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Vortical Flows in Technical Applications

by

1

Egon Krause
Aerodynamisches Institut, RWTH Aachen

ABSTRACT
Two examples of flows dominated by vortical structures are discussed: In the first interaction and decay of vortex structures in in-cylinder
flows of automotive engines are described. Numerical studies revealed clearly identifiable vortex rings, generated during the intake stroke.
The influence of compressibility on the vortex formation was studied by using Mach-Zehnder interferometry in a specially designed test
stand of a towed one-cylinder engine, and with numerical solutions of the Navier-Stokes equations. In an industrial application a stable
vortex ring could be generated by direct high-pressure liquid fuel injection, issuing a conical flow of evaporating droplets and stratifying
the evaporated fuel to an ignitable air-fuel mixture. This concept led to a substantial reduction of fuel consumption. In the second example
the state of the art of investigations aimed at finding means to destabilize tip vortices of aircraft wakes is briefly reviewed. Enforcing a
more rapid decay compared to the natural one and reducing the downwash of large aircraft during take-off and landing are presently pur-
sued in several studies. Discussed are the influence of the spanwise position of the engines, of winglets, of preset and oscillating ailerons on
the vorticity distribution in the tip vortices and on their destabilization. The results are preliminary in nature. Further investigations in more

detail are needed to substantiate previous findings.

Introduction

The author first met Professor Kunio Kuwahara in
Aachen 1982, at the 8" International Conference on Numerical
Methods in Fluid Dynamics, organized by the staff of the Aero-
dynamisches Institut of the RWTH Aachen. The title of the paper
K. Kuwahara and K. Horiuti presented was “Study of Incom-
pressible Turbulent Channel Flow by Large-Eddy Simulation”.
The main concern of the authors at that time was to improve the
solution technique for solving the Navier-Stokes equations and
increase the accuracy of the prediction without increasing the
computational effort. In the eighties, this goal was one of the
essentials, since storage capacities were rather limited compared
to presently available systems.
To keep the solution technique simple and yet not loose the major
aspects of the flows to be analyzed was one of the criteria that led

Prof. Kuwahara in computing complex flows in the years fo come.

This was also the reason why a long-term cooperation was initi-
ated and maintained over many years between Prof. Kuwahara's
group and members of the Aerodynamisches Institut in Aachen.
The joint studies that followed were mainly focussed on studies
of flows dominated by vortical structures, as wake flows of biunt
bodies and in-cylinder flows of automotive engines. In many
cases the numerical simulations were supplemented by experi-
mental investigations carried out at the Aerodynamisches Institut
for boundary conditions compatible with those of the computa-
tions to enable comparison of results and validation of the nu-
merical approach. Soon after the conference in Aachen joint pub-
lications appeared. In these Prof Kuwahara and the author were
co-authored by members of both groups, so in 1985 by B.
Binninger, H. Henke, W. Limberg, and H, Weiss; in 1988 by B.
Binninger, M. Jeschke, and W. Limberg; in 1989 by K. Ishii, K.
Naitoh, S. Shirayama, Y. Takagi, and T. Tamura; in 1990 by K.
Ishii, M. Jeschke, J. Kloker, W. Limberg, K. Naitoh, and Y. Ta-
kagi; in 1992 by M. Jeschke, J. Kloker, and K. Naitoh; in 1993 by
H. Fechner, M. Jeschke, J. Kloker, W. Limberg, and S. Rotteveel;
in 1996 by A. Abdelfattah. H. Fechner, W Limberg, M. Meinke,
R. Ortmann, S. Rotteveel, and A. Wunderlich; in 1998 by M.
Meinke, and in 2003 by K. Naitoh.

Some of the investigations found recognition in Japan and Ger-
many: In 1992 B. Barthmann, R. Neikes, W. Limberg, and the
author were honored with an award of the Visualization Society
of Japan, Tokyo, for experimental flow visualization studies of
“Vortex Formation in a T-junction”, as described in Ref. [1]. One
year later, in 1993 K. Naitoh, K. Kuwahara, M. Jeschke, and the

1 . . .
To Kunio Kuwahara on his retirement.

author were awarded a medal of the Japan Society of Mechanical
Engineering for their publication entitled “Numerical Simulation
of the Small Vortices in the Intake and Compression Process of
an Engine” [2]. In the same year the Alexander von Humboldt-
Foundation and Max-Planck-Society in Bonn, Germany, elected
K. Kuwahara, R. Peyret and the author for the Max-Planck-
Research Award for outstanding international research perform-
ances.

Since many of the flows jointly investigated were strongly domi-
nated by large vortex structures, this topic was chosen for this
article, and two examples of flow studies are described in the
following. After the introduction joint numerical and experimen-
tal investigations of in-cylinder flows of automotive engines are
briefly reviewed in the first section. These studies demonstrated,
that vortex rings are generated, move and interact with each other
during the suction stroke. In the course of time a concept emerged,
which led to “design” a vortex ring, with the aim of which the
fuel-air mixing process can be enhanced and fuel consumption
can substantially be reduced, even in realistic production engines.

In the second section results of investigations of aircraft wake
flows are described. These studies are presently being carried out
in search for technical means for enhancing short or even long-
wavelength (Crow) instabilities of the tip vortices of aircraft, to
enforce a more rapid than their natural decay, and to reduce the
downwash, particularly of large aircraft during take-off and land-
ing. In the wake, the velocity defect of the wing, the tip-, fuse-
lage,- and flap-edge vortices, and the engine jets interact in a
complex manner in the roll-up process, which can be affected by
the spanwise position of the engines, winglets, and by vortex
generators, as, for example, preset or oscillating ailerons. Some
of the results obtained so far are described in the following. They
are still preliminary in nature and have to be substantiated by
further studies. The answer to the question, as to whether or not
effective alleviation of the strength of the tip-vortices is eventu-
ally possible, needs further investigation in more detail.

2. Vortical Flows in Cylinders of Automotive Engines

A profound understanding of the unsteady three-
dimensional, compressible flow generated in piston engines dur-
ing the intake and compression stroke is crucial for future devel-
opment and improvement of piston engines with high perform-
ance and low emission rates. The main reason for this require-
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ment is that the flow at the end of the compression stroke deter-
mines the flame propagation speed in homogeneous charge spark-
ignition engines and the fuel-air mixing and burning rates in Die-
sel engines. The flow has a major impact on the emission values
and on the breathing capacity of the engine and therefore also on
the maximum available power.

During the suction stroke the flow in the cylinder is strongly in-
fluenced by the formation of vortex rings and their mutual inter-
action. The rings can, for example, be generated by flow separa-
tion at the valve seat and head, and the strength of the vortices
generated depends on seat angle, the rounding of the seat comers,
the seat width, and the swirl of the flow in the intake ports. Of
outmost importance is that the characteristic flow times are of the
order of a few milli-seconds. Rapid transient changes occur in the
flow.

At the Aerodynamisches Institut first results of studies of flows in
cylinders of piston engines were obtained by H. Henke in 1986 in
his dissertation [3]. He numerically integrated the Euler equations
for axially symmetric compressible non-reactive air flow for a
compression ratio € =3.5, and rpm = 3000 min™. Lagrangian
particles paths and lines of constant vorticity determined from the
computed velocity distributions clearly revealed the formation of
two vortex rings during the suction stroke. Since the resolution of
the computation was relatively crude, experimental verification of
the numerical results was urgently asked for. This problem was
taken up in the dissertation of H. Weiss in 1988, who constructed
a test stand with a transparent cylinder into which water could be
sucked by the motion of a cylinder [4]. Fluorescent dye was in-
jected in the open valve slot, and the light-sheet technique was
employed to visualize the flow entering the cylinder. The experi-
ment confirmed the numerical results in principle, as the flow
was incompressible, but the existence of the two vortex rings,
previously observed in the numerical simulation of [3], could
clearly be confirmed.

In order to explore the influence of the compressibility on the
formation of the vortex rings during the suction and their behav-
ior during the compression stroke, another test stand was con-
structed: Cylinder and piston were designed with a rectangular
cross-section to enable measurements of density contours with
the Mach-Zehnder interferometry combined with high-speed
photography. The motion of the piston was facilitated by towing
it with an electric motor. The details of the measurements were
described by B. Binninger in [5] and M. Jeschke in [6] in their
dissertations. The following Fig. 1 summarizes the results.

Fig. 1. Mach-Zehnder interferograms (middle), obtained in a
towed engine with rectangular cross-section (left) for detecting
the influence of compressibility on vortex formation during suc-
tion and compression stroke, in the dissertations of B. Binninger
[5], M. Jeschke [6], and computations (right) by K. Naitoh [7].

The numerical investigations accompanying the experimental
studies were carried out by K. Naitoh [7] and J. Kloker [8] in
1992. Both authors solved the Navier-Stokes equations for time-
dependent, compressible three-dimensional, laminar flow, with-
out introducing any closure assumption for the description of the
Reynolds stresses and turbulent heat transfer, expected to occur
during the compression stroke. These investigations proved, that
the vortex structures seen in the experimental visualizations were
also recovered with good accuracy in the computations. The large
vortex structure generated during the intake stroke was found to
resist most of the compression stroke, and only very close to the
upper dead center did it decay into small vortices, resembling
those observed in turbulent flow.

When more computational power became available with the ad-
venl of supercomputers in the late eighties, realistic four-valves
cylinder configurations could be considered. In passing it is men-
tioned that Professor Kuwahara gave a series of lectures in vari-
ous institutions and universities in Germany during this time and
demonstrated very successfully that supercomputers and numeri-
cal solutions were to become an indispensable tool in future
analyses of complex flows.

An accurate description of the flow required the resolution of all
important details of the intake and cylinder head geometry. In the
numerical solution developed in Aachen a boundary-fitted block-
structured moving grid system was implemented in the algorithm,
The grid was refined during the opening and closing of the valve
and during the up- and downward motion of the piston, such that
the resolution of the flow could approximately be kept constant.
Fig. 2 depicts a grid arrangement with about two million grid
points [9].

Fig. 2. Grid arrangement for flow computation in four-valves
automotive engine [9].

The solution constructed by A. Abdelfattah in [9] was based on
an explicit finite-volume discretization method of second-order
accuracy in time and space. An example of flow computations
obtained with this solution is shown in the following two Figs. 3
and 4, where the two vortex loops, generated during the intake
stroke in a four-valves engine are visualized near the upper dead
center (Fig. 3), and after interaction with each other, near the
lower dead center (Fig. 4).

Fig. 3: Vortex loops, generated during the early intake stroke in a
four-valves automotive engine near the upper dead center, com-
puted with a solution of the Navier-Stokes equations, described in

[9].
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Fig. 4. Vortex loops, generated during the intake stroke in a four-
valves engine near the lower dead center, after interaction with
each other; computed with the solution described in [9]

The accuracy of the solution was tested by comparing the nu-
merical data to those of experiments carried out for the same
geometric configuration, with particle-laden water as working
fluid, see Fig. 5. Details were documented by R. Ortmann in his
dissertation [10].

Fig. 5: Comparison of numerical results (top), obtained in [9]
with an experimental visualization (bottom) of [10].

The results of these studies raised the question, whether vortex
structures could be designed in such a way that they could be
used to enhance the fuel-air mixing in the cylinder and reduce the
fuel consumption. This goal was achieved a few years later by A.
Abdelfattah et al. in an industrial application at BMW in Munich
[11]. In this investigation a vortex ring was generated by directly
injecting liquid fuel through a conical nozzle with high pressure.
The fuel breaks up into small droplets which begin to evaporate.
Downstream from the nozzle the flow of the injected fuel retains
its conical shape and generates a vortex ring in a plain normal to
the axis of the cone. Fig. 6 compares an experimental visualiza-
tion (left), with that of an accompanying numerical simulation,
described in [11].

Fig. 6: Injection of liquid fuel through a conical nozzle under
high pressure into the cylinder and formation of a vortex ring,
after [11]. The fuel breaks up into small droplets, which begin to
evaporate. The vortex ring contains an ignitable fuel-air mixture.

Ignition can be facilitated by positioning a spark plug close to the
vortex ring, as shown in Fig. 7. The red colored areas show those
parts in the cross-section of the vortex ring, in which the mixture
is rich, the blue-shaded areas indicate the region where the mix-
ture is lean [11].

Fig. 7: Numerical simulation of vortex ring generated by direct
injection of liquid fuel through a conical nozzle. Shown is a cut
through the spark plug and the vortex ring close to the upper dead
center [11].

In the meantime a BMW prototype engine named BMG 13ig was
constructed, built, and tested. The results of various test series
show that the fuel consumption can substantially be reduced with
the direct fuel-injection technique proposed. In Fig. 8 of [12] the
fuel consumption of the BMW 13ig prototype engine is compared
with that of other automotive engines. It is seen that even the
consumption of the Diesel engine (VALVETRONIC) is sur-
passed.

Series produdion status (z.T. & >1; EGR; cylinder cut-off; 77 engines; 07/2004)

300
L) 295 g/kWh (BMW DI-
l combustion system)
260 T } T
0 1000 2000 3000 4000 5000 6000
Displacement [cm?]

effeclive specific fuel consumption; n = 2000 mim'; w, = 0,2 kJ/dm?

Fig. 8: Fuel consumption of automotive prototype engine BMW
13ig: Direct injection of liquid fuel and formation of a vortex ring
leads to an enhanced spreading of fuel droplets and to a substan-
tial reduction of fuel consumption [12].

These results show that vortices can be designed to serve a pur-
pose and be incorporated in a technical system, even if the char-
acteristic flow times are extremely short and the flow is three-
dimensional in nature.
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3. Vortex Structures in Aircraft Wakes

In the second part of this article some preliminary results of in-
vestigations of aircraft wake flows are reported. These studies are
undertaken at the RWTH Aachen in search for technical means,
by which a more rapid decay of the tip vortices can be enforced
in comparison to the natural decay. In particular, the downwash
generated by large aircraft during take-off and landing should be
reduced, as it may endanger smaller aircraft that followed too
closely.

In the near wake, the unstable shear layer downstream from the
wing rolls up into the tip vortices, influenced by the fuselage and
flap-edge vortices and the jet streams of the engines. The velocity
defect of the wing interacts with the vortices and the engine jets
in a complex manner, depicted in the following Figs. 9 and 10.

Fig. 9: Schematic of roll-up process in aircraft wake, (Courtesy of
EADS).

The roll-up process is affected by the spanwise position of the
engines, and by the spanwise position and size of the flaps. It can
also be influenced by winglets, which belong to the most interest-
ing changes of basic planform configurations of the last fifty
years. Furthermore by vortex generators, as, for example, preset
or oscillating ailerons. The photograph in Fig. 10 shows, that the
near wake is completely dominated by longitudinal vortex struc-
tures.

Fig. 10: In flight visualized vortex structures in the near wake of
the aircraft A340 in landing configuration; the measuring plane is
1.5 m downstream from the wing tip, (Courtesy of EADS).

Research is underway to investigate possibilities of reducing the
strength of the tip vortices by destabilizing them. The long-
wavelength or Crow instability was investigated by Leweke et al.
in [13]. Some of the experimental visualizations reported therein
are depicted on Fig. 11, together with a photograph of a pair of
tip vortices, destabilized in free flight (on the right). The initially
straight and parallel vortices develop a waviness, which is ampli-
fied until the vortex cores touch, break up, and reconnect to form
periodic vortex rings. The rings are inclined to the axes of the
initial tip vortices.

Fig. 11: Experimental long-wavelength destabilization of tip vor-
tices (left), described in [13], compared to free-flight destabiliza-
tion (right, own observation).

In addition to the long-wavelength also short-wavelength destabi-
lization, depicted schematically in Fig. 12, of [14], is presently
being investigated.

‘\’—- k]
S\\G\ ‘\"‘\\“ - o -
WS A e S

~b

Fig. 12: Comparison of long- and short-wavelength instabilities
of tip vortices; schematic sketch, taken from [14].

The short-wavelength instability as observed in free flight is
shown in the photograph of Fig. 13, [14].

Fig. 13: Short-wavelength instability of tip vortices, as observed
in free flight, [14].

G. Huppertz et al. investigated in [14] the possibility to enhance
the short-wavelength instability by changing the spanwise posi-
tion of the engine. Velocity distributions in the wake of a model
of a swept flapped wing, on which a cold-blowing engine model
was mounted, were measured with the particle-image velocimetry
at low-speeds at a Reynolds number Re = 2.8 x 10°, The experi-
mental arrangement is contained in Fig. 14.

Fig. 14: Experimental arrangement for investigating the influence
of engine position on destabilization of tip vortices, [14].

The measurements of [14] led to the conclusion, that an inboard
change of the engine position caused a slight increase of the wan-
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dering amplitudes of the tip vortex, while an outboard change
increased the defect of the axial velocity in the tip vortex and the
distance between the tip and the flap-edge vortex. Because of the
relatively short extent of the test section of the wind tunnel in the
main flow direction, the influence of the engine position on the
far field of the tip vortex could not be investigated [ 14].

Winglets certainly have an influence on the development of the
tip vortices; but the actual effectiveness is not really understood.
For example, it is reported in the literature, that an increase of
span can have a similar effect as winglets, as a comparison of the
aerodynamic characteristics - in particular the drag coefficient -
of the Boeing 777 and the A330 demonstrates. However, winglets
do redistribute the spanwise vorticity component in the tip vor-
tices in the near wake; but whether they also lead to a faster de-
cay of the tip vortices by either short- or long-wavelength desta-
bilization is unknown.

In order to gain some insight into this problem the flow field
downstream from the tip of a rectangular wing was studied with
triple hot-wire and particle image velocimetry for three winglet
configurations, reported in [15]. The following Fig. 15 shows the
winglet configurations, used in the experiments: The first had a
winglet attached to the upper side of the model of the wing, the
second had a winglet on upper and lower side with different
spans, and the third with the same span.

Fig. 15: Winglet configurations used in the experiments of [15];
wing tip without winglet (far left), with winglet on upper side,
with winglet of different spans on upper and lower side, and with
winglet with the same span on upper and lower side.

The experimental set up is sketched in Fig. 16. The half model of
a rectangular wing with a Clark-Y profile was mounted on a flat
plate.

Winglet W1

Test section

CLARK Y
Airfoil

Fig. 16: Experimental set up for wind-tunnel testing of the effect
of winglets on tip vortices, [15].

The velocity was measured in a rectangular volume downstream
from the tip of the wing. The measurements revealed, that the
changes in the velocity distribution decayed over the rather short
distance in the main flow direction of about 4 chord lengths. Flow
visualizations carried out in these studies showed, that the wing,
when equipped with a winglet each on the upper and lower side
develops three tip vortices, which interact with each other, as can
be seen in Fig, 17.

vortex models

Fig. 17: Flow visualization studies (left) with wool threads, fas-
tened to the tips, show formation of the main vortex at the wing
tip and smaller vortices at tips of winglets, (white and grey trian-
gular shaped areas), suggest vortex models for one and two wing-
let configurations (right), [15].

Fig. 18 summarizes results of measurements with the particle
image velocimetry in a plain normal to the main flow direction.
Plotted is the distribution of the vorticity component @,, with x
being the coordinate in the main flow direction, generated by the
wing (upper left), with one winglet on the upper side (upper right),
two different winglets (lower left), and two the same winglets
(lower right), [15], at 4 chord lengths downstream from the wing
tip. Further investigations are necessary in order to explain the
effects of the winglets on the vorticity distribution.

Fig. 18: Vorticity component @, in the main flow direction, gen-
erated by the wing (black line, upper left), with one winglet (up-
per right), two different winglets (lower left), and two the same
winglets (lower right), [15], at 4 chord lengths downstream from
the tip.

Direct destabilization of the tip vortices was attempted by R,
Hornschemeyer et al. in [16], with triangular vortex generators
near the wing tips, generating counter-rotating vortices, (Fig. 19).

~

™

\\.a

-

Fig. 19: Destabilization of tip vortices with counter-rotating vor-
tices, generated by triangular vortex generators, mounted near the
wing tip, after [16].
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The model of the wing was towed in a water tank, followed by a
second model of smaller span. By measuring the velocity distri-
bution in the flow field the rolling-moment induced on a smaller
follow-up wing model could be determined. In Fig. 20 the in-
duced moment coefficient is plotted versus the dimensionless
distance from the trailing edge. The results for the case without
the vortex generator are given by the dashed line, and those with
the vortex generator by the symbols. Comparison of the two
curves reveals a noted reduction of the rolling-moment coeffi-
cient: The value measured in the experiment without vortex gen-
erators at x/b = 80 is measured in the second experiment with
vortex generators at x/b = 22, indicating, that the induced rolling-
moment of the tip vortices is substantially reduced.
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Fig. 20: Reduction of relling-moment coefficient, induced by
triangular vortex generators near the wing tips, after [16].

Hornschemeyer et al. in [16] also investigated the problem of
destabilizing the tip vortices by either preset or oscillating ailer-
ons, mounted on the outboard trailing edge of a wing model. In
Fig. 21 the two photographs confirm the destabilization of the tip
vortices about 20 chord lengths downstream from the trailing
edge.

Fig. 21: Destabilization of tip vortices by preset ailerons mounted
near the wing tips, [16].

Presently investigations are underway in which pairs of para-
phrase oscillating ailerons are used to destabilize the tip vortices.
Oscillating ailerons offer the possibility to keep the lift constant,
which is not the case, when preset ailerons are used.

Concluding Remarks

It was shown for two technical applications that vortical strue-
tures can be controlled and designed so that they can execute
technical functions.

In the first example it is demonstrated how in automotive engines
an efficient fuel stratification can be provided with a time-
dependent in-cylinder vortex structure. The second example
summarizes results of investigations aimed at finding means for
controlling the roll-up process of wing tip vortices, governed by a
complex interaction of the velocity defect of the wing, the fuse-

&5 JTAXA-SP-06-010

lage- and flap-edge-vortices, and the jet streams of the engines in
the near wake. The answer to the questions, as to whether or not
effective alleviation of the strength of the tip-vortices, in particu-
lar of large aircraft, is eventually possible, and whether separation
times between take-offs and landings at airports can thereby be
reduced, needs further investigation in more detailed studies.
Many of the results presented could only be obtained by using
modern experimental and numerical techniques, the latter of
which were pioneered with great success for more than a quarter
of a century by Professor Kunio Kuwahara..
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CFD in Space Development and the Role of JAXA’s Engineering Digital Innovation Center
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Abstract
This article presents CFD activities required in space development and the role of JAXA’s Digital Engineering
Innovation (JEDI) Center recently established to initiate such activities. Former part of this article shows the background why
and how this center was newly established in JAXA. First key issue here is that CFD activities in JAXA have been focused on

high-speed flow simulations mostly for aircraft but space development requires flow simulations in other areas too. Second key

issue is that CFD in space development has been used mostly when problems occur in the development process but such is only a
small portion of CFD capability. We believe that CFD can do much more especially if CFD is used in the preliminary and main

design process.

JEDI center focuses on the CFD tools in such design stages in addition to the activity making CFD more useful

in solving the problems in the development process. Latter part of this article shows the background CFD technology. Two

examples are shown. First is how to reduce the computational cost with keeping sufficient accuracy for flow simulations.

Second is how to enable CFD being useful in the preliminary design stage.

JEDI activity.
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Current Status and Challenge of CFD for Aircraft Developments

Kazuhiro Nakahashi
Department of Aerospace Engineering, Tohoku University

ABSTRACT

Impressive progress in computational fluid dynamics (CFD) has been made during the last three decades. Currently CFD has become an
indispensable tool for analyzing and designing aircrafts. Wind tunnel testing, however, is still the central player for aircraft developments
and CFD plays a subordinate part. In this article, demands for next-generation CFD are described with an expectation of near future
PetaFlops computers. Then, Cartesian grid approach, as a promising candidate for next-generation CFD, is discussed by comparing it with
the current unstructured grid CFD. It is concluded that the simplicity of the algorithms from grid generation to post processing of Cartesian
mesh CFD will be a big advantage in the days of PetaFlops computers.

1. Will CFD take over wind tunnels?

More than 20 years ago, 1 heard an elderly physicist in fluid
dynamics say that it was as if CFD were just surging in. Other
scientists of the day said that with the development of CFD, wind
tunnels would eventually become redundant.

Impressive progress in CFD has been made during the last
three decades. In the early stage, one of the main targets of CFD
for aeronautical fields was to compute flow around airfoils and
wings accurately and quickly. Body-fitted-coordinate grids,
commonly known as structured grids, were used in those days.

From the late eighty’s, the target was moved to analyzing full
aircraft configurations [1]. This spawned a surge of activities in
the area of unstructured grids, including tetrahedral grids,
prismatic  grids, and tetrahedral-prismatic hybrid  grids.
Unstructured grids provide considerable flexibility in tackling
complex geometries as shown in Figure 1 [2]. CFD has become
an indispensable tool for analyzing and designing aircrafts.

The author has been studying various aircraft configurations
with his students using the advantages of unstructured grid CFD
as shown in Figures 2.

So, is CFD taking over the wind tunnels as predicted twenty
years ago?

Today, Reynolds-averaged Navier-Stokes (RANS)
computations can accurately predict lift and drag coefficients of a
full aircraft configuration. It is, however, still quantitatively not
reliable for high-alpha conditions where flow separates.
Boundary layer transition is another cause of inaccuracy. These
are mainly due to the incompleteness of physical models used in
RANS simulations.

Large Eddy Simulation (LES) and Direct Numerical
Simulation (DNS) are expected to reduce the physical model
dependencies. But we have to wait for the further progress of
computers for the use of those large-scale computations in
engineering purposes.

For the time being, the wind tunnel is the central player and
CFD plays a subordinate part in aircraft developments.

2. Rapid progress of computers

_ The past CFD progress has been highly ,supported by the Figure |: Flow computation around a hornet by
improvements of computer performance. Moor’s Law tells us that unstructured grid CED [2]

the degree of integration of a computer chip has been doubled in
18 months. This basically corresponds to a factor of 100 every 10
years. The latest Top500 Supercomputers Sites [7], on the other
hand, tell us that the performance improvement of computers has
reached a factor of 1000 in the last 10 years as shown in Figure 3.
Increase in the number of CPUs in a system jn addition to the
degree of integration contributes to this rapid progress.

With a simple extrapolation of Figure 3, we can expect to use
PetaFlops computers in ten years. This will accelerate the use of

3D RANS computations for the aerodynamic analysis and design
of entire airplanes. DNS which does not use any physical models
may also be used for engineering analysis of wings.

In the not very far future, CFD could take over wind tunnels.
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(a) Design of a medium-size Blended-Wing-Body
airplane [3].

,//

(b) Design of a quiet jet transport [4].

w 1.000

(c) Optimization of a sonic plane [5].

(d) Optimization of wing-nacelle-pylon
configurations [6].

Figure 2: Applications of unstructured grid CFD to
design and analysis of various airplanes studied at
Tohoku University.

Performance Development

18 Pfops.

o ’@FTE.-"

1 PRops o 500
a" Fo Sam

100 TFops | o

Figure3: Performance development in Top500 Super-
computers [7].

3. Demands for next-generation CFD

So, is it enough for us as CFD researchers to just wait for the
progress of computers? Probably it is not.

Let’s consider demands for next-generation CFD on PetaFlops
computers.

1. Easy and quick grid generation around complex
geomelries,

2. Fasy adapiation of local resolution to local flow

characteristic length,

Easy implementation of spatially higher-order schemes,

Easy massively-parallel computations,

Easy post processing for huge data output,

Algorithm simplicity for software maintenance and

update.

S

Unstructured grid CFD is a qualified candidate for the
demands 1 and 2 as compared to structured grid CFD. However,
an implementation of higher-order schemes on unstructured grids
is not easy. Post processing of huge data output may also become
another bottleneck due to irregularity of the data structure.

Recently, studies of Cartesian grid method were renewed in
the CFD community, because of the several advantages such as
rapid grid generation, easy higher-order extension, and simple
data structure for easy post processing. This is another candidate
for the next-generation CFD.

Let’s compare the computational cost of uniform Cartesian
grid methods with that of tetrahedral unstructured grids. The most
time-consuming part in compressible flow simulations is the
numerical flux computations. The number of flux computations
on a cell-vertex, finite volume method is proportional to the
number of edges in the grid. In a tetrahedral grid, the number of
edges is at least twice of that of the edges in a Cartesian grid of
the same number of node points. Therefore, the computational
costs on unstructured grids are at least twice as large as the costs
of Cartesian grids. Moreover, computations of linear
reconstructions, limiter functions, and implicit time integrations
on tetrahedral grids easily doubles the total computational costs.

For higher-order spatial accuracy, the difference of
computational costs between two approaches expands rapidly. In
Cartesian grids, the spatial accuracy can be easily increased up to
the fourth order without extra computational costs. In contrast, to
increase the spatial accuracy from second to third-order on
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unstructured grids can easily increase tenfold the computational
cost.

Namely, for the same computational cost and the same spatial
accuracy of third-order or higher, we can use 100 to 1000 times
more grid points in the Cartesian grid than in unstructured grid.
The increase of grid points improves the accuracy of geometrical
representation in computations as well as the spatial solution
accuracy.

Although the above estimate is very rough, it is apparent that
the Cartesian grid CFD is a big advantage for high resolution
computations required for DNS.

4. Building-Cube Method

A drawback of uniform Cartesian grid is the difficulty of
changing the mesh size locally. This is critical, especially for
airfoil/wing computations, where an extremely large difference in
characteristic flow lengths exists between boundary layer regions
and far fields. Accurate representation of curved boundaries by
Cartesian meshes is another issue.

A variant of the Cartesian grid method is to use the adaptive
mesh refinement [8] in space and cut cells or the immersed
boundary method [9] on the wall boundaries. However,
introduction of irregular subdivisions and cells into Cartesian
grids complicate the algorithin for higher-order schemes. The
advantages of the Cartesian mesh over the unstructured grid, such
as simplicity and less memory requirement, disappear.

The present author proposes a Cartesian grid based approach,
named Building-Cube method [10]. Basic strategies employed
here are; (a) zoning of a flow field by cubes (squares in 2D as
shown in Figure 4) of various sizes to adapt the mesh size to local
flow characteristic length, (b) uniform Cartesian mesh in each
cube for easy implementation of higher-order schemes, (¢) same
grid size in all cubes for easy paralle] computations, (d) staircase
representation of wall boundaries for algorithm simplicity.

Figure 4: Computed Mach distribution around
NACAQ012 airfoil at Re=5000, Af, =2 and

a=3 deg.

It is similar to a block-structured uniform Cartesian mesh
approach [11], but unifying the block shape to a cube simplifies
the domain decomposition of a computational field around
complex geometry. Equality of computational cost among all
cubes significantly simplifies the massively parallel computations.
It also enables us to introduce data compression techniques for
pre and post processing of huge data [12].

A staircase representation of curved wall boundaries requires a
very small grid spacing to keep the geometrical accuracy. But the
flexibility of geometrical treatments obtained by it will be a
strong advantage for complex geometries and their shape

optimizations. An example is shown in Figure 5 where a tiny
boundary layer transition trip attached to an airfoil is included in
the computational model. Figures 6 are the computed pressure
distributions which show the detailed flow features including the
effect of trip wire, interactions between small vortices and the
shock wave, and so on.

The result was obtained by solving the two dimensional
Navier-Stokes equations. We did not use any turbulence models,
but just used a high-density Cartesian mesh and a fourth-order
scheme. This 2D computation may not describe the correct flow
physics, since the three-dimensional flow structures are essential
in the turbulent boundary layers for high-Reynolds number flows.
However, the result indicates that a high-resolution computation
using a high-density Cartesian mesh is very promising with a
progress of computers.

5. Simplicity is essential for next-generation CFD

CFD, using a high-density Cartesian mesh, is still limited in its
application due to the computational cost. The predictions about
Cartesian mesh CFD and computer progress in this article may be
too optimistic. However, it is probably correct to say that the
simplicity of the algorithm from grid generation to post
processing of Cartesian mesh CFD will be a big advantage in the
days of PetaFlops computers.
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Future Direction of Innovative Computational Science and Technology

by
Shigeru Obayashi

ABSTRACT

This paper discusses the author’s vision for future development of Computational Science and Technology related to acrospace engineering.
Computational Fluid Dynamics (CFD) has been developed successfully and producing huge data every day. Now, data mining is the first
key element of future Computational Science and Technology. As an example, Multi-Objective Design Exploration (MODE) for design
optimization is presented. MODE reveals the structure of the design space from the trade-off information and visualizes it as a panorama
for Decision Maker. The main emphasis of this approach is visual data mining. The second key element will be measurement integrated
simulation. Thanks to the rapid progress in Information Technology, wide variety of measured data can be obtained easily. These data can
be integrated to CFD to simulate real flow fields without assuming an ideal uniform flow. Flight-data integration is demonstrated as an
example,
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History of Supercomputing

Yoshio Oyanagi

ABSTRACT
February 14, 2006 was the sixtieth anniversary of the opening of the first electronic computer ENIAC. Its computing power was 300 flops,
ie. it could calculate 300 floating operations per second. It was an unimaginable high speed and people said that only a couple of such
machines would be sufficient for the world. After sixty years the top of the line supercomputer is 10" times faster than the ENIAC.
Japanese government is planning to construct a supercomputer which is 30 times more powerful that the current one The history of
supercomputers is described in terms of “generations,” each of which consists of five years. Developing strategies of U.S. and Japan are

compared..
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Simulation of a Flow around a Bluff Body Using Cartesian Coordinates
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This paper introduces a computational technique to compensate for the added numerical diffusion that is generated when uniform Cartesian

coordinates are used to describe the flow around bluff bodies. Because of the staircase-like representation of the surface object, it was found that the

added surface “roughness” causes larger than expected separation region for some test cases (flow around a sphere, and flow around a cylindrical body).
In order to control the velocity profile in the boundary layer, a new parameter bfvr (boundary layer velocity ratio) is defined, and it is used to set the
negative value of the viscosity along the surface. Extensive visualizations of flow past bluff bodies are performed using the present technique.

Numerical solutions of the governing Navier-Stokes equations are carried out in a uniform Cartesian coordinates using a multi-directional finite

difference scheme with a third-order upwinding. No explicit turbulence modet is incorporated into the model, and the dependence of the solution on the

blvr parameter is investigated.

Nomenclature

1 Velocity vector

p  Pressure difference from the base pressure

t Time

Jt  Time increment in numerical time integration
Re Reynolds number based on chord length

bhvr Velocity ratio in the boundary layer
Superscript

n Time step

I. Introduction

Many simulations of a flow past streamlined body have been
carried out, mostly using a finite-difference method in a body-fitted
coordinate system.” Simulations of bluff bodies are less fiequent
because of difficulties in solver implementation and grid generation.
Tt is often acknowledged, that grid generation is one of the most
difficult and manpower consuming parts when dealing with
body-fitted coordinates. On the other hand, many important
applications involve flow around a bluff body, i.e. flow around a car.
The simplest way to avoid all these complications would be to
employ a Cartesian coordinate system in which the body is
represented by creating a masking data (voxel) on the grid
coordinates.? However, this approach results in lack of resolution
near the boundary of the object. If the object is visualized, it looks

like a staircase structure. By using multi-directional finite

differences, ™ a smoother representation of the staircase boundary is
achieved, but the resolution problem is not completely solved. In
problems involving separation depending on the resolution of the
boundary layer, simulations predict larger than expected areas of
separation. This is due to the numerical diffusion caused by the
roughness on the boundary. To resolve the behavior of the flow along
the staircase boundary, we introduce a negative viscosity on the
surface of the body to compensate for the numerical diffusion. In the

present paper, several examples using this technique are presented.

1. Computational Method

The governing equations are the incompressible Navier-Stokes

equations. In Cartesian coordinates system, they can be written as it

follows,
(:ni + % - (;7\”_3 =0, (1)
oy, ox, Ox;
u, Ou, g, o0 |1 |du ou
iy =S| L+ L
o Véx, o o |Relax, ax, v

For high-Reynolds number flow, time-dependent computations
are required owing to the strong unsteadiness. Presently, a
finite-difference method is employed to discretize the basic equations
and they are solved using the projection method (Chorin, ” and
Takami and Kuwahara®), The pressure field is obtained by solving

the following Poisson’s equation:

Ap =—div(u- gradu)+ % , D=divu ?)
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where 7 is the time step and &/ is the time increment, " is assumed
to be zero, but D" is retained as a corrective term.

In the present paper, a multi-directional finite difference method
is implemented when discretizing the governing equations. In case of
2-dimensional computations, when structured grid points are given,
the black points in Fig. 1(a) are usually used to approximate the
derivatives at the central point (system A). If we introduce another
45°rotated local grid system, the white points in Fig. 1(b), can be
used to approximate the derivative at the central point (system B). In
order to improve the derivative value at the central point, the values
of both systems are combined. If a ratio A: B=2:1 is adopted, the
resulting finite difference scheme for the Laplacian coincides with the
well-known 9 point formula with fourth-order accuracy. This method
improves the rotational invariance of the coordinate system, and then
those cases where flow direction is not parallel to the grid location are
better simulated. In 3 dimensions, three different grid systems are
used. Each grid system is obtained by rotating a perpendicular plane
45° with respect to each coordinate axis. One of such systems is

shown in Fig. 1(c).

(a) System A.

(b) System B.

(c) System Z: 2’ — 4’ — z.

Figure 1. System for multi-directional scheme

Space derivatives are discretized using a three-point central
difference approximation with exception of the convective terms. For
the convective terms, a third-order upwind scheme is used to stabilize
the computation (Kawamura”). It has been found to be the most
suitable for high-Reynolds number flow computations. The
second-order Crank-Nicolson implicit scheme is used for time
integration. The equations are iteratively solved at each time step by
SOR method. A multi-grid method is utilized to solve the Poisson’s

equation.

Negative viscosity

In the Cartesian coordinate system, the body is represented as a
set of voxels at the grid points with their values set on/off (a binary
operator) to indicate its presence. As stated before, the surface of the
body resembles a staircase. After computations are carried out,
larger than expected regions of separations are observed. This is due
to the numerical diffusion caused by the surface roughness. Therefore,
a special treatment of the boundary conditions is needed in order to
properly simulate these types of flows. The present technique
introduces a negative value of the viscosity on the surface of the body
to compensate for the numerical diffusion. At high-Reynolds number,
turbulence in the free space is simulated without using an explicit
turbulence model in these computations. Viscous effects are limited
only within the boundary layer. Therefore, a simple model is made
for the boundary layer to account for the viscous effect.
It is important to point out that this negative viscosity has no
definitive physical meaning, and how to determine its value represent
a big challenge. If the absolute value is large enough, the flow near
the boundary accelerates and separation is reduced. On the other
hand, if the absolute value is small, the separation region becomes

larger. Therefore, research in a proper way to determine this value is

- undertaken. The velocity profile in the boundary layer is closely

related to the negative viscosity. The present paper defines a
parameter blvr (boundary layer velocity ratio) that it is used to
determine the proper value of the negative viscosity (See Figure 2).
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The parameter bhr is the ratio of the averaged velocity between the
two points nearest to the surface (b = viv2). If blvris 0.5, the local
flow Reynolds number is 0.0, On the other hand, if'it is 1.0, a free-slip
condition is imposed bhr=vi42 on the surface. Therefore, the value
of the bhr parameter, as described in Figure 2, shall fall between 0.5
~1.0. Presently, the value of the negative viscosity ratio (bAr) is a

function of this parameter.

(a) bhr =060 (larger separation areas).

bhvr=vlv2
Figure 2. Boundary layer velocity ratio (bhr)

I1I. Computational Results

Examples of 3-dimensional simulation of flow around bluff body
with using the negative viscosity are visualized. (b) b =0.70 (occurrence of drag crisis: standard case).

Figure 3 shows computational grid and a body represented by a set
of voxels for simulation of a flow around a sphere, Figure 4 explains
the eftect of the negative viscosity, and by in Fig, 4 (a)~(c) are 0.60,
0.70 and 0.75 respectively.

As other examples of simulation, flows past a rectangular cylinder
with 33% rounded corners at Re = 500 and 1, 000, 000 are visualized
in Figs. 5 and 6, respectively. Both flows are simulated with sh»
=0.70. From these figures, it is shown clearly that both low and high

Reynolds number flows are well captured by using the present

technique.

(c) bhir=0.75 (too large bhvr).
Figure 4. Flow around a sphere in each dhvr; pressure field and

stream lines.

Figure 3. Computational grid for simulation of flow around a sphere
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(a) Stream lines and pressure shading.

(b) Longitudinal component of vorticity.

Figure 5. Flow around a cylindrical body at Re= 500,

(&) Stream lines and pressure shading.

(b) Longitudinal component of vorticity.
Figure 6. Flow around a cylindrical body at Re=1, 000, 000.

1V. Conclusion

Three dimensional flows around bluff bodies were simulated in
Cartesian coordinate system. In this system, the separation was
effectively reduced by using the negative viscosity. Also, flow fields
were clearly captured consistently.

Extension to compressible fluid flow is easy and

straightforward.
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Aerodynamic Analysis of the Ejector-Mode RBCC Engine by CFD
B
Susumu Hasegawz, Kouichiro Tani

ABSTRACT

Rocket Based Combined-Cycle (RBCC) engines are currently being explored as advanced propulsion for space
transportation. JAXA has been conducting RBCC engine research by using various experimental facilities. In order to
clarify the experimental results and contribute to the improvement of designing, the analysis of the RBCC engine in an
ejector-jet mode was carried out using the CFD code developed in-house for unstructured grids. CFD replicated the basic
flow structures in regard with barrel shocks and pseudo-shock waves. Two cases of Mach numbers (i.e.M=1, 1.1) entering
to the combustor were simulated and remarkable differences were found on the subsonic areas in the flowfields. The
effect of Mach number was found to be one of the important parameters for better match to the experimental data.
Vorticities and mixing were investigated. In addition to the transverse vorticities, the streamwise vorticities were
generated in the air flow, and they stirred and affected the nitrogen/air mixing. Furthermore, the effects of the total
pressure of the rocket gas were examined.
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Evaluation of Resolution of High Order Weighted Compact Non-linear Schemes

Y
Taku Nonomura, Nobuyuki lizuka and Kozo Fuijii

ABSTRACT

The coefficients and the resolution of high order, seventh and ninth order Weighted Compact Nonlinear Schemes (WCNS) are investigated.
The coefficients are calculated with using MATHEMATICA. Then Fourier analysis, one-dimensional shock-entropy interaction problem
and two-dimensional duct flow problem are computed with high order WCNS. The solution of the high order WCNS have a high
resolution on Fourier analysis and shock-entropy interaction problem, compared to fifth order WCNS. On the other hand, two-dimensional
duct flow can not be solved with ninth order WCNS because the numerical oscillation occurs. However the problem can be solved with
seventh order WCNS without numerical oscillation. The resolution of the solution of seventh order WCNS is higher than fifth order
WCNS and MUSCL. Thus seventh order WCNS is a good scheme to apply engineering problems.
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Characteristics of Flow Field around the Delta Wing
at Various Angles of Attack and Mach Numbers
Chordwise Transitions of Flow Field

Genta Imai and Kozo Fujii

ABSTRACT

Flows over a 65-degrees sweep delta wing with a sharp leading edge at various angles of attack and various Mach numbers are
computationally studied. Computational simulations show that there are some conditions where the flow fields transit in chordwise
direction. There appear three kinds of chordwise transitions of flow fields; (I) vortex breakdown above the delta wing at high angles of
attack and subsonic flow conditions, (I11) shock wave normal to the chordwise direction at center of the delta wing at high angles of attack

and transonic flow conditions, which often accompanies vortex breakdown,

and (I11) intermediate flow fields that include two different

types of flow in chordwise direction in the border area between two different flow types. Computational simulations also show that there is
close correlation between breakdown and normal shock wave at the center of the wing at high angles of attack and transonic flow
conditions. The results also show that vortex structure and two types of shock wave are related closely each other in the intermediate flow

fields in chordwise direction.
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CFD estimation pressure using PIV data

Y
Tomohiro ASO, Kisa MATSUSHIMA and Kazuhiro NAKAHASHI

ABSTRACT
In this study, the pressure estimation system was developed to enhance the value of PIV (Particle Image Velocimetry) measurement
technique. The system conducts CFD(Computational Fluid Dynamics) computation to estimate pressure using PIV velocity data. The
Poisson equation for pressure is the basic equation for the computation. After developing the CFD, the pressure estimation system was
verified by using Navier-Stokes simulation results. Instead of PIV data, the velocity data of the simulation results were used as input data,
and pressure values were calculated by the system. Then, the calculated pressure values were compared with those resulted by the Navier-
Stokes simulation. After the validation check, pressure estimation using experimental data was done. The experimental data came from the
experiment of wake measurement of a cranked arrow wing in JAXA’s low-speed wind tunnel. Moreover, the influence of the measurement
error to the system was evaluated. The evaluation can predict the correlation between measurement errors in velocity data and errors in
estimated pressure values. The artificially generate errors were distributed over the original input velocity data. Then, analysis was done
comparing pressure values obtained without the error and those with the error. It was found that input error magnitude reduced on the

calculated pressure value,
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Numerical Analysis of Slat Noise Mechanism and its Propagation

Kenichi HIROSE, Atsushi HASHIMOTOQ, Igor Men'shov and Yoshiaki NAKAMURA

ABSTRACT

Numerical analysis of a wall jet model as a simplified representation of a slat and main wing was conducted to investigate the slat noise

mechanism and its propagation. The acoustic feedback mechanism in a gap region was confirmed by frequency comparison of numerical

results with theory. It was found that the gap tones propagate in two ways. One is acoustic waves which propagate directly from a sound

source, and the other is acoustic waves which are reflected from a wall and refracted at the outer edge of a gap flow. Moreover, it was

found that the gap tones have a directivity.
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Comparison of Structural Model on Aeroelastic Computations of
a Transonic Delta Wing with Large Deformations

by
Hiroshi Terashima, Kenji Ono

ABSTRACT
Acroelastic computations of a transonic delta wing with large deformation were performed for the investigation of behavior of structural
model. The structural models used for the comparison were the linear structural models including modal analysis and the geometrically
nonlinear structural models with and without higher-order terms in the strain-displacement relationship. Navier-Stokes equations were
applied through all the computations. On the flutter prediction, the linear and the nonlinear structural models indicated the almost same
flutter dynamic pressure. Therefore, it made sure that the linear structural model was suitable for the prediction of flutter onset in accuracy.
After the flutter onset, the difference of wing response between the linear and the nonlinear structural model grew up as the wing response
became larger. All the linear structural models showed the limit cycle oscillation with well large amplitudes due to the unphysical stiffness.
The number of selected structural mode had little effect on the wing response even with the large amplitude. On the other hand, the
nonlinear structural model produced the limit cycle oscillation with relatively smaller amplitudes, which was closer to that observed in the
experiment. The higher-order terms in the strain-displacement relationship gave less significant influence for the wing response over the
present range of deformation. The present results indicated that the nonlinear structural model should be applied for the aeroelastic

computation of the wing response with large deformation.
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Fig. 3 Geometry of Schairer’s delta wing model
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Dynamic Mach Density, Velocity, Reynolds

pressure, psi  number kg/m’ m/s number x10°
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0.860 259.06
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5.46 1.1219 5.073
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(a) Fluid grid (CH-type, 273X 53X 51)
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(b) Structure grid (MITC4, 196 elements)

Fig. 4 Computational grid
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Fig. 5 Comparison of displacement contours of first three modes

(left: Schairer’ results 7, right: present results)
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ABSTRACT

Satellites’ charging in polar orbit has become a serious problem for Japanese spacecraft engineers especially after the total power loss of
ADEOS-II. Development of computation software named Multi-Utility Spacecraft Charging Analysis Tool (MUSCAT) started in
November 2004 as one of the provision. The simulation code will be used for a PEO satellite as well as for a GEO satellite or a Jow
inclination LEO satellite. The development includes four major parts: development of the GUI, development of the solver, acceleration of
computing speed, and code validation. The beta version of MUSCAT was released in March 2006 as the first integrated software. The
integrated GUI tool, called “Vineyard,” provides integrated development environment on local PC. The solver includes fundamental
physical models necessary for charging analyses at LEO, GEO and PEQO. Parallelization improved the computation speed and controlled
iteration time reduced total time of computation. Experiments for the fundamental code validation were also carried out and the results
showed good agreement with the numerical analysis. In the paper, development of the numerical solver is described.
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Development of 3 D Spacecraft Modeling of MUSCAT
(Multi-Utility Spacecraft Charging Analysis Tool)

by
(OJeongho Kim, Sinji Hatta, Takanobu Muranaka, Satoshi Hosoda, and Mengu Cho (KIT)
Hiroko O. Ueda, Kiyokazu Koga, and Tateo Goka (JAXA)

ABSTRACT

The beta version of MUSCAT (Multi-Utility Spacecraft Charging Analysis Tool), the numerical tool for charging-arcing analysis of
satellite, was released at the end of March, 2006. It contains GUI (Graphical User Interface), solver, parallelization, and validation
experiment. We named GUI part as “Vineyard’. It helps users to process spacecraft modeling and calculation by one-touch menu. It also
provides several functions of spacecrafl modeling (modeler) on the 3D basis as well. We have developed overall GUI functions with Java,
and modeler with Java3D. In order to verify the validity of MUSCAT, some real spacecrafts, such as WINDS (Wideband Inter Networking
engineering test and Demonstration Satellite), OICETS (Optical Inter-orbit Communication Engineering Test Satellite), and GOSAT
(Greenhouse gases Observation SATellite), are being modeled and calculated. In this paper, we introduce Vineyard as GUI part of
MUSCAT, and models of real spacecrafts made by the modeler as well as the calculation result of WINDS satellite model.
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Acoustic Analysis of Supersonic Jet by Using Euler/Linearized Euler Equations

K. Kitamura, A. Hashimoto, K. Murakami

by
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ABSTRACT

A supersonic jet into complex geometry and its accompanying acoustic field have been investigated by using Euler Equation/Linearized
Euler Equation (LEE) hybrid methodology here. As a first step, we have examined its performance by computing traveling smusmdal
waves. Then, we found that the hybrid methodology achieves higher accuracy than the Euler computanon when combined with a 5"-order
WENO scheme. Based on this knowledge, we have conducted both of fully 3"-order Eulet/LEE and 3™.order-Euler/5™order-LEE hybrid
computations. According to the results, the computed acoustic field is mainly composed of three waves having distinct frequencies: a high
frequency wave (0.5[Hz]) which seems to be caused by interferences from the wall, a medium frequency wave (2.2[Hz]) corresponding to
1" —mode eigenfrequency of the jet exit geometry, and a low frequency wave (10{Hz]). The computed pressure values are rather different
between the two results, although these frequencies are not so much. This fact implies that the more we extend the region of 5™ order
computation, the more the computed pressure values approach to physically correct ones in quantitative view.
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Simulation of Flow Control with a Plasma Actuator Applied to a Wing Section

Daisuke Tsubakino, Yoshiteru Tanaka and Kozo Fujii

ABSTRUCT
This paper investigates effective layout of a dielectric barrier discharge plasma actuator for a flow separation control on the
NACAO0012 wing using computational simulations. The flow condition of low speed and low Reynold number, M, = 0.1 and
Re = 1.0 x 10° is considered. Three cases of locations of the actuators are simulated. The actuator is placed at the 5%, 10%
and 20% chord from the leading edge for each case. When the low velocity is induced by the actuator, the location has little
effect on the capability to suppress the flow separation. However, if the higher velocity is induced, the actuator placed near
the separation point can provide the better capability. Further increasing the angles of attack, another separation occurs
from the trailing edge. Then the actuator placed near the leading edge can not suppress such separation. This is the control
limitation of the single actuator. The result motivates use of the multiple plasma actuators for effective separation control.
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Fig. 1. Configuration of plasma actuator.
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Acoustic wave radiation in a supersonic wake

Takashi Takiguchi, Hiroshi Maekawa, Daisuke Watanabe and Yuichi Matsuo

ABSTRACT

A direct numerical simulation of a supersonic wake undergoing transition to turbulence has been performed. The compressible Navier-
Stokes are solved to study the acoustic generation mechanism for a Mach 2 wake. High-order upwind-biased compact schemes are used for
spatial derivatives and a 4™ order Runge-Kutta scheme for time advancement. Navier-Stokes characteristic boundary conditions are
employed in the vertical direction and periodic boundary conditions in the streamwise and spanwise directions for a time-developing DNS.

The laminar wake was forced with a combination of the 2-D most unstable mode and a pair of oblique subharmonic unstable modes, which
were obtained from linear stability theory for the viscous compressible equations. Forcing with a pair of oblique subharmonic modes yields
streamwise/vertical counter rotating vortices in the saddle region of the plane wake. As streamwise/vertical counter rotating vortices evolve
outside, their self-induction causes inclined braidlike structures to form in the wake, which are similar to the observations in the
experimental supersonic flat plate wake transition. Acoustic waves of the plane wake are generated when two-dimensional rollup structures
appear and rotate in a coherent fashion in the wake. 3-D elliptical structures play an important role for sound generation in the plane wake.
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Fig. 3: Time development of second invariant Q(=0.01) structure
for M=2and Re=1000; topview.
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Fig.10:Time development of dilatation field at t=120,125 and 130.

White & black regions indicate positive and negative divu,
respectively: seideview.
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Fig.11:Time development of pressure field at t=120,125 and 130:
topview;(a) y=5,(b)y=10,(c)y=20. The contour increments are
0.00025.
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Fig.12:Time development of dilatation field at t=130,135,140 and
145. White & black regions indicate positive and negative divu,
respectively: topview; (a) y=5,(b)y=10,(c)y=20.
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Fig.13:Time development of mean normal velocity. Solid and
dotted lines indicate positive and negative normal velocities,
respectively. The contour increments are 0.001
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Aerodynamic Design of Supersonic Biplane: Current Status and Future Direction

Masahito Yonezawa, Hiroshi Yamashita, Shigeru Obayashi, Kazuhiro Kusunose

ABSTRACT
Nowadays, the development of Supersonic Transport (SST) is attracting international attention again. However, in supersonic flights, we
face the problem of “sonic boom”, which is induced by a shock wave. To alleviate the problem of sonic boom, the idea of reducing shock
wave using Busemann biplane has been proposed. The interaction of shock waves between the two wings cancels out or reduces the shock
waves created by individual wings. This research discusses two issues about Busemann biplane. One is the unstarted condition during
acceleration. The other is the three-dimensional configuration of Busemann biplane. Unstarted condition happens due to the unsatisfied
condition with Kantrowitz Donaldson Criteria. Unstarted condition that holds in the criteria is confirmed by analyzing accelerate
phenomenon using Computational Fluid Dynamics (CFD) analysis. The other important issue is that the shock front should be planar to
cancel out the shock waves between two wings. The caret wing induces a planar shock front. Three caret wing configurations are analyzed

to examine how the planar shock front are created using CFD analysis.
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Figure 1 Busemann biplane
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Fig.4 Operational area of the intake diffuser

Fig.5 Schlieren photograph of ideal condition at M=1.7
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Fig. 15 Unstructure grid and shape of the rectangular wing
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Acoustic Analysis of Rocket Frame Deflector

by
K. Murakami, A. Hashimoto, K. Kitamura, T. Aoyama and Y. Nakamura

ABSTRACT

This paper provides the results of numerical analysis on the sound radiation and frequency characteristics of a rocket frame deflector. In
general, a deflector is built in a rocket launch pad (LP) in order to reduce the influences of exhaust plume on a rocket body. The rocket
frame deflector is expected to be a low frequency sound source because of its large dimension. Since the low frequency sound wave is
dangerous for rocket body at its natural frequency, it is necessary to make the frequency characteristics of deflector clear. The characteristic
frequency analysis of a modeled rocket frame deflector is conducted using a FEM solver. It can be seen from the FEM analysis that the
strong resonance occurs at low frequency in the modeled deflector. Three dimensjonal numerical analysis of sound radiation from deflector
including rocket plume inflow is also conducted on a modeled LP using a hybrid code of an Euler flow solver and a Linearized Euler solver.
From the sound radiation analysis, the characteristic sound wave from a modeled deflector has low frequency.
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Study on Structural Vibrations of Rocket Payload by Acoustic Excitation

by
Takashi Takahashi, Keiichi Murakami, Takashi Aoyama, and Hideaki Aiso (CSRG/ IAT/ JAXA)

ABSTRACT

Spacecrafts are placed on top of launch vehicles, and are excited with mechanical (sinusoidal: 5-100Hz and random: 20-2kHz) vibrations
via interfaces between spacecrafts and launch vehicles during launch. In addition to such mechanical vibrations, the spacecrafts are also
exposed to acoustic pressure with wide frequency range (20-10kHz). Lightweight and large area structures, such as solar arrays and antenna
dishes, and components with relatively high natural frequencies are sensitive to acoustic loads. We have studied on a series of numerical
simulation techniques for searching main acoustic sources at lift-off, and analyzing acoustic wave propagation, transmission through fairing
and spacecraft acoustic vibrations. In this paper, we focus on spacecraft structural vibrations by acoustic loads using finite element method
(FEM), which is one of the most widely used deterministic prediction techniques other than statistical techniques such as statistical energy
analysis (SEA) to obtain detailed information. Then we investigate some fundamental random vibration analysis using some simple models
to check FE modeling techniques and responses by structural analysis with random acoustic loads. Finally the simple primary structure with
some stiffeners of a large spacecraft is modeled with FE, and is used to solve the eigen value problem, and transient and steady-state
analysis with random acoustic loads.
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LES Numerical Simulation with High Resolution

around Two-dimensional Airfoil
by
Takuji Kurotaki, Takahiro Sumi and Jun Hiyama

ABSTRACT
An advanced Large Eddy Simulation (LES) technique with high accuracy and resolution is proposed. This method solves compressible 3-D
Navier-Stokes equations with the Approximated Deconvolution Method approach as LES approach and has several sophisticated
techniques such as highly tuned compact schemes, the generalized characteristic interface conditions, and the generalized Navier-Stokes
boundary conditions. Several applications to flows around 2-D NACAQ012 aerofoil are presented and discussed. Numerical results show
that this method can solve very complicated subsonic flow including the laminar flow separation at the leading edge region, the transition in
the bubble and the reattachment. It also has capability to capture the natural laminar to turbulent transition phenomena in the order of
Reynolds number of 10°. [n order to validate the present LES technique in more detail, the results are compared with existing wind-tunnel
experiments and linear stability analyses with the ™ method and discussed.
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41 Instantaneous vorticity of the spanwise component
(NACA0012, Re =2x10", U, = 20m/sec, o. = 9°).
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[4 2 Averaged Cp distribution (NACA0012,
Re =2x10%, U, = 20m/sec, 0. = 9°).
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[%] 3 RMS of Cp distribution (NACA0012,
Re =2x10°, U,.= 20m/sec, o = 9°).

ARG, THLEIZRE LN BEHEL DI LR
s (a2 OO 7 — s v RLEGE ST
NS I B L 50%=— FOLIE G Z i i o IR i 4
BELALBLZ20H289TH Y, ZHAHAEERE R A 5%
T3 T-SEORBHchrEHELZLNS,

Bl EHONT, RN LD 2R B O A, BREEY
S B ELEL S A B OREIEICI A TV Dk
FET AT, ETEEAEIC Y S KRR E oLz
WTHEER T2,

This document is provided by JAXA.



=0.05

u at x/c

=0.1

u at x/c

=0.15

uat x/c

=02

u at x/c

=0.25

u at x/c

WL F R Bl S I b — 2 as di i o 2R Y 1200655 ik

[ 4 Instantancous vorticity of the spanwise component
(NACA0012, Re =2x10°%, U.,=30m/sec, ¢ = 0°).
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[# 5 The velocity fluctuations at some streamwise at 0.8mm distant from wall surface location.
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[2] 6 The definition of the transition location.
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[%] 7 The transition location for each cases.
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A RTRI 3m*5m Large-scale low-noise wind tunnel (Tu=0.04% at 30m/s)
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[¥] 8 The transition location with the experimental results.
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Numerical Simulation on Rocket Engine Combustion

by

Shingo Matsuyama, Junji Shinjo, Yasuhiro Mizobuchi, Satoru Ogawa

ABSTRACT

Numerical simulation of liquid oxygen/gaseous hydrogen rocket engine combustor is conducted to investigate the flame structure under
supercritical pressure. A preliminary result by an axisymmetric numerical simulation with detailed chemistry is shown for a single shear
coaxial injector element which follows the experiment by Mayer and Tamura. A real gas effect under supercritical pressure is accounted for
by Soave-Redlich-Kwong equation of state. Thermodynamic and transport properties are evaluated based on departure functions and the
corresponding state principle. A fine mesh system with minimum mesh spacing of 1pm is employed to resolve a thin reaction layer under
high pressure environment. The present simulation has succeeded to capture the unsteady flame with very thin reaction layer at supercritical
pressure. By the analysis of the simulated flame, fundamental features of the LOX/GH, flame are clarified. Small eddies, which are gener-
ated intermittently at the upper corner of the LOX post tip, interact and coalescence with their neighboring eddies while convecting down-
stream. A recirculation zone near the LOX post tip drives the GH, flow toward the LOX stream, which anchors the flame and results in a
stationary combustion. The flame edge attaches to the LOX post tip and non-premixed combustion occurs. The flame thickness is less than

0.1mm, and no local extinction is observed during the simulation.
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Comparison of Interpolation Methods for Numerical Analysis on
Helicopter Noise

Choongmo Yang, Paulus Lahur and Takashi Aoyama
Japan Aerospace Exploration Agency (JAXA)
7-44-1, Jindaijihigashi-machi, Chofu, Tokyo 182-8522, Japan

INTRODUCTION

JAXA has been developing its own full helicopter
simulation code[1] by combining accurate CFD solver
and acoustic solver. The flow solver is using moving
overlapped grid method, which is one of the most
advanced techniques for tip-vortex capturing at present.
The moving overlapped grid system is composed of
three different types of grids (blade grid, inner and
outer background grids), and simple bi-linear
interpolation method is used to exchange the
information between each grid during calculation. The
acoustic code is based on Ffowcs Williams and
Hawkings (FW-H) formulation using the pressure
distribution on blade surface obtained by the CFD code
as input data.

The previous researches have shown its ability to
capture the distinct peak of BVI noise for several
problems. Also the code is expanding its ability to
solve the flow-field including tail-rotor and fuselage
configuration for interaction noise analysis. The noise
generated by a maneuvering rotorcraft would be the
next important challenge in the way to full helicopter
simulation. To get accurate noise signals for the noise
problems of helicopter, it is very important to solve the
fully unsteady flow field with high-accuracy for several
rotor revolutions. Because of complex movement of
helicopter including rotor-rotation and flight motion of
all parts of helicopter, the importance of accurate and
fast interpolation algorithm between overlapped grids
is growing up. Specially, for the computation of a
manecuvering helicopter, the computing efficiency
becomes one of the bottle-necks.

In this paper, the several interpolation algorithms
arc implemented and compared for elapsed computing
time. Compared to linear index searching algorithm,
Alternating Index Searching algorithm, which will be
explained later, shows better performance to accelerate
calculation with overlapped grid system. Alternating
Index Searching algorithim searches the nearest point
by checking neighbor points to alternate its index
direction for a given point. Alternating Digital Tree
(ADT)[2] algorithm is also known to have excellent
searching speed to find the intersection line or plane
between two meshes. But if we restrict the
interpolation for a structured grid, which can be

characterized by linear indexing along computational
coordinate axis, then alternating index searching
algorithm shows better performance in searching
operations. So, in this paper, three different alternating
index searching algorithms are compared to linear
index searching methods during interpolation
operations. By applying this algorithm, efficient
massive computation can be achieved for the full
helicopter configuration. The results of this study can
provide understanding of the characteristics for
helicopter noise, which can be wvaluable in full
helicopter design.

NUMERICAL METHODS

Z

N

mainftail rotor
& fuselage grid

inner backgroudn grid

1 4

outer background grid

Fig.1: Perspective view of overlapped grid systelﬁ

Overlapped Grid System:A moving overlapped grid
system with three different types of grids (rotor grid,
inner and outer background grids) is used to simulate
BVI of helicopter. Figure 1 shows a perspective view
of grid system for the whole computational domain of
grid system. The inner background grid is placed
around the rotor disk. The outer background grid
covers the whole computation region with a sparse grid
density. The flow data are exchanged between the inner
and outer background grids, and between rotor grid and
inner-background grid. The body-fitted blade grid in O-
H topology moves along with the blade motion
including rotation, flapping, feathering, and lagging.
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Table | shows the specification of each grid. Most of
the grid is concentrated in inner-background grid,
which captures the trace of tip vortex during several
rotations around rotor disk. The number of grid points
in span-wise direction is considerably increased to
match the grid density of the blade grid with that of the
inner background grid. The grid spacing of the inner
background grid corresponds to 0.05c, where ¢ is the
chord length.

Table 1: Specification of each grid.

inner background (XxYxZ)

arid 450x400x80 = 14,400,000
outer background (XY xZ)

grid 83x79%49 =321,293

(chord=normalxspan) * blade
(83x25x131) x 1 = 271,825
total ~15,000,000 points

inner background 0.05¢ (=0.006K)
spacing

blade grid

Numerical Schemes for Aerodynamics: A three-
dimensional numerical flow solver for the compressible
Euler equation is used to analyze the detailed behavior
of tip vortex.

For the calculation of blade grid, inviscid flux vectors
are separated using Roe's flux difference splitting
(FDS) algorithm, with third-order accuracy using a
TVD scheme. For the time integration, second-order
Euler backward scheme is used in the conventional
delta form. A diagonalized ADI method with an
upwind flux-split technique is used in the linearized
implicit part for the discretionary governing equations.
A detailed derivation of the governing equation and
numerical schemes is described in a previous work by
Aoyama et al.

For the calculations over background grid, the flux
difference across cell interface is divided also using a
compact TVD scheme to get third order accuracy.
MUSCL cel] interface value is modified to achieve 4th-
order high accuracy in the background Cartesian grid.
Simple High-resolution Upwind Scheme (SHUS) is
employed to obtain numerical flux. SHUS is one of the
Advection Upstream Splitting Method (AUSM) type
approximate Riemann solvers and has small numerical
diffusion. The four stage Runge-Kutta method is used
for the present calculation. The free stream condition is
applied for the outer boundary of the outer background
grid.

Aeroacoustics: The prediction method of the far field
acoustic pressure is based on the combination of CFD
technique with an acoustic equation solver. Although
direct computation can be used to get the noise solution
directly from the flow calculation with CFD based

methods, this is available only in the near field in spite
of huge computing cost. At present, the best way is the
coupling with the integral method for far-field
prediction. Acoustic analogy, which is re-arranged into
the Ffowes Williams-Hawkings Equation, is widely
used and still under construction for better applications.
Retarded time solution to the Ffowces-Williams and
Hawkings equation, neglecting quadruple noise, can be
written in the form of Formulationl by Farassat[3]. The
prediction of rotor noise is conducted in the following
procedures: 1) calculation of sound pressurc of the
noise source, 2) acoustic prediction computation at the
observer position, and 3) post-processing of the noise
data in the way of sound level using visualization or
audible converting.

Reading
= Calculation parameter
« Grid data
+ Flow data

Calculation steps
Number of blade AR s R S R s e s RS

Interpolation of flow data
inner background grid *blade grid

| Flow calculation in blade grid |

Interpolation of flow data
blade grid #inner background grid

Flow calculation in inner background grid |

Interpolation of flow data
inner background grid +outer background grid

( Flow calculation in outer background grid |

Interpolation of flow data
outer background grid <inner background grid

[ Writing flow data

Fig.2: Diagram of procedure for flow calculation

Calculation Procedure: The dynamic blade motions
such as flapping, feathering, and lagging are defined in
the input data. The solver uses azimuth-wise data or 1st
harmonic function data obtained by measurements or
other codes (e.g. CAMRAD). In the present calculation,
the collective pitch, cyclic pitch, flapping, and lagging
angles measured by the wind tunnel experiment by
ATIC are used. The calculation procedure is shown in
the diagram of Fig. 2. The search and interpolation to
exchange flow data between the grids are executed in
each time step because the blade grid rotates with the
rotor blade in the background grids. The computation
time spent for search and interpelation is one of the
disadvantages of the moving overlapped grid approach.

This document is provided by JAXA.



If beth 0521 and 0-t1,
Point Ais inside of the cell

Blade grid cell

2 cartesian
background grid

P, ”{3(1-1S)l;’,81(1~f)+{1’.s +P (-3}
={E-F.+F -P)st+(-B+P)s+(-F+F)+F
Fig.3: Diagram of bi-linear interpolation for overlapped
grid system

Bi-linear Interpolation between Overlapped Grids:
Figure 3 shows bi-linear interpolation of 2D for
simplicity. In case of 3D, the position of the point is
expressed by three scalar parameters, s, t, and u for the
use of tri-linear interpolation. In this step, values of's, t,
and u for each index are calculated. When all s, t, and u
are between zero and one, the point is judged to be
located inside of the cell.

INTERPOLATION ALGORITHMSS
(Spatial Searching Algorithm)

When using overlapped grid or other kinds of multiple
meshes, sclutions on one grid must be accurately
interpolated and transferred to the second grid for the
calculation to  proceed. In the case of
structured/unstructured grids or the more general multi-
physics case of two independent grids with arbitrary
overlap, this grid transfer operation is more
complicated. It involves a search for which element of
the first mesh contains each nodal point of the second
mesh, and a subsequent interpolation. If the two
meshes move relative to each other, then the search
operation must be repeatedly invoked. It needs
considerably high computational cost especially for the
calculation of helicopter in maneuver.

Among  several kinds of interpolations between
different grids, only the detailed procedure of the data
exchange from the blade grid to background grid is
described here. The other procedure of the data
exchange from the Cartesian background grid to the
blade grid is easier than that from the blade grid to the
background grid.

Assume we have a blue mesh from base grid
(corresponding to base grid such as main-rotor, tail-
rotor, and fuselage in the present code) consisting of
elements and one or more scalar or vector values
defined at its nodal points as shown in Fig.4. We also
have a red mesh (corresponding to inner background
grid) of elements and nodal points whose spatial extent
overlaps that of the blue mesh in some arbitrary way.

The grid transfer operation is to interpolate from nodal
values of the blue mesh onto nodes of the red mesh,
which is shown as point A, B, and C in Fig. 4.

To speed up the searching, the searching points are
checked at first whether they are located inside or
outside of the box which consists of maximum and
minimum values of base grid, which is expressed ‘in-
box’ in the figure. If a red nodal point is outside in-box
{point A), the point is categorized as “out of box”. If
the point is located within ‘in-box’, the search
algorithm begins to work to find the target cell points.
If successful (point C), the value of the point ‘in box’ is
interpolated using cell points, 1, 2, 3 and 4. If not, it
means that the point is ‘in box but out of range’ and it
may be ignored or an extrapolation procedure may be
used. If a red nodal point lies on the face (or edge)
between two (or more) blue elements, it can be
considered to be inside either for interpolation purposes.

base grid

backgrourd grid \/

F}g.4: Arbitrary overlap of two meshes

@ : searching points
@ : target cell points

j
@ : starting point
| @ : searching point
2, 12_3'). @® : ending point
‘(a+‘1'd+f)
I o e O
(@)

Fig.5: Diagram of linear searching algorithm
Linear Searching Algorithm: Most simple searching
algorithm for the structured grid (i.e. linear index
mesh) is linear searching algorithm by brute force
approach. Let (i, j) be index of base grid and (I, J) be
index of background grid as shown in Fig. 5. Linear
searching algorithm continues checking if the searching
point (I, J) is in the cell by nodal points (i, j), (i+1, j),
(i+1, j+1) and (i, j-*+1). If the cell includes the searching
point, the value of the point ‘in box” is interpolated
using cell points, then the next secarching point of
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=

background grid will be searched. If no cell is found to
include the searching point, it is ignored and procedure
exit o the next searching points.

Loop for (/)
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Fig. 6: Flowchart of linear searching algorithm
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Fig.7: Flowchart for AIS algorithm

Figure 6 shows a flowchart of the linear searching
algorithm. At the beginning, the grid indexed (I, ) of
the background grid point is assigned to be a searching
point in turn, and repeats checking for the loop of each
base grid cell. During the loop of base grid (i, j), the
base cell is checked whether they include the searching
point or not. The searching point (I, I) of background
grid should be checked in 2-D loop, and each searching
point should be nested by base grid loop. This
algorithm is easy for coding and secure for any kind of
geometry because all cells of base grid are checked, but
unnecessary index searching may be executed because
the increase of index has no relation to the approaching

FHBUZERMIE R SRR D E 4L TAXA-SP-06-010

direction to the searching point from current position.
Specially, il the searching point is located ‘in box but
out of range’, the whole loop of base grid should be
repeated in vain. For a complicated geometry such as
helicopter fuselage, the base grid box may include huge
number of points ‘in box but out of range’, which give
rise to undesirable computing cost during interpolation.
Moreover, helicopter in maneuver is changing its
position and orientation for every moment to require a
massive interpolation. That is why new searching
algorithms should be examined for the helicopter
simulation in maneuver.

Alternating Index Searching (AIS) Algorithm:
Another searching algorithm for the structured grid is
Alternating Index Searching (abbreviated as AIS from
now on) algorithm, which changes the direction of
indexing by the judge law until the base point includes
the searching point (or until it is proven out of range).
This algorithm can accelerate searching by jumping
index according to the directivity for searching point by
increasing/decreasing (i, j) index, which is the most
powerful for the structured grid. The starting point of
base grid (i, j) can be chosen arbitrarily such as (1, 1)
or middle point of whole base grid. Another choice is
to use the ending point of previous searching because
the next searching point (1, J) is probably located near
the previous one, which is also valid for the structured
grid. The flowchart of procedure is shown in Fig. 7.

step (2)

: starting point

: searching point

: ending point

: neighboring point

ceee

step (3)
Fig.8: Steps for linear searching algorithm

Figure 8 shows examples of steps for linear searching
algorithm starting from (i, j) to approach the searching
point (I, J) and finally to find the cell including the
searching point. In step (1), 4 neighboring cells (NE,
NW, SW, and SE) of the base point (i, j) are checked to
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find the approaching direction, then for the cell in the
direction is checked if this cell includes the searching
point. The approaching direction is determined from
the relative position of spatial vectors by 3 points, (i, j),
(i+1, J), (i+1, j+1), (i, j+1) and searching point. In the
present example, the North-East (NE) direction is
chosen but doesn’t include the searching point, so the
base point moves to NE by alternating index (i, j) to
(i+1, j+1). In step (2), the same routine is repeated to
move the base cell to NE again. In step (3), the
approaching direction change to NW and the NW cell
includes the searching point. Then, we can interpolate
the value of searching point using 4 nodal points of
NW cell: (i, j), (i+1, j), (i+1, j+1) and (i, j+1).

@ _ slarting point
@ : searching point

Fig.9: Special treatment for C-type base grid

Figure 9 shows three examples of special treatment for
C-type base grid when using the Alternating Index
Searching algorithm. These cases come from the
characteristics of boundary lines of C-type grid. Case 1
oceurs when starting point lies in the boundary line of
j=1. If searching point is A, the final answer should be
‘in box but out of range’ because an approaching
direction to SE cannot continue. But if searching point
is A* a extra treatment should be added for correct
searching even approaching direction SE is not
available,. Case 2 occurs when approaching direction
has to cross the j=1 boundary starting from point 2 to
approach point B. Another case occurs when
approaching direction has to cross i=1 or i=M lines,
which is identical in C-type grid topology. These
treatment routines are included in the present research.

RESULTS AND DISCUSSION

In this section, searching efficiencies of each algorithm
are compared using 2-dimensional models with
different grid density for both base grid and
background grid, then 3-dimensional calculating time
are discussed.

SH A > I b — 2 a T 2 R U A 20065 S0

Comparison of Algorithms using 2D Geometry in
Motion: Searching efficiencies of each algorithm are
compared using 2-dimensional models with different
grid density (coarse grid or fine grid) for both base grid
and background grid. Linear searching algorithm and
AIS algorithm are used as shown in Table 2. Three
different starting points are compared for the case of
AIS algorithm. Grid number of each grid type is listed
in Table 3, and 4 different base grids are shown in Fig.
9. Computing time during searching and step count (in
other words, the number of alternating index operating)
for each algorithm are compared. In order 1) to get an
average value and 2) to eliminate effects of relative
position and orientation between base grid and
background grid, base grid is rotated and translated for
20 times as shown in Fig. 10. Total number of
interpolated points (N), averaged computing time (T),
and averaged step count (S) for each algorithm are
listed in Table 4. For all cases, the results show the
excellence of AIS algorithm, especially when starting
from the previous end point.

s

(a) square

a7 == 1)

(b) airfoil
Fig.10: Diagrams of 2D Geometry in Motion (rotation
and translation)

Table 2: Definition of algorithm

Algorithm | Exploration

Name

LS Linear Search algorithm

AIS-I Alternating Index Search algorithm
starting from initial point, (1,1)

AIS-M Alternating Index Search algorithm
starting from middle point

AlS-P Alternating Index Search algorithm
starting from previous goal point

Table 3: Specification of grid number

135

Grid type coarse fine

Base grid | Square 81x24 161=47
Airfoil (with 81x24 161x47
hole inside)

Background grid (including | 450%80 8992159

searching points)
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Comparison of Algorithms using Full 3D Helicopter
Simulation: Searching efficiencies of each algorithm
are compared using overlapped grid for full 3D
helicopter simulation. Figure 11 shows the ration of
averaged computing times for each procedure during
iteration. Most time consuming routine is the
calculation of wing grid which is composed of 9 parts
(4 blades for main-rotor, 4 blades for tail-rotor and
fuselage). If considering the computing time of each
part, calculation of inmer-background grid costs most,
which is reasonable in terms of huge number of grid
points. Computing time for interpolation from the blade
grid to background grid is about 11% when using linear
searching algorithm. As more number of helicopter
components should be included such as skid, stabilizer,
and so on, as more impertance of interpolation
efficiency may arise. From the result of 2D examples,
it is expected to increase computing efficiency in 3D
helicopter simulation using AIS algorithm about 10%.

SUMMARY

Alternating Index Searching (AIS) algorithms are
tested and adapted to achieve the speed-up of

computing time for the massive computation of the full
helicopter configuration. Comparison of 2D examples
shows the excellence of AIS algorithm, especially
when starting from the previous end point. Considering
the interpolation time for overlapped grid method, AIS
algorithm shows good possibility for computing
efficiency in 3D helicopter simulation.
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Table 4: Comparison of total number of interpolated points, averaged computing time (107 sec), and averaged

step count for each algorithm and grid type.

ase grid Square Airfoil
Back. grid coarse fine coarse fine
coarse N= 33059 33059 9441 0441
LS T(S)= 88386(1231) 316310(4923) 19361(1178) 68587(4702)
AIS-1 16607(35.2) 32064(69.6) 2879(24.2) 5076(47.6)
AIS-M 12444(20.6) 23706(40.6) 3034(21.4) 5338(41.8)
AlIS-P 4234(6.3) 7105(11.5) 1346(5.5) 1975(10.0)
fine 132357 132357 37737 37737
LS 354072(1230.6) 1271496(4922) r 78096(4702) 275950(4707)
AlS-I 67054(35.1) 129160(69.6) 11846(24.1) 20970(47.6)
AIS-M 50543(20.6) 95657(40.6) 12430(21.5) 21959(41.9)
AlIS-P 15610(5.4) 25114(9.9) 4835(4.1) 6847(7.1)
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Fig.11:  Diagram of averaged
Wing percentages of computing time for
each procedure during iteration (%)
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An analysis of scalar dissipation structures through DNS of
turbulent heat transfer in a channel flow

by
Hiroyuki ABE
Computational Science Research Group, Japan Aerospace Exploration Agency, 182-8522 Tokyo

ABSTRACT
The structures of the scalar dissipation field are studied by performing direct numerical simulations of a turbulent channel flow with passive
scalar transport. The Reynolds number is set to be 180, 395 and 640 based on the friction velocity and the channel half-width. The
molecular Prandt] number is 0.71. Near the wall, the scalar dissipation field is associated primarily with anisotropic structures, which reflect
the presence of quasi-streamwise vortices, whereas away from the wall, it is mainly sheet-like in form.
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Numerical Analysis of Jet Flow from Reusable Vertical Landing Rocket Vehicle

Toshiyuki Suzuki, Satoshi Nonaka and Yoshifumi Inatani

ABSTRACT
Computations of opposing jet flow from the vertical landing rocket vehicle are performed by using Large Eddy Simulation technique.
Calculated results are presented for the cases with and without jet ejection respectively, and are compared with experimental data obtained
by several wind tunnel testings for the purpose of code validation. For the case without jet ejection, it is shown that dominant mean flow
structures around the model are nearly reproduced in this calculation. Calculated time-averaged pressure coefticient distribution duplicates
well with that of measured. For the case with jet ejection, although a quantitative agreement of measured pressure coefficient values with
those given by the present calculation is yet to be accomplished, the general trend in the measured pressure coefficient distributions was
reproduced well in the present calculation. It is also found that calculated characteristics of power spectrum density of pressure coefficient

are similar to those of measured for the case with jet ejection.
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RVT flight environment

Wind tunnel test

Freestream parameters

Pressure, p= [Pa] 101330 101330
Density, pe [kg/m3] 1.205 1.205
Temperature, 7 [K] 291.3 291.3
Velocity, . [m/s] 70 26.4
Mach number, M 0.206 0.077
Reynolds number, . 9.96% 10° 3.23x 10°
Jet parameters
Mach number, A, 2.41 2.41
Pressure ratio, p,/pe 138 138
Flux ratio, fa/f; 13 13
Chamber pressure, pe;, [MPa] 2
Chamber temperature, 7w [K] 289.15
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Instability in difference approximation
for the compresible EulerEquations and the linear field

FHE FHAB (AISO, Hideaki) *

Numerical computation of differential equations usually needs some discretization of the
original equation. The discretization is called discrete (or discretized) model, while the

original differential equation is called continuous model. The properties of both models are

expected to be of exact coincidence, but there is always some inconsistency between them.

In such a situation, we need to know the inconsistency in order to understand what a result

of numerical computation means. Otherwise we might misunderstand it to regard a specific

behavior of numerical solution coming from the property of discrete model but not from that

of continuous one as a part of behavior of the original equation’s solution.

Here we show some trial to analyze the numerical instability that occurs in numerical calcu-

lation of shock waves, where ocurs a typical example of inconsistency between the continuous

and discrete models.
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W& S FTIFTHNC R OB AR AN B D, £,
ﬁﬁ@ 2ol L E IR BRI O 2 DB AT ONTE
Bw1T9,

2. [E#EHE Euler AEEXDEE K

TR, 2B[ 2 ot O JEREME Buler B

U+ F(U)e+G(U)y =0, —co<gy<oo,t >0 (1)

EHEXD, UTHRFEEBRDNT b

P
v= ol @
€

(72720 pyu,v,p, el ZENEN, BE, -, y-%&
TR Sy, FET), BT SH T2 D W= %
NFE—=) THY, z-. y- B LHROHK F,GIE

pu pv
2
e A TS A P
PUY pve+p
u(e +p) vie +p)
INIESIND, o, HESKAEORELGER
__r 1
e— 1+2p(u + 7). (4)
TARET D,

RD &5 R AE B R D, 2 ODRRE U=
t[pLa pLUL,, 0, eL]a UR = t[p[fa PRUR, Oa BR] : o3 N
Rankine-Hugoniot 5=

F(Ug) - F(UL) =

b RO

S(UR - UL). (5)

ur—cr>s>up—cp £ ol upte,>s>upter (6)

(cL = VpL/pL~ cr = \/’YpR/pR {%. Riemann 4]
/Eﬁ)ﬂ:&)KDZfU\F‘; UL,UR Té"f%f“&)éo )

BT ET D, TDEE,

Up, ©<st,
Ur, x> st.

U(m,y,t):{ (7)

Q) o=y ha = THY ., -G EE s

THEATS D 2 WCHN DO HEEE 2R T, (s =0
THAVLE BT Z O D251 L D EE
HEEEZD s,

YTPIIE_ 7 v A DEEE A TET,

*Rankine-Hugoniot Zef 0);}’( BRI I 2 B
Ry b u R R SRVWOT, UL & Ug BEEEO
EEOREE 2581037 OFG2HNT 208035 5,

ROB R PRI BB 3.

Godunov i&IZ & AEERLIE

P, my- AR RO LD ICHRERE (V)
T D Ly = (2, LTy L 1) X (yjﬁ_,yij L)
(¢, IR, BPRIAED {t” 0=1t0< tl )
OFRIZAERIL L, 220, RER ORI —*ﬁ
ThbdeELTEL, b, ﬁ:E@@j,anbVC
Tyl —Td = Az, Vil —Yj 1 = = Ay, t"H - =
At for all n. k7=, CFL *{EF WZOWTH

IUI+C IUI+C<L (8)
Az Ay T AL
EET D,
7R UL = t[p?j,(pU)?]a(Pv)?p SRINES

Bzl L = " = nAt [ZBITSFRER L, TO
NG U*ﬂU#é%@T%D 5% bt a1E
{w} 70~ B B A P o

IIER-5:08

+1 _ Atr ) f a
Uptt = Up; -85 {fﬁ%,j - Fl-”_%,j}
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- Dy {G?,ﬁé B Gm‘—é ’
LD niZ W THEKR S Z b5, 22 TKHFR

@’U(fﬁ{uuﬁF” G Y A BRAFE R AR %
2
e F,G %h%h@ﬁﬂ)f\ Godunov & THIKR

(9)

DEICHEZLND,
%Fi’” x.Up & LHJO)ZU\T’ ENTED D
RiemannF'E]ﬁ‘_
Unr <0
UAP(U)=0,Ulz,y,0=4 23" (10)
z+l]’rL>O

D u (BRI = Uy =
(a’/t z]) ZT_L|_1J) ZCE*[J/EH L//C

Py = PUOGUR TR, ()

LhEZbND, Bl UP

. UR, OB

Y L= =FOUr, Ul L) (12)

ThHY . ZhE Godunov DEAETEH N & & FES
S G?H.l HEIEEIZES B, Riemann [H]RE

Uy <0

13
iy > 0. )

U+G(U)y=0,U(z,y,0)= {

S~ R TERI O Riemann BIEEO = b —F U =
Uz, y, t) BHEETIUEEIE o/t IWRFET MU TH D,
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VIRES

Griiry =G Ul ) = GUO UL, Ulyy))-
(14)

LV EZBND,
4. BEECET VOB

Godunov MEIZ E DV B S DHERCET )V (9) D
AT 2 D 5,

i { Ugj}imt gy D IR LI
21 RITHR D TH Y D OREHE) 70 REFHI 38
(9) MM BFIC L 2RENEE CREIZFRE I
D EMRETIIE. ZRICEFREROANLZEMEIE 1 KT
SR ORLZERBIRVIRY L UER, Fio, M7
HHHEIZLDBREDRAELRELTH, KBV,
(BRI DRREN JIRE LTI, BRERES
BLRMAHRE N2 LIRITCH TH Y 2RI &
B REEIE LB,

LIl s, EEROEEFHRE TIE 2 2o&L
Lijo& L, (i # j2) BT DR HEMEITRELY
BoH, YR FOMEOEBOL T — B
DIEPBEINNEE NN EEIZKET 20—
NI NREEDOB G IZBBA T & ipn, %
0, —HRBRENBAET L ENSHEE TV (9)
(LD HIE SN DN FET D LHERR T 20N
BT D, EEE. [3, 1] 1BV T HREEOHR A
O wteam 2 B L T B,
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even M (1R #7122 1UHE)

FHZED odd-
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Ui = t[ﬂ?) (pu)i, 0, €f],

— e

upr = "oy, (ew)7, (pv)y, €],

(15)

EARET D, (~1)IUPK (KkiT JICBEERL
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DT IPHIVEBD JIRIE L THIE LB L Y F— %<7
LHIHETDOTHRR N EEZBND, EBR y+1 =7
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VINREFEIFEELR, LML, ZOLIREETHHE
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TEELERESELENTE, FEEDn THES
B E RO T (15) MRS,

LUF Offamid, EITERE & EEREO 2 -
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ETEEROGE

fENT OB DT RO XD REKRT [+4
W EWRIGZRRIL) THD L L TE,

4.1.

(16)

uFc,u>>0,c=/vp/p

Wb, o-FJ7 M2 & SR BRERFHORIEIZ T <

FA IRAFREE R CHAETR AR % KD 5 %D Riemann

MRS G Tseaie BittE) & RET D,
I TROEHEDEARNTH D,

EE 1 (9) & (15) OEEN T T, FERK
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TEOIEBIL, KOWE 2, 3. 1bEZbRS,
SHNBIE a-BARD 472 BHEEEL (16) & -l
1T ORI LA TR C b 5 I AL,

HHiE 2 _
By, = F(UT). (20)
##HRE 3
GZH% = %{G(Uﬁj) +GU)}

21)

5|30 W =) +o(0). ¢

D2 DOMEIXFILE N Godunov IEIZEBIT D
iﬁfﬁﬁﬁpﬁ%dX%ié%Jr% % JE 8 % Riemann [
(10) X% (13) 2L ThEEZIZHELRD b
DTHDH, ST, BIIU™ L1139 EP %

[ (pu)2, (o),

/5%1—(—1: (/;E)?ﬁ—la (;;)?‘Fl’ é?er o } )

n+1
n+l U] n
B = | B (v

on ="

| s
kN

rn+1
DEIED B, L, T (U) 1 BD 4 x 4
IMTIITH Y i kITBECh D, ST L, UMb
Ut~ DB R SR O > U7 13

ﬁn-H _ Eﬁ+1 . Un + 0((5)

DEHCEERTERTE, FIZITH BV

4 aU;'TL+1 n
b Ui (Uk)L,k:%iﬁ( e

U-n+7~ _ Engr . Un + 0((5) (22)
OREREBELRBE, T

ST, ZZTHATHE s OAz/At 2T 5Lk
WIEOFT S, Blb

Abﬁ N
o= 220 Iz SR K
r At

(23)
LD LD 7 EREME Fuler HRESUO BB HEIZ D
W, MERECE LIS

Urt = U, i 385, n > 0

1+q (24)

SR BOIMTINTER INORIZ LV ES, i—k £0,1
DBEITFITIN O L7325,
"Btz oWT, Bl = ERf ke
n4r
THY, i—r <k <i USoBaIES
&

2

x Bt op > 1
U =07Th

DOEWR CETRBREEE 2 7 7 A VB FEET
niFd, 54

[W:Uﬁ%%ﬁ—%Um&:Uﬁy%%Q
DAL EMPT B EROIRFOT N2 RITIE
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n+mr

L7090 EMTTORTHIGGR O LIENED & AT
TE B DBR R E OBIG L TEL D 3005,

HIEEEROEGE

gl T AL R < R S A7
A, oM T (4437 itk 287 < Fr L1
2

4.2.

OF" ,  OF",
nopn O FIARTE LD A 2 2

BRODLENR DD, F I THHCET VIZRT S
WO T a7 7 A NDEELREH#D D,

— W B R TR B oD Bt T L O I
DN DO FHE R (EIXE ) 12
BT D KRB LI B AR O R AB & 1T 7 D 0E
Beryieikie (PRDIRTE) & & B, FEMETE Euler
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OFERER R 2 — D Th 5, MR (72
/fJ:T) D IR HE & U, Ug. PRI EE S Uy & T 5,
Up, Uy, Ug COBEFE B (z-fh7 ), =% %
NN PL, Prt, PRy WL, U UR, PLs PM PR E S0 T s

F7. up, Uy, Up > 0 LB, ZOEAEOIE
TP 1 3 D ORFMEHRE w,ut e (c1TFH) DO B
u — c IR D B & M S b DI %,

Up 't Up & 12 1Bt o e 5 i ook
Rl Lo kiEERILS, 2% D Rankine-
Hugoniot M 4:f & 1-HE M O HEL s Ol

F(Ug) — F(Uy) = s(Ur — Unr),
Up —CRr <8 <Upy — CM

=L, o

Uup —cr < s <0

B Al TR DB R B SV D TE R v 7
A MDD TIFEER R IR T STV ARy, B0k
EFHHE R E R S 0 7 7 A MRV E B Z B
BT 2 R EE RIS L0 B O ER 1T O,
UREICREAIE, TAI A O (i,5) BHEE (A),; LRI R
Le(Bi) = (), nn,
itmg, bt

n-4mr
108 (- Wk & IR S 2, BN S EFE gl s 100 &R
57200,

This document is provided by JAXA.



MZeFEBE Y Izl — 2 a iy R U 420065 ST E 149

DIERC UL & UpDRIC 2T NIE R & 7200,

KIZ Riemann FREDEOHEE DBEfED %, U =
Up%Z 2 &3 D dh# (wave curve) Z#19 5,
FEHENE Buler AR TEIRO TR H O, &2 THE
M 7e RN FRETH B,

o 1-EEE AR (1-shock curve):
Up & UDS 1B (FridE u — ¢ lZxhE) @
EROKEL 2D K92 UDESR,

o 1-JZNRIZ M (1-rarefaction curve):
Up & UM 1-REAREE (PRI u — ¢ [Z53HE) @
ERORELLD X 2R UDES,

o 2-Hfihii Hh A (2-contact curve):
Up & U 2-Hfiils (RFMHEIHE o IZHIS) D&
FORMEE 725 & 572 UDHEA,

o 3-TEEEZ A (3-shock curve):
U& Uphs 3-TBEEHE (FrPEIEE u + c lSXHIE) @
EHOIRIEE 725 & 2 2 UDKESR,

o 3-MEZIRM iR (3-rarefaction curve):
U& Uph® 3-TENRIL (PR w + ¢ 1ZKHG) o
ERDREL 2D XD 8 UDES,

FELIZB) R BME Tz, -5 il fg i,
u = ug,p = po, pIIEEIEE &) il AR ELA
N5, 1-EERG R L MR iR IL Uy 5
HWICRX ORISR UL i T, Zhb i s
R C IR & D [RIBRIS 3R R & 3-
TEZNEME HR VL Ug ™ & BN B F IR NS
T, ZhbEabET3-lie v,

"""" ROIRIE U_ L Uy (2D OEE, ol
MOME, JENEENENp  pruup,p_,py
ET D) DEKT HEMME Euler D Rie-
mann MEDMF U = U(z/t;U_,U;) 1ZRD LD
IR C & 5, O p (B )-u (B E)-p(IE
77) Bl e T HREUDERTHEZ D, U_DPHER
D 1-FE R Cy & UL DA D 3-8 Calz >
T, ENEND u-p FR~DOHEC,, Cs% & ¥ %
DIERL (Upy Pim) & & Do BEH (U, D) WKTIET B
01,03J:0),'.J?\75‘2‘:<aﬂ{j(%<%%31%ﬂ Um’v, Um’+ L
To. (INODREBOEE L ZNEN P, pm+
ET B, ) THEL ZO Riemann [EOHRIT A
(x/t = —00) MBEM (z/t = 400) D> T

o EMIDIREE U_

M-z, s= up —cpg CHNIR Uy =UrTHY, F7=.
s=0THNE Uy =Ur&pd, INOHITEMEHE W
THRRENROSEIZRY T 5,

o U & Uy, _#fE5S (EABMOREL T 2)1-
T 7o 13 1-IARE

o REE Upn

o Up,— & Up g Tt 5 2-15 MR

o RIEU,, 4

o Un+ & UpZ s (EAMRMOREE T 2)3-
R 71 3-IAR L

o HIOIREE Uy

LD,
AR OFR EEE ' 0 7 7 A ZEIL D Rie-
mann FEIZ DWW TIERO L H 125,
(1) U(z/t; UL, UL)
aft=0 TLOU_IHAT DREL & D,
(2) Uz/t; UL, Unr)
=0 CTLEOU_IZHYT D REZ & 5,
(3) U(:L‘/t; Unr, UR)
aft=0 TLO U, IZHET5REE LD,

(4) U(I/t; UM,UR>
=0 T D Uy, (AU BRI & 5,

Riemann FEDAED z/t=0 TOEH S Godunov
OEEFRE R FE B DT, (1),(2) TirEE LM
ARG

BFC(U_,Uy)  dF

aU_ - W(U—)ﬂ

oreu.,uy) _
ou.
Tl D, (3),(4) THMEHIBR O MEHTHIZIL A &

8(Pm,i) O(um) (pm)
INpy,us,pt)’ Ops, ut,pr) O(p+, s, pi)

DSIFATAIC A B, BT
OFC(U_,Uy) _ dF 9U(0U-,Uy)

- oU- CdU U _ ’
OFC(U_,Uy) _ dF 8U(0;U-,Uy)
oU . T dU oU

ZRRMTANIC SR D BN AHECTH D,
EC. BIEEEE S0 T v A L DA

Up,i < —1
U =< Upy,i <0 (25)
Ug,i<1
DEZ B5NAVTIRIZETO n > 0280 T
Urp,1<—1
U'=< Upnyi <0 (26)
Ur,t <1
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On the Resolution Enhancement of LES Analysis with a Blocked Adaptive Mesh Refinement Method

Yuichi Matsuo and Ichiro Nakamori

ABSTRACT
In order to accurately solve the unsteady fluid motion by large eddy simulation, we have to use a grid-resolution as uniform as possible for
the whole flow field. It is often the case that the grid-resolution is deteriorated far from the wall when the structured grid system such as an
O-type is employed. There have been many researches on the adaptive mesh refinement (AMR) since 1980s. Note, however, that we should
take advantage of the knowledge acquired in the structured grids in the AMR code. Then, we employ the blocked adaptive mesh refinement
(BAMR) to remain the grid-resolution to be preferably unchanged in the computational domain. In this study, we develop an algorithm to
generate the blocks with the finer mesh automatically, and apply the BAMR code to the viscous flow analyses around a 2-dimensional
cylinder, the NACAOQO12 airfoil configuration, and a 3-dimensional cylinder. These test cases show feasible resolutions with the limited

CPU resources.

1. LI

LES (28 VCHE, M1 BN SGS kstEE 7 1D/ F R
—H IR, R BNEEGBIIRE UZSHEN TIREBE Y
TEDLLET —EBIZEOUERHA[1]. LU BERIZR LT
H—0 O BT 25 K0 e &icid, B THAT O E
ERLHILL, ez — 7 PR BEERSIZD I EHE
WL 2D, ZOXIBEEIL, AT T Uy I BTIESIHE
g s & & b I2, BEAEMET (Adaptive Mesh Refinement;
AMR) HESEZTHD. AMR 2OV TIE, 1980 RS
BEICED ECTHRL R PIERBEIRTHADR, bk

THFEE, OfEK ity ey JEREESREL, 0O
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High-Resolution Numerical Prediction for Aviation Weather

Hiroshi Nakayama and Yuki Honda

ABSTRACT

The Japan Meteorological Agency (IMA) operates a suite of numerical weather prediction models; the meso-scale model (MSM), the
regional model (RSM), and the global model (GSM) with horizontal grid spacing of 5 km, 20 kin and 60 ki respectively. In addition, a
high-resolution local forecast mode (LFM) with grid spacing of 2 ki has been developed so as to prevent disaster and maintain safe civil
aviation at IMA. With this model, numerical experiments of a wind shear in Haneda Airport on 26 February 2006 associated with a cold
front aloft (CFA) and dry trough were carried out on the supercomputer of CeNSS.

The LFM successfully reproduced the observed time series variation of the wind at Haneda Airport, although the MSM failed to predict
the ending time of the southerly wind. The reason is that the dry trough interacted with CFA did not propagate correctly in the MSM. The
analysis using the frontogenetical function reveals that the frontolysis led by the one vertical circulation near the nose of CFA took place
and resulted to the prevention of intensification of the front. On the other hand, the LFM could simulate the several vertical circulations so
that the frontogenesis and the frontolysis appeared at different circulations. These results suggest the frontogenesis (frontolysis) is occurring

meore appropriately at finer resolution.
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