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Abstract

Effects of oscillating plates on the plane mixingydr, its

developing region and jet were experimentally itigaded. The
flow was formed by the jet issued from a two-dinienal nozzle
and surrounding quiescent air. Two plates osciltegendicularly
in relation to the main flow. Mean and fluctuatinglocity

components were measured by hot-wire anemometeith. the

oscillation disturbance of the plate, self-presgovawas promoted
and the width of the layer was enhanced. The tiiansprocess
with the disturbance was enhanced by an interactidhe inherent
periodic variation and the disturbance inducedheyglate.

Introduction

A jet is a fundamental flow that can be seen widelyhe natural
world and industrial machinery. Therefore, it is pontant to
understand its characteristics and properties. Mstglies have
been published on it over the years, and a greatbeu of them
introduced various kinds of disturbance in lamijgdyr inducing the
transition to turbulence.

In free shear flows such as a jet, in the transificocess a periodic
disturbance appears at first, followed by the hamig® and
subharmonics, and finally an irregular disturbandeminates
farther downstream. In this way, in power spectdigtribution, a
large peak appears, then many peaks gradually apgea finally
disappear. The respective processes include a liegion when a
disturbance amplifies exponentially, a nonlineagioe where
harmonics and subharmonics of the fundamental agpear, and
an irregular region where irregular fluctuation doates,
respectively. Exponentially increasing velocityciuation in space
[8] and time [9] was analyzed by Michalke. Freymatnfirmed
this analysis experimentally [2]. Due to the seawisjt of spatially-
developing shear flow to the outer disturbance,eoubrced
disturbance was added to jets or mixing layersnTimany studies
were conducted in which the disturbance increassthbility or
promoted transition.

In the study of forced transition, experiments haeen performed
to introduce a periodic disturbance with a freqyeagproximately
equal to the fundamental frequency occurring in tegural
transition process. An additional style of the wlistince is roughly
classified into two; one in which a speaker produaesound wave
disturbance [1,2,5-7,10,12,13] and another in wtdcfiap [3] or
piezo film actuator [11] is oscillated. A successfuethod was
introduced by which a forced disturbance whose ueegy was
approximately the same as the fundamental frequehdlye flow
promoted a turbulent transition. But few experirsehfive been
conducted in which the disturbance frequency wassiderably
different from the fundamental one. Therefore hia present study,
a disturbance of 5 Hz is introduced two orders afjmtude lower
than the fundamental frequency. To produce suawaflequency
disturbance, an oscillating device is more appatprthan a sound
wave. Additionally, the oscillating device can add local

disturbance, although the sound induces instabifitthe whole
field.

A method to measure the progress of the transjiiogess for the
mixing layer remains to be discovered. On the otfeerd, for the
wake, Sato and Saito proposed the randomness fastothe
measure [14]. It describes the degree of randonufetsee velocity
fluctuation, which is defined as the ratio of theergy contained in
the continuous spectrum to the total energy. Wel usdor the
present transition process of the mixing layer aligtussed its
validity.

Experimental Apparatus and Methods

A wind tunnel of blowing type was used in which itblown into

the measurement section from a two-dimensional laoexit of

aspect ratio 31 (310 mm in width and 10 mm in hgigrhe flow at

the exit has a velocity gradient within 1.6 mm froime upper and
lower nozzle walls, respectively, while the velgdd kept constant
in the middle region of the height (7 mm). Two sidalls 310 mm
apart for a whole measurement section were ingtédlesecure the
two-dimensionality of the flow.

Two oscillation plates 2 mm in thickness were thgnipped across
the whole width to produce a disturbance. The plaiscillate
sinusoidally in relation to the flow at a frequenty of 5 Hz. This
frequency is two orders of magnitude smaller thenftindamental
frequency in the natural transition process, whigctapproximately,
500 Hz. The flow field and coordinate system amshin Figure 1.
The upper half of the flow field is shown. The bott of the
oscillating plate becomes flush with the nozzlelwatface when it
rises to its highest point, and then descends By thm from the
surface at most. This value was chosen so that dutiti@anal
disturbance occurred. The Strouhal number basethisnvalue,
plate oscillation frequency,, and nozzle exit velocity,, is about
1.7x10% In addition, another oscillating plate is ingallin the
lower half of the flow field symmetrical with theonzle centerline,
y = 0. The plate oscillates symmetrically with tteenfier plate. In
other words, the nozzle height 10 mm is decreasgdnin at the
moment when the two plates protrude maximally friiva nozzle
respective surfaces. An rpm-controlled motor wasiufsr the plate
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Figure 1. Schematic diagram of two-dimensional nmgxiayer
and coordinate system.



oscillation. The revolution is transmitted to twants by belts, and
then the revolution of each cam is transmittedhi frotrusion of
each oscillating plate. The noise of the motor aaens were
checked and confirmed not to affect the flow trdosi A photo
sensor signal corresponding to the angle of ratabibthis cam is
output, and the phase of the plate oscillatioretected with it. Two
types of experiments were performed. In one, tteepl remain
stationary so that the plates do not narrow thezleoexit section
(stationary state). In another, the plate osciflatea frequency of 5
Hz (oscillating state). In any case, the Reynoldsi\tmer based on
the nozzle exit velocityl)y = 7.5 m/s, and nozzle exit height,
was 5000.

X-shaped hot-wire probes with two tungsten sensiegients, each

5 pm in diameter and 1 mm in length, were used for the

measurements. Output voltage was sampled at a isgmpl
frequency of 5 kHz for about 52 seconds. This irgkis equivalent
to about 260 oscillations when the plates oscillafehe
measurements were conducted in a range &f 0.

Results and Discussion
Effect of Disturbance on Fluctuating Velocity

First, we describe the effects of the disturbarroenfoscillating
plates on the fluctuating velocity.

Figure 2 shows distributions of rms value of thefliating velocity
in the streamwise component. The normal positpis normalized
by half of the nozzle exit heighty2, and rms value of the
fluctuating velocity, u’, is normalized by the local centerline
velocity, Up,,. Just after the nozzle (in the region wheteis small),
the fluctuating velocities are low in both caseswhBstream, the
values increase and the positigl(h/2) at which the value reaches
maximum almost coincides with the position whereameelocity
gradientoU/oy becomes maximum in the mean velocity profiles
(not shown here). In the region where the potert@e exists
(stationary statex’h = 6; oscillating statexh = 3), the value
reaches maximum gft(h/2) = 1 since the region wheé&)/dy exists

is limited to the very narrow mixing layer near tifeof the nozzle.
As the potential core becomes narrower farther dtngam, the
position where®U/dy becomes maximum so the rms value reache
maximum shifts away from the centgfth/2) = 0. In the oscillating
state, this department from the center side odeutBer upstream
than in the stationary state. In addition, valuesthie oscillating
state are larger than in the stationary state gfistr the nozzle.
Hence, it is found that the phenomena resultinghi@ natural
transition process appear farther upstream duehéo periodic

Figure 2. Distributions of streamwise fluctuatingocity:
A,xh=05; N xh=2; A xh=3; O,xh=4;

D, xh=6; @, xh=8; O,xh=10; 0, xh = 14;

M, x/h = 20.

disturbance by the oscillating plates. Furthermfoe2.5= xh =
4 in the stationary state and forsl xh = 3 in the oscillating
state, there is another smaller maximum on the Ismalde of
y/(h/2). This second maximum will be discussed in ts section.

Progress of Laminar-Turbulent Transition

In this section, the progress of the laminar-tuehultransition will
be discussed from the spectral point of view.

Figure 3 shows the power spectrum distributiontffier fluctuating
velocity in the streamwise component at the pasitiovhere u’
reaches maximum in each streamwise station. Isttt@®nary state,
just after the nozzle the spectrum at the fundaahdrgquencyf, =
400 ~ 500 Hz, indicates the peak value. Fartherndtn@am the
harmonics and subharmonics stand out due to thdinean
interaction. Finally, the distribution turns intdet continuous
spectrum. Thus, the turbulent transition procepicdy of jet flow
can be confirmed. In the oscillating state, justrathe nozzle peaks
at the plate oscillating frequendy,= 5 Hz, the subharmonic one,
f/2, and the fundamental frequency also stands This plate
oscillation promotes the transition into the coatins spectrum.

We also obtained the randomness factor as a measuthe
progress of the laminar-turbulent transition. Itswaalculated as a
ratio of the continuous spectrum area to the tatea in the power
spectrum distribution. Figure 4 shows the streamwiariation of
the randomness factor. The factor was obtained filoenpower
spectrum distribution at the positignwhereu’ reaches maximum
in each streamwise station as shown in Figure 3hénstationary
state, just after the nozzle, the randomness factaches
approximately unity as there is no periodic vaoati The values
decrease downstream and reach minimum at the etttedfnear
region (stationary state/h = 3; oscillating state¢h = 1.5) because
of the appearance and amplification of periodidatams. Farther
downstream, the values tend to increase due tdatttethat the
periodic variations attenuate and part of the cwmtiis spectrum
recovered. The values reach nearly unityxdt = 16 in the

étationary state angh = 10 in the oscillating state. The turbulent

transition can be assumed to be completed in thieg®ns. Thus,
in the latter process, the factor is effective asiantitative indicator
of the progress of the transition process. Howe8atp and Saito
[14] had not reported the fact that in the formeogess the
randomness factor decreases until the periodiatams appears in
the laminar flow. Although the intermittency factivat is used for
the wall boundary layer increases monotonicallynfrd to 1 with

the progress of transition, the randomness faasr,mentioned
above, first decreases, then increases and reaghigs again.

Consequently, there is an inconvenience that th@oraness factor
indicates the same value at two stramwise positions

Next, in order to visualize the turbulent transitiéd-igure 5 shows
the isocontour lines of the randomness factor éxtl plane. Just
after the nozzle, the region whepgh/2) is large was not measured.
It is found that the randomness factor is not cmtsin y-direction
as well asx-direction. In the stationary state, within theeklm
regionx’h = 3, the randomness factor reaches minimumgi(bt2)

= 1 where the fluctuating velocity reaches maxim{inerefore, it
is found that the periodic variation contributegte increase of the
fluctuating velocity. The minimum value within thehole region
lies within the nonlinear region & x/h = 5 along the centerline,
y/I(h/2) = 0 where little of the potential core remaiiibe fact that
the randomness factor does not reach minimuny/(&t2) = 1,
where the fluctuating velocity reaches maximum, liegpthat the



Stationary Oscillating

103
10*

[s]

P(f)/ u?

f-5/ f-5/

10°
10° 10* 10% 10%10° 10! 10% 10° 10*

f [HZ]

Figure 3. Power spectrum distribution for the flating velocity
in the streamwise component.

increase in the fluctuating velocity within the fioear region is
affected more by the mean velocity gradi@dtdy than the periodic
variation. In the oscillating state, within the dar regionx’h =
1.5, the randomness factor reaches minimuyi(bf2) = 1 where
the fluctuating velocity reaches maximum. The minim value
within the whole region lies in = xh = 2 alongy/(h/2) = 1,
within the nonlinear region. In the nonlinear regibhe value along
the centerliney/(h/2) = 0, is smaller than the one aloyih/2) = 1.
This is the same as in the stationary state, witeeenonlinear
region of the minimum value is along the centerligléh/2) = 0.
Hence, at the streamwise positions in which theem@l core
barely remains, the randomness factor indicatedl siaes in the
potential core also in the oscillating state. Aassin Figure 2, it is
seen from Figure 4 and 5, that the laminar-turliuteamsition is
promoted by the disturbance induced by the osiciigtlate.

Relation between Periodicity and Fluctuation

Finally, the relationship between the two maximuims the
fluctuating velocity distribution and the periodicariation is
examined.

The distributions of the fluctuating velocity ankletrandomness
factor are shown in Figure 6. In Fig. 6(a) and i), the power
spectra for the fundamental frequen€y, and the subharmonic
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Figure 4. Streamwise variation of randomness factor
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Figure 5. Isocontour areas of randomness factor.

frequency/fy/2, and particularly in Fig. 6(c) for the plate itisting
frequencyf,, are also plotted. In the stationary state, Fig) s@ws
the result ak/h = 2.5 where the second maximum of the fluctuating
velocity appears on the smaller sideytih/2). At y/(h/2) = 0.95,
where the fluctuating velocity reaches maximum, tiiedomness
factor reaches minimum and the power spectrum foe t
subharmonic frequencfy/2, is large. On the other hand,yéth/2)

= 0.7, where the fluctuating velocity reaches th@ad maximum,
the randomness factor reaches the local minimumthadoower
spectrum for the fundamental frequenty, is large. Hence, the
fluctuating velocity becomes large at positions rehethe
fundamental or subharmonic wave becomes dominamtths
periodic variation contributes to the two maximuro$ the
fluctuating velocity. Fig. 6(b) shows the resulixét = 6, within the
nonlinear region where the regular variations Ilgrgésappear. The
second maximum of the fluctuating velocity on ttemter side of
the nozzle disappears. So the fluctuating velagiiches maximum
at only one positiory/(h/2) = 1, where the randomness factor does
not become low. Thus, the periodic variations myglr contribute

to the maximum of the fluctuations in the nonlinezgion.

In the oscillating state, Fig. 6(c) shows the reatk/h = 1.5 where
the second maximum of the fluctuating velocity apeaty/(h/2)

= 0.7. At this position, although the randomnesgodfacoes not
reach minimum, the power spectrum for the fundaaidrequency,
fo, indicates a small maximum. A¥(h/2) = 0.95, where the
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Figure 6. Distributions of fluctuating velocity,mdomness factor and power spectrum: (a) and @t)osary; (c) and (d), oscillating.

fluctuating velocity reaches maximum, the randoranfctor is
low and the power spectra for subharmonic frequefy3, and
plate oscillating frequency,, are large. Hence, in the oscillating
state, periodic variation of not only harmonic aswabharmonic
frequencies but also the one induced by platelasoih contributes
to two maximums of the fluctuating velocity in thieear region.
Fig. 6(d) shows the result ath = 4, within the nonlinear region
where the regular variations largely disappear. Téerond
maximum of the fluctuating velocity on the centédes of the
nozzle disappears. So the fluctuating velocity heacmaximum at

only one positiony/(h/2) = 1.1, where the randomness factor does

not become low. Therefore, just in the stationaayes the periodic
variations no longer contribute to the maximum tillations in the
nonlinear region.

Conclusions

In the oscillating state, the phenomena that odeuthe natural
transition process appear farther upstream so tthatlaminar-
turbulent transition is promoted by the disturbammiced by the
oscillating plate.

In the linear region, periodic variation contribaite the maximums
of the fluctuating velocity, whereas in the nonéineegion, the
periodic variation is attenuated and does not dmnte to the
maximum of fluctuating velocity.

As an indicator of the progress of the transitiomcpss, the
randomness factor proposed by Sato and Saito $1&plied to the
present study. In the process in which the periodidation in
velocity turns into an irregular variation, the damness factor
increases monotonically, and is regarded as a iatwve indicator
of the progress of transition process. On the otierd, farther
upstream, in the process in which the periodicatams appear in
the laminar flow, the randomness factor decreasesotonically.
Thus, the fact that the randomness factor indidghiesame value at
two streamwise positions makes for difficult handli
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