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An Improvement of the Transition Measurements for Aircraft-Models
m JAXA 6.5mX5.5m Low-Speed Wind Tunnel

Y. Yokokawa, Y. Aoki, Y. Morita, H. Takahashi, H. Hoshino, K. Murota,
O. Nonaka, J. Mashiro, A. Endo, K. Yoshida, Y. Ueda, H. Ishikawa
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ABSTRACT
The work described here relates to the method measuring the boundary layer transition at “large-scale” and
“low-speed” wind tunnel. The objective of the research is to improve the test technique and to know a precise
procedure about transition measurements, especially for an aircraft model at such type of wind tunnel. At JAXA
6.5mx5.5m Low-Speed Wind Tunnel (LWT1), the boundary layer growing on the left-wing of the
ONERA-Model was investigated using two kinds of the quantitative methods (Preston Tube and Hotfilm Sensor)
and also two kinds of the visualizing methods (Temperature-Sensitive Liquid Crystal, Infrared Camera).
Throughout the experiment, a lot of knowledge were obtained. Transition points investigated by four kinds of

methods were correctively agreed.

Keywords: Transition Measurement, Preston Tube, Hotfilm Sensor, Liquid Crystal, Infrared Camera
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Structure, of Turbulent Boundary Layer and Vortex
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ABSTRACT
Based on the idea that turbulence is the flow phenomena caused by the movement of vortex, the structures of
turbulent boundary layer are discussed. The circulation is the most important factorfor cfxwﬂmsé@mmgthe flow

structurss.

The large scale motions such as coherent structure of the outer layer

£ 41

and the burst structure of the

Gidl

inner layer can be explained by the interactions betweenvortices.

WAPERRE

Key Words: vortex,turbulent boundary layer,turbulent vortex,outer layer, inner layer, bulge, burst
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What is happening when the boundary layer is controlled using piezo-actuators

Yu FUKUNISHI* | Seiichiro IZAWA*

, Takeshi SAKAI* | and Ao-kui XIONG*

*Dept. of Machine Intelligence and Systems Eng., Tohoku Univ.
ABSTRACT

Means to explain the flow structure generated by thin piezo-ceramic actuators are discussed. In our
previous experiments, it was shown that the oblique waves, observed in an initial stage of the transition,
could be cancelled by generating intercepting-waves using thin piezo-ceramic actuators. The initial aim
of this study is explain the generation process of these intercepting-waves by modeling the flow structure
using a large number of the vortex tubes. However, it is found that this approach is not useful in the near
wall region, because in these areas the diffusion of vorticity pattern on the wall is dominant compared with

the convection.

Key Words : Flat-Plate Boundary Layer, Oblique Wave, Active Control, Piezo-Ceramic Actuator
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Spatial Measurement of Internal Gravity Wave in a Strongly Stably-Stratification

K. Ooba*, H. Makita** and N. Sekishita™*

*Dept. of Digital Eng., Numazu College of Tech,
**Dept. of Mech. Eng., Toyohashi University of Tech.

ABSTRACT

This study aims to clarify the relation between the occurrence of counter-gradient heat flux and the spatial
structure of internal gravity waves in a strongly stably-stratified mixing layer. Multi-point simultancous measurement
of temperature and velocity field was conducted by a rake of 7 cold- and hot-wires. The aspect of streamwise change
in temperature spectrum showed that the internal gravity waves with fundamental frequencies of 1.2, 1.8, 3.0Hz
developed in the mixing layer and suddenly collapsed in the downstream region. As the amplitude of the waves
increased downstream, coherence became larger among the temperature signals given by the cold-wire rake. When
the internal gravity waves broke down at their wave front, counter-gradient heat flux occurred through the nonlinear
interaction among the fundamental frequencies and their higher harmonics.

Key Words : Strongly Stably-Stratification, Internal Gravity Wave, Counter-Gradient Heat Flux.
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Anodized Aluminum Pressure Sensitive Paint for Unsteady Aerodynamic
Applications

Hirotaka Sakaue

Japan Aerospace Exploration Agency

ABSTRACT
A miniature fluidic oscillator was used to demonstrate the capability of measuring oscillating
unsteady aerodynamic fields with 6.4 kHz primary frequency. Pressure maps of various
phases were captured by anodized aluminum pressure sensitive paint with platinum(II)
meso-tetra (pentafluorolphenyl) porphine as a luminophore. Main uncertainty source comes
from fitting the adsorption control model to calibration points and from the pulse width of
illumination. The measurement uncertainty of the pressure was 4.65%.

Key Words: Anodized aluminum pressure sensitive paint, unsteady aerodynamic measurement,
miniature fluidic oscillator
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Experinental detection of fine-scale coherent vortices in turbulence
K. Sassa
Dept. of Natural Environmental Science, Kochi University
ABSTRACY
Some trials to detect fine-scale coherent vortices in turbulence are presented in the present paper. The
simplest method is a conditional measurement using an X-probe. We could measure various turbulence fields
at R,=19~2300 by this method and obtained the Reynolds number dependences of the characteristics of the
fine-scale coherent vortex. But, such data showed an error caused by the third velocity component
unmeasured. So we employed a double-X probe that can measure three components of instantaneous velocity
fluctuation. The resultant data showed that the fine-scale coherent vortex was slightly different from the
Burgers' vortex. We also examined the array of X-probe that can measure instantaneous 2-D velocity profiles.
Though it is in progress of such experiments, the primary results showed the validity of the conditional
measurement using single X-probe.
Key Words: fine-scale coherent vortex, turbulence, hotwire measurements
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Performance evaluation of SGS models using DNS database of compressible
turbulence

Daisuke WATANABE*, Hiroshi MAEKAWA* and Yuichi MATSUO*

*Graduate School of Engineering, Hiroshima University
= JAXA, ITC

ABSTRACT

DNS data of a turbulent plane jet at high Mach numbers were used to evaluate the dynamic mixed model
proposed by Salvetti. This work focuses on SGS modeling in the energy equation. High correlation is found
between the SGS heat flux qu of modified Leonard term form and the exact SGS heat flux, but not between
the SGS heat flux of Salvetti’s model and the exact SGS heat flux. Therefore, an improvement is required
for the calculation of the model coefficient. In the filtered energy equation, the numerical evaluation results
show that the SGS turbulence diffusion term and the SGS heat flux term are dominant during the transition
process, the SGS turbulence diffusion term is the most dominant first and the SGS heat flux term in the
turbulent stage of the jet. The calculated correlation coefficient suggests that the pressure dilatation term

correlate well with the SGS heat flux.
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Numerical Simulation of Instability Waves in Yawed Cylinders
Avumu INASAWA™, Seiichiro IZAWA* and Yu FUKUNISHI*
*Graduate School of Engineering, Tohoku University
ABSTRACT

Development of point source disturbance in the three-dimensional boundary layer of vawed circular cylinders
is studied using Direct Numerical Simulation(DNS). Using a 2D FFT technique, the waves are separated into
two instability modes. One is the streamline-curvature instability and the other is the cross-flow instability as
predicted theoretically. It is shown that the T-S wave type instability appears when the frequency of excited
distubance is high, while the cross-flow instability becomes dominant when the frequency is low.

Key Words: -3D-boundary layer, instability wave, 2D-FFT, DNS
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Two-dimensional DNS of aerodynamic sound by an airfoil
N. Hatakeyama™, T. Irie**, and O. Inoue®
* Institute of Fluid Science, Tohoku University
** Dept. of Aeronautics and Space Eng., Tohoku University
ABSTRACT
The sound radiated from an airfoil (NACAQ0012) in a uniform flow is studied by using direct numerical
simulation (DNS). The two-dimensional compressible Navier-Stokes equations are solved by a 6th-
order-accurate Padé type compact scheme and a 4th-order-accurate Runge-Kutta scheme. The
Reynolds number based on the airfoil chord length is prescribed to be 5000, and the Mach number
of the uniform flow to be 0.2. The angle of attack is varied from 5° to 8°. The results show that
dipole sounds are generated in accordance with the oscillations of lift and drag forces due to the
vortex shedding. As the angle of attack varies, the flow structure near the airfoil is affected, and the
generated sounds change in response to the transition of the vortex motion around the airfoil.
Key Words: direct numerical simulation (DNS), aerodynamic sound, airfoil, vortex shedding
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Technical Investigation of Transition Measurement on NEXST-1

N. Tokugawa, K. Yoshida, S. Takagi
Japan Aerospace Exploration Agency

Measurement system of supersonic boundary-layer transition for the SST experimental airplane
(NEXST-1) is evaluated for successful capture of transition signature prior to the flight test. Output
levels of hot-film sensors and unsteady pressure transducers at the flight test are estimated on the basis
of experimental results obtained in ground facilities and are found to be significantly above electric
noise level in transitional state. Estimation shows that transition point with the maximum values of
shear-stress and pressure fluctuations in the chordwise direction is inferred to be detectable.

Key Words: Transition Measurement, Flight test, Hot-film, Dynamic-pressure transducer
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Compressible Thﬁ"@@»@im@%é@nﬁ g@%ﬁﬂé&?}’— Layer Transition Measurements on a
Sharp Cone at Incidence
H. Sugiura
Japan Aerospace Exploration Agency
ABSTRACT
Experimental investigation of the boundary-layer transition on a 10-deg sharp cone at 2-deg incidence was conducted
at Mach 2. Transition locations were obtained with small surface roughness on the order of 0.1 micron using an infrared
camera. The result showed that the most forward transition occurred on the side rather than on the leeward ray as
observed in the previous studies. The comparison of the transition front was made between two supersonic tunnels with
similar turbulence levels,

Keywords: Three-dimensional Boundary Layer, Supersonic Flow, Infrared Camera
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An Experiment of Two Dimensional Roughness Effects on the Hypersonic

Boundary Layer Transition
K. Fujit”
* Wind T unnelT ec hnologyCenter, Institute of Space Technology and Aeronautics. Japan

Aerospace Exploration Agency, Japan

ABSTRACT
An experimental in vestigation for an efficien tripping method of bhe ypersonic boundary layer is conducted
3 1

with a 5 deg half angle sharp cone in ISTA/JAXA ¢0.5 m hypersonic wind tunnel. Aerodynamic heating
UlbfllDUfﬂ()HS (Ul(l ﬂuuudu()n% ()I W ().ﬂplf“ﬁ‘ﬂllt are Hl“a%i“(‘(} DUIIL \\ILL. cUiU. \’\HHUUL i()u"lilléﬁb C’ ements. f“i
set of transition data and wall pressure fluctuation measurements in the wind tunnel are obtained. A tw o-
dimensional wavy roughness of a wave length appraiimately as two times much as the estimated boundary layer
thickness doesn’t show any effects on the location of the boundary layer transition, whiile in the case where

the boundary layer thickness is approximatly 1.25 times of the half w avdength, a clear delay in transition

is observed. Effects of con ven tionathree i mensional roughness elements on tz’xpping effectiveness are also

examined.

Key Words:hypersonic boundary layer, tripping, roughness
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Modification of Near-wall Turbulence for Drag Reduction by Spanwise
Oscillating Lorentz Force:

J. Pang*, K.-S. Choi**,

T. Segawa’, and H. Yoshida'

National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan
School of MMMEM, University of Nottingham, UK

ABSTRACT
The results of an experimental investigation on the effect of a spanwise oscillating Lorentz force on the
near-wall turbulent structures for drag reduction are presented in this paper. Comparing with the case of
turbulent control by spanwise wall oscillation, a parameter called "equivalent spanwise wall velocity” W' o=
StT"/(2nRe,), is defined and emphasized as a virtual spanwise wall velocity scale under Lorentz force
oscillation. It is shown that when W'y~ 10-15, up to 30-40% skin frictional drag reduction could be achieved
just at the downstream of the control area. Meanwhile, an oscillation amplitude investigation suggests that to
achieve maximum skin friction reduction, the oscillation Lorentz force should be able to shift the near-wall
streamwise vortices into spanwise direction by a peak to peak displacement of about 100 wall units during
each period. A conceptual model to explain the mechanism for drag reduction under the spanwise Lorentz

force oscillation is also presented.

Key Words: Turbulent boundary layer, drag reduction, spanwise oscillation, Lorentz force

1. Introduction

The exploration of using Electromagnetic force
(Lorentz force), which can act upon the conductive
fluids in the form of a body force to achieve flow
control and drag reduction in turbulent boundary
layers, has been studied by many researchers over
the last decade.® By using Electro-Magnetic
Turbulence Control (EMTC), it is easy to produce
some flow conirol strategies such as wall normal
blowing/suction,' streamwise blowing® or spanwise
oscillation by only simply altering the arrangement
of electrodes and polarities of the magnets without
changing the boundary wall.® EMTC was first used
for transition and separation control, in which the
Lorentz forces were mainly act in the streamwise
direction.” Nosenchuck and his group seem to be the
first group to explore the possibility of achieving
drag reduction by EMTC. In their experiments, the
Lorentz force was mainly created along the
wall-normal direction. Although up to 50% drag
reduction has been reported’ but no repeatable
results reported from the other researchers. It was
followed by many studies, both experimentally and
numerically, focusing on playing with the working
directions of the Lorentz force, trying to find the
optimum conditions to achieve drag reductions. 2°

Meanwhile, with more understanding of the
near-wall coherent structures and turbulence

(I

self-regeneration sequences, the strategies for drag
reduction tend to modify or disturb any part of this
sequence of the near-wall activities.” Among many

of the turbulence control techniques
ncmﬁﬁ‘rmo' excitation for nmor redngﬁg 1

oscillating excitation for dr reduction has attracted
many attentions and it has bPer‘ nsidered as an
effective way to disturb this r!earnwaﬂ generatin

turbulence sequence and give Skm friction
reduction.®® Hence, turbulence control by spanwise
wall oscillation has been studied extensively in the
last ten years and 25-40% skin friction reduction has
been reported.!”!> Choi et al'! implied that the
turbulent skin friction reduction with spanwise wall
oscillation can be optimized with a non-dimensional
spanwise wall velocity Wy" = (d2/2)w/u,, and nearly
45% drag reduction can be obtained in the turbulent
boundary layer at an optimum value of " = 15.
With the inspiration from wall oscillation,
turbulence control by a spanwise oscillating Lorentz
force has been developed. Berger and Kim et al. of
the UCLA group seems to be the first to present a
very detailed DNS study on Lorentz force
oscillation at different frequencies and Reynolds
numbers.® An optimum spanwise velocity scale
StT*/(2nRe,) = 10 was also suggested by Berger et
al., and under which up to 40% drag reduction can
be achieved. Experimental studies of spanwise
Lorentz force oscillation have been done by Pang

' All the experiments of the present research were carried out at the University of Nottingham as a Ph.D. research
project under the supervision of Dr K-S Choi (1999-2003). Future research of developing actuators by applying
spanwise oscillation for separation control on a wind section is carrying on at AIST, Japan.
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Figure 1: Configuration of electrodes and magnets to
create Lorenz force in parallel to wall surface,
normal to flow direction. By switching the polarity of
the electric current, spanwise-oscillating Lorenz
force field was created.

and Choi '®'7 in an open water channel. After
realizing the importance of the near-wall spanwise
velocity scale in a spanwise oscillatory excitation,
the spanwise velocity profiles under Lorentz force
oscillation and wall oscillation were studied and an
equivalent spanwise wall velocity W', =
StT'/(2nRe,) has been introduced.'® The introduction
of W",, makes it possible to link wall oscillation and
Lorentz force oscillation together and make
comparisons under the same spanwise wall velocity
scale. It was shown that when W+eq = 10-15, up to
30-40% skin friction reduction can be found just at
the downstream of the controlled area.'” This shows
a good agreement with the experimental results on
spanwise wall oscillation, in which an optimum
spanwise wall velocity W," = 15 was suggested.'’
This seems to suggest that wall oscillation and
Lorentz force oscillation may work in a very similar
mechanism for drag reduction. Very similar as the
investigations by Pang and Choi'®', an
experimental investigation on spanwise Lorentz
force oscillation was done by Breuer et al.'® and
Park et al.'” in a pipe flow by using PIV and direct
drag measurement. Their recent results showed that
10% drag reduction has been achieved. From a
scaling analysis, Breuer et al.'® implied that the
scale of oscillating Lorentz force should match the
inertial force of fluid in order to effectively modify
the near-wall structures. An optimal Stuart number
St was also suggested by Breuer et al. as St =
JBa/(pu;’) = aRe/(hT"). Although the scaling
system quoted here is slightly different from Berger
et al.® and Pang et al.'’, this seems to confirm that
under the same Reynolds number, the optimal St
should be inversely proportional to oscillation
period 7°. Park et al.'” argued that the drag
reduction measured in their experiments may be
partially counteracted by the enhancing flow speed,
implying the real drag reduction may be bigger than
the measured one. Breuer et al.'® also implied that
because only mean effects of skin frictional drag
were measured over a test surface with and without

Lorentz force oscillation, some local drag reduction
is likely much higher than 10%.

This paper is aiming to show more evidences of
the effect of Lorentz force oscillation on the
near-wall coherent structures by analyzing the
optimum amplitude of Lorentz force oscillation. The
drag reduction mechanism under Lorentz force
oscillation will also be discussed.

2. Experimental Setup

The present experiments were performed in a 7.3
meter long close-loop open-water channel with a
working section of 600x300 mm. The free stream
velocity of the present experiments is set as 0.14 m/s,
with a zero pressure gradient along the length of the
working section. A 4-meter long test plate with 20:1
ellipse leading edge was placed in the channel. The
boundary layer was tripped just after the leading
edge by an artificial surface roughness (about 10
mm high) to ensure a fully developed turbulent
boundary layer over the working area on the test
plate. To reduce corrosion problems in the channel
system, CuSO4 was chosen and it was introduced
into the flow by slot-injection through a 0.5 mm
wide and 250 mm long slot with a nearly tangential
speed of about 0.025 m/s. From this injection, a
suitable layer with strong conductivity is produced
just above the surface of test plate without soiling
the rest of water. The conductivity was reduced
along the test plate from original 1.0 S/m to 0.247
S/m at the measurement position (324 mm
downstream of the injection slot) as a result of
diffusion. The diffusive layer thickness, the
wall-normal distance from the wall where the
conductivity reduce to half of the maximum value,
was 3.2 mm (¥y'=19) at this location. The added
momentum to the flow from the injection was only
0.042% of the momentum of the turbulent boundary
layer, therefore the effect of injection on the
boundary layer profile is negligible. The test plate
material is made of perspex with a replaceable part
for EMTC control actuators and CuSOj injection
slot to fit in. The turbulent intensity in this
open-channel is about 1% by placing screens and
honeycombs in the channel and up-stream tank just
before the test plate.

The total EMTC area is made up by 16 small
Electro-magnetic (EM) arrays, which were placed in
the replaceable part of test surface and kept flush to
the wall surface. This will cover a streamwise x” up
to 1770 and spanwise z° up to 1357. Each EM
actuator is made of 5 mm wide, 10 mm high and 50
mm long rectangular bar of NdFeB permanent
magnets with 1.2 T remanence and copper
electrodes of the same size in an interleaved way
with 1.63 mm thick insulator in between. This will
correspond to an effective size of magnets and

This document is provided by JAXA.



[ BESrE R O H & il | WSS aisam 0 (#5330 - §53400)

50— ———
40 ® [

= e e
= o
c / 5
o ' .
= 30 ¥ _ % LN
'ij i \'\\
o o‘f : e ™~ “ -
o 20 #
© |
(m] | /_/ \\\‘\

| %

@
10 o
//
i, /”
0¥ ‘ ; = ey
0 5 10 15 20 25
w+

Figure 2. Drag reduction against W' ,,,;=StT"/(2nRe,)
at all the Lorentz force oscillation conditions;
Comparisons with data from Choi (2002) and Berger
et al. (2000) are also shown in the figure.

( e ), Present experimental data; ( e )i
Berger & Kim et al. (2000); ( o ), Choi (2002);
( ), fitted curve for the present experimental
data

electrodes of @ = 6.63 mm with a penetration depth
4" = 124 (Fig. 1). By switching the polarity of
direct current to the electrodes, the direction of the
spanwise Lorentz force can be altered periodically,
which will introduce an oscillatory flow motion in
the near-wall region of the turbulent boundary layer.
It was observed that the electrolysis bubbles, which
appeared in most cases of EMTC experiments, were
greatly reduced throughout the experiments. During
the experiments, copper (Cu), one of the productions
of the electro-chemical reaction in the CuSO,
solution, will be deposited on the copper electrodes
without changing the surface characters of the
electrodes.

Single component  streamwise velocity
measurements were made by Dantec 56C CTA
system and a single, miniature boundary type
hot-film probe-Dantec 55R15. This fiber-film sensor
is a Nickel film deposited on a 70 um diameter
quartz fiber. Overall length is 3 mm, and sensitive
film length is 1.25 mm. Film is protected by a quartz
coating with approximately 2 pm thickness, which
can protect the film to work in this conductive and
corrosive solutions after CuSO, injection in the
systems. The hot-film was operated in constant
temperature mode with an over-heat-ratio of 1.05,
with which the bubble generation from the film
surface could be effectively reduced. At the same
time, the wall proximity effect due to heat
conduction from the probe to the wall surface was
not observed in the present study at least for y™ > 1
because of the application of low over-heat-ratio
over a nonconductive test plate in high thermal
conductive  fluid  (water), whose  thermal
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conductivity is 23.5 times greater than that of air
and approximately three times greater than that of
the Perspex test plate. Data from the anemometer
system were sampled at a rate of 50 Hz using an
[0OTech ADC 488/8S analog-to-digital (AD)
converter. The probe is mounted to a wall normal
(v-axis) traverse system, which is computer
controlled via a Digiplan step-motor controller. The
wall normal movements are made with a resolution
of 1.25 um.

All the measurements were confined at 5 mm
downstream of the EM actuator arrays, where no
noticeable changes to the hot-film signal due to the
interference of the electromagnetic fields were
noticed. The estimated mean magnetic strength at
the surface of the actuator is By = 0.78 T. By
changing the voltage applied to the EM actuators
between ¥y = 3.2 and 12.9 V, the current density Jp
= (m/4a)aVy was set between 94 and 376 A/m2
according the conductivity ¢ at the hot-film
measurement position (5 mm downstream of the EM
array), giving the St from 105 to 422 in the present
experiments.

3. Results and Discussion

For more information of experimental setup,
boundary layer profiles with and without Lorentz
force oscillation, skin friction measurements and
optimization, please read reference 17 and 23.

A. Amplitude measurement

As mentioned earlier, an “equivalent spanwise
wall velocity” W', = StT'/(2zRe,) plays an
important role in finding the optimum conditions for
turbulence control under Lorentz force oscillation
and an optimum value of W', = 10-15 was
suggested after experiments at different combination
of St and 7° (Fig. 2). Since the main power
consumption for Lorentz force oscillation will be
determined by the current which has been applied
during the excitation, this seems to imply that to
achieve drag reduction with lower power
consumption, a smaller St and a bigger oscillation
period 7" (lower oscillating frequency) are preferred.
However, how does the oscillation amplitude change
with frequency? How important of the oscillation
amplitude to the Lorentz force oscillation? The
following section may give us some clue.

The oscillation amplitudes at different oscillating
frequencies (0.25, 0.33, 0.5, 0.66 and 1.0 Hz) have
been measured by a flow visualization method and
the results are shown in Fig. 3. During this
experiment, the free stream velocity is kept at 0.14
m/s and the non-dimensional Lorentz force St is also
kept constant at 210 (based on u, at uncontrolled
case). The amplitude of the oscillation was
measured by reading the peak to peak displacement
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Figure 3: Nondimensional peak to peak

displacement Az" of the near-wall streaks under
Lorentz force oscillation at different oscillation
frequencies (S=210)

of one streak structure in one circle of Lorentz force
oscillation. With the help of 1 mm grids pasted on
the wall surface, 20 sets of amplitude were measured
from which an average was determined. Since the
streak structures in the visualization pictures are
considered as collections of local low momentum
structures, we can assume that the observed
amplitude of the streaky structures is the oscillation
amplitude of the near-wall coherent structures,
where the centre of the streamwise vortices with low
speed is considered as a collection of the dye for
visualization.

Figure 3 presents the non-dimensional peak to
peak displacements of the near-wall structures
against nondimensional oscillation period 7". The
trend in Fig. 3 suggested a nonlinear relationship
between 4z° and 7 under same St higher
frequencies result in much lower oscillation
amplitudes, this suggested when the frequency is
greater, the flow will oscillate with much lower
amplitude since the inertial force is too large to
overcome, hence resulting in a weaker spanwise
disturbance to the flow, and vice verse. It can be
found that the peak to peak oscillating displacement
is 4z° =~ 55 (about 8 mm) when the oscillating
frequency was set at 7" = 47 (1 Hz); when
oscillating frequency is reduced to 7" ~ 189 (0.25
Hz), a bigger peak to peak oscillating displacement
of 4z" = 340 (about 49 mm) was observed.

From Fig. 3, if we choose one point which has
been suggested as one of the optimum conditions for
Lorentz force oscillation: St =210 and 7" = 97 under
the present experimental conditions, a spanwise
velocity scale can be estimated by W' = 24z/T"=2.6.
This spanwise velocity scale can be taken as the
spanwise oscillation velocity of the centre of the
streamwise vortices under the oscillating Lorentz
force. If we fit this spanwise velocity scale into the

Figure 4: Spanwise velocity profile under the Lorentz
force oscillation. Solid line shows the envelope of
spanwise velocity profile calculated by Berger et al.
(2000); dashed line shows the calculated spanwise
velocity profile when an equivalent wall velocity W', is
introduced. (Pang et al. 2003); dotted circle shows the
average location and size of near-wall streamwise
vortices

spanwise velocity profile under Lorentz force
oscillation,® it can be noticed that the centre of the
streamwise vortices is located at about y" = 20 (as
shown in Fig. 4). This prediction of the location of
the streamwise vortices agrees well with the DNS
results,®?! in which they suggested the centre of the
near-wall streamwise vortices in the turbulent
boundary layer is located at about y" = 15-25. In Fig.
4, the spanwise velocity profile calculated by a
simplified model'® was also plotted for comparison
with an “equivalent spanwise wall velocity” W', at
y"= 0. It can be noticed that the spanwise velocity
of the center of the near-wall streamwise vortices is
about Y of the wall velocity W', implying the
centre of the streamwise vortices will oscillate with
an amplitude of about ' of the wall amplitude.

B. Equivalent spanwise wall amplitude A," under
Lorentz force oscillation

An “equivalent spanwise wall amplitude” can be
deduced from the “equivalent spanwise wall
velocity™:

o BT Sy

= 2 _4n‘2Rer (1)
If we substitute all the St and T* combinations of
the present experiments into Eq. (1), a relationship
between ‘“‘equivalent spanwise wall amplitude” A,
and reduction of skin friction can be established as
shown in Fig. 5. From Fig. 5, it can be noticed that
there exist a higher drag reduction region (about
30% skin friction reduction) when the
nondimensional spanwise wall amplitude is around

4,
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Figure 5: Drag reduction against “equivalent decetion. [ x
spanwise wall amplitude” 4," at all the present z
Lorentz force oscillation conditions
200 (between 100 and 300). This will correspond to
an optimum peak to peak wall displacement 4z" of
about 400 (two times of the amplitude), which will ®)
be capable of moving the streamwise vortices into ¥
spanwise direction at a peak to peak amplitude of XU |
about 100 according to the previous discussions. e o
Since the mean distance between the streamwise =
vortices is about 100, these results seem to imply { ) L — J
that to achieve effective disturbance to the near-wall X Ye— e
5 . X 2 o R —
streamwise vortices for drag reduction, a spanwise ~ e —

oscillation excitation should be able to move the dirskiion BELarent forcs
coherent structures at a displacement same as the m‘
mean distance between the near-wall streamwise

vortices, which is about 100 wall unit. This was also

suggested by Choi et al."” in an experimental study
of spanwise wall oscillation.

(c)

Figure 6: A schematic model shows how an extra negative
spanwise vorticity can be generated to the original
streamwise vorticity under the oscillating Lorentz force. (a)
Loreniz force is acting in upwards; (b) Lorentz force is acting
downwards; (c) Possible spanwise velocity distribution
beneath the streamwise vortices under Lorentz force
oscillation. An extra vorticity Q could be generated by this

C. Mechanism Investigation

A conceptual mechanism for the spanwise-wall
oscillation was first presented by Choi et al.,"” in
which they argued that a negative spanwise vorticity

created in the near-wall region of the boundary layer spanwise velocity gradient, where Q, the original streamwise
during both negative and positive spanwise motion vorticity. This extra vorticity will be twisted into spanwise
of the wall oscillation causes a reduction in the diection as moving downstream with a negative spanwise
streamwise velocity in the near-wall region by component as shown in Fig. 6 (a) and (b).

hampering the stretching of the quasi-streamwise
vortices in the near-wall region, leading to a
reduction in the streamwise vorticity and the
near-wall burst.

From the flow visualization pictures' ", it can be
noticed that: the streak structures are twisted into the
spanwise directions when the oscillation force is
applied; the spacing between streaks is increased by
about 50% and the population/frequency of the
streaks is reduced; appearance frequency and
duration of the sweep events have been reduced
when passing through the electromagnetic arrays.

The similarities between the oscillating Lorentz
force case and oscillating wall case seem to suggest
these two turbulence control strategies could have

very similar mechanism. Fig. 6 shows a schematic
model that demonstrates how an extra negative
spanwise vorticity to the near-wall turbulent
structures (streamwise vortices) could be generated
when the shear layer is skewed both into the
negative spanwise direction and into the positive
spanwise direction. As shown in Fig. 6(a), when the
oscillating force is acting upwards in the picture, a
shear layer acting in the same direction will be
generated. From the profiles of spanwise velocity
field generated by oscillating Lorentz force as
shown in Fig. 4, it can be noticed that the maximum
spanwise velocity will increase as approaching close

17,23
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to wall (until y*= 7). Since the centre of streamwise
vortices is located at around 15 <y < 25, such a
spanwise velocity gradient in the wall normal
direction (y direction) will produce a strong shear
layer just beneath the streamwise vortices, which
will produce an extra vorticity to the original
streamwise structures (Fig. 6(c)). But this newly
generated vorticity will be tilted into spanwise
direction by the combination force acting from
oscillation force field and original streamwise
inertial force field as moving downstream and
gradually lifting up. A spanwise component of this
vorticity which can be noticed pointed to negative z
direction. Similarly, an extra negative spanwise
vorticity can alsoc be generated when the oscillating
Lorentz force is switched to opposite direction as
demonstrated in Fig. 6(b). This negative vorticity
will be responsible for a reduction of the near-wall
streamwise velocity gradient duw/dy and hence a
skin-friction reduction could be achieved.

4. Summary

Series of experiments have been done in the
present research to study turbulence control for drag
reduction with spanwise Lorentz force oscillation in
turbulent boundary layers. It was observed that up to
30-40% skin frictional drag reduction was achieved
just at the downstream of the EM actuators when an
“equivalent spanwise wall velocity” W' is set at
10-15. This shows a good agreement with the DNS
result on Lorentz force oscillation, in which
StTY/(27Re) = 10 was suggested as the optimal
‘conditions for drag reduction. This result is very
similar to the turbulent drag reduction by spanwise
wall oscillation, where a spanwise wall velocity was
suggested as a key parameter to describe the amount
of drag reduction, with a similar optimal spanwise
wall velocity W, =15 was reported. Our experiments
showed Lorentz force oscillation works at similar
drag reducing mechanism as spanwise wall
oscillation but with a slightly lower efficiency. It
was shown that the near-wall mean velocity gradient
reduced by 30-40% and the turbulence intensities in
the near-wall region remain unchanged except for a
16% increase around y* = 12; the higher moments of
turbulence statistics like skewness and kurtosis were
increased near the wall when St = 210 and 7" = 97
in the present experimental conditions.

A discussion on the amplitude suggested the
importance of an oscillation amplitude scale also
need to be considered apart from focusing on an
optimum spanwise wall velocity. An “equivalent
spanwise wall amplitude” was first defined and the
experimental results suggested an optimum value for
this wall amplitude is around 200, which is capable
of moving the near-wall turbulent structures at 3
peak to peak displacement of about 100 wall units.

With the help of flow visualization, a possible
drag reduction mechanism for the spanwise
Lorentz-force oscillation was also presented. It
seems the near-wall gradient of spanwise velocity
profile plays a key role to create an extra negative
spanwise vorticity, which could result in a reduction
in the near-wall slope by hampering the stretching of
the guasi-streamwise vortices in the near-wall region,
hence giving skin frictional drag reduction.
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Roll-cell convection in unstably-stratified boundary layer
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ABSTRACT

Numerical simulation of roll-cell convection in unstably-stratified boundary layer has been performed. Assuming
incompressible Newtonian fluid with constant properties, the steady equations of continuity, momentum and energy
have been sclved simultaneously by using the finite volume method under constant heat-flux condition. Momentum
thickness Reynolds number at upstream boundary is 76 and both with and without artificial disturbance are tried.
Growth of disturbance, spanwise pitch of streamwise vortices and interference between adjacent vortices are examined
based on the velocity vector and vorticity maps. Mechanism of successive induction of vortices is explained by using

buoyant production of streamwise vorticity.

Key Words: Roll-cell convection, stratified boundary layer, body force instability
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Boundary layers and instabilities of a suction vortex

T. Noguchi, S. Yukimoto, F. Y. Moulin, R. Kimura and H. Niino
Ocean Research Institute, The University of Tokyo

ABSTRACT

Velocity field measurements and visualization is applied to a sink vortex of water (with a free surface
on top) produced in a cylindrical tank rotating about the vertical axis. The controlling parameters
are the rotating rate of the tank (0.2 and 0.4 rad s™!) and the volume flux of a water withdrawn
from a hole at the center of the bottom (50 and 150 cm® s71). It is found that a Rankine-like vortex is
produced in the steady state when the volume flux of a water withdrawn from the hole is large. When
the volume flux is small, however, the conservation of the angular momentum around the central axis
of the vortex does not established. A simple theoretical model that assumes Ekman boundary layer
on bottom plate turns out to reproduce successfully the nonconservation of angular momentum. The
injection of fluorescence dye at the periphery of the cylindrical tank reveals that the water introduced
at the periphery of the tank descends to the bottom along the side wall and flows to the center of the
tank in the boundary layer at the bottom of the tank, However, the dye ascends in a thin vertical
layer around the core of the vortex suggesting that the upward flow is formed surrounding the sink
VOItex.

When we reduce a rotation rate of the tank from 0.4 rad s™! t0 0.2 rad s™! with keeping the withdrawal
rate of the water (to maintain a vortex) constant, horizontal plumes appear near the side wall because
of the inertial instability. They penetrated a limited extent into the interior region, so that we have
a mixing layer near the periphery of the tank. At the same time nearly-axisymmetric disturbances
develops from the bottom boundary layer and intrude into the interior region.

Key words: suction vortex, Ekman boundary layer, inertial instability
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Transitions of flow between two corotating disks in a stationary enclosure

J. Mizushima and T. Miura

Department of Mechanical Engineering, Doshisha University

ABSTRACT

T ransitions of flav betw een t w o corotating disks in a stationary enclosure are imstigated numerically and

experimentally . The flow is symmetric with respect to the inter-disk midplane as well as axisymmetric around

the axis of rotation at small Reynolds numbers. It becomes unstable to two different modes of disturbance, one of

which is an axisymmetry-breaking mode to yield a polygonal flow pattern in the radial tangential plane and the

other is a symmetry-breaking instability with respect to the inter-disk midplane with retaining the axisymmetry.

We analysed the symmetry-breaking mode of instabilty numerically assuming the axisymmetry and found that

the steady axisymmetric flow is unstabl

ble not only to stationary

Alatiiriians 1 ala 11y s -
disturbances but aiso to OS\,LLG{\)L\ disturbances.

We obtained bifurcation diagrams of the flow for various values of gap ratio and depicted a transition diagram.

Our numerical results are confirmed by experiments.

Key Words: corotating disks, couette flow, instabilily, transition
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Transition and Breakdown of Fine Water Jet

H.Sate, H.Saito and H.Nakamura

Institute of Flow Research

ABSTRACT

The liquid jet into air has been investigated in various fields,

including bubble jet printer and polymer extrusion.

We made a simple, fundamental experimet. The round jet shows the random nature of breakdown. The square jet

shows 3 twisting and early breaskdown.

When air is introduced into the center of a round jet, the breakdown

becomess less random. The control of breakdown was possible by external sound.

key word: water jet , jet breakdown
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Flow Environment Simulator
Y. P. Kohama, T. Kato, S. Kikuchi, F. Ohta
IFS, Tohoku Univ.

Abstract

Results of the fundamental performance measurement of newly designed and constructed

fluid dynamics research facility “Hyuga Aerodynamic Research by Towing (HART)” is reported.

Outstanding features of present facility are its ultra low turbulence intensity nature and

capability of measuring wing-in-ground effect performance.

Using this facility, high accuracy

turbulent transition research, under floor flow measurement of vehicles, wing-in-ground effect

research and others researches are possible.

Key Words :

Ultra low turbulence intensity nature, Boundary layer transition, Wing-in ground

effect, Under floor flow, Experimental research facility
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Current status and issues of drag prediction for aircrafts using RANS

K. Yamamoto and M. Murayama

Institute of Space Technology and Aeronautics
Japan Aerospace Exploration Agency

ABSTRACT
This paper presents current status and issues of aircraft drag prediction using numerical
methods based on Reynolds-averaged Navier-Stokes equations (RANS) in JAXA. Several re-
sults on an airfoil and aircrafts show the prediction of aerodynamic drag is very sensitive to
grid density and numerical schemes as well as transition in boundary-layer. Although
state-of-the-art RANS CFD can not satisfy the requirement for aerodynamic design of aircrafts
enough, it already provides almost the same reliability as wind tunnel tests in some cases. To
overcome the issues in the prediction reliability, tighter cooperation between numerical and
experimental methods is important besides efforts to improve numerical schemes and turbu-

lence models.

Key Words: CFD, Drag prediction, Reynolds-averaged Navier-Stokes equations
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Computational Aeroacoustics: Present Status and Problems to be Solved
C. KATO'
“Institute of Industrial Science, The University of Tokyo

ABSTRACT

Computational Aeroacoustics, which is defined as a method that numerically predicts sound due to fluid
motion, is expected to become a powerful engineering tool for identifying primary mechanism of noise
generation from the flow of interest and investigating means to achieve noise reduction. Unlike in the United
States and some European countries, where noise generated from high-speed flow such as jet engine noise
(fan noise) is of the central interest in this field, noise generated from relatively low-speed flow is the major
interest in Japan and some Asian countries. This includes noise from low-pressure fans, automobiles and
high-speed trains. Prediction of noise due to low-speed flows is, in general (or practically), achieved by a
decoupling method where source fluctuations are first computed and fed to the following acoustic
computation as the input data with an assumption that the generated sound does not alter the source flow field.
It is crucially important to apply a decoupling method that is appropriate and most feasible to the flow and
sound field of interest. Then, the accuracy of the source computations generally determines the overall
performance of the sound prediction. This paper focuses on the noise generated from low-speed flows and
overviews the present status of the noise prediction. Issues to be solved will also be addressed.

Key Words: Computational Aeroacoustics, Large Eddy Simulation, Bluff Body, Turbomachinery, Boundary Layer
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An experimental validation of the cross-independence hypothesis
by using a large-scale turbulence

H. Makita, S.Takasa' and N. Sekishita®
" Toyohashi University of Technology

ABSTRACT

Tatsumi’s cross-independence hypothesis was experimentally verified in homogeneous quasi-isotropic turbulent
fields of R, =~ 240~350. The PDF of the velocity-sum at two separated points was almost Gaussian in the whole
wave-number range. But for the velocity-difference, it obeyed Gaussian in the low wave-number range and gave
non-Gaussian distribution in the viscous subrange. Correlations were calculated between the velocity-sum and the
velocity-difference to examine the statistical independence of the cross-velocity. The even-order correlations of the
cross-velocity were almost completely independent. But the odd-order correlation did not show such independence,
because the PDF of the velocity fluctuation is not strictly symmetric and the skewness can not be zero. Fusther
modification is desired for the hypothesis by taking into account the existence of the viscous subrange and the
asymmetrical PDF of the practical turbulent fields.

Key Words : turbulence, closure problem, cross-independence hypothesis, pdf] skewness, hot-wire measurement
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Discussions on the methods of vortical structure identification

A K. Xiong, K. Kobayashi, S. Izawa and Yu Fukunishi
Dept. of Mech. Eng., Tohoku University

ABSTRACT

A new method of vortical structure identification, named 7 method, is proposed. The method
focuses on the relation between the vorticity vector and the rotating condition of its neighboring
fluid. The results are compared with the other methods, namely the Q method, the Ay method and
the A method, using the DNS data of a forced isotropic homogeneous turbulence and a collision
of four vortex rings. It is shown that m method has the advantage of being not sensitive to the

threshold.
Key Words : vortex identification, DNS, 7 method
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Interaction between a columnar vortex and turbulence

N. Takahashi*, T. Takahashi**, K. Yamamoto* and T. Miyazaki®
% Dept. Mechanical Engineering and Intelligent Systems, Univ. Electro-Commun.

xx Japan Aerospace Exploration Agency

ABSTRACT

The interaction between a columnar vortex and external turbulence is investigated nu-
merically. As the columnar vortex, the Lamb-Oseen vortex and the g-vortex are used.
The columnar vortex is immersed in an initially isotropic homogeneous turbulence field,
which itself is produced by a direct numerical simulation of decaying turbulence. Using
visualization techniques, we investigate the formation of inhomogeneous fine turbulent
eddies around the columnar vortex, the vortex-core deformations and the dynamical

evolution in the passive scalar field.

Keywords: Turbulence, Vortex Breakdown, Passive Scalar
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OB B i S AYELS VR A2 35
BARSC L2 EoMEE LTHLE, TNETHEES
(1] 1%, Lamb-Oseen i & HLiftH5 & D E/EMBERIZD
WOHEREFE L THEHAL, (1) MB8T5
Wk oS E L RBREEE ORI, (2) BRSO
AEBEORBIIEEOER, 2RI TS, KX
T I 2HESY, LLamb-Oseen i & & 2L
EOME/EBICHER S A D I —BEORERR, BT
IL SR D B A BF i (g-vortex) & RALTS & DA
FEFATEZ 2 &0 ZERE., ZiRGEOTHALIC
LToTZAZERZHMET S,

g7 -2 - A7 MViEE v, Navier-
Stokes HHER, /8y ¥ T AH T — D HRER T HERE
FE L, BEEICE, Batchelor W% 7MW EL 7
g-vortex[2] &, FNLTNH Wz, INLDWHE, W
Lok 2B e L7oMARREELR (r,0,2) TEDT &, HE

B
(U, Up, U,) W

U, = 0, (1)
N Fg 7“2 N
o= g (R)) e

U, =

23
3] [

r
g exp{f } (3)
27r0q

b, TITHREIST AY gld, AN T Bk OR
MriZ vy 72 Lamb-Oseen i Tld ¢ = —oo 12, @O
H B ROBNT T IR m = 1I2DWTHERK
DEMEEZFFD g = —0.45 (Mayer and Powell[3]) {2,

WOEETH Y, To WHRFROMERE AT BFHD
TEBR To 12, HREMIZHENTHRIIRELT L7720,
FRARBOWED BT w E RO Er &

2 ZAT—HEBEOE (Lamb-Oseen
M, ¢ = —00)

WM LT, RISRT Case 1, Case2 & 23810
D53AT % 52 72; Case 1t s1(r) exp{~i—;}, Case 2:
sa(r) % exp {—;—%}o

Case 1 Tlk, WENIZAHT 520 7 —OHFEN
%5728, Lamb-Oseen i (¢ = —cc) DIMED 2z
WO B, B R (0 1).

A b7 B OEMEE, B Sy VT AN T —DF
BT (BKfED 16%). (a)Case 1, (b)Case 2.

PEELZWEGEHETLE, Ny VT AL T8
I (r ~ o) PIC ¢~ 10 T THRBPES N, FRDE
DEEHTHEENA~DBEZE LR EIIRON o7,
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— IR T A2 L3R, ToomE jj BRERO/SY VT AN T =13 FOEIL q: L
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EHFEZONL, BEBOFEMIIENL 2 2 id, BROMERRENE 4]
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) COBEERET b,
3 g-vortex

5214, /I[a.(’??l_.@xttf&’ﬂnl)x@ +1§Lﬂl & / NLTz %%?ﬁ
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?/U,E/E{??Lﬁivk g-vortex = ERHHHE 272 *“faé\é 2 22T,

HIROEE LR o Tz, FD% . . )
[2] M. Lessen, P. J. Singh, and F. Paillet. The sta-

bility of a trailing line vortex. part 1: Inviscid
theory, J. Fluid Mech., 63:753-673, 1974.

I:» mr—_rjr;k_-r-\m

12, g-vortex I EMEIRG DB »
f’*'v‘ﬁ“ . %ﬂ%ﬁ’a@%o FERSSERING D 5. g-vortex
BN S (VA A M‘%i%) 2L (H2(a), #0%

SO L EEF G S AT 72 (4 2(b))o [38] BE. W. Mayer and K. G. Powell. Viscous and in-
At 1 R T 5 25 () 2(0))\ 2DONDAINA T I viscid instabilities of a trailing vortex, J. Fluid
4ﬁ®iféﬁﬁf%5§f'a‘wf:ﬁ%tc%‘-& (R84 ZIVHEE) 1T Mech., 245:91-114, 1992.

L7zo TD7280, AL E %R g-vortex D FREIIELIT

DFEENZRNASIZE %?ﬁﬁ“i YR INRHASE= o) o5
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[4] Y. Fukumoto, The three-dimensional instability
of a strained vortex tube revisited, J. Fluid Mech.,
463:287--318, 2003.
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