almost parallel with the production.
At X=40 mm, the convection seems to be larger than the production. This might
be due to an experimental error. The dissipation is always small and the produc-
tion and convection are almost in balance. In other words, the produced energy
is convected with little loss. The production between X=60 mm and 120 mm is
negative, namely the fluctuation energy is transfered to the mean motion. In the
is convected with little loss. The production between X=60 mm and 120 mm is
region, the convection is also negative. The negative convection means that the
energy is convected to that X-station. Since the dissipation is small, most of the
convected energy is given back to the mean motion.

The Reynolds stresses in the momentum equation are composed of spectral
components. Experimental results indicate that contributions of fundamental
components (f, and f,) are always dominant. For low-frequency components
(f,—f,» 2(f,—f), --+) wv is almost zero. High-frequency components (f,+f,,
2(f,+f,), ---) have small values of #w, which are not significant in the overall
stress balance. Therefore, the mean-velocity distribution is determined mostly by

1
O Convection

-2

x10 Vg :Q ® Production
’

05 + .

100 o

50 150
’ X (mm)

-05

FiG. 7-3. Energy balance calculated from experimental data.
Sound of 630 Hz and 700 Hz.

. (> w+4v? U
convection=—_—_ =21 . =dY
S - Ut U,

ax
w[m U 1 | wr—v? U 1:]dY

production=~—28 ol oY 1
Ui ay U, U} 99X U,

— o0
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8§10 fundamental components. In the energy equation the production of the fluctuation
energy also takes place mostly through fundamental components. The energy of
mean motion may be given first to the fundamental components and handed over
to low-frequency components. On the other hand, high-frequency components can
receive energy directly from the mean motion by the Reynolds stress.

In order to make a more detailed discussion on the energy balance we have to
measure higher-order statistical quantities such as #®, ¥?v as functions of X and Y.
The energy exchange among spectral components may be clarified by taking spectra
of these higher-order quantities.

8. AMPLIFICATION OF RAMDOMNESS

The growth of a velocity fluctuation is, in the linear region as well as in the
nonlinear region, considerd to be a deterministic process. As shown in preceding
sections, wave-forms of fluctuation at small X are regular and periodic.

The turbulence is, on the other hand, characterized by random fluctuations. In
the transition region, the regular fluctuations must be randomized. If we can
define “randomness”, it must be amplified in the transition process. An extremely
small amount of irregularity or randomness may abide in an apparently regular
fluctuation. The transition process is interpreted as the amplification of the
original randomness on one side and the reduction of regularity on the other.

A primary effect of the nonlinearity for a system including fluctuations is the
generation of higher harmonics from the fundamental component. Existing
theoretical works on the nonlinear development of a regular fluctuation are based
on this concept. The production of higher harmonics in the wake is, however, not
likely to be a vital ring in the whole transition process by following reasons. In
the present experiment the most unstable fluctuation according to the linear theory
has a frequency around 630 Hz. The second and third harmonics are 1260 Hz
and 1890 Hz. Components with these high frequencies may decay by the viscous
effect. Experimental results indicate that high-frequency components are small in
| & magnitude. Energy-containing components in a turbulent wake have much lower
frequencies. Then the most significant process must be the generation of low-
frequency components rather than the generation of higher harmonics. The
generation of subharmonics in a half-jet (separated layer) has been found
(reference 7 and 10). In the wake no subharmonics are found. These must be a
difference in the transition process of a wake and a half-jet.

In the present experiment with two sounds we observe the generation of a com-
ponent with the frequency of the difference of two frequencies. We believe that the
energy-containing low-frequency components are produced by this process. In
the natural transition, a residual small-amplitude disturbance in the wind-tunnel
is amplified in the linear region.

Low-frequency velocity fluctuations, do not grow in the linear region because
the growth rate is very small. The can be generated only by a nonlinear interac-
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Fic. 8-1. Low-frequency portions of spectra Fic. 8-2. Distributions of ¥#? /U, and low-
of u-fluctuation at Y=0. Natural transi- frequency components at X =40 mm.
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Fic. 8-3. Distribut'ions of Yu? /U, and low-frequency components
at X=100mm. Natural transition.

tion of high-frequency components which have large growth rates in the linear
region.

The nature of irregular, slow fluctuations in the u-fluctuation in natural transition
(Fig. 3-5) was investigated by observing spectra. Fig. 8-1 shows low-frequency
portions of spectra at three X-stations. There rae broad peaks between 50 and
100 Hz. The frequency of the predominant fluctuation is around 630 Hz and
low-frequency components are separable from this fundamental component.
Setting by the central frequency of a band-pass filter around 50 Hz. Figs. 8-2 and
8-3 show distributions of low-frequency components in Y-direction in comparison
with overall vi#. The low-frequency components are localized near the center-
line at both X-stations. Generally speaking, in a fully-developed turbulent flow,
distributions of high-frequency components are broader than those of low-frequ-
ency components. This fact coincides with the localized distribution of low-
frequency components in the transition region. The streamwise variation of the
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peak value of low-frequency components on the center line is illustrated in Fig. 8-4
together with the variation of the maximum value of overall ¥ at each X-station.
They are extremely small at X=30 mm, reach a maximum at about X=45 mm,
decrease downstream a little and increase again from X=150 mm.

The nature of the low-frequency components in natural transition is very similar
to that of 70 Hz-component in the presence of sound of two frequencies (630 Hz
and 700 Hz) in many respects.

1. Both have large amplitude near the center-line.

2. Both components are not found in v-fluctuation.

3. Streamwise developments of both components are very similar as shown in
Fig. 8-5. Upper two curves show the variation of the breadth of the distribution
of V¥ in the natural transition and that with sound of two frequencies. Lower
two curves illustrate the breadth of distributions of low-frequency components and
70 Hz-componnet. If X-axis is shifted properly, two curves almost coincide.

Thus we conclude that the low-frequency components in natural transition is
generated by the nonlinear interaction of high-frequency components.

The mutual suppression of amplitudes of two fluctuations and the production of
the low-frequency component from high-frequency fluctuations are two fundamental
effect of the nonlinear interaction. In the natural transition, the amplification of
randomness may be accomplished by the following process.

15
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FiG. 8-4. Streamwise variations of maximum Fic. 8-5. Upper two curves: Streamwise
values of V2 and low-frequency com- variations of half-value breadth of dis-
ponents at each X-station. Natural tribution of V&? in natural transition
transition. and with sound of 630 Hz and 700 Hz.

Lower two curves: half-value breadth
of distribution of root-mean-square of
low-frequency components in natural
transition and of 70 Hz-components with
sound 630 Hz and 700 Hz.
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Consider that 610 Hz- and 650 Hz-components are present in a wake. They
will produce 40 Hz-component by a nonlinear interaction. If the frequency of
one of two fundamental components changes by 1%, namely, from 610 Hz to 616
Hz, the frequency of low-frequency component changes to 34 Hz. Now, the
variation in the frequency is 15%. Obviously, a small change results in a large
relative change. Thus, the randomness in the frequency is amplified. The
randomization in the amplitude may be accomplished by the mutual suppression.

Suppose there are two fluctuations, A and B. If the amplitude of A is reduced
a little by some reason, A will be suppressed more by B. On the other hand, B
will experience less suppression by A. This is a kind of positive feedback
system. The small reduction of amplitude in A is amplified. The randomization
in the frequency and amplitude will lead to the production of random turbulence.
However, there are still much works to be done for clarifying the total process of
laminar-turbulent transition.

9. CONCLUSION

Experimental results on the transition process of a two-dimensional wake with
three different conditions indicate following conclusions.

1. In the natural transition a regular velocity fluctuation of a pronounced
frequency grows. A slow, irregular fluctuation is observed near the center line of
the wake. The wave-form of fluctuation changes gradually into turbulent pattern
without accompanied by abrupt breakdowns.

2. When a sound of single frequency is introduced into the wake, the wave-
form is more regular and the slow, irregular fluctuation disappears. The transition
distance defined by the onset of turbulent fluctuation is larger than that in the
natural transition.

3. In the presence of sound of two frequencies (f,, and f,), velocity fluctuations
of fi—f,, 2(f,—f), --- and hht+fy 2(fi+1,), -+ are produced by the nonlinear

interaction. The low-frequency components —f, —f,, 2(f,—f,), - - -— consist mainly
of u-fluctuation. Fundamental components —f,, f— and high-frequency com-
ponents —f, +f,, 2(f, +f,) - - .— are composed of u- and v-fluctuations. Phases of

fundamental components are antisymmetrical whereas those of other components
are symmetrical with respect to the center line.

4. In three cases, streamwise distributions of the mean velocity on the center
line, U, show maxima and minima. In the region where U. decreases down-
stream the sign of Reynolds stress is such that the fluctuation energy is given back
to the mean motion.

5. The momentum flux in the flow direction is estimated from experimental
results and it is almost constant.

6. The energy balance calculated from experimental data indicate that the
production of fluctuation energy is almost balanced out by the streamwise con-
vection, the viscous dissipation being very small. The region of negative produc-
tion the energy transfer from the fluctuation to the mean motion is found.
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7. The extended linear theory based on the local equilibrium is not valid in
the nonlinear region.

8. The nature of low-frequency components in the natural transition is very
similar to that of f;—f» component in the presence of sound of two frequencies.

9. The change of regular velocity fluctuation into random turbulence is con-
sidered to be a process of amplification of randomness. A small randomness in
the amplitude is amplified by the mutual suppression of spectral components and
the randomization in the frequency is accomplished by the generation of low-
frequency components from two high-frequency components.

Department of Gas Dynamics,
Institute of Space and Aeronautical Science,
University of Tokyo, Tokyo
! June 4, 1970
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