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In order to understand the statistics and physics of turbulence, we performed large-scale direct numerical simulations
(DNS's) of canonical incompressible turbulent flows on the Earth Simulator, including those of (i) turbulence in a periodic
box, (ii) multi-phase turbulent shear flows, (iii) turbulent Ekman boundary layer, and (iv) passive scalar turbulence. The DNS
data were analyzed to study (i) the energy transfer in the inertial subrange and the multifractal characteristics in fully devel-
oped turbulence, (ii) surface deformation effects on turbulence structures for two different types of air-liquid interface turbu-
lent shear flows, (iii) Reynolds number dependence and the three dimensional characteristics in the turbulent Ekman boundary
layer, and (iv) the universality of passive scalar turbulence.

We also performed numerical simulations of turbulent flows on the ES from the viewpoint of engineering applications. We
made simulation of flows and acoustic fields around horizontal-axial-type of wind turbine by using compressible Large-Eddy
Simulation (LES) and direct prediction method of noise, with emphasis on the blade tip region. Aerodynamic performance
and acoustic emissions are predicted for the actual tip shape, an ogee type tip shape and an attached winglet. These giant sim-

ulations are found to be available for the engineering topics such as design of wind turbine.
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1. Data analyses based on high-resolution DNS of  olution DNSs with R, up to 1130[2]. The DNSs suggest (i)

incompressible turbulence the PDF of T(k) is far from Gaussian, and it is more intermit-
In order to study universal nature of fully developed tur- tent for larger k, (ii) the skewness and flatness factor of the
bulence at high Reynolds number, we performed data analy- fluctuation of 7(k) increases with k, and obey simple scaling

ses based on DNS of forced incompressible turbulence in a laws in the inertial range, and (iii) the volume ratio of back-
periodic box with the number of grid points up to 4096° on ward transfer region is as large as 30-40% (in the use of
the Earth Simulator (ES) [1, 2]. The DNS data have potential spectral cut filter) in the inertial subrange.
ability to elucidate the universal nature of high Reynolds The statistics of the energy dissipation rate € and its local
number turbulence. Here we present some results obtained volume average ¢, is also studied by using the DNS data. The
by the recent analyses. analysis suggests that in the inertial subrange, (i) the correla-
tion between 7T and ¢, is not high, but as low as about 0.25, (ii)
1.1 Energy transfer in the inertial subrange the locations of intense transfer region and high dissipation
The statistics of energy transfer 7(k) through the  region are separated from each other, in contrast to intense
wavenumber k was studied by analyzing the data of high res- forward and backward transfer regions, and (iii) the PDF's of
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T and ¢, decreases with x = (T — <T>)/o; or x = (¢, — <¢,>)/ 0,
similarly to each other, for large x, where <a> and o, denote
the average and standard deviation of ¢, respectively.

The dependence of the statistics of the energy transfer T
on the filter function used for the definition of the grid scale
component is also studied by comparing the statistics of T
given by the Gaussian filter with that of 7 given by the
spectral cut filter. The volume ratio of backward transfer
region for T is shown to be smaller than that for Ty, in
agreement with previous studies. The moments of T are

found to scale with k similarly as those of T5.

1.2 Multifractal analysis

The intermittency of energy dissipation rate € as well as
that of enstrophy £ in fully developed turbulence, and its
scale-similar facets, may be well characterized by using a
general formulation in terms of multifractal. In the present
study we performed multifractal analysis by using the high-
resolution DNS data of turbulence [1, 2], with special empha-
sis on the similarities and differences between € and €.

In multifractal formulation, the so-called "generalized
dimension" Dq is given by

Z(af(xi)r3/<a> L3 )qN(r/L)(I/—I)Dq

as a r -independent exponent, where a, is the average of a = ¢,
€. over a cubic domain of size r around location Xx;, and <a>
is the average of a over a cubic domain of size L in the DNS
field. Our preliminary analysis suggests that almost r -inde-
pendent D, is obtained for r in the inertial subrange of turbu-
lence obtained by high-resolution DNS and also suggests that
the value of D, for ¢ agrees well with that for £ provided that

ris in the inertial subrange.

2. DNS of multiphase turbulent shear flows

To investigate surface deformation effects on turbulence
structures for two different types of air-liquid interface turbu-
lent shear flows, direct numerical simulations by using the
MARS method [3] were performed. One flow filed is a fully-
developed wind-driven turbulent flow at maximum wind
speed of 2.2 m/s. The other one is an air-liquid counter cur-
rent flow induced by a high-speed liquid film:"Super-critical
turbulent open-channel flow" at Froude number of 1.8 based
on the bulk mean velocity and wave velocity of long wave.
Instantaneous free-surface behavior for wind-driven flow and
super-critical open-channel flow is shown in Fig. 1-(a) and
(b), respectively.

In the wind-driven flow, some wind-waves with the crests
are observed and wind-waves are formed to the large scale-
shapes in the horizontal directions. On the other hands, in
the super-critical open-channel flow, gently bumped waves
and high-frequency fluctuations on them are observed.
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Figures 2 and 3 show pressure-strain term distribution,
where @, ¢,,, ¢5; denotes streamwise, vertical and span-
wise pressure-strain term, respectively. Nevertheless flow
type difference, the redistribution from the vertical pres-
sure-strain term to others is dominant during the surface
deformation range. But, the spanwise pressure-strain term
contribution is bigger and reverses the vertical value at the

vicinity of the air-liquid interface (y* > 160) in wind-driven

Air Flow

=

(a) Wind-driven turbulent flow

L.=6.4h

(b) Super-critical turbulent open-channel flow

Fig. 1 Instantaneous free-surface behaviors.
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Fig. 2 Pressure-strain term distributions, water side.
(Wind-driven flow)
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Fig. 3 Pressure-strain term distributions, water side.

(Super-critical open-channel flow)

flow. Because, free-surface acts as a kind of wall in wind-
driven flow and high-frequency free-surface deformation
itself causes turbulence in super-critical open-channel flow.
These pressure-strain terms behaviors support well turbu-
lent intensity distribution near free-surface for each case
and free-surface turbulent model would be required to satis-

fy these characteristics.

3. DNS of the turbulent Ekman boundary layer

Rotation is one of the factors which affect the planetary
boundary layer (PBL). The boundary layer under the effect
of the system rotation is called the Ekman boundary layer.
The Ekman boundary layer is three-dimensional flow in
nature, in which three forces are balanced, i.e., the pressure
gradient, viscous and the Coriolis forces.

In the present study, we calculated DNSs of the neutrally
stratified turbulent Ekman boundary layer up to the Reynolds
numbers of Re,= 1393 where Re, is based on the geostrophic
wind, the kinematic viscosity and Coriolis parameter. Our
objective is to investigate Reynolds number dependence and
the three-dimensional characteristics in the turbulent Ekman
boundary layer. The Reynolds number attainable through
DNS is, however, still much smaller than those of the actual
PBL. The RANS plays an important role in the simulation of
the PBL. Accordingly, we evaluate the eddy-viscosity model
[4] to improve it based on the present results.

A bird's eye view of an instantaneous flow field is dis-
played in Fig. 4 to grasp the three-dimensional characteris-
tics of the turbulence structures. The streaky structures are
observed near the wall and elongated along the mean veloci-
ty direction. On the other hand, large low-speed regions exist
in the upper region. The large-scale structures rise up from
the bottom because the low-speed fluid is conveyed from the
bottom wall. The structures are not aligned in the direction
of the mean velocity. They are elongated approximately in
the direction of the geostrophic wind (in the x-direction) and
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Fig. 4 Bird's eye view of instantaneous flow field for Re; = 1393. Red,

high-speed regions u" > 3.0; blue, low-speed regions u™ < -3.0;
green, low-speed regions in the upper region u"* < -1.2 at z/D > 5
where D is the viscous Ekman layer depth.

are also inclined slightly toward the higher pressure side (in
the minus y-direction).

Many theoretical approaches to the turbulent Ekman prob-
lem have employed some empirical specification for the
eddy-viscosity. Among them, we examine a mixing length
model [4] in comparison with the present DNS data. An
improvement is also proposed to the expression of the mix-
ing length. We introduce the viscous effect in the near wall
region and accommodate an empirical parameter relevant to
the upper region. The present model predicts the mean
velocity profiles give a much better agreement with the DNS
data (not shown here).

4. DNS of passive scalar turbulence under the uniform

mean scalar gradient

Universality in turbulence has long been a central issue in
fundamental physics of turbulence since Kolmogorov. The
universality of passive scalar turbulence means that when
the velocity field at small scales is in an asymptotic statisti-
cal state which is independent of large scales, the passive
scalar statistics becomes independent of the large scales of
both scalar and velocity fields. In order to examine to what
extent the universality prevails, it is very effective to change
large scale conditions of the scalar alone while keeping the
turbulent velocity field the same and to see the difference in
the scalar statistics. It is ideal for this purpose to choose the
isotropic turbulent velocity field having a well developed
scaling range.

We have examined the passive scalar turbulence in 3D by
using high resolution DNS [5]. The scalar field is maintained
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by two kinds of external sources, a large scale random
Gaussian source or a uniform mean scalar gradient. It was
found that the scaling exponents of the structure functions of
scalar increments in parallel (z axis) and perpendicular (x
axis) directions to the mean gradient were the same and satu-
rate about 1.3 at large order, and that they were dependent
on scalar injection scheme at large scales within the
Reynolds numbers studied.

Figure 5 shows the one-dimensional profiles of the scalar
amplitude along z (upper curve) and x (lower one) direc-
tions, respectively. Plateaus in 8(z) + Gz, the ramp structure
of the integral scale L, appear in z direction, while the struc-
ture of 6 in x direction is of the form of mesa and canyon.
Large jumps in 0 at cliffs are of the order of 0,,,. Figure 6
shows that the far tails of the probability density functions
(PDFs) for the scalar increment in the inertial convective
range are well scaled by the saturated scaling exponents and
6. These facts suggest that the small scale statistics is to
some extent related to the large scales and the universality in

passive scalar turbulence should be carefully examined.

Studies on the effects of large scale conditions on the small

scales with higher resolution are highly indispensable.

5. Numerical approach for aerodynamics and aero-

acoustics of wind turbine blade tip

Aerodynamic noise is caused by the rotation of wind tur-
bine blades. Noise prediction and its reduction are essential
for wind turbines to spread further, as well as improvement in
aerodynamic performance. Especially, high frequency broad-
band noise increases approximately with the fifth or sixth
power of the effective flow velocity of the blade section.
Therefore, it is expected to modify and optimize the tip shape.

In numerical simulation, the authors simulated directly the
flow and the noise around rotating wind turbine blades with
two different tip shapes using compressible Large-Eddy-
Simulation (LES)[6]. They succeeded in capturing the com-
plex structure of tip vortices, and showed the effect of the
difference between two tip shapes on the aerodynamic noise.
Their results showed the similar trend with the experimental

measurement.

0(x), 6(x)+Gz

Fig. 5 One dimensional profile of 6(z) + Gz in z (upper curve) and 6(x) in

x (lower curve) directions, respectively.
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The aim of this research is to obtain further knowledge of
the effect of the blade tip shape on the aerodynamic noise
and performance. The winglet is applied for a rotating wind
turbine blade tip, and the effect of attached small wing is
investigated with the giant numerical simulation of 300 mil-
lion grid points.

The winglet has been said to diffuse vortices toward the
tip, reducing the downwash effects and the induced drag in
the three dimensional system of blade. Several researches
have existed such as "tip-vanes" and "Mie-vanes" as exam-
ples of wind turbine blades. It is found in their experiments
that small wings can reduce tip vortices, and make a rotor
wake larger. In numerical analysis, van Bussel and
Hasegawa have shown that winglets causes some increase in
rotor output, using momentum theory and vortex lattice
method, respectively. However, these analyses were insuffi-
cient to capture 3-dimensional structure of tip vortices as
well as aerodynamic noise accurately. Furthermore, the
increase of aerodynamic performance has never been based
on detailed information of physical phenomena.

In order to capture the three-dimensional structure of tip
vortices accurately, we use compressible LES for the flow
field, and combine LES with Ffowcs Williams-Hawkings
(FW-H) acoustic analogy for the acoustic field. Three types
of winglets are simulated for installation angle of 0, 20 and
50 degree.

=5.000

IO.OOO

180 : —

(=}
(=]

140

SPL (dB), ref: 2x10”° Pa

Point A

53
(=]

Point A Odeg

1 1
5000 10000

Frequency (Hz)

100
1000

Chapter 4 Epoch-Making Simulation

We have succeeded in capturing differences in the detailed
structure of tip vortices among them. These differences were
found to cause the overall broadband noise in each level. As
for the aerodynamic performance, winglets suppress tip vor-
tices from drifting up to the suction side of the blade, reduc-
ing the downwash effects.

Fig. 7 shows the contours of vortices at the near wake of the
tip region with their magnitude of iso-surfaces (| w|= 4.0).
Each contoured section corresponds to y/c = 1.0, 1.2, 1.4, 1.6,
1.8, 2.0 where c is chord length and y is distance from the trail-
ing edge. As for 50 deg, the reduction of the strength of tip
vortices can be seen at any section, resulting in larger dissipa-
tion for 50 deg than for O deg near the wall. It is confirmed
that winglets surely make vortices weak near the tip region.

As shown in Fig. 8, the pressure fluctuations are observed
at the two points, Point A and Point B, which are located
slightly downstream of the blade trailing edge, i.e., 50 grid
points away from the blade surface. Point A is located where
the tip vortices are exactly developed, while Point B is in the
region of the main blade near the winglet. At Point A, the
power of pressure fluctuations for 50 deg is estimated to be
increased for each frequency especially above 4 kHz, which
comes from the fact that the small-scale structure of tip
vortices are strongly induced by the winglet as investigated
in Fig. 7. On the other hand, at Point B, both estimations for

50 deg and 0 deg are the same order in pressure fluctuation
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Fig. 8 Pressure fluctuations estimated for standard and winglet rotating blade in wind turbines at two stations.
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level. Smaller but more complex structure of tip vortices
caused by a winglet can be thought to emit strong noise
especially in high frequency.

The performance in aerodynamics is also analyzed and it
is confirmed that the winglet clearly improves the efficiency
of wind turbines although the detailed information is not
described here.

6. Summary

Several basic researches are carried out in direct numeri-
cal simulations for turbulent flows where new information
are derived and will contribute to the turbulent modeling for
applications. In parallel, the application for wind turbines is
found to be available for developing new trend of machines

in the frame of giant simulation with the Earth Simulator.
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